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Foreword

Form Follows Function

Congratulations to the editors and authors on a truly outstanding book. Most
books recapitulate what many already know, and leave one seeking more. This
book is unique in its content and format. “Form follows function”, popularized
by the great American architect Frank Lloyd Wright, is a principle associated
with modern architecture and industrial design in the 20th century. Simply
stated, the shape of a building or object should be predicated by or based upon its
intended function or purpose. Like this phrase there is often a history that is
important to recognize and understand if we are to truly understand its meaning.

The origin of the phrase “Form follows function” can be traced back to the
American sculptor Horatio Greenough, but it was American architectural giant
Louis Sullivan who adopted it and made it famous. Sullivan actually said, “form
ever follows function”, but the simpler (and less emphatic) phrase is the one usu-
ally remembered. Sullivan’s student and assistant Frank Lloyd Wright adopted
this principle in slightly different form - perhaps because shaking off the old
styles gave them more freedom and latitude.

Drs. Boos and Aebi have adopted a particular form, in this book, in order to
give the reader a thorough grounding in the basic knowledge and general princi-
ples of spinal disorders. The didactic concept (form) of all the chapters is based
on a consistent style and layout, and follows three basic principles of sustainable
learning (functions), i.e.: (1) less is more, (2) repetition enhances sustained
learning, and (3) case studies are an efficient and complementary means of learn-
ing.

The book utilizes learning aids to highlight and repeat core messages through-
out all chapters, and visual aids facilitate a repetition-based learning approach,
starting with the core messages, leading to an in-depth reading of each chapter.
Marginal notes allow for effective repetition of material to facilitate the learning
process, and outstanding graphics with pictorial and anecdotal learning meth-
ods are used to complement the many detailed case studies to exemplify the core
messages. Finally, the use of important references and landmark articles makes
this a prized book for everyone’s shelf.

Congratulations to Norbert and Max on a fantastic contribution. This book
will help those most in need, our patients. “Form and function” are the most
important outcomes of this work, especially for those of us who work everyday to
care for people with these various spinal disorders. Thank you.

James N. Weinstein

Director, The Dartmouth Institute for Health Policy and Clinical Practice
Professor & Chairman, The Department of Orthopaedics
Editor-in-Chief - Spine

Dartmouth College and Medical School

Dartmouth Hitchcock Medical Center

Lebanon, New Hampshire, USA
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Foreword

Dinosaur or State of the Art?

Long ago, medical observations, advances, innovations and reviews were first
presented at meetings and published in books. With the introduction of scientific
medical journals, two things happened. First publication time was cut down dra-
matically compared to books and dissemination of knowledge became faster.
Secondly a new approach to scientific publication was introduced in the form of
peer review. This again lengthened publication time, yet benefited quality. Some
argued that scientific journals would herald the slow death of books. History
proved them wrong.

The advent of the internet again mixed up all the cards. Would scientific jour-
nals survive the internet? Initially the peer review aspect was lost and the quality
of available knowledge suffered. Yet, sites like Wikipedia introduced the very
concept of peer review online. So, would the internet kill peer review journals let
alone books? Well, here again history demonstrates that both journals and books
remain alive and well.

This book on spinal disorders edited by Norbert Boos and Max Aebi is a typi-
cal example of the kind of textbook anybody involved with matters regarding the
spine wants on her or his desk. Moreover, this work is unique because it is not a
classic multi-author textbook. The editors have approached chapter authors with
whom they personally collaborated and share a common philosophy on the diag-
nosis and treatment approach to spinal disorders. By an intensive editing pro-
cess, the different chapters have been woven into a homogeneous book combin-
ing personal experience with evidence based knowledge.

Editors of scientific journals know that so-called “review articles” are very
popular, more referenced than other articles and thus excellent for boosting a
journal’s Impact Factor. Well, this book consists of a succession of reviews bring-
ing us a real “state of the art” regarding the spine but put into perspective through
personal experience. This work is truly pluri-disciplinary and reflects the com-
plex and difficult nature of the human spine. Among the authors we find clini-
cians as well as scientists.

The editors tackle every aspect of the spine in a well balanced way. No topic is
superfluous or perceived as more important than another and the book reads as
one continuous flow, one topic logically leading to the next. This book can be rec-
ommended to anyone involved in clinical or research aspects of the spine. It sim-
ply has to lie on the desk of doctors, scientists, physiotherapists and chiroprac-
tors, psychologists and health-care specialists interested in the spine.

Robert Gunzburg

President 2007-2008

EuroSpine, the Spine Society of Europe
Cavell Spine Center

Brussels, Belgium



Preface

Spinal disorders are among the most common medical conditions, having a sig-
nificant impact on health-related quality of life, use of health care resources and
socioeconomic costs. As a therapeutic measure, spinal surgery is still one of the
most rapidly growing areas in clinical medicine, and is a major contributor to the
continuously increasing costs of modern-day medicine. Similarly, the increas-
ingly aging population will have a greater need for the treatment of degenerative
spinal disorders, particularly secondary spinal deformities and stenosis. How-
ever, at the same time limited health care resources will mean difficult choices in
the allocation of treatment modalities. Therefore, a basic knowledge of the state
of the art of the diagnosis and treatment of spinal disorders is required, not only
for spine specialists but also for general orthopedic surgeons, rheumatologists,
neurologists, rehabilitation doctors, psychiatrists, chiropractors, physiothera-
pists, basic scientists and health care executives, to enable them to choose and/or
evaluate appropriate diagnostic and therapeutic approaches.

Owing to the rapid development of knowledge of spinal disorders over the
past 20 years, a comprehensive new textbook which incorporates all the latest
knowledge has become necessary, and we have become aware again and again of
innumerable residents, fellows and colleagues searching for a comprehensive
introductory learning tool for the study of spinal disorders. Although excellent
textbooks on specific issues of the spine and specifically spinal surgery are
already available, none fulfills the criterion of being an easily readable teaching
tool that focuses systematically on the fundamentals and basic principles in a
standardized manner. Strongly encouraged by our residents and fellows, we have
designed a textbook on spinal disorders which is an integration of the evidence-
based knowledge in the up-to-date literature and our decade-long personal expe-
rience at the source of research and treatment of spinal disorders.

With Springer, we found a dedicated publisher willing to give our book project
strong support, and with carefully selected chapter authors we have hopefully
succeeded in creating a consistent message throughout the book. Unlike many
other spinal textbooks, the editors did not want simply to collect and edit chap-
ters from many different authors, which often leads to an inhomogeneous book
with overlapping, redundant and incoherent chapters. We rather aimed to pro-
vide a homogeneous syllabus with a consistent didactic strategy to teach the fun-
damentals and general principles.

Although we have based the information in this book on an extensive survey
of the peer-reviewed literature, we have moderated this information in a synthe-
sis with research and clinical experience. We have, however, refrained specifically
from an in-depth description of sophisticated surgical procedures. For this field
of expertise, there are already a number of excellent manuals and textbooks
available.

Although we recognize the difficulty and challenge of our task, we feel that we
have fulfilled our goal by choosing authors with whom we have collaborated for
a long time and who concur with our own philosophy. The didactic concept is

Xl
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Preface

presented in every single chapter in a consistent manner and is based on three
principles:

1. Less is more when concisely written
2. Repetition enhances sustained learning
3. Case studies are an invaluable means of exemplifying important principles

We hope that we have met our objective in providing a modern, up-to-date and
easy to read textbook on spinal disorders with an appealing layout, and that the
book will inspire and stimulate the reader in the study of spinal disorders. It is
our hope that this book may become the standard basic textbook for spinal disor-
ders if you, the reader, decides to make this happen.

We would like to thank all the contributing authors for their major commit-
ment and hard work. We would also like to thank our students, fellows and col-
leagues for critically proof-reading the chapters and their constructive and
encouraging feedback. We owe many thanks to Doris Stettler and Grit Gagel-
mann for their support and help with the editing process. We further thank Wil-
liam Shufflebotham in the UK for copy-editing the book. We also want to
acknowledge the Medical Pictorial Documentation team of the University Hospi-
tal Balgrist (Heidi Wylenmann, Helene Uhlmann and Christian Streng) for their
invaluable help with the editorial preparation of the medical images and figures.

We are particularly indebted to Alain Blank, who created the unique illustra-
tions with his meticulous and careful attention to the anatomical and surgical
details. The major book sections are separated by the paintings of Arnaldo Ricci-
ardi, who perfectly understood how to transform his inspirations of spinal disor-
ders into works of art. We also thank Springer, the publisher, and specifically
Gabriele Schroder for making this book happen.

Ziirich and Bern, March 2008

Norbert Boos Max Aebi
Centre for Spinal Surgery MEM Research Centre for
University Hospital Balgrist Orthopaedic Surgery

University of Ziirich University of Bern
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Guided Tour

The aim of this textbook is not to provide the most comprehensive overview of
spinal disorders, but rather to give a thorough grounding in the basic knowledge
and general principles of the subject. The didactic concept of all the chapters of
the book is therefore based on a consistent style and layout, and follows three
basic principles of sustained learning, i.e.:

® less is more
® repetition enhances sustained learning
e case study learning

This didactic concept is enhanced by many learning aids to highlight and repeat
core messages throughout all chapters. The ample use of visual aids mediates the
core messages and allows for a gradual and repetition-based learning approach
starting with the core messages and going on to an in-depth reading of each
chapter. Marginal notes and a short recapitulation facilitate the learning by repe-
tition. A pictorial and anecdotal learning method is enabled by the many case
studies, which exemplify the core messages.

Thoracolumbar Spinal Injuries

Core messages — >
highlight the most

important learning

objectives and guide the g
reader through the chapter.

atment are prevertion and

abiity regardless of

and to dentify a possible c

1 (ype A3

Epidemiology

Sdays atr ()

of
e,

ofthe cage ().

Introductory cases introduce the topic by reporting
typical cases representative of the specific pathology.
These cases are intended to serve as a stand-alone
tool in mediating core messages of each chapter.
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Guided Tour

Figures illustrate and —»
exemplify essential
knowledge and stimulate a
pictorial learning.

Chapter 31 7

Figure 5.CT fracture assessment
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v5.97%,specificity 939 vs 99%, positiv predictive value 64% vs. 97 %, negative
predictiv value 833 15990, respectively

ture and dislocation of fragments into the spinal canal (Fg. 52). Sagittal and  of choiceto emonstte
coranal 2D or 3D reconstructions are helpful for determining the fracture pat. —bany njurs
tern (Fig. 5b-d). The canal at the injured segment should be measured in the

pos
dal segmens,

Magnetic Resonance Imaging
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quently used to determine edema (Fig.6b).

Marginal notes summarize
important facts and allow for
a rapid repetition of learning
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breakage or loosening. These results indicate the need for an adequte anterior
[ 178,88]is man-
datory. In addi
o tabize the snterior been  treatment option [26, 75, 90]. However, transpedicular bone grafting
column could not prevent kyphosis after dorsal removal on implants 1, 68, 108]. Knop
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Figures provide a schematic

objectives.

92 Section

Tables summarize —>
important facts such as
classifications, treatment
objectives and indications

for non-operative and

surgical treatment.

illustration of surgical procedures.
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Based on an analysisof 1212 cases (Magerletal. (50))

Clinical Presentation

b patients with a putative trauma h
major objectives, i, to identify:

o the spinalinjury
o neurological deficits
« concomitant non-spinal injries

Spinal Injuries

About 30%of It obvious that the management and the priorities differ between a life-threat-
In

have a spinal

injury [120]. In our institution, we found spinal injuries in 229% of polytrauma-
tized patients. In  series of 147 consecutive patients with multiple rauma, Dai et
al.[24] found a delayed diagnosis of thoracolumbar fractures in 19% confirming
an carlier study by Anderson et al. (3], in which 23% of patients with major tho-
racolumbar fractures were diagnosed aiter the patient had left the emergency
department. A delay in the diagnosis of thoracolumbar fractures i frequently
associated with an unstable patient condition that necessitates higher-priority
procedre than hoaclumbar spine dographs i the mergency depat:
H

patients, the diags cup i usually adequate (57, ms]

for spinalfracture by CT  tures occur in approximately 10-34% [10, 11, 53],

Neurological Deficit

Sacralsparng ndicates An accurate and well-documented neurological examination is of great impor-
tance. With

with a better prognos's  the patient’ ict, it il i

,—>

Cross references facilitate
a quick orientation
throughout the textbook.

Iogical defici,this-
el nersntion with spinl dcompresson. Neurlogical secssment i uually
done according to the guidelines of the American Spinal Injury Association (see
Chapter 11). Importantly; the examination has to include the “search for a sacral
sparing” which will determine the completeness of the deficit and the prognosis.
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3 however, only the treat-
ment period, 20% returned to the initial kyphotic level and 5% had a worse
result

Reinhold et al. [95] reviewed 43 patients 16.3 years after thoracolumbr frac-
ture and non-operative therapy. On average, patients showed a radiologic
increase in the kyphosis angle of 5.2* compared to the time of injury. No differ
ence was noted between early functional therapy and treatment with closed
reduction and immobilization by cast. Results of validated psychometric ques-

h as SF-36 and VAS showed apopula-
tion with chronic back pain. The authors conclude that a radiologic increase in
the traumatic kyphotic deformity in patients with a non-operative treatment
protocol has to be expected and that measurable negative rhysml and social

e A fracture of
thoracolumbar vertebal bodie. However, no corslation between radiolgic
and functional results was observed.

Tables also provide a topical state-
of-the-art review of the literature and
stimulate evidence based learning
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mediate the fundamentals
and basic principles of the

chapters and enhance
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recollection by the principle

of case study learning.

Key articles
introduce landmark
papers which had a
substantial impact
on our current
understanding of the
pathology, diagnosis
or non-operative and
surgical treatment.

mentand 3 correct psiioning f the mpants.

it still ach v goals of spinal
P

P
cially designed instruments and implants, the “pure” thoracoscopic operation
technique has become possible and feasible. Through the transdiaphragmatic
approach it Tudi

the retroperitoneal segmens of the spine, to the endoscopic technique. In an
oy e, i . 19) nlysed 3 patients T uthorsconclde tht,
compared to the open method, minimally invasive surgery had the beneit of

Texding o sary reco

ery of function and reducing the morbidiy of the operaive approach. These

cations was low (1.39), with one case each of zoric inury, splenic contusion,

[62]. Overall, the complication rate was not increased when compared to the
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fixation. Depending on the persistence of spinal  the operative approach. A combined posterior and
canal compromise or comminution of the fractured  anterior approach s used to reduce and stabilize

vertebral body, an ad
needed. Transpedicul

al anterior approach is  severely comminuted vertebral body fractures and
cancellous bone grafting  to decompress the spinal canal. In Type C lesions

for interbody fusion after posterior stabilization is ~ often multisegmental instrumentation is needed

fractures. Only incomplete Type A burst fractures.

The reported complication rate in

T npen

%. Postoperative neurological complications

ethod, minimally invasive surgery reduces post- rangefrom 0.19%t0 0.7%. Only honest and accurate.
Gperaive pai, shorten nospaloation, oads 1o sscssment of omplcations wil lead 1 scintic
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Bohler L (1951) Die Technik der Knochenbruchbehandlung, Maudrich, Vienna
Lorenz Bohler was one of the first o advacate a conservative treatment with fracture
reduction and retention in  cast.

Roaf R (1960) A study of the mechanics of spinal injuries. ] Bone Joint Surg Br
28810-23

Denis F (1983)
dhoraco ambar vl s, Spin 31731

el is 8 presentation of the concept of the three-column spine. The concept
e R e e

dinal lgamen, posterior anulus brosus, and posterior wall ofthe vertebral body The
anterir column consists of the antrior vertebral body, anterior anulus fbrosus, and.
anterior longitudinal igament.

W (1987) The “fixateur interne” as a versatile implant for spine surgery. Spine
12:882-900

‘menta reduction and fxation of fractures.

tion of thoracic and lumbar injuries. Ear Spine ] 184201

racolumbar injuries, a comprehensive classification of thoracic and lumbar injries is
proposed. The classfication is primarily based on pathomorphologicl citria. Three

sion (Type A), lexon distaction (Type B) and rotationalishear injries (Type C).

Kaneda K, Tancichi H, Ab i »
pression and s I the Kaneda device for thoracolumbar burst fractures
sssociated with neurological deficit. | Bone Joint Surg Am 79:69- 83

graftng, and Kaneda spinal “The authors
conclude that anterior decompression, strut-grafing, and fixation with the Kaneda
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spine fractures are ocated at the transition T11-L2,
30% i the thoracic spine and 10% in the lower
lumbar spine. Spinal cord injury occurs in about

Iyzed by CT scan. T
to demonstiate bony destruction. MRI is recom
mended to identify a possibl cord lesion or a cord
compression in patients with neurological defcts

Pathogenesis. The mos relevant forces that pro-

duce structural damage to thespine are axial com-

pression, flexon/istraction, hyperextension, ota-
d shear. Axi

posteiorligamentous structures and thereby in dif-
ferentiating between a Type A and a Type B lesion,

Non-operative treatment. Management of thora-

ture the posterior elements are usually ntact,In
Lo ey

troversalarea in modern spinal surgery. Th ltera-

ide range of conflcting re-

sults and Unfortunataly, the

associated. Hyperextension may resultin rupture
of the anterio ligament and the disc as wel as in
compression injuries o the posterior lements, e
fracture of the facets, the laminae,or the spinous
processes. Rotational injuries combine compres-

cause of their retrospective design, heteroge-
neous patient populations and treatment state-
gies, limited follow-up, and poorly defined out-
The main advantage of non-operative treatment

are highly unstable ijuries. Shear forces produce
severe ligamentous disruption and usually resutin
complete spinal cord njury.

Clincal presentation. In the case of a polytrauma,
about 309% o the patients have aspinal injury. The
neurological examination has to Include. the

gery-elated complications. According to Bohler,

functionsl bracing withou repositioning s an alter-

paring
completeness of the deficit and the prognosis.
‘Aboutone-third of al spinal njuries have concomi-
tant injuries; the most frequent are: head injuries,

chest injuries and long bone injries. The history 1

billzation with a cast Ifthe nitial deformity i ac-

the operative and non-operative treatmen,

lowen-
ergy injuries) and the time course of  possibleneu-
rlogaddt Tl focus o el
amination s on the assessment of vial functions

Operative treatment. There is @ general trend to-
wards operative reatment of unstable fractures

the spinal cord

procedures re-

the
thoracolumbar junction may result in various neu-
rological_symtor

faciltat-
ed nursing care, earler return to work, and avoid-

paraplegia (st spinal cord), malfunction of the
vegetative system (conus medulars), or cauda
equina syndrome.

Diagnostic work-up. Static imaging studies are
“snapshots in time" and do

ance of late In experi-
mental animal models, persistent compression of
the spinal cord is potentially reversble from a sec-
ondary injuy by early decompression. Mostnvestr-
gators recommend a surgical decompression in
the setting of major neurological defic, progres-

gree of spinal canal compromise that may have
happened during the njury. A posteror cortialdis-
fuption seen inthe atera view or an interpedicular
Widening seen in the anteroposterior view sug-

gests  burst fracture that should be further ana-

of the spinal canal. Currently, there are no gold
standards regarding the role and timing of de-
compression in acute spinal cord injury. Posterior

nique that allows fo fracture reduction and stable

Recapitulations summarize the essential
teaching objectives and provide a quick
overview for the busy reader.
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Core Messages

v’ Paleopathological investigators have found
clear evidence of spinal disorders in prehistoric
times

v Full and accurate descriptions of spinal disor-
ders and various treatment attempts survive
from antiquity

v/ At the end of antiquity (7th century ap), Paulus
of Aegina (625-690 Ap.) performed the first
successful laminectomies

v’ During the whole of the Middle Ages, there was
little progress in the diagnosis and treatment of
spinal disorders

v/ At the end of the 18th century and the begin-
ning of the 19th century, the first advanced
attempts at spinal surgery were performed in
Europe

v’ At the end of the 19th century, with the new
techniques of anesthesia, radiology and aseptic
surgery, more sophisticated and even more
successful spinal surgery became possible

¢ In the middle of the 20th century, low back
pain disability became an increasing socioeco-
nomic problem

v In the 1970s and 1980s, powerful imaging sys-
tems (CT/MRI) improved the diagnosis for spi-
nal disorders but also led to some overdiagno-
sis of spinal disorders

¢’ In the 1980s and 1990s, spinal instrumentation
became widely available and enabled even
complex spinal disorders to be tackled

¢’ During the 20th century, the focus on spinal
disorders dramatically changed: at the begin-
ning of the 20th century spinal disorders were
predominantly caused by infectious diseases;
nowadays the focus is more on degenerative
spinal disorders

v/ At the beginning of the 21st century, spinal sur-
gery has become more evidence based, but it is
still technology driven in many areas

A Brief Etymology

The French pediatrician Nicholas Andry (1658 -1742), considered the father of
orthopedics, coined the word “orthopaedic”, which is made up of two Greek
words, “orthos”, meaning straight, and “paidion”, meaning child (Fig. 1a) [3]. The
term “orthopaedic” was used for the first time in the epoch-making textbook of
Andry published in 1741.

The origin of the word spine derives from the Latin word “spina” meaning
“backbone”. The word vertebra, first found in the medical texts of Celsus (34 B.c.—
14 Ap.), a Roman encyclopedist, derives from the Latin word “vertebra”, which is
related to the Latin verb “vertere” meaning “to turn”. The great anatomist
Andreas Vesalius (1514 - 1564) finally introduced the word “vertebra” as an ana-
tomical term [116].

The term scoliosis is derived from the Greek word “scolios” meaning “curva-
ture” and was coined by the Greek physician Galen of Pergamon (130-200 A.p.)
(Fig. 1b) [36]. Nowadays, it is used to describe a specific clinical condition con-
sisting of lateral deviations of the spine associated with vertebral rotation.

Nicholas Andry coined the
word “orthopaedic” in 1741

Andreas Vesalius coined
the word “vertebra”

The Greek word “scoliosis”
means curvature
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Historical Case Introduction

This papyrus shows Column X of the Edwin Smith Surgical Papyrus, written in hieratic script, which encompasses a

description of a spinal injury. The Edwin Smith Surgical Papyrus dates back to 1550-1500 s.c. and is therefore the oldest

known written evidence of spinal injuries [10]. This medical papyrus is an outstanding witness of a very accurate and

rational medicine in Old Egypt foremost in traumatology. The papyrus reveals an astonishing knowledge of human anat-

omy at the Pharaonic time in Egypt:

Case 29: Instruction concerning a gaping wound of vertebra of his neck

Examination: If thou examinest a man having a gaping wound in a vertebra of his neck, penetrating to the bone, (and)
perforating a vertebra of his neck; if thou examinest that wound, (and) he shudders exceedingly, (and) he
is unable to look at his two shoulders and his breast.

Diagnosis:  Thou shouldst say concerning him: (One having) a wound in his neck, penetrating to the bone perforating
a vertebra of his neck, (and) he suffers with stiffness in his neck. An ailment with which | will contend.

Treatment:  Thou shouldst bind the fresh meat the first day. Now afterward moor (him) at his mooring stakes until the
period of his injuries passes by.

Translation by the famous American Egyptologist J.H. Breasted (1930).
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Figure 1. The roots

Kyphosis is also derived from the Greek word “kyphos” meaning “hunchback” or
“bent”. Galen of Pergamon [36] first coined this term in medical language. The
term lordosis belongs also to the Greek word family and is derived from the
Greek word “lordos” standing for “forward curving”. Galen of Pergamon first
used the word “lordosis” as a medical term [36]. Sciatica is of Greek origin and is
derived from the word “ishion” standing for hip, buttocks, sacrum, loin and also
upper limb. Since the time of Hippocrates of Cos (460-370 B.c.), this term has
related to pain syndrome of the lower back and the upper parts of the lower limbs
[57].

The term spondylolisthesis is originally derived from two Greek words,
“spondylos” for spine and “(o)listhesis” for forward gliding. Therefore, it means
the “(forward) slipping of the spine”. In 1854, Herman Friedrich Kilian
(1800-1863) coined the term “spondylolisthesis” [64].

Spondylophyte is composed of two Greek words, “spondylos”, standing for
spine, and “phytein”, a Greek verb meaning “to grow”. The whole term means
“spinal outgrowth”. The term “isthmic” frequently used in spinal surgery is
derived from the Greek word “isthmos”, which means in its natural sense “isth-
mus” and also “strait or narrow” [59].

Chapter 1

a This drawing of scoliosis therapy in Nicholas Andry’s (1658-1742)
epoch-making textbook L'Orthopédie (1742) serves as a general symbol
of orthopedics. b Galen of Pergamon (130-200 AD).

The Greek word “kyphos”
means “hunchback”

The Greek word “olisthesis”
means “forward gliding”
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Spinal Anatomy and Physiology

Herophilus and later Galen ~ Successful modern spine surgery only became possible because of the large body
studied spinal anatomy  of knowledge of anatomy and physiology which had been acquired. The first
steps were already taken in antiquity: Herophilus of Chalcedon (circa 300 B.c.),
known as the father of anatomy, and later Galen of Pergamon (130-200 A.p.)
made the first observations on the nervous system and the spine. Galen identified
the number of vertebrae in each segment of the spinal column, and described the
ligamentum flavum as a ligamentous structure distinct from the underlying dura
and pia mater. He was also able to correlate neurological findings with a specific
spinal level, because he performed frequent experiments on primates.
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Figure 2. Spinal anatomy and physiology

a Leonardo da Vinci (1452-1519). b This sketch drawn by Leonardo da Vinci is the first correct depiction of the human
spine.
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Figure 2. (Cont.)

Chapter 1

c Andreas Vesalius (1514 -1564). d Josias Weitbrecht's (1702 -1747) Syndesmologia (1742) precisely described the spinal

ligaments.

During the Middle Ages, no progress was made in the understanding of spinal
anatomy.

In the Renaissance, Leonardo da Vinci (1453 -1519) was probably the first to
accurately describe the spine with the correct curvatures, articulations and num-
ber of vertebrae (Fig. 2a, b). Sadly, he never published his anatomical drawings
and therefore his anatomical discoveries remained unknown for centuries.

Andreas Vesalius (1514 - 1564) broke with the Galenic anatomy and presented
the most integrated and accurate anatomy (Fig. 2c). He is therefore credited with
describing the spinal anatomy in a modern sense [116]. By publishing the cut-
ting-edge anatomical textbook De Humani Corporis Fabrica Libri Septi, Vesalius
became the founder of modern spinal anatomy in 1543.

The Dutch anatomist Gerard Blasius (1625 -1692) wrote the first significant
work on spinal cord anatomy. In his text On the Anatomy of the Spinal Nerves
(Anatome Medullae Spinalis et Nervorum indeprovenientium) (1666), Blasius was
the first to provide a demonstration of the origin of the spinal nerve roots and a
differentiation between the gray matter of the spinal cord [6].

In De Motu Animalium (On the Movement of Animals) written by Giovanni
Alfonso Borelli (1608 -1680), a professor of mathematics and the father of bio-
mechanics, the intervertebral disc was described for the first time as exhibiting
viscoelastic properties (published posthumously in 1688) [8].

The German physician and anatomist Albrecht von Haller (1708-1777)
worked in Berne, and is credited as the founder of modern physiology. He illus-
trated the blood supply of the spinal cord with an accuracy that is still unsur-
passed.

The Italian physician Domenico Felice Antonio Cotugno (1736 -1822), a pro-
fessor of medicine at the University of Naples, was the first to fully describe the
cerebrospinal fluid and its circulation in his epoch-making Commentary on Ner-
vous Sciatica in 1764 [21].

Leonardo da Vinci’s drawings
are the first to show the
spinal anatomy

Andreas Vesalius
(1514-1564) is the founder
of modern spinal anatomy

Blasius wrote the first
significant work on spinal
cord anatomy

Borelli first recognized the
viscoelastic intervertebral
disc behavior

Cotugno first described
the cerebrospinal fluid
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At the same time in 1742, the German anatomist Josias Weitbrecht (1702 -1747)
published his monumental work on human ligaments, Syndesmologia Sive Histo-
ria Ligamentorum Corporis Humani, which for the first time also gave a concise
and accurate description of the spinal ligaments (Fig. 2d) [121]. Weitbrecht is also
credited with providing a very concise description of the intervertebral disc for
his time.

At the beginning of the 19th century, it was still believed that some parts of the
spinal cord contained the “centers of feeling”. Furthermore it was believed that
the spinal cord consisted of bundles of nerve fibers grouped into columns. After
the microscope entered clinical and pathological practice, the cellular contents of
the gray matter were identified, and since then there have been steady advances
in our understanding of the spinal cord.

Anesthesia and Supportive Techniques

An invasive and effective spinal surgery would not have been possible without
major advances in anesthesia and supportive techniques such as antisepsis, anti-
biotics and diagnostic imaging.

Laughing Gas, Chloroform and Cocaine

In 1799, the English chemist Sir Humphrey Davy (1778 - 1829), a former scholar
of Joseph Priestley, discovered that pure nitrous oxide was respirable. He tried
the effect of this substance first on himself and recommended that nitrous oxide
(“laughing gas”) could be useful for narcotizing patients during operations. In
1844, it was the American dentist Horace Wells (1815 -1848) who tried extracting
teeth by narcotizing patients with laughing gas.

William Thomas Green Morton (1819-1868), a former colleague of Horace
Wells, made the use of narcotics for surgery popular. On 16 October 1846, Morton
presented his narcotizing method to the public in the operating theater of the
Massachusetts General Hospital in Boston (Fig. 3a).

Further improvements were made by Sir James Simpson, an English gynecolo-
gist and obstetrician, who introduced chloroform as a narcotizing agent after a
large series of heroic self-experiments. In 1884, the Austrian ophthalmologist
Karl Koller (1875-1944) first used cocaine for narcotizing mucous membranes.
In 1885, the young American surgeon William S. Halstead (1852 -1922), who was
enthusiastic about the effect of cocaine and also addicted to it, developed the first
intravenous anesthesia block with cocaine. The world’s first lumbar anesthesia
using cocaine as agent was performed in 1898 by the German surgeon August
Bier (1861-1949). He was inspired by the lumbar puncture technique introduced
by the German physician Heinrich Quincke (1842-1922) 7 years earlier [5]. In
1894, the famous neurosurgeon Harvey Cushing (1869-1939) introduced the
narcotic protocol for better surveillance of patients during the narcotizing proce-
dure.

Antisepsis and Antibiotics

For a long period of history, infections were thought to be a divine punishment.
It was a contemporary of Cesar, Marcus Terentius Varro (116-27 B.c.), who
assumed in his work on rural labor Rerum Rusticarum that infections are caused
by very small animals, which he called “contagiatum animatum” (infectious
animals). In 1546, the Italian Renaissance physician Girolamo Fracastoro
(1478-1553), who coined the name “syphilis”, postulated in his famous work



History of Spinal Disorders

Figure 3. Anesthesia and supportive techniques

a Public demonstration of a narcotization by William Thomas Green Morton (1819 -1868), Massachusetts General Hospi-
tal, Boston (16 October 1846). b Joseph Lister (1827 -1912). ¢ William Conrad Roentgen (1845-1923).

On Infection, Infectious Diseases and Their Cure (De Contagiosis Morbis Eorum-
que Curatione) that infections are not only transmitted by air but also by human
contact. The Dutchman Antony van Leeuwenhoek (1632 - 1724) gave the first evi-
dence of microbes in his work on the microscope. Finally, it was the German phy-
sician and bacteriologist Robert Koch (1843-1910) who showed that specific
germs are responsible for specific infections, for example, Mycobacterium for
tuberculosis or anthrax bacillus for anthrax disease.

The famous English surgeon Joseph Lister (1827 -1912), who was the son-in-
law of James Syme (1799-1870), famous for his ankle amputation, introduced
aseptic surgery in 1866 (Fig. 3b) [70, 71]. Based on studies of the French microbi-

Chapter 1

Koch discovered that
Mpycobacterium is
responsible for tuberculosis

Lister first introduced
aseptic surgery
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ologist Louis Pasteur (1822-1895), he believed that infections were transmitted
by air. Therefore, he proposed irrigation and disinfection of the operation field
by using a weak solution of carbolic acid [71]. He called his procedure “carboliza-
tion”.

In 1882, the German surgeon Friedrich Trendelenburg (1844-1924) was
inspired by the discovery of Robert Koch, that carbol acid is not able to kill germs
in contrast to steamed air. Therefore, he installed the world’s first steam sterilizer
in his clinic in Bonn. Finally, it was the German physician Curt Schimmelbusch
(1860-1895) who improved the technique of sterilization and popularized it.

A further great step towards aseptic surgery was made by William S. Halstead
(1852-1922) working as professor of surgery at Johns Hopkins University. In
1880, he introduced rubber gloves because his fiancée, who was working as an
operating nurse at the same hospital, had developed a severe skin irritation due
to exposure to mercury solution. The Scottish bacteriologist Alexander Fleming
(1881-1955) accidently discovered that the mold Penicillium notatum had a bac-
teria-toxic effect on Staphylococcus cultures. After several experiments he was
able to extract a liquid substance, which he called penicillin, because of the name
of the mold, Penicillium notatum, and he published his results in 1929.

However, there was no initial response to his report. It was only in the late
1930s that the pathologist Howard Floery (1898 - 1968) and the biochemist Ernst
Chain (1906 - 1979) repeated and confirmed Fleming’s work while searching for
effective antagonists against microorganisms. In 1945, Fleming, Florey and
Chain received the Nobel Prize for their work.

Diagnostic Imaging

Without the appropriate imaging modalities, the development of a comprehen-
sive treatment regime for spinal disorders would not have been possible. In 1895,
the physicist William Conrad Roentgen (1845-1923) accidently discovered the
relevance of X-rays for medical imaging while he was performing experiments
on a cathode beamer (Fig. 3c). In 1896, he published his discovery and X-rays
became immediately popular [99]. He was honored by the Nobel Prize in 1901.
The famous American neurosurgeon Walter E. Dandy (1886 -1946) introduced
air myelography for spinal imaging in 1918 [24].

A revolutionary step forward in diagnostic assessment of spinal disorders was
the introduction of computed tomography (CT) in the early 1970s. This imaging
device was a step-by-step development. Three individuals contributed to this
landmark invention, i.e. the English engineer Godfrey N. Hounsfield, the Ameri-
can physicist Allan M. Cormack and the American neurologist William Olden-
dorf. Oldendorf first suggested that by means of CT brain tumors can be diag-
nosed. The first brain image of a patient with a brain cyst was made in 1971. In
1974, the American Raymond Damadian (1936-) patented an imaging device
using principles of the nuclear magnetic resonance phenomenon, first described
by the Swiss physicist and Nobel Prize winner Felix Bloch (1905-1983) in 1952.
The first brain scan by MR imaging became possible in 1979.

Scoliosis

Since the beginning of written history, scoliosis has been a major concern in
medical texts. The clinical image of scoliosis very much impressed ancient physi-
cians and treatment remained poor for centuries. Even today, treatment is unsat-
isfactory since correction of scoliosis is not possible without spinal fusion.
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Pathogenesis

During antiquity and the Middle Ages, the pathogenesis of scoliosis was not clear
and it has still not been unraveled today. It was often supposed that the spinal
deformities were caused by luxation of spinal elements. Therefore, spinal defor-
mities were called “spina luxata”. No distinctions were made between scoliosis,
kyphosis, and a gibbus. Treatment regimes did not differentiate between these
entities. The first picture of a scoliotic spine (Fig. 4a) appeared in the important
surgical textbook of the German surgeon Guilhelmus Fabricius Hildanus
(1560-1634) in 1646 [56].

It was the Frenchman Jean Méry (1645-1722) who first suggested that both
lateral deviation and rotation of the spine are responsible for scoliosis [84]. When
research on scoliosis started, it was commonly believed that muscle dysfunction
was the cause. Only after Pott’s description of spinal tuberculosis was a distinc-
tion was made between spinal deformities caused by tuberculosis and spinal
deformities of other etiologies. During the second half of the 19th century,
research focused on the spinal osseous changes in patients suffering from scolio-
sis.

The French surgeon Sauveur-Henri Victor Bouvier (1799 - 1877) is credited as
the first to further differentiate between rickets caused scoliosis and idiopathic
scoliosis [9].

Assessment

Before the advent of X-rays, it was very difficult to measure scoliosis and treat-
ment outcome. The French surgeon Jacques-Mathieu Delpech (1777-1832)
made plaster molds of his scoliosis patients to assess the extent of the curvature.
In 1850, an employee of Johann Julius Bithring (1815-1855), head of an orthope-
dic clinic in Berlin, invented a measuring machine that made it possible to depict
correctly a spinal curvature. The measuring machine consisted of a glass plate
with engraved squares on which a sheet of paper was fixed. The patient was
placed in front of the machine. Defined parts of the patient’s back were marked
and then transferred onto the paper by tracing.

In 1885, the Swiss pediatrician and physician Wilhelm Schulthess (1855-
1917), founder of the first orthopedic clinic in Ziirich, constructed a measuring
machine, based on the principles of Biihring. This apparatus allowed the depic-
tion of a three-dimensional representation of the scoliosis [107]. Schulthess also
invented stereotactic machines to produce calibrated corrections and to measure
rotation (Fig. 4b). In 1906, he published a very comprehensive book on scoliosis,
which served for many years as a reference textbook [108]. With the advent of
X-ray machines at the beginning of the 20th century, the American orthopedic
surgeon John Robert Cobb (1903 - 1967) introduced the “Cobb angle”, which was
popularized by the American orthopedic surgeon Robert Korn Lipmann (1898 -
1969) in 1935 [19].

The American surgeon Joseph Charles Risser (1892 -1982) was a great advo-
cate of early scoliosis treatment and frequently used plaster casts as a non-oper-
ative treatment. He also thought that it was better to operate on patients at an
early age rather than waiting for the development of large curves. He popular-
ized the assessment of the osseous fusion of the iliac crest apophysis as an esti-
mate for the child’s growth potential, which became later known as the Risser
sign [98].

Chapter 1

Spinal deformities were
called “spina luxata”
without distinction between
scoliosis and kyphosis

Méry first realized the
importance of spinal
rotation for scoliosis

Biihring invented a scoliosis
measuring machine

Schulthess constructed
a 3D measuring machine
for scoliosis

Risser first assessed the
growth potential by iliac
crest apophysis ossification
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Figure 4. Scoliosis

a The first picture of a scoliotic spine published by Guilhelmus Fabricius Hildanus (1560-1634). b Measuring apparatus
for scoliosis constructed by the Swiss physician and pediatrician Wilhelm Schulthess (1855-1917) in 1885. c Hippocrates
of Cos (460-370 sc). d The scoliosis brace made of iron plates by Ambroise Paré (1510-1590). e The “Glisson swing”
developed by Francis Glisson (1616-1691).
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Figure 4. (Cont.)

Chapter 1

f Heister’s iron cross invented by the German surgeon Lorenz Heister (1683-1758). g “Appareil du jour” for scoliosis
patients developed by Jean-André Venel (1740-1791). h “Appareil de la nuit” developed by Venel. i Paul Randall Harring-

ton (1911-1980). j Harrington hooks and rods for the treatment of scoliosis.

Non-operative Treatment

Probably the first description of the treatment of spinal deformity is recorded in
the Srimad Bhagwat Mahapuranam, an ancient Indian epic written between 3500
and 1800 B.c. [111]. There, the Indian god Lord Krishna cures the hunchback of
one of his female devotees named Kubja by applying axial traction.

The state of the art medical textbook of antiquity On Articulation (part of the
monumental and famous Corpus Hippocraticum) was probably written by the
Greek physician Hippocrates (Fig. 4c) of Cos (460-370 B.c.) and his scholars. In
this text collection numerous descriptions concerning normal and abnormal spi-
nal curvatures can be found [57]. However, spinal deformities provoked by
tuberculosis were not differentiated from true scoliosis. The treatment was poor
and consisted of the famous “Traction Table” also known as the “Hippocratic

An ancient Indian epic
first described scoliosis
treatment (3500-18008.c)

Hippocrates invented
the first traction table
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bench” or “scamnum” (the Latin expression for traction table) with which
patients were stretched, both horizontally and with underarm and leg distraction
in suspension. In later times, only little progress was made regarding the etiology
and treatment of spinal deformities.

Even at the end of the Middle Ages, the common belief was that a spinal defor-
mity was caused by a spinal luxation. Therefore, such deformities were called
“spina luxata” and the term included every kind of scoliosis and kyphosis. In
1544, the famous Italian surgeon Guido Guidi (1508 -1569) proposed treating
such spinal deformities by using the techniques of a traction table as introduced
by Hippocrates and elaborated by Oribasius (325-405 a.n.) [91]. The surgical
textbook Chirurgia é Graeco in Latinum Conuersa, written by Guido Guidi (alias
Vidus Vidius) contains many illustrations depicting different types of extension
machines also known as traction tables [42].

A less cruel method of treating spinal deformities was developed by Ambroise
Paré (1510-1590). The father of French surgery also reintroduced the ligature of
vessels. He suggested treating scoliosis by an iron plate brace (Fig. 4d) [79], which
had to be changed in size during the acceleration phase of child growth at least
every 3 months.

A revolutionary step forward in scoliosis bracing was made by the American
orthopedic surgeon Walter Putnam Blount (1900-1992), who was devoted to
scoliosis and its treatment. In 1945, Blount introduced the so-called “Milwaukee
brace”, which is still in use today [7].

The English physician Francis Glisson (1616 - 1691), professor of medicine for
over 41 years at Cambridge, wrote extensively on rickets in his pioneering book
On Rickets (De Rachitide, Sive Morbo Puerili, qui Vulgo The Rickets Dicitur Trac-
tatus) in 1650. He assumed that scoliosis was caused by rickets and that the
pathomechanism was based on the unequal and asymmetric bone growth of the
spine [39]. Therefore, he developed a swing suspension by head and armpits
known as the “English swing” or “Glisson swing” (Fig. 4e) [39].

Since then, many spinal extension machines have been developed and prop-
agated, for example, the extension chair introduced by the French surgeon
Pierre Dionis (birth date unknown - 1718) in 1707 [30]. In his Cours d’Opéra-
tion de Chirurgie, Pierre Dionis also mentioned for the first time the use of an
iron cross for correcting spinal scoliosis. The cross became well known as Heis-
ter’s cross, because the German surgeon Lorenz Heister (1683-1758) first
depicted the iron cross in his textbook of surgery [49, 50]. Heister’s cross was
used as a kind of scoliosis brace and served as a prototype for later scoliosis
braces (Fig. 4f).

In 1741, the French pediatrician Nicholas Andry (1658 - 1742) published his
epoch-making and pioneering textbook “Orthopédie” and became the father
of modern orthopedics [3]. A great part of his book dealt with the description
of scoliosis prevention, giving especial attention to sitting and postural habits
and recommending for example physical exercises and a specially designed
chair.

Influenced by the Enlightenment, the Swiss orthopedic and former obstetri-
cian Jean-André Venel (1740 - 1791) founded the world’s first orthopedic hospital
in the small Swiss town of Orbe in 1780. He developed a new treatment regime for
spinal deformities in 1785 [113]. Venel believed that two kinds of procedures
were suitable: first axial extension along the spine and second application of
forces in transverse planes at the region of deviation. Furthermore, he was con-
vinced that the treatment of scoliosis does not tolerate any interruption. Based on
such ideas, he developed a brace for daily activities called an “appareil du jour”
and an orthopedic bed, an extension machine, for the night called an “appareil
de la nuit” (Fig. 49, h). Venel’s invention resulted in a hype boom during the fol-
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lowing half century and all sorts of different orthopedic beds were developed. In
1829, Johann Friedrich Diefenbach (1792-1847), one of the most important
orthopedic surgeons of the 19th century in Germany, catalogued the various
extension beds and chairs, filling 70 pages [61].

Scoliosis Surgery

In the first half of the 19th century, tenotomy and myotomy were used for severe
scoliosis both because of the prominent paraspinal muscles and the muscle dys-
function theory as outlined above. A very prominent advocate of tenotomy was
the French surgeon Jules René Guérin (1801 -1886), who developed this tech-
nique in 1835 and treated 1349 patients [41].

After the initial enthusiasm, some terrible outcomes were experienced by
patients and the method was abandoned. It may be of interest that the contro-
versy over this technique was one of the first incidences of doctors criticizing and
attacking each other in print and in court.

In 1911, the American surgeon Russel A. Hibbs (1869 -1933) fused the spine
for tuberculosis and suggested extending this method also to scoliosis, as
explained in more detail below [46]. He first performed an in situ fusion in 1914
and later corrected the curve with a cast until fusion had occurred. He gave sev-
eral reports of his technique and advocated a long fusion before the deformity
became severe [53, 54].

After the first successful instrumentations of the spine performed by W.F. Wil-
kins (1845-1935) [122] and a little bit later by Berthold Ernst Hadra
(1842-1903) [45], many efforts were made to stabilize the spine with instrumen-
tation, e.g. by the German orthopedic surgeon Fritz Lange (1864 -1952) [69].

Finally, however, it was the American orthopedic surgeon Paul Randall Har-
rington (1911 -1980) who succeeded in developing an appropriate system for sco-
liosis instrumentation (Fig. 4i) [37]. This spinal instrumentation system known as
“Harrington instrumentation” consisted of stainless steel hooks and rods, which
allows the correction of the spinal curvature by distraction (Fig. 4j). Harrington
invented this spinal instrumentation system after a severe poliomyelitis epidemic
in the late 1950s. He popularized spinal instrumentation in his milestone paper
Treatment of Scoliosis: Correction and Internal Fixation by Spine Instrumentation
published in 1962 [47]. The early technique consisted only of instrumentation.
Fusion was later added because of the initial poor outcome.

In 1969, the Australian surgeon Alan Frederick Dwyer (1920-1975) intro-
duced the first anterior spinal compression system for scoliosis correction [31].
More than a decade later the Mexican surgeon Eduardo Luque developed a poste-
rior segmental fixation system, which allowed segmental stabilization without
the need for a postoperative cast [74]. In 1984, the French surgeons Yves Cotrel
and Jean Dubousset introduced their posterior derotation system, a system con-
sisting of stainless steel pedicle screws, rods, hooks and transverse traction
devices [22]. By means of this system, it was possible not only to address lateral
deviation of the spine but also apical rotation and thereby improve the sagittal
profile of the spine. Cotrel-Dubousset instrumentation started a new area in spi-
nal surgery.

Juvenile Kyphosis

The Danish radiologist Holger Werfel Scheuermann (1877 -1960), head radiolo-
gist at the Cripple’s Hospital in Denmark, first described juvenile kyphosis in his
thesis which he presented to the University of Copenhagen in 1921. Scheuermann
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reported on a series of 105 adolescent patients (80 % males) suffering from a sag-
ittal curvature but with only a minimal coronal deviation [105]. Thus, he postu-
lated a new group of spinal disorder, which begins during puberty and is associ-
ated with a genuine thoracic kyphosis. Initially, his thesis was rejected by the uni-
versity committee. In 1957, he was finally awarded an honorary doctorate in rec-
ognition of his work. Nevertheless the entity became known as Scheuermann’s
disease.

The German pathologist Christian George Schmorl (1891 -1932) performed
pathoanatomical studies on more than 5000 spinal specimens which he later
published in his famous book The Human Spine. Schmorl first described the
intercorporal disc prolapses known nowadays as Schmorl’s node [106], which
are frequently seen in juvenile kyphosis.

Spondylolisthesis
An Obstetrical Problem

Spondylolisthesis must have been observed in ancient times but was probably
first mentioned in 1782 by the Belgian surgeon and obstetrician G. Herbiniaux
(1740 - end of the 18th century). He claimed that it interfered with childbearing
and resulted in the death of both mother and child [52].

In 1854, Herman Friedrich Kilian (1800 -1863) coined the term “spondylolis-
thesis”, which means the “downward gliding of the spine” [64].

In 1882, Franz Ludwig Neugebauer (1856 -1914), an obstetrician in Warsaw,
published a monograph on spondylolisthesis in which he described exactly the
clinical features of spondylolisthesis also in relation to obstetrical problems of a
narrowing birth canal in patients with severe spondylolisthesis [89]. In 1976,
Wiltse, Newmann and Macnab were the first to classify spondylolisthesis into
five categories: dysplastic, isthmic, degenerative, traumatic and pathological
types [124].

Surgery

In 1893, Sir William Arbuthnot Lane (1856-1938), who became famous for
introducing the “no touch” or fully instrumental technique of surgery, per-
formed a decompressive laminectomy on a 34-year-old woman who suffered
from progressive gait disturbance, leg weakness and loss of sensation in the lower
limbs. During the operation, he found a forward slipping of the body and neural
arch of L5 on the sacrum without any defect [67].

In this context, the history of the anterior interbody fusion technique should
briefly be reviewed because this surgical technique was first successfully per-
formed in a 14-year-old boy with spondylolisthesis by the English surgeon Burns
in 1933 [14]. Burns’ technique consisted of driving an autologenous tibia dowel
through the fifth lumbar vertebra into the sacrum (Fig. 5).

Lane and Moore published the first routine series of anterior interbody fusion
in 1948 and shortly after Harmon brought his series to the public in 1950 and
1960 [46, 68]. Since then, many modifications have been made. In the late 1950s,
the American surgeon Humphries and his team first introduced the plate system
for anterior interbody fusion, which consisted of an especially designed com-
pression plate primarily for the lumbosacral joint that was fastened onto the
anterior surface of the vertebra by screw [60]. At the same time, the orthopedic
surgeon Arthur Ralph Hodgson (1915-1993), head of the Orthopedic and
Trauma Unit at the University of Hong Kong, developed an anterior fusion by
using bone grafts for tuberculosis treatment as explained in more detail below
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Figure 5. Spondylolisthesis

Anatomical drawing of the first successful
interbody fusion by B.H. Burns in 1933 [14]
(with Permission from Elsevier).

[58]. In 1936, Jenkins tried to reduce the slip with traction and fusion [63]. Three
decades later, Paul Harrington used his spinal instrumentation system to reduce
severe spondylolisthesis [48].

Back Pain and Sciatica

Back pain has been known since the start of written history. Probably the first
report of back pain and sciatica can be found in an ancient text, the so-called
Edwin Smith Surgical Papyrus presumably written around 1550 B.c. [10].

In the industrialized countries, back pain today is the second most common
reason for seeking medical care. Back pain accounts for 15 % of all sick leaves and
is the most common cause of disability for persons under 45 years of age. How-
ever, in historical textbooks, only little information is available on backache.
Waddell stated: “At first glance, backache appears to be a problem only since
World War II. At second glance, we realize that not back pain but back related dis-
ability became a medical problem at the end of the last century” [118].

A Wrong Mixture of Fluids

The first descriptions of spinal pain, called sciatica, are also found in the Hippo-
cratic texts Predictions II (Praedictiones II) [57].

The Predictions are a collection of medical texts concerning especially symp-
toms, course, differential diagnosis and prognosis of a selection of different dis-
eases. It is assumed that the famous Greek physician, Hippocrates of Cos
(460-370 B.c.), the father of the Hippocratic oath, and his scholars contributed to
this ancient medical textbook. Of note, Hippocrates did not differentiate between
symptoms caused by spinal and femoral problems. Both entities were called “sci-
atic” at that time.

The outstanding and important Greek physician Galen of Pergamon (130-
200 A.D.), who became physician to the Emperor Marcus Aurelius (121-180),
described low back pain in his Definition of Medicine (Definitiones Medicae) sim-
ilar to the Hippocratics [36]. Both the Hippocratics and Galen assumed a wrong
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mixture of fluids to be the cause of such symptoms according to the so-called
“fluid doctrine” of Hippocrates. Other ancient physicians had more or less the
same explanation for the sciatic pain syndrome. During antiquity and the Middle
Ages, this view persisted and the term “sciatic” served as a description for hip,
buttocks, loins and leg pain.

The Italian physician Domenico Felice Antonio Cotugno (1736-1822) first
differentiated sciatica from hip related pain in his pioneering study De Ischiade
Nervosa Commentarius (Commentary on Nervous Sciatica) (1764). The nervous
sciatica was called “iscias nervosa Cotunni” also known as the “malum Cotunni”
or “Cotugno syndrome” (Fig. 6a) [21]. He was such a skilled clinical examiner he
was able to divide his Cotugno syndrome into two entities:

e anterior “iscias nervosa postica’
® posterior “iscias nervosa antica”

The anterior “iscias nervosa postica” was described as pain radiating from the
groin along the inside of the thigh and down the lower leg. The posterior “iscias
nervosa antica” corresponded to pain radiating from the greater trochanter
major along the outside of the thigh and down into the lower leg. Cotugno
thereby became the first author to describe the lumboradicular syndrome.
However, the true cause of the nervous sciatica still remained unknown. He was
still very close to the antique fluid doctrine. Cotugno is also known for his dis-
covery of cerebrospinal fluid as outlined above, his discovery of aqueductus of
the inner ear and his description of the typhoid ulcers. It was finally the English
physician Brown of Glasgow in 1828 who first suggested that irritation of the ner-
vous system could be responsible for back pain [13].
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MENSCHLICHEN KORPERS.
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Figure 6. Back pain and sciatica BERLIN, 1655,

DRUCK UND VERLAG VON GEORG REIMER.

a Domenico Felice Antonio Cotugno (1736 -1822). b The Half
Joints of the Human Body published in 1858 by the German b
pathologist Hubert von Luschka (1820-1875).
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Figure 6. (Cont.)

c Theillustration depicted in The Half Joints of the Human Body shows
a nucleus protrusion of the intervertebral disc between the 12th tho-
racic and 1st lumbar vertebra. d The drawing shows removal of a so-
called “extradural chondroma” depicted in the paper by Fedor Krause
(1857-1937) and Heinrich O. Oppenheim (1858-1919) in 1908.
e This drawing shows the concept of a disc compressing the cauda
equina as seen by Joel E. Goldthwait (1867 -1961).

Disc Herniation

After a brief report of protruded disc written by the great pathologist Virchow
in 1858, the German pathologist Hubert von Luschka (1820-1875) publish-
ed a detailed and concise description and illustration of a protruded disc in
his epoch-making monograph The Half Joints of the Human Body (Fig. 6b)
[75].

He supposed that these disc protrusions were caused by a tumor like cartilage
outgrowth of the nucleus pulposus and called such protrusions anomalies of
intervertebral discs (Fig. 6¢). Notwithstanding Luschka’s descriptions of a subli-
gamentary and intraligamentary outgrowth of a cartilage-gelatinous mass from
the nuclear material with a consecutive transligamentary burst, the effective ori-
gin of these disc protrusions and the clinical link to the sciatica were still unex-
plained for another 70 years. Luschka’s scientific publications and anatomic text-
books became the gold standard of the time because of their clear presentation
and excellent drawings.

Christian George Schmorl (1862 -1932), Director of the Pathological Institute
in Dresden, studied more than 5000 spine specimens. In 1928, he published two
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cases of disc protrusion, which he interpreted as supplementary nuclei pulposi,
remnants of the primitive chorda, respectively.

Finally, in 1929, it was a disciple of Schmorl, Rudolf Andrae, who gave the
accurate explanation for the disc protrusion. In his work On Cartilage Node in the
Posterior End of Intervertebral Disc Near by the Spinal Canal, Andrae confirmed
Schmorl’s observations by describing 56 similar cases in 365 examined spines.
Furthermore, he proposed that disc protrusion is based on a degenerative dis-
ruption of annular fibers which permits extrusion or sequestration of nuclear
material. In addition he could exclude the theory of a neoplastic process as cause
for disc protrusion [2]. Even though the pathophysiological mechanism was elu-
cidated, there was no link to the clinical symptom of sciatica.

With the advent of neurotopic diagnosis using dermatomes at the end of the
19th century, specific operative intervention for the spine and spinal cord
became possible. On 23 December 1908, the German surgeon Fedor Krause
(1857-1937), who worked at the Augusta Hospital in Berlin together with the
German neurologist Heinrich O. Oppenheim (1858 - 1919), was the first to oper-
ate on a disc prolapse in a patient who had suffered from severe sciatic pain for
several years and had developed an acute cauda equina syndrome [90]. The
operation (Fig. 6d) consisted of:

laminectomy L2-L4

splitting the dura

mobilizing the cauda equina by a retractor
exploring the operation field

removing a small tumor mass

After the operation, the patient felt much better and the neurological problems
disappeared. Following the theory of Luschka, Krause and Oppenheim supposed
that this fibrocartilage mass was an enchondroma.

In 1911, the American physician Joel E. Goldthwait (1866 - 1961) reported on
a 39-year-old patient who initially suffered from an affection of the sacroiliac
joint. The patient underwent inadequate manipulations and subsequently
developed a cauda equina syndrome. Based on this case, he proposed that a
prolapse of the intervertebral disc could be an explanation for many cases of
lumbago, sciatica and paraplegia (Fig. 6e) [40]. At the same time, the physicians
George S. Middleton (1853 -1928) and John H. Teacher (1869-1930) reported a
case of a laborer who had sustained a disabling injury during work while lifting
a heavy object [74, 85]. The patient suffered from sciatica and paraplegia. The
authors suggested that a disc rupture caused the severe clinical condition of that
patient.

Disc Surgery

In 1929, the famous Walter E. Dandy (1886 - 1946), professor of neurosurgery at
Johns Hopkins, discovered that nodules of discal origin could produce sciatica
by compression and that their removal would cure pain. He published this
hypothesis in the Archives of Surgery [25], but unfortunately little attention
was paid to this article, because he called the protrusions and prolapses tu-
mors. However, it was not until 1934 that the American neurosurgeon William
Jason Mixter (1880-1958) and the orthopedic surgeon Joseph Seaton Barr
(1901-1963), working at the Massachusetts General Hospital, established that
the supposed neoplastic process was just a prolapse of the disc (Historical Case
Study).

They also discovered the long missing link between sciatica and disc protru-
sion [86].
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NEW ENGLAND SURGICAL SOCIETY

RUPTURE OF THE INTERVERTEBRAL DISC WITH
INVOLVEMENT OF THE SPINAL CANAL*

BY WILLIAM JASON MIXTER, M.D.,{ AND JOSEFH S. BARR, M.D.}

URING the last few years there has been|In 1911 Goldthwait® reported a ease of sciatica
a good deal written and a large amount of | and paraplegia which he attributed to a pos-
clinical work done stimulated by Schmorl’s® in- | terior displacement of the intervertebral disc
vestigation of the condition of the intervertebral [at the lumbosacral junction and suggested that
dise as found at autopsy. His work will stand |such displacements might be the cause of manj

FIG. 1. A normal intervertebral dise, Note cartilage plate,
anterjor and posterior longitudinal ligament, annulus fbrosus,
and the semifluid nucleus pulposus which bears the superincum-
bent body weight and is retained In place under pressure by the
nnnulua.)‘ Ty % ’ FIG. 2. Autopsy specimen. CASE 5. Note small posterlor
prolapse such ns Schmorl describes.

as the most complete, painstaking and authori-
tative that has ever been done in this condi-
tion. This work, however, is purely pathological
and it now remains for the clinician to correlate
it with the elinieal findings and apply it for the
relief of those patients who are disabled by the
lesion.

In the routine examination of spines from
autopsy material he discovered that the inter-
vertebral dise is often involved in pathologiecal
changes, the most common one being prolapse of
the nuelens pulposus into an adjacent vertebral
body. He found one or more such prolapses
(Enorpel-knochen) in about thirty-eight per
cent of the spines examined. He also discovered
that in about fifteen per eent of the spines there
were small posterior prolapses beneath the pos-
terior longitudinal ligament, but concluded that
they rarely, if ever, produced elinieal symp-
toms, He attributed their presence to weak-

1 P 1 1 (FIG. 17. Showing the usual location of a wentral
ening of the annulus fibrosus by degenerative e D e [ T e

changes, with mild trauma as a second factor, cology and Obstetrics].)

produeing fissures in the annulus and escape of
the semifluid nuclear material.

On the other hand, for a number of years
clinicians have been reporting cases of spinal
eord pressure from intervertebral dise lesions.

*Road at the Annual Moeting of the New England Surgical
Boclety, September 30, 1933, at Boston.

tMixter, Willlam Jason—Visiting Surgeon, Massachusetts Gen-
eral Hospital. Barr, Joseph 8.—Orthopedic Surgeon to Out-

Patlents, Massachusotts Gensral Hospital. For records and ad-
dresses of authors mee “This Week's Issus,” page 234,

FIG. 3. Illuatration taken from article by Elaberg, showing
“chondroma" arising from Intorvertebral dise. (Elsberg: 8. G
& O,; 46: 10: 1928,
cases of lumbago, seiatica, ete. Middleton and
Teacher® report a similar case confirmed at
autopsy. Elsberg® in 1916 mentions chondroma
of the vertebrae as causing compression of the
eanda equina and states that Oppenheim has
deseribed a similar case, Mixter® in 1921 men-
tions a similar case and numerous other re-

Historical Case Study

The following text represents a short extract of the milestone article “Rupture of the intervertebral disc with involvement
of the spine canal” (a) (Massachusetts Medical Society, with permission): written by William Jason Mixter (b) and Joseph
Seaton Barr (c) in 1934 [86]:

“The symptoms and signs of these so-called chondromata, which we believe in most instances represent rupture of the
intervertebral disc, have been discussed at length by Elsberg and Stookey. The symptoms depend entirely on the loca-
tion and size of the lesion. There is often a history of trauma not immediately related to the present condition. Numbness
and tingling, anaesthesia, partial or complete loss of power of locomotion, are usually present. Bladder and rectal sphinc-
ter may be involved. The condition of the reflexes varies with the level of the lesion. If it is compressing the cauda equina
the tendon reflexes may be absent; if higher, compressing the cord, the legs may be spastic and the reflexes exaggerated
with positive Babinski sign. If the lesion is low in the spine, the physical examination may be suggestive of low back strain
or sacro-iliac strain. X-ray examination may be entirely negative, but narrowing of the intervertebral space is often pre-
sentand is of significance, as it ordinarily means escape of the nucleus pulposus, not necessarily but possibly into the spi-
nal canal... Therefore we have developed certain ideas as to the operation when we suspect this lesion to be present.
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Historical Case Study (Cont.)

Exposure of the spine and laminectomy are performed as usual except that the laminectomy is narrow and on the side
where the lesion is suspected, for we believe that a ruptured disc is a weakened disc and the strength of the spine should
be preserved as much as possible. The dura is opened and the spinal canal carefully explored, particular attention being
given to the intervertebral discs in front of the cord and the intervertebral foramina. If the lesion is found in the midline
it is approached by incising the dura over it as suggested by Elsberg. If it is lateral, the dura is closed and the dissection
carried out to the side between the dura and the bone. If lesion is suspected in the intervertebral foramen it may be nec-
essary to carry the removal of bone well out to the side, even taking in part of the pedicle. After removal the tumor is
exposed. It frequently comes away without any dissection and if not, section across its base or removal with curette is
bloodless. Though we have done it in only two cases, we believe that it may be advisable to slip bone chips in between
the stumps of the laminae before closing the wound, in order to facilitate fusion. After removal of the tor piece of the disc
one frequently finds an opening through which a probe may be passed into the nucleus pulposus... We conclude from
this study: a that herniation of the nucleus pulposus into the spinal canal, or as we prefer to call it, rupture of the interver-
tebral disc, is a not uncommon cause of symptoms. That the lesion frequently has been mistaken for cartilaginous neo-
plasm arising from the intervertebral disc... That the treatment of this disease is surgical and that the results obtained are

very satisfactory if compression has not been too prolonged.”

Love developed the
interlaminar “key hole”
approach for discectomy

Lyman Smith introduced
chemonucleolysis
for disc prolapses

Caspar and Williams
introduced microdiscectomy

This finding rapidly attracted surgeons and basic researchers to the interverte-
bral disc. The enthusiasm to solve back pain and sciatica surgically by disc exci-
sion started as Macnab called it “the dynasty of disc” [77]. The disc was thereaf-
ter made responsible for all kinds of back and leg pain and many treatment fail-
ures were the consequence.

In the early days, the disc prolapse was removed by a full transdural approach
with laminectomy. In 1939, Grafton Love, a surgeon at the Mayo Clinic, published
a new method which he called “key hole” laminectomy, an intralaminar approach
for disc prolapse removal, which preserved spinal stability. Therefore, his ap-
proach served also as a precursor to the microscopically assisted approach [73].

The American physician Lyman Smith developed a less invasive method for
disc protrusions and reported his results in 1964 [109]. He injected chymopapain
into the disc to shrink the disc protrusion. Although chemonucleolysis was effec-
tive, this method went out of fashion because of some cases of anaphylactic reac-
tion and transverse myelitis.

In 1975, Hijkata of Japan first reported on a percutaneous lumbar nucleotomy
technique by a posterolateral approach [35]. In the late 1970s, the German neuro-
surgeon Caspar and the American neurosurgeon Williams introduced the use of
the microscope for minimally invasive discectomy, which today has become the
standard technique in many centers [17, 123].

In 1986, P.W. Ascher performed the first percutaneous laser decompression of
intervertebral discs [14], but this technique never demonstrated clinical efficacy.
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A further milestone in the treatment of degenerative disc disease was the devel-
opment of an artificial disc, which allowed lumbar motion to be preserved. U.
Fernstrom first implanted a rudimentary lumbar disc replacement consisting of
a single steel ball in the late 1950s [34].

After several less promising developments of different designs, K. Schellnack
and K. Biittner-Janz developed the SB Charite disc prothesis at the Charité (Hos-
pital) in Berlin in the early 1980s [15]. Further developments of this prothesis
type resulted in the first FDA approved total disc arthroplasty device.

The Facet Syndrome

It was the Belgian anatomist Andreas Vesalius (1514 - 1564), professor of anat-
omy at the University of Padua, who first correctly described the facet joint in his
epoch-making anatomical textbook De Humani Corporis Fabrica Libri Septi in
1543 [116]. The American Joel E. Goldthwait (1867 - 1961), first surgeon-in-chief
of the Orthopedic Department at the Massachusetts General Hospital, first real-
ized that the facet joints also play an important role in low back pain [40]. Finally,
in 1933, R.K. Ghormley is credited as having coined the term “facet syndrome”
for back pain caused by altered facet joints [38]. This syndrome was re-popular-
ized by Vert Mooney in 1976 [87], but debate continues about the clinical entity.

Spinal Stenosis

The first evidence of spinal stenosis can be found in Egyptian mummies. The first
report of a spinal stenosis is attributed to the French surgeon Antoine Portal
(1742-1832) in 1803. He observed at autopsy three specimens with narrowing of
the spinal canal [93]. He was also able to relate the pathological findings to the
typical clinical symptoms of spinal stenosis.

The Italian orthopedic surgeon Vittori Putti (1880-1940), one of the most
outstanding European orthopedic surgeons of the first half of the 20th century,
emphasized the relevance of anomalies or acquired degenerative alterations of

Figure 7. Spinal stenosis

a Vittorio Putti (1880-1940). b Henk Verbiest (1909-1997).
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the intervertebral foramina and lateral recess, for causing sciatica by causing an
entrapment of the existing root (Fig. 7a) [94]. In his article, published in The Lan-
cet in 1927, Putti gained international attention and it was a further step in the
understanding of the pathomechanism of sciatica in cases which are not caused
by a slipped disc [95].

With the Dutch neurosurgeon Henk Verbiest (1909-1997), also known as the
“pope of spinal stenosis”, lumbar stenosis became a well-defined pathological
entity (Fig. 7b) [4]. He introduced the concept of developmental stenosis, which is
caused by an abnormally short midsagittal diameter of the spinal canal [114, 115].

Spinal Infections

Despite the advent of chemotherapy and improved surgical techniques, spinal
infections are still a potentially life threatening disease even in the industrialized
world. In the past, tuberculosis has played an important role as a cause of spinal
deformities and was one of the most common “orthopedic” diseases all over the
world.

Egyptian Mummies and Sir Percival Pott

Spinal tuberculosis is older than written history, because the first evidence of spi-
nal tuberculosis was found in a skeleton from about 5000 B.c. [51]. Further evi-
dence of spinal infection most likely caused by tuberculosis was found in Egyp-
tian mummies dating from the Predynastic time, 3000 B.c. and earlier. A very
good example of spinal tuberculosis was found in Neshparenhan, from the cache
of 44 priests of Amun (21st Dynasty, 1100 B.c.) reported by Ruffer in 1910. The
mummy reveals the typical features of Pott’s disease with an acute angulation of
the spine caused by the collapsed thoracic vertebral bodies and a psoas abscess
(Fig. 8a) [103].

In the Hippocratic textbook On Articulations, extended descriptions about
spinal deformities are in particular very similar to those of Pott’s disease [50].
Hippocrates of Cos (460 -375 B.c.) and his scholars have suggested treatment of
patients by bench stretching and this became a very popular therapy for a long
time. In 1896, the French orthopedic surgeon Jean-Francois Calot (1861 -1944)
tried to cure tuberculosis related spinal deformities by his “redressment brusque”
(or “redressment forcé”) based on the Hippocratic procedure (Fig. 8b) [16]. But
after some brief enthusiasm, this treatment was abandoned because of various
severe complications.

In 1779, the English surgeon Sir Percival Pott (1714 -1788), author of classic
monographs on head injuries and fractures, is credited as having recognized the
tuberculous nature of this disease. He published his account of tuberculous para-
plegia entitled Remarks on that kind in palsy of the lower limbs, which is fre-
quently found to accompany a curvature of the spine, and is supposed to be caused
by it (Fig. 8c) [94, 95]. The first association of paraplegia with kyphotic deformity
was obviously made by the French surgeon Jacques Dalechamps (1513-1577) in
1570 [28].

Dalechamps still believed in the method of mechanical treatment of a “spina
luxata” by performing extension and simultaneously sitting on the patient’s
hunchback as propagated by the famous Italian physician Guido Guidi
(1500-1569) [42]. Although the tuberculous nature of spinal deformity had
been surmised by Hippocrates and confirmed by Galen, it was Pott’s classic
description that finally brought the condition to clarity for the practitioner
(Fig. 8d).
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Figure 8. Spinal infection

a The Old Egyptian mummy Neshparenhan, a priest of Amun (circa
1100 B.c), shows the typical features of Pott’s disease: collapsed thoracic
vertebral bodies with kyphotic angulation. b This painting illustrates the
“redressement forcé” by the French orthopedic surgeon Jean-Francois
Calot (1861 -1944). c Sir Percival Pott (1714-1788). d The drawing of the
so-called “carious spine” depicted in Pott’s work in 1779.

He showed that there was not a luxation of vertebrae but an inflammatory
abscess that compromises the spinal cord. Pott’s trias was defined by three find-
ings:

® paraplegia
e gibbus
® abscess

The true nature of “spinal caries” as tuberculous spondylitis was recognized by
Jacques-Mathieu Delpech (1777 -1832), murdered by a patient on whom he had
performed a varicocele operation, and Carl Freiherr von Rokitansky (1804 -
1878) in 1842 [29, 100]. Finally, it was the famous German physician and bacteri-
ologist Robert Koch (1843 -1910), founder of modern experimental bacteriology

Chapter 1
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and Nobel prize winner in 1905, who succeeded in isolating and describing the
germ of tuberculosis: Mycobacterium tuberculosis.

Treatment

Before the 19th century, treatment was just based on bed rest and/or cruel trac-
tion. It can be imagined what torture it was. Spinal frames and, later, plaster beds,
plaster jackets and back supports came into almost universal use but without any
proven benefit.

Despite the first experience of abscess drainage reported by Pott, this proce-
dure seemed to be very dangerous because of the high death rate leading to con-
troversies. With the advent of new surgical and supporting techniques in the late
19th century, more and more surgical approaches to the treatment of tuberculo-
sis were developed. In 1909, the German surgeon Fritz Lange (1864 -1952) tried
to stabilize the tuberculous spine by fixing it up by means of celluloid bars and
silk wire. Later he also used steel rods and wires [69].

Fred Houdlette Albee (1876-1945), a great American orthopedic surgeon at
the beginning of the 20th century and co-founder of the International Society of
Orthopaedic Surgery and Traumatology (SICOT), first reported on a successful
lumbar spinal fusion. Albee tried to stabilize the spine of a patient suffering from
spinal tuberculosis. He first sagittally split the spinous processes, and then he laid
a strip of autologous tibia between the two halves of them [1]. During this time,
Albee was very interested in bone graft techniques and he therefore performed
many bone graft experiments on dogs.

Albee’s report was shortly followed by another account of lumbar spinal fusion
written by his colleague Russel A. Hibbs (1869 - 1932), who became the surgeon-
in-chief of the later New York Orthopedic Hospital in 1897. Hibbs also tried to
produce a posterior fusion by using autologous bone graft.

Procedures were also developed which aimed to drain the abscess, e.g.
abscess enucleation described in 1894 by the French orthopedic surgeon Victor
Ménard [83]. However, none of these operative techniques produced satisfac-
tory results.

In the 1950s, Arthur Ralph Hodgson (1915-1993) (born in Uruguay to British
parents) was a protagonist in what became known as the Hong Kong school of
tuberculosis treatment [82]. Hodgson and his coworkers suggested a new surgi-
cal technique which consisted of:

e radical surgical debridement
e anterior spinal fusion with autologous bone-graft (rib, ilium) [58]
e chemotherapy

In the 1950s, although the first effective chemotherapies with streptomycin, iso-
niazid and paraamino-salicyclic acid were successful in the treatment of pulmo-
nary tuberculosis, orthopedic surgeons were suspicious of the effectiveness for
spinal tuberculosis [65, 88]. Based on the experience of the Hong Kong school,
radical debridement, fusion and chemotherapy became the gold standard for
cases with deformity and neurologic compromise [82].

Ankylosing Spondylitis

Ankylosing spondylitis is a highly heritable, common rheumatic condition, primar-
ily affecting the axial skeleton. There is still no causative cure and for patients it
remains a very disabling disease (Fig. 9a). The first evidence of ankylosing spondy-
litis was found in many Egyptian mummies ranging from 3000 B.c. up to the Roman
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Figure 9. Ankylosing spondylitis

a Typical features of ankylosing spondylitis in the skeletal remains of a Late Medieval/Early Modern Times male 50 years
of age from La Neuveville, Switzerland. b The peculiar skeleton as described by the Irish physician Bernard Connor
(1666-1698). ¢ Vladimir von Bechterew (1857 -1927).

period [103]. A most likely case of ankylosing spondylitis is the one of Ramses II
(1200 B.c.). He was one of the most powerful Egyptian kings ever and is remem-
bered for his countless monuments, for example the temple in Abu Simbel [81].

Discovery of a New Disease

The Irish physician Bernard Connor (1666-1698) gave a first accurate descrip-  Conner first described
tion of ankylosing spondylitis. He practiced for several years at the French Court  ankylosing spondylitis
during the regency of Louis XIV (1638 -1715). He later became appointed physi-
cian to the Polish King John Sobieski in 1694. In 1693, he described an unusual
skeleton consisting of a unified spine that was found in a local cemetery (Fig. 9b)
[20]. He suggested that the deformity originated in utero as a consequence of
pressure from abscess tumor in the womb or elsewhere.

First clinical reports of two putative cases of ankylosing spondylitis were both
published in early issues of The Lancet. The first case, known as Traver’s case, was
reported by the St. Thomas Hospital (London) in 1824. The article deals with a
young girl of good condition, who had suffered from a totally stiff spine caused
by an ossification of the intervertebral disc as her treating physician Benjamin Travers and Lyons both
Travers (1783 -1858) had assumed [112]. The second case report, published in  described cases of
1832, was by Philip Moyle John Lyons (1804 - 1837) and dealt with a 36-year-old  ankylosing spondylitis
bricklayer who had been suffering from a severely stiffened immobilizing spine
over several years with accompanying back and joint pain [76]. For the first time,
the whole complex of ankylosing spondylitis was described fully and at length in
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d The photographic plate from the treatise on ankylosing spondylitis written by the French neurologist Pierre Marie
(1853 -1940) published in 1906.

Bechterew popularized
ankylosing spondylitis
in Continental Europe

1877 by the English physician Charles Hilton Fagge (1838 -1883), who worked
at Guy’s Hospital in London [33]. The Russian Vladimir von Bechterew
(1857-1927), Professor of Neurology in St. Petersburg, was interested in ankylos-
ing spondylitis (Fig. 9c). With his report on ankylosing spondylitis in 1893, he
made it very popular in Europe [117]. That is why nowadays ankylosing spondy-
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litis is often called “Morbus Bechterew”. But he misconceived the etiology of
ankylosing spondylitis, because he believed that the spinal stiffness was caused
by a neurological disorder.

Finally, it was the German pathologist and bacteriologist Eugen Fraenkel
(1853-1925), credited for his great work on pathology and differential diagnosis,
who first introduced the name “ankylosing spondylitis” in 1904 [35].

Another neurologist, Pierre Marie (1853-1940), professor in Paris, finally
defined ankylosing spondylitis as an individual entity and proposed the name
“spondylose rhizomelique”. Solely by means of good clinical assessment (Fig. 9d)
and without any technical devices, he was able to describe this disease as pre-
cisely and concisely as no one before him [80]. He also postulated that the etiol-
ogy of ankylosing spondylitis is an osteopathy caused by infection or toxin,
which finally leads to a hyperostotic process of the facet joints.

Spinal Injuries

Spinal injuries have been diagnosed and treated since antiquity and are still one
of the most severe injuries which lead to handicap and disability. In the past,
most of the patients with spinal cord injuries died after a short time because of a
combination of pressure sores and urinary tract infection. Thanks to the good
supportive techniques and rehabilitation developed since World War II, patients
suffering from spinal cord injuries have better lifetime prognosis and living con-
ditions.

First Reports

Evidence of spinal fractures can be found in prehistory. The oldest known case of
a spinal fracture in a presumably 34 000-year-old Early Stone Age (Upper Palaeo-
lithic) skeleton from Stetten in Germany reveals a healed lumbar L3-14 fracture
[119].

A first description of spinal cord injuries is found in the Edwin Smith Surgical
Papyrus [10]. The manuscript, written on papyrus, is dated to the 16th cen-
tury B.c. (Historical Case Introduction). But it is widely believed that it is a copy of
amuch earlier work possibly 1000 years older. In this text, collections of different
instructions are found concerning for example a crushed cervical vertebra or cer-
vical displacement of a vertebra.

Further evidence of spinal injuries is also given in the Hippocratic texts.
According to the Hippocratic orthopedic textbook On Articulations, spinal inju-
ries are classified into three different types [57] based on the direction of verte-
brae displacement and the spine deformity:

e anterior displacement
® posterior displacement
e injuries with no visible deformity

Each of these types is described with their prognosis.

Galen of Pergamon (130-200 A.p.) described spinal injuries in the same way as
Hippocrates [36]. Additionally, Galen performed different experiments on spinal
cord and spinal cord lesion in primates as outlined above, and he also made
observations on patients with spinal injuries notably gladiators falling from
chariots, perhaps the earliest recorded spinal injuries from road accidents. On
this basis, Galen was able to diagnose the level of the injury by observing the par-
alyzed muscles and the area of sensational loss.
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a Hippocates’ Traction Table by E. Littré,
who published the whole work of Hippo-
crates of Cos in the first half of the 19th cen-
tury. b Hippocrates' Traction Table modified
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Spinal Injuries as a Socioeconomic Problem

When the railways became popular in the first half of the 19th century, there were
suddenly many patients claiming back pain and spinal injuries related to the use
of the railway. Therefore, this phenomenon was called “railway spine”. The medi-
cal textbook On Railway and Other Injuries of the Nervous System published by
John Erichsen in 1866 was fully devoted to this subject [32].

There was great public and medical debate on railway spine and its enormous
amount of compensation. This culminated for example in the medical advice of
the Lancet Commission on the railway spine in 1862 [66]. At the end of the 19th
century the “railway spine syndrome” fully disappeared as a real disease entity.
The “railway spine” was epidemic between 1866 and 1880.

Another socioeconomic problem is the so-called whiplash injury, a traumati-
cally caused cervical strain associated with rear-end collisions that leads to disabil-
ity. The whiplash injury became epidemic with the increase in traffic accidents. The
American surgeon Harold Crowe coined the term “whiplash injury” in 1928 [23].
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Traction Table and Laminectomy

Since antiquity and through the whole of the Middle Ages, there were different
kinds of treatment for spinal injuries available. The first one was the Hippocrates
traction table, a popular device for treating every kind of spinal deformity, luxa-
tion and spinal injury (Fig. 10a). The Greek physician Oribasius (325-400 A.p.)
improved Hippocrates’ traction table (Fig. 10b) by adding a cross bar, which
could be used as a lever for treatment of fracture dislocation [91]. This technique
was still recommended at the end of the Middle Ages, for example by the famous
Italian surgeon Guido Guidi (1508-1569) in 1544. Another approach to treating
spinal fractures was introduced by the Greek physician Paulus of Aegina
(625-690 A.D.), who was trained at the Alexandrian school and was the last of the
great Byzantian physicians. He seems to have performed the first laminectomies
in cases in which the posterior elements were fractured and pushed into the cord
[92].

The next historical description of a successful laminectomy was given by the
American surgeon Alban Gilpin Smith (1788-1869) [109]. He performed sur-
gery on a young man who had progressive paresis after falling off a horse 2 years
before. Despite poor operating conditions, the patient recovered from the opera-
tion and experienced a return of sensation in the lower extremities.

During the Middle Ages, there were few descriptions on treatment of spinal
injuries, and mostly physicians recommended conservative procedures. The Ital-
ian surgeon and anatomist Guglielmo da Saliceto (1210-1277) suggested in his
work On Surgery (Cyrurgia) reducing cervical spine dislocation by manual trac-
tion on the extended head and then applying supportive braces and bandages
[27]. The French surgeon Guy de Chauliac (1300-1368) is remembered as the
father of surgery. He suggested in his profound work “Surgery” (Ars Chirurgica),
which was based on Arabic physicians (such as Albucasis [936-1013] or Avi-
cenna [981-1037]) and Galen, to “not labour to cure” in the case of spinal frac-
ture [26].

The Advent of Internal Spinal Fixation

Ambroise Paré (1510-1590), the famous French surgeon, reintroduced the sur-
gical approach to spinal cord injuries [79].

In 1646, Guilhelmus Fabricus Hildanus (1560-1634) described his attempts
to replace fracture dislocation of the neck by means of clamping the soft tissues
and spinous processes with large forceps [56]. In 1829, Alban Gilpin Smith
(1788-1869) succeeded in performing a laminectomy. Other surgeons failed,
because the patients died soon afterwards.

After that date, there was a great debate on the necessity of “decompressive
laminectomy” which still continues today. In 1836, the famous Sir Benjamin Bro-
die (1783 -1862), who is also famous for his description of the so-called “Brodie
abscess”, propagated in his Pathological and Surgical Observations Relating to
Injuries of the Spinal Cord conservative treatment with bed rest and intermittent
catheterization [12].

The treatment of spinal cord lesions was promoted by the special experience of
army surgeons treating battle casualties. A further important step in the treat-
ment of spinal injuries was the evolvement of anesthesia and aseptic surgery in
the second half of the 19th century. The discovery of X-rays by William Conrad
Roentgen (1853 -1923) in 1895 and their clinical application since 1896 has also
played an important role. During World War I, there was a big advance in neuro-
logical diagnosis and assessment, but not in the treatment of spinal injuries. Most
patients died after a few weeks from urogenital infections. With the advent of
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supportative techniques at the end of the 19th century, the American surgeon
W.E. Wilkins (1848 -1935) was able to perform the first successful internal fixa-
tion of the spine. In 1887, he fixed a dislocated T12/L1 fracture by using a carboli-
zed silver wire [112].

Four years later, the former Silesian obstetrician Berthold Earnest Hadra
(1842-1903) used a similar technique in a case of a C6 - C7 fracture of the cervi-
cal spine [43]. He just wired the spinous processes of C6 and C7 and reported that
the result was successful. A great step forward in internal spine fixation was made
when pedicle screw fixation was first introduced by Raymond Roy-Camille
(1927 -1994), appointed chief of orthopedics and traumatology at UHépital de la
Pitié-Salpétriere in 1963 [101, 102]. Another pioneer of spinal fixation is the Aus-
trian surgeon Friedrich Magerl, who practiced at the Kantonspital in St. Gallen.
He particularly contributed to the fixation techniques of the cervical spine (C1/2
screw fixation, lateral mass screw fixation, hock plate) and developed an external
skeletal fixation system for the thoracolumbar spine which formed the basis for
a new generation of angle-stable pedicular fixation systems [78].

The treatment of spinal injuries is not only based on surgical procedures, but
also on non-operative care, which has significantly contributed to the increase in
long-term survival. In 1930, the first wheelchair for patients suffering from spinal
injury was developed and the focus of treatment slowly changed to rehabilitation,
initiating spinal cord rehabilitation units.

Since World War II and the early 1950s, major progress was made because of
antibiotics and the great efforts of the neurosurgeon Sir Ludwig Guttmann
(1899-1985), who was dedicated to the research and treatment of spinal cord
injuries (Fig. 10c).

He propagated intensive rehabilitation and sports. He also wrote a profound
and epoch-making textbook of spinal cord injuries in 1973 [44]. The death rate
among spinal cord injured patients dramatically decreased as a result of these
efforts. In World War I, 80 % of patients with spinal cord injuries died within the
first 3 years, while in World War II this rate fell to about 7 %.

Since the beginning of history, there has been evi-
dence of spinal disorders and related treatments.
The Edwin Smith Surgical Papyrus, dating from the
16th century Bc, reported different spinal disorders
such as spinal injuries, backache and back sprain.
Spinal tuberculosis is older than written history.

In antiquity, the famous Hippocrates of Cos
(460-370 B.c) and his scholars wrote on spinal disor-
ders and described tuberculous spondylitis, spinal in-
juries and other spinal deformities. Hippocrates also
invented a long-lasting device, the Hippocratic Trac-
tion Table, which was used for nearly every spinal de-
formity. The Greek physician Galen of Pergamon
(130-200 Ap) preserved the Hippocratic knowledge
of medicine and spinal disorders, respectively. Addi-
tionally, he coined the word “scoliosis” and per-
formed experiments on the spinal cord, which led to
a better understanding of the nervous system.

At the end of antiquity, the Greek physician Paulus
of Aegina (625-690 AD) first performed successful
laminectomies.

The Middle Ages were practically devoid of any
major advancement in the treatment of spinal dis-
orders.

In the Renaissance, the studies of Andreas Vesalius
(1514 -1564), the father of modern anatomy, led to
a better understanding of spinal anatomy based on
the publication of his pioneering anatomical text-
book in 1543. The famous French surgeon Ambroi-
se Paré (1510-1590) developed the first scoliosis
brace, which was in use for nearly 500 years.

In the Time of Enlightenment, Sir Percival Pott’s
(1714-1788) description showed the relation of tu-
berculosis, paraplegia and spinal deformities, which
was an epoch-making discovery, because there was a
high prevalence of tuberculosis at that time. Domeni-
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co Cotugno (1736-1822) first described the differ-
ence between real sciatica and pain caused by the hip
and related structures in 1764. Inspired by the philo-
sophical ideas of that time, new therapeutic regimes
for spine disorders were proposed and propagated,
e.g. with the self-help book for parents L'Orthopédie
written by Nicholas Andry (1658-1742) in 1741 or
the foundation of the world’s first orthopedic hospital
by Jean André Venel (1740-1791) in 1780.

In the 19th century, general anesthesia started in
1846 with William Morton. Antiseptic principles
were introduced by John Lister and others. William
Conrad Roentgen discovered the diagnostic rele-
vance of X-rays in 1895. The first successful laminec-
tomy in modern times was performed by Alban Gil-
pin Smith (1788-1869) in 1829. An even better
understanding of the pathology of different spinal
diseases was gained, for example in scoliosis.

Appendix: History of spinal disorders

Chapter 1

At the beginning of the 20th century, William
Jason Mixter (1880-1958) and Joseph Seaton Barr
(1901 -1963) discovered the link between disc her-
niation and sciatica (1934). This discovery boosted
the surgical treatment of sciatica but also led to
overtreatment of this entity. Therefore, this period
is called the “dynasty of the intervertebral disc”
The Dutch neurosurgeon Henk Verbiest (1909-
1997) clearly defined the clinical entity of a narrow
spinal canal and popularized claudication symp-
toms in 1954. Sir Ludwig Guttmann (1899-1985)
propagated a better treatment based on rehabilita-
tion and sports activities for the spinally injured,
which dramatically decreased mortality. Since the
1970s, the advent of new generation spinal instru-
mentation devices and imaging modalities has
significantly improved the treatment of spinal dis-
orders.

Time Surgical procedures Non-surgical Diagnostic modalities and other special facts
procedures
15508.c. First description of spinal disorders in the Edwin Smith
Surgical Papyrus
5th cen- Hippocratic Traction Table
tury sc.
7th First laminectomies
century  performed by Paulus
AD. of Aegina
1543 First accurate description of the spine by Vesalius
16th Ambroise Paré first devel-
century oped a scoliosis brace
1664 First picture of a scoliotic spine published by Hildanus
1741 Nicholas Andry published his textbook L'Orthopédie
1776 Domenico Cotugno first differentiated between a
sciatica caused and a hip caused back pain
1779 Potts first recognized the link between tuberculosis,
kyphosis, abscess and paraplegia
1780 Venel founded the world’s
first orthopedic hospital in
Orbe, Switzerland
1782 First description of spondylolisthesis by Herbiniaux
1803 Portal first described spinal stenosis
1828 First successful lami-

nectomy in modern
times performed by
Alban Gilpin Smith

1846

Anesthesia gained popularity after the public operation
by Morton in Boston
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Time
1858
1866 —
1880
1891

1895
1898
1900
1908

1909

1911

1921

1928

1929
1933
1933

1934

1935

1944

1945

1956

1962
1963

1964

1972
1977

1979
1982

1984

Surgical procedures

First internal fixation of a C6/C7 fracture
by Hadra

First posterior fusion of C1/C2 by Pilcher

First report of a disc prolapse operation
performed by Krause and Oppenheim

Stabilization of tuberculous spine by
internal skeletal fixation performed by
Lange

First lumbar spinal fusion performed by
Albee

First anterior interbody fusion
performed by Burns

First posterior interbody fusion
performed by Briggs and Milligan

Harrington instrumentation

Introduction of pedicle screws by
Roy-Camille

Chemonucleolysis invented by Lyman
Smith

Introduction of external spinal fixation
by Magerl

First artificial disc invented by Buttner
and Shellnack

Cotrel-Dubousset instrumentation

Non-surgical
procedures

Milwaukee brace
invented by Blount

Treatment of spinal
tuberculosis with
antibiotics suggested
by Mukopadhaya
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Diagnostic modalities and other special facts

Concise description of disc protrusion by
Luschka

Epidemic of the “railway spine” syndrome

Roentgen discovered X-rays

First lumbar anesthesia by Bier

First description of Scheuermann’s disease by
Scheuermann

First description of the “whiplash injury” by
Crowe

Discovery of penicillin by Fleming

The term “facet syndrome” coined by Ghormley

Publication of the epoch-making article of
Mixter and Barr about the pathophysiology of
protruded disc and its clinical correlation

Introduction of the measurement of Cobb by
Lipmann

First CT image of the brain

First MR image of the brain
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Breasted JH (1930) Edwin Smith Surgical Papyrus, in Facsimile and Hieroglyphic Trans-
literation and with Translation and Commentary, 2 Vols. Chicago: University of Chicago
Oriental Publications

The Edwin Smith Surgical Papyrus edited by the American Egyptologist Henry Breasted
encompasses different cases of spinal disorders. This medical text was probably written at
the beginning of the New Kingdom of Ancient Egypt (around 1550 - 1500 B.c.). Therefore,
these descriptions represent the earliest written witnesses of spinal disorders and its
treatment in history.

Luschka H (1858) Die Halbgelenke des menschlichen Korpers. Eine Monographie. Ber-
lin: Reimer

The Half Joints of the Human Body is a very important anatomical monograph written by
the German pathologist Hubert von Luschka (1820-1875) in 1858.

In this monograph, there are detailed and concise descriptions and illustrations of pro-
truded discs [64]. Luschka supposed that the disc protrusions were caused by a tumor like
cartilage outgrowth of the nucleus pulposus and called such protrusions anomalies of
intervertebral discs.

Cotunnius D (1764) De ischiade nervosa commentarius. Naples: Typographia Simoni-
ana

Another milestone of spinal surgery is represented by De ischiade nervosa commentaries
written by the Italian physician Domenico Felice Antonio Cotugno (1736 - 1822) in 1764.
This work encompasses for the first time in medical history a concise and precise differ-
entiation of hip or lower back derived back pain. Cotugno’s descriptions are very accurate
and so he was already able to distinguish a L5 radiculopathy from a L3/4 radiculopathy.
Thus, he became the first to describe the lumboradicular syndrome.

Pott P (1779) Remarks on that kind of the lower limbs, which is frequently found to
accompany a curvature of the spine, and is supposed to be caused by it. London: J. John-
son

This paper represents a further remarkable text on spinal surgery in respect to history.
This medical text was published by the English surgeon Sir Percival Pott (1714-1788) in
1779. In this work, he described the tuberculous paraplegia and considered the tubercu-
lous nature of the disease.

Mixter WJ, Barr JS (1934) Rupture of the intervertebral disc with involvement of the spi-
nal canal. N Engl ] Med 211:210-215

This landmark paper is a key to the pathophysiology of the lumbar disc protrusion and
the correlation to sciatica.

Harrington PR (1962) Treatment of scoliosis and internal fixation by spine instrumenta-
tion. ] Bone Jt Surg Am 44:591 -610

Paul R. Harrington (1911 - 1980) has popularized spinal internal instrumentation for sco-
liosis. In this article, the Harrington spinal instrumentation system, a method of spine
curvature correction by means of a metal system of hooks and rods, is for the first time
extensively described. Harrington developed this surgical procedure after a poliomyelitis
epidemic, where thousands of people were affected. This article is a milestone in spinal
surgery because of the introduction of internal spinal instrumentation for deformity sur-

gery.
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Section

Biomechanics of the Spine

2 Stephen Ferguson

Core Messages

v’ The main functions of the spine are to protect
the spinal cord, to provide mobility to the trunk
and to transfer loads from the head and trunk
to the pelvis

v The trabecular bone bears the majority of the
vertical compressive loads

v’ The vertebral endplate plays an important role
in mechanical load transfer and the transport of
nutrients

v’ Axial disc loads are borne by hydrostatic pres-
surization of the nucleus pulposus, resisted by
circumferential stresses in the anulus fibrosus

v/ Approximately 10-20% of the total fluid vol-
ume of the disc is exchanged daily

v Combined axial compression, flexion and lat-
eral bending have been shown to cause disc
prolapse

v/ The facet joints guide and limit intersegmental
motion

v’ The ligaments surrounding the spine guide seg-
mental motion and contribute to the intrinsic sta-
bility of the spine by limiting excessive motion

v’ The spatial distribution of muscles determines
their function. Changes to segmental laxity
(“neutral zone”) are associated with trauma and
degeneration

v’ The highest loads on the spine are produced
during lifting

The Human Spine

The human spinal column is a complex structure composed of 24 individual ver-
tebrae plus the sacrum. The principal functions of the spine are to protect the spi-
nal cord, to provide mobility to the trunk and to transfer loads from the head and
trunk to the pelvis. By nature of a natural sagittal curvature and the relatively
flexible intervertebral discs interposed between semi-rigid vertebrae, the spinal
column is a compliant structure which can filter out shock and vibrations before
they reach the brain. The intrinsic, passive stability of the spine is provided by the
discs and surrounding ligamentous structures, and supplemented by the actions
of the spinal muscles. The seven intervertebral ligaments which span each pair of
adjacent vertebrae and the two synovial joints on each vertebra (facets or zygapo-
physeal joints) allow controlled, fully three-dimensional motion.

The spine can be divided into four distinct regions: cervical, thoracic, lumbar
and sacral. The cervical and lumbar spine are of greatest interest clinically, due to
the substantial loading and mobility of these regions and associated high inci-
dence of trauma and degeneration. The thoracic spine forms an integral part of
the ribcage and is much less mobile due to the inherent stiffness of this structure.
The sacral coccygeal region is formed by nine fused vertebrae, and articulates
with the left and right ilia at the sacroiliac joints to form the pelvis.

The main functions are
to protect the spinal cord,
provide mobility

and transfer loads

The spine can be divided
into four distinct regions
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The functional spinal unit is
the smallest spine segment
that exhibits the typical
mechanical characteristics
of the entire spine

The trabecular bone bears
the majority of the vertical
compressive loads

Basic Science

The Motion Segment

The motion segment, or functional spinal unit, comprises two adjacent verte-
brae and the intervening soft tissues. With the exception of the C1 and C2 levels,
each motion segment consists of an anterior structure, forming the vertebral col-
umn, and a complex set of posterior and lateral structures. The C1 (atlas) and C2
(axis) vertebrae, in contrast, have a highly specialized geometry which allows for
an extremely wide range of motion at the junction of the head and neck (see
Chapter 30 ). The neural arch, consisting of the pedicles and laminae, together
with the vertebral body posterior wall form the spinal canal, a structurally signif-
icant protective structure around the spinal cord. The transverse and spinous
processes provide attachment points for the skeletal muscles, while the right and
left superior and inferior articular processes of the facet joints form natural kine-
matic constraints for the guidance of spinal intersegmental motion.

Anterior Structures
The Vertebral Body

The principal biomechanical function of the vertebral body is to support the
compressive loads of the spine due to body weight and muscle forces. Corre-
spondingly, vertebral body dimensions increase from the cervical to lumbar
region. The architecture of the vertebral body comprises highly porous trabecu-
lar bone, but also a fairly dense and solid shell (Fig. 1). The shell is very thin
throughout, on average only 0.35-0.5 mm [82]. The trabecular bone bears the

Figure 1. Vertebral body architecture and load transfer

a In the healthy vertebral body, the majority of trabeculae are oriented in the principal direction of compressive loading,
with horizontal trabeculae linking and reinforcing the vertical trabecular columns. b With advancing osteoporosis, the
thickness of individual trabeculae decreases and there is a net loss of horizontal connectivity. The consequences are an
increased tendency for individual vertical trabeculae to buckle and collapse under compressive load, as the critical load
for buckling of a slender column is proportional to the cross-sectional area of the column and the stiffness of the material
and inversely proportional to the square of the unsupported length of the column. Therefore, architectural remodelings
which lead to a loss of horizontal connecting trabeculae are perhaps the most critical age-related changes to the verte-

bral body.
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majority of the vertical compressive loads, while the outer shell forms a rein-
forced structure which additionally resists torsion and shear. Previous analysis of
load sharing in the vertebral body has shown that the removal of the cortex
decreases vertebral strength by only 10% [52]. However, more recent computa-
tional analyses have proposed that the cortex and trabecular core share compres-
sive loading in an interdependent manner. The predominant orientation of indi-
vidual trabeculae is vertical, in line with the principal loading direction, while
adjoining horizontal trabeculae stabilize the vertical trabecular columns. Bone
loss associated with aging can lead to a loss of these horizontal tie elements,
which increases the effective length of the vertical structures and can facilitate
the failure of individual trabeculae by buckling.

The vertebral endplate forms a structural boundary between the interverte-
bral disc and the cancellous core of the vertebral body. Comprising a thin layer of
semi-porous subchondral bone, approximately 0.5 mm thick, the principal func-
tions of the endplate are to prevent extrusion of the disc into the porous vertebral
body, and to evenly distribute load to the vertebral body. With its dense cartilage
layer, the endplate also serves as a semi-permeable membrane, which allows the
transfer of water and solutes but prevents the loss of large proteoglycan mole-
cules from the disc. The local material properties of the endplate demonstrate a
significant spatial dependence [33]. The vertebral endplate and underlying tra-
becular bone together form a non-rigid system which demonstrates a significant
deflection under compressive loading of up to 0.5 mm [16].

The endplate has been shown to be the weak link in maintaining vertebral
body integrity, especially with decreasing bone density, as the heterogeneity of
endplate strength is even more pronounced [34]. High compressive loads lead to
endplate failure due to pressurization of the nucleus pulposus. Nuclear material
is often extruded into the adjacent vertebral body following fracture (Schmorl’s
nodes), thereby establishing a possible source of pain from increased intraosse-
ous pressure [101].

Vertebral strengths as measured from in vitro tests on cadaver specimens
vary by an order of magnitude (0.8 -15.0 kN) [38, 98] due to the natural variation
in bone density, bone architecture and vertebral body geometry. A strong corre-
lation has been demonstrated between quantitative volumetric bone density and
vertebral strength [17]. Vertebral geometry and structure are equally important
factors for the determination of vertebral strength [21]. The increase in vertebral
strength caudally is mostly due to the increased vertebral body size, as bone den-
sity is fairly constant between individual vertebral levels. The fatigue life of ver-
tebrae, the resistance to failure during repetitive loading, depends on the magni-
tude and duration of compressive loading. Brinckmann et al. [15] have docu-
mented in vitro measurements of the fatigue strength of vertebrae which provide
valuable information for predicting fracture risks in vivo or specifying safe activ-
ity levels (Table 1).

Table 1. Fatigue strength of vertebrae

Probability of failure

Load Loading cycles

% VCS 10 100 500 1000 5000
30-40% 0% 0% 21% 21% 36%
40-50% 0 38 56 56 67
50-60% 0 45 64 82 91
60-70% 8 62 76 84 92

VCS signifies vertebral compressive strength; 5000 cycles of loading is approximately equiva-
lent to 2 weeks of athletic training

Chapter 2

Removal of the cortex
decreases vertebral strength
by only 10%

The vertebral endplate is

important for mechanical
load transfer and nutrient
transport

The endplate is often
the initial site of vertebral
body failure

Vertebral body geometry,
bone density and
architecture determine
vertebral strength
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The disc consists

of a gel-like nucleus
surrounded by a
fiber-reinforced anulus

Axial disc loads are borne by
hydrostatic pressurization
of the nucleus pulposus,
resisted by circumferential
stresses in the anulus
fibrosus

Approximately 10-20% of
the disc’s total fluid volume
is exchanged daily, resembl-
ing a “pumping effect”

Disc degeneration substan-
tially alters load transfer

Degeneration exposes
the posterior anulus
to a high failure risk

Basic Science

The Intervertebral Disc

The intervertebral disc is the largest avascular structure of the body. The disc
transfers and distributes loading through the anterior column and limits motion
of the intervertebral joint. The disc must withstand significant compressive loads
from body weight and muscle activity, and bending and twisting forces generated
over the full range of spinal mobility. The disc is a specialized structure with a
heterogenous morphology consisting of an inner, gelatinous nucleus pulposus
and an outer, fibrous anulus. The nucleus pulposus consists of a hydrophilic, pro-
teoglycan rich gel in a loosely woven collagen gel. The nucleus is characterized by
its ability to bind water and swell. The anulus fibrosus is a lamellar structure,
consisting of 15-26 distinct concentric fibrocartilage layers with a criss-crossing
fiber structure [50]. The fiber orientation alternates in successive layers, with
fibers oriented at 30° from the mid-disc plane and 120° between adjacent fiber
layers. From the outside of the anulus to the inside, the concentration of Type I
collagen decreases and the concentration of Type II collagen increases [27], and
consequently there is a regional variation in the mechanical properties of the
anulus [12, 83].

The intervertebral disc is loaded in a complex combination of compression,
bending, and torsion. Bending and torsion loads are resisted by the strong, ori-
ented fiber bundles of the anulus. In the healthy disc, axial loads are borne by
hydrostatic pressurization of the nucleus pulposus, resisted by circumferential
stresses in the anulus fibrosus [62], analogous to the function of a pneumatic tyre
(Fig. 2). Pressure within the nucleus is approximately 1.5 times the externally
applied load per unit disc area. As the nucleus is incompressible, the disc bulges
under load - approximately 1 mm for physiological loads [85] - and considerable
tensile stresses are generated in the anulus. The stress in the anulus fibers is
approximately 4-5 times the applied stress in the nucleus [31, 61, 62]. Anulus
fibers elongate by up to 9% during torsional loading, still well below the ultimate
elongation at failure of over 25% [84].

Compressive forces and pretension in the longitudinal ligaments and anulus
are balanced by an osmotic swelling pressure in the nucleus pulposus, which is
proportional to the concentration of the hydrophilic proteoglycans [93]. Prote-
oglycan content and disc hydration decreases with age due to degenerative pro-
cesses. The intrinsic swelling pressure of the unloaded disc is approximately
10 N/cm?, or 0.1 MPa [61]. As the applied force increases above this base level,
disc hydration decreases as water is expressed from the disc [3, 49] and conse-
quently the net concentration of proteoglycans increases. The rate of fluid
expression is slow, due to the low intrinsic permeability of the disc [39]. A net
daily fluid loss of approximately 10 - 20 % has been observed in vivo and in vitro
[49, 55]. Fluid lost during daily loading is regained overnight during rest, and it
has been postulated that this diurnal fluid exchange is critical for disc nutrition
[30].

Disc degeneration have a profound effect on the mechanism of load transfer
through the disc. With degeneration, dehydration of the disc leads to a lower elas-
ticity and viscoelasticity. Loads are less evenly distributed, and the capacity of
the disc to store and dissipate energy decreases. Using the technique of “stress
profilometry”, it has been shown that age-related changes to the disc composi-
tion result in a shift of load from the nucleus to the anulus [5, 6, 56].
Therefore, structural changes in the anulus and endplate with degeneration may
lead to a transfer of load from the nucleus to the posterior anulus, which may
cause pain and also lead to annular rupture.

The mechanical response of the disc to complex loading has been well
described. The response of the disc to compressive loading is characterized by
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a The intervertebral disc consists of a gel-like nucleus surrounded by a fibrous anulus consisting of multiple concentric
lamellae. b In the healthy disc (left), compressive loads create a hydrostatic pressure within the fluid nucleus, which is
resisted by tensile stresses in the outer anulus. c Loads are transferred through the central portion of the vertebral end-
plate, causing substantial deflection of the endplate (up to 0.5 mm). d, e In the degenerated disc, the nucleus is dehy-
drated and compressive loads are transferred by compressive stresses in the anulus. This may lead to an inward bulge of
the inner anulus, buckling of the lamellae and cleft formation. Endplate loading is reduced, as stresses are transferred

through the stronger and stiffer outer endplate region.

flexibility at low loads and increasing stiffness at high loads [98]. Likewise, a
highly non-linear response of disc to torsion has been demonstrated [28]. Very
little torque is required for the first 0-3° of rotation, between 3° and 12° rotation
there is a linear relationship between torque and rotation and failure of the anu-
lus fibers occurs at a rotation of more than 20° rotation. Measurements of inter-
nal disc displacements during loading [80, 90] have shown a characteristic
motion of the nucleus away from the direction of applied bending load (e.g. a
posterior shift of the anulus during flexion).

Nucleus pressurization and displacement results in heterogenous disc bulg-
ing. Posterior disc bulging is greatest during extension and least during flexion,
which has implications for the most common disc injury, disc protrusion and
prolapse. Extrusion of nuclear material through the anulus usually occurs in the
posterolateral direction and can cause compression of the dura and/or nerve

The nucleus shifts depend-
ing on the loading direction

Nucleus extrusion usually
occurs posterolaterally
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roots. It has been postulated that this is due to fatigue failure of inner anulus
fibers [2, 4], as fissures in the anulus allow the expression of nuclear material
under pressure. While pure compressive loading does not cause herniation, even
at high loads and with deliberate anulus injury [95], combined axial compres-
sion, flexion and lateral bending have been shown to cause prolapse [1], loading
conditions which result in a 50 % increase in posterior anulus deformation and a
considerable increase in nuclear pressure.

Posterior Elements

The posterior elements guide the motion of the spinal segments and limit the
extent of torsion and anterior-posterior shear. The transverse and spinous pro-
cesses are the important attachment points for the ligaments and muscles which
initiate spine motion and which are exceptionally important for stability [47].
The orientation of the facet joints is of key importance for guiding spinal kine-
matics. The three-dimensional orientation of the facets changes along the spine
from cervical to sacral [70] (Table 2). Facet asymmetry is observed in approxi-
mately 25% of the population [98] with an average asymmetry, or facet tropism,
of 10° (maximum 42°). With tropism, compression and shear loading can lead to
an induced rotation towards the more oblique facet [22].

Load sharing in the facet joints can be measured directly [25, 46] or calculated
with mechanical models [57, 81, 100]. In hyperextension, approximately 30 % of
the load is transmitted through the facets. In an upright standing position,
10-20% of the compressive load is carried by the facets. The facet joints resist
more than 50% of the anterior shear load in a forward flexed position, up to
2000 N without failure [23]. If this capacity to resist shear is compromised (e.g. by
genetic malformation of the facets, stress fractures of the pars interarticularis,
facet trophism) an anterior slip of one vertebra relative to the adjacent vertebra
can occur. Isthmic spondylolisthesis is most prevalent at L5-S1 and degenerative
spondylolisthesis of L4-L5 has been associated with the predominantly sagittal
orientation of the facets [36]. During torsion, the contralateral facet is heavily
loaded. Facet joint pressure is also influenced by disc height: a 1-mm decrease in
disc height results in a 36 % increase in facet pressure; a 4-mm decrease in disc
height a 61% increase in facet joint pressure [24]. Due to the innervation of the
facet capsules, there is therefore the potential for disc degeneration to cause facet
joint pain.

Table 2. Facet joint orientation and functional significance

Spine region Facet orientation Consequence

Cc1-C2 Parallel to transverse Substantial rotation

Cervical 45° to transverse Flexion, extension and rotation
Parallel to frontal Substantial motion coupling

Thoracic 60° to transverse Lateral bending, rotation
20° to frontal Limited flexion and extension

Lumbar 45° to frontal Flexion, extension and lateral bending
Parallel to sagittal Negligible rotation

Lumbosacral Oblique Substantial rotation

Data derived from [70]
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Ligaments of the Spine

The ligaments surrounding the spine guide segmental motion and contribute to
the intrinsic stability of the spine by limiting excessive motion. There are two pri-
mary ligament systems in the spine, the intrasegmental and intersegmental sys-
tems. The intrasegmental system holds individual vertebrae together, and con-
sists of the ligamentum flavum, facet capsule, and interspinous and intertrans-
verse ligaments. The intersegmental system holds many vertebrae together and
includes the anterior and posterior longitudinal ligaments, and the supraspinous
ligaments. All ligaments except the ligamentum flavum have a high collagen con-
tent. The ligamentum flavum, connecting two adjacent neural arches, has a high
elastin content, is always under tension and pre-stresses the disc even in the neu-
tral position [26].

The properties of lumbar ligaments have been most extensively studied
(Table 3). Tensile properties have been reported for the ligamentum flavum
[26], anterior longitudinal and posterior longitudinal [88], inter- and supra-
spinous [97] and intertransverse ligaments [20]. The response to tensile load-
ing is typically non-linear, with an initial low stiffness neutral zone, an elastic
zone with a linear relationship between load and displacement, followed by a
plastic zone where permanent non-recoverable deformation of the ligament
occurs. The neutral zone plus the elastic zone represent the physiological
range of deformation. Physiological strain levels in ligaments have been
determined by conducting in vitro tests on cadaveric specimens, using
motion extents determined from radiographic in vivo measurements of spinal
motion [69]:

o flexion: supraspinous, 30 %; interspinous, 27 %; posterior longitudinal, 13 %
® extension: anterior longitudinal, 13 %
® rotation: capsular ligaments, 17 %

The functional role of individual ligaments and the relative contribution of each
to overall segmental stability can be determined in vitro by repetitive loading
and sequential sectioning of individual anatomical structures [71]. During flex-
ion, the ligamentum flavum, capsular ligaments and interspinous ligaments are
highly strained. During extension, the anterior longitudinal ligament is loaded.
During side bending, the contralateral transverse ligaments, the ligamentum fla-
vum and the capsular ligaments are tensioned, whereas rotation is resisted by the
capsular ligaments [69]. A larger relative distance between individual ligaments
and the rotation center of the intervertebral joint corresponds with a greater sta-
bilizing potential.

Table 3. Typical values for lumbar ligament strength and stiffness

Ligament Failure load (N) Failure strain (% elongation)
Anterior longitudinal 450 26%
Posterior longitudinal 324 26%
Ligamentum flavum 285 26%
Interspinous 125 13%
Supraspinous 150 32%

Data derived from [20, 98]
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The ligaments guide
segmental motion and
contribute to the intrinsic
stability by limiting
excessive motion

Ligament response to load
is non-linear: initially flexible
neutral zone and subsequent
stiffening

The ligaments resist
various spinal movements

47



48

Section

Degenerations and injury
alter spinal stiffness

Posterior elements
contribute significantly to
overall segmental stiffness

Trunk muscles stabilize the
spine and redistribute loads

The spatial distribution
of muscles determines
their function

The trunk musculature
can be divided functionally
into extensors and flexors

Basic Science

Motion Segment Stiffness

In vitro testing of cadaveric specimens has been performed to determine the
intrinsic functional stiffness of spinal motion segments. In general, the func-
tional stiffness is adapted to the loading which each spine segment experiences.
Degeneration and/or injury can have a significant influence on stiffness. Typical
stiffness values are as follows [11, 54, 58, 68, 79]:

e cervical spine: lateral shear 33 N/mm, compression 1317 N/mm

e thoracic spine: lateral shear 100 N/mm, anterior posterior shear 900 N/mm,
compression 1250 N/mm

® lumbar spine: shear 100-200 N/mm; compression 600 -700 N/mm

® sacroiliac joint: shear, 100-300 N/mm

Muscle forces can significantly alter the mechanical response of the spine. Com-
pressive preload leads to a significant stiffening of the spinal motion segment
[40].

At the sacroiliac joint, coordinated activity of the pelvic, trunk and hip mus-
cles creates a medially oriented force which locks the articular surfaces of the
sacroiliac joints and the pubic symphysis, stiffening the pelvis [96]. The posterior
elements contribute significantly to the overall stiffness of the motion segment.
Removal of posterior elements in sequential testing in vitro produced a 1.7 times
increase in shear translation, a 2.1 times increase in bending displacement and a
2.7 times increase in torsion [54].

The spine is an elastic column, with enhanced stability due to the complex cur-
vature of the spine (kyphosis and lordosis), the support of the longitudinal liga-
ments, the elasticity of the ligamentum flavum, and most importantly the active
muscle forces. While cadaver spines have been shown to buckle with the applica-
tion of very low vertical loads (20-40 N) [35], the extrinsic support provided by
trunk muscles stabilizes and redistributes loading on the spine and allows the
spine to withstand loads of several times body weight.

Muscles

The spatial distribution of muscles generally determines their function. The
trunk musculature can be divided functionally into extensors and flexors. The
main flexors are the abdominal muscles (rectus abdominis, internal and external
oblique, and transverse abdominal muscle) and the psoas muscles (Fig. 3).

The main extensors are the sacrospinalis group, transversospinal group, and
short back muscle group (Fig. 4). Symmetric contraction of extensor muscles
produces extension of the spine, while asymmetric contraction induces lateral
bending or twisting [8]. The most superficial layer of trunk muscles on the poste-
rior and lateral walls are broad, connecting to the shoulder blades, head and
upper extremities (rhomboids, latissimus dorsi, pectoralis, trapezius) (Fig. 5).
Some lower trunk muscles connect to a strong superficial fascial sheet, the lum-
bodorsal fascia, which is a tensile-bearing structure attached to the upper bor-
ders of the pelvis (e.g. transversus abdominis) [13]. The iliopsoas muscle origi-
nates on the anterior aspect of the lumbar spine and passes over the hip joint to
the inside of the femur. Vertebral muscle is composed of 50-60% type I muscle
fibers, the so-called “slow twitch”, fatigue-resistant muscle fibers found in most
postural muscles [9].
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Figure 3. Anterior spinal muscles

a Abdominal muscles with a superficial layer, b intermediate layer, c deep layer. d The psoas muscle is an important stabi-
lizer of the spine.
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Figure 4. Deep muscles of the back

a The deep muscles of the back can be separated into the sacrospinalis (erector spinae) group (left side), the transverso-
spinal group (right side), and the short back muscles group. The sacrospinalis group consists of the iliocostalis muscles,
longissimus muscles and spinalis muscles. The transversospinal group consists of semispinalis muscles, multifidus mus-
cles and the rotator muscles. The short back muscle group consists of the intertransverse and interspinal muscles.
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b, c The spatial distribution of the deep spinal muscles determines their function. c The suboccipital muscles consist of
rectus capitis posterior major muscle, rectus capitis posterior minor muscle, oblique capitis superior muscles, and
oblique capitis inferior muscle.
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Figure 5. Superficial muscles of the back

The geometric relationship
between the muscle line
of action and the inter-
vertebral center of rotation
determines the functional
potential

Spine stability is enhanced

by the activity of the trans-

verse abdominis, multifidus
and psoas muscles

Spinal muscle activity can be determined by direct electromyographic measure-
ment or by using mathematical models of the spine, which include a detailed
description of the origin and insertion points of muscles, muscle cross sections,
muscle fiber length and muscle type. Of particular importance is the geometric
relationship of the muscle line of action to the rotation center of the joint in con-
sideration (the moment arm: larger moment arm — greater potential to produce
torque). Moment arms for cervical and lumbar spine muscles have been deter-
mined from MR and CT images [53, 64, 89, 91]. Detailed descriptions of the anat-
omy of spinal muscles have been published, which include the variation in
moment arm length resulting from changing posture [14, 48, 65, 92]. Owing to
the large number of muscles, the inherent redundancy, and the possibility for
muscular co-contraction, the calculation of muscle activity with mathematical
models often requires the use of additional formulae which consider optimal
muscle stress levels or maximum contraction forces to obtain a unique solution.

Spinal Stability Through Muscular Activity
The muscular system can also be divided into three functional groups [10]:

® local stabilizers
e global stabilizers
e global mobilizers
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The transverse abdominis, the deep lumbar multifidus and the psoas are among the local stabilizing muscles best suited
to control the neutral zone in the lumbar spine. The transverse abdominis attaches directly to the lumbar spine and stiff-
ens the spine by creating an extensor moment on the lumbar spine and by creating pressure on the anterior aspect of
the spine (intra-abdominal pressure), resisting collapse of the natural curvature of the spine. The multifidus attaches
directly to each segment of the lumbar spine and intrinsically stiffens the intervertebral joint by direct contraction. The
psoas’ prime fiber orientation on the anterior aspect of the vertebrae facilitates spinal stabilization.

Local stabilizers (Fig. 6) attach directly to the lumbar spine, usually spanning sin-

gle spinal segments, and control the neutral position of the intervertebral joint.

Examples of local stabilizers are the transverse abdominis, the deep lumbar mul-

tifidus and the psoas. Local stabilizers operate at low loads and do not induce

motion, but rather serve to stiffen the spinal segment and control motion. A dys-

function of the local stabilizer can result in poor segmental control and pain due

to abnormal motion. The global muscle system comprises the larger torque-pro-

ducing muscles which contract concentrically or eccentrically to produce and

control movement. Contraction of these muscles can also enhance spinal rigidity.

Examples of global muscles are the oblique abdominis, rectus abdominus and

erector spinae (spinalis, longissimus and iliocostalis). Although global muscles

are traditionally targeted for treating patients with low back pain, there is com-

pelling evidence that retraining of the local stability system may be most benefi-  Training of local stabilizers
cial. Clinical instability has been defined as a significant decrease in the ability to  improves spinal stability
maintain the intervertebral neutral zone within physiological limits [67], and the

muscles best suited to control the neutral zone in the lumbar spine are the trans-

verse abdominis, the deep lumbar multifidus and the psoas [41]. The transverse

abdominis attaches directly to the lumbar spine via the lumbodorsal fascia and
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stiffens the spine by inducing an extensor moment on the lumbar spine and by
creating pressure on the anterior aspect of the spine (intra-abdominal pressure),
resisting collapse of the natural curvature of the spine. The multifidus attaches
directly to each segment of the lumbar spine and intrinsically stiffens the inter-
vertebral joint by direct contraction. The psoas has been described functionally
as a hip flexor. However, the presence of multiple fascicles of the psoas attaching
to the individual lumbar vertebrae, and the predominant fiber orientation on
the anterior aspect of the vertebrae, facilitate its function as a spine stabilizer
[74].

Muscle Activity During Flexion and Extension

Due to the nearly oblique configuration of thoracic facets and the intrinsic stiff-
ness of the ribcage, the majority of spine flexion and extension occurs in the lum-
bar spine, augmented by pelvic tilt [19, 29]. Flexion is initiated by the abdominal
muscles and the vertebral portion of the psoas. Additional flexion is achieved
through the weight shift of the upper body, which induces an increasing forward
bending moment, and is controlled by compensatory activity of the extensor
muscles. Posterior hip muscles control the forward tilting of the pelvis. In full
flexion, it has been proposed that the forward bending moment is counteracted
passively by the elasticity of the muscles and posterior ligaments of the spine,
which are initially slack but progressively tightened as the spine flexes [29]. How-
ever, more recent studies with measurements of muscle activity have shown that
deep lateral lumbar erector spinae muscles are still active in full flexion [7], per-
haps for stabilization. During hyperextension from upright, extensor muscles
are active to initiate the motion, but as extension progresses, the shifting body
weight is sufficient to produce a backward bending moment which is modulated
by increasing activity of the abdominal muscles.

Muscle Activity During Lateral Flexion and Rotation

Lateral flexion of the trunk can occur in the lumbar and thoracic spine. The spi-
notransversal and transversospinal systems of the erector spinae muscles and the
abdominal muscles are active during lateral bending. Ipsilateral contractions ini-
tiate the motion and contralateral contractions control the progression of bend-
ing [8]. During axial rotation, the back and abdominal muscles are active, and
both ipsilateral and contralateral contractions contribute to the motion. High
degrees of coactivation have been measured during axial rotation, perhaps due to
the suboptimal muscle lines of action for this motion [44].

Spine Kinematics

The spine provides mobility to the trunk. Only limited movements are possible
between adjacent vertebrae, but the sum of these movements amounts to consid-
erable spinal mobility in all anatomical planes. The range of motion differs at var-
ious levels of the spine and depends on the structural properties of the disc and
ligaments and the orientation of the facet joints. Motion at the intervertebral
joint has six degrees of freedom: rotation about and translation along the infe-
rior-superior, medial-lateral and anterior-posterior axis (Fig. 7a). Spinal motion
is often a complex, combined motion of simultaneous flexion or extension, side
bending and rotation.



Biomechanics of the Spine

Z
A

] G

posterior elements S \

intervertebral disc b

Figure 7. Motion characteristics of the spinal segment

Chapter 2

1-,
fﬁ/ | \)%’
=3

a The subaxial motion segments exhibit six degrees of freedom (3 translations, 3 rotations). Spinal motion is often a complex
combination of translations and rotations. b The instantaneous helical axis of motion can be regarded as a screw motion.

Range of Motion

Spinal kinematics and spinal range of motion can be determined in vivo using,
e.g. surface markers, goniometers, pantographs, or computerized digitizers.
While these methods are adequate for postural measurements, they lack the
accuracy required for intersegmental motion measurement [51, 76]. More reli-
able in vivo radiographic and in vitro cadaveric measurements have been per-
formed to determine the average range of motion for various levels of the spine
[43, 72, 73]. Intersegmental range of motion is site specific, determined by local
anatomical geometry and functional demands (Fig. 8).

Mechanical Response of the Spinal Motion Segment

A common method for measuring and expressing the complex structural proper-
ties and motion of the spinal segment is through three-dimensional flexibility
testing. Flexibility is the ability of a structure to deform under the application of
aload. The mechanical response of the spine is typically determined by applying
pure bending moments, with or without the addition of an axial compressive pre-
load, in each of the three physiological directions of flexion-extension, lateral
bending and axial rotation, and recording the overall principal and coupled
motion of the specimen. Measuring the flexibility of individual functional spinal
units or multisegment spine segments, i.e. the total motion achieved for a given
load, is somewhat analogous to the clinical concepts of range of motion and spi-
nal instability. The load-displacement curve of the spine is generally non-linear.
For small loads, displacements are relatively large due to ligament and interverte-
bral disc laxity about the neutral position of the spine. At higher loads, the resis-
tance to deformation increases substantially. The overall motion in the low load
region of the response curve has been termed the neutral zone and is a quantita-
tive measure of joint laxity around the neutral position. The displacement

Intersegmental motion
is site specific

For small loads displacements
are relatively large due to
ligament and disc laxity
about the neutral position

The load-displacement
curve of the spine
is non-linear
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segmental range of motion

the facet joints. Summarized from [98].

Changes to the neutral zone
are associated with trauma
and degeneration and
resemble clinical instability

beyond the neutral zone and up to the maximum physiological limit has been
termed the elastic zone. The sum of the neutral zone and elastic zone provides
the total physiological range of motion of the spine. Flexibility coefficients for the
spine reported in the literature are generally calculated from the elastic zone of
the response curve (Table 4).

The neutral zone is a parameter that correlates well with other signs indicative
of instability of the spine. The extent of the neutral zone increases following disc
degeneration [98], surgical injury (e.g. facetectomy), high speed trauma [66] and
repetitive cyclic loading [45]. Together, the neutral zone and total range of
motion provide a quantitative measure of normal segmental motion, hypermo-
bility due to injury or degeneration, or the relative merits of stabilizing implants
or interventions.

Table 4. Typical average flexibility coefficients of the functional spinal unit

Region Flexion Extension Lateral bending Rotation
Cervical 2.33°/Nm 1.37 1.47 0.86
Thoracic 0.45 0.36 0.36 0.40
Lumbar 0.74 0.48 0.57 0.20
Lumbosacral 1.00 0.78 0.13 0.55

Data derived from in vitro testing [11, 54, 58, 68, 79, 86, 871
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Figure 9. Typical instant center of lumbar rotation

For planar motion, there is a unique instant center of rotation which fully describes the motion between two adjacent
vertebrae. For the healthy spine segment, the center of rotation generally lies within the intervertebral disc. With degen-
eration, segmental instability can result in a significant alteration of the motion patterns of the spine. Changes to the
instant center of rotation may have consequences for the loading of peripheral structures of the spine. As determined

from in vitro and in vivo spinal motion analysis studies [41, 69, 70, 98].

Quantitative measurements of the extent of motion only partially describe spinal
kinematics. A common simplification for the analysis of spinal kinematics is to con-
sider the motion only in a single principal plane (e.g. flexion-extension). For planar
motion, there is a unique instant center of rotation which fully describes the
motion between two adjacent vertebrae (Fig. 9). The instant center of rotation gen-
erally lies within the disc space for healthy spines, but with disc degeneration the
center of rotation pathway can be significantly altered [32]. With improvement in
dynamic, in vivo methods for measuring spinal kinematics, a detailed analysis of
the instant center of rotation and its variations may provide a tool for diagnosing
particular pathological conditions of the spine. Furthermore, a complete knowl-
edge of the normal motion characteristics of a spine segment is of crucial impor-
tance for the design of next-generation functional spinal implants such as disc pros-
theses. A more complete three-dimensional description of the relative motion
between two vertebrae is offered by the helical axis of motion (Fig. 7b). Any discrete
motion in three-dimensional space can be expressed as a simple screw motion; the
motion consists of a rotation about and a translation along a single unique axis in
space. Although more complex, the helical axis of motion allows a three-dimen-
sional visualization of the unique motion coupling in spinal kinematics [42].

Clinical Instability

Clinical instability has been defined as an abnormal response of the spine to
applied loads and is often characterized by excessive motion of spinal segments.
The biomechanical definition of spinal instability has been further refined to
encompass changes to the neutral zone, implying that motion extremes alone are
not indicative of pathology. The abnormal response of the spine generally reflects
incompetence of the passive and active structures (e.g. ligaments, muscles) that
hold the spine in a stable position.

There is a unique center of
rotation for every interseg-
mental motion

Spinal instability
is not well defined
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Definition of spinal
instability remains a matter
of debate

There is no reliable
imaging based definition
of spinal instability

Instability cannot be
defined by imaging studies

Spinal loads are generated
by a combination of body
weight, muscle activity,
pre-tension in ligaments
and external forces

Posture influences
the loading of the spine
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The diagnosis of spinal stability remains an important yet controversial task for
the practitioner, as many treatment decisions are based on this assessment. How-
ever, an objective and clinically relevant definition of spine instability remains
elusive due to the multi-faceted nature and etiology of instability.

Classification systems have been proposed which are designed to categorize
instability of the cervical, thoracic and lumbar spine resulting from traumatic
injuries [98], but these do not take into account other causes of instability such as
idiopathic disc and facet degeneration. Clinical instability as a definition can be
applied equally well to soft-tissue pathologies which impart a laxity to the spine.

Diagnosis of spinal instability is routinely based on established imaging meth-
ods. Plain radiography is perhaps the most commonly used diagnostic tool but
this has often questionable value and provides only indirect evidence of spinal
instability. In many cases instability is only recognizable using functional radiog-
raphy (flexion/extension) but this technique has limited reproducibility. Func-
tional computed tomography offers a higher sensitivity than radiography for
identifying abnormal motion potentially causing or aggravating a neurological
deficit. MR imaging facilitates the identification of soft tissue abnormalities asso-
ciated with instability. Nevertheless, there is no single imaging modality which
discriminates with sufficient certainty “normal” and “abnormal” motion, there-
fore raising questions about the value of imaging-based methods for the diagno-
sis of instability.

Investigation using multiple imaging techniques likely provides the most
objective assessment of instability. However, a significant barrier to reliable diag-
nosis is the non-specific nature of back pain and the uncertain relationship
between instability and pain. Most researchers therefore define instability by
clinical terms, rather than mechanical [75]. In the absence of a universally
accepted definition of spinal instability we concur with the working definition of
White and Panjabi [98] (Table 5):

Table 5. Definition of spinal instability

Clinical instability is the loss of the ability of the spine under physiologic loads to main-
tain its pattern of displacement so that there is no initial or additional neurologic deficit,
no major deformity, and no incapacitating pain.

Kinetics (Spinal Loading)

Loads on the spine are generated by a combination of body weight, muscle activ-
ity, pre-tension in ligaments and external forces. Simplified calculations of spinal
loading are possible using force diagrams (“free-body diagram”) for coplanar
forces. Direct measurements of spinal loading are not possible, but can be
inferred from, e.g. measurements of internal disc pressure [61] or forces acting
on internal spinal fixation hardware [78]. Alternatively, the electromyographic
activity of trunk muscles can be measured and correlated with calculated values
for muscle contraction forces. This muscle activity data can then be included in
mathematical models to estimate total spinal loading for a variety of physical
activities.

Static Loading

Posture influences the loading of the spine. In addition to the weight of the trunk,
the spine is further compressed by the active postural muscles during standing.
The center of gravity line of the body generally falls ahead of the lumbar spine,
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Table 6. Typical spinal loads

Activity Load on L3 disc (N)
Supine, awake 250
Supine, traction 0
Supine, arm exercises 500
Upright sitting without support 700
Sitting with lumbar support, 110° incline 400
Standing at ease 500
Coughing 600
Forward bend 20° 600
Forward bend 40° 1000
Forward bend 20° with 20 kg 1200
Forward bend, 20° and rotated 20° with 10 kg 2100
Sit up exercises 1200
Lifting 10 kg, back straight, knees bent 1700
Lifting 10 kg, back bent 1900
Holding 5 kg, arms extended 1900

Data derived from in vivo pressure measurements from over 100 subjects [63]

which creates a net forward bending moment. This moment must be counter-
acted by elastic ligament forces muscle activity in the erector muscles. Abdomi-
nal muscles and the psoas are active due to the natural postural sway during
standing [59]. Pelvic tilt can alter spine loading. A backward tilt of the pelvis
decreases the sacral angle and flattens the lumbar spine, the thoracic spine
extends slightly to compensate changes to the body’s center of gravity and muscle
exertion is consequently decreased. Conversely, a forward tilt of pelvis increases
the sacral angle, accentuating lumbar lordosis and thoracic kyphosis, and
increasing muscle forces.

The loads on the anterior column during a variety of static postures have been
derived from in vivo disc pressure measurements [60]. Employing a mathemati-
cal relationship between applied spinal compressive loading and disc pressure
established in carefully controlled in vitro experiments, Nachemson et al. [63]
have published extensive data on spinal loading (Table 6). In subsequent experi-
ments, Wilke et al. [99] have provided additional data demonstrating similar disc
pressures for lying prone and lying on the side, and, paradoxically, lower disc
pressures for slouched sitting compared to sitting upright. Incidentally, this
study also confirmed the intrinsic disc swelling and uptake of fluid overnight
during rest.

Loads During Lifting

The highest loads on the spine are produced during lifting. Consequently this is
the subject of considerable research in the fields of biomechanics and ergonom-
ics. Loads during lifting can be extremely high and may approach the failure load
of single vertebrae (5000-8000 N).

As previously mentioned, the vertebral endplate is the weak link and often
will fail before the intervertebral disc is compromised. Microdamage near the
endplate due to repeated application of high loads [37] is a possible consequence
of heavy lifting, and a decreased capacity for vertebral loading has been observed
following this initial yielding of the vertebral body [77]. Lifting forces are
directly influenced by the weight of the object being lifted, the size of object, spi-
nal posture, lifting speed, and lifting technique, although no significant differ-
ences have been shown between spine compression and shear forces for stoop or
squat lifting techniques [94] (Fig. 10). It is possible that other mechanisms to
reduce the load on the spine, such as intra-abdominal pressure or muscular co-
contraction, may somewhat compensate for poor lifting technique.

Chapter 2

In vivo spinal loading
during daily activities
can be derived from disc
pressure measurements

The highest loads
on the spine are produced
during lifting

Lifting forces are directly
influenced by the weight

of the object, spinal posture,
lifting speed and lifting
technique
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Figure 10. Influence of lifting technique on spinal forces

a—c Three different methods of lifting an object are shown in the diagrams, and the forces a lumbar disc experiences in
each case are calculated. The disc is subject to three forces, as depicted in the diagrams: the force exerted by the upper
body weight, the force exerted by the weight of the object and the force produced by the erector spinae muscles. The
upper body weight and the weight of the object act in front of the disc and therefore create forward bending moments
about the disc. To counteract these bending moments, the erector spinae muscles contract to create a balancing exten-
sion moment about the disc. Bending moments are a product of the force being applied and the distance at which the
force is applied. Consequently, an increase in the distance between the object being lifted and the spine increases the
forward bending moment, and furthermore the limited distance between the disc and the line of action of the erector
spinae muscles necessitates a correspondingly high force in the muscles to produce the necessary balancing extension
moment. Three examples are shown below for possible lifting postures, with a calculation of the net bending moments
induced by the weight of the torso and the object being lifted, the required muscle force to counterbalance this and the
resulting load which the disc experiences. b Lifting with a straight back and bringing the object closer to the body cen-
terline has obvious benefits for minimizing spinal loading. c On the other hand, reaching too far for the object can induce
substantially higher spinal loading.

a: b: c

Total forward bending moment Total forward bending moment Total forward bending moment
=245Nm =195Nm =275Nm

Force produced by erector spinae Force produced by erector spinae Force produced by erector spinae
muscles =4900 N muscles =3900 N muscles =5500 N

Total reaction force on disc =5574 N  Total reaction force on disc = 4578 N Total reaction force on disc=6172 N

Dynamic Loading

Motion increases muscle activity and spinal loads considerably in comparison to
static and quasistatic postures. Inertial forces generated during the acceleration
and deceleration of the trunk and extremities can add substantially to the overall
load transferred along the spinal column. For example, the loads on the lumbar
spine are approximately 0.2 -2.5 times body weight during walking [18]. With a
higher walking cadence, loading increases. Posture during motion also influ-
ences spinal loading. The greater the degree of forward flexion of the trunk dur-
ing walking, the larger the muscle forces which are required to maintain the posi-
tion of the trunk and consequently compressive forces at the individual discs
increase.
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Table 7. Glossary of biomechanical terms

Force: A directed interaction between two objects that tends to change the physical state of both (i.e. accelera-
tion or internal stresses). Force has both direction and magnitude.

Chapter 2

Moment: A turning force produced by a linear force acting at a distance from a given rotation axis. The concept of
the moment arm, this characteristic distance, is key to the operation of the lever and most other simple
machines capable of generating a mechanical advantage.

Stress: The internal distribution and intensity of forces within a body that balance and react to the externally

applied loads. Stress is expressed in force per unit area and is calculated on the basis of the original
dimensions of the cross section of the specimen.

Deformation:

The change in shape or form in a material caused by stress or force.

Deformation of a physical body under the action of applied forces. Strain is expressed as a change in size
The resistance of an elastic body to deflection by an applied force. A stiff material is difficult to stretch or

Young's modulus, or the tensile elastic modulus, is a parameter that reflects the resistance of a material
to elongation. The higher the Young's modulus, the larger the force needed to deform the material.

Strain:
and/or shape relative to the original undeformed state.
Stiffness:
bend.
Young'’s
modulus:
Elasticity:

The theory of elasticity describes how a solid object moves and deforms in response to external stress.

Elasticity expresses the tendency of a body to return to its original shape after it has been stretched or

compressed.

Recapitulation

Human spine. The main functions of the spine are to
protect the spinal cord, to provide mobility to the
trunk and to transfer loads from the head and trunk
to the pelvis. The spine can be divided into four dis-
tinct functional regions: cervical, thoracic, lumbar
and sacral. The cervical and lumbar regions are of
greatest interest clinically, due to the substantial
loading and mobility of these regions and the associ-
ated high incidence of trauma and degeneration.

Motion segment. The motion segment, or func-
tional spinal unit, comprises two adjacent verte-
brae and the intervening soft tissues. Each motion
segment consists of an anterior structure, forming
the vertebral column, and a complex set of posteri-
or and lateral structures. The anterior column sup-
ports compressive spinal loads, while the posterior
elements control spinal motion, protect the spinal
cord and provide attachment points for muscles
and ligaments.

Vertebral body. The principal biomechanical func-
tion of the vertebral body is to support the com-
pressive loads of the spine due to body weight and
muscle forces. The vertebral body comprises a
highly porous trabecular core and a dense, solid
shell. The trabecular bone bears the majority of the
vertical compressive loads, while the outer shell
forms a reinforced structure which additionally re-
sists torsion and shear. The vertebral endplate

plays an important role in load transfer and is
often the initial site of vertebral body failure. A
strong correlation has been demonstrated be-
tween quantitative volumetric bone density and
vertebral strength. Vertebral geometry and struc-
ture are equally important factors for the determi-
nation of vertebral strength.

Intervertebral disc. The intervertebral disc is the
largest avascular structure of the body. The disc
consists of a gel-like nucleus surrounded by a
strong, fiber-reinforced anulus. Axial disc loads are
borne by hydrostatic pressurization of the nucleus
pulposus, resisted by circumferential stresses in the
anulus fibrosus. Interstitial fluid is expressed from
the disc during loading. Approximately 10—20% of
the total fluid volume of the disc is exchanged daily.
Disc degeneration substantially alters the mecha-
nism of load transfer. Combined axial compression,
flexion and lateral bending have been shown to
cause disc prolapse.

Posterior elements. The facet joints guide and limit
intersegmental motion. Deformity of the facets or
fracture of the pars interarticularis may compro-
mise segmental shear resistance and can lead to
spondylolisthesis.

Spinal ligaments. The ligaments surrounding the
spine guide segmental motion and contribute to
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the intrinsic stability of the spine by limiting exces-
sive motion. Ligament response to load is non-lin-
ear, with an initially flexible neutral zone and a sub-
sequent stiffening under increasing load. Physio-
logical strain levels in the ligaments approach 30%
total elongation.

Muscles. The spatial distribution of muscles deter-
mines their function. The trunk musculature can be
divided functionally into extensors and flexors, or
local stabilizers and global mobilizers. The geo-
metric relationship between the muscle line of
action and the intervertebral center of rotation
determines the functional potential of a muscle.

Spine kinematics. Spinal motion is often a com-
plex, combined motion of simultaneous flexion/
extension, side bending and rotation. The sum of
limited motion at each motion segment creates
considerable spinal mobility in all planes.

Motion segment mechanical response. The func-
tional stiffness of the motion segment is adapted to
the loading which each spine segment experi-

Basic Science

stiffen the spine segment. Posterior elements con-
tribute significantly to overall segmental stiffness.
The extrinsic support provided by trunk muscles
stabilizes and redistributes loading on the spine
and allows the spine to withstand loads of several
times body weight without buckling. For small
loads, displacements are relatively large due to liga-
ment and disc laxity about the neutral position
(neutral zone). At higher loads, resistance increases
substantially. Changes to the neutral zone are asso-
ciated with trauma and degeneration (i.e. “clinical
instability”). There is a unique center of rotation for
each intersegmental motion.

Spinal loading. Spinal loads are generated by a
combination of body weight, muscle activity, pre-
tension in ligaments and external forces. In vivo spi-
nal loading during daily activities can be derived
from disc pressure measurements. The highest
loads on the spine are produced during lifting. Lift-
ing forces are directly influenced by the weight of
the object, spinal posture, lifting speed and lifting
technique. Inertial effects during dynamic activities
substantially increase spinal loading.

ences. Compressive spine loads (i.e. muscle loads)
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Nachemson A, Morris JM (1964) In vivo measurements of intradiscal pressure: discome-
try, a method for the determination of pressure in the lower lumbar discs. ] Bone Joint
Surg Am 46:1077 - 1092

A report on the first series of in vivo disc pressure measurements conducted in 19
patients. This study provided new insight into the loading of the spinal column during
daily activities. Study subjects covered a variety of gender, body types, and medical con-
ditions. All subjects had normal discs, as determined from discogram. All subjects expe-
rienced back pain; some had already undergone fusion. A good correlation was shown
between the body weight of segments above disc and the calculated load on disc. A quali-
tative relationship was found between the posture and disc loading (e.g. lowest for lying
prone, higher for standing and highest for sitting slouched). Loads of 100-175 kg were
reported for lower lumbar discs when seated. Standing loads ranged from 90 to 120 kg.
This study laid the groundwork for a broad range of future studies on disc mechanics, spi-
nal loading, and ergonomics.

White AA, Panjabi MM (1990) Clinical biomechanics of the spine, 2nd edn. Philadel-
phia: J.B. Lippincott Company

In an extensive research career, Prof. Manohar M. Panjabi has contributed several land-
mark publications on the topic of spinal biomechanics. This volume, co-authored with
Prof. Augustus A. White, must be considered the most important single-source reference
on the topic. Combining orthopedic surgery with biomechanical engineering, this refer-
ence and teaching text reviews and analyzes the clinical and scientific data on the
mechanics of the human spine. The text covers all aspects of the physical and functional
properties of the spine, kinematics and kinetics, scoliosis, trauma, clinical instability, the
mechanics of pain, functional bracing and surgical management of the spine. Although
our knowledge of the latter topic has progressed since the publication of this volume, the
book as a whole remains timeless.
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Panjabi MM (1992) The stabilizing system of the spine. Part I: Function, dysfunction,
adaptation and enhancement. ] Spinal Disord 5:383 - 389

Panjabi MM (1992) The stabilizing system of the spine. Part II: Neutral zone and insta-
bility hypothesis. J Spinal Disord 5:390 - 396

The first paper presents the conceptual basis for the assertion that the spinal stabilizing
system consists of three subsystems. Passive stability is provided by the vertebrae, discs
and ligaments. Active stability is provided by the muscles and tendons surrounding the
spinal column. The nerves and central nervous system provide the necessary control and
feedback systems to provide stability. Dysfunction of any of these three systems can lead
to immediate or long term response which compromise stability and may cause pain. The
second paper describes the neutral zone of intervertebral motion, around which little
resistance is offered by the passive stabilizing components of the spine. Panjabi presents
evidence for the correlation between the neutral zone with other parameters indicative of
spinal instability. The clinical importance of the neutral zone is outlined, as are the influ-
ence of injury and pathology on the neutral zone and the compensatory mechanisms
which are employed to maintain the neutral zone within certain physiological thresholds.
Together, these two papers present a thorough definition of the concept of clinical insta-
bility and provide the context for interpreting the effectiveness of current spinal stabiliza-
tion methods.

Pope MH, Frymoyer JW, Krag MH (1992) Diagnosing instability. Clin Orthop Relat Res
279:60-67

This review paper summarizes the problems associated with diagnosing clinical instabil-
ity. The various definitions of instability are reviewed and preference is given to the defi-
nition of instability as a loss of stiffness. The authors emphasize that roentgenographic
changes, particularly those associated with degeneration, have no relationship to insta-
bility. Various imaging methods are compared and contrasted, including multiple roent-
genographic images and stereoroentgenography. Further kinematic measurement tech-
niques employing kinematic frames attached directly to external fixation techniques are
cited as promising for the fidelity of the data they may provide. The limitations of a purely
mechanical definition of clinical instability are discussed.
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Core Messages

v/ Spinal instrumentation is usually combined
with spinal fusion

v’ The type of instrumentation and the surgical
approach should follow the degree of instabil-
ity

v’ Consolidated fusion may relieve the implant
from stress

v/ Implant failure is a result of instant overload or
of cyclic loading (fatigue)

v If fusion is delayed and/or the wrong implants

v Spinal instrumentation should provide early
and safe mobilization of the patient

v For achieving bony fusion sufficient segmental
stability and appropriate load sharing are
essential

v’ Absolute stability may interfere with fracture
healing due to stress-shielding of the bone
graft

v Rigid (multi-)segmental instrumentation may
cause adjacent segment overload

are chosen, instrumentation will ultimately fail

Goals of Spinal Instrumentation

Spinal instrumentation basically means the implantation of more or less rigid
metallic or non-metallic devices which are attached to the spine. These devices
function to provide spinal stability and thus facilitate bone healing leading to spi-
nal fusion (spondylodesis). Fundamental biomechanical knowledge and its
application serves to improve the performance of the individual spine surgeon
with respect to the rate of bony fusion, implant failure or degree of deformity cor-
rection. However, biomechanics is inherently linked with (mechano-)biology.
And there is still an incomplete understanding of spinal biomechanics and even
more so of the underlying biology. Moreover, apparently advantageous biome-
chanical concepts do not necessarily lead to a better patient outcome.

While a myriad of spinal stabilization devices and fusion techniques are avail-
able to the surgeon today, there are a concise number of underlying fundamental
principles. Indeed, whole volumes have been written about the definition and
assessment of spinal instability and the biomechanics of spinal stabilization [11,
103]. The reader is encouraged to explore these resources for a more in-depth
study of this subject and for an interesting historical perspective of chronological
implant development, from the Harrington rod [40] to the first external segmen-
tal instrumentation systems by Magerl in 1977 [55], followed by the “fixateur
interne” which was developed by Kluger and Dick [27], and the CD (Cotrel/
Dubousset) system [20]. A milestone in the history of spine research was the
introduction of universal concepts for the biomechanical testing of spinal
implants by Manohar M. Panjabi, taking into consideration three major aspects
[65]:

Knowledge of biomechanical
principles reduces

the rate of implant failure
and non-union
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Key properties are material
strength, stability and
fatigue resistance

Adapt implant and
instrumentation technique
to the individual case

The goals of spinal
instrumentation are to
stabilize, correct and fuse

Current implants have a
wide “safety zone”

Basic Science

e implant strength (failure load)
e fatigue (longevity under cyclic loading)
e ability to restore spinal stability

However, in vitro testing for primary implant stability usually comprises non-
destructive testing protocols with only a few cycles, and therefore takes into
account neither the effect of repetitive loading (fatigue) nor the biological host
reaction.

Each spinal pathology which is intended to be treated with a stabilizing surgi-
cal procedure has its own unique biomechanical characteristics. For a successful
patient outcome it is important that one chooses the appropriate implant and
technique, considering the specific nature of each case.

Before selecting an instrumentation system to restore or maintain stability of
the compromised spine, it is a prerequisite to understand the functions of the
respective structures and how the biomechanics are changed by their loss. Thus,
the choice of implant is strongly dependent on the indication. For example, the
stress on a lumbar translaminar facet joint screw (TLS) in a patient treated with
instrumented fusion for arthritis-related facet pain and with only minimal resid-
ual segmental mobility is relatively low. However, it is not reasonable to stabilize
a complete vertebral body burst fracture with a substantially compromised ante-
rior column solely with TLS. In this case, the screws would most likely fail, result-
ing in a post-traumatic kyphosis, because anterior support was mandatory.

With the exception of the recent developments in non-fusion devices such as
spinal arthroplasty and posterior dynamic systems, spinal stabilization is a
means to achieve the end goal of a solid bony fusion. Beyond this, the aims of spi-
nal instrumentation are (Table 1):

Table 1. Goals of spinal instrumentation

® to support the spine when its structural integrity is severely compromised (iatrogenic,
traumatic, infectious or tumorous)

® to prevent progression or to maintain the achieved profile after correction of spinal
deformities (scoliosis, kyphosis, spondylolisthesis)

e to alleviate or eliminate pain originating from various anatomical structures by fusing or
stiffening spine segments and thereby diminishing movement

Each region of the spine has its own anatomical, biomechanical and biological
properties. Aspects such as kyphotic or lordotic curve, inherent mobility, loading
conditions as well as bone healing potential have an influence on the choice of
implant and surgical approach. For this reason spinal implants not only differ in
size but also follow different preferred region-specific stabilization principles.
The authors’ intention is to outline instrumentation principles based on biome-
chanical studies rather than to discuss specific implants. For detailed informa-
tion about individual implants and anatomical regions, the reader is referred to
the clinical chapters of this book and the literature cited in the references. Since
nowadays it is still only approximately possible to assess the individual case in
advance concerning spinal stability, individual constitutional and genetic factors
as well as biological responses, e.g., bone healing properties, bone quality, toler-
ance to foreign materials, the recommendations for instrumentation techniques
can only be generalized to a certain extent. The inability to assess complete dis-
ease entities has also led to therapy principles which are within “the safety zone”
and implants which are generally sufficient for the majority of cases. But this also
implies that instrumented fusion is sometimes overpowered (too rigid) or is
sometimes not indicated at all.
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Unlike in biomechanical studies, where spine specimens are tested under
“extreme” conditions, in reality very often substantial stabilizing structures are
preserved and therefore may make the instrumentation partially redundant. This
is one reason why suboptimal (in the biomechanical sense) spinal instrumenta-
tion methods may still result in excellent patient outcomes. Furthermore, the
“better and the faster the biology” the less rigidity is likely necessary to ensure
healing of the spondylodesis. This is impressively demonstrated by the safe and
reliable posterior in-situ fusion (without instrumentation) in lumbar lytic spon-
dylolisthesis in children [87].

Another example of the role of the biological and mechanical environment is
the cervical spine: unlike in the lumbar spine, where rigid stabilization is manda-
tory, the subaxial cervical spine is more tolerant to less rigid instrumentation in
terms of bony fusion. Here, for example after discectomy, stand-alone interbody
cages or structural autologous bone grafts successfully reestablish physiological
stability, which nevertheless results in an approximately 100% fusion rate [37,
83].

Basic Biomechanics of Spinal Instrumentation

The following sections are intended to provide insights into the biomechanical
principles of spinal instrumentation and should also provide background knowl-
edge for the different stabilization techniques treated in the subsequent clinical
chapters of this book.

Loading and Load Sharing Characteristics

Spinal instrumentation and the stabilized spine segment form a mechanical sys-
tem, a couple, which shares loads and moments. In-vivo telemetry has provided
valuable insights into the complex three-dimensional loading of internal fixa-
tors during daily physiological activity [77]. Several interesting conclusions can
be drawn from these studies: mainly muscle forces were influencing fixator
loads. Flexion/extension movements as well as wearing braces or harnesses did
not significantly affect fixator loads. Sitting and standing exhibited similar loads
and erect standing and walking resulted in the highest loads. The forces acting
were mainly compression forces rather than distraction; moments were mainly
flexion-bending types. Support of the anterior column reduced fixator loads
postoperatively while later healing of the fusion very often did not. Thus implant
failure such as screw breakage does not necessarily prove pseudarthrosis [76, 78,
79, 81].

However, telemetric fixator load analysis does not provide any information
about the overall force flow and load sharing, i.e. how much of the total load is
transferred by the implant and how much by the spine. This topic was investi-
gated by Cripton et al. [21] using posteriorly instrumented spine segments. By
simultaneously measuring intradiscal pressure and the forces in a modified AO
internal fixator during physiological loading, analysis of the load distribution
within the instrumented spinal construct was possible. On this basis, it was dem-
onstrated that spinal loads during flexion and extension were carried predomi-
nantly by equal and opposite forces in the disc and the fixator constituting a force
couple. Only a small portion of the total loading was transferred directly by
bending of the implant or through the posterior elements. However, for side
bending the majority of loading was transferred through equal and opposite
forces in the fixator rods. For torsional loading, the distribution was approxi-
mately evenly spread between implant forces, torsional resistance of the disc and

Chapter 3

The extent of stability
necessary to achieve fusion
is unclear

Instrumentation generally
aims to exceed physiological
segmental stability

Mainly muscle forces have
an influence on internal
fixator loads while posture
is less important

The loading pattern of the
implant is critically
dependent on the motion
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Load-sharing between rod/pedicle screw instrumentation and the anatomical structures of the spine during spinal
motion. In flexion-extension load is mainly transferred by the disc-fixator force couple through equal and opposite
forces. In torsion a great fraction of load is transferred by the disc. Therefore, the integrity of the anterior column is crucial
for relieving the implants from load and thus to ensure longevity. In lateral bending load transfer is mainly through the

implant.

Anterior column defects
require anterior buttressing

forces acting on the posterior elements (Fig. 1). But how does the load distribu-
tion change with an insufficient anterior column support, which may be found
in various spinal disorders, e.g. vertebral body burst fractures, spondylitis, meta-
static vertebral destruction or after disc ruptures? In case of a compromised ante-
rior column, the implant must carry the majority of the load in lateral bending,
flexion, and extension (Fig. 1). Furthermore, after discectomy and the complete
removal of the posterior structures the segmental range of motion (ROM) is still
sufficiently limited (by 64 %) in flexion and extension, but torsion is only weakly
controlled and increases by more than 230 % under these conditions (Fig. 1). Tak-
ing this information into consideration, in the clinical setting postoperative lat-
eral bending (and torsion) should be avoided by the patient in any event to mini-
mize fixator loads whereas flexion and extension are mostly unproblematic pro-
vided there is a functioning anterior column.

Combining the in-vivo measurements of implant loading taken by Rohlmann
et al,, and the force flow analysis in the study of Cripton et al., global moments of
up to 30 Nm may act through the spine [21]. If instrumentation devices are
exposed to such high moments, the safe limit for many implants may be
exceeded. Therefore, in the case of a substantially unstable anterior column,
additional anterior support is critical to prevent hardware failure.

Further work is required to characterize the force and load transfer through
intervertebral devices, corpectomy cages and other stabilization constructs.
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Posterior Stabilization Principles

The term “posterior instrumentation” is used for any surgical measure with the
implantation of a stabilization device acting on the posterior column (according
to EW. Holdsworth’s two-column concept [43]). This is commonly carried out via
a posterior approach, which can vary depending on the surgeon’s preferences.
However, it does not necessarily mean that the device itself is exclusively acting
on the posterior spinal column. Rod/pedicle screw devices or lateral mass screws,
for example, also affect the anterior column. On the other hand, implantation of
interbody cages through the spinal canal (PLIF = posterior lumbar interbody
fusion) is a measure of anterior instrumentation, although it generally makes
additional posterior stabilization, e.g. pedicle screws or translaminar screws,
necessary due to the iatrogenic destabilization of dorsal structures.

Pedicle Screw Technique

The introduction of pedicle screws by Roy-Camille in 1970 [82], the subsequent
development of the external fixator by Magerl [55], the following “fixateur
interne” by Kluger and Dick [27], the angle-stable internal AO fixator [4] and the
posterior segmental instrumentation systems [20, 51] have all dramatically
improved the outcomes of spinal fusion. In contrast to the usage of long rods, now
short segment stabilization using pedicle screws and rigid connecting plates or
rods has become possible. This technique has been proven to be safe and effective
for the surgical treatment of almost all spinal disorders such as congenital, devel-
opmental, traumatic, neoplastic and degenerative conditions [2, 3, 13, 34, 51].

The stabilizing properties of pedicle screw/rod spinal fixation systems, such as
the Universal Spine System (Synthes, USA and Switzerland) [51], are not exceeded
by any other posterior systems but are critically dependent on the degree of spinal
instability and thus the pathological condition. Various biomechanical studies
have been conducted on further implant characterization and to define accurate
clinical indications. For example, after corpectomy and bisegmental instrumenta-
tion using a spacer and a cross-linked pedicle screw/rod system, motion is reduced
by up to 85% in flexion, 52 % in extension, 81 % in lateral bending and 51 % in axial
rotation [7]. Similar results have been reported by Cripton et al. [21]. This applies
also for monosegmental instability with destruction of the posterior elements
combined with a partial dissection of the intervertebral disc. Here most other pos-
terior instrumentation devices also exceed the physiological stability, but with the
short segment fixator being the stiffest [1]. However, after complete removal of the
posterior structures combined with a complete disruption of the intervertebral
disc but with the pedicle screw instrumentation in place, the range of motion for
flexion/extension was increased by 21 % compared to the intact spine. Further-
more, torsion was only weakly stabilized by rod/pedicle screws in posterior (facet
joint) and two-column insufficiency [21].

The stability of pedicle screw systems is derived from the solid anchorage of the
screw in the pedicle and the inherent rigidity of the connecting hardware. While
the pullout strength of pedicle screws is directly related to the bone density [39],
it can be increased by choosing convergent screw trajectories (Fig. 2). Further-
more, in the presence of anterior column instability, the avoidance of parallel ped-
icle screw insertion in short segment fixation not only increases the pull-out
strength but also prevents an unstable “four-bar” mechanism. The same rationale
applies for cross-linking the rods. Here, diagonal cross-linking is favorable to the
horizontal configuration in terms of rotational stability [29, 100] (Fig. 3).

The material, length and diameter of the connecting rods determine their
stiffness. Compared to 7-mm rods, using 10-mm rods would increase the stiff-
ness 4.1 times and 3-mm rods would have a 30 times lower bending stiffness [80].

Chapter 3

PLIF effectively stabilizes
the anterior column
by a posterior approach

Pedicle screw/rod systems
are now well established
for surgical treatment

The stabilizing potential of
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positioning increases
pull-out strength

71



72

Section Basic Science

Figure 2. Pedicle screw positioning

The use of convergent screw trajectories (right) increases the pull-out strength and overall stability of pedicle screw con-
structs, in comparison with parallel screw insertion (left).

Figure 3. Screw assembly

a The use of conventional parallel pedicle screws and rods for spine segments with diminished anterior integrity may be
insufficient. b Displacement of the stabilized segment by rotation of the pedicle screws — a so-called “four-bar” mecha-
nism —may result in instability. Further stability can be achieved by the use of convergent screw trajectories and the addi-
tion of cross-linking. ¢ Two cross-links or at least one oblique cross-link provides better stability than one horizontal
cross-link.

However, greater deformation in smaller rods leads to greater internal stress and
may finally result in failure. More rigid rods on the other hand produce higher
internal loads in the implant, on the clamping device, and on the pedicle screws,
and thus have a higher risk of screw breakage [80]. Therefore, current implant
designs are a compromise between an absolutely rigid fixation and a minimal
risk of implant failure to provide stable fixation with a proven service life [7].
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Figure 4. Thoracic pedicle screw N . ;
positioning e 4

In contrast to the standard intrapedicular screw
insertion (left pedicle), an extrapedicular screw
trajectory (right pedicle) allows a greater margin
of safety with respect to the spinal canal and
offers greater pull-out strength and stability.

While pedicle screws have been accepted as a reliable and safe method for stabi-
lizing the thoracolumbar spine, their use in the mid and upper thoracic spine is
more complicated and risky, due to the smaller overall dimensions and greater
morphological variation of the thoracic pedicle, and the existing spinal cord at
this height. A safer alternative to the standard intrapedicular screw placement in
the thoracic spine is the extrapedicular screw trajectory (Fig. 4), first described
by Dvorak et al. [28]. The pull out strength is increased by a greater screw-angu-
lation, longer screw length, and the penetration of additional cortices. Segmental
stability has been shown to be equivalent to that of the conventional intrapedicu-
lar technique, without a higher risk of material fatigue [59].

The use of simple laminar hooks in the thoracic spine is safe with respect to the
damage of neural structures. However, hook disengagement has been reported in
scoliosis correction surgery [38]. To achieve a higher resistance to the complex
three-dimensional forces, pedicle hooks with additional supporting screws have
been developed [4, 51]. Biomechanical pull-out tests have shown that a significant
increase in failureload can be achieved with the use of screw-augmented hooks [12].

Translaminar and Transarticular Screw Technique

Transarticular screws were first used by D. King in 1948 and later modified by H.
Boucher in 1959 [14]. The now widely accepted translaminar facet joint screw
placement (Fig. 5) was introduced by F. Magerl in the 1980s [58]. Translaminar
screws (TLS) are setscrews, have a long trajectory in bone and have a favorable
direction with reference to the nerve root. TLS are mostly used supplementary to
anterior fusion techniques or in concert with posterior/posterolateral fusion
measures in degenerative disorders. Here incompetent facet joints frequently
allow pathological shear translation (olisthesis) and segmental multiplanar rota-
tion. Biomechanical testing has shown that isolated screw fixation of the facet
joints causes a moderate stabilization in all loading directions [72]. Therefore for
posterior and posterolateral spondylodesis, the combination with facet fusion is
generally recommended as it enhances stability [96].

Similarly, as anterior fusion (PLIF/ALIF) with stand-alone cages is particu-
larly weak in controlling extension and axial rotation [54], an additional fixation
is strongly recommended to ensure fusion [72]. In one study TLS were applied
complementary to paired threaded interbody cages, thereby achieving a reduced
angular motion of 30 % in flexion and 60 % in extension [67].
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Figure 5. Translaminar screws

Translaminar screw positioning in the coronal (a) and the axial view (b).

The degree of stability
needed for optimal fusion
is still unknown

Lateral mass and pedicular
screw fixation is superior to
sublaminar wiring or hooks

for cervical fusions

However, compared to pedicle screws, the stabilizing properties of TLS are fewer,
especially in flexion and rotation [49]. Nevertheless, one should emphasize that
the degree of stability needed to achieve bony fusion is still not known. Further-
more, several studies have shown that solid fusion and clinical outcome are not
well correlated [33]. Nevertheless, the goal must be to achieve solid fusion and it
is much more likely that a poor clinical outcome and “failed surgery” with pseud-
arthrosis and implant failure are due to insufficient postoperative spinal stability
and improper instrumentation than to excessive stability and thus stress shield-
ing. In this context, the related question of “adjacent segment degeneration” is
discussed below in detail.

Occipitocervical Fixation

The evolution of occipitocervical fixation started with pure in-situ bone graf-
ting, after which came wire techniques, first without and later with attached steel
rods, then followed by plate/screw instrumentation in the 1990s and most
recently modular combined plate-rod/screw instrumentation [46, 99, 102]. The
major advantage of the latter is its greater stability, allowing the abandonment of
supplemental external fixation such as halo fixators or Minerva jackets.
Basically the same principles of posterior fixation as described above apply to
the occipitocervical junction. Comparative biomechanical in-vitro studies have
demonstrated that lateral mass screws, pedicle screws or transarticular screws
(C1-C2) are superior to sublaminar wiring or sublaminar hooks [63]. Stability of
occipital fixation depends on whether mono- or bicortical screws are used and
the local occipital topography to the side of the screw placement. Cortical thick-
ness is greatest at the midline and the superior and inferior nuchal lines [75].

Anterior Stabilization Principles

The term “anterior instrumentation” is used for any surgical measure for the
implantation of a stabilization device acting on the anterior column (according to
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EW. Holdsworth the two-column concept [43]). The surgical approach is tradi-
tionally more or less from anterior depending on the body region and the neigh-
boring cavity. However, especially for the lumbar spine, other routes are estab-
lished such as posterior lumbar interbody fusion (PLIF) or transforaminal proce-
dures (transforaminal lumbar interbody fusion, TLIF) [60]. Even if in the past
anterior lumbar instrumentation has been questionable for some indications in
the presence of sound alternatives, in the future and with the advance of disc art-
hroplasty, anterior surgery will probably gain in popularity. Furthermore ante-
rior fusion will most likely retain its position as a salvage procedure for failed
disc arthroplasty.

Interbody Fusion Technique

The technique of interbody or intercorporal fusion was introduced by Smith and
Robertson in 1955 for the neck [91] and much earlier for the lumbar spine for sur-
gically treating spinal deformity and Pott’s disease by Hibbs and Albee in 1911 [5,
41] and later by Burns in 1933 for stabilizing spondylolisthesis [15]. As a surgical
measure interbody fusion includes an at least partial removal of the intervertebral
disc and of the cartilaginous endplates and subsequent filling-up of the disc space
with (structured) bone graft or nowadays increasingly with artificial spacers
(cages). Cages were designed and first used by G. Bagby and D. Kuslich (BAK cage)
in the late 1980s; they were initially threaded hollow cylinders filled with bone
graft. Nowadays a variety of cage designs are available for implantation using ante-
rior or posterior approaches [97, 98]. Different designs (Fig. 6) are available:

e threaded, cylindrical cages
e ring-shaped cages with and without mesh structure
® box-shaped cages

Intervertebral cages were originally proposed as stand-alone devices for ante-
rior lumbar interbody fusion (ALIF) or PLIE. While the cages retain height and
provide support and stability, bony fusion occurs within and/or around the cage.
However, the biomechanical requirements on these devices are very high: on one
hand they should provide enough compressive strength to keep disc space height
while stress concentration on the implant-bone interface must be minimized to
reduce penetration or subsidence into the underlying cancellous vertebral body.
On the other hand, the bone graft around and within the cage must be stressed
and strained sufficiently to evoke the biological signals (release of cytokines) for
bone formation [17, 84] (Table 2).

In this context it is proposed that extensive stress-shielding may lead to
delayed or non-union. This conflict is reflected in most current cage geometries
and materials, but further work is required to fully understand the underlying
mechanobiology [30].

When implanting interbody devices, the partial removal of the endplate is a
prerequisite for proper graft incorporation, but a bleeding cancellous bone bed
may also compromise the support of the device, especially if limited contact areas
are present. Resistance to implant subsidence critically depends on the quality of
underlying trabecular bone [47]. However, the strength of the endplate has been

Table 2. Cage features for successful biological incorporation

adequate compressive strength to maintain disc space height

minimal stress-concentration on implant bone interface to reduce subsidence
broad contact area between bone graft and vertebral endplate

assurance of sufficient load sharing between implant and bone graft
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Load sharing between
implant and bone graft
is essential for successful
healing

Peripheral endplate
buttressing reduces cage
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Figure 6. Cage designs

a Thefirst cages had a cylindrical design and were screwed
into the endplates (Image © Zimmer, Inc. used by permis-
sion). b A very simple cage (DePuy Spine, Inc.) was popu-
larized by J. Harms consisting of a ring-shaped titanium
mesh. c Last generation cages are box-shaped and better
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buttress the endplate, which is left intact (Synthes).

Anterior cage positioning
provides the best stability

Do not use stand-alone
lumbar interbody cages
without additional fixation

shown to be greatest at its periphery in the posterolateral corners [53, 64], and
therefore removal of the central endplate mostly does not compromise the
strength of the cage/bone interface significantly [93]. Based on this information,
an effective compromise between the biological and biomechanical requirements
for fusion may be achieved by choosing larger implants with more peripheral
contact areas, such as the Syncage [97].

Similar to endplate strength the overall stiffness of the stabilized spinal seg-
ment increases by a factor of three as an interbody cage is moved within the disc
space towards the mechanically more advantageous anterior position [69].

The indications for anterior fusion of the spine are various and include disci-
tis/spondylitis and vertebral burst fractures but they are still also often contro-
versial, especially for lumbar back pain. If the surgeon decides to remove the disc,
the resulting degree of instability must be estimated before choosing the type of
implant and extent of surgery. It has to be emphasized that a complete discectomy
combined with the dissection of the anterior longitudinal ligament renders the
spine substantially unstable for all loading conditions. For flexion and lateral
bending, interbody devices can restore stability profoundly. However, the major
disadvantage of these devices regardless of the approach (PLIF or ALIF) is the
poor control of extension and rotation [61].

Comparison of the strict anterior with the anterolateral implantation tech-
nique has shown that resection of the anterior annulus and anterior longitudinal
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Figure 7. Cage kinematics
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Stand-alone intervertebral cages for spinal fusion exhibit poor stabilization in extension. a Extension is normally partially
limited by the facet joints. b Following the insertion of an interbody cage, the facet joints may be distracted, c thereby

increasing segmental mobility.

ligament is not responsible for this lack of stability [62]. This has led to the opin-
ion that stand-alone cages and anterior bone grafts cause segmental distraction
and thereby incongruence of the facet joints (Fig. 7), which may aggravate insta-
bility [54]. The originally established concept of “distraction compression” by G.
Bagby [8] is thus also placed into perspective again. This indicates that, with dis-
traction of the disc space and consequent tensioned anulus fibers, a compressive
force on the cage is created. However, due to the viscoelastic anulus material
properties, the compressive effect most likely acts only for a short time [50].
Therefore, from the above-mentioned studies it can be concluded that posterior
instrumentation with pedicle screws or translaminar screws in addition to the
interbody cage must be recommended to establish the appropriate stability.

A potential alternative to the above-mentioned combined instrumentation is
the recent development of a novel “stand-alone” device which combines the prin-
ciple of the interbody cage with anterior tension band instrumentation (SynFix,
Synthes, USA and Switzerland). Cain et al. have compared the stabilizing proper-
ties of this screw-cage construct with conventional 360° instrumentation using
cage and pedicle screws or translaminar screws. Motion analysis demonstrated a
significant increase in segmental stiffness with the Synfix compared to cage/
translaminar screw instrumentation in flexion-extension and rotation [16].
However, testing was non-destructive and included only a few cycles. For a defi-
nite judgment the comparative biomechanical behavior under repetitive loading
(fatigue) as well as clinical results and fusion rates need to be evaluated.

In the cervical spine in contrast to the lumber spine, stand-alone interbody
cages (or structural bone grafts) are used routinely after one level discectomy,
exhibiting near 100% fusion rates. In a comparative biomechanical in-vitro
study, D. Greene et al. assessed cervical segmental stability after implantation of
interbody cages and structural bone grafts. After single-level discectomy physio-
logical segmental stability was reestablished with both techniques, but with the
cage tending to result in slightly higher stiffness [37].

Overdistraction with a cage
results in facet joint
incongruency and
secondary damage

The combination of anterior
tension band instrumen-
tation and a cage is a
promising up-and-coming
technique

Single-level stand-alone
cervical cage fixation
suffices in selected cases
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shielding the bone graft
and thus may cause
non-union
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Corpectomy Fusion Technique

Spinal instability after single-level or even multiple-level corpectomy or verte-
brectomy is a challenging task in the biomechanical sense, especially in the lum-
bar spine. Indications are theoretically numerous and apply for myelopathy, neo-
plastic and metastatic tumor growth, chronic spondylitis or severe fracture
cases. However, the resulting instability, and thus the demand on the instrumen-
tation, strongly depends on the number of involved levels and the preserved and
functioning stabilizers. It is quite obvious that the function of incompetent or
compromised anatomical structures has to be compensated.

Pure bisegmental spinal stability after single-level corpectomy in the lumbar
spine can theoretically be restored by pedicle screw systems [7]. However, in the
absence of anterior column integrity, the posterior bridge-construct bears 100 %
of the load and will most likely fail even in the presence of a posterior spondylo-
desis. This phenomenon is well known from unstable burst fractures lacking
anterior support [57]. Furthermore, biomechanical tests have shown that corpec-
tomy cages alone or in combination with an anterior angle-stable plate fixation
are not capable of restoring physiological bisegmental stability. To ensure solid
bony fusion it is commonly accepted that normal physiological spinal stability
must be exceeded (to what extent is so far unknown). As segmental flexibility
with either a stand-alone cage or a cage/anterior plate combination is especially
increased in rotation, extension and lateral bending, the addition of pedicle
screw fixation must be recommended to ensure a significant increase in overall
stiffness [66]. Thus far, from the biomechanical perspective, fundamental ante-
rior instability like that found after corpectomy cannot be treated with anterior
or posterior measures alone.

Similarly to the lumbar spine, corpectomy in the cervical region is indicated
for a variety of spinal pathologies: cervical myelopathy, cervical spine trauma
and tumor manifestations. The stability after single level corpectomy and cage
implantation is comparable to the range of motion (ROM) of the intact spine in
all six degrees of freedom [85]. In one study, stability was even increased in all
directions but extension [48]. Supplemental instrumentation must therefore also
be applied. Anterior plating adds significant stability, particularly in rotation,
which is only exceeded by posterior systems. Comparing stability of different
anterior and posterior systems demonstrated that pedicle screws are more stable
than lateral mass screws and constrained posterior systems are superior to
unconstrained systems. The highest stability was provided by combined 360°
instrumentation [85]. In a two or more level corpectomy, anterior plating may
already be insufficient (see tension band technique). In this case posterior instru-
mentation involving lateral mass or pedicle screws adds significant stability [90].

Anterior Tension Band Technique

Anterior cervical plates act as typical tension bands during extension but func-
tion as buttress plates during flexion. They exhibit several characteristics, e.g.
excellent visibility with implantation, prevention of graft expulsion and
increased fusion rates in multisegmental constructs. Anterior cervical plates are
either constrained or unconstrained devices and are available as dynamic plates
in various lengths.

Constrained cervical systems have a rigid, angle-stable connection between
the plate and screws, whereas unconstrained systems rely on friction generated
by compression of the plate on the anterior cortex. In biomechanical testing, con-
strained systems have shown a greater rigidity, whereas unconstrained plates can
lose a significant amount of their stability over time [92]. The surgeon has the
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option of selecting systems with monocortical or bicortical screw fixation, often
with the same plate. Pull-out tests have demonstrated that bicortical is more sta-
ble than monocortical screw placement [92]. Further improvements in stabiliza-
tion have been made using monocortical locking expansion screws, their
strength being comparable to bicortical screws [74]. But no significant differ-
ences in stability were seen on kinematic testing [68]. However, bicortical screw
fixation still has specific indications, e.g. for multilevel stabilization, poor bone
quality or after correction of deformities, but also bears the risk of spinal cord
damage.

It has also been shown that the capability of anterior cervical plates to stabilize
the spine after three-level corpectomy is significantly limited after fatigue load-
ing [45], whereas no difference in stability was noted for single-level corpectomy.
Another concern regarding the cervical spine, with its inherent mobility and rel-
atively low compressive forces, is delayed or non-union (pseudarthrosis) due to
possible stress shielding of the graft. This is particularly true for the latest gener-
ation of constrained (locking) plates, with which it is more difficult to set the
graft under compression.

For this reason dynamic (semi-constrained) anterior plates were designed.
Reidy et al. have shown in a cadaver corpectomy model that axial load transmis-
sion was particularly more directed to the graft with the dynamic cervical plate
than with a static plate especially when the graft was undersized [73].

Several systems have also been developed for anterior stabilization of the
thoracolumbar spine, including the Ventrofix (Mathys Medical, Bettlach, Swit-
zerland) and the Kaneda SR (DePuy Spine, Raynham, MA, USA) systems,
which are used mostly for reconstruction in trauma, tumor and post-traumatic
kyphosis. The load is transferred through a combination of compressive or ten-
sile loading along the length of the implant and bending or torsion. Due to its
profile and their position directly on the anterior column, bending forces are
much lower than for posterior pedicle screw systems. However, their stabilizing
potential is also lower, due to a shorter effective lever arm. The relative effec-
tiveness of anterior, posterior and combined anteroposterior fixation in a cor-
pectomy model has been addressed in a study by Wilke et al. [106]. Compared
to pedicle screws, the anterior rod devices were slightly more unstable in flexion
and lateral bending. In lateral bending, the implants provided better stabiliza-
tion when the spine was bending away from the implant side, as the devices act
as a tension band. Double-rod anterior systems with or without transverse ele-
ments are superior to single rod systems, and locking screws increase the stiff-
ness.

Finally, however, in all loading directions, only combined anteroposterior fix-
ation can provide complete segmental stabilization.

Biomechanics of the “Adjacent Segment”

Spondylodesis normally results in an unphysiologically long and stiff spinal seg-
ment. It has often been suggested that adjacent segment degeneration is the
result of increased biomechanical stress. Shono et al. [89] have shown, in an in-
vitro study, that the displacement of the adjacent motion segment is indeed
increased after fusion. In these experiments, a fixed displacement was applied to
the entire spine specimen. To produce the total displacement, the motion at the
adjacent segment must increase as the motion of the fused segment decreases
due to its stiffness. Increased segmental motion is paired with an elevated intra-
discal pressure, which correlates with the number of fused levels [19, 42]. Rohl-
mann et al. have demonstrated, with a simplified finite element model, that
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and posterior instrumented
fusion

The stiffness of anterior
tension band instrumentation
differs from pedicle screws

in all loading directions

Adjacent segment mobility
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application of a controlled load on rigid instrumentation had only a minor influ-
ence on stresses in the adjacent discs and endplates [80]. Nevertheless, in another
in-vitro study, application of controlled loads resulted in small but significant
increases in adjacent segment mobility [9].

It can be questioned whether “adjacent segment degeneration” is a result of
altered biomechanical stresses or a natural progression of the disease. This issue
depends on whether adjacent segment motion is indeed increased in vivo follow-
ing fusion. An animal study by Dekutowski et al. provides some support for
increased adjacent segment motion [25]. Taken together, to date and despite
numerous clinical and biomechanical studies, it still remains unclear whether the
changed biomechanics or the progression of the natural history is responsible for
adjacent segment degeneration. However, the overall incidence of adjacent seg-
ment degeneration would likely be much higher if its cause were purely mechani-
cal. It is well accepted that disc degeneration is a multifactorial disease with
genetic and environmental factors [10]. To what extent mechanical factors con-
tribute to the disease likely also determines whether or not disc degeneration is
initiated or aggravated adjacent to a fused segment.

Non-Fusion Principles

The aims of non-fusion devices are the stabilization and reestablishment of nor-
mal segmental anatomy including the preservation of segmental motion and
thus without performing a spondylodesis. Several approaches have been
described to replacing certain parts of the motion segment or to adding support-
ing stabilization. Depending on the primary pathology of the mostly multifacto-
rial problem, disc arthroplasty, nucleoplasty or posterior dynamic stabilization is
performed. Several different devices for various indications are nowadays on the
market, or are currently under way, e.g. facet arthroplasty. All of these have in
common that no prospective and controlled clinical trials (class I or II evidence)
which comparatively assess the clinical outcomes are available or that the follow-
up time is too short for a definitive judgment.

Disc Arthroplasty

Functional disc replacement is a logical progression in the treatment of degener-
ative disorders of the disc. Arthroplasty in the spine has several potential advan-
tages: preservation of segmental motion, lower rate of adjacent level degenera-
tion and no need for harvesting autologous bone graft.

An excellent review of the field of disc arthroplasty by Szpalski et al. highlights
the historical development and the different design concepts to date [95]. The
demands on the material properties and function of such devices are substantial.
They must not only possess sufficient strength to withstand compressive and
shear loads transmitted through the spinal column, but must also respect the
complex kinematics of intervertebral motion.

The design philosophy of many current disc prostheses reflects the evolution
of other total joint prostheses. In total knee arthroplasty (TKA), for example,
there has been the tendency towards implants which emulate physiological
motion patterns. Unlike in conventional TKA, mobile bearing knee prostheses
employ a conforming polyethylene plate which moves on the surface of a highly
polished metallic tray which itself is affixed to the tibial plateau. Due to its confor-
mity throughout the full range of motion, stresses transmitted through the poly-
ethylene and into the bone should be lower and thus reduce polymer wear and
prosthesis loosening.
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Figure 8. Center of rotation

The kinematics of the intervertebral joint is complex. a The center of rotation moves during
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flexion/extension, b left and

right side bending c and left and right torsion. Current designs for intervertebral prostheses or dynamic stabilization sys-

tems aim to respect this unique characteristic of spinal motion.

As in the knee, motion of the natural intervertebral joint cannot be compared to
a simple ball-and-socket joint. Segmental motion in flexion and extension is a
combination of sagittal rotation plus translation. This is also referred to as the
helical axis of motion. Thus, the instantaneous axis of rotation constantly
changes throughout the full range of motion (Fig. 8).

This principle is reflected in the Bryan Cervical Disc System (Medtronic),
which comprises a low friction elastic nucleus located between titanium end-
plates and a sealing flexible membrane, allowing free rotation and some transla-
tion in all directions. Similarly the Charité artificial disc (DePuy Spine) consists
of cobalt chromium endplates and a floating polyethylene sliding core also
enabling translation and rotation. In contrast, the ProDisc (Synthes) and Maver-
ick Artificial Disc (Medtronic) are constrained devices with a single articulation,
allowing free rotation in all directions around a fixed center of rotation. Uncon-
strained devices allow a greater range of motion and theoretically prevent exces-
sive facet loads in extreme motion. In contrast constrained disc arthroplasties
may reduce shear force on the posterior elements [44]. Only comparative pro-
spective clinical trials can conclusively show if any of these concepts is advanta-
geous for the patient [31]. The Charité and ProDisc were the first protheseses
involved in an FDA trial (Fig. 9).

As with other total joint prostheses, the stability of the prosthesis and the
motion segment likely depends on well balanced ligaments and surrounding soft
tissues. Therefore, precise operation technique with retention of stabilizing tis-
sue is essential for a good outcome. Wear of prosthesis components, as in other
arthroplasties, likely occurs. Histocompatibility was tested for titanium and
polyethylene particles in animal models, and neither material induced a strong
inflammatory host response [6, 18]. Finally, the kinematics of each new device
must be verified against representative motion patterns of the normal spine [22].
In one study by DiAngelo et al., spinal kinematics before and after implantation
of a cervical disc prosthesis (ProDisc) was compared with spondylodesis. Using
a displacement-controlled protocol, with the prosthesis in place almost no alter-
ation in motion patterns could be recorded compared to the intact state, unlike
in the fusion case where the adjacent segments compensated for the fused level to

Disc prostheses are
confronted with a complex
segmental spinal motion
pattern

Current disc prostheses
almost reestablish

a physiological range
of motion
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Figure 9. Designs of total disc arthroplasty

Current intervertebral disc prostheses differ in the bearing material used (polyethylene or metal alloys) and have either
a fixed (constrained) center of rotation (e.g. a Prodisc, Synthes) or follow the segmental helical axis of motion (semi-con-
strained) as in b the Charité prothesis (DuPuy Spine Inc.).

Nucleoplasty is an intriguing
evolving new surgical
technique

Indications for dynamic
posterior stabilizing devices
are difficult to define

achieve full motion [26]. This is in agreement with Puttlitz et al., who demon-
strated an establishment of an approximate physiological kinetics in all six
degrees of freedom with cervical disc arthroplasty [70]. In another biomechani-
cal in-vitro study, Cunningham et al. compared the Charité disc prothesis with an
interbody fusion device (BAK) with and without posterior instrumentation.
Unlike interbody fusion, also in the lumbar spine the disc prosthesis exhibited a
near physiological segmental motion pattern in all axes except rotation, which
was increased [23].

Only few data exist so far about the lifetime of disc prostheses, preservation of
motion and long-term patient satisfaction. Therefore, total disc replacement still
has to establish its position against spondylodesis [24, 71, 101].

Nucleoplasty

In contrast to total disc arthroplasty, replacement of only the degenerated or
excised nucleus pulposus is an option offered by the Prosthetic Disc Nucleus (PDN,
Raymedica Inc., Minneapolis, USA). The PDN is a hydroactive implant which
mimics the natural fluid exchange of the nucleus by swelling when unloaded and
expressing water under compressive load. Wilke et al. [105] have shown that the
PDN implant can restore disc height and range of motion after nucleotomy to nor-
mal values. There is, however, little data on the long-term biomechanical behavior
of such implants in the intervertebral disc space, and the overall effectiveness of
replacing only the nucleus pulposus in a degenerated disc.

Posterior Dynamic Stabilization Technique

Non-rigid posterior stabilization of the spine is another concept for the treat-
ment of various spinal pathologies. In 1992, H. Graf introduced the ligamento-
plasty, a posterior dynamic stabilization system consisting of pedicle screws
which were connected via elastic polyester elements [36]. The underlying theory
is the maintenance of physiological lordosis while flexion-extension motion is
restricted and therefore the respective disc is unloaded and thus “protected”.
Kinematic in-vitro studies have shown that, after laminectomy and partial
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Figure 10. Non-fusion spinal stabilization devices

a Dynamic posterior spinal stabilization with Dynesys (Image © Zimmer, Inc. used by permisson. b Interspinous process
distraction devices (e.g. X-stop) limit extension motion and unload the facet joints. The aim is to improve functional
spinal stenosis by indirect widening of the spinal canal.

removal of the facet joint with Graf ligamentoplasty, flexibility is significantly
reduced in all directions compared to the intact state [94]. However, clinical stud-
ies report conflicting data about the clinical success [35, 56].

Nowadays the most often used device is the dynamic neutralization system  The stabilizing properties

(Dynesys) for the spine (Zimmer, Warsaw, USA). Dynesys (Fig. 10a) is a non-  of Dynesys largely exceed
fusion pedicle screw system composed of titanium pedicle screws joined by poly-  physiological stability
carbonate urethane (PCU) spacers containing pre-tensioned polyethylene tere-
phthalate (PET) cords. With such a system, the affected segments can be dis-
tracted and disc height restored and kinematics in all planes are restricted. How-
ever, motion is not absolutely prevented, in contrast to solid fusion implants.
Schmoelz et al. compared the kinematics of Dynesys stabilized segments with an
internal fixator using destabilized cadaver specimens. They demonstrated that
Dynesys was able to improve stability in all dimensions. However, axial rotation
was poorly controlled while in lateral bending and flexion the system was as stiff
as the internal fixator. Only in extension was Dynesys able to restore the physio-
logical state [86].

Freudiger et al. [32] have demonstrated that the Dynesys limits shear transla-  Posterior dynamic systems

tion and bulging of the posterior anulus in the unstable spine segment under are challenged by the
physiological loading. Due to the compliance of the instrumentation, overload-  required long lift time cycle
ing of adjacent segments may be prevented. However, unlike with the spondylo-
desis the instrumentation must bear certain loads throughout its whole life.
Thereby material fatigue and pedicle screw loosening may result in ultimate fail-
ure. The efficacy of such a system depends heavily on the condition of the ante-
rior column and no one knows so far how much stability or flexibility is actually
needed in each particular case.

Interspinous Process Distraction Technique

The principle of implanting a spacer between adjacent spinous processes was
already used by F. Knowles in the late 1950s to unload the posterior anulus in
patients with disc herniation and thereby achieving pain relief [104]. In recent
years various systems have entered the market such as the Interspinous “U”
(Fixano, Péronnas, France), the Diam (Medtronic, Memphis, USA), the Wallis
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(Spine Next, Bordeaux, France) and the X-Stop (St. Francis Medical Technolo-
gies, Concord, USA) (Fig. 10b) systems. Only few biomechanical and no high-
quality clinical studies are currently available.

All devices aim to limit motion in extension. Biomechanical testing has shown
that extension motion is indeed decreased while flexion, axial rotation and lateral
bending stay unaffected [52]. Limited extension is thought to reduce narrowing
of the spinal canal and flavum buckling [88]. Furthermore, Lindsey et al. demon-
strated an unloading of the facet joint in an in-vitro cadaver study using pressure
sensitive foil [107].

But how far the resulting increase of segmental kyphosis is compensated by
the adjacent segments and how this may affect the sagittal profile and balance in
thelong term need to be evaluated in the future. However, for patients with spinal
stenosis and neurogenic claudication which improves in flexion, the interspinous
device is a feasible option especially with regard to the limited trauma with
implantation.

Goals of spinal instrumentation. The aims of spinal
instrumentation are stabilization, achievement and
maintenance of curve correction (alignment) and
facilitation of bony fusion (spondylodesis). Knowl-
edge of the underlying fundamental biomechani-
cal principles helps to prevent material failure and
thus improves surgical outcome. Several basic
properties of spinal implants have to be consid-
ered: material strength, the ability to provide seg-
mental stability and the resistance to fatigue with
cyclic loading. Unfortunately it is still unclear how
much stability is required in each particular case to
ensure spinal fusion. Generally the instrumentation
aims to exceed the physiological state, e.g. to make
the motion segment stiffer.

Loading and load sharing characteristics. Spinal
instrumentation and the stabilized spine segment
form a system which shares loads and moments.
In-vivo telemetric measures have given valuable in-
sight into device loading patterns. Forces acting on
the implant depend on the degree of instability. It
has been shown that rod/pedicle screw implants
are mainly loaded with compression forces and
bending moments. Load sharing between the im-
plant and bone graft is mandatory for successful
bone healing. In contrast, extreme stress-shielding
may result in pseudarthrosis.

Pedicle screw technique. Pedicle screw/rod instru-
mentation has been well established for the surgi-
cal treatment of almost all spinal disorders. Unless
there is a substantial incompetence of the anterior
column, pedicle screw systems provide excellent

stability in mono- and multisegmental applica-
tions. Choosing convergent screw trajectories and
cross-linked rods may enhance stability.

Translaminar and transarticular screws. The trans-
laminar route should be favored over the direct
transarticular trajectory in degenerative disorders
and in conjunction with anterior interbody fusion.

Occipitocervical fixation. Modular plate-rod/screw
instrumentation is available. Lateral mass screws,
transarticular screws (C1-C2) and pedicle screws
provide increased stability compared to laminar
hooks and wires. Therefore additional external sup-
port with halo fixation, etc., has mostly been aban-
doned.

Interbody fusion technique. Lumbar interbody
cages are designed to provide sufficient strength to
keep disc space height without the necessity for us-
ing structural bone grafts. Originally implanted as
stand-alone cages, which led to noticeable pseud-
arthrosis rates, they are nowadays routinely com-
bined with additional instrumentation (pedicle
screws/translaminar screws or anterior tension
band) due to the poor control of extension/distrac-
tion and rotation. Meticulous endplate prepara-
tion is mandatory to ensure bony fusion. Anterior
cage position is advantageous in terms of stability.
Endplate strength is highest in the periphery. In the
cervical spine, however, after single level discecto-
my and “stand-alone” cage implantation near 100 %
fusion rates are achieved.
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Corpectomy fusion technique. Spinal instability
after corpectomy or after vertebrectomy in the
lumbar spine often requires complex reconstruc-
tive procedures. The type and degree of instrumen-
tation depend strongly on the number of involved
levels and the retained functioning stabilizing
structures. Generally, after corpectomy anterior
support is mandatory and long-term stability can-
not be achieved with rod/pedicle screw instrumen-
tation alone. Furthermore, the combination with an
anterior tension band device still exhibits a certain
instability in extension and rotation. Therefore, from
the biomechanical perspective, substantial anterior
instability requires “front and back” instrumenta-
tion. In the cervical spine, however, single-level cage
stabilization is sufficiently supported by an anterior
tension band device. Multiple-level cervical corpec-
tomies are particularly unstable and anterior plating
may be insufficient; consequently additional pedi-
cle/lateral mass screw devices must be considered.

Anterior tension band technique. Anterior rods/
plates act as tension bands in extension and func-
tion as buttress plates in flexion. For the cervical
spine, the latest generation of “semi-constrained/
dynamic” plates allow locked angle-stable mono-
cortical screw fixation while axial compression of
the graft is permitted. This offers increased stability
combined with a minimized risk of stress-shielding.
In the lumbar spine, anterior rod/double-rod
instrumentation increases anterior stability after
cage or graft implantation especially in extension.
In flexion and lateral bending they are still inferior
to pedicle screw devices.

Biomechanics of the “adjacent segment” Unphysi-
ologically long and stiff spinal segments increase
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motion and intradiscal pressure in the adjacent
segments. However, it is still unclear if adjacent seg-
ment degeneration after spinal fusion is resulting
from the changed biomechanics or exhibits simply
the progression of the natural history.

Disc arthroplasty. Disc arthroplasty offers several
advantages such as preservation of segmental
motion, potential absence of adjacent segment
degeneration and no need for harvesting autolo-
gous bone graft. Current prostheses differ in bear-
ing materials (metal or polyethylene) and kinemat-
ics principles. Constrained prostheses have a fixed
center of rotation whereas unconstrained devices
allow translational movement and thus respect the
physiological helical axis of motion. Kinematics
studies have shown that both types successfully re-
establish almost the physiological range of motion.
Only a few data exist so far on the long-term radio-
logical and clinical outcome.

Posterior dynamic stabilization technique. Improv-
ing primary or iatrogenic spinal instability while
“unloading/protecting” certain spine elements
without performing a spinal fusion are the objec-
tives of posterior dynamic implants. All systems
successfully reduce segmental motion. However,
rotation is poorly controlled while the posterior
devices are particularly stiff in flexion. As it is
unknown how much stability is needed in which
particular entity of spine pathology combined with
the partially undefined clinical indications, an
assessment of this technique is currently impossi-
ble. Finally, only long-term prospective clinical trials
will give the necessary evidence for the efficacy of
this particular treatment method.

Cripton PA, Jain GM, Wittenberg RH, Nolte LP (2000) Load-sharing characteristics of

stabilized lumbar spine segments. Spine 25:170-179

Biomechanical cadaver study using pressure sensors, strain gauges and an optoelectronic
tracking system. Load-sharing between an internal fixator and anatomical structures was
assessed in a sequential injury scenario. Applied loads were mostly supported by equal and
opposite forces between disc and fixator. Based on the results, the paper highlights the fact
that an anterior column insufficiency may lead to fixator overloads and implant failure.

Laxer E (1994) A further development in spinal instrumentation. Technical Commission

for Spinal Surgery of the ASIF. Eur Spine ] 3:347 - 352

Introduction of the Universal Spine System with a single set of implants and instruments

for various spinal disorders and surgical approaches.
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Magerl FP (1984) Stabilization of the lower thoracic and lumbar spine with external
skeletal fixation. Clin Orthop Relat Res 125-141

Classic article introducing the concept of a new angle-stable transpedicular fixation
device which formed the basis for the development of second generation internal spinal
fixation devices.

Panjabi MM (1988) Biomechanical evaluation of spinal fixation devices: I. A conceptual
framework. Spine 13:1129-1134

Panjabi M, Abumi K, Duranceau J, Crisco J (1988) Biomechanical evaluation of spinal
fixation devices: II. Stability provided by eight internal fixation devices. Spine
13:1135-1140

Abumi K, Panjabi MM, Duranceau J (1989) Biomechanical evaluation of spinal fixation
devices. Part III. Stability provided by six spinal fixation devices and interbody bone
graft. Spine 14:1249 - 1255

These three publications are milestone papers as they introduced the basic concepts for
testing and evaluation of spinal implants. Guidelines for three categorical biomechanical
tests are stated: assessment of strength, fatigue and stability.

Tsantrizos A, Andreou A, Aebi M, Steffen T (2000) Biomechanical stability of five stand-
alone anterior lumbar interbody fusion constructs. Eur Spine J 9:14-22

The authors compared five different stand-alone cages with respect to stabilizing proper-
ties (kinematics) and pull-out strength using human specimens. The results demon-
strated a general stabilizing effect of all implants but load/displacement curves also sug-
gested micro-instability. Influencing factors of the cage design concerning dimensions,
height and wedge angle were pointed out.
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Section 01
Age-Related Changes of the Spine

I Atul Sukthankar, Andreas G. Nerlich, Glinther Paesold

Core Messages

v The spinal column degenerates far earlier than ¢ Orientation and misalignment of the facet

other musculoskeletal tissues joints correlate with development of early
v’ Age-related changes of the spine are not syn- osteoarthritis of the joint
onymous with painful alterations v’ Changes in bone architecture of the vertebral
v’ Time course and probability of early disc bodies and formation of osteophytes alter
degeneration are largely determined by mechanical properties of the spinal column
genetic disposition v/ Changes in matrix molecules and fiber orienta-
v’ The intervertebral disc is the largest avascular tion in ligaments alter behavior of the liga-
structure of the human body resulting in large ments
diffusion distances to allow for disc nutrition v’ Age-related changes of the three joint complex
v Compromised disc nutrition is a key factor for lead to disc herniation, osseous and ligamen-
disc degeneration tous stenosis

v/ Changes in the matrix components of the inter-
vertebral disc, especially the proteoglycans,
determine age-related changes of the disc

Epidemiology

Musculoskeletal impairments are prevalent and symptomatic health problemsin  Musculoskeletal impair-
individuals of middle and old age. Naturally, aging of an individual is accompa- ments are a predominant
nied by decreasing strength, pain and restricted movement. As a consequence, health problem in the aging
increasing age is concomitant with limited abilities for work and leisure activi- population
ties. Regular physical activities are important to maintain optimal mobility and
general health. Age-related changes in the musculoskeletal system occur due to
alteration in a multitude of tissues, such as bone and soft tissue including mus-
cles, articular cartilage, intervertebral discs, tendons, ligaments and joint cap-
sules [40]. In addition, a decrease in musculoskeletal function increases proba-
bility and severity of soft tissue and skeletal damage due to trauma and also
enhances the likelihood of complications during surgery.

Considering estimations that predict a doubling of the number of people over  The number of people over
65 years of age during the next 25 years, patients suffering from musculoskeletal 65 years will double within
impairments will increase significantly [79]. In the USA, musculoskeletal and 25 years
associated conditions in the elderly caused direct costs of US $51 billion in 1992
[158]. These facts impressively underline the impact on healthcare systems that
age-related alterations of the musculoskeletal system will have in the future.



Case Introduction

This spinal specimen shows the extreme course of the result of aging on the lumbar spine. A sagittal section through the
lumbar spine (L3-S1) of an 8-year-old individual (a) demonstrates that the nucleus pulposus can be clearly distinguished
from the anulus fibrosus. The cartilage endplates are composed of a thick layer of hyaline cartilage. The disc height is
somewhat less than the vertebral body height. The vertebral bodies demonstrate rounded edges. On the contrary, the
parasagittal section (b) of a 77-year-old individual demonstrates that the disc space has completely collapsed. Anterior
or posterior displacement of the vertebral bodies is visible at all levels. The cartilaginous endplates are partially resorbed
and exhibit severe sclerotic alterations. The vertebral bodies exhibit severe bridging osteophyte formation. Despite
these dramatic changes there is no close link between these alterations and pain.

General Age-Related Changes

Various mechanisms on a cellular and systemic level have been identified to con-
tribute to age-related changes in the musculoskeletal system [45].
At the cellular level:

cellular senescence, leading to a decreasing ability of somatic cells to repli-
cate, repair, and maintain tissue

apoptosis (programmed cell death), leading to decreased cell numbers in
the affected tissue

accumulation of post-translational modifications of matrix proteins, lead-
ing to altered properties of the extracellular matrix

increasing generation of oxidative stress due to generation of reactive oxy-
gen species (ROS), leading to cell damage

genetic predisposition, leading to premature aging or phenotypic changes
in the musculoskeletal system

At the systemic level:

Systemic and cellular factors @
contribute to musculo-
skeletal age-related changes @

declining levels of trophic hormones, leading to altered tissue environment
and response of tissue to use and injury

general age-related changes, such as a decrease in reaction time, proprio-
ception, vision, hearing, pulmonary and cardiovascular function, leading to
decreased mobility and therefore affecting the musculoskeletal system
socioeconomic and psychosocial factors also contribute, mainly by influ-
encing the individual variation regarding the age-related impairment of
mobility

The diversity of contributing factors on cellular and systemic levels underlines
the multifactorial nature of age-related changes that will finally lead to alter-
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ations of the local environment within the affected tissue. These local alterations
can then directly affect the function of the respective tissue. Although the result,
i.e. altered tissue function, can be observed and analyzed, the exact relationships
and interactions between cellular and systemic changes are not yet clear.

Although any part of the musculoskeletal system can be affected by age-
related alterations, lower extremities and especially the lumbar spine are the
most frequently reported locations of musculoskeletal impairment (Case Intro-
duction). Between 70% and 85% of the population in Western industrialized
countries will experience back pain at least once during their lives, underlining
the impact of age-related alterations to the spine [33, 35, 86, 151, 152]. These epi-
sodes of back pain often lead to sickness leave and sometimes to chronic disabili-
ties (approx. 10%) causing an enormous socioeconomic burden on society [80].
In this context, it is important to notice that normal age-related degenerative
changes and pathological degeneration leading to back pain have to be distin-
guished. Several studies have shown that between 7% and 72 % of individuals
that exhibit signs of disc degeneration never experienced relevant low back pain
[15, 115, 155].

Among age-related alterations of the spine, the so-called “degenerating spon-
dylosis” or spinal osteoarthritis is the most common and is probably inevitable
with increasing age. This alteration is radiologically characterized by osteophy-
tes (bone spurs) arising from the margin of the vertebral body and is usually
accompanied by disc space narrowing. The term “spondylosis” was historically
an effort to distinguish between degenerative changes in the spine and those in
synovial joints (osteoarthritis) such as facet joints [145]. However, it has been
shown that pathological changes in the spine and osteoarthritis of the synovial
joints coexist and in most cases are interrelated [145]. Autopsy studies by
Schmorl and Junghanns [64] reported evidence of spondylosis in 60 % of women
and 80% of men by the age of 49 years, and in 95% of both sexes by the age of
70 years.

Functional Spine Unit

The spine is a multi-segmented column, which provides stability and mobility to
the body at each segmental level and gives protection to the nerve roots and the
spinal cord. The smallest anatomical unit of the spine which exhibits the basic
functional characteristics of the entire spine is called the “motion segment” or
“functional spine unit” (Fig. 1). It was first described by Schmorl and Junghanns
[64]. Each motion segment consists of two adjacent vertebrae, separated dorsally
by the zygapophyseal joints or facet joints and anteriorly by the interposed inter-
vertebral disc. The vertebrae are further connected by spinal ligaments, joint
capsules and segmental muscles. The spinal ligament complex consists of the
interspinous, supraspinous intertransverse, yellow, anterior and posterior longi-
tudinal ligaments. In contrast to the extrinsic muscles, the intrinsic muscles span
over two vertebrae and consist of splenius, erector spinae, transversospinal and
segmental muscles. Spine motion, stability and equilibrium are achieved by the
antagonist action of the powerful flexor and extensor muscle groups.

The normal spinal function largely depends on the integrity of these compo-
nents and their coordinated interplay. Kirkaldy-Willis [71] introduced the term
“the three joint complex” to highlight the importance of a normal interaction of
the three joints in a segment, i.e. the intervertebral disc and the two facet joints.
Any alterations in one of these components will result in a disturbance of their
interplay with subsequent dysfunction, finally leading to back pain, deformity
and neurological compromise.
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Schematic representation of a functional spinal unit (motion segment) in a the cervical and b lumbar spine.
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The Intervertebral Disc and Cartilage Endplate

The intervertebral discs are located between the vertebral bodies. They transmit
load arising from body weight and muscle activity through the spinal column
and also provide flexibility to the spine by allowing bending, flexion and torsion.
The discs of the lumbar spine are approximately 7-10 mm thick and 40 mm in
diameter (anterior-posterior), representing one-third of the height of the spine
[120, 141]. Generally, the discs consist of three highly specialized structures: the
anulus fibrosus, the nucleus pulposus and the cartilage endplate that forms the
interface with the adjacent vertebral bodies.

Intervertebral Disc

Among all the tissue components of the spine, the intervertebral discs exhibit the
most striking alterations with age. Because of these dramatic changes, many
spine specialists believe that the disc is a major source of back and neck pain. The
intervertebral disc has attracted much research to unravel the underlying molec-
ular mechanism of disc degeneration. Although the intervertebral disc is much
better explored than other components of the spine, our understanding of its
molecular biology is still in its infancy.

Normal Anatomy and Biochemical Composition

The anulus fibrosus is made up of 15-25 concentric rings consisting of parallel
collagen fibers. These rings are termed lamellae and are visible macroscopically
in healthy discs. The collagen fibers in each lamella are oriented at approximately
60° to the vertical axis, alternating left and right to the adjacent lamellae (see
Chapter 2 ). Elastin fibers intersperse the lamellae and may play an important
role in restoration of shape after bending of the spine [161]. The cellular part of
the anulus fibrosus consists of thin and elongated fibroblast-like cells aligned to
the collagen fibers (Fig. 2) [114, 117].

Surrounded by the anulus fibrosus is the nucleus pulposus, the gelatinous core
of the intervertebral disc. The matrix of the nucleus pulposus consists of ran-
domly organized collagen fibers and radially arranged elastin fibers that are
embedded in a highly hydrated aggrecan-containing proteoglycan gel. Inter-
spersed at alow density are rounded chondrocyte-like cells usually located inside
a capsule in the surrounding matrix (so-called lacunae) [82].

Macroscopically, the boundary between the anulus fibrosus and the gelatinous
nucleus pulposus can only be distinguished in young individuals (Fig. 2). The dif-
ferent mechanical properties of anulus fibrosus and nucleus pulposus are deter-
mined by composition and organization of the respective extracellular matrix.
Although the mechanical properties of nucleus pulposus and anulus fibrosus are
very different, the main components are very similar and consist of:

® water
® proteoglycans
e collagen

Water makes up 80 % of the wet weight of the nucleus and 70 % of the wet weight
of the anulus [105, 162]. Collagen and proteoglycans fulfil complementary func-
tions in the tissue.
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Figure 2. Normal anatomy and composition

a Mid-sagittal section through a healthy young
intervertebral disc. The white cartilage endplates,
the gel-like nucleus pulposus and the surrounding
anulus fibrosus can easily be distinguished. Large N
arrows show the direction of axial load on the disc. ‘
Small arrows indicate dissipation of the compressive
forces to the anulus fibrosus. b Upper panels: sche-
matic presentation of the composition of nucleus \
pulposus (NP) and anulus fibrosus (AF) (AG aggre-
can, HA hyaluronan, Cli collagen type Il fibers, CI col- \
lagen type | fibers). Lower panels: histological view L
of the chondrocyte-like cells of the NP and the fibro-
blast-like cells of the AF (schematic representation | \

of the NP matrix adapted from [121]). NP AF N

Collagens

e are mechanically stable proteins
e provide tensile strength
e are mainly collagen types I and II

Proteoglycans

e consist of chondroitin and negatively charged keratan sulfate chains
e are osmotically active due to their negative charge
e maintain hydration of the tissue through osmotic pressure
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To meet the different mechanical needs of anulus fibrosus and nucleus pulposus,
the compositions of the respective extracellular matrices vary substantially. The
anulus fibrosus that is responsible for containing the nucleus pulposus and with-
standing the resulting tensile forces consists of up to 70 % (percent dry weight) of
collagen type I and II whereas the nucleus pulposus only contains 20 % of colla-
gen [31]. On the other hand, the nucleus pulposus that is responsible for dissipat-
ing the compressive forces on the disc by exerting a hydrostatic pressure on the
anulus fibrosus consists of up to 50% of proteoglycans (percent wet weight),
whereas the anulus fibrosus only contains 20 % proteoglycans (Fig. 2b). These
differences in proteoglycan content are also reflected by the water content of the
two tissues (80% in the nucleus pulposus and 70 % in the anulus fibrosus).

Besides these main components, there are several minor components
including collagen III, V, VI, IX, X, XI, XIT and XIV [5, 10, 29, 31, 38,43, 113] and
also small proteoglycans such as lumican, biglycan, decorin and fibromodulin
and other non-collagenous proteins like fibronectin (Table 1). The exact role
of these additional matrix proteins and glycoproteins is not completely clear
(55, 87].

It is important to keep in mind that the disc matrix is not a static but a dynamic
structure. The components of the matrix are continuously degraded and
replaced by newly synthesized molecules. Degradation of matrix components is

Table 1. Biochemical disc components
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The anulus resists high
tensile forces

The collagen and
proteoglycan interplay
influences disc functions

In the normal disc, matrix
degradation and synthesis
are in balance

Matrix molecule Tissue distribution Function References
and abundance
Collagens
Type | dominant component: 70 % of the dry weight of [5,31]
Type Il the anulus, 20% of the dry weight of the [6,31]
nucleus
collagen I: major component of anulus fibrosus tensile strength
collagen II: major component of nucleus pulposus anchors tissue to bone
and cartilage endplate
Type lll minor component of anulus fibrosus mechanical function [126]
Type V minor component of anulus fibrosus mechanical function [126]
Type VI minor component of anulus fibrosus and cartilage mechanical function [126]
endplate
Type IX minor component of nucleus pulposus and mechanical function: forms  [126]
cartilage endplate crosslinks between
collagen fibrils
Type X minor component of hypertrophic cartilage mechanical function [126]
endplate
Type XI minor component of the nucleus pulposus mechanical function [126]
Type X minor component mechanical function [126]
Type XIV minor component mechanical function [126]
Proteoglycans
Large
Aggrecan all proteoglycans make 50% of the wet weight of  tissue hydration (water [25, 135]
Versican the nucleus and 20% of the anulus retention) [25]
Small
Biglycan tissue hydration [25, 55, 62,87, 122]
elevated in deg. disc regulate formation of matrix
Decorin mechanical function [87,122]
regulate formation of matrix
Fibromodulin [87,134]
Lumican [8, 134]
non-collagenous proteins
Fibronectin minor component role unclear [41,97]
Elastin minor component (2 %) mechanical function [8]
Chondronectin  minor component role unclear [57,76,81,127,157]
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an enzymatic process catalyzed by matrix metalloproteinases (MMPs) and
aggrecanases that are synthesized by disc cells [27, 118]. The balance between
synthesis, degradation and accumulation of matrix molecules determines the
quality and integrity of the disc matrix and is also prerequisite for adaptation/
alteration of the matrix properties to changing environmental conditions.
Nutritional supply and The majority of a healthy adult disc is avascular. The blood vessels closest to
waste removal entirely  the disc matrix are therefore the capillary beds of the adjacent vertebral bodies
depend on diffusion  and small capillaries in the outermost part of the anulus fibrosus [24, 46]. The
blood vessels present in the longitudinal ligaments running adjacent to the disc
and in young cartilage endplates (less than 12 months old) are branches of the
spinal artery [49, 50, 142]. As a consequence of the avascularity, the nutrient sup-
ply to the disc cells and removal of metabolic waste products is entirely depen-
dent on diffusion mainly from or to the capillary beds of the adjacent vertebrae
[49]. Animal experiments indicated that the role of the peripheral small capillar-
ies for the nutrient supply is only of minor importance [102]. The dependency of
nutrient supply to the inner parts of the disc on diffusion together with the poor
diffusion capacity of the disc matrix severely limits nutrient and waste exchange.
As aresult, a gradient between the inner parts and the peripheral regions of the
disc builds up with very low levels of glucose and oxygen and high levels of the
waste product lactic acid on the inside [49] (Fig. 3). These gradients are even fur-
ther aggravated by the disc cells using oxygen and glucose and producing lactic
acid [49, 56]. The restricted nutrient supply and the increasing acidic milieu, due
to the accumulation of lactic acid, are considered the main factors limiting cell
viability and therefore the integrity of the disc matrix.

Macroscopic Disc Alterations

Onset and progression of age-related alterations of the disc can be determined
with various techniques. MRI allows disc degeneration to be studied in vivo.
Applying this technique revealed that early signs of age-related alterations could

1.00

0.75 4

0.50 1

0.25 4

Relative concentrations

0.00

0.25 0.50 0.75

Distance from upper vertebral body

Figure 3. Disc nutrition

Glucose and oxygen concentration were found to drop steeply from the endplate towards the inner part of the nucleus
pulposus (glc glucose, O, oxygen). Lactate concentration displayed the opposite course, with highest levels in the inner
region (lac lactate). This profile reflects the nutrient limitations in the inner disc and the lower pH values on the inside due
to the acidic waste product lactate. The sagittal section through an intervertebral disc shows the region of the deter-
mined concentrations (adapted from [143]).
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Figure 4. Macroscopic age-related disc changes

Grade I: normal juvenile disc

® nucleus pulposus and anulus fibrosus can clearly be distinguished

e the nucleus pulposus has a gel-like appearance and is highly
hydrated

e anulus fibrosus consists of discrete fibrous lamellae

e cartilage endplates are uniformly thick and consist of hyaline cartilage

Grade II: normal adult disc

e peripheral appearance of white, fibrous tissue in the nucleus pulpo-
sus

e mucinous material is found between the lamellae of the anulus
fibrosus

e thickness of the cartilage endplate is irregular

Grade lll: early stage

e consolidated fibrous tissue in the whole nucleus pulposus

e demarcation between nucleus pulposus and anulus fibrosus is lost
and extensive mucinous infiltration in the anulus fibrosus is
observed

e cartilage endplates show focal defects

Grade IV: advanced stage

e clefts in the nucleus pulposus appear, usually parallel to the end-
plate

e focal disruptions are found in the anulus fibrosus

e hyaline cartilage of the endplate is replaced by fibrocartilage; irregu-
larities and focal sclerosis are found in the subchondral bone

Grade V: end stage

e typical disc structure may be lost completely

o clefts extend through nucleus pulposus and anulus fibrosus
e endplates display diffuse sclerosis

The different stages represent age-related changes which occur dur-
ing life (modified from [138]).

already be observed in the second decade of life [47]. However, more detailed
information has been gained from macroscopic postmortem analysis of interver-
tebral disc tissue from individuals of various ages [92]. These studies have led to
grading systems that on one hand allow the evaluation of stages of disc degenera-
tion, but also illustrate the process of age-related degeneration. The original
grading system was established by Friberg and Hirsch (and propagated by Nach-
emson) and has been further refined by Thompson et al. [34, 95, 138]. Thomp-
son’s grading system distinguishes five stages that describe age-related degener-
ation from healthy young discs leading to old heavily degenerated intervertebral
disc (Fig. 4) [138]:

Microscopic Alterations of the Disc During Aging

To improve the rather poor resolution of macroscopic approaches to analyzing
disc degeneration, Boos et al. established a histological degeneration score
(HDS) [17]. Studying age-related changes at the microscopic level, several hall-
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Figure 5. Microscopic
age-related disc changes

Histologic routine stainings repre-
senting age-related alterations of the
intervertebral disc (a—e) and the carti-
lage endplate (f-j). Upper picture
shows slight degenerative change of
the respective feature, the lower pic-
ture severe alterations (a—h). a Chond-
rocyte proliferation; b mucous degen-
eration; c cell death; d tear and cleft
formation; e granular changes; f cell
proliferation; g cartilage disorganiza-
tion; h presence of cartilage cracks;
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Figure 5. (Cont.)

i formation of new bone; j bony
sclerosis (according to Boos et al.
[17]).

marks for degenerative changes were identified for the intervertebral disc and
the cartilage endplates (Fig. 5).

Intervertebral Disc

e chondrocyte proliferation (increasing cell clusters due to reactive prolifera-
tion)

mucous degeneration (accumulation of mucous substances)

cell death

tear and cleft formation

granular changes: increasing accumulation of granular tissue

Cartilage Endplate

cell proliferation

cartilage disorganization
presence of cracks in the cartilage
presence of microfractures
formation of new bone

bony sclerosis

First signs of tissue degradation are seen between 10 and 16 years of age when
tears in the nucleus pulposus occur along with focal disc cell proliferation and
granular matrix transformation [17]. In parallel, the amount and extent of acidic
mucopolysaccharides in the matrix increase. The general structure of the nucleus
pulposus and the anulus fibrosus, however, is preserved in this age group.
In the young adult disc (up to approx. 30 years of age), the aforementioned
changes of the nucleus pulposus are observed to a considerable extent. The
nucleus is accordingly transformed by multiple large clefts and tears and the
matrix shows significant granular changes. In this age group the first histologic
changes occur in the anulus fibrosus.

The adult disc (30-50 years) is characterized by a further increase in the
changes with respect to extent. In this age group particularly the anulus fibrosus
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is more and more affected, resulting in a loss of the clear distinction between
nucleus and anulus. Finally, at advanced age (50-70 years) tissue alterations
become most severe. Huge clusters of proliferating cells are observed near clefts
and tears that are filled with granular material. In individuals older than 70 years,
the structural abnormalities change more to scar-like tissue and large tissue
defects. At this stage, differentiation of the anatomical regions is no longer possi-
ble. Therefore, histological features can hardly be determined and characterize a
“burned-out” intervertebral disc.

The histological approach, although it largely parallels the macroscopic classi-
fication proposed by Thompson et al. [138], provides a more reliable classifica-
tion of age-related alterations of the intervertebral disc [17]. Whereas macro-
scopic and histological approaches concur in the progressive loss of structure in
all anatomical regions of the intervertebral disc, the microscopic approach
revealed an earlier occurrence of nuclear clefts already in the second decade of
life. In addition, the histologic approach revealed the heterogeneity of the alter-
ation within the disc, indicating relevant spatial differences with more alter-
ations usually present in the posterolateral aspects of the disc.

In addition, the microscopic approach underlined the importance of nutritional
supply to the disc cells for the maintenance of a healthy disc and the lack thereof for
the onset and progression of disc degeneration. Since vascularization was seen to
disappear from the disc during the first decade, nutritional supply to the disc cells
becomes severely impaired during the subsequent phase of growth [17].

Age-Related Changes in Vascularization and Innervation

Although there is still some debate over the presence of blood vessels and nerve
endings in the inner portions of pathologic discs, there is consensus that the
healthy adult disc is the largest avascular and aneural tissue in the human body
[61, 88]. This absence of significant vascular supply to the intervertebral disc
matrix has important consequences for the maintenance of discal structures as
discussed above [17, 88].

In fetal and early infantile intervertebral discs blood vessels penetrate both the
endplate and the peripheral region of the anulus fibrosus. However, by late child-
hood the blood vessels disappear, leaving only small capillaries accompanied by
lymph vessels that penetrate up to 2 mm into the outer anulus fibrosus [46, 124].
Since the importance of this peripheral vascularization for the nutrient supply of
the disc is not known in detail, the consequences of its disappearance are also
unknown. More important for the blood supply to the inner regions of the disc and
therefore better described is the vascularization of the interface between adjacent
vertebral bodies, cartilage endplate and the disc. The vertebral bodies are supplied
by different arteries that are either responsible for the outer regions, the mid-anulus
region, or the central core [23, 116]. These arteries of the vertebral body feed capil-
laries that, after penetrating channels in the subchondral plate, terminate in loops
at the bone-cartilage interface [143]. The channels penetrating the subchondral
plate are present in the fetus and infants, but disappear during childhood, compro-
mising the blood supply to the inner disc [22]. Later during aging, sclerosis of the
subchondral plate is observed and the cartilage endplates undergo calcification fol-
lowed by resorption and finally replacement by bone [14, 28]. These age-related
changes at the bone-disc interface restrict blood supply to the disc even further,
finally cutting off nutrient supply to the inner parts of the disc [13, 96]. So far, it is
not entirely clear whether calcification of the endplates causes disc degeneration or
if age-related changes during degeneration in the environment of the endplates lead
to calcification. However, it is thought that the impairment of the already critical
supply of the disc cells with nutrients might be a major cause of disc degeneration.
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Distribution of nerve fibers is very similar to the occurrence of blood vessels, as
they are only, if at all, detectable in the outermost zone of the anulus fibrosus of
healthy adult discs. In contrast, fetal and infantile discs contain small nerve
structures adjacent to vessels also in central portions of the disc, i.e. the transi-
tion zone between nucleus pulposus and anulus fibrosus. Concomitant with the
closure of the vessels, neural structures also disappear.

From adult age on, the intervertebral disc remains avascular and aneural until
advanced age. Only in those rare cases where the disc is completely destroyed and
fibrously transformed may the ingrowth of blood vessels be associated with
innervation of this fibrous tissue. Accordingly, this pattern is restricted to those
cases where the original disc structure is completely lost.

Molecular Changes of the Extracellular Matrix During Aging

The structure and composition of the extracellular matrix are of fundamental
significance for the biomechanical properties of the intervertebral disc. Collagen
represents the main structural component of the discal extracellular matrix with
variable compositions of isoforms seen in the different anatomic subsettings.
Collagen types I, III, V and VI are components of the normal anulus fibrosus, and
the normal nucleus pulposus contains collagen types II, IX and XI. While the
overall collagen content in the nucleus pulposus remains fairly constant over the
years, that of the anulus fibrosus decreases with advancing age.

In addition to these quantitative changes, there are significant qualitative
changes in the distribution of disc collagens during aging:

Nucleus Pulposus

® appearance and increasing amount of collagen type I
e appearance of collagen type X in individuals older than 60 years
® increasing amounts of collagen type III and VI

Anulus Fibrosus

® decreasing expression of collagen type IX

e appearance of collagen type X in individuals older than 60 years in the inner
anulus fibrosus
Besides collagens, aggrecan, a proteoglycan, is a major component of the
disc matrix. In a healthy intervertebral disc, aggrecan is present in the
nucleus pulposus as large aggregates with hyaluronan. During degeneration
aggrecan molecules are increasingly subjected to proteolytic cleavage.

Cleavage of aggrecan has severe consequences for the healthy disc:

e smaller aggrecan fragments are generated that diffuse more easily from the
disc matrix

loss of aggrecan resulting in decreasing osmotic pressure

dehydration of the disc matrix

increased outflow of matrix molecules

increased inflow of mediators such as growth factor complexes and cytokines

Taken together, changes in the composition of the disc matrix often result in a
loss of disc height. This rapid loss of disc height puts the apophyseal joints to
abnormal loads, predisposing to osteoarthritic changes. Loss of disc height also
allows the ligamentum flavum to thicken, leading to a narrowing of the spinal
canal.
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The observed changes in the molecular composition of the disc matrix are
mainly due to degradation of the existing matrix components and synthesis of
new matrix components. During degeneration the balance between degradation
and synthesis is disturbed, leading to increased degradation and therefore
resulting in loss of tissue from the disc. This loss of tissue due to proteolytic
destruction of the matrix components goes along with the occurrence of clefts
and tears, which in turn leads to biomechanical instability and thus to a loss of
functional properties of the disc. Therefore, the proteolytic matrix destruction
holds a central role in disc degeneration [98].

The most important proteolytic enzymes during matrix degradation are the
matrix metalloproteinases (MMPs). The members of the MMP family differ in
their specificity for collagen types (Table 2).

Table 2. Matrix degrading enzymes and their inhibitors

Enzyme Synonym Function References

Degrading enzymes

MMP1 collagenase | degradation of collagen |, II, lll, VII, X [9, 154]

MMP3 stromelysin | degradation of gelatin I, Ill, IV, collagen lll,  [154]
IV, X, fibronectin, proteoglycans

MMP9 gelatinase B degradation of gelatin I, V, collagen IV, V [154]

MMP 13 collagenase Il degradation of collagen | [154]

ADAMTS4  aggrecanase | degradation of aggrecan

Inhibitors

TIMP1 MMP inhibitor [140]

TIMP2 MMP inhibitor [140]

TIMP3 aggrecanase inhibitor [140]

MMP = Matrix Metalloproteinases, TIMP = Tissue Inhibitors of MMPs, ADAMTS = A Disintegrin
and Metalloproteinase with Thrombospondin Motif

While infantile and juvenile discs contain only very small amounts of various
MMPs, the MMP expression in areas of degenerative changes is significantly upre-
gulated [154]. Additionally, there is evidence that increased activity of proteolytic
enzymes has to be noted in regions of clefting and tissue disruption. MMP activity
is tightly regulated on many levels: at transcriptional level by cytokines, growth
factors, cell-cell and cell-extracellular matrix interaction. At post-translational
level, regulation consists of proteolytic activation. After activation, MMPs are
modulated in their function by tissue inhibitors of matrix metalloproteinases
(TIMPs), which are increasingly found in degenerated and herniated discs [140].

Besides the MMPs, aggrecan-specific proteinases, the so-called aggrecanases,
also play a major role in matrix degradation. Although far less characterized
compared to the MMPs, two aggrecanases have been identified, ADAMTS-4 [139]
and ADAMTS-5 [1] (A Disintegrin And Metalloproteinase with Thrombospon-
din Motif [75]). These aggrecanases differ in their specificity for parts of the
aggrecan molecule. Whereas ADAMTS-4 was detected in increasing levels with
increasing degeneration, ADAMTS-5 was so far only detected in in vitro model
systems for disc degeneration [77, 128].

The combined action of various proteinases and the ratio between these deg-
radative processes and the synthesis of new matrix components are responsible
for the remodeling of the disc matrix during degeneration.

Modulation of Cells and Matrix by Cytokines and Growth Factors

Many studies have analyzed the ability of disc cells to either produce or respond
to cytokines and growth factors (Table 3). There is more and more evidence that
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Table 3. Major cytokines of the intervertebral disc

Enzyme Function References
TNF-a Proinflammatory cytokine, proapoptic [7,9,20,93]
IL-10s Proinflammatory cytokine, chemokine [18, 58, 123]
IL-1B Proinflammatory cytokine, chemokine [60, 132]
IL-6 Proinflammatory cytokine, chemokine [7,132]

IL-8 Proinflammatory cytokine, chemokine [7,132]
IL-10 Inhibition of pro-inflammatory cytokine, chemokine [132]
GM-CSF Proinflammatory cytokine [7,21]

PGE, Tissue degradation, inflammation, angiogenesis [7,21]
TGF-B Growth factors for proteoglycan synthesis [7,74]
PLA-2 Biosynthesis of prostaglandins

COX2 Biosynthesis of prostaglandins [93]

cytokines and growth factors are responsible for the alterations of the disc matrix
described above [7, 20, 93]. However, for most factors it is difficult to distinguish
if they are part of the normal, age-related degeneration process or mainly impor-
tant during pathological changes of the disc. Therefore, the mechanism of cyto-
kine action is of major importance for the understanding of disc degeneration
and also represents a potential target for therapeutic interventions. Despite this
importance, only little is known about the age-related changes in cytokine and
growth factor expression patterns.

Among the factors that have been identified to be either produced by disc cells
or that can be recognized by disc cells, two major groups can be distinguished:
proinflammatory cytokines with mostly catabolic activity (represented by inter-
leukins and TNF-a) and growth factors with mostly anabolic effects (such as
TGE-P) [7]. Recent studies provide evidence that factors of both classes are
induced during age-related degeneration. Weiler et al. demonstrated that TNF-a.
was found in an increasing proportion of cells with increasing age in non-symp-
tomatic intervertebral discs [153]. Among the adult disc specimens, increasing
levels of TNF-a were found with increasing degeneration. In addition, members
of the interleukin-1 (IL-1) family were found to be produced in non-degenerated
and degenerated intervertebral discs and displayed an increasing amount with
increasing disc degeneration [78]. Expression and secretion of these two main
cytokines has several consequences:

TNF-a.

e probably inducing MMP synthesis
® increased prostaglandin E, (PGE,) production

IL-1

e enhancing proteoglycan catabolism

e inducing production of PGE, and nitric oxide (NO)

e inducing production of MMPs (MMP-3 and MMP-13)
e stimulation of phospholipase A, (PLA,) production

Interestingly, the induction of interleukins and TNF-a may initiate a local
inflammatory reaction, but - by rapid diffusion through nuclear and annular
clefts and tears — may also induce inflammation in the peridiscal space, which is
very well innervated. This hypothesis has been supported by the observation that
TNEF-o applied to the dorsal root ganglion caused pain behavior in animal stud-
ies [94]. Thereby, TNF-a might be the linking factor between degenerative pro-
cesses and the induction of discogenic pain.

Chapter 4

IL-1, TNF-a and TGF-3
are upregulated in disc
degeneration

Proinflammatory cytokines
may diffuse out of the

disc through tears and clefts
and cause peridiscal
inflammation

105



106

Section

Disc degeneration is
characterized by an
imbalance of matrix
synthesis and degradation

Failure of disc nutrient
supply primarily causes
disc degeneration

The accumulation of lactic
acid is detrimental to the
disc

Genetic predisposition
has a major impact
on disc degeneration

Basic Science

TGEF-p is a cytokine with matrix-inducing activity (anabolic effect) that is syn-
thesized in increased amounts in the degenerated disc [97]. Since TGF-f is a
potent stimulator for the synthesis of various matrix components, its enhanced
expression during degeneration might indicate a rearrangement of the matrix.
This may consequently be responsible for the matrix disarrangement, including
the formation of granulation tissue, characterized by changes to collagen and
proteoglycan synthesis and also changes to the collagen composition of the
matrix. Although the synthesis of TGF-[3 has been shown in disc cells, the mecha-
nism of TGF-f induction remains unknown.

Taken together, alterations to the expression of catabolic and anabolic factors
during degeneration might disturb the delicate balance between matrix synthesis
and degradation that is essential for the maintenance of a healthy disc matrix.
Once this balance is disturbed, degeneration progresses together with matrix
degradation or alteration.

Etiology of Disc Degeneration

Although the etiology of disc degeneration is far from being understood, there is
consensus that not a single factor can be held responsible for the complex phe-
nomenon of disc degeneration. Rather a multitude of exogenous and endoge-
nous factors, each contributing individually, might influence the progress of
degenerative changes of the discs. These factors can be divided into three main
groups:

e nutritional effects
® genetic predisposition
e mechanical load

Insufficient nutritional supply of the disc cells is thought to be a major problem
contributing to disc degeneration. Since the intervertebral disc is the largest
avascular tissue in the human body; its cells are facing the precarious situation of
having to maintain a huge extracellular matrix with a “fragile” supply of nutri-
ents that is easily disturbed. Whereas the cells in the outer anulus fibrosus may be
supplied with nutrients from blood vessels in the adjacent longitudinal liga-
ments, the supply of the nucleus pulposus cells is almost completely dependent
on the capillary network in the vertebral bodies. Due to the size of the interverte-
bral disc, the nutrients need to diffuse from the capillaries through the endplate
and the disc matrix to the cells in the nucleus of the disc. With the originally car-
tilaginous endplates becoming calcified when degeneration progresses, the sup-
ply of disc cells with nutrients will become even more restricted. This will conse-
quently lead to:

e limited nutrient supply (glucose and oxygen) particularly in the disc center
e accumulation of waste products (e.g. lactic acid) with decreasing pH

This was verified by measurements demonstrating that oxygen concentrations
were very low in the nucleus and increased towards the disc surface, whereas
the lactic acid concentration showed the reverse profile [51]. Since lactic acid is
not only the major waste product of disc cells but also an acid, its accumulation
results in a lowered pH inside the disc. In vitro experiments have shown that
low oxygen concentrations and acidic pH significantly affect the synthetic
activity and especially proteoglycan synthesis rates of disc cells, which might
lead to a fall in proteoglycan content and therefore to disc degeneration in vivo
(Fig. 4).

The timeframe for these alterations (i.e. early or late) appears to be predeter-
mined by genetic predisposition. Several recent studies have reported a strong
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familial predisposition for disc degeneration and herniation [48, 83, 84, 144].
Heritability for disc herniation exceeded 60% [11]. Genetic predisposition has
been confirmed by recent findings of associations between disc degeneration and
polymorphisms in various classes of genes:

Genes Encoding for Matrix Components

aggrecan [70]

collagen type IX [59, 67, 68, 100, 131]

collagen type I [112]

cartilage intermediate layer protein (CILP) [129]

Genes Encoding for Cytokines

e interleukin-1 (IL-1) [130]
e interleukin-6 (IL-6) [101]

Genes Encoding for Proteinases

e matrix metalloproteinase-3 (MMP-3) [136]

Genes Encoding for Miscellaneous Proteins

e vitamin D receptor [63, 69, 147, 148]

All polymorphisms identified so far affect genes that are involved in the mainte-
nance of integrity or functionality of the disc matrix, suggesting that the genetic
background plays a major role in the integrity of a healthy disc. If mutations in
these genes occur, normally innocuous conditions or forces might lead to accel-
erated or enhanced degenerative changes, suggesting that disc degeneration may
be explained primarily by genetic influences and that environmental factors
have only modest effects. However, it is important to keep in mind that despite
the dominating role of genetic predisposition, injuries can occur when normal
forces are applied to abnormally weak tissues, or when abnormally high forces
are applied to normal tissues [2].

Considering the influences of the genetic predisposition discussed above, the
impact of mechanical forces on disc degeneration is only minor. Therefore, it is
not surprising that several studies carried out in humans did not provide a strong
causal link between occupational exposures and disc degeneration [146]. Even
well-controlled animal experiments did not provide a conclusive connection
between mechanical load and degeneration. However, it is conceivable that
abnormal loads might cause damage to the adjacent vertebral bodies, especially
the bony endplates, which in turn might contribute to the initiation of disc
degeneration [3].

The Cartilage Endplate
Normal Anatomy and Composition

A morphological distinction of the disc and bone interface is the thin cartilage
endplate. This thin layer of hyaline cartilage interfaces the disc and the vertebral
body. The collagen fibers within it run horizontal and parallel to the vertebral
bodies along with the fibers continuing into the disc [120]. At birth, the human
cartilage endplates make up approximately 50% of the intervertebral space
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(compared with approximately 5% in the adult) and have large vascular channels
running through them. Soon after birth, the vascular channels of the cartilage
endplate fill in with extracellular matrix such that no channels remain by the end
of the first life decade. The cartilage endplate in humans functions in early life as
a growth plate for the adjacent vertebral bodys; its structure is typical of that seen
in the epiphyseal growth plate of long bones. This structure is lost during skeletal
maturity. By adulthood, the cartilage endplate is a layer of hyaline cartilage
(approximately 0.6 mm thick) with calcified cartilage adjoining the bone. The
endplate occupies the central 90 % of the interface between the disc and the verte-
bral body, encompassed by a ring of bone that forms via the epiphysis fusing with
the vertebral body in the rim region. The endplate is totally avascular and aneu-
ral in a healthy adult. Biomechanical properties of the cartilage include collagen
types IL II1, V, VI, IX, and X, which alter by age [99]. Functionally, the endplate
is involved in two important mechanical functions [19]:

e preventing the nucleus pulposus from bulging into the vertebral bodies
e partially absorbing the hydrostatic pressure dissipated by the nucleus pulpo-
sus under loading

Similar to the disc, the ability of the endplate to withstand mechanical forces
depends on the structural integrity of the matrix.

Age-Related Changes

Roberts et al. [119, 120] identified changes in the endplate that are becoming
more frequent in the third decade of life:

fissure formation

fractures

horizontal cleft formation

death of chondrocytes

increased vascular penetration

extension of calcification and ossification

A study of cadaveric human vertebrae demonstrated that the number of vascular
channels perforating the osseous vertebral endplate diminishes drastically
between 6 and 30 months of age [30]. Analyses on the microscopic level revealed
that the abundance of obliterated blood vessels in the endplate gradually
increases between 1 month and 16 years of age. The decrease in blood vessels
[17] is paralleled by:

® an increase in cartilage disorganization
® a decrease in endplate cell density

e cartilage cracks

® microfractures

These changes, especially the loss of blood vessels, can cause nutritional con-
sequences for the intervertebral disc. With advanced degeneration and
markedly reduced disc height, further changes of the endplate are induced
resulting in:

e complete endplate disarrangement
e dense sclerosis of the adjacent vertebral bodies
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The Facet Joints
Normal Anatomy

The facet joints, also called zygapophyseal joints, are paired diarthrodial articu-
lations between the posterior elements of adjacent vertebrae (Fig. 2). The joints
exhibit the features of typical synovial joints and are an essential part of the pos-
terior support structures of the spine consisting of:

e pedicles
e lamina
e spinous and transverse processes

Anatomically, the facet joints are responsible for restraining excessive mobility and
for distributing axial load over a broad area. Adams and Hutton have found that
the facet joints resist most of the intervertebral shear force [4]. The posterior
anulus is protected in torsion by the facet surfaces and in flexion by the capsular
ligaments. The posterior elements also serve as anchors for the spinal muscles.
The earlier described “menisci” in the joints were found to be rudimentary
fibrous invaginations of the dorsal and ventral capsule. They are basically fat-
filled synovial reflections, some of which contain fibrous tissue probably as a
result of mechanical stress. At the posterolateral aspect of the facet joint, a
fibrous capsule composed of several layers of fibrous tissue and a synovial mem-
brane is present. It has been shown that the synovial lining (small C-type pain
fibers) and the capsules are richly innervated [16, 133]. This suggests that the
facet joints dispose of the sensory apparatus to transmit inceptive and nocicep-
tive information [16].

Age-Related Changes

As seen in large synovial joints, a strong correlation has been found between ori-
entation and misalignment of the joints as a predisposing factor for development
of osteoarthritis. In contrast to osteoarthritic large synovial joints, the covering
of the articular surfaces with hyaline cartilage is frequently retained in posterior
intervertebral joints [137, 145]. This was observed even in the presence of large
osteophytes and dense sclerosis of the subchondral bone. Preservation of articu-
lar cartilage is thought to be a sequela of changing joint surfaces. Late stages of
facet joint osteoarthritis (OA) also demonstrate the classic features of synovial
joint disease:

e complete loss of articular cartilage
e cysts and pseudocysts in the bone
® dense bone sclerosis

e large osteophyte formation

At this stage endplate fractures can occur which resemble breaches in the sub-
chondral bone plate with protrusion of a portion of the articular cartilage into
the subarticular bone. Spontaneous fusion of the facet joints is very rare in the
absence of ankylosing spondylitis or ankylosing hyperostosis.

Several authors [42, 137] have investigated the changes of zygapophyseal
joints in relation to their biomechanical function. Changes in subchondral bone
and articular cartilage in particular areas of the facets were corresponding to
loading and shear forces imposed on them. Damage on the inferior surfaces
lends some support to the hypothesis that their apices impact the laminae of the
vertebra inferior to them as a result of degeneration and narrowing of the associ-
ated intervertebral disc. Fujiwara et al. [36] were able to show that subchondral
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sclerosis significantly decreased the motion and that severity of osteophytes had
no significant association with the segmental motion.

According to Kirkaldy-Willis’ concept (see Chapter 19 ), progressive degen-
erative changes in the posterior joint lead to marked destruction and instability
[71]. Similar changes in the disc can result in herniation, internal disruption and
resorption. Combined changes in the posterior joint and disc sometimes produce
entrapment of a spinal nerve in the lateral recess, central stenosis at one level, or
both of these conditions. Changes at one level often lead, over a period of years,
to multilevel spondylosis and/or stenosis [72, 159]. Developmental stenosis is an
enhancing factor in the presence of a small herniation leading to degenerative
stenosis. Although several studies have provided some evidence that disc degen-
eration usually precedes facet joint osteoarthritis, the grade of disc degeneration
did not correlate with those of the facet joint. The effect of muscle function
remains controversial and will be discussed later.

Vertebral Bodies
Normal Anatomy and Composition

The bony components of the spine are responsible for the static stability of the
spinal column. The microscopic (biochemical, cellular) and macroscopic archi-
tecture of the bone is well known and will not be repeated in this chapter.

Age-Related Changes

Aging of the vertebral bodies is generally characterized by a decreased structural
strength, mainly due to osteoporosis. Decreased structural strength is a result of
changes to the:

bone mineral density (BMD)
bone architecture

bone remodeling rate

bone repair rate
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The increased bone fragility induces osteoporotic fractures which lead to a bulg-
ing of the disc into the vertebral bodies (Fig. 6a), kyphotic vertebral deformities
and sagittal imbalance (see Chapter 32 ). There is always some degree of osteo-
phyte formation at the peripheral margins of the vertebral bodies, seen more
anterolaterally than posteriorly. Bony ankylosis is seen only rarely since interver-
tebral disc tissue is usually found between the edges of the osteophytes. Most
interestingly, not all individuals follow this course. There appears to be a different
course which is characterized by a severe sclerosis of the endplate with complete
collapse of the intervertebral discs (Fig. 6b). In these cases, ankylosing of verte-
bra may occur and vertebral compression fracture appears less likely. Due to a
complete disc collapse, osteophyte formation and narrowing of the spinal canal
and and foramen can result in compression of the cauda equina and nerve roots
(see Chapter 19) [32].

Spinal Ligaments
Normal Anatomy and Composition

Ligaments surrounding the spine provide intrinsic stability to the spine and limit
motion in all planes. The microscopic (biochemical, cellular) and macroscopic
architecture of the ligaments is well known and will not be repeated in this chap-
ter. The spinal ligament complex includes:

® interspinous ligaments

e supraspinous ligaments

e intertransverse ligaments

o yellow ligaments (ligamentum flavum)

e anterior and posterior longitudinal ligaments

High amounts of oriented fibrillar collagen provide tensile properties and are
present in all ligaments [107, 149]. As an exception, the ligamentum flavum con-
tains a high percentage of elastin [52].

Age-Related Changes

With aging, as in other tissues, ligaments undergo macroscopic and biochemical
changes:

collagen and water concentration declines
reducible collagen cross-links decrease
non-reducible cross-links increase
collagen fibrils become disorganized

These changes affect the biomechanical behavior of the spinal ligaments [103,
104]. Cadaver studies have demonstrated that elastic modules and ultimate ten-
sile stress of tendons as well as their restraining energy to failure were two to
three times greater in young specimens (16-25 years) than in older specimens
(48 - 68 years). Especially, the increase in elastin with age leads to decreased ten-
sile properties, therefore affecting stabilization of the spine by the longitudinal
ligaments.

During aging, a hypertrophy of the ligamentum flavum is often observed [12,
72, 125, 156, 160]. This thickening together with a loss of disc height during
degeneration causes bulging of the ligamentum flavum and therefore contributes
to the narrowing of the spinal canal. All these changes will alter the biomechanics
of the spine and can contribute to a compression of neural structures (spinal ste-
nosis) [37, 54].
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Spinal Muscles
Normal Anatomy and Structure

Skeletal muscles provide active movement of the articulated skeleton and main-
tenance of its posture. The basic property of the skeletal muscle is the contractil-
ity of its protoplasm (sarcoplasm).

The basic structure of the skeletal muscle is the muscle fiber, which is a fusion
of many cells. This multinucleated cell can vary in size depending on the function
of the muscle. An anterior horn cell in the myelon, its axon, the myoneural junc-
tion and the individual muscle fiber is called a “motor unit”. Two types of skele-
tal muscle fiber can be distinguished by structure and function:

e slow twitch muscle fibers (ST)
e fast twitch muscle fibers (FT)

The properties of the two fiber types are summarized in Table 4.

The muscles of the trunk and pelvis have a major role in motion as well as
dynamic and static stabilization of the spine (see Chapter 2 ). Postural dorsal
(intrinsic) and abdominal muscles (extrinsic) are constantly active in a standing
position. In motion, both muscle groups permit equilibrium and control of sta-
bility through antagonistic action to each other. Although the effect of intrinsic
and extrinsic actions of the muscles was not included in the model of Kirkaldy-
Willis, Goel et al. were able to show that muscles imparted stability to the motion
segment [39]. The presence of muscles also led to decrease in stresses in the ver-
tebral body, the intradiscal space and other mechanical parameters of impor-
tance. In an animal model by Kaigle et al. [66], paraspinal lumbar muscles were
less efficient in providing stability during flexion-extension when chronic lesions
were made in the intervertebral disc and facet joints. This observation provided
evidence for a neuromuscular feedback system that is compromised by degene-
rated motion segments. Therefore, trunk muscles not only stabilize the spine but
are also affected by degenerative alterations of the spine.

Age-Related Changes
Age-related muscle degeneration is characterized by:

® decrease in size (loss of muscle mass)
e fatty infiltration
® deposits of connective tissue

Loss of muscle mass resulting from a decrease in the number and size of muscle
cells appears to be the major cause of this change. Starting at the age of 25 years,
skeletal muscle mass declines at a rate of 3-8% per decade until the age of
50 years; thereafter the rate of decrease increases to 10 % per decade [89, 90]. Loss
of muscle mass is evident in the considerable decrease in strength. Between the

Table 4. Fiber types present in skeletal muscles

Slow twitch fibers (ST) Fast twitch fibers (FT)
Type Type | Type Il
Endurance long term short term
Contraction velocity slow fast
Glycolytic capacity low high
Oxidative capacity high low
Resistance to fatigue high low

Activity aerobic anaerobic
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ages of 30 and 80 the strength of the muscle groups in the upper and lower
extremities and the back decreases by as much as 60 % [73]. This age-related loss
of muscle mass, also called sarcopenia, is thought to be caused by immunological
and hormonal changes that occur with increasing age [150]. Interestingly, the
factors found to be involved in sarcopenia vary between genders. In women sar-
copenia is associated with estrogen, vitamin D levels and low IL-6 levels, whereas
in men testosterone, physical performance and TNF-o were found responsible
[53,110, 111].

Investigations applying imaging techniques such as CT and MRI demon-
strated that the loss of muscle mass during aging is accompanied by the presence
of deposits of fat and connective tissue in the muscles [85, 108]. Interestingly,
Parkkola et al. demonstrated that fat deposits were only found in paraspinal
muscles but not in psoas muscles and that the amount of fat in the paraspinal
muscles increased with age [108]. Although several studies found a correlation
between fat deposits in paraspinal muscles and the occurrence of low back pain,
it is not yet clear if muscle atrophy, determined by higher amounts of fat, causes
low back pain, or if muscle atrophy is a sequela to muscle disuse due to chronic
low back pain [65, 91, 109].

This age-related loss of muscle mass might compromise the stabilization of the
spine by disrupting the balanced antagonist action of extensor and flexor mus-
cles. The resulting imbalance, together with age-related alterations in other parts
of the spine, might cause conditions such as degenerative scoliosis and may be a
starting point for progressive disorganization of the spine [106].

One example of destabilization of the spine due to muscle loss is known as pro-
gressive lumbar kyphosis. This condition is believed to be caused by a non-spe-
cific myopathy of the paraspinal muscles resulting in a forward flexion of the
trunk. Delisle et al. identified the muscular changes as type 2 muscle fiber atro-
phy in the multifidus muscle, the innermost and shortest of the paraspinal mus-
cles [26].

In this context, Haig et al. were able to show that paraspinal denervation of the
muscles was most pronounced in patients suffering from low back pain [44].
Although denervation was also seen in asymptomatic controls, the authors sug-
gest that paraspinal denervation might play a role as a cause or exacerbator of the
degenerative cascade described by Kirkaldy-Willis (see Chapter 19 ).

However, often the musculoskeletal system is able to compensate for muscular
degeneration and restore stabilization of the spine. Parkkola et al. [109] demon-
strated an age-related atrophic phenomenon of the trunk muscles in patients
with back pain in comparison with an asymptomatic control group. In this study,
no correlation was found between isometric strength of the muscles and their
cross-sectional area. Symptomatic patients with muscle degeneration did show
better strength testing than asymptotic patients with an identical degree of mus-
cle degeneration. The authors concluded that atrophic muscles secondary to pain
restrictions are able to use the remaining muscle mass more efficiently than those
whose atrophy is related to a sedentary lifestyle without clinical symptoms [109].

On the whole, degeneration of muscles, especially the paraspinal muscles,
causes a disturbed equilibrium between the two antagonists, leading to
decreased motion stability inducing a kyphotic attitude in the lumbar spine or
scoliotic deformations.
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In the next 25 years, a doubling of the number of
people over the age 65 years can be expected. A
significant increase in patients suffering from mus-
culoskeletal impairments will result. In the muscu-
loskeletal system, the spine with its three joint
complex s subjected to earlier and more often age-
related alterations than the other parts. Alterations
to components of the spine can lead to chronic dis-
abilities with enormous socioeconomic impact.

Intervertebral disc. During aging, the disc matrix
undergoes major alterations including the degra-
dation of its main matrix components collagen and
proteoglycans, especially aggrecan. The loss of ag-
grecan from the nucleus pulposus is a major hall-
mark in disc degeneration leading to a decrease of
osmotic pressure in the disc with consecutive loss
of water and fibrotic transformation of the tissue.
Loss of water results in changes of the mechanical
behavior, causing cleft and tear formation, loss of
disc height and herniation. Molecular changes to
the disc cells results in increased expression of ma-
trix degrading proteinases that are modulated by
cytokines and/or growth factors. Although disc
degeneration is influenced by a complex network
of factors, the main contributions are the limited,
diffusion-dependent nutritional supply to the disc
cells due to the avascular nature of the disc and the
genetic predisposition.

Cartilage endplate. The cartilage endplates form
the interface between the well-vascularized verte-
bral bodies and the intervertebral disc. Age-related
changes include fissure formation, fractures, hori-
zontal cleft formation, death of chondrocytes, ex-
tension of calcification and ossification. Especially
calcification and ossification decrease the perme-
ability of the endplate, inhibiting the diffusion of
nutrients to the inner parts of the disc contributing
to the limited nutritional supply of the disc cells.

Facet joints. The facet joints are responsible for re-
straining excessive mobility of the spine and for
distributing axial load. A correlation was found be-
tween orientation and misalignment of the joints
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and development of osteoarthritis. Generally it is
accepted that disc degeneration with segmental
instability and height loss precedes facet joint de-
generation. Changes in subchondral bone and ar-
ticular cartilage correspond to loading and shear
forces imposed on them. Consecutive instability of
the posterior joints results in degenerative spon-
dylolisthesis, spinal stenosis through osteophyte
formation and increased load on the intervertebral
disc.

Vertebral body. The vertebral bodies are responsi-
ble for providing static stability to the spinal col-
umn. Aging of these bony structures, especially os-
teoporosis, leads to decreased structural strength
mainly due to decreased bone mineral density and
remodeling of the bone architecture. Together with
repetitive torsional load, altered biomechanical
properties can result in rotational deformities most-
ly due to fractures. Secondary pathologies include
sclerosis and bone formation of the endplate, re-
stricted blood supply to the disc and formation of
osteophytes, ending up in spinal deformities. These
changes can, together with changes in the posteri-
orjoints and spinal ligaments, cause spinal stenosis.

Ligaments. The ligaments of the spine provide in-
trinsic stability and limit motion in all planes. Age-
related alterations to the composition of the liga-
ments affect collagen and elastin content, fiber or-
ganization and fiber cross-linking and lead to
changes in the mechanical behavior of the liga-
ments. The reduced tensile strength results in de-
stabilization of the spine. Consecutive ligament hy-
pertrophy, especially of the ligamentum flavum,
contributes to compression of neural structures.

Muscles. Age-related muscle degeneration is char-
acterized by loss of muscle mass, fatty infiltration
and deposits of connective tissue. Loss of muscle
mass is due to gender-specific age-related immuno-
logical and hormonal changes. Consequently, the re-
duced strength of paraspinal and trunk muscles re-
sults in destabilization of the spine and might cause
or exacerbate degenerative changes to the spine.
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Kirkaldy-Willis WH, Wedge JH, Yong-Hing K, Reilly J (1978) Pathology and pathogene-
sis of lumbar spondylosis and stenosis. Spine 3(4):319-28

In this study, autopsy specimens of lumbar spines were used to define the degenerative
cascade of the spine. Progressive degenerative changes in the posterior joints lead to
destruction and instability. Similar changes in the disc result in herniation, internal dis-
ruption, and resorption. Combined changes in posterior joint and disc can produce
entrapment of a spinal nerve in the lateral recess and/or central stenosis. Changes at one
level often lead, over a period of years, to multilevel spondylosis and/or stenosis.

Miller JA, Schmatz C, Schultz AB (1988) Lumbar disc degeneration: correlation with age,
sex, and spine level in 600 autopsy specimens. Spine 13(2):173 -8

This meta-analysis is based on data from 16 published reports. Macroscopic disc degen-
eration grades were correlated with age, sex, and level in 600 lumbar discs from 273
cadavers (0- 96 years of age). Male discs were significantly more degenerated than female
discs in the second, and fifth to seventh life decades. L4/L5 and L3/L4 level discs showed
more degeneration than other levels. Higher mechanical stress, perhaps combined with
longer nutritional pathways, may be responsible for the earlier degeneration of male
discs.

Boos N, Weissbach S, Rohrbach H, Weiler C, Spratt KF, Nerlich AG (2002) 2002 Volvo
Award in Basic Science: Classification of age-related changes in lumbar intervertebral
discs. Spine 27(23):2631 - 44

This paper provides a systematic semiquantitative assessment of age-related morpho-
logic changes in the intervertebral disc and cartilaginous endplate which is based on
20250 histologic variables. The study revealed significant temporospatial variations
with regard to presence and abundance of histologic disc alterations across levels,
regions, macroscopic degeneration grades and age groups. The detailed analysis
resulted in a practicable and reliable histologic classification system for lumbar discs
which can serve as a morphologic reference framework. The article provides clear histo-
logic evidence for the detrimental effect of a diminished blood supply to the interverte-
bral disc that appears to initiate disc tissue breakdown beginning in the first half of the
second life decade.

Horner HA, Phil M, Urban JPG (2001) 2001 Volvo Award Winner in Basic Science: Effect
of nutrient supply on the viability of cells from the nucleus pulposus of the interverte-
bral disc. Spine 26(23):2543 -49

Nucleus pulposus cells were cultivated in a system where nutrient supply was dependent
on diffusion, therefore simulating the situation in the intervertebral disc. It was found
that the cell density was dependent on nutrient supply and was inversely related to disc
thickness. Oxygen supply was not necessary for cell viability but was needed for proteog-
lycan production. Lack of glucose or low pH led to cell death suggesting nutrient restric-
tions contribute to disc degeneration.

Roberts S, Urban JPG, Evans H, Eisenstein SM (1996) Transport properties of the human
cartilage endplate in relation to its composition and calcification. Spine 21(4):415-20
Transport properties of solutes of different sizes and shapes were correlated with the
composition of the cartilage matrix. The more hydrated the matrix, the easier solutes
were found to move. Increasing contents of proteoglycan, collagen or calcification
resulted in greater restriction of solute movement. This finding confirmed that calcifica-
tion of the cartilage endplate might have consequences for the nutrient supply to the disc
and therefore for the onset of disc degeneration.

Weiler C, Nerlich AG, Zipperer ], Bachmeier BE, Boos N (2002) 2002 SSE Award in Basic
Science: Expression of major matrix metalloproteinases is associated with interverte-
bral disc degradation and resorption. Eur Spine J 11(4):308 -20

The role of matrix metalloproteinases (MMPs) in matrix degradation leading to disc
degeneration was investigated in 30 cross-sections of lumbar intervertebral discs from
cadavers (0- 86 years of age). Expression of major MMPs was found to correlate with age
and the occurrence of signs of degeneration, i.e. clefts and tears. These data indicated that
major MMPs play an important role in matrix degradation that might lead to disc degen-
eration and possibly to the induction of low back pain.
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Battie MC, Videman T, Gibbons LE, Fisher LD, Manninen H, Gill K (1995) 1995 Volvo Award
in Clinical Sciences. Determinants of lumbar disc degeneration. A study relating lifetime
exposures and magnetic resonance findings in identical twins. Spine 20(24):2601 - 12
Effects of lifetime exposure of 115 twin pairs to commonly suspected risk factors on disc
degeneration were assessed by magnetic resonance imaging and their influence was com-
pared to age and familial aggregation, reflecting genetic and shared environmental influ-
ences. The results of this study suggested that disc degeneration may be primarily
explained by genetic influences, with environmental factors, widely suspected of acceler-
ating disc degeneration, only having very modest effects.

Adams MA, Freeman BJC, Morrison HP, Nelson IW, Dolan P (2000) Mechanical initia-
tion of intervertebral disc degeneration. Spine 25(13):1625-36

It was investigated whether minor damage to a vertebral body can lead to progressive dis-
ruption of the adjacent intervertebral disc. After cadaveric lumbar motion segments were
subjected to complex loading patterns to simulate typical activities, compressive damage
to the bony endplates was observed, altering the compressive stress distribution on the
adjacent disc. Further loading cycles resulted in progressive structural changes and dete-
rioration of the adjacent discs.
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Pathways of Spinal Pain

5 Heike E. Kiinzel, Norbert Boos

Core Messages

v/ Chronic (persistent) pain has a high prevalence
in the general population and is predominately
felt as musculoskeletal pain

v/ A temporal classification of pain (i.e. acute, sub-
acute, chronic) is arbitrary and does not reflect
the underlying mechanisms of pain

v’ Pain is better differentiated into nociceptive,
inflammatory, and neuropathic pain

v’ Neuropathic pain has lost its protective role
and is maladaptive

v’ The physiologic processes involved in pain can
be differentiated into transduction, conduction,
transmission, modulation, projection and per-
ception

v’ Nociceptive signals are modulated by various
excitatory and inhibitory mechanisms on their
pathways to the brain

v/ Genetic predisposition and biopsychosocial fac-
tors have a significant influence on pain per-
ception

v’ Pain pathways can undergo distinct alterations
as a result of peripheral tissue damage and
neural injuries (neuroplasticity)

v’ The neuroplasticity of the pain pathways can
be described in terms of peripheral sensitiza-
tion, transcriptional changes in the dorsal root
ganglion, central sensitization and disinhibition

v/ Persistent pain is not prolonged acute pain but
follows distinct alterations in the pain pathways

¢’ Neuropathic pain is different from nociceptive
pain and results from primary damage or dis-
ease of the peripheral or central nervous system

v’ Not all persistent pain is neuropathic. The clini-
cal differentiation of persistent inflammatory
and neuropathic pain, however, remains a chal-
lenge

v/ Treatment of acute pain should be aggressive,
multimodal and preemptive to avoid pain per-
sistence

¢’ Adjuvant drugs (e.g. antidepressants, anticon-
vulsants, anxiolytics) enhance the central effect
of analgesics and should be included for an
adequate treatment of moderate to severe pain

v’ The scientific evidence for a long-term effec-
tiveness of surgical treatment of persistent spi-
nal pain is lacking

Historical Background
Precartesian Theories

Early civilizations provided a wide variety of explanations for pain and attrib-
uted it to factors such as religious influences of gods, the intrusion of magical flu-
ids, the frustration of desires and deficiency or excess in the circulation of Qi
[70]. The relief of pain therefore was the task of shamans or priests, who used
herbs, rites, and ceremonies to alleviate pain. The early Greeks gave more specific
explanations for pain [70]. According to Plato (427 -347 a.n.), the heart and the
liver were the centers of appreciation of all the sensations, and pain arose not
only from peripheral sensation but as an emotional response in the soul, which
was located in the heart [70]. Hippocrates assumed a wrong mixture of fluids to
be the cause of pain. However, Galen of Pergamon (130-200 a.p.) made the first
observations on the nervous system and the spine but still believed the so-called
“fluid doctrine” of Hippocrates (see Chapter 1).

Pain remained enigmatic
in ancient times
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Cartesian Theory

The French philosopher René Descartes (1596 - 1650) presented a dualistic view
of the human body and soul, i.e. he assumed a separation of the mind and the
body. The body was seen as a machine working according to the laws of nature
and the “rational soul” was the “conductor of the orchestra” [70]. With the sug-
gested separation of the soul from the human body, an endless controversy arose
about the mind-body relation which has been plaguing and intriguing philoso-
phers and neuroscientists ever since [7]. Descartes also proposed a simple path-
way of the transmission of a noxious stimulus to the brain [22]. However, Descar-
tes’ theory was only published after his death in the Traité de ’Homme [7]. Des-
cartes gave a purely mechanical view of the involuntary withdrawal of a foot that
comes into contact with a noxious stimulus: “the small rapidly moving particle of
fire moves the skin of the affected spot causing a thin thread to be pulled. This
opens a small valve in the brain and through it animal spirits are sent down to the
muscles which withdraw the foot” [22]. After that it was believed for a long time
that there was a one-to-one relationship between the amount of damage and the
perceived pain. The theory of Descartes implies that a specific pain pathway car-
ries the message from a pain receptor in the skin to a pain center in the brain.
However, it has become apparently clear that pain cannot be alleviated by simply
cutting this pathway. On the contrary, a dissection of this pathway can even exac-
erbate the pain [22].

Gate Control Theory

Major progress in our understanding of pain and its mechanisms followed the
introduction of a new theory by Melzack and Wall in 1965 [77]. The authors sug-
gested a gate control system which modulates sensory input from the skin before
it evokes pain perception and response. Accordingly, the substantia gelatinosa in
the dorsal horn functions as a gate control system that modulates the afferent
patterns before they influence the central transmission cells. The afferent pattern
in the dorsal column system acts as a central control trigger which activates
selective brain processes that influence the modulation properties of the gate
control system. The transmission cells activate neural mechanisms which com-
promise the action system responsible for response and perception [77]. This
theory underwent multiple modifications and extensions throughout the follow-
ing years. Although it has been shown that specific elements of the gate control
theory are invalid or too simplistic, the fundamental model remains. Gates in the
dorsal horn consisting of interneurons balance the level of sensory fiber activity
and are influenced by descending brain signals. This concept explains how pain
can be felt with and without tissue damage and how psychological factors can
influence pain [84].

Modern Pain Theories

Since the introduction of Melzack and Wall’s theory, most of the research has
focused on two general processes that can control the pain gate [19], i.e.:

e the inhibitory mechanism
e the exhibitory mechanism

Inhibitory neuronal circuits control nociceptive transmission in the spinal cord
and act as gatekeepers suppressing undesirable inputs [19], while increased exci-
tation can occur as a result of neural plasticity [130]. In the last decade, intriguing
progress has been made in dissecting out the molecular and cellular mechanisms
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that operate in sensory pathways to generate those neural signals that we ulti-
mately interpreted as pain [9, 18, 55, 112].

Epidemiology of Chronic Pain

Epidemiological studies show a prevalence of chronic pain from 24 % to 46 % in
the general population [31, 102]. Elliott et al. [31] showed that about 15% of
patients suffer from the worst degree of pain. The most frequently reported
forms of pain in this study are back pain and arthritic pain. In a 1-year follow-up
study, 79 % of patients reporting chronic pain at the baseline investigation still
suffered from pain at the end of the study [31]. During this period the average
annual incidence was about 8.3 %, whereas the recovery rate was about 5.4%
[31]. Chronic pain is localized in 90 % of patients to the musculoskeletal system.

The incidence of musculoskeletal pain is reported to vary from 21 % for shoul-
der pain up to 85 % for low back pain in the industrialized nations [3, 10, 24, 42].
The reported lifetime prevalence of back pain is 84 % [15] and that of neck pain
67 % [20]. Dorsal (thoracic) pain is much less frequent. The 1-year prevalence of
dorsal pain was 17 % compared to 64 % for neck and 67 % for low back pain in a
Finnish study [85]. In a primary care setting, most patients improve considerably
during the first 4 weeks after seeking treatment. Sixty-six to 75% continue to
experience at least mild back pain 1 month after seeking care. At 1 month,
approximately 33% report continuing pain of at least moderate intensity,
whereas 20-25 % report substantial activity limitations. After more than 1 year,
approximately 33 % of patients report intermittent or persistent pain of at least
moderate intensity, 14% continue to report back pain of severe intensity, and
20% report substantial activity limitations [118]. The patient population suffer-
ing from chronic back pain has been found to be responsible for an enormous
part of the cost of the health care system (intake of analgesics, medical consulta-
tions, hospitalizations, requirement for diagnostic and therapeutic procedures)
[82] (see also Chapter 6 ).

Definition and Classification

The manifestation of pain is largely variable but we define all sensations that hurt
or are unpleasant as pain. The Taxonomy Committee of the International Asso-
ciation for the Study of Pain (IASP) [50] has provided a definition, which is
widely used today (Table 1).

Table 1. Definition of pain

“Pain is an unpleasant sensory and emotional experience associated with actual or poten-
tial tissue damage, or described in terms of such damage”

The IASP task force [50] stresses the fact that the inability to communicate ver-
bally does not exclude that an individual is experiencing pain and requires
appropriate pain-relieving treatment. Furthermore, the task force highlights that
pain is always subjective. Each individual learns the application of the word
through experiences related to injury in early life. Accordingly, pain is that expe-
rience we associate with actual or potential tissue damage. It is also always
unpleasant and therefore has an emotional experience. However, many people
report pain in the absence of tissue damage or any likely pathophysiological
cause. This latter pain cannot be differentiated from pain due to tissue damage if

Chapter 5

Chronic pain
is very common

Axial pain is very frequent
(85%) and strongly tends
to chronify

Pain is always subjective
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we consider the subjective report. If these individuals regard their experience as
pain and if they report it in the same ways as pain caused by tissue damage, it
should be accepted as pain [50].

Temporal Course
From a temporal perspective [50, 101], pain can be differentiated as:

® acute pain (<4 weeks)
e subacute pain (4 weeks to 3 months)
® chronic pain (>3-6 months)

Acute pain is caused by an adequate stimulation of nociceptive neurons. This
pain typically results from soft tissue injury or inflammation and has a protective
role by enabling healing and tissue repair [81, 122]. Subacute pain is often less
intense and follows the acute phase. It is regarded as organic pain from tissue
healing and remodeling. It usually lasts up to 12 weeks but usually not longer. In
contrast, chronic pain has lost its protective role. In retrospect, it is often difficult
to identify the noxious stimulus or tissue damage in patients presenting with
chronic pain which originally causes the pain. Chronic pain induces biochemical
and phenotypic changes in the nervous system that escalate and alter sensory
inputs, resulting in physiologic, metabolic and immunologic alterations that
threaten homeostasis and contribute to illness and death [81].

Contemporary Pain Classification

A timely distinction of pain is given by Clifford Woolf [106, 123], who suggests
differentiating (Fig. 1):

® nociceptive pain
e inflammatory pain
® neuropathic pain
e functional pain

Nociceptive Pain

Nociceptive pain is a vital physiologic sensation which occurs in situations like
trauma or surgery [123]. Acute nociceptive pain is elicited by noxious stimula-
tion of normal tissue sufficiently intense to damage tissue. It has the important
function of protecting tissue from further damage by, e.g. eliciting withdrawal
reflexes.

Inflammatory Pain

In the case of tissue damage that occurs despite an intact nociceptive defensive
system, the role of the nociceptive system switches from preventing noxious
stimulation to promoting healing of the injured tissue. Inflammatory pain is
characterized by an increased sensitivity to stimuli, which does not cause pain
under normal conditions. This protects the individual from further damage to
the injured part until the healing and repair process is completed. Inflammatory
pain normally decreases during the healing process. An exception is inflamma-
tory pain states due to surgery or chronic diseases such as rheumatoid arthritis.
In these cases, pain management has to be conceptualized that decreases or nor-
malizes pain sensitivity without impairing the warning system of nociceptive
pain [59, 61, 106, 123, 125, 126].
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Figure 1. Classification of pain

Redrawn from Woolf [123] (with permission from ACP).

Neuropathic Pain

In contrast to nociceptive pain, which is provoked by noxious stimulation of the
sensory endings in the tissue, neuropathic pain is the result of a direct damage or
disease of neurons in the periphery or central nervous system and seems not to
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is the result of direct damage
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have any beneficial effect. Therefore, peripheral neuropathic pain syndromes are
differentiated from central pain. Neuropathic pain normally is felt as abnormal,
because it is not related primarily to a signal of tissue damage. It often occurs
spontaneously in a continuous or episodic form and is associated with other sen-
sory abnormalities. Neuropathic pain often has a burning or electrical character

and might be combined with allodynia and/or hyperalgesia. This type of pain
often shows a chronic course and in most cases is difficult to treat. Neuropathic

Allodynia and hyperalgesia
are found in neuropathic

pain can have a variety of causes, e.g. [27, 106, 123, 128, 134]: pain

spinal cord injury

brain lesions

diabetic polyneuropathy
AIDS polyneuropathy
postherpetic

nerve root injury (traumatic, compression syndrome)
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Functional Pain

No morphological correlate  This form of pain occurs due to an abnormal responsiveness or function of the
can be found in functional  nervous system. In the clinical examination, no neurological or peripheral
pain abnormalities can be found. The physiological basis of functional pain is an
increased sensitivity or hyperresponsiveness of the sensory system that amplifies

symptoms. Syndromes which belong to this class of pain are, e.g. [106, 123]:

fibromyalgia

irritable bowel syndrome
non-cardiac chest pain
tension headache

Pathways of Pain

The physiologic processes [61, 81, 123] involved in pain sensation include (Fig. 2):

e transduction of noxious stimuli (thermal, mechanical and chemical) into
electrical activity at the peripheral terminal of nociceptor sensory fibers

e conduction of the resulting sensory input to the central terminal of nociceptors

e transmission and modulation of the sensory input from one neuron to
another

® projection to the brain stem, thalamus and cortex

® perception of the sensory input at the somatosensory cortex.

— perception
cortex —— ¥
L 'y 4 \'}"\.
thalamus —— - £
N ) ]
&S >_:“_ll,“' 7 LY
projection

l—transmission + modulation

-y

spinothalamic tract

conduction

transduction
noxious stimulus: mechanical
chemical
thermal

Figure 2. Pathways of pain
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Transduction

Nociception can be defined as the detection of noxious stimuli and the subse-
quent transfer of encoded information to the brain while pain is a perceptual
process that arises in response to such activity [61]. Nociception is mediated by
activation of peripheral sensory-nerve terminals located in, e.g. the skin, deep
fascias, muscles, and joints. These terminals are called primary sensory neurons
or nociceptors. We can differentiate three types of noxious stimuli which are tar-  There are three types of
geted by the receptor of nociceptors, i.e.: nociceptor: mechanical,

. . thermal, and chemical
e mechanical (pressure and mechanical stress)

e thermal (hot/cold)
e chemical

Primary sensory neurons can be excited by noxious heat, intense pressure or
irritant chemicals, but not by innocuous stimuli such as warm or light touch [55].
The conversion of a noxious thermal, mechanical, or chemical stimulus into elec-
trical activity in the peripheral terminals of nociceptor sensory fibers is
described as transduction [123].

Mechanical stress resulting from direct pressure, tissue deformation or osmo-
larity changes can activate nociceptors allowing for the detection of touch, deep
pressure, distension of a visceral organ, destruction of bone or swelling [55]
(Fig. 3a). These stimuli are mediated by mechanosensory transducers such as ion
channels of the degenerin family (mammalian degenerin, MDEG) or acid-sens-
ing ion channel 2 (ASIC2) [39, 55]. Mechanical stimulation can release ATP from
the cell activating G-protein-coupled ATP receptors (P2Y) or ATP-gated ion
channels (P2X) [55, 83]. Noxious heat can be detected by the vanilloid receptor
(TRPV1, formerly also called VR1) and the vanilloid receptor-like (TRPV?2, for-
merly called VRL-1) channel, which belong to the larger family of transient
receptor potential (TRP) channels. The core membrane structure of the recep-
tors resembles that of voltage-gated potassium or cyclic nucleotide-gated chan-
nels [55, 83]. The TRPMS8 receptor, a distant relative of TRPV1, has been identi-
fied as detecting noxious cold [75, 88]. Nociceptors uniquely express two voltage-

nociceptive transduction nociceptive transmission
spinal cord
nociceptor central transmission
terminal neuron
—_—
H- A Asic % Nav1.8/1.9 080O D kainate i
O rain
heat £ TRPV2 %OOCC))Q AMPA
heat /| TPRV3
heat /| TPRV1
pinch /| MDEG pain
nociceptor
cold AN TRPMS peripheral terminal RS X
ATP /) P2X inhibitory interneuron
a b O =glutamate

Figure 3. Nociceptive transduction and transmission

a Nociceptive transduction (AS/C acid sensitizing ion channel, TRP transient receptor potential channels, MDEG mamma-
lian degenerin channel, P2X ATP-gated ion channel). b Nociceptive transmission (AMPA c-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors). Redrawn from Woolf [123] (with permission from ACP).
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gated sodium channels (Na,1.8 and Na,1.9), which could become the target for
selective anesthetics blocking only pain but leaving innocuous sensation, motor
and autonomic output intact [123].

Conduction

Conduction is the passage of action potentials from the peripheral terminal
along axons to the central terminal of nociceptors in the spinal cord [123]. Dorsal
root ganglion (DRG) cell bodies give rise to three different fiber types [55, 61]:

e Ctype fibers
® A0 fibers
e Ap fibers

C type fibers are unmyelinated fibers ranging in diameter from 0.4 to 1.2 pm and
have a velocity of 0.5-2.0 m/s. These fibers present the thermosensitive receptors
reacting to temperature (heat/cold), mechanoreceptors of low threshold and spe-
cific receptors for algogenic substances [2, 55, 78].

AS fibers are lightly myelinated ranging in diameter from 2.0 to 6.0 pm and
have a velocity of 12-30 m/s. These fibers are classified into two subgroups. Type
I presents high-threshold mechanoreceptors and they respond weakly to chemi-
cal and thermal stimuli. Type II corresponds mainly to mechanothermal recep-
tors for high temperatures and intense cold [2, 55, 78].

Ap fibers are myelinated with a diameter of more than 10 pm and a velocity of
30-100 m/s. These fibers mediate the sensations of touch and mild pressure, as
well as the sensation of joint positions (proprioception) and vibration [2, 55, 78].
Their activation contributes to mechanisms of segmental suppression in the spi-
nal cord.

Activation of C type fibers and A fibers leads to burning sensations and
twinges. Under pathological conditions, signs of neuropathic pain, e.g. dysesthe-
sia and paresthesia, can result from activation of Af} fibers. Pathologic pain sen-
sation can manifest as hyperalgesia mediated by C fibers and A fibers. Under
pathologic conditions, activation of low threshold mechanoreceptors (Af fibers)
can evoke allodynia (touch evoked pain) [2, 55, 78].

Transmission and Modulation

Transmission is the synaptic transfer of sensory input from one neuron to
another [123].

The primary sensory neurons terminate in the dorsal horn in a highly orga-
nized fashion, innervating both intrinsic dorsal horn interneurons and projec-
tion neurons. The dorsal horn is the first site of synaptic transmission (or inte-
gration) in the nociceptive pathway and is subject to considerable local and
descending modulation [18].

Dorsal Horn Cytoarchitecture

The gray matter of the spinal cord can be divided into ten laminae. Of these, lami-
nae I (marginal layer), IT (substantia gelatinosa), III, IV (nucleus propius), V and
VI (deep layers) comprise the dorsal horn [78]. The laminae form columns
extending along the spinal cord [81, 99]. Within the columns, a large number of
second-order excitatory and inhibitory interneurons receive multiple inputs
from surrounding columns and send outputs to the brain and to the anterior
horn [81]. The neuronal network of the dorsal horn hence serves as a gate con-
trolling propagation of nociceptive signals to higher brain areas [132].
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Figure 4. Cytoarchitecture of the dorsal horn

The cytoarchitecture of the dorsal horn is very complex [2, 78, 81, 99, 127]. Sim-
plified, large myelinated low-threshold Af3 afferents terminate in laminae III and
IV, lightly myelinated high-threshold A9 fibers synapse at laminae I and V, and
non-myelinated high-threshold C fibers terminate in lamina IT but also terminate
with some fibers in laminae I and V [111, 127] (Fig. 4).

Within the dorsal horn three distinct types of neurons can be identified
according to the type of afferents and their response pattern to nociceptive input
[78]:

® nociceptive-specific (SN) neurons
e multireceptorial or wide-dynamic range (WDR) neurons
® non-nociceptive neurons

Nociceptive-specific (NS) neurons are located in the substantia gelatinosa but
can also occur in layers (laminae V and VI) under physiologic conditions. They
are exclusively activated by high intensity noxious stimuli mediated by C and Ad
fibers [78].

Multireceptorial or wide-dynamic range (WDR) neurons respond to thermal,
mechanical and chemical stimuli via C, A® and AP fibers. These neurons are
found to a lesser degree in the ventral horn (VH). WDR neurons present a con-
siderable convergence from cutaneous, muscle and visceral input. This type of
neuron is the major type of neuron that encodes stimulus intensity [26]. Addi-
tionally, these neurons participate mainly in the C-fiber-mediated processes of
sensitization and amplification of prolonged pain [78].

Non-nociceptive (N-NOC) neurons are activated by innocuous stimuli such
as low intensity mechanical, thermal and proprioceptive stimuli, mediated by
Ad and AP fibers. They are found predominately in laminae II, III and IV [78].
These neurons act indirectly in segmental suppression mechanisms [2]. The dif-
ferent types of neurons are connected via second order excitatory and inhibitory
interneurons. These interneurons receive multiple inputs from other columns
and send information and impulses to the brain [81]. After modulation and
modification of the nociceptive stimulus within the dorsal horn, the informa-
tion is transmitted to the CNS. Afferents of the spinal cord dorsal horn neurons
form so called spinal tracts that transmit nociceptive informations to the CNS.

Chapter 5
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Plasticity or modifiability of synaptic transfer in the dorsal horn is a key feature
of its function and integral to the generation of pain and pain hypersensitivity
[18].

The major synapses responsible for transmission are located in the dorsal
horn of the spinal cord in lamina I (marginal zone) and lamina II (substantia
gelatinosa). These impulses are conveyed to the thalamus, the main region for the
integration of brain input [37]. The transfer of nociceptive stimuli is mediated by
direct monosynaptic contact or through multiple excitatory or inhibitory inter-
neurons. Transmission of nociceptive stimulus is inhibited by descending path-
ways of the brain stem and midbrain and collateral influences within the dorsal
horn [37, 106].

Modulation of Sensory Inputs

Transmission of the peripheral nociceptive signals to the brain undergoes vari-
ous modulatory influences in the dorsal horn by descending pathways [9, 37, 78].
Many neurotransmitters have been identified which mediate this modulation [9,
37] (Table 2).

Modulation can be described as the process in which pain transmission is
modified or altered - “gated” - before being transmitted to the CNS. Nociceptive
impulses are modulated in two ways, i.e. by:

e excitatory (facilitatory) mechanisms
e inhibitory mechanisms

Inhibitory Mechanisms

Inhibitory mechanisms can originate from local (segmental) inhibitory inter-
neurons or from descending antinociceptive pathways. The majority of local
inhibitory neurons in the spinal cord release glycine and/or y-aminobutyric acid
(GABA). The descending inhibition pathways originate at the level of the cortex
and thalamus, and descend via the brain stem (periaqueductal gray) and the dor-
sal columns to terminate at the dorsal horn of the spinal cord. These descending
pathways modulate nociceptive transmission through the release of serotonin (5-
HT) and/or norepinephrine [37, 78]. Inhibition can be postsynaptic or presynap-
tic. Postsynaptic inhibition results from a hyperpolarization of the cell mem-
brane and/or from the activation of a shunting conductance, which impairs prop-

Table 2. Neurotransmitters

Peptides Non-peptides

Opioid peptides Monoamines

e (-endorphin ® norepinephrine

e enkephalins ® serotonin (5-HT)

© el Amino acids

Non-opioid peptides e inhibitory amino acids (GABA, glycine)
substance P ® excitatory amino acids (aspartate, glutamate)
somatostatin Nitric oxide (NO)

[ ]
[ ]
® neurotensin

e cytokines (IL-10, IL-6, TNF-0)
e calcitonin gene related peptide (CGRP)
® galanin

® neuropeptides Y

® nerve growth factor (NGF)

e cholecystokinin (CCK)

® purines

® nociceptin
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agation of excitatory postsynaptic potentials along the dendrite of neurons [132].
Presynaptic inhibition occurs at axoaxonic synapses of GABAergic neurons with
primary sensory nerve terminals [37].

Excitatory Mechanisms

The excitatory transmitter glutamate is released by primary afferent fibers and
plays a pivotal role in the spinal mechanisms of nociceptive transmission [9].
Synaptically released glutamate acts on kainate and AMPA (o-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid) receptors, being responsible for a fast syn-
aptic transmission at the first synapse in the dorsal horn (Fig. 3b). Transient and
non-injurious noxious stimuli result in stable AMPA receptor-mediated synaptic
signals which are finally perceived as a transient localized pain [123]. Glutamate
can also act on N-methyl-p-aspartate (NMDA) receptors, but this receptor is
blocked under resting conditions by extracellular magnesium ions [81]. Depolar-
ization of the postsynaptic neuron, e.g. through intense AMPA receptor activa-
tion, removes this magnesium block. In addition, activators of protein kinase C
can reduce the sensitivity of NMDA receptors to magnesium, possibly contribut-
ing to spinal hypersensitivity and amplification of peripheral inputs. The activa-
tion of the NMDA receptors also leads to an entry of calcium, which is a key event
in the generation of long lasting potentiation of synaptic transmission (LTP). In
addition, calcium activates various enzymes such as nitric oxide (NO) synthase
and phospholipases [9], which can also augment pain sensitivity.

Closely timed repeated stimulation of C fibers results in an increased response
even though the amplitude of the input signal remains unchanged. This activity-
dependent phenomenon known as wind-up is responsible for the increasing
pain experienced in response to closely repeated stimulation of the skin by nox-
ious heat [72, 123].

Pain Projection

Subsequent to pain transmission and modulation within the dorsal horn, noci-
ceptive information is projected to the supraspinal structures via afferent bun-
dles (Fig. 5). These bundles can be differentiated into several tracts with special
functions [2]:

e spinothalamic tract involved in sensory-discriminative components and
motivational-affective aspects of pain as well as the affective components of
painful experience

e spinoreticular tract involved in the motivational-affective aspects and neu-
rovegetative responses to pain

e spinomesencephalic tract involved in somatosensory processing, activation
of descending analgesia, inducing aversive behaviors in response to nocicep-
tive stimuli as well as autonomic, cardiovascular, motivational and affective
responses

e spinoparabrachial tract involved in autonomic, motivational, affective regu-
lation and in the neuroendocrine responses to pain

® spinohypothalamic tract involved in neuroendocrine autonomic, motiva-
tional, affective and alert responses of somatic and visceral pain

® spinocervical tract involved in the sensory-discriminative components and
motivational-affective and autonomic responses of pain, and plays a role in
sensory integration and modulation of afferent inputs

® postsynaptic pathways of spinal column involved in the sensory-discrimina-
tive components and motivational-affective aspects of pain
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Pain Perception

Thalamusand ~ The spinal projection pathways project to the reticular formation of the brain
somatosensory cortex  stem and surrounding nuclei before converging in the thalamus, the main struc-
are the main structures ~ ture for reception, integration and nociceptive transfer of nociceptive stimuli
of pain perception  before transmission to the somatosensory cortex. However, only a small propor-
tion of all the sensory input from the spinal cord arrives at the thalamus because
of local processing, modulation, and controlling [123]. The somatosensory cor-
tex in turn projects to adjoining cortical association areas, predominately the

limbic system. The limbic system includes [81]:

e cingulate gyrus (behavior and emotion)

e amygdala (conditioned fear and anxiety)

e hippocampus (memory)

e hypothalamus (sympathetic autonomic activity)
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® locus ceruleus (arousal, vigilance, behavior)

e parts of the periaqueductal gray (fight and flight response, stress-induced
analgesia)

Projections from the periaqueductal gray play a role in controlling anti-nocicep-

tive and autonomic responses to nociceptive stimuli [81].

Neuroplasticity

Persistent pain is not just a simple prolongation of acute (nociceptive) pain but
results from distinct alterations in the pain pathways. Peripheral tissue damage
or nerve injury can result in a pathological state in which there is a reduction in
pain threshold (allodynia), an increased response to noxious stimuli (hyperalge-
sia), an increase in the duration of response to brief stimulation (persistent pain)
and a spread of pain and hyperalgesia to uninjured tissue (referred pain and sec-
ondary hyperalgesia) [17]. These alterations in the pain pathways are usually
referred to as neuroplasticity.

Peripheral Sensitization

Tissue damage results in the release of inflammatory mediators including ions
(H*, K*), bradykinin, histamine, 5-hydroxytryptamine (5-HT), ATP and nitric
oxide (NO). The tissue injury activates the arachidonic acid pathway, which
results in the production of prostanoids and leukotrienes [60]. Inflammatory
mediators are also released from attracted cells such as mast cells, fibroblasts,
neutrophils and platelets [55]. Tissue damage and inflammation leads to low pH,
which enhances painful sensations by sensitizing and activating the vanilloid
receptor 1 (TRPV1) [49]. Inflammatory mediators, e.g. prostaglandin E,, brady-

peripheral sensitization

NGF
voltage-gated

transcriptional change in the DRG
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Figure 6. Neuroplasticity of the nociceptor

a Peripheral sensitization (NGF nerve growth factor, BK bradykinin, TRPVT transient receptor potential vanilloid 1 chan-
nel, EP prostaglandin E receptor, PK protein kinases, AA arachidonic acid, PGE, prostaglandin, TrkA tyrosine kinase A
receptor, Cox2 cyclooxygenase 2). b Transcriptional change in the DRG (PKA protein kinase A, CamKIV camkinase IV, JNK
jun kinase, ERK extracellular signal-regulated kinase). Redrawn from Woolf [123] (with permission from ACP).
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kinin and nerve growth factor (NGF) [108], activate intracellular protein kinases
A and Cin the peripheral terminal that phosphorylate TRPV1 and tetrodotoxin-
resistant (TTXr) sodium channels (Na,1.8, Na,1.9) to increase excitability [123,
125, 130]. These mechanisms (Fig. 6a) contribute to the sensitization of the
peripheral terminal leading to pain hypersensitivity [130].

Transcriptional DRG Changes

In damaged tissue, nerve growth factor (NGF) and inflammatory mediators are
expressed and transported from the periphery to the cell body of peripheral neu-
rons [123]. Within the DRG, signal transduction cascades are activated involving
NGF and inflammatory ~ protein kinase, CaM kinase IV, extracellular signal-regulated kinase (ERK), mito-
mediators modulate ~ gen-activated protein kinase (MAPK) p38, and jun kinase [52, 53, 71, 86, 123].
DRG gene expression  These cascades control the transcription factors that modulate gene expression,
leading to changes in the levels of receptors, ion channels, and other structural

proteins [86, 123] (Fig. 6b).

Central Sensitization

Central sensitization is the form of synaptic plasticity that amplifies and facili-
tates the synaptic transfer from the nociceptor central terminal to dorsal horn
neurons [59, 123]. During nociception the release of glutamate predominately
acts on kainate and AMPA receptors within the dorsal horn. The intense stimula-
tion of nociceptors (e.g. by spinal injuries) releases transmitters [brain-derived
neurotrophic factor (BDNF), substance P, glutamate], which act on multiple dor-
sal horn receptors, e.g. AMPA, NMDA, NK1 and TrkB [64, 125, 135]. In this early
phase (Fig. 7a) of central sensitization, intracellular kinases are also activated
which phosphorylate receptor ion channels. This effect also increases the respon-
The early phase results ~ siveness to glutamate by removal of the Mg?* block of the NMDA channel leading
in pain hypersensitivity ~ to spinal hypersensitivity and amplification of peripheral inputs [110, 123, 124,

131].
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Figure 7. Central sensitization

a Acute phase (AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors, NIDA N-methyl-p-aspartate,
EP prostaglandin E receptor, NKT neurokinin 1 receptor, TrkA tyrosine kinase B receptor, PK protein kinases). b Late phase
(EP prostaglandin E receptor, AA arachidonic acid, PGE, prostaglandin, /I-1f3 interleukin-1f3, Cox2 cyclooxygenase 2). Red-
rawn from Woolf [123] (with permission from ACP).
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Prostaglandins not only sensitize the nociceptive system at the level of the pri-
mary nociceptor but also centrally at the level of the dorsal horn [133]. In the late
phase (Fig. 7b) of central sensitization, PGE, is produced by COX-2 in the dorsal
horn, which is induced by proinflammatory cytokines such as interleukin-1f3
[103, 123, 133]. This expression of PGE, appears to be a key factor responsible for
central pain sensitization [1, 98]. These mechanisms of central sensitization are
responsible for the well known clinical symptoms such as allodynia, hyperalge-
sia, and secondary hyperalgesia.

Disinhibition

Afferent nociceptive signals from the periphery to the brain are modulated by a
well balanced interplay of excitatory and inhibitory neurons [123]. The loss of
inhibition, i.e. disinhibition of dorsal horn neurons, is a key element in persis-
tent inflammatory and neuropathic pain [132]. Inhibitory mechanisms within
the spinal cord are mediated by the neurotransmitters glycine and GABA. The
expression of PGE, during inflammation leads to a protein kinase A-dependent
phosphorylation which inhibits the glycine receptors. Dorsal horn neurons are
relieved from the glycinergic neurotransmission [1, 46]. Furthermore, partial
nerve injury has been shown to decrease dorsal horn levels of the GABA synthe-
sizing enzyme glutamic acid decarboxylase (GAD) and induce neuronal apopto-
sis. Both of these mechanisms could reduce presynaptic GABA levels and pro-
mote a functional loss of GABAergic transmission in the superficial dorsal horn
[79]. However, significant loss of GABAergic or glycinergic neurons is not neces-
sary for the development of thermal hyperalgesia in the chronic constriction
injury (CCI) model of neuropathic pain [92].

Additional mechanisms involved in the neuroplasticity leading to pathologic
pain processing include spinal cord glial changes and medullary descending
facilitation. Similar to immune cells responding to viruses and bacteria, spinal
cord glia (microglia and astrocytes) can amplify pain by expressing proinflam-
matory cytokines [119]. These spinal cord glia also become activated by certain
sensory signals arriving from the periphery, e.g. as a result of a nerve root injury
[54, 119]. Nerve root injury and inflammation can result in persistent input of
pain signals and lead to sustained activation of descending modulatory pathways
that facilitate pain transmission [93, 123].

Endogenous and Environmental Influences on Pain Perception

There is an increasing plethora of studies indicating a strong influence of endog-
enous and environmental factors on pain perception and processing (see Chap-
ters 6, 7 ).Itis common knowledge that the identical noxious stimulus does not
lead to an equal pain perception neither on the intraindividual nor on the inter-
individual level. Similarly, it is well known that not every patient with severe
injury to the nervous system develops chronic/neuropathic pain [87]. With the
advance of molecular biological techniques, research has focused on exploring
the genetic predisposition for these interindividual differences. The genetic pre-
disposition for disc degeneration but not necessarily pain has been established in
several studies [6]. Tegeder et al. [112] recently reported that a haplotype of the
GTP cyclohydrolase gene was significantly associated with less pain following
discectomy for persistent radicular leg pain. GTP cyclohydrolase (GCH1) is the
responsible enzyme for tetrahydrobiopterin (BH4) synthesis. BH4 is an essential
cofactor for catecholamine, serotonin and nitric oxide production and thus a key
modulator of peripheral neuropathic and inflammatory pain. Healthy individu-
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als homozygous for this haplotype exhibited reduced experimental pain sensitiv-
ity, and forskolin-stimulated immortalized leukocytes from haplotype carriers
upregulated GCH1 less than did normal controls [112]. Considering the com-
plexity of persistent pain, it appears very likely that many genes are involved and
we are only at the beginning of unraveling the molecular background of individ-
ual differences in pain perception.

Additionally to biological mechanisms, there are several established predispo-
sing biopsychosocial risk factors for the development of persistent pain:

gender [34, 100]

age [38]

ethnicity [28, 47]

affective-emotional behavioral pattern [16, 69]
psychosocial factors [11, 58, 115]

previous pain states [94, 109, 113]

personality traits [69, 90]

Although various studies show that gender, age, ethnicity, personality traits, etc.,
play a role in pain perception and pain processing, there is no evidence for a spe-
cific pain-prone personality that reliably predicts the development of a persistent
pain syndrome [69, 91].

Clinical Assessment of Pain

Nociceptive pain is an important warning sign to prevent the individual from
injury, whereas neuropathic pain has lost this role and presents as a disease by
itself. Nociceptive spinal pain occurs due to circumscribed actual or impending
tissue damage. Patients suffering from nociceptive spinal pain present specific
clinical signs corresponding to the affected tissue. In contrast to nociceptive spi-
nal pain, neuropathic spinal pain occurs as consequence of a direct injury or
affection of the nervous system. Severe nerve root and spinal cord injuries are the
most common causes of the neuropathic form of spinal pain. Clinical experience
and rather discouraging research mainly related to the treatment of chronic pain
has demonstrated that a strategy directed at examining, classifying and treating
pain on the basis of anatomy or underlying disease is of limited help [51]. Clifford
Woolf has first advocated that a mechanism-based approach to pain is more rea-
sonable and has direct implications on present and future pain treatment [129].

Differentiating Inflammatory and Neuropathic Pain

While the diagnosis and assessment of nociceptive and acute inflammatory pain
is straightforward, the clinical differentiation of persistent inflammatory and
neuropathic pain often remains a diagnostic challenge for several reasons [51]:

® Jack of a single diagnostic test which can confirm/reject the putative
diagnosis

® perception of neuropathic pain is purely subjective

e various diseases (e.g. low back pain) exhibit a variable degree of neuropathic
component

® pain is not static but changes in a dynamic way

e signs and symptoms may change during the course of the disease

e lack of a commonly agreed definition of neuropathic pain

It is most important to stress that not all persistent pain is neuropathic. This diag-
nosis should only be made in the presence of positive findings [40]. However, the
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Table 3. Criteria for classifying neuropathic pain

Definite Possible Unlikely

Pain located in a neuroanatomical area and Pain located in a neuroanatomical area and  Pain fulfilling at least the

fulfilling at least two of the following: fulfilling at least two of the following: following:

® decreased sensibility in all/part of the ® decreased sensibility in all/part of the ® pain located in a non-neu-
painful area painful area roanatomical area

® present or former disease known to e unknown etiology e presence of former disease
cause nerve lesion relevant for the pain e present or former disease known to cause known to cause nociceptive

® nerve lesion confirmed by neurophysiol- either nociceptive or neuropathic pain pain in the painful area
ogy, surgery or neuroimaging e radiation pain or paroxysms ® no sensory loss

According to Rasmussen et al. [97]

Table 4. Differentiating nociceptive and neuropathic pain

Nociceptive pain Neuropathic pain

® sharp, aching or throbbing quality ® burning, tingling, numbness, shooting, stabbing quality, or electric-like sensation

e well localized ® spontaneous or evoked

® transient ® persistent or paroxysmal pain

® good response to analgesic treatment @ resistance to non-steroidal anti-inflammatory drugs and limited or no
response to opioids

According to Jensen and Baron [51]

scope of the diagnosis is largely variable. Rasmussen et al. [97] provided criteria
facilitating the diagnosis of neuropathic pain (Table 3).

The diagnostic work-up of patients with neuropathic pain should include: The diagnosis of
neuropathic pain requires

medical histor
Y a thorough work-up

sophisticated quantitative sensory testing
neurophysiological studies

imaging studies

pharmacological tests

Medical History

A thorough history and physical examination (see Chapter 8) including a
detailed neurologic assessment (see Chapter 11 ) is the prerequisite for a mecha-
nism based diagnosis and effective pain treatment. A detailed history of persis-
tent pain should include the following aspects:

beginning

localization

intensity

quality

temporal pattern

pain aggravating and relieving factors
autonomic changes

confounding biopsychosocial risk factors

A pain drawing can be used to graphically document the pain distribution [73, A pain drawing can be

96]. The graphic depiction of the subjective pain perception often instanta- helpful in differentiating
neously shows a non-anatomic distribution which argues against neuropathic anatomic and non-anatomic
pain. However, the general discriminative power of the pain drawing to assess pain distribution
psychological disturbance is limited [44]. Pain can further be differentiated

according to its character. Melzack [76] has developed a questionnaire which dis-

tinguishes sensory and affective pain descriptors, which can be helpful in the

assessment of the pain character (see Chapter 8 ). The history sometimes allows

a differentiation of nociceptive and neuropathic pain (Table 4).



140

Section

Negative and positive
sensory symptoms and
signs need to be assessed

fMRI is an intriguing
imaging modality

Basic Science

Clinical Examination

The examination should include the assessment of negative and positive sensory
symptoms and signs (Table 5). Currently there is no consensus about what,
where and how to measure and what to compare with [51]. Although the mirror
side can serve as an internal control, the assessment can be influenced by contra-
lateral segmental changes [51].

Screening tools and questionnaires (e.g. LANSS, NPQ, DN4, painDETECT)
have been developed and are recommended to supplement the assessment for
neuropathic pain [8].

Neurophysiological Studies

Recent advances in neurophysiology have become a valuable diagnostic tool in
identifying the extent of neurologic disturbance in neuropathic pain [25, 63].

Imaging Modalities

The primary objective of imaging studies in the evaluation of neuropathic pain is
to identify a structural abnormality or damage to neural tissue, which is a prereq-
uisite in making a definite diagnosis. However, imaging studies can go beyond a
pure anatomical appraisal. Functional imaging such as positron emission
tomography (PET), magnetic resonance spectroscopy and functional MRI
(fMRI) allow the identification of local cerebral blood flow changes which reflect
local synaptic activity, thereby revealing the cortical representation of pain [12,
13, 43, 68, 95, 107].

Pharmacological Testing

Pharmacological tests in a controlled manner with either different drugs or dif-
ferent administration forms of the same substance allow for an examination of
the location of the pain generator and the molecular mechanisms involved in
pain [40, 51].

Table 5. Clinical testing

Negative sensory symptoms/signs Bedside examination
® reduced touch ® touch skin with cotton wool
e reduced pin prick ® prick skin with a pin single stimulus
® reduced cold/warm e thermal response to cold, 20° and 45°
® reduced vibration ® tuning fork on malleoli/interphalangeal
Positi . joints
ositive sensory symptoms/signs
Spontaneous Bedside examination
® paresthesia e grade (1-10)
e dysesthesia ® grade (1-10)
® paroxysms ® number/grade (1-10)
e superficial burning pain e grade (1-10)
® deep pain ® grade (1-10)
Evoked Bedside examination
e touch evoked hyperalgesia e stroking skin with painter’s brush
e static hyperalgesia e gentle mechanical pressure
® punctuate repetitive hyperalgesia (wind-up) e pricking skin with pin 2/s for 30 s
e aftersensation ® measure pain duration after stimulation
e cold hyperalgesia o stimulate skin with cool metal roller
® heat hyperalgesia e stimulate skin with warm metal roller
e chemical hyperalgesia e topical capsaicin
e sympathetic maintained pain ® none

According to Jensen and Baron [51]
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General Concepts of Pain Treatment
Pharmacological Treatment

A systemic pharmacological treatment remains the cornerstone of the manage-
ment of acute or persistent pain [67]. The three-step pain relief ladder developed
by the WHO [120] originally for the treatment of cancer pain in 1986 also applies
for other pain disorders such as spinal pain. The pain relief ladder (Fig. 8) sug-
gests starting with a weak analgesic and stepwise increasing the potency of the
medication until pain relief is felt [29]. In cases of severe pain, it may be necessary
to immediately start with step 3 opiate analgesics (stratified therapy) [57]. There
is increasing evidence that acute painful experiences can lead to longer-term
painful consequences, even when tissue healing has occurred [41]. The increas-
ing understanding of the neurobiology of pain has prompted an aggressive, mul-
timodal, preemptive approach to the treatment of acute pain to prevent pain per-
sistence [30, 41].

Drug Types

A detailed discussion of the various drug types and their application is far
beyond the scope of this chapter and the reader is referred to the literature [4, 5,
30, 56, 62, 66, 105].

Non-opioid Analgesics

Although paracetamol (acetaminophen) has been known for a century, the exact
mechanisms of its antinociceptive effect are still controversial. Paracetamol

freedom from pain

opioid for moder
ate
severe pain, to

+/- non-opioid
+/- adjuvant

pain persisting or increasing
opioid for mild to
+/- non-opioid
+/- adjuvant

Moderate pain,

PaIn persisting oy increasing

Non-opioid
+/- adjuvant

Figure 8. Pain relief ladder
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neuroleptics). According to WHO [120].
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appears to cause a weak peripheral cyclooxygenase (COX) inhibition but also
inhibits COX centrally [66]. The analgesic effect of paracetamol is thought to be
related to an increasing pain threshold by means of central prostaglandin inhibi-
tion [30]. Tramadol is a synthetic analog of codeine. It has a central acting anal-
gesic effect and inhibits norepinephrine and serotonin uptake [30].

NMDA antagonists are potent analgesics which interfere with the transmis-
sion in primary afferent pain pathways at the NMDA receptor. The prototype of
NMDA antagonists is ketamine, which is effective in neuropathic and other
chronic pain conditions.

Non-steroidal Anti-inflammatory Drugs

The primary mechanism of action of non-steroidal anti-inflammatory drugs
(NSAIDs) is the inhibition of prostaglandin synthesis by blocking cyclooxyge-
nase (COX), which catalyzes the biotransformation of arachidonic acid to prosta-
glandins [62]. In most tissues, COX-1 is constitutively expressed, while COX-2 is
induced in many cell types as a result of inflammation [62]. The products of COX-
1 and COX-2, particularly prostaglandin E, and I,, induce inflammatory alter-
ations and act directly on sensory nerve endings [104]. Non-selective COX inhib-
itors (e.g. aspirin, ibuprofen, naproxen, diclofenac, piroxicam) inhibit both iso-
forms of COX. The inhibition of COX-1 has the disadvantage that it also prevents
the synthesis of PGs that act to protect the tissue [66]. Subsequent to the discov-
ery of COX isoenzymes, selective COX-2 inhibitors have been developed. How-
ever, selective COX-2 inhibitors (e.g. celecoxib, rofecoxib, valdecoxib) have
recently been scrutinized because of the report of potential serious side effects
[21, 48, 74].

Opioids

Opioids include all the endogenous and exogenous compounds that possess mor-
phine-like analgesic properties [30]. Among the most commonly used opioids
are morphine, hydromorphone, methadone, oxycodone, oxymorphone and fen-
tanyl. These drugs remain the mainstay for the treatment of severe acute pain.
Controversy exists about their effectiveness and safety with long-term use. A
recent systematic review indicates that the short-term use of opioids is good in
both neuropathic and musculoskeletal pain [56]. However, conclusions on toler-
ance and addiction were not possible because of the small numbers of patients
with long-term opioid medication, not allowing conclusions to be drawn regard-
ing the treatment of chronic pain [56].

Adjuvants

The WHO has recommended adding adjuvant drugs to relieve pain associated
fears and anxiety [120] and enhance the central effect on pain relief. Several cate-
gories of adjuvant medications can be differentiated:

® antidepressants
anticonvulsants

anxiolytics

muscle relaxants
sleep-promoting medications

Tricyclic antidepressants (e.g. amitriptyline, desipramine, nortriptyline) have a
long history of use in neuropathic pain syndrome and act primarily by enhancing
adrenergic a,-adrenoreceptor stimulation. Some also possess NMDA receptor-
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blocking activity [66]. The rationale for their use in chronic low-back pain (LBP)
is based on the frequent coexistence of pain and depression, their sedating effect
(improving sleep) and supposed analgesic effect in lower doses [116]. However,
there is contradictory evidence that antidepressants are effective for low back
pain in the short to intermediate term [80, 116]. Anticonvulsants are extremely
useful for neuropathic pain [89]. The effectiveness of the anticonvulsant drugs in
the treatment of neuropathic and central pain states lies in their action as non-
selective Na*-channel-blocking agents [66]. Until recently, the first generation of
anticonvulsants (e.g. phenytoin, carbamazepine and valproic acid) were used to
treat neuropathic pain [36]. However, the newer antiepileptic agents including
gabapentin and pregabalin are rapidly becoming the initial medications of
choice to treat neuropathic pain [89]. Selective serotonin reuptake inhibitors
(e.g. fluoxetine, paroxetine) are frequently used for the treatment of anxiety dis-
orders. However, the therapeutic effects are not seen immediately because of a
slow onset of action (2 -4 weeks). Benzodiazepines are used to treat acute anxiety
states and serve as a pre-medication before a surgical intervention to reduce
stress and muscle spasm [89]. Muscle relaxants have a central action on the ner-
vous system rather than a direct peripheral effect on muscle spasm. Benzodiaze-
pines (e.g. diazepam) are sedative and exhibit an addictive potential as well as a
withdrawal syndrome [89]. Baclofen centrally facilitates GABAj receptor-medi-
ated transmission while tizanidine is a centrally acting a,-adrenergic agonist and
reduces the release of excitatory neurotransmitters and inhibits spinal reflexes
[89]. There is strong evidence that oral non-benzodiazepines are more effective
than placebo for patients with acute LBP on short-term pain relief, global efficacy
and improvement of physical outcomes. However, there is only moderate evi-
dence for the short-term effectiveness in chronic LBP [116]. Sleep-promoting
medications are helpful as adjuvant medication because of the high correlation
of insomnia, depression and pain [121]. Appropriate pain treatment therefore
also improves insomnia. Traditionally, antidepressants have been used because
of their sedative effect. Benzodiazepines should only be used for short-term
management of insomnia because of the well known side effects such as overse-
dation (“morning hangover”), addiction, dependence and withdrawal syn-
drome. Newer omega-1 receptor agonists (e.g. zolpidem, zaleplon) minimize
morning hangover and withdrawal symptoms and have a shorter half-life [89].

Non-pharmacological Treatment of Spinal Pain

It is well established that bed rest of more than 3 days for acute back pain is ill-
advised [45, 116]. There is conflicting evidence on the effectiveness of back
schools for patients with chronic LBP. While there also is conflicting evidence for
the effect of exercise therapy for acute LBP, exercise is at least as (in-)effective as
other conservative interventions for chronic LBP [116]. Spinal manipulation is
not more effective in the short and long term compared with other convention-
ally advocated therapies such as general practice care, physical or exercise ther-
apy, and back school [116].

Biopsychosocial Interventions

Since Melzack and Wall’s introduction on the gate control theory [77], our under-
standing of how psychosocial factors can modulate the pain signal has substan-
tially increased. Furthermore, our understanding of pain has been shaped by
another landmark paper. In the late 1970s, Engel [32] realized that the dominant
biomedical model left no room within its framework for the social, psychological,
and behavioral dimensions of illness. He therefore proposed a biopsychosocial
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Adjuvant drugs relieve pain
associated fear and anxiety

Biopsychosocial interven-
tions are effective in chronic
musculoskeletal pain
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model which included physiologic as well as psychological and social factors,
allowing for a more comprehensive understanding of pain. These two theoretical
advances resulted in the development of various new treatment approaches, e.g.
behavioral [33] and cognitive-behavioral treatments [114] that went beyond the
biomedical dimension [84]. The rationale for this approach is that of altering the
range of physical, psychological and social components of pain [84].

In persistent pain disorders, the actual tissue damage has almost always disap-
peared and rest is no longer required to promote healing. Therefore the advice to
stay as active as possible is the most important advice which should be given to
patients. There is evidence that this advice improves pain and function at least in
the short term [116]. Fordyce and coworkers [35, 65] also indicated that pain
does not hurt so much if you have something to do.

Although cognitive-respondent treatment and intensive multidisciplinary
treatment have been shown to be effective for short-term improvement of pain
and function in chronic LBP, there is still no evidence that any of these interven-
tions provides long-term effects on low back pain and function [116].

Surgical Treatment

The surgical treatment of chronic spinal pain continues to be very controversial
[23]. So far, convincing evidence for the mid- and long-term superiority of spinal
fusion over cognitive behavioral treatment and exercise is still lacking. Similarly,
there is a lack of other invasive interventions (e.g. spinal injection, spinal cord
stimulation, intrathecal pumps) to treat chronic low back pain other than disc
herniation, spinal stenosis and spondylolisthesis [14, 117].

Epidemiology. The incidence of chronic pain
ranges from 24% to 46% in the general popula-
tion. In 90% of chronic pain patients the pain is lo-
cated in the musculoskeletal system. The natural
history of chronic pain is poor due to a strong risk of
pain persistence often regardless of treatment.

Classification. Pain may be differentiated into
acute pain (1-4 weeks) caused by an adequate
stimulation of nociceptive neurons. Chronic pain
(>6 months) can occur spontaneously or can be
provoked by a normally non-noxious stimulus.
However, the temporal classification of pain does
not reflect the underlying pain mechanism. A
mechanism-based classification of pain is more rea-
sonable. A contemporary definition of pain differ-
entiates adaptive (nociceptive and inflammatory)
pain protecting the individual from further damage
and maladaptive (neuropathic and functional)
pain that has lost this protective function and can
be considered as a disease by itself.

Pain pathways. The physiologic processes involved
in pain can be differentiated into transduction, con-

duction, transmission, modulation, projection and
perception. Transduction is the conversion of nox-
ious stimuli (thermal, mechanical and chemical) in-
to electrical activity at the peripheral terminal of
nociceptor sensory fibers. The DRG cell bodies give
rise to three different fiber types (Ap, Ad and C fi-
bers) responsible for nociception. The resulting
sensory input to the central terminal of nociceptors
is described as conduction. Transmission is the
synaptic transfer and modulation of sensory input
from one neuron to another. The peripheral noci-
ceptive signals to the brain undergo various modu-
lations by excitatory (facilitatory) and inhibitory
mechanisms in the dorsal horn of the spinal cord.
This modulation provides a framework to explain
how pain can be felt even without tissue damage
and how psychosocial factors can influence pain.
After pain transmission and modulation, nocicep-
tive information is transferred to the supraspinal
structures via afferent bundles, which is known as
projection. The spinal pathways project to the re-
ticular formation of the brain stem before converg-
ing in the thalamus, the main structure for recep-
tion, integration and nociceptive transfer of noci-
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ceptive stimuli before transmission to the somato-
sensory cortex (perception).

Neuroplasticity. Alterations in the physiological
function of pain pathways as a result of tissue dam-
age or neural injury are referred to as neuroplasti-
city. Injured tissue can release inflammatory media-
tors which activate and sensitize receptor channels
in the peripheral terminal of the nociceptor. High-
threshold and silent nociceptors are activated by a
decrease in their threshold and show an increase in
the responsiveness (peripheral sensitization). Tis-
sue damage may also result in transcriptional
changes in the dorsal root ganglion. Similarly, pain
transmission is facilitated and inhibitory influences
are attenuated by distinct neurobiological alter-
ations of the receptor channels in the dorsal horn
(central sensitization). Afferent nociceptive signals
from the periphery to the brain are modulated by a
well balanced interplay of excitatory and inhibitory
neurons which can be disturbed as a result of an
injury. Disinhibition is the disturbance of this bal-
ance with relief from inhibitory neuronal mecha-
nisms. Genetic predisposition and biopsychoso-
cial factors have a significant influence on the mod-
ulation of the afferent sensory input.

Clinical assessment. The clinical assessment of pain
encompasses a detailed medical history, sophisti-
cated quantitative sensory testing, neurophysio-
logical studies, imaging studies, and pharmacologi-
cal tests. The clinical differentiation of persistent
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inflammatory pain and neuropathic pain remains
difficult because of the lack of an objective test for
neuropathic pain (the missing gold standard). It is
important to note that not all persistent pain is neu-
ropathic. The diagnosis of neuropathic pain should
be based on the presence of negative and positive
sensory symptoms and signs.

General treatment concepts. The pharmacological
treatment of acute pain must be aggressive, multi-
modal and preemptive to reduce the likelihood of
pain persistence. The WHO three-step pain relief
ladder indicates one should start with a weak anal-
gesic and stepwise increase the potency of the med-
ication until pain relief is felt. Analgesics can be dif-
ferentiated into non-opioid analgesics (e.g. parace-
tamol, tramadol, ketamine), NSAIDs, and opioids.
Opioids include all the endogenous and exogenous
compounds that possess morphine-like analgesic
properties. Adjuvant drugs (e.g. antidepressants,
anticonvulsants, anxiolytics) are useful adjunct med-
ications because they enhance the central effect of
analgesics and target associated depression, fear
or anxiety. Non-pharmacological treatments of
chronic back pain such as back school, exercise ther-
apy, or spinal manipulation have not passed the test
of mid- and long-term clinical effectiveness. Cogni-
tive-behavioral treatment is effective in chronic LBP
only in the short term. Surgical treatment of chronic
pain syndromes particularly chronic LBP has not
been proven to be effective in the long term.
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Appendix: IASP Pain Terminology (www.iasp-pain.org)

allodynia
analgesia

anesthesia dolorosa

causalgia

dysesthesia
hyperalgesia
hyperesthesia
hyperpathia

hypoalgesia
hypoesthesia
neuralgia
neuritis
neurogenic pain

neuropathic pain
neuropathy
nociceptor

noxious stimulus
pain

pain threshold

pain tolerance level e

paresthesia

pain due to a stimulus that does not normally provoke pain
absence of pain in response to stimulation that would normally be painful
pain in an area or region that is anesthetic

a syndrome of sustained burning pain, allodynia, and hyperpathia after a traumatic nerve lesion,
often combined with vasomotor and sudomotor dysfunction and later trophic changes

an unpleasant abnormal sensation, whether spontaneous or evoked
an increased response to a stimulus that is normally painful
increased sensitivity to stimulation, excluding special senses

a painful syndrome, characterized by increased reaction to a stimulus, especially a repetitive
stimulus, as well as an increased threshold

diminished sensitivity to noxious stimulation

diminished sensitivity to stimulation, excluding special senses
pain in distribution of nerve or nerves

inflammation of a nerve or nerves

pain initiated by a primary lesion, dysfunction, or transitory perturbation in the peripheral or
central nervous system

any pain syndrome in which the predominating mechanism is a site of aberrant somatosensory
processing in the peripheral or central nervous system

a disturbance of function or pathologic change in a nerve; in one nerve, mononeuropathy; in
several nerves, mononeuropathy multiplex; if symmetrical and bilateral, polyneuropathy

a receptor preferentially sensitive to a noxious stimulus or to a stimulus that would become
noxious if prolonged

a noxious stimulus is one that is potentially or actually damaging to body tissue

an unpleasant sensory and emotional experience associated with actual or potential tissue dam-
age, or described in terms of such damage

the least experience of pain that a subject can recognize
the greatest level of pain that a subject is prepared to tolerate
an abnormal sensation, whether spontaneous or evoked
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of Spinal Disorders
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Core Messages

v’ In 85% of patients with a spinal disorder the
etiology is unclear

v’ In non-specific spinal disorders, axial pain (i.e.
cervical, thoracic, lumbar pain without radia-
tion into the extremities) is the main symptom

v/ Back pain in non-specific spinal disorders is a
symptom, not a disease

v/ With a 12-month prevalence of 15-45%, a
12-month incidence of up to 20%, and a yearly
recurrence rate of up to 60%, low back pain
(LBP) is a major health problem.

v’ The prevalence and incidence rates for neck
pain are only slightly lower

v’ For the majority of people with an acute epi-
sode of LBP (80-90%), the prognosis is good:
within 1 month, marked improvements in pain
and disability occur, and work can be resumed

General Scope

v’ Work-related disability from non-specific spinal
disorders has become epidemic in industrial-
ized countries

¢/ Only a minority of patients are chronically dis-
abled, but such cases cause most of the costs

v’ Over 50% of the costs of spinal disorders are
related to indirect societal costs

v’ The best predictor of future episodes of back
pain is previous back pain

v Models of back pain are multifactorial, and
include genetic, biological, physical, psycholog-
ical, sociological, and health policy factors

v’ Occupational psychosocial variables are clearly
linked to the transition from acute to chronic
neck and back pain, work disability, recovery,
and return to work

Epidemiology is research on the frequency and causes of diseases or syndromes
in different populations. The baseline idea of epidemiology is that disease and
causal factors are not distributed at random in human populations. Individuals
who develop a disease are expected to be exposed to antecedent risk factors to a
greater degree or for a longer time than are individuals who stay healthy. It is
important to bear in mind that epidemiology estimates the association between
risk factors and diseases in statistical terms.

A second significant goal of epidemiology therefore is to rule out alternative
sources of association, e.g. confounding factors, study bias, and chance. Epidemi-
ological knowledge contributes to the planning and evaluation of primary pre-
vention. Epidemiological data also serve as a guide to the management of
patients in whom disease has already developed. The number of individuals that
suffer from a disease or a syndrome is expressed in terms of prevalence rates, and
the number of new cases is expressed in incidence rates.

Prevalence. Prevalence refers to the percentage of a population that is affected
with a particular disease at a given time or for a given period. Frequently used
time periods are the whole adult lifetime until the establishing diagnosis (life-

Epidemiology estimates
the association between
risk factors and diseases
in statistical terms
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time prevalence), or 1, 6, or 12 months before the interview-establishing diagno-
sis (1-, 6-, or 12-month prevalence rates; also called current prevalence rates).
Point prevalence indicates the percentage of those reporting pain on the day of
the interview.

Incidence. Incidence refers to the number or rate of new cases of the disorder per
persons at risk (usually 100 or 1000) during a specified period of time (usually
one year). To determine the incidence rate, individuals who were healthy at the
beginning of the observation period and who become affected during the obser-
vation period are counted. From this definition it follows that incidence rates are
hard to estimate when conditions are widespread or often reoccur and therefore
lack clear information on first onset. Incidence rates tend to be higher when com-
parably weak criteria are used to define health at the beginning (“no symptoms
during 2 months before”), and are lower when criteria are stricter (“never experi-
enced symptoms before”).

Persistence and Recurrence. Because of the high prevalence and incidence rates,
the burden of back pain in adult populations is better estimated with measures of
the persistence (“duration of pain episodes”) and recurrence (“number of recur-
rent episodes”). Persistence and recurrence are also captured by measuring the
total number of days with pain in the last year. For instance, work disability is
longer in recurrent compared with first episodes to low back pain [107].

Severity. The intensity of pain and functional disability represent the main focus
in attempts to devise a grading system indicating the severity of disorders [78,
97].

Objectives in Spinal Disorders

The specific objectives of epidemiology in the management of spinal disorders
are to [77]:

pinpoint the problem

estimate the societal and economic burden of spinal disorders

forecast the problem in future

describe and differentiate spinal disorders

classify and grade symptoms within spinal disorders

describe the natural history (assisting decision making)

identify preceding risk factors and estimate their impact (alone or com-
bined)

e identify protective resource factors preventing disease or promoting healing
e evaluate primary and secondary prevention efforts

e provide guidance for health care planning

Epidemiology contributes to the standardization of terminology, a matter that is
still unsatisfactory in spinal disorders. For instance it was shown recently that
different definitions of back pain are systematically related to differences in prev-
alence rates [68].

Risk and resource factors comprise demographic, genetic, and other individ-
ual factors, and occupational, societal and even non-identified cultural charac-
teristics [52]. Epidemiology is often a source for methodological development
that helps to crystallize evidence from a data pool. Finally, epidemiology helps to
evaluate primary and secondary prevention efforts and offers important guid-
ance for planning health policy [77].
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Classification of Spinal Disorders

Spinal disorders are a wide and heterogeneous variety of diseases affecting the
vertebrae, intervertebral discs, facet joints, tendons and ligaments, muscles, spi-
nal cord and nerve roots of the spine (Table 1).

Etiology

We can differentiate spinal disorders according to their etiology. We differentiate
on the basis of whether a specific cause can be found which conclusively explains
the patient’s symptoms:

Specific spinal disorders have an unambiguous etiology and can be diagnosed
on the basis of specific structural pathologies that are consistent with the clinical
picture.

Non-specific spinal disorders are not diseases per se but more of a syndrome.
In the vast majority of patients (85-90%) presenting with a spinal disorder it is
not possible to identify a pathomorphological source of the problem despite a
thorough diagnostic work-up [66]. There are many potential causative and
aggravating factors associated with non-specific spinal disorders but no struc-
tural pathology can, with certainty, be held responsible for the symptoms. It is
not easy to differentiate between specific and non-specific spinal disorders by
early symptoms, because the primary manifestation of most spinal disorders is
pain involving the neck and back.

For pain which is not radiating into the extremities the term axial pain is often
used. We can differentiate between:

® axial neck pain
e axial dorsal pain
e axial back pain

Time Course

Spinal disorders can be further classified according to the time course of symp-
toms:

e acute — duration less than 1 month
e subacute - duration up to 3 months
e chronic - duration more than 3 months

Spinal disorders are labeled as acute if persisting for a short time period (less
than 1 month) with a sudden onset. Symptoms are classified as subacute if they
occur after a prolonged period (6 months) without pain and with a retrospective
duration ofless than 3 months. A chronic stage is reached if symptoms occur epi-

Table 1. Classification of spinal disorders

Specific spinal disorders Non-specific spinal disorders

With clearly identifiable pathomorphological ~ Without clearly identifiable pathomor-
correlate (10— 15%) such as: phological correlate (85-90%):

® congenital ® non-specific axial neck pain

e developmental ® non-specific axial dorsal pain

® traumatic ® non-specific axial back pain

® infectious

® tumorous

® metabolic

e degenerative (depending on the disorder)

Chapter 6

Spinal disorders comprise
a variety of disorders that all
involve the spinal column

Neck and back pain are the
most common symptoms in
non-specific spinal disorders
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sodically within a 6-month period or last for more than 3 months [47]. Back and
neck pain within non-specific spinal disorders are frequently accompanied by
other types of musculoskeletal pain, bodily complaints, psychological distress
and, especially in chronic cases, amplified dysfunctional cognition (e.g. catastro-
phizing) and pain behavior [81]. It is important to keep in mind that LBP of less
than 7 days’ duration is not a disease. However, a complaint can turn into a com-
plex syndrome.

Low Back Pain

Low back pain is common and appears as pain, muscle tension, or stiffness local-
ized below the costal margin and above the inferior gluteal folds, with or without
leg pain (sciatica) [54].

With respect to the cause of back pain the so-called “diagnostic triage” [99,
100] classification has become standard. It divides low back pain into three cate-
gories:

e specific spinal pathology
® nerve root pain/radicular pain
e non-specific low back pain

Back pain often is divided into three large groups with respect to its location,
aggravating factors, and temporal nature: referred pain, axial pain, and radicu-
lar pain.

® axial or mechanical pain (neck, dorsal, back) is restricted to the lower back
area and gets worse with certain activities or positions.

o referred pain comes and goes and varies in intensity. It starts in the low
back area and commonly spreads into the groin, buttocks and upper
thighs.

e radicular pain is deep and usually constant. It radiates down the leg accord-
ing to the dermatone and is accompanied by numbness or tingling and mus-
cle weakness. This type of pain is caused by injury to a spinal nerve. Some of
the possible causes are a disc herniation or foraminal stenosis.

About 75-85% of all individuals will experience LBP at some time during their
life (lifetime prevalence). Most epidemiological studies do not differentiate
between types of pain [66]. The lifetime prevalence for associated leg pain seems
to be about half that of back pain in general, and the lifetime prevalence of sciatic
pain is estimated to be much lower, approximately 3-5% [40].

The yearly prevalence of back pain is estimated to range from 15 % to 20% in
the US and from 25% to 45% in Europe. The natural history of LBP is usually
favorable and most individuals recover within 2 — 4 weeks; of the remainder, more
than 90% resolve within 12 weeks [3]. A complete view of back-related work
absence in Jersey/the UK showed that 3% of those starting absence in 1994 and
who were out of work for 6 months or more caused 33 % of social benefit costs
[108]. This population based study also showed that recurrent episodes are asso-
ciated with longer work absences, and that more specific diagnoses are associ-
ated with longer absences than non-specific back pain and back injuries [108]. In
areview of 36 studies, Hestbaek and colleagues reported that, after a first episode
of low back pain, the proportion of patients who report recurrent episodes after
12 months was on average 62 %, and the percentage who had relapses of work
absence was 33 % [42]. Pengel and colleagues showed that 73 % of patients had at
least one recurrence within 12 months [71]. Return to work in the first month
after an initial episode of LBP is high (82 % of those initially off work), and some
further improvement appears in the subsequent 3 months. Thereafter levels for
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pain, and disability, and return to work remain almost constant [71]. There is
increasing evidence that non-specific back pain in adults shows a fluctuating,
recurrent and intermittent course that may ultimately lead to a chronic phase
[19]. The unstable and episodic nature of LBP and the uncertainty of onset of any
episode make estimation of the incidence of LBP difficult. The figures of up to
36% for the 12-month incidence may overestimate the “true” incidence of real
first time episodes of pain [19].

Neck Pain

Neck pain located by a mannequin drawing is most often defined as pain occur-
ring in the area from the occiput to the third thoracic vertebra [21, 22]. Neck
pain seems to be less common than low back pain, but there is limited epidemio-
logical data on neck pain compared with low back pain [66]. Many studies
examine shoulder pain together with neck pain, reporting prevalence numbers
for neck and shoulder disorders (NSD) to be high in industrialized countries
[66]. Recently Fejer and coworkers showed in their review of 56 epidemiological
studies that neck pain is common in many areas of the world and numbers did
not differ systematically with most definitions of neck pain (i.e. pain, ache, trou-
blesome, soreness) [35]. However, numbers are higher when definitions like
stiffness are used, and numbers are lower when neck pain of longer duration or
high severity is assessed. Numbers did not differ systematically depending on
whether the shoulder region was included or not, nor was the quality of studies
systematically related to prevalence rates. Point prevalence rates ranged
between 5.9 % and 22.2% in adult populations with a mean point prevalence of
7.6%. Mean week-prevalence was slightly higher (12.5%), and increased with
the period of time captured in prevalence data (23.3% in 1-month prevalence,
29.8% in 6-month prevalence, 37.2 % in 1-year prevalence, and 48.5 % in lifetime
prevalence) [35].

The so-called whiplash associated disorder denominates injury-related neck
pain and subsequent associated disorders (see Chapter 30 ). It was first specifi-
cally defined as an acceleration-deceleration injury (usually related to accidents
in vehicles), but later on the term whiplash syndrome was adopted for all types of
neck injuries [66]; nonetheless, the causal link to trauma is not well documented.
Although neck pain following trauma is common, few studies to date have
included a control group in order to compare neck pain after injury with preva-
lence and incidence rates to be expected in the absence of a trauma [66]. Accord-
ing to Schrader and coworkers [82], the period prevalence of neck pain after
trauma of around 35 % equaled the prevalence in a control group.

Compared with low back pain, there is less knowledge about the incidence and
course of neck pain. In the Saskatchewan Health and Back Pain Survey, a popula-
tion-based cohort study of Saskatchewan adults, the incidences of neck pain and
back pain were assessed [18, 19, 22]. The age and gender standardized annual
incidence of neck pain was 14.6 % (back pain: 18.6 %). The annual rate of resolu-
tion of neck pain was 36.6 % (back pain: 26.8 %). Contrary to the popular belief of
many clinicians, most individuals with neck pain do not experience complete
resolution of their symptoms and disability.

Pain, Impairment and Disability

Impairment defines an abnormality in structure or functioning of the body that
may include pain, and disability defines the reduction in the performance of
activities. Because in non-specific spinal disorders the etiology is uncertain, the
establishment of impairment in these disorders is often less clear-cut than that of
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Neck and shoulder pain
are often associated

Whiplash associated
disorders may result from
cervical sprain (frequently
rear-end collision)

Incidence and course
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Work disability caused by disorders in Germany in 1994 and in 2004 [94]. Note: Within musculoskeletal disorders in 2004,
the most frequent diagnosis was back pain ICD-10 M54 (7.7 % days off work).

Pain and disability
must be differentiated

Risk factors and obstacles
to recovery potentially can
differ for pain and disability

disability. Disability at work and in one’s private life includes restrictions in the
individual’s major role and limitations in social and recreational activities. Indi-
vidual functional losses include subcategories of functional capacity, such as
mobility (part of the activities of daily living, transportation, leisure activities,
sexual activities and other social role handicaps - occupation and household). It
is also important to make a distinction between pain and disability. Pain and dis-
ability differ in their risk factors, prevalence and incidence, and they have devel-
oped very differently in their prevalence rates over time. An historical review [2]
has indicated that people have always suffered from back pain, but back pain dis-
ability shows a trend for a steady increase over time. For example, Donald [27]
reported a 208.5% increase in back pain disability in the UK between 1978 and
1992 compared with a 54.6 % increase in other types of disability. In Germany, in
2003, musculoskeletal complaints (ICD XIII) caused 24.9% of days of work
absence [94]. The mean number of absence days per LBP episode was among the
highest (18.2 days), with only psychiatric disorders (ICD V) causing longer spells
(28.5 days) [94]. In Germany and some other countries, however, the trend for an
increase in absence days in recent decades has stopped and numbers seem to
have leveled off [94].

Disability causes great loss of productivity at home and at work, and the eco-
nomic burden of chronic disability has become enormous in both the developing
and industrialized countries [26].

The Glasgow Illness Model is an operational clinical model of low back disabil-
ity [99, 104] that includes physical, psychological, and social elements (Fig. 2). It
assumes that most back and neck pain starts with a physical problem, which
causes nociception, at least initially. Psychological distress may significantly
amplify the subjective pain experience and lead to abnormal illness behavior.
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Sick role

lliness behavior

Distress

Glasgow lliness Model of Disability [99]. This operational model of
low back disability describes the development from a physical prob-
lem causing nociception to illness behavior and an alteration of
the social role.

High levels of pain and illness behavior alter social function, and the individual
may adopt a “sick role”. A small minority of patients persist in the sick role, expe-
riencing high levels of pain, even though the initial cause of nociception should
have ceased and healing should have occurred.

Burden of Spinal Disorders

Back pain related heath care utilization is common [55]. Musculoskeletal com-
plaints account for about 10-20% of primary care visits and are the second most
common reason for consulting a doctor [76].

Papageorgiou and Rigby [70] characterized the back pain related contact with
medical services by applying a one-in-five rule of thumb: One in five of the popu-
lation experience back pain at any one period of time; of these, one in five consult
their GP; and one in five of those consulting are referred to a specialist. One in
five of those attending outpatients are admitted to hospital, and one in five of
those admitted undergo surgery for back pain.

Musculoskeletal complaints are second only to respiratory disorders as a
cause of short-term sick leave [87], and are the leading cause of long-term
absence from work (>2 weeks) in many countries [11]. Furthermore, muscu-
loskeletal complaints are among the leading causes of long-term disability [94,
102]. Individual disability includes subcategories of functional capacity, such
as mobility (part of the activities of daily living, transportation, leisure activi-
ties, sexual activities and other social role handicaps - occupation and house-
hold). As such, non-specific back pain is often accompanied by psychological
distress (depression or anxiety), impaired cognition and dysfunctional pain
behavior.

Economic Costs

The estimation of costs depends largely on the perspective that is chosen, such as
the societal perspective, the patient’s perspective, the health insurance perspec-
tive, the health care provider perspective or the perspective of companies.
Whether results are comparable depends largely on the chosen perspective. Eco-
nomic evaluations usually refer to a societal perspective. In that case, all relevant
outcomes and costs are measured, regardless of who is responsible for the costs
and who benefits from the effects. Since spinal disorders result in high costs to
society, there have been an increasing number of economic evaluations. Van

Physical
Problem

Low back pain has a severe
impact on the individual,
families, and society
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The total costs of low
back pain are enormous,
and are predominantly
caused by disability

Table 2. Direct costs of musculoskeletal disorders

ICD 10 Diagnosis 1994 direct costs 1997 direct costs for
for treatment (%) treatment (billions DM)
Xl Musculoskeletal disorders 12,6 48.8
X Respiratory disorders 5.2 20.1
XIX Injuries, poisonings 7.8 30.2
Y Psychiatric disorders 10.9 422
Others 63.5 245.7
Total 100 387

Cost estimates according to Thiehoff [89]

Table 3. Lost work days and lost productivity due to musculoskeletal disorders in 2003

ICD 10 Diagnosis Lost work days %  Lost productivity In %
(millions) (billions EUR) GNP
Xl Musculoskeletal disorders 116.50 24.9 10.60 0.50
X Respiratory disorders 66.05 14.1 6.01 0.28
XIX Injuries, poisonings 61.04 13.0 5.55 0.26
Vv Psychiatric disorders 45.54 9.7 4.14 0.20

According to Deutsches Bundesministerium fur Wirtschaft und Arbeit (2003) Bericht der Bun-
desregierung: Sicherheit und Gesundheit bei der Arbeit. http://de.osha.eu.int/statistics

Roer, Boos and van Tulder recently gave an introduction to cost analysis [91]. The
economic burden of spinal disorders includes:

e direct,
e indirect, and
e intangible costs

Direct costs concern medical expenditure, such as the cost of prevention, detec-
tion, treatment, rehabilitation, and long-term care. Direct costs of spinal disor-
ders are estimated to be high. For instance back pain was estimated to cost the
National Health Service in Britain £480 million in 1994 and accounted for
£1.4 billion in social security costs [20].

Indirect costs consist of lost work output attributable to a reduced capacity for
activity, and result from lost productivity, lost earnings, lost opportunities for
family members, lost earnings of family members, and lost tax revenue. In Ger-
many, musculoskeletal disorders are the most expensive form of work disability
for companies and cause almost 27% of all production downtime due to sick
leave from work. Estimates of direct and indirect annual costs of musculoskeletal
disorders add up to approximately 24.5 billion euros for the labor force and
approximately 38 billion euros for the total population [89]. However, working
with spinal disorders produces additional loss as recently shown by Hagberg,
Tornqvist, and Toomingas [37] in employees working at video display units. Par-
ticipants in this study rated their loss in productivity due to musculoskeletal
problems in the last month compared with the previous month. Among those
with no sick leave in the last month, 6.1% of women and 8.3 % of men reported
a loss of productivity as a result of musculoskeletal disorders.

Finally, intangible costs are the most difficult to estimate. Intangible costs
include psychosocial burdens resulting in reduced quality of life, such as job
stress, economic stress, family stress, and suffering.

Reports dealing with direct and indirect costs from different countries have
recently been reviewed and discussed [36, 56, 59].

The direct and indirect costs are considerable and their management utilizes
a significant part of the gross national product of many countries. However, as
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with prevalence rates, estimates of costs differ considerably due to the use of
varying definitions and cost methodologies [59].

Risk Factors

In non-specific low back and neck pain there is no clear etiology; in these disor-
ders, pain is a symptom rather than an illness. There are individual characteris-
tics as well as conditions of work and lifestyle factors that relate to the reporting
of symptoms. Four important points should be made here:

® Non-specific low back and neck pain cannot be understood when looking at
single factors alone. Multiple factors are involved.

e Risk factors contribute differently with respect to predicting development,
persistence, and recurrence of symptoms.

e Risk factors differ for pain reporting, disability, and pain behavior. In addi-
tion, risk factors differ for morphological alterations such as disc herniation
and disc degeneration.

® The association of risk factors with non-specific low back and neck pain is
probabilistic not deterministic, i.e. an individual showing a risk factor has
an increased likelihood of developing symptoms in the future, but it is not
inevitable, and the individual may instead remain symptom free.

Risk factors can be categorized into several domains:

individual factors

morphological factors

general psychosocial factors
occupational physical factors
occupational psychological factors

Individual Risk Factors

By far the most strongly predictive risk factor for neck pain and low back pain is
previous neck pain and low back pain [41, 81]. Recent studies have indicated that
some of the strongest predictors of disc degeneration and LBP are genetic factors
[6, 69]. Research in adult monozygotic twins who differ in their history of work-
related and other risk factors showed that a considerable amount of disc degener-
ation is due to heredity [6]. The genetic influence in disc degeneration was con-
siderably higher than the influence of work-related factors, which were previ-
ously thought to be most strongly related to disc degeneration. The genetic influ-
ence on neck and back pain is less clear [34, 39] and seems to depend on age [39].
Genetic influences on back and neck pain might therefore be indirect via mor-
phological factors, or via factors that influence the reporting of neck and back
pain, i.e. there might be a genetically determined tendency for psychological dis-
tress, as was recently found in a study on adult female monozygotic and dizygotic
twins [60]. Besides the influence of genetic factors on spine morphology, there
are also various factors such as birth weight and smoking during pregnancy that
can affect the development of the vertebral canal [49]. Other individual charac-
teristics affecting susceptibility to spinal disorders include:

® age >50 years [100], most likely linked to pain via degenerative diseases

e gender, with females being more likely to report neck and back pain, and
men being more likely to have a higher number of days absent from work
(67, 94], and diagnosed hernia [67]

® obesity

Chapter 6
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e general health status and comorbidity
e smoking
e sedentary lifestyle [44]

Recent reviews show that the evidence for body weight, smoking and physical
inactivity as risk factors is comparably small [81]. Among various individual
characteristics of children (including gender, body height, body weight, trunk
asymmetry, thoracic kyphosis and lumbar lordosis), it was shown that being
female and having a short stature at 11 years of age predicted the incidence of
neck pain [74].

With respect to physical activity during leisure time, there is not much evi-
dence for a general association of sports and musculoskeletal symptoms, but a
sedentary lifestyle is associated with a higher prevalence of LBP and sick leave
[44]. There appears to be a weak positive association between increased body
height and disc herniation. Obesity, regardless of height, is associated with disc
degeneration and LBP [38, 45]. Low income and lower social class are risk fac-
tors, but analyses including multiple risk factors show more specific factors to be
behind these categories [81].

Morphological Risk Factors

Disc herniation and disc degeneration are often present in asymptomatic indi-
viduals, a finding that confirms that low back pain symptoms, pathology and
radiological findings are not strongly interrelated [8, 16, 30, 50]. Vertebral frac-
tures are not necessarily related to pain [51]. In a recent review, van Tulder and
coworkers reported that degeneration, defined by the presence of disc space nar-
rowing, osteophytes, and sclerosis, was associated with non-specific low back
pain, although the associations were only moderate [92]. Spina bifida, transi-
tional vertebrae, spondylosis and Scheuermann’s disease did not appear to be
associated with low back pain [92]. Patients reporting back pain in spondylolysis
and spondylolisthesis are often classified as having non-specific low back pain
because a considerable proportion of patients with such anatomical abnormali-
ties are asymptomatic [85, 92]. The anatomical incidence is about 5% [111].

Among patients reporting back pain, MRI findings of mild to moderate com-
pression of spinal nerves, disc degeneration or bulging, and central stenosis were
not found to correlate closely with the severity of symptoms [8, 48].

In one large epidemiological study, the one-year incidence of cervical radicu-
lopathy was 83/100000 [75]; the incidence of lumbar radiculopathy is probably
much higher.

Psychosocial Factors

In accordance with the Glasgow Illness Model, epidemiological research indi-
cates that psychosocial factors are an integral part of the pain disability process.
Evidence is increasing that psychosocial factors have more impact on low-back
pain disability than do biomechanical factors [66].

There is strong evidence that psychosocial variables are associated with the
reporting of back and neck pain [105]. Inappropriate attitudes and beliefs about
back pain (for example, the belief that back pain is harmful or potentially
severely disabling, or high expectations of passive treatments rather than a belief
that active participation will help), inappropriate pain behavior (for example,
fear-avoidance behavior and reduced activity levels), low work satisfaction, and
emotional problems (such as depression, anxiety, stress, tendency to low mood
and withdrawal from social interaction) are strongly linked to the transition
from acute to chronic pain and disability [66, 93].
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Occupational Physical Risk Factors

There is evidence that there is a moderate association between the incidence
(onset) of back pain and heavy physical work [100]. With regard to disc herniation
in males, higher incidence rates are found in the wholesale trade industry (10.7/
10000), manufacturing (8.9/10000), and construction (8.4/10000) than in the ser-
vice sector (2.8/10000) and finance and insurance (2.2/10000) [67]. When national
health statistics include the nature of injury or illness by major events or exposure,
nearly 95 % of exposures labeled as “overexertion” and “repetitive motion” include
musculoskeletal complaints [67]. Within private industry in the US, more than half
of the cases of illness and injury that mention “overexertion” refer to frequent lift-
ing. Cases filed in connection with overexertion and repetitive motion mostly refer
to the region of the back (52 %) and upper extremities (26 %), but rarely to the neck
[67]. Interestingly, although the proportion of people involved in heavy work has
decreased in industrialized countries, there has been a concomitant increase in the
number of people with work disability [99]. Furthermore, the rate of musculoskel-
etal disorders of the back is higher in many non-manufacturing industries than in
manufacturing industries [67]. These discordant trends for heavy physical work
and LBP disability suggest that while heavy work may be a contributory factor in
the onset of non-specific back pain it is not a cause in many cases of work disability.
There is some evidence, however, that the physical demands of work may influence
the ease of return after an episode of pain [29].
Physical risk factors for the development of occupational back pain include:

heavy physical work related to overexertion [39]

manual materials handling including repetitive motion [39, 100, 101]
twisting and bending [100, 101]

frequent lifting [100, 101]

awkward postures [100, 101]

whole body vibration [57]

For the cervical spine the most consistently identified physical risk factors
include [66]:

exposure to repetitive movement of arms or neck and arm
static load on the neck region

segmental vibration exposure through hand-held tools
rapid acceleration deceleration movements (whiplash)

Occupational Psychological Risk Factors

There is increasing evidence that the work factors leading to chronic disability
are more psychosocial than biomechanical [9]. Musculoskeletal disorders are
closely connected with occupational health psychology not only via biomechani-
cal and environmental strains, but also through occupational variables such as
task related and social stressors, control at work, job satisfaction, and support
from supervisors and coworkers. The evidence for psychosocial risk factors in
back pain [46] and neck pain [4] has been the subject of recent reviews.
Work-related psychosocial factors associated with spinal disorders are [29]:

a rapid work rate
monotonous work
low job satisfaction
low social support
low decision latitude
job stress

Chapter 6

Heavy physical work is asso-
ciated with LBP

Psychosocial work factors
are associated with
disability and return to work
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Remember:
Absence of evidence
is not evidence of absence

The reporting of back and
neck pain exhibits substan-
tial geographical variations

Basic Science

The way an individual copes with work factors, and how people attribute symp-
toms as being related to work factors, also influences the course of the disorder,
especially in relation to return to work after treatment [86].

Absence of Evidence for Certain Risk Factors

Epidemiology contributes to the search for evidence for various risk factors in the
development of LBP. However, also of importance is the absence of evidence for
other factors. Non-evidence has now accumulated for various factors of impor-
tance to our understanding of the development, diagnosis and treatment of LBP:

e limited diagnostic and prognostic value of medical imaging in non-specific
back pain [8, 10]

no positive effect but negative effect of bed rest [25, 98, 103]

no negative but positive effects of early return to work [17]

LBP in children and adolescents more common than previously thought [88]
no seasonal impact [43]

The contribution of medical imaging in predicting the development of future LBP
in non-symptomatic individuals is limited [10]. Prolonged bed rest for sciatica is
not beneficial [25, 98]. Bed rest may be instead a risk factor for poor recovery in
acute LBP [103]. Early return to work after an episode of pain, and even return to
work with a moderate level of prevailing pain, is not a risk factor for recurrent pain
episodes but may in contrast be beneficial in preventing recurrent episodes [17].
For many years, LBP in children and adolescents was considered to be rare and an
indication of serious disease [1]. More recent epidemiological studies have shown
that the prevalence of non-specific LBP in children is high, reaching that of adults
by the end of the growth period, and psychological factors such as beliefs about
general health also seem to predict the first reports of pain episodes [88]. Contrary
to widespread belief in practitioners and patients, the empirical evidence for sea-
sonal variation in the prevalence of neck and back pain is minimal [43].

Geographical Variation

Epidemiological knowledge about prevalence of neck and back pain in developing
countries is relatively small. Recently Fejer, Kyvik, and Hartvigsen included 56
studies on prevalence rates in their study on neck pain in the world population
[35]. Almost half the studies (46 %) were from Scandinavia, 23 % from the rest of
Europe, 16% from Asia, and 11% from North America. Two papers were from
Australia and one was from Israel. The mean one-year prevalence rates were
higher in Scandinavian countries (36 %) compared with the rest of Europe (26 %)
and Asia (13 %), but the differences were not statistically significant. Two studies
from the Tokelau Islands (small islands in the South Pacific Ocean) reported life-
time prevalence rates for neck pain that were very low [109] or close to zero [110].
Violinn [95] also reported lower prevalence rates for low back pain in farmers liv-
ing in Nigeria, southern China, Indonesia, and the Philippines. Of note was the
finding that low back pain was more common among inhabitants of these coun-
tries who lived in cities. A recent comparison of chronic pain among 15 countries
of the EU and Israel showed that self-reports of herniated or degenerated interver-
tebral discs were more common in Belgium, Austria, and Switzerland compared
with Norway, Sweden, Finland and Denmark [13]. Prevalence rates also differ
within countries, e.g. in the UK [106] and Germany [81]. Not surprisingly, the use
of surgery for low back pain varies widely across regions and between counties
[64]. In the United States there are reports of large regional differences in the like-
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lihood of being offered spine surgery for a given disorder [7]. The interpretation
of geographical data regarding prevalence rates always remains tentative because
so many other differences between countries are left unconsidered. Therefore,
Deyo characterized geographical comparison as a more “hypothesis generating”
approach than “hypothesis testing” [24].

Unfortunately, important epidemiological data are not available for large areas
of the world, and as such the natural course of non-specific spinal disorders and
factors influencing their development and cost cannot be fully determined for
these regions.

Some important future research considerations include the collection of:

e epidemiological data from different countries in a more uniform manner to
facilitate comparative research and to render results comparable [96]
e more data sets in eastern Europe and the developing countries [95]

Flag System for the Risk Factors

Consultation with a surgeon is recommended for conditions with “red flags”.
Red flags are symptoms and findings that may indicate tumor, fracture, infection,
or cauda equinal compression. Obstacles to recovery and return to work (the so-
called yellow and blue flags) are likely to involve more complex clinical and psy-
chosocial issues, requiring more detailed, individual assessment [14, 15, 63].
Finally, black flags indicate factors that are the same for many individuals and
relate to the social security and health care system of a country.

A distinction should be made, however, between individual perceived obsta-
cles to return-to-work (blue flags) and organizational policies regarding sick-
ness, over which the individual has no control [14, 61]. Dealing with obstacles
should include work-focused interventions and individually adapted interven-
tions to meet the needs of individual clients. Altogether, yellow, blue and black
flags should contribute to:

® better screening of individuals at risk of developing a chronic problem
® better interventions to increase return to work
e prevention of recurrent episodes of disability

Flags are therefore included in occupational policy guidelines for the manage-
ment of non-specific spinal disorders, particularly occupational LBP.

Red Flags

Red flags are indicators of serious spinal pathology (e.g. cauda equina syn-
drome, which requires urgent surgical decompression). They represent poten-
tially significant physiological risk factors for developing chronic LBP if not
appropriately assessed. Red flags indicating neoplasm, infection, and cauda
equina syndromes are extremely rare [16].

Red flags comprise:

¥ thoracic pain

M fever and unexplained weight loss

M bladder and bowel dysfunction

M history of carcinoma

M ill health or presence of other medical illness
¥ progressive neurological deficit

M disturbed gait, saddle anesthesia

Chapter 6

The Flag System is very
useful for the assessment
of risk factors
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Yellow, blue, and black
“flags” address factors
that should be taken into
account to prevent
long-term disability

Basic Science

Yellow Flags

Yellow flags are individual cognitive, emotional, and behavioral risk factors for
developing chronic LBP, including individual attitudes and beliefs towards one’s
own LBP and its management [53, 58]. Yellow flags indicate psychosocial obsta-
cles to recovery, and have been integrated into a systems approach for the man-
agement of acute and subacute LBP [53] that recognizes the importance of both
clinical and occupational perspectives in the management of LBP at work. Yellow
flags comprise:

9 distress/depression (depression, anxiety, distress, and related emotions are
related to pain and disability) [101]

9 preexisting chronic pain, either in the back or elsewhere [84]

f9 fear-avoidance (attitudes, cognitive style, and fear-avoidance beliefs are
related to the development of pain and disability) [63, 86]

9 coping (passive coping is related to neck and back pain and disability) [65]

[ pain cognitions (e.g. catastrophizing, which is related to pain and disability)
(72]

P poor self-rated health (self-perceived poor health is related to chronic pain
and disability and development of new chronic back pain [84])

¥ kinesiophobia [72]

9 expectation of passive treatments(s) rather than a belief that active partici-
pation will help [100]

Blue Flags

Research into occupational health has identified certain work characteristics,
such as time pressure and low job satisfaction, that represent risk factors for the
development of complaints [83] including LBP [31]. Blue flags are individually
perceived occupational factors that impede recovery from prevailing non-spe-
cific musculoskeletal pain and disability and increase the risk of prolonged
symptoms or recurrence of episodes [23, 29, 73, 101]. Work-related psychosocial
risk factors include:

M high job demands (time pressure, uncertainty, frequent interruptions, etc.) [83]

M Jow job control (influence on methods and time, e.g. the ability to indepen-
dently plan and organize one’s own work, and influence on work pace and
schedule, autonomy, decision latitude, participation in planning) [31]

¥ Jow or inadequate social support from supervisors and colleagues [33]

M low appreciation of efforts (income, social recognition, non-monetary
rewards, career progression) [29]

M unfavorable team climate [29]

M low job satisfaction [29]

M attributing the cause of pain to work [86]

M being sceptical about the further management of work tasks and about
return to work at all [29]

Black Flags

Black flags relate to occupational and societal factors that are the same for many
workers. These may initially lead to the onset of LBP (“occupational injury risk”),
and may promote disability once the acute episode has occurred (“vocational edu-

» « » « » «

cation system”, “sickness policy”, “social benefit system”, “compensation claims”,

»

“micro- and macroeconomic situation”, “security obligations”). For instance, the
influence of societal factors on work disability due to spinal disorders is shown in
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comparing the prevalence of work disability in the former East and West Ger-
many [81]. After unification, the western health and social benefit system was
adopted in East Germany. In the first few years after unification, work disability
was lower in East than in West Germany. However, the difference in prevalence
rates between the two regions decreased continuously in subsequent years, and
the figures for East Germany now approach those of West Germany [81].

Black flags are:

M adverse sickness policy [66]

M ongoing disability claim (results in little involvement in rehabilitation
efforts) [5]

M disability compensation at the time of vocational rehabilitation (corre-
sponds to less participation and poorer outcome) [28]

M unemployment (causes physical, psychological, and social effects that inter-
act to aggravate pain and disability) [20, 90, 106]

M ]legal aspects and the insurance system (e.g. whiplash syndrome is not com-
mon in Lithuania, where insurance does not cover compensation for neck
pain after traffic accidents) [82]

Direction for Future Epidemiological Research

Studies should use more standardized classification procedures, which necessi-
tates greater agreement on definitions, classification and staging [112]. In addi-
tion to a population based registry approach [79, 80], a greater standardization of
the assessment of risk, treatment and outcomes [62, 94] and a more standardized
costing methodology are also urgently needed, to help estimate the long-term
economic consequences of treatment [59]. There is also a need to distinguish
prognostic risk factor analyses with reference to “new”, “persistent”, and “recov-
ered” courses of symptoms over time, as preliminary evidence shows differences
between persistent and “new” chronic back pain in their predictors and associa-
tions [84]. Analysis of time-bound cumulative exposure to risk factors might
allow new insights into the reversibility of developments [32]. Transition phases
into and out of a “chronic pain status” should also be the focus of future research
endeavors. Specific types of psychosocial risk variables may relate to distinct
developmental time frames, implying that assessment and intervention need to
reflect these variables [58]. In addressing such issues, epidemiology may help to
screen those workers who are at risk of developing chronic, non-specific spinal
disorders [102].

Recapitulation

Chapter 6

Improved classifications of
spinal disorders are required
that are standardized,
reliable and valid

General scope. Epidemiology helps clinical deci-
sion-making by providing evidence-based informa-
tion with respect to the classification of disorders,
the natural course of disease, the frequency and
development of the disease in a population, and
the burden of costs.

Classification. Most spinal disorders are non-spe-
cific and within non-specific spinal disorders neck
pain and low back pain are the most common
symptoms. Non-specific neck pain and non-specific

low back pain show high 1-year prevalence rates,
and their lifetime incidences indicate that nearly
everyone will experience neck and back pain at
some time in their life. There are also high recur-
rence rates. It is the persistence of symptoms in
some individuals that causes the enormous costs
to society.

Risk factors. The etiology of non-specific spinal dis-
orders is unclear. Genetic factors associated with
the vulnerability of the intervertebral disc to de-

167



168

Section

generative change seem to be involved. By far the
best predictor of future back/neck pain episodes
is previous back/neck pain. According to the Glas-
gow lliness Model, biological, psychological and
sociological factors contribute to the persistence
and recurrence of disability. Epidemiological evi-
dence shows that psychological, sociological, and
health policy factors are more strongly related to
chronic pain and disability than are morphologi-
cal factors and biomechanical load.

Basic Science

Flag system for risk factors. Epidemiological
knowledge of risk factors provides the foundation
for the flag categorization approach, and this
should contribute to better screening of those at
risk of long-term disability. Among other yellow
flags, inappropriate beliefs — such as the belief that
back pain is due to (progressive) pathology, that
back pain is harmful or disabling, that activity
avoidance will aid recovery, and that passive treat-
ments rather than active self-management will help

- play a major role in the persistence of disability.

Key Articles

Breivik H, Collett B, Ventafridda V, Cohen R, Gallacher D (2006) Survey of chronic pain
in Europe: Prevalence, impact of daily life, and treatment. Eur J Pain 10:287 - 333

This article provides recent (2003) estimates of the prevalence of pain in 15 European
countries and Israel.

Brauer C, Thomsen JF, Loft IP, Mikkelsen S (2003) Can we rely on retrospective pain
assessments? Am J Epidemiol 2003 157:552 - 557

Recall bias in the assessment of pain can have a critical influence on estimates of the prev-
alence and incidence of spinal disorders. This paper describes an empirical approach to
the problem in which 12 consecutive weekly pain recordings were compared with the
final retrospective judgment of the 3-month period. The results showed that workers
were able to accurately recall and rate the severity of pain or discomfort for a period of
3 months.

Carragee EJ (2005) Clinical practice. Persistent low back pain. N Engl ] Med 352(18):
1891-1898

This excellent overview article begins with a case vignette highlighting a common clinical
problem and presents current knowledge on persistent low back pain from a clinical
point of view.

Nachemson AL, Waddell G, Norlund AI (2000) Epidemiology of neck and low back pain.
In: Nachemson AL, Jonsson E (2000) Neck and back pain. Philadelphia: Williams & Wil-
kins, pp 165-188

This chapter summarizes current evidence from the view of some of the most revered
researchers in the field.

Raspe H (2002) How epidemiology contributes to the management of spinal disorders.
Best Practice Res Clin Rheumatol 18:9-21

A carefully written overview with special reference to a research agenda of topics that are
most important to address in further research.

WHO Scientific Group (2003) The Burden of Musculoskeletal Conditions at the Start of
the New Millennium. WHO Technical Report Series, 919. http://www.emro.who.int/ncd/
publications/musculoskeletalconditions.pdf

Over the last couple of years, a WHO scientific group of experts has been working in col-
laboration with the Bone and Joint Decade 2000 -2010 to map out the burden of the most
prominent musculoskeletal conditions. The long-term aim of the work is to help prepare
nations for the impending increase in disability brought about by such conditions. The
group has gathered data on the incidence and prevalence of spinal disorders and consid-
ered the severity and course of spinal disorders, along with their economic impact. The
group has also made suggestions for a more standardized approach in the measurement
of pain, disability, etc.
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Waddell G, Burton AK (2001) Occupational health guidelines for the management of low
back pain at work: evidence review. Occup Med 51:124 - 35

The article is probably the best evidence-based review of occupational LBP and continu-
ous updates are planned.
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Core Messages

v’ A substantial proportion (20-40%) of patients
will have a poor outcome regardless of the
technical success of the surgical procedure

v’ The proportion of “successful” patients, as well
as the factors that determine a good outcome,
depends on how success is defined

v Outcomes tend to be less good for contentious
indications (e.g. chronic low back pain, instabil-
ity)

v/ The most robust information on predictors of
outcome is delivered by prospective studies in
which a large number of patients and many
putative risk factors are examined

v/ Consistent risk factors for a poor outcome

of morphological alteration (for disc herniation)
comorbidity; psychological distress (especially
in chronic pain); social support encouraging
passive behavior (especially in chronic pain);
smoking (especially for fusion); job dissatisfac-
tion; worker’s compensation; long-term sick-
leave

v Risk factors should be assessed before surgery
and modified to improve the likely outcome
and/or discussed with the patient to set realis-
tic expectations

v’ The accurate identification of a surgically treat-
able lesion is instrumental in determining out-
come

include: a long duration of symptoms; severity

Epidemiology

A not inconsiderable proportion of patients operated on for spinal disorders will
have a poor result (Table 1), regardless of the apparent technical success of the
operative procedure itself. In a large randomized controlled trial of fusion meth-
ods for chronic low back pain (posterolateral vs posterolateral with screws and
internal fixation vs posterolateral with screws and interbody fusion), the propor-
tions of patients achieving solid fusion were 72%, 87 % and 91 % in each group
respectively; however, these were unrelated to the patients’ ratings of global out-
come and changes in pain and function, which were highly comparable between
the groups [25]. Patient-orientated and radiological outcomes were similarly
uncorrelated in a large study of the long-term results of patients undergoing pos-
terior spondylodesis for spondylolysis and spondylolisthesis [52]. In a study of
78 patients with adolescent idiopathic scoliosis who had undergone surgery with
Harrington instrumentation 20 years previously, the overall long-term clinical
outcome (assessed with the Scoliosis Research Society questionnaire) showed no
correlation with the radiological outcome [39]. Finally, in a large follow-up study
of patients with lumbar spinal stenosis, successful or unsuccessful surgical
decompression (judged by the postoperative observation of stenosis on CT) did
not correlate with patients’ subjective disability, walking capacity or severity of
pain [40].

Clinical outcome poorly
correlates with the
radiological result
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Predictors of Surgical Outcome

The discrepancy between a good surgical outcome and a poor subjective result
has prompted the search for “risk factors” in an attempt to better identify indi-
viduals who are less likely to benefit from surgery. It has also encouraged the
development of “pre-screening” tools, to assist with the patient selection pro-
cedure and the promotion of realistic expectations on behalf of the patient
[55, 64].

Over the last 10 - 15 years, numerous studies have sought to identify predictors
of surgical outcome (see Table 1). The various factors that may influence the (at
times discrepant) findings from these studies include:

o the design of the study and the statistical methods used to identify predic-
tors

e the outcome measures employed and the means by which a “successful out-
come” is defined

o the proportion of patients in the investigated group that typically achieve a
successful outcome

o the number and type of predictor factors subjected to examination, and
their prevalence within the group under investigation

o the specific pathology or surgical procedure under investigation and the
defining characteristics of the patients with that pathology

These issues must be considered carefully, in order that the reader may appreci-
ate the somewhat complicated nature of the topic and may develop the critical
thinking required to interpret the results of the existing and future studies of pre-
dictors. A more comprehensive review of this topic can be found in two recent
reviews [41, 58].

Outcome Measures

The proportion of positive outcomes after spinal surgery [43] and the factors
that predict outcome [36, 73] depend to a large extent on the manner in which
outcome is assessed. There is no single, universally accepted method for assess-
ing the outcome of spinal surgery. In the past, many clinicians developed their
own simple rating scales, using categories such as “excellent, good, moderate and
poor”, which they themselves used to judge the outcome, predominantly from a
surgical or clinical perspective. The technical success of the operation also lent
itself to evaluation in terms of, for example, the accuracy of screw placement or
the degree of fusion/extent of decompression achieved, as monitored by appro-
priate imaging modalities at follow-up. In an effort to achieve further objectivity,
these measures were in the past supplemented with physiological measures such
as range of motion or muscle strength [18]. However, in many cases, these mea-
sures proved to be only weakly associated with outcomes of relevance to the
patients and to society. There is now increasing awareness that the outcome
should be (at least also) assessed by the patient himself/herself.

The previously popular surgical outcome measures have been superseded by
a diverse range of patient-orientated questionnaires that assess factors of impor-
tance to the patient, such as symptoms, disability, quality of life, and ability to
work. However, the emergence of many new instruments in each of these
domains, some of which have not been fully validated [92], and the lack of their
standardized use, has compromised meaningful comparison among different
diagnostic groups, treatment procedures and clinical studies. In recognition of
this problem, a standardized set of outcome measures for use with back pain
patients was proposed in 1998 by a multinational group of experts [18]. There
was general consensus that the most appropriate core outcome measures should
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include the following domains: pain, back specific function, generic health status
(well-being), work disability, and patient satisfaction [7, 18]. Recent studies have
shown that these measures, while related, are not interchangeable as outcome
measures [19]. Deyo et al. [18] developed a core set of just six questions that
would cover all of these domains yet be brief enough to be practical for routine
clinical use, quality management and possibly also more formal research studies.
The psychometric characteristics of this questionnaire were recently examined
in both surgical and conservative back pain patients and the reliability, validity
and sensitivity to change of the individual core questions and of a “multidimen-
sional sum-score” was established [59]. The authors added another single ques-
tion to the core-set to assess “overall quality of life” (taken from the WHO-QoL
BREV questionnaire), as this domain appeared to be delivering different infor-
mation to the (symptom-specific) “overall well-being” question in the original
core-set. It has been shown that it is feasible to implement this questionnaire on
a prospective basis for all patients being operated on within a busy orthopedic
Spine Unit performing approximately 1000 spine operations per year [62]. For
more extensive or in-depth clinical trials, it has been suggested that researchers
may wish to administer an expanded set of instruments, depending on the par-
ticular focus of the study, e.g. Roland Morris or Oswestry Disability Index for
back specific function, and SF36 for generic health status [7, 18], and perhaps
other validated questionnaires to assess, for example, beliefs, fears, or psychoso-
cial factors.

In addition to the information delivered by these above questionnaires, a sin-
gle question enquiring about the patient’s rating of the overall effects of treat-
ment (“global outcome”) is often used as an outcome measure. This can be useful
for retrospective studies in which no patient-orientated baseline data is other-
wise available or for studies of predictors in which outcome categories are to be
compared. Recent work has shown that global assessment represents a valid,
unbiased and responsive descriptor of overall effect in randomized controlled
trials [35, 57]. Criticisms of global assessment usually include the difficulties in
comparing different disease entities, and the dependence of the measures on the
baseline characteristics of the groups to be compared [35]; however, both of these
can be overcome in observational predictor studies if cases and control groups
are well matched.

What Constitutes a “Successful Outcome”

The proportion of patients that can be considered a success after surgery, as well
as the factors that might predict a good outcome, depend on how success is
defined [3, 73]. The success of outcome is likely best considered in relation to the
predominant aim of the surgery. Hence, for decompression surgery for a herni-
ated disc or spinal stenosis, the most important outcome may be the reduction of
leg pain or sensory disturbances and/or walking capacity, whereas for “chronic
degenerative low back pain”, the relief of low back pain will primarily govern the
degree of success. For all of these conditions, the ability to regain normal func-
tion in activities of daily living will also be of importance, although this typically
follows with time, once the main symptoms have resolved. In the case of defor-
mity surgery, pain or disability may not be an issue, and factors other than symp-
toms (such as cosmetic appearance, prevention of progressive worsening and
associated systemic complications) may determine the “success” of surgery. The
success may also depend on the age group and working status of the group under
investigation, as well as the answer to the question “who’s asking?” - when
viewed from the economic point of view, outcomes concerned with work capac-
ity may be of greatest importance for younger patients of working age.
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As mentioned above, global assessment scores often give the most direct
answer to the question “did the operation help?” and allow for the patient to
interpret the question in relation to his or her own particular pre-surgical prob-
lems and expectations of surgery. For the purposes of predictor studies, multi-
ple response categories for this question (commonly between three and seven
responses, ranging from “the surgery helped a lot” through to “the surgery
made things worse”, or “excellent result” through to “bad result”) are often col-
lapsed to dichotomize the data into “good” and “poor” outcome groups. Some
authors consider that all responses greater than a “neutral” outcome (i.e. no
change) should be considered as a positive result, while others argue that for
elective surgical procedures a notable improvement should be required (i.e.
more than “helped a little” or “fair result”) to consider the operation a success
[33].

In predictor studies in which continuous variables, such as the Roland Morris
score, Oswestry Disability Index, or pain visual analogue scales, are used as the
primary outcome measure, some indication of the cut-off value corresponding to
a “good outcome” is required, i.e. the value of the minimal clinically relevant
change-score. To determine the value of such cut-off scores, the method of
Receiver Operating Characteristics (ROC) is commonly used. The ROC curve
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Figure 1. Receiver operating characteristics (ROC) curve

This curve is used for determining the minimal clinically relevant change-score of a 0-10 outcome scale. The curve
shows the “true-positive rate” (sensitivity) versus “false-positive rate” (1 - specificity) for detecting a “good global out-
come” for each of several cut-off points for the change score. The cut-off score with the optimal balance between true-
positive (71%) and false-positive (19%) rates (red line) yields the clinically relevant change score (in this case, a 3-point
reduction). A cut-off of 1-point reduction (green line) would be very sensitive (89 %) (since most patients with a good out-
come have at least a 1-point change in score) but would also have a high false-positive rate (55 %) (since many poor out-
come patients may show a 1-point change due to measurement error or for non-specific reasons). A cut-off of 5-points
change (orange line) would be less sensitive (46 %) (since many patients with a good outcome would not change by as
much as 5 points) but more specific (only 7% false-positive rate) (since few patients with a poor outcome would have

such a large score change).
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synthesizes information on sensitivity and specificity for detecting improvement
(according to some dichotomized, external criterion) for each of several possible
cut-off points in change score [17] (Fig. 1). Thus, sensitivity and specificity can be
calculated for a change score of one point, two points, and so on. This method
is analogous to evaluating the predictive power of a diagnostic test, in which the
instrument (questionnaire) change-score is the diagnostic test and the global
outcome (dichotomized as described above) is used to represent the gold stan-
dard [17]. Using such methods, it has been shown that the cut-off for a “good out-
come” for the 0-100 Oswestry Disability Index is a change score of approxi-
mately 10 points [38] or an 18 % reduction of the pre-surgery score [61]; for the
pain visual analogue scale, it is approximately 20 points (on a 100-point scale)
[38]; for the 0-24 point Roland Morris disability score, approximately 4 points
[8, 61]; and for the Multidimensional Short Core Measures, approximately 3
points (on a 0-10 scale) [59]. The minimal clinically relevant changes for generic
health scales, such as the SF36, and other secondary outcome measures, such as
psychological distress, have been less well investigated. However, these tend to be
less responsive to surgery [7, 38] and often the minimal clinically relevant change
borders on the value for the minimal detectable difference (i.e. 95% confidence
intervals for the measurement error) for these instruments [38], rendering diffi-
cult the identification of “real change” as opposed to “random error” in a given
individual.

The Outcome of Common Spine Surgical Procedures

The proportion of patients reporting a “good outcome” after surgery depends to
a large extent on how outcome is assessed (see also Table 1). Hence, one must be
wary when attempting to make comparisons of different surgical procedures
between studies, as some of the variation may simply be attributable to the spe-
cific outcome measure used. Few studies (e.g. [5]) have examined the relative
success of different procedures or different indications within the same study and
using a given outcome measure, and even fewer (e.g. [79-81]) have done this on
a prospective basis.

Probably the most comprehensive data reported to date comes from the publi-
cations of the authors responsible for the Swedish Spine Registry, based on their
material collected in 1999 [79-81]. They report the outcome in relation to 2553
patients treated surgically for the most common degenerative lumbar spine dis-
orders. The greatest proportion of patients were diagnosed with disc herniation
(50%), followed by central spinal stenosis (28 %), lateral spinal stenosis (8 %),
segmental pain (8 %) and spondylolisthesis (6 %). Pain intensity was examined
prospectively, using visual analogue scales, and pain relief compared with the sit-
uation before the operation was enquired about using Likert-like responses.
Patients rated their global satisfaction with the procedure as either “satisfied”
“uncertain” or “dissatisfied”. For disc herniation patients, 75% reported com-
plete or almost complete pain relief 4 months postoperatively. This compared
with 59 % for central spinal stenosis, 52 % for lateral spinal stenosis, 66 % for seg-
mental pain and 65 % for spondylolisthesis. These values remained relatively sta-
ble up to 12 months postoperatively, except in the case of segmental pain (which
reduced to 45 % patients with complete/almost complete pain relief at 12 months)
and spondylolisthesis (reduced to 50 % at 12 months). Twelve months postopera-
tively, the ratings of patient satisfaction among the diagnostic categories gener-
ally followed the same pattern as those for pain relief, with the disc herniation
group having the greatest proportion of satisfied patients (75%), and segmental
pain the lowest (55 %).
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The results demonstrate that, for certain indications, there is certainly room for
improvement. Interestingly, there appears to be a negative relationship between
the “soundness” (or generally accepted validity) of the diagnosis and the postsur-
gical outcome: e.g. for herniated disc, the cause of the symptoms can be diag-
nosed with relative certainty based on the history, clinical examination and
imaging; in contrast, the reliability and accuracy of the procedures used to estab-
lish instability/segmental pain have long been the subject of controversy. In most
cases, instability is neither clearly defined nor measurable and its strongest link
to the pain is determined from subjective interpretations of “mechanical” back
pain, provocative discography or response to rigid bracing [24]. This indicates
that the problem may lie, at least in part, in the patient selection procedure (see
later).

Predictors of Outcome of Spinal Surgery

The literature reveals a plethora of studies in which predictor factors have been
assessed. Recent imaging modalities and operative techniques have advanced so
much since the 1980s that negative explorations are now quite rare and the clini-
cal presentation is more straightforward [12]; hence, studies using diagnostic
techniques and/or operative methods that are no longer state-of-the-art may
identify predictors that are of little relevance today. The primary aim of many
studies is simply to report the outcomes for a given procedure, and the factors
associated with a good or bad outcome are considered as incidental or supple-
mentary information. The latter (often retrospective studies) tend to be less
robust in terms of their scientific quality [58]. Other studies specifically set out to
examine prospectively the predictors of outcome for a given spinal disorder or
surgical technique, and it is the results of these studies that are most helpful in
identifying the variables that consistently emerge as predictors. Some of the
recent key studies (Table 1) prospectively examined multiple predictor variables,
used valid outcome instruments and employed multivariate analyses.

The most commonly examined predictors of surgical outcome can be loosely
categorized into the following groups:

medical factors

biological and demographic factors
health behavioral and lifestyle factors
psychological factors

sociological factors

work-related factors

In addition to these, and increasing in popularity as a relatively unexplored ave-
nue for explaining some of the variance in outcomes, is the notion of “patient
expectations of surgery” [55, 60, 64]. One must bear in mind a number of factors
when examining the agreement between studies for the variables identified as
“predictors”. Firstly, predictors can only be found among the variables that are
examined in the first place; and, secondly, the failure to evaluate potentially
important predictor variables in some studies can lead to overestimation of the
importance of the variables that are examined, or to emphasis being placed on
different, but closely related variables carrying similar information. Further, in
studies of very small groups of patients, the sample sizes for different outcome
groups may be too small (especially in relation to the size of the “poor outcome”
group, which tends to contain just a minority of patients) to sufficiently power
the study and allow it to identify potentially relevant, real differences.

Chapter 7

The more contentious
the indication, the worse
the postsurgical outcome

The interplay of the various
outcome predictors is
complex and requires
multivariate analyses

Sample size often limits the
comprehensive assessment
of outcome predictors

183



184

Section

Clinical tests are poor
predictors of outcome

The Lasegue sign is a good
clinical outcome predictor

Nerve root compromise
is the single best outcome
predictor for discectomy

Degenerative alterations
of the motion segment
are poor outcome predictors

Basic Science

Medical Factors
Diagnosis-Specific Clinical Factors

Few studies have been able to identify clinical variables that are predictive of out-
come after spinal surgery. Hagg et al. [36] reported no significant predictive effect
on outcome after fusion of various baseline pain-provocation (flexion/extension),
trunk flexibility, and neurological tests, with the exception of abnormal motor
function, which was associated with a poorer outcome. One study has shown that
preoperative sensory deficit is associated with a good outcome (in terms of back-
specific function), but the relationship was only evident at 28 months after sur-
gery and not at the 3- or 12-month follow-ups [90], suggesting it may have been a
spurious finding. In the same study, the presence of a positive SLR test at
<30 degrees was associated with an unfavorable outcome at each time point, and
significantly so at 12 months. In contrast, Kohlboeck et al. [50] showed that, pre-
operatively, the Lasegue sign was a good indicator of a successful outcome. Junge
et al. considered the deficiency of reflexes to be predictive of a better outcome in
their pre-screening instrument developed for disc surgery patients [45].

Imaging

The recent widespread use of the MRI scan in the assessment of spinal disorders
has considerably improved the ability of surgeons to understand spinal pathol-
ogy, especially in relation to disc herniation [11]. In two studies, Carragee and
colleagues showed that, in patients with sciatica, the anteroposterior length of
the herniated disc material and the ratio of disc area to canal area seen on MRI
[13], as well as the degree of annular competence and type of herniation seen
intraoperatively [12], had a stronger association with surgical outcome (pain,
function, medication use, satisfaction) than did any clinical or demographic var-
iables. Other studies have shown that patients with an uncontained herniated
disc had a better functional outcome one year after surgery than did those with
a contained herniation [66]. Using multiple regression analysis of a range of
medical variables (including MRI findings) and psychosocial variables, Schade et
al. [73] reported that MRI-identified nerve root compromise and the extent of
herniation were the strongest independent predictors of global surgical outcome
2 years after surgery in patients undergoing lumbar discectomy. In contrast,
return-to-work could not be predicted by any clinical or imaging variables and
was instead determined by various psychosocial factors.

Sun et al. [82] retrospectively compared the outcome after adjacent two-level
lumbar discectomy in patients with radicular pain attributable to nerve-root
impingement either with or without concomitant osseous degenerative changes
at the same level. The proportion of patients with an excellent/good global out-
come (MacNab classification) was significantly higher in the group with only a
herniated disc (86 %) compared with the group in which osseous changes were
also present (57 %).

One large study showed that low disc height (less than 50 %) was one of the
most significant positive predictors of outcome (back-specific function) in
patients with degenerative chronic low back pain undergoing spinal fusion [36].
In contrast, Peolsson et al. [70, 71] found that disc space narrowing was without
any prognostic significance for functional outcome. In patients undergoing lum-
bar fusion, a surgical diagnostic severity score, based on presurgical imaging,
had no predictive power for either disability status, global outcome, or physical
or social functioning subscales of the SF20 [16].

In the study of Peolsson et al. [70, 71], preoperative segmental kyphosis at the
level to be operated on was the strongest predictor of pain and disability 2 years
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after cervical decompression with fusion, although the proportion of explained
variance was low.

Pain History

A consistent predictor of poor outcome for various different diagnoses and types
of outcome is the duration of symptoms prior to the operation (Table 1). In stud-
ies that failed to identify this association, closely related variables (e.g. long-term
sick leave, work-disability claim) were often chosen for inclusion in the multivar-
iate model, especially in predicting return to work [36, 84].

Prior operations on the spine have been identified as a risk factor for poor out-
come in a couple of studies [47, 63] although, interestingly, satisfaction with
repeat operations is purportedly higher when there is a history of good results
from previous operations and no epidural scarring requiring surgical lysis [67].

The number of affected (or operated) levels is often assumed to be negatively
associated with outcome, although only few (mostly retrospective) studies have
actually demonstrated such a relationship with regard to disability status after
fusion [16, 24, 47], the long-term clinical outcome after laminectomy [44] or the
risk of requiring subsequent fusion after discectomy [82]. This relationship is
believed by some to be related to resulting postoperative spinal instability [44]. A
number of other studies, on various diagnostic groups, have been unable to con-
firm this association at all [1, 34, 70, 76]. Again, identifying the correct surgically
treatable lesion(s) may be of greater importance; if this is not done, then increas-
ingly poor results can obviously be expected as increasingly more levels are
wrongly operated on.

General Medical

Many studies have shown that, especially in older populations of patients, poor
general health in terms of other joint problems or systemic diseases (comorbi-
dity) appears to have a significant negative influence on the outcome of spinal
surgery [11, 45, 48]. However, some studies have failed to find any clear associa-
tion [36, 76]. Perhaps the poor patient-rated outcomes in comorbid patients
reflect, in part, cross-contamination of the outcome instruments (especially
those assessing function [65]), leading to overestimation of the true back-spe-
cific disability. Either way, it is important to make patients with comorbidity
aware that the operation is being carried out for the specific spinal lesion identi-
fied and that it will not serve as a panacea for all their ongoing medical problems.

Surgery-Related Factors

All the factors assessed so far for their role in determining the outcome of surgery
are somewhat “extrinsic” to the surgical procedure itself. The assumption tends
to be that the surgeon him- or herself is infallible and that the only reason for fail-
ure relates to inherent characteristics of the patient him- or herself. Certainly
surgical skill is an aspect that is difficult to examine within the context of clinical
trials, but we must concede that a certain proportion of failures are attributable
not to the patient but to failure of the technique used, or the hardware, and surgi-
cal complications. Furthermore, it is incumbent upon the surgeon to perform an
accurate diagnostic work-up and to critically assess the indications for surgery;
any shortcomings in this respect will naturally increase the potential for an
unsatisfactory result. A recent study, in which the rates of surgery for herniated
disc and spinal stenosis were compared across different spine service areas in the
State of Maine (USA), found that the rates varied up to fourfold among the
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areas examined [49]. Interestingly, the outcomes for patients in the area with the
lowest surgery-rate were significantly superior to those in the high surgery-rate
areas (79% vs 60% with marked/complete pain relief respectively) [49]. The
patients in the higher-rate areas generally had less severe symptoms at baseline
than did those in the lowest-rate area. The authors concluded that the variability
may have been related to differences in physicians’ preferences or thresholds for
severity with regard to recommending an operation and their criteria for the
selection of patients. Waddell and colleagues have argued that distress may
increase the pressure for surgery and that inappropriate symptoms and signs
may obscure the physical assessment, leading to a mistaken diagnosis of a surgi-
cally treatable lesion [88]. In this instance, psychological factors may affect the
outcome of surgery indirectly if inappropriate illness behavior leads to inappro-
priate surgery [88].

As far as technical success is concerned, one of the most commonly assessed
surgical outcomes is the achievement of arthrodesis after fusion surgery,
although it has long been a matter of debate whether the presence of pseudar-
throsis has any influence on the subsequent patient-orientated outcome. Some
studies have shown that pain relief in particular is greater when solid fusion is
achieved [10, 70, 89], although it explains only a small proportion of the variance
in pain outcome (4 % [70]). In one recent study of interbody cage lumbar fusion,
although 84% patients achieved solid fusion, only approximately 40-50%
patients demonstrated a successful outcome in terms of pain, quality of life,
global outcome and work-disability status [51]. Other retrospective studies have
indicated that the presence of radiological arthrodesis has no influence on either
back function [30, 69] or work disability status [24] after fusion.

Biological and Demographic Variables

Numerous retrospective studies have shown a negative association between the
patient’s age at surgery and outcome, although most of the prospective studies
have shown no influence of age (Table 1) or have even found improved outcomes
in older patients (cervical spine) [71]. In part, the role of age may be explained by
the outcome measure being investigated: where work issues are concerned, then
it is more likely that older age at operation will result in less positive results with
regard to return to work. It is also unclear in many studies (especially when bivar-
iate analyses were used) whether the duration of symptoms was controlled for.
The latter is one of the strongest predictors of a poor outcome (see earlier), and
especially in chronic disorders tends to show a correlation with age. Hence, age
may be acting in part as a marker for symptom duration, where the latter has not
been simultaneously accounted for.

Gender is also highlighted by many retrospective studies as a potential predic-
tor of outcome, although most prospective studies have failed to find such an
association. Those that do, tend to show that men have a better outcome than
women (see Table 1). An association with “maleness” is difficult to explain: pos-
tulated mechanisms include the notion of gender acting as an indirect marker for
various (negative) psychological factors [87], biological differences in the heal-
ing potential of men and women, or (with respect to fusion) gender-related dif-
ferences in the mechanical loading/muscle compressive forces promoting new
bone growth [70].

Body weight has rarely been found to be a predictor of outcome; many studies
show no influence (Table 1) although one recent study showed obesity to have a
negative effect on outcome [6].
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Health Behavioral and Lifestyle Factors

Few studies have examined “health behavioral” or “lifestyle” factors as predic-
tors of outcome, although it is conceivable that these could be important in deter-
mining an individual’s response to major surgery. Intuitively, one might imagine
that a higher level of pre-surgical physical fitness would allow a more rapid
return to normal functioning after surgery. To the authors’ knowledge, fitness or
the participation in regular exercise has been examined in only one retrospective
study [4] and was not found to be associated with outcome after percutaneous
lumbar discectomy. Results from the authors’ own studies suggest that the regu-
lar participation in exercise/physical activity for many years prior to the opera-
tion (but not necessarily exercise habits at the time of the intervention) - i.e. exer-
cise as a “lifetime habit” - is associated with a more positive outcome after
decompression surgery (unpublished observations).

Smoking is a relatively frequently examined predictor factor, especially in
relation to the outcome after spinal fusion. In some studies it has been shown to
have a negative impact on outcome whereas in many others it has had no effect
(Table 1). It has been suggested that tobacco use must be examined as a dose-
response relationship in order to reveal associations that can be obscured by
expressing it as a dichotomous variable (yes/no to a smoking habit) [51].

While the inhibitory effects of nicotine on fusion itself have been established
[2, 26], it is also possible that smoking may simply reflect other factors - such as
negative health behavior (low physical activity levels, alcohol use), lower educa-
tion/social level, manual job - and thereby act as a marker for these in determin-
ing outcome. Interestingly, even in a subgroup of patients with no signs of pseud-
arthrosis, smoking still predicted clinical outcome and return to work in patients
undergoing fusion [26].

Psychological Factors

Psychological factors are one of the mostly commonly investigated predictors of
surgical outcome, although their overall importance still remains equivocal and
may be dependent on the spinal disorder in question [11].

Some of the early studies carried out in the 1980s showed slight to moderate
associations between certain scales on the Minnesota Multiphasic Personality
Inventory (MMPI) (most commonly hypochondriasis, hysteria, depression, and
admission of symptoms scales) and outcome after disc surgery/fusion. These stud-
ies encouraged the development of scoring systems, that included MMPI mea-
sures, to assist in predicting surgical outcome from various baseline indicators [6,
75, 85]. In view of the various psychometric and practical problems associated
with use of the MMPI in pain patients [56], new or modified methods of assessing
psychological characteristics have been introduced, which focus primarily on the
measurement of depression, anxiety and/or heightened somatic awareness. More
recently, other psychological characteristics have become of interest as potential
predictor factors, such as coping strategies [6, 28], fear-avoidance beliefs (about
work and physical activity) [77] and various workplace psychological factors
(stress, satisfaction, “resigned” attitude, etc.) [73]. Overall, these have led to
mixed results, in terms of their ability to reliably predict outcome.

Using pain drawings and inappropriate signs, Greenough and coworkers [31,
32] reported in two retrospective studies that psychological distress was predic-
tive of a poor outcome after anterior fusion. Van Susante and coworkers [87] used
a “psychogenic back pain score” to examine prospectively the outcome after lum-
bosacral fusion of three types of patient group: organic, uncertain, and psycho-
genic. It was shown that the “organic” group had a much better outcome in
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terms of pain, disability and medication use than did the “psychogenic” group. In
patients undergoing discectomy, depression was found to be a significant predic-
tor of global outcome [50, 73] and return to work [73]. A recent prospective study
by Trief et al. [84] investigated the influence of baseline depression, state anxiety,
somatic anxiety and hostility on outcome after lumbar spine surgery [mostly
fusion (68 %) and decompressive laminectomy (30 %)]. In multivariate analyses,
the Distress and Risk Assessment Method (DRAM), which classifies patients as
either “normal”, “at-risk” of developing psychological problems, or “distressed”,
was found to be a significant predictor of outcome in terms of work status,
change in back pain and leg pain, and the “daily activities” and “work-leisure
activities” scales of the Dallas Pain index. Nonetheless, in each of these cases, the
psychological factors appeared to explain only a very small proportion of the
overall variance in outcome.

Junge et al. [45] found that certain aspects of pain behavior (search for social
support) were significantly associated with a poor global outcome in patients
undergoing disc surgery; although depression did not show a significant associa-
tion, there was a tendency for higher baseline values in patients with a poor out-
come and depression was therefore included in the pre-screening tool developed
by the group. In prospectively studying patients undergoing discectomy [42] or
fusion [83], two studies failed to reproduce the findings of Trief et al. [84], in that
DRAM scores were found to have no predictive power in relation to back func-
tion (Oswestry Disability Index). Similarly, neither depression [36] nor pain
drawings [37] were able to predict outcome (any domain) after fusion for chronic
LBP (Table 1). Greenough et al. [30] were also unable to reproduce their earlier
findings [31] in a later retrospective study on patients undergoing posterolateral
surgery. Notably, in all these studies, psychological disturbance was improved
after surgery in patients with a good outcome. No association between depres-
sion and outcome could be found in studies on spinal stenosis patients undergo-
ing decompression [48, 63].

In a large group of patients followed up 6 months after spinal surgery (for
mixed diagnoses), Staerkle et al. [77] showed that Fear Avoidance Beliefs were a
significant predictor of work loss in the preceding month, although the amount
of variance explained was extremely low.

It has been suggested that the poor results of surgery reported in psychologi-
cally disturbed patients may reflect intervention in patients who did not have
surgically remediable pathology [88], and this appears to have been verified by
the many recent studies of Carragee et al. (see [11]). This group has shown that
patients with acute and subacute sciatica in association with a clearly identifi-
able, severe disc herniation have a very high chance of dramatic and lasting
improvement with surgery and that standard psychometric tests in these patients
fail to predict outcome. Even severe emotional distress in patients coming to
early, appropriate surgical intervention did not correlate with adverse outcomes,
although the same psychometric profile in patients with chronic sciatic pain and
disability did predict worse outcomes compared with less emotionally distressed
patients with the same level of chronicity. It was concluded that, with prolonged
pain and emotional distress, adverse and possibly self-perpetuating psychologi-
cal and social changes may significantly decrease the impact of disc surgery [11].

Allin all, and in view of the conflicting evidence, it would not appear prudent
to recommend that patients be denied surgery simply on the basis of their preop-
erative psychological status. Nonetheless, it may be a useful strategy to identify
patients with long-lasting symptoms and a high level of distress who might ben-
efit from an additional psychological treatment, before and/or accompanying
surgical treatment; decreased levels of distress may then increase the impact of
surgical treatment.
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Sociological Factors

Low social functioning (as measured with quality of life instruments) was identi-
fied as a significant negative predictor of reoperation rate in a retrospective study
on fusion patients [27], and of global outcome, pain, and quality of life in a mixed
group of spine-surgery patients [78]. In some studies, a low education level and/
or low income have been shown to predict a negative surgical outcome in terms
of either the total costs associated with workers’ compensation [15], return to
work [91] or global outcome/function [45, 54, 90]. It has been suggested that
because individuals with a better education, a higher income, and at a higher
level on the job ladder tend to have greater responsibilities, personal investment
may override the discomfort caused by any residual postoperative symptoms and
encourage a return to work [47].

Social support from the spouse [73], search for social support (as a pain
behavior) [45] and family reinforcement of pain [6] have all been associated with
a more negative outcome after surgery. It is suggested that this kind of “support”
- in which relatives take over the patient’s jobs or responsibilities, encourage rest
and provide more attention when the pain appears greatest [22] - serves to rein-
force the illness status and thereby encourages the adoption of “passive” behav-
ior [22, 73].

Work-Related Factors

Work-related predictors include such variables as worker’s compensation, dis-
ability pension, work status before surgery, duration of sick leave, and heaviness
of job.

The majority of studies that have examined the effect on outcome of the
involvement in disability pension claims or worker’s compensation issues have
confirmed that these have a negative impact on the result of surgery, especially in
relation to return to work or “global outcomes” (Table 1) [16, 20, 31, 32, 51, 53,
86]. In one large high quality study, however, workers’ compensation showed no
effect on outcome in multivariate models [36]. The authors suggested that the
strength of such an association may in part depend on the social insurance sys-
tem in the given country [36]. One large retrospective study showed that while
compensation status was predictive of the 2-year outcome after fusion, it no lon-
ger had any influence (in terms of back-specific function scores) after 10 years
[69].

Although rarely examined in prospective studies, retrospective studies have
shown that the involvement of a lawyer in compensation claims has a consistent
negative predictive value for various outcomes after spinal fusion [15, 16, 51].
Cynics may interpret this finding as evidence for the premeditated instruction to
magnify symptoms for the purposes of secondary gain; some studies have even
shown that lawyers may advise their clients how to respond to psychological
assessments in order to better their chances of success with their disability claims
(see discussion in [51]). Others have suggested that litigious patients experience
an increased somatic sensitivity to pain as a consequence of financial incentives
and social-contextual variables [22].

Long preoperative sick leave is a consistent negative predictor of return to
work [36, 68, 84] and of global outcome, overall satisfaction or back-specific
function [45, 74]. This highlights the importance of providing timely interven-
tion, once a clear-cut diagnosis that can be remedied by surgery has been made
(see later).

Job heaviness (physically strenuous work) has been examined as an indepen-
dent predictor in only a few studies, and the results appear to be somewhat con-
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flicting: in one retrospective study on herniated disc patients, heavy manual
work was a negative predictor of overall outcome and postoperative work status
10 years after lumbar discectomy [54]. A prospective study of patients with
chronic degenerative low back pain revealed a similarly negative relationship in
relation to outcome measured with a combined global score [6], whereas a fur-
ther study on fusion patients [36] and two others on discectomy patients
showed no influence of heavy work on outcome [12, 90]. Intuitively, it may be
expected that, while work status may not necessarily govern the degree of pain
and disability reported after surgery, it may well influence an individual’s
chances of returning to a job requiring the performance of heavy manual
duties.

In patients undergoing lumbar disc surgery, job level was found to be a sig-
nificant predictor of combined global outcome [45]. An interesting study on
military personnel undergoing cervical disc surgery showed that both position
(rank) and duration of the individual’s military career (but not economic forms
of secondary gain, per se) were significant predictors of return to active duty
[47].

Occupational mental stress and job-related resignation have been shown to
be negatively associated with return to work and postoperative pain relief/dis-
ability respectively [73]. Job-related resignation reflects a “resigned” attitude to
work-related troubles, job continuation despite dissatisfaction, the notion that
the current situation must be accepted because things might otherwise be worse,
and that expectations are limited as an employee [73]. The significance of the
impact of job satisfaction on return to work is well documented in the back-pain
literature [14, 18].

Risk Factor Assessment in Clinical Practice

It is extremely difficult to identify unequivocal predictor factors that can be used
in clinical practice to accurately predict the outcome of surgery. Many risk factors
are contentious, or are at least very specific to the patient profile, the diagnosis,
the surgical technique and the length and type of follow-up. These factors appear
to play such a decisive role that it becomes almost impossible to provide a simple
recipe for predicting the outcome of surgery with any certainty on an individual
basis. Furthermore, a lack of adequate resources and support often makes it diffi-
cult for the clinician to perform a systematic and comprehensive assessment of
all the factors that might influence outcome [29]. Many of the questionnaires nec-
essary for assessing psychological and work-related factors are long, have com-
plicated scoring schemes with poorly defined cut-offs for indicating risk, and are
not all available in languages other than English (see Elfering and Mannion,
Chapter 6 [21]). Some simple predictor models or screening tools have been
developed [6, 36, 45, 75], but few [46] have been investigated in a different patient
group or under conditions that differ from those in which they were originally
developed, limiting their applicability for general use. Moreover, the proportion
of variance in outcome explained by even a combination of the strongest predic-
tors is usually relatively low, suggesting that we have a long way to go before being
able to rest easily having withheld surgical treatment on the basis of unfavorable
baseline characteristics.

In reality, the best that science can offer is a series of factors that can be consid-
ered to “influence” (rather than predict) the outcome of surgery, which should be
considered together with the patient’s diagnosis, the proposed operative tech-
nique and the characteristics of the patient, in order to discuss with the patient
reasons that might cause his or her outcome to deviate from “optimal” (Table 2).
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Table 2. Generally consistent predictors of poor outcome (see also Table 1 for more details)

Medical factors

e severity of pathology on MRI (for disc herniation only)
® |ong duration of symptoms

e comorbidity/other joint problems/poor general health
® unclear indication

Biological and demographic factors
® none

Health behavioral and lifestyle factors
e smoking (especially for fusion)

Psychological factors
e psychological distress (e.g. depression, anxiety), especially in patients with chronic pain

Sociological factors
e family reinforcement of pain, especially in patients with chronic pain

Work-related factors

® job dissatisfaction/resignation

e worker's compensation

® long-term sick-leave/work disability

This is of utmost importance in elective surgery. The opportunity (time),
encouragement (education and positive messages), support and resources (refer-
ral to appropriate supporting services) to modify risk factors that are indeed
modifiable can be offered, and realistic expectations can be discussed with the
patient before the decision to operate is made. Such approaches have already
proven worthwhile, with respect to such factors as smoking cessation prior to
fusion surgery [26]. Since clear risk factors for a poor work-related outcome are

long-term sick-leave/receipt of disability benefit, every effort should be made to Itisimportant to keep
keep the individual in the workforce despite ongoing symptoms and plans for the individual in the
surgery. In patients with a particularly heavy job, consultation with occupational  workforce despite symptoms

physicians to implement ergonomic change, or provide job re-training to allow
lighter duties, might later ease the way back into the workplace. Especially
patients with a degenerative condition, and/or concomitant systemic or joint dis-
ease, should be counselled that their condition is unlikely to return to normal
and that only a small percentage of them will have complete pain relief or a com-
plete return to premorbid function. Patients with long-lasting symptoms and a
high level of distress may benefit from an additional psychological treatment,
before and/or accompanying the surgical treatment.

These modifications, per se, might ultimately result in a greater satisfaction
with surgery. Most spinal surgery is carried out for disorders that are not life-
threatening, and while time may be of the essence for disorders with a very clear-
cut diagnosis [66, 68, 72], there are also many that do not require immediate sur-
gical treatment. This is not to suggest that a simple wait and see policy be adopted
without further intervention: instead, active measures to minimize risk factors
should be taken in order to best prepare the patient for a potential future surgical
procedure, and evidence-based conservative treatments should be persevered
with in the meantime. Recent studies suggest that many of the latter are as good
as surgery for some of the more contentious indications (e.g. chronic LBP due to
degenerative changes) commonly dealt with by spinal fusion [9, 23], and these
treatments may be worth considering as an alternative in patients for whom the
outcome of surgery is uncertain.
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Epidemiology. Twenty to 40% of patients operat-
ed on for spinal disorders will have a poor result af-
ter spinal surgery, regardless of the apparent tech-
nical success of the operative procedure itself.

Outcome measures. The proportion of positive
outcomes after spinal surgery and the factors that
predict success depend to a large extent on the
manner in which outcome is determined. Outcome
is best assessed in terms of the core measures of
importance to the patient, such as symptoms, func-
tion, disability, quality of life, ability to work and sat-
isfaction. Clinically relevant changes have been de-
termined for many of the common outcome instru-
ments: for the Oswestry Disability Index, this is an
approximately 20% reduction on the baseline
score; for 0-10 pain intensity VAS, it is around 2
points; for the Roland Disability Score, it is about 4
points; and for the multidimensional Core Mea-
sures (0-10 scale) it is around 3 points. Spine surgi-
cal registries deliver the best information on the rel-
ative success of different types of surgery: herniat-
ed disc generally proves most successful followed
by central stenosis, lateral stenosis, segmental pain,
and spondylolisthesis.

Predictors of outcome of spinal surgery. The stron-
gest evidence for predictors of outcome is obtained
from large-scale prospective studies in which multi-
variate analyses were used. Many methodological
factors influence the precise predictors identified
in any given study. The most commonly examined
predictors of surgical outcome can be loosely cate-
gorized into the following groups: medical factors,
biological and demographic factors, health behav-
ioral and lifestyle factors, psychological factors, so-
ciological factors, work-related factors

Medical factors. Of the medical factors, clinical
tests are poor predictors of outcome. The severity
of morphological alterations seen on MRI predicts
the outcome of surgery for herniated disc. The du-
ration of symptoms prior to the operation is a sig-
nificant predictor of poor outcome for various dif-
ferent diagnoses and types of outcome measure. A
number of studies show that poor general health,
in terms of other joint problems or systemic dis-
eases (comorbidity), has a significant negative in-
fluence on the outcome of spinal surgery. The
strength of the indication for surgery has an impor-
tant role to play in governing the likely outcome. In
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contrast, the technical success of the operation it-
self (e.g. the achievement of solid fusion after ar-
throdesis, the extent of decompression of a stenot-
ic segment) appears to be less critical.

Biological or demographic variables. None of
these variables has been shown to have a consis-
tent influence on outcome; where such an effect
has been observed, it is not clear whether these var-
iables are simply acting as markers for other closely
related but more powerful predictors.

Health behavioral and lifestyle factors have not
been well studied. Smoking is the most commonly
investigated variable. Studies have confirmed that
nicotine lowers the rate of fusion, but the finding
that smoking also predicts clinical outcome in pa-
tients with no pseudarthrosis suggests that it may
mediate its effects by reflecting various aspects of
“negative health behavior”.

Psychological factors are one of the most com-
monly investigated predictors of surgical outcome,
although their overall importance still remains
equivocal and may be dependent on the spinal dis-
order in question. The general consensus is that,
with prolonged pain and emotional distress, ad-
verse and possibly self-perpetuating psychological
and social changes may significantly decrease the
impact of surgery. It may be a useful strategy to
identify patients with long-lasting symptoms and a
high level of distress who would benefit from an ad-
ditional psychological treatment, before and/or ac-
companying surgical treatment.

Sociological factors. The sociological factors that
are most strongly related to outcome involve “inap-
propriate” social support from the family, i.e. the
kind of “support” that involves relatives taking over
the patient’s jobs or responsibilities, encouraging
rest and providing more attention when the pain
appears greatest.

Work-related predictors. Significant work-related
predictors include the receipt of worker’s compensa-
tion or a disability pension, work status before sur-
gery, duration of sick leave and low work satisfaction.

Risk factor assessment in clinical practice. In clini-
cal practice, it is extremely difficult to identify and
assess unequivocal risk factors that can be used to
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accurately predict the outcome of surgery. The
practical work involved is time-consuming and
resource-intensive, and the science is inexact.
There is insufficient evidence to exclude patients
from surgery on the grounds of specific risk fac-
tors. Nonetheless, in the presence of the factors

Chapter 7

listed above, the case for elective surgery should be
considered very carefully, together with the
patient. Possibly, surgery should be delayed until
attempts have been made to modify risk factors
that are amenable to change and all possible con-
servative means of treatment have been exhausted.
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Gives a thorough overview of the means of assessment and the role of putative psycholog-
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This is an extremely well written review paper which clearly puts the role of psychological
risk factors and modern imaging (MRI) into perspective in relation to outcome after lum-
bar discectomy. Its key messages are also appropriate to other indications.

Deyo RA, Battie M, Beurskens AJHM, Bombardier C, Croft P, Koes B, Malmivaara A,
Roland M, Von Korff M, Waddell G (1998) Outcome measures for low back pain research.
A proposal for standardized use. Spine 23 18:2003 -2013

This consensus paper comes from an international group of back pain experts and
reports their recommendations for the use of standardized measures in clinical outcomes
research. Since the identification of predictors of surgical success depends heavily on the
outcome measure used, it is important to be aware of the most relevant outcomes and
their means of assessment.

Hagg O, Fritzell P, Ekselius L, Nordwall A (2003) Predictors of outcome in fusion surgery
for chronic low back pain. A report from the Swedish Lumbar Spine Study. Eur Spine J
12 1:22-33

This is a large study from the Swedish Lumbar Spine Study Group reporting the predic-
tors identified in their randomized clinical trial of spinal fusion vs conservative treatment
in chronic LBP. It may be of additional interest to readers keen to learn about predictors
of outcome after non-surgical treatment. It also represents a good example of the appro-
priate statistical methods to use in predictor studies (with simple explanations of their
interpretation).

Schade V, Semmer N, Main CJ, Hora J, Boos N (1999) The impact of clinical, morphologi-
cal, psychosocial and work-related factors on the outcome of lumbar discectomy. Pain
80 1-2:239-249

A small study from the point of view of identifying predictors, but an excellent paper for
demonstrating the statistical methodology that should be applied in carrying out predic-
tor analysis.

Waddell G, Morris EW, Di Paola MP, Bircher M, Finlayson D (1986) A concept of illness
tested as an improved basis for surgical decisions in low-back disorders. Spine 11
7:712-719

This paper is a little older than those otherwise considered in this review, but it confronts
an extremely important aspect of decision-making in surgery and its message is still true
today. In describing the results of a large study to analyze how physical and psychological
factors interact to affect outcome, it emphasizes the importance of accurate diagnosis of
a surgically treatable lesion, and warns against the perils of letting inappropriate illness
behavior lead to inappropriate surgery.
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History and Physical Examination

8

Core Messages

v’ Back pain is one of the most common causes
for a medical consultation

v Up to 85% of individuals will experience back
pain at least once in their lifetime

v’ The high rate of benign back/neck pain
increases the risk of overlooking serious spinal
disorders

v’ Findings (red flags) suggesting serious pathol-
ogy are: features of cauda equina syndrome,
severe night pain, significant trauma, fever,
unexplained weight loss, history of cancer,
patient over 50 years of age, and use of intrave-
nous drugs or steroids

v’ Back pain getting worse during the night may
indicate a tumor or infection

v’ Tumors, discitis/spondylodiscitis, acute frac-
tures, relevant pareses, or conus/cauda equina
syndromes need immediate further diagnostic
work-up in a specialized spine unit

v’ Spinal disorders can be classified as specific
(with morphological correlates) vs. non-specific
(without structural findings)

Epidemiology

Clément M.L. Werner, Norbert Boos

v’ Central (axial) pain should be differentiated
from peripheral (radicular) pain

v’ The physical examination is facilitated when a
certain sequence of different examining posi-
tions are used, i.e. walking, standing, sitting,
lying supine, lying on the left/right side, lying
prone

¢/ The most important aspects of the clinical
examination are the spinal balance and the
neurological assessment

v The sagittal profile (lordosis/kyphosis) varies to
a large extent

v In the flexed neck position, rotation of the
upper cervical spine and in the extended posi-
tion rotation of the lower cervical spine is
assessed

v’ The Laségue test is positive if radicular leg pain
is provoked during lifting of the ipsilateral leg

¢’ Abnormal illness behavior should caution one
to consider a spinal intervention

v’ The reproducibility of the patient’s history and
examination is limited

Back and neck pain are a very common medical problem and a predominant
cause for visits and medical consultations [15]. The reported lifetime prevalence
of back pain ranges up to 84 % [5] and that of neck pain to 67 % [6]. Dorsal (tho-
racic) pain is much less frequent. The 1-year prevalence of dorsal pain was 17 %
compared to 64 % for neck and 67 % for low-back pain in a Finnish study [25].
More than 90% of patients initially presenting with back pain can be managed
non-operatively with physical therapy and analgetic medication and will return
to an acceptable pain level within 3 weeks, and even to normal within 3 months
[10]. These figures indicate that spinal pain is a benign and self-limiting disorder
(see Chapter 6 ).

About 85% of patients can be classified as having non-specific back pain (see
Chapter 21 ), i.e. no morphological correlate can be detected which would satis-
factorily explain the pain [10, 30]. The diagnostic challenge in patients with spi-
nal disorders is a result of the very high rate of benign spinal pain which poses a

Generally, spinal pain
is common, benign,
and self-limiting
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Case Introduction

A 46-year-old male was referred for an imaging study of the lumbar spine and possible surgical treatment of an acute
foot drop. The clinical history revealed a sudden onset (about 6 h), paresis of the left foot (long extensors of the greater
toe and foot) with relevant muscle weakness (M1-2). However, the patient did not report any significant back pain and
only mild pain in the lower limb. An MRl investigation was prompted because of the sudden onset of the paresis. a The
sagittal T2 W image showed a minor disc protrusion (arrowhead) with contact to the nerve root L5 (arrow). b In the axial
view, only a small foraminal disc protrusion is seen without clear neural compromise. The MRI could not satisfactorily
explain the severe foot drop and the patient was reassessed clinically. ¢ The patient was unable to extend his left foot
while sitting on the examination table. d However, he was able to lift his left leg in a right sided position indicating nor-
mal muscle force for the hip abductors (L5). This discrepancy was indicative of a peripheral paresis of the peroneal mus-
cles which was later documented by neurophysiology. Completion of the patient’s history revealed that he was kneeling
for several hours repairing a floor in his house the day before the onset of the foot drop.

Rule out specific causes ~ great risk of overlooking a serious pathology. Therefore, the most important
of spinal pain  aspect of the diagnostic work-up is to rule out:

relevant paresis (<KMRC Grade 3)
bowel and bladder dysfunction
tumor/metastasis

infection

inflammatory diseases

occult (osteoporotic) fractures

A thorough and standardized clinical assessment allows for an effective triage
and further diagnostic work-up of patients with suspected specific causes of back
pain.



History and Physical Examination

History

Due to the broad range of clinical entities that may present with back, dorsal and
neck pain, a systematic and logical approach, a skillful interpretation, and a care-
ful analysis of history data should be performed prior to the physical examina-
tion [8, 9]. In many cases a highly probable diagnosis can be made from the
patient’s history alone. Back and neck pain has a strong tendency to become
chronic (see Chapter 6 ). Therefore, a rapid, pathomorphology-oriented diag-
nostic work-up and initiation of treatment is mandatory.
The major goal of the clinical assessment is to differentiate:

e specific spinal disorders, i.e. with a pathomorphological correlate
® non-specific spinal disorders, i.e. without an evident pathomorphological
correlate

In specific spinal disorders a pathomorphological (structural) correlate can be
found which is consistent with the clinical presentation. Accordingly, in non-spe-
cific spinal disorders no such correlate can be detected. It is obvious that patients
are classified in the latter group by exclusion. Unfortunately, the sources of
patients’ complaints remain unclear in the vast majority of cases (85-90%)
despite a thorough clinical and diagnostic work-up [30]. However, in the individ-
ual case it can be difficult to differentiate specific and non-specific disorders and
a final conclusion is only reached after a thorough further diagnostic work-up.

The most devastating failure of the clinical assessment is to overlook the pres-
ence of a tumor, infection, or a spinal compression syndrome. This can be
avoided in most cases, if the examiner considers possible specific causes during
history taking and physical examination. If suspicion is raised, the proper diag-
nostic work-up is prompted. The importance of this triage has led to the sugges-
tion of a so-called flag system (see Chapter 6 ). The red flags are of particular
relevance because they help to detect serious spinal disorders [1]:

M features of cauda equina syndrome

¥ severe and worsening pain (especially at night or when lying down)
M significant trauma

M fever

M unexplained weight loss

M history of cancer

¥ patient over 50 years of age

¥ use of intravenous drugs or steroids

Features of cauda equina syndrome include urinary retention, fecal inconti-
nence, widespread neurological symptoms and signs in the lower limb, including
gait abnormality, saddle area numbness and a lax anal sphincter [1]. A relevant
paresis can be defined as the inability of the patient to move the extremity against
gravity. It is particularly important to recognize a progressive weakness because
emergency exploration and treatment is necessary. It is always astonishing that
patients do not spontaneously report a disturbance of their bowel and bladder
function because they do not suspect a correlation with a spinal problem. Other
color (i.e. yellow, blue, black) flags indicate obstacles to recovery from an acute
episode (Chapters 6, 21 ).

After red flags are explored, the clinical assessment focuses on the three major
complaints which lead the patients to seek medical advice:
® pain
e functional impairment
e spinal deformity
Of these three complaints, pain is by far the most common aspect.

Chapter 8

History contributes most
to a clinical diagnosis

The diagnosis of
non-specific neck/back pain
is made by exclusion

203



204

Section

Patient Assessment

Pain

Although pain is the most common complaint in patients with spinal disorders,
our understanding of the pathophysiology of pain is still scarce. However, molec-
ular biology has recently unraveled some basic mechanisms of pain generation
and persistence which help to better understand patients presenting with spinal
pain (Chapter 5 is strongly recommended for further reading).

Differentiation of Pain

The most obvious differentiation of spinal pain syndromes is based on the region
of the pain, i.e.:

® neck pain
e dorsal pain
® low-back pain

More important than the regional differentiation is the distinction with regard to
pain radiation, i.e.:

e radicular pain
e referred pain
® axial pain

Radicular pain is a nerve mediated pain which follows a dermatomal distribu-
tion (Fig. 1). It can even occur without back or neck pain, e.g. in case of a disc her-
niation. A differential diagnosis of the segmental and peripheral innervation [11]
is obvious and mandatory (Fig. 2). Referred pain usually originates from the
back or neck but radiates into the extremities. It is musculoskeletal in origin and
rarely radiates below the elbow or knee. However, knowledge of the so-called
sclerotomes [7] is helpful in understanding otherwise unexplained musculoskel-
etal pain (Fig. 3). In the case of a L5 radiculopathy, for example, patients most fre-
quently experience pain in the greater trochanter region (L5 sclerotome). Axial
pain is defined as a locally confined pain in the axis of the spine without radia-
tion. In this context, the most important questions are (Table 1):

Table 1. Important triage questions

e How much of your pain is in your arm(s)/hand(s) and how much in your neck?

® How much of your pain is in your legs(s)/(foot, feet) and how much in your lower back?

Pain which is exclusively or predominantly in the arms/hands is indicative of a
radicular syndrome (disc herniation, spondylotic radiculopathy or myelopathy).
Pain which is exclusively or predominantly in the legs/feet indicates a radicular
syndrome (disc herniation, foraminal stenosis) or spinal claudication. A differ-
entiation of axial pain is less straightforward and it remains difficult to relate a
specific pathomorphological alteration to this pain.

Table 2. Pain descriptors

Sensory dimension Affective dimension
e throbbing e hot-burning e tiring-exhausting
® shooting ® aching e sickening

® stabbing ® heavy o fearful

® sharp e tender ® punishing-cruel
® cramping e splitting

® gnawing

According to Melzack [21]
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Figure 1. Segmental innervation of the skin

Pain can be further differentiated according to its character. Melzack [21] has
developed a questionnaire which distinguishes sensory and affective pain
descriptors (Table 2) which can be helpful in the assessment of the pain charac-
ter.
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Chronic pain is not simply
prolonged acute pain

Pain intensity
is best assessed with
a visual analogue scale

Excruciating pain may
indicate neural compression
or severe instability

Slowly progressive pain
worsening during

the night is indicative
of tumor/infection

Slowly progressive pain
indicates degenerative
disorders, but do not
overlook tumor or infection

Patient Assessment

A classic differentiation of pain is often based on the temporal course, i.e.:

® acute - duration less than 1 month
® subacute - duration up to 3 months
e chronic - duration more than 3 -6 months

However, as outlined in Chapter 5 , this differentiation is arbitrary and does not
reflect the underlying pathomechanism. Chronic pain is not simply a prolonged
acute pain but undergoes distinct alterations in the pain pathways.

Pain Intensity

Based on the definition of the International Association for the Study of Pain
(IASP), pain is always subjective [16]. An objective assessment of pain intensity is
therefore very difficult. Today, visual analogue scales (VAS) have become a stan-
dard tool in assessing pain intensity. Pain intensity should routinely be assessed
with regard to outcome assessment of a future treatment (see Chapter 40 ).

Pain intensity is rarely a guide to the underlying pathology. However, acute
excruciating pain should raise the suspicion of a neural compression or a severe
instability. Myelopathic or radicular pain can sometimes be so severe that it is
difficult to control it by analgesics.

Pain Onset

The onset of pain can be helpful in inferring the underlying pathology. It is rea-
sonable to explore whether the pain onset followed a specific incident or not:

® incident with immediate pain onset
e incident with delayed pain onset
® no incident, slowly progressive pain

It is most obvious in patients who sustained an injury (e.g. fall, motor vehicle
accident) which immediately initiated the pain. In these cases, a fracture or frac-
ture dislocation must be ruled out. Some elderly patients report a loud crack in
their back as the onset of pain which is indicative of an acute osteoporotic frac-
ture. Rear-end collision accidents typically result in a delayed pain onset (whip-
lash-associated disorders). More frequent and difficult to interpret is a situation
in which the patient has sustained a minor incident (e.g. lifting accident, uncom-
fortable movement) with delayed pain onset. An acute onset of back pain which
subsequently radiates into an extremity is indicative of a radiculopathy caused by
a disc herniation. The vast majority of patients with spinal disorders do not
report an incident but a slowly progressive pain and discomfort which initially is
unrecognized. In the case of a slowly progressive pain which worsens during the
night or rest, the examiner should suspect a tumor or infection.

Pain Modulators

The assessment of modulators of pain is helpful for the diagnosis of specific pain
syndromes and can guide the examiner to the underlying pathology. It is impor-
tant to stress that the significance of these pain modulators is often not based on
scientific evidence. Therefore, caution is prompted when interpreting pain mod-
ulating factors. The most helpful positional and activity modulators of spinal
pain are listed in Table 3.

Besides these positional and activity modulators of pain, the diurnal variation
is helpful in discriminating spinal pain syndromes (Table 4).
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Table 3. Positional and activity modulators of pain

Modulator
forward bending

backward bending

sideward bending
side rotation
sitting

standing

rest

activity

walking uphill
walking downhill

climbing stairs
descending stairs

vibration (e.g. riding a train, driving
on uneven road)

walking
lying prone

coughing, sneezing
rotating the head (e.g. backwards
while driving)

working above arm level

Table 4. Diurnal pain variation

Possible interpretation

increases pressure within the intervertebral disc
relieves the facet joints
widens the spinal canal

stresses the facet joints
narrows the spinal canal

increases pressure within the intervertebral disc
stresses the facet joints

increases pressure within the intervertebral disc
relieves claudication symptoms

stresses of the facet joints

improves pain related to segmental instability
worsens tumor/infection related pain
worsens arthritic facet joint pain

worsens pain related to segmental instability
improves arthritic facet joint pain

increases pressure within the intervertebral disc
decreases claudication symptoms

stresses the facet joints
increases claudication symptoms

increases pressure in the disc
stresses the facet joints
worsens pain related to segmental instability

initiates claudication symptoms

worsens pain related to segmental instability
relieves claudication symptoms

improves pain related to segmental instability

aggravates radicular pain
stresses the cervical facet joint

® stresses the cervical facet joint (extension)

Pain modulator

night pain
early morning pain

pain relief after getting up
pain increase during the day

Pain Medication

Possible interpretation

tumor/infection related pain
arthritic facet joint pain

arthritic facet joint pain
spondylarthropathy (ankylosing spondylitis)

arthritic facet joint pain
pain related to segmental instability

The assessment of the effect of medication on the pain is seldom indicative of the
underlying pathology. However, myelopathic and radicular pain can be very

severe and require strong narcotics. In the rare cases of an osteoid osteoma, non-
steroidal anti-inflammatory drugs (NSAIDs) and particularly acetylsalicylate
relieves symptoms and therefore may be diagnostic. On the other hand, non-spe-

cific chronic back pain does not respond well to pain medication. The type and
frequency of pain medication should be noted as a future outcome parameter.

Non-specific back pain does
not respond well to pain
medications
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Functional impairment
is best assessed with
a standardized questionnaire

Patient Assessment

Function

Assessment of the back/neck related function of the patient is important because
many patients with spinal disorders are severely limited [35, 37]. However, Moo-
ney outlined that the definition of the terms impairment, disability and handicap
is not so straightforward and is often overlapping [23]. Physical impairment is
an anatomical, physiological, or psychological abnormality leading to loss of
normal bodily ability while disability is the resulting diminished capacity for
everyday activities and gainful employment or the limitation of a patient’s per-
formance compared to a fit person of the same age and sex [23, 34]. Handicap can
be seen as a product of an interaction of a person with impairment and disability
and the environment [2] and thus resembles a loss or limitation of opportunities
to take part in community life on an equal level compared to healthy persons.

Functional limitations including activities of daily living should be assessed
with regard to:

sitting (time)

standing (time)

self-care

walking (distance, time)

sleeping (time)

weight lifting (maximum weight, position)
driving

reading

working above head/shoulder level
writing

working with computer

fine motor skills

sex life

social contacts (family, friends)
work status

The functional impairment should best be assessed using a standardized ques-
tionnaire [12, 27], which allows for an evaluation of the treatment outcome (see
Chapter 40 ).

Spinal Deformity

The assessment of spinal deformities requires some specific additional informa-
tion from the patient (or parents). The patients should be explored with respect to:

family history regarding spinal deformities

course of pregnancy

course of delivery

developmental milestones (onset of walking, speaking, etc.)
fine motor skills

tendency to fall (clumsiness)

onset of menses

growth of beard

growth spurt

breaking of the voice

evidence for metabolic or neuromuscular disorders
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Physical Examination

In contrast to major joints of the extremities, which allow a passive examination
even in the presence of severe painful pathology, the physical assessment of the
spine is often hampered by strong muscle spasm. The patient with a spinal disor-
der is usually in pain and the examination often aggravates this pain. The physi-
cal examination should therefore be as short and effective as possible. In concor-
dance with Fairbank and Hall [13], we suggest an algorithm which does not focus
on the classic examination approach (i.e. inspection, palpation, functional test-
ing) but on a succession of body positions which allow for a time-effective exami-
nation. The different examination positions consist of:

walking

standing

sitting

lying supine

lying on the left/right side
lying prone

The examination of the spine should include the whole spine and not only the
affected part(s) because the spine is an organ which extends from the occiput
down to the coccyx. Although as simple as it is obvious, it is important to stress
that patients should be examined undressed (down to their underwear). The
examination room should have enough space to allow free movement of the
patient and contain an examination table (Table 5).

Walking

The physical assessment begins as soon as the patient enters the examination
room with an inspection of the gait. It is noted whether the patient is able to
walk unsupported or with support (e.g. by an accompanying person, crutches,
or wheelchair). After the completion of history taking, the patient is asked to
walk back and forth in the room. Any causes of limping must be differentiated,
ie.

pain

muscle insufficiency
paralysis

ankylosis

leg length discrepancy

The patient should walk on their tiptoes (S1) and heels (L4, L5) to assess muscle
weakness in the lower limbs. Any evidence of atactic gait should be noted and
further explored (Rhomberg’s test, walking along a line; see Chapter 11).

Standing

Body height and weight should be assessed at least at the first clinical visit. For
follow-up examination of patients with spinal deformities the assessment of
body height (sitting and standing) is compulsory. The undressed patient should
be inspected for any presence of spinal stigmata such as café-au-lait spots (neu-
rofibromatosis), hairy patches (spina bifida occulta), and foot size differences
(tethered cord). Any scarring must be noted and particular attention should be
paid to previous spinal or thoracic surgery (putative secondary spinal defor-
mity).

Chapter 8

The examination should
be done using a distinct
succession of body positions
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cause of limping
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Table 5. Physical examination algorithm

Walking

Inspection for:

e limping (pain, muscle insufficiency, paresis, leg length discrepancy, ankylosis)
e weakness while walking on tiptoes (S1) and heels (L4, L5)

e difficulty walking along a line (atactic gait)

Standing
Assessment of:
e body height and weight

Inspection for:

® spinal stigmata

e sagittal and coronal spinal balance

e sagittal profile (hypo-/hyperkyphosis/lordosis)
e muscle atrophies

e level of shoulders

® waist asymmetries and pelvic rotation

e |evel of pelvis (in standing and flexed position)
® rib/lumbar hump (in standing and flexion)

® spinous process step-off

Functional testing of:

e finger floor distance/Schober and Ott test
® Trendelenburg test

o |eft/right side bending and rotation

e repetitive forward bending

e repetitive backward bending and rotation
® repetitive tiptoe standing (McNab's test)

® repetitive stool climbing

® jumping on one leg

Sitting

Palpation of the cervical spine:

® spinous processes, facet joints, transverse process of C2, mastoid
e tender points in paraspinal muscle

Functional testing of cervical spine:

® chin-sternum distance

e active forward/backward bending, left/right side rotation (neutral position)
e active left/right side rotation in flexion

e active flexion/extension/side rotation against resistance

® passive motion testing

e Spurling’s test

® Roos and Adson’s tests

Neurological assessment of:

e sensory qualities (light touch, pin prick, proprioception)
e muscle force (M0-5)

e muscle tendon reflexes

Lying supine

Assessment of:

e muscle strength for foot extension, eversion, inversion and leg lifting

pathological reflexes (Babinski group, Tromner, Hofmann, and abdominal reflexes)
spasticity (arms/legs)

Lhermitte’s sign

straight leg raising test (Lasegue sign)

hip mobility

Patrick test, sacroiliac joint compression/distraction test

® peripheral pulses

Lying on left/right side

Assessment of:

® hip abduction force

e Mennell’s test (sacroiliac joint)

® perianal sensitivity and sphincter tonus

Lying prone

Palpation of:

® spinous processes, paravertebral muscles, posterior superior iliac spine
e femoral stretch test (reversed Lasegue sign)
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In the standing position, the most important aspects to observe are:

coronal balance
sagittal balance
sagittal profile
muscle atrophies

While the diagnosis of a coronal imbalance is easy to make with the plumbline
deviated off the intergluteal groove, the assessment of the sagittal profile is not as
obvious. A normal sagittal balance is present if the plumbline runs from the
external acoustic meatus down to the acromion, greater trochanter, lateral con-
dyle of the knee and the lateral malleolus. More difficult is the definition of the
sagittal profile because of the high individual variability [3]. A thoracic kyphosis
of 20-60 degrees is usually regarded as normal [3]. The definition of normal
lumbar or cervical lordosis is even more controversial. The normal range in the
literature for cervical lordosis (C2-7) ranges from 20 to 35 degrees [14]. How-
ever, Grob et al. [14] did not find a significant difference between patients with
neck pain compared to healthy individuals with regard to the global curvature,
the segmental angles, or the incidence of straight-spine or kyphotic deformity. In
a recent study, the lumbar lordosis of young adult volunteers ranged from 26 to
76 degrees with an average of 46 degrees [31]. The sagittal profile should be noted
but the sagittal balance is more important (Fig. 4). In particular, an anterior
imbalance can only be compensated poorly. The spinal muscles must counteract
this imbalance and thereby fatigue, which often results in severe pain. It is impor-
tant to explore the sagittal imbalance in more detail and separate a global trunk
imbalance from a head protraction (anterior shifting of the cervical spine). The
anterior imbalance has a great impact because it increases the risk of progressive
thoracic kyphosis (e.g. in patients with multiple osteoporotic fractures). Simi-
larly, a severe double major scoliosis which is in balance is much less a clinical
problem than a decompensated moderate size thoracic curve.

The importance of a systematic inspection for muscle atrophies is self-evi-
dent. Furthermore, the presence of the following deformity relevant aspects
should be noted during inspection:

shoulder and pelvis level

pelvic rotation

thoracic asymmetry

waist asymmetry

rib and lumbar hump (during standing and forward flexion)
trunk shift (disc herniation)

spinous process step-off (spondylolisthesis)

In the forward flexed position, any asymmetries of the back contour and leg
length discrepancy become more obvious. Rib hump and lumbar hump should
be assessed either in millimeters or degrees. Leg length discrepancy with consec-
utive imbalance of the pelvis can be leveled with a wooden board of known
height under the foot of the shorter leg to determine the amount.

The finger floor distance is not a measure of the mobility of the lumbar spine
but of the hips and limited by the hamstring muscles. Tight hamstrings in an ado-
lescent with a recent onset of back pain may indicate a spondylolysis/spondylo-
listhesis.

The range of lumbar motion can be assessed during forward flexion with the
so-called Schober test. A skin mark is made over the spinous process of S1 and
10 cm above. A normal lumbar range is present when the distance between the
upper and lower skin mark increases from 10 to over 15 cm (documented as 10/
15 cm) during forward flexion. The Ott test or thoracic Schober test is an equiva-
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Search for sagittal
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Sagittal disbalance is a
frequent cause of back pain

A coronal dysbalance
can cause pain in idiopathic
scoliosis

The finger-floor distance
is independent
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Figure 4. Coronal and sagittal balance

a In the coronal plane the gravity line should fall in the rima ani and between both feet. b In the sagittal plane the gravity
originating from the external auditory canal should run along the acromion, greater trochanter, lateral knee condyle and

lateral malleolus.

Repetitive motions
can provoke
typical symptoms

lent test for thoracic spine mobility. A skin mark is made at the spinous process
of C7 and a second mark 30 cm below. The distance should range up to 38 cm
(documented as 30/38 cm). However, both reproducibility and diagnostic value
remain debatable. An important observation is to document an abnormal spinal
motion pattern when the patient becomes erect from the forward flexed position.
Some patients need the support of their hands on the thigh to straighten up
again. This may indicate an underlying segmental instability.

The motion of the lumbar spine is best tested with hands crossed behind the
neck (Fig. 5). The following movements should be tested:

side bending

side rotation

backward bending

backward bending with rotation

A precise and reproducible assessment is not possible. Therefore, we prefer to
semiquantitatively estimate how much these movements are limited (reduced by
a quarter, half, etc.). More important than the range of motion is the provocation
of symptoms. Side rotation and backward bending stresses more the facet joints,
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Figure 5. Physical assessments

a Lumbar spine: a left/right side rotation; b left/right side bending; c backward bending. Cervical spine: d left/right side
rotation; e left/right side bending; f backward bending. g Patrick test; h Mennel test; i Laségue test
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muscle weakness
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Always palpate where it is
most painful mainly for psy-
chological reasons

Cervical spine motion is
examined with active and
passive motion and against
resistance

Patient Assessment

while side and forward bending stresses more the intervertebral discs. Pain prov-
ocation during these movements may therefore be indicative of an underlying
pathology of these structures. Repetitive tests may be useful in this context. In
patients with disc herniation, side rotation and backward bending is likely to
increase the pain because this test narrows the lumbar foramen.

A global functional test of the motor force of the lower extremities is applied
when the patient is asked to jump on one leg. This ability excludes a relevant
paresis of the lower extremities because all muscle groups are activated. Patients
frequently present with only subtle motor weakness, which is often not detected
during routine examination. A subtle weakness of the gastrocnemius muscle (S1)
can be detected by standing on one leg with repetitive (e.g. 10 times on each side)
tiptoe standing (McNab’s test). A similar test for the quadriceps muscle (L3 -4) is
repetitive stool climbing. A subtle weakness will present with an earlier fatigue.

Sitting

The cervical spine is best examined when the patient is sitting on an examination
table with their lower limbs and feet freely moving. In contrast to the lumbar
spine, palpation of bony landmarks is easier in the cervical spine. The examiner
should palpate:

® spinous processes C2-7

e transverse process of C1

® mastoid process

e facet joints

The palpation of the paravertebral muscles or osseous processus is seldom of
diagnostic value but reasonable from a psychological point of view. If the exam-
iner does not palpate the often painful muscles and provoke pain, the patient may
get the impression that they are not being thoroughly examined. Palpation must
include the supraclavicular fossae (enlarged lymph nodes, tumor, cervical rib)
and the anterior structures (including the thyroid gland).

Functional testing of the cervical spine begins with the measurement of the
chin sternum distance. This measure is useful to document the clinical course but
not so much as an objective parameter. The assessment of the mobility of the cer-
vical spine consists of:

flexion/extension (chin-sternum distance: documentation, e.g. 2/18 cm)
left/right rotation (normal: 60°-0-60°) in neutral position

left/right rotation (normal: 30°-0-30°) in flexed position

left/right rotation (normal: 40°-0-40°) in extended position

left/side bedding (normal: 40°-0-40°)

In flexion, rotation only occurs at the upper cervical spine because the facet joints
of the lower cervical spine are flexed and there the facet joint capsules are
stretched resisting rotation. In extension the upper cervical spine joints are
blocked only permitting rotation in the lower cervical spine. Differences in pain
provocation in the flexed and extended position may indicate the level of pathol-
ogy. In the case of limitation of active movements, the examination is repeated
with passive motion to differentiate between a soft (muscle, pain) and a hard
(bony) stop. Beside the assessment of the motion, the provocation of pain is rec-
ommended. This can be enhanced by examining the cervical spine against resis-
tance and stresses the intervertebral discs (flexion, side bending) or facet joints
(rotation, extension), respectively.

If a cervical radiculopathy is suspected, the following tests can be carried out
to provoke the patients’ radicular symptoms (Fig. 6):
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Figure 6. Provocation tests for cervical radicular pain

a Spurling’s test: continuous (30-60 s) pressure is applied in different head positions (left/right side bending or rotation in
neutral position, flexion and extension). b Depending on the target level the different rotation positions further narrow the
spinal foramen and may elicit typical radicular pain. c Valsalva maneuver: this test may elicit pain by increasing the intradu-
ral pressure. d Shoulder depression test: this test stretches an affected nerve root and may cause radicular arm pain.

e Spurling’s test
e Valsalva maneuver
® shoulder depression test

In the case of a potential differential diagnosis of thoracic outlet syndrome, Consider thoracic outlet
Adson’s and the Roos tests can be carried out. Adson’s test consists of hyperex-  syndrome in the case
tending the neck and turning the head to the affected side while holding breath.  of arm pain

The maneuver leads to a decrease of the radial pulse and tingling in the hand. The

Roos test is carried out with both arms 90 degrees abducted and externally
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rotated. The individual rapidly opens and closes the hand for 3 min. The test is
positive if the hand becomes pale or blue and the maneuver provokes the typical
symptoms.

The neurological assessment can be best performed with the patient either in
the supine or the seated position. We prefer the latter position because it allows
for a better testing of muscle force (e.g. shoulder abduction, hip flexion, knee
extension). A prerequisite for a thorough neurological assessment is a profound
knowledge of the dermatomal (Fig. 1) and peripheral (Fig. 2) skin innervation.
Multiple sensory qualities (heat-cold, pain, touch, pressure, static and dynamic
two-point discrimination, vibration sensation) can be distinguished. The most
important examinations are:

e light touch
e pin prick
® proprioception

Light touch can still be preserved in the presence of nerve root compression
when pin prick is already decreased (see Chapter 11 ). The cross-over innerva-
tion for pain is much less pronounced than for the sensory quality of light touch.
The assessment of proprioception (vibration) is important in the differential
diagnosis of radiculopathy and peripheral neuropathy. Each dermatome must be
systematically assessed in order to allow for a differential diagnosis of a radicular
vs. a peripheral neuropathy.

The assessment of each key muscle and tendon reflex (Table 6) can easily be
done in the seated position. A differential diagnosis of peripheral nerve palsies
is necessary and diagnosis can be done clinically in many cases (Fig. 7). How-
ever, the differential diagnosis can sometimes be very difficult and require

Table 6. Motor innervation and muscle tendon reflexes

Nerve Muscle

root
C3/4

(€)

c6

Cc7

(@]

L2

L3

L4

L5

S1

diaphragm
deltoid muscle

Reflex Differential diagnosis for peripheral neuropathy

deltoid reflex (inconsistent)  phrenic nerve (tumor)

deltoid muscle, biceps muscle biceps reflex axillary nerve

musculocutaneous nerve (normal innervation of
the brachioradialis muscle, normal sensation of

the thumb)
biceps muscle extensor carpi  biceps reflex, brachioradial musculocutaneous nerve
muscle reflex
radial nerve
triceps, wrist flexors, finger triceps reflex median nerve (carpal tunnel syndrome, disturbed
extensors sweat secretion)

abductor digiti minimi muscle

interossei muscles

ulnar nerve (sharp sensory deficit of the ulnar half
of the ring finger)

iliopsoas muscle (hip flexion)  adductor reflex (inconsistent) obturator nerve

quadriceps muscle

tibialis anterior

patellar tendon reflex lateral cutaneous nerve (meralgia paresthetica —
normal motor function)

patellar tendon reflex femoral nerve (intact innervation of the saphe-
nous nerve)

extensor hallucis longus mus- tibialis posterior reflex peroneal nerve (intact hip abduction)
cle, gluteus medial muscle (inconsistent)

peroneus brevis, triceps muscle Achilles

tibial nerve (extensor hallucis longus weakness)
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Figure 7. Peripheral nerve palsies

a, b Radial nerve palsy: The patient is unable to extend a his wrist and b fingers in the metacarpophalangeal joints.
c Median nerve palsy: inability to close the hand to afist to firmly grip a bottle and d to oppose the thumb and fingertips.
e Ulnar nerve palsy: hyperextension of the metacarpophalangeal joints of the ring and little finger indicates a paralysis
of the intrinsic muscles and f inability to adduct the thumb without flexion of the interphalangeal joints (Froment’s sign).
Note the autonomic regions of innervation for the respective nerves (darker color).

Table 7. Clinical motor strength grading

Motor grade Findings

full movement against full resistance

full movement against reduced resistance

full movement against gravity alone

full movement only if gravity eliminated

evidence of muscular contractions or fasciculations
no contractions or fasciculations

oO=NWHLHWU

detailed neurological assessments and neurophysiological studies for further
differentiation (see Chapters 11, 12 ). The muscle force should be assessed
according to a standardized protocol either following the guidelines of the Brit-
ish Medical Research Council (Table 7) or as modified by the ASIA Standards
(see Chapter 11).
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Lying Supine

In the supine position, the neurological examination can be completed with
regard to the assessment of:

e muscle strength [dorsiflexion of the foot (L4) and greater toe (L5)]
e muscle strength for inversion (L5) and eversion (S1) of the foot

e long tract signs (Babinski, Gordon, Oppenheimer, Rossolimo,

see Chapter 11)

abdominal reflexes (see Chapter 11)

presence of any spasticity of the lower extremities (see Chapter 11)
Lhermitte sign

Straight leg raising test

The Lhermitte sign is provoked by forceful flexion of the head. The test is positive
if the patient has a sensation of electrical shocks in the body and lower extremi-
ties. This sign is indicative of a severe spinal cord compression. There is a pleth-
ora of descriptions of the Laségue sign (test). We regard the test as positive in the
presence of radicular leg pain. It is important to precisely ask the patient what
they are experiencing while the straight leg is raised. We always note the elevation
degree when radicular pain is experienced. Any other sensation than radicular
pain is not regarded as a true Laségue sign and can be described as a pseudolase-
gue sign. The latter sign does not exclude the presence of a radiculopathy but is
often caused by a severe muscle spasm. Most frequently, the patient is just experi-
encing tension in the popliteal fossa as a result of tight hamstrings. A cross-over
sign is present when the patient experiences radicular pain in the affected leg
while raising the contralateral leg and is highly predictive of a large median disc
herniation [18].

While the patient is in the supine position, the hips should be examined so as
not to overlook a hip pathology, which is frequent in elderly patients. The diag-
nosis of an affection of the sacroiliac joint is very difficult clinically because this
joint is not easily accessible. It is possible to compress or distract the sacroiliac
joint and provoke pain in the case of an affection. However, we can also use the
femur as a lever to move the sacroiliac joint. The so-called Patrick test is per-
formed by flexing the ipsilateral hip and knee and placing the external malleolus
of the ankle over the patella of the opposite leg. The examiner gently pushes the
ipsilateral knee down until a hard resistance is felt. At this point, the examiner
gives a short impulse on the ipsilateral knee, i.e. pushing it towards the examina-
tion table. The test is positive if the patient feels the usual buttock pain (Fig. 5).

The examination in the supine position is completed by assessing the arterial
pulses with regard to an important differential diagnosis of neurogenic claudica-
tion.

Lying on Left/Right Side

The patient is asked to lie on their left and right side, respectively. In this posi-
tion, the hip abduction is tested with the lower knee flexed and the upper knee
extended. Normal hip abduction force (L5) in the presence of a foot drop is indic-
ative of a paresis of the peroneal nerve (Case Introduction).

In this position, a further test for sacroiliac joint affection can be done (Men-
nell test). The upper hip is extended and the knee flexed. The examiner places
one hand on the ipsilateral hip and with the other hand extends the hips gently
until a hard stop is felt. At this point the examiner gives a short impulse by pulling
the leg in more extension. The test is positive if the patient feels the usual buttock
pain.
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In the lateral position, the perianal sensitivity and sphincter tone can be tested to
rule out a cauda equina syndrome.

Lying Prone

In this position, the reversed Laseégue sign or femoral stretch test can assess lum-
bar disc herniations at higher levels (L2 - 4). The test is positive if extension of the
straight leg is causing anterior thigh pain. It is important to perform the test with
the leg straight, because flexion of the knee stretches the quadriceps muscle,
which makes it difficult to separate neural and muscular pain.

Finally, the spinous processes, paraspinal muscles and the posterior superior
iliac spine can be palpated. Although this examination seldom provides a clue for
the underlying pathology, it is psychologically important as outlined above.

Abnormal lliness Behavior

If there is some doubt regarding the severity or genuineness of the patient’s com-
plaints, not only the patient’s pain drawing [26] will show frank exaggeration or
non-anatomic pain patterns [38], but several tests might also be useful in this set-
ting. Waddell [36, 39] described five signs to help reveal functional overlay in
back pain patients.

presence of widespread superficial tenderness

pain on axial loading or simulated rotation

postural differences in straight leg raising test

regional non-anatomic sensory/motor disturbances
overreaction (crying out, facial expression, sweating, collapsing)

Vertical compression on the head in the standing position is not translated to the
lumbar spine. When the patient is standing and presses their arms firmly against
the greater trochanters, the first 30 degrees of rotation occur in the hip joints.
Both tests therefore should not cause low-back pain unless psychological overlay
is present. Large differences (<20 degrees) of the straight leg raising test between
sitting and lying cannot be explained pathoanatomically and are indicative of
abnormal illness behavior.

Reproducibility

It is important to note that findings during history taking and physical assess-
ment are hampered by a poor or only modest reproducibility. This has to be
borne in mind when using this data for outcome evaluation and scientific pro-
jects [4, 20, 24, 28, 32, 33, 40]. The reproducibility of history of having ever expe-
rienced back pain has been reported to be around 80% [4, 40]. The same has
been found for pain drawings made by patients [19]. Retrospective data obtained
by means of subjective patient statements should be handled with great caution.
With regard to physical signs, only a few studies have addressed the issue of
reproducibility [4, 20, 22, 24, 29]. McCombe found that reliable signs consisted of
measurements of lordosis and flexion range, determination of pain on flexion
and lateral bend, nearly all measurements associated with the straight leg raising
test, determination of pain location in the thigh and legs, and determination of
sensory changes in the leg [20].
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The reversed Lasegue sign
is tested with the leg
extended

Palpation is rarely diagnostic

Positive Waddell signs
suggest non-organic causes
of symptoms

The reproducibility of
history and physical findings
is limited
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Differential Diagnosis of Spinal Pain Syndromes

The differential diagnosis of spinal disorders in general and low-back pain par-
ticularly is far reaching. The differential diagnosis of spinal pain syndromes
includes neoplasia, infection, inflammatory disease, as well as pelvic organ disor-
ders, and renal and gastrointestinal disorders. Jarvik and Deyo differentiate non-
mechanical spinal conditions and visceral disease (Table 8) from mechanical
low-back pain in the differential diagnosis of low-back pain [8, 17].

Table 8. Differential diagnosis of low-back pain

Non-mechanical spinal conditions (1 %) Visceral disease (2 %)

Neoplasia (0.7 %) Pelvic organ involvement

® multiple myeloma ® prostatitis

® metastatic carcinoma e endometriosis

e lymphoma and leukemia e chronic inflammatory disease

® spinal cord tumors e chronic pelvic inflammatory disease
e retroperitoneal tumors .

e primary vertebral tumors Renal involvement

e nephrolithiasis
e pyelonephritis
® perinephric abscess

Infection (0.01 %)
osteomyelitis

® septic discitis

® paraspinous abscess
e epidural abscess

Gastrointestinal involvement
® pancreatitis

e cholecystitis
Inflammatory arthritis (0.3 %) ® penetrating ulcer
ankylosing spondylitis

® psoriatic spondylitis

® Reiter syndrome

e inflammatory bowel disease

Aortic aneurysm

Paget disease

Figures in parenthesis indicate estimated percentage of patients with these conditions among
all adult patients with signs and symptoms of low-back pain according to Jarvik and Deyo [17]

Recapitulation

History. The high rate of benign self-limiting low-
back and neck pain can disguise serious underlying
causes of spinal pain. The most important task of
the clinical assessment is to rule out serious illness
indicated by the so-called red flags, i.e., features of
cauda equina syndrome, severe worsening pain
(especially at night or when lying down), significant
trauma, fever, unexplained weight loss, history of
cancer, patient over 50 years of age, and use of in-
travenous drugs or steroids. Tumors and infections
must be ruled out. Furthermore, a relevant paresis
(motion of the extremity against gravity impossi-
ble) must be detected early and treated. After red
flags are ruled out, the clinical assessment focuses
on the three major complaints which lead patients
to seek medical help, i.e. pain, functional impair-
ment, and spinal deformity. The most important

differentiation of pain is the distribution between
central (back/neck) and peripheral pain (leg/arm).
Radicular pain must be distinguished from axial
(central) pain. Radicular pain is usually attributable
to a pathomorphological correlate. Pain intensity
should be assessed with a visual analogue scale.
The assessment of positional and activity modula-
tors of spinal pain is very helpful for further differ-
ential diagnosis of the pain syndrome. Physical im-
pairment should be differentiated from disability
and handicap. The history of patients with spinal
deformity should include the assessment of spinal
deformities requiring some specific additional in-
formation from the patient (or parents). The pa-
tients should be explored with respect to: family
history, course of pregnancy and delivery, develop-
mental milestones (onset of walking, speaking,
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etc.), fine motor skills, tendency to fall (clumsiness),
onset of menses, and evidence of metabolic or neu-
romuscular disorders.

Examination. The physical examination is per-
formed with the patient in different positions, i.e.
walking, standing, sitting, lying supine, lying on the
left/right side, lying prone. During walking the
presence of a limp, ataxia, and muscle force (walk-
ing on hips/tiptoes) is assessed. The most impor-
tant aspect for the examination in the standing
position is the assessment of the sagittal and coro-
nal balance. The sagittal profile (lordosis/kyphosis)
is largely variable. Finger floor distance is an assess-
ment of the hip flexion and muscle stretch. Repeti-
tive testing of a motion (tiptoe standing, stepping
up on a stool) may disclose a subtle muscle weak-
ness. In the seated position, the examination for
sensory deficits, muscle weaknesses and tendon
reflexes is facilitated. Similarly, the examination of
the cervical spine is best performed with the
patient in this position. Rotation in flexion exam-
ines the upper cervical spine and rotation in exten-
sion of the lower cervical spine. In the seated posi-
tion radicular provocation tests (Spurling’s test,
Valsalva maneuver, and shoulder depression test)

Chapter 8

can be performed to provoke typical radicular pain.
In the supine position, the straight leg raising test
(Lasegue sign) is performed. The most important
read-out of this test is the provocation of radicular
pain, which is pathologically independent of the
degree of hip flexion. Elicited non-radicular pain
can be classified as a pseudolasegue sign. The
assessment of hip and sacroiliac joint function as
well as vascular status should not be forgotten. In
the left/right side position, assessment of the hip
abduction force is important for a differential diag-
nosis of L5 radiculopathy and peroneal nerve palsy.
In this position, the perianal sensitivity and sphinc-
ter tonus are best assessed. In the prone position,
the reversed Laségue sign (for nerve root compro-
mise, L2-4) can be tested. The palpation of the dor-
sal and lumbar spine is hardly ever diagnostic but
should not be discarded for psychological reasons.
The assessment of abnormal illness behavior is
mandatory. In general, the reproducibility of history
taking and physical examination is limited. The dif-
ferential diagnosis of spinal pain syndromes
includes cancer, infection, inflammatory disease, as
well as pelvic organ disorders, and renal and gastro-
intestinal disorders.
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test was not predictive. Most of the diagnostic information revealed by physical examina-
tion findings had already been revealed by the history items.

Spratt KF, Lehmann TR, Weinstein JN, Sayre HA (1990) A new approach to the low-back
physical examination. Behavioral assessment of mechanical signs. Spine 15:96 - 102

This study systematically explores the test-retest reliability, a low-back physical examina-
tion tool. Patients’ reports of pain location were quite stable across time but reports of
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pain aggravation were generally less consistent across time than were later observed pain
behaviors.

Waddell G, McCulloch JA, Kummel E, Venner RM (1980) Nonorganic physical signs in
low-back pain. Spine 5:117 - 25
Landmark article on the clinical significance of non-organic signs in low-back pain.
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Core Messages

v’ Standard radiographs obtained with the
patient in the upright position represent the
basis of imaging

v |n standard radiography, the role of special
views is decreasing because CT and MR imag-
ing more easily provide relevant additional
information

v MR imaging is the most commonly used
advanced imaging method and is the method
of choice in suspected disc abnormalities,
tumors, infection, abnormalities of the spinal
cord and other abnormalities

v MR imaging may occasionally be misleading
because it demonstrates findings that are also
found in asymptomatic individuals and - there-
fore — may not be clinically relevant

v Intravenous contrast administration is useful in

Marius R. Schmid, Jiirg Hodler

v’ Advances can still be expected in MR imaging
including fast whole-spine imaging, improved
spatial resolution, spectroscopy, and functional
imaging of the spinal cord

¢/ CT retains an important role in assessment of
trauma but may not reliably demonstrate disco-
ligamentous injuries

v Ultrasonography has a limited role in imaging
of the spine but may occasionally be indicated,
such as for demonstration of paravertebral soft
tissue abnormalities, vessels adjacent to the
spine and for image guided interventions

v’ Bone scans are still useful for the assessment of
bone abnormalities (activity of disease, staging
for widespread disease, follow-up studies). The
role of PET, PET-CT and SPECT-CT remains to be
determined
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MR imaging of infection, systemic inflamma-
tion, neoplasm, and vascular malformation and
in postoperative imaging

Imaging Methods
Standard Radiographs

Standard radiographs still represent the basis of spinal imaging. They can be
obtained with a number of techniques: Conventional film/screen combination is
an analogue technique which is still widely used in small hospitals and practi-
tioners’ offices. Most radiology institutions, however, use digital systems, i.e.,

e computed radiology (CR) systems or
e digital radiography (DR) systems

CR systems are based on phosphor plates which are sensitive to X-ray beams.
They are placed in cassettes which are similar in design and size to the cassettes
used for the old film-screen systems. After exposure, the cassette is transferred to
a digitizer which reads the latent information contained within the phosphor
plate and provides a digital image in the widely used DICOM 3 format (DICOM
stands for Digital Imaging and Communications in Medicine). DICOM standard-
izes the handling, storing and transmitting the information of medical images.

Digital systems can reduce
radiation dose and retakes
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Digital systems are
becoming the new standard

Standard radiographs
(anteroposterior, lateral)
remain the basic
imaging studies

Positional radiographs
do not reliably demonstrate
spinal instability

Imaging the thoracolumbar
junction often requires
a centered image
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DICOM images can be printed on hard copies or paper, or they can be distributed
by a digital PACS (Picture Archiving and Communication System).

DR systems use flat panel detectors, which replace the cassettes used in film-
screen and CR systems. They can be placed on existing classical radiographic
tables, may be mounted on dedicated equipment or are available as portable
devices. They directly acquire a digital image of high resolution after exposure.
The image appears on a screen installed in the examination room and is visible
within a few seconds while the patient is still available in the room for any repeat
exposures. The images can then directly be sent to a PACS system, or alternatively
they can be printed on film or paper. Because no cassettes have to be transferred,
this system is much faster than film-screen or CR equipment. Similarly to CR, DR
is less sensitive with regard to exposure errors than film-screen systems.
Although the originally expected reduction in X-ray exposure has not been
completely achieved, the digital systems allow some reduction of dose and reduce
the number of repeat examinations.

Patient positioning, beam angulation, film-focus and object-film distances are
identical for all three methods.

Lumbar Spine

Upright anteroposterior and lateral radiographs represent the basis of imaging of
the lumbar spine. Film-focus distance typically is 115 cm for over-couch tubes
with grid tables and 150 cm for vertical stands. The beam is centered 2 cm above
the iliac crest. Additional radiographs are not routinely acquired because they
have been replaced by magnetic resonance (MR) imaging or computed tomogra-
phy (CT). The so-called Barsony projection has not been consistently described
but typically consists of a radiograph centered at the sacrum (with a 15° to 20°
caudocranial angulation of the beam (in order to be approximately perpendicu-
lar to the sacrum and sacroiliac joints). Anteroposterior oblique radiographs
with the entire patient rotated by 45° to both sides used to be employed for the
demonstration of spondylolysis but are at least in part replaced by CT (“reversed
angle” technique or sagittal reformatted images from thin sectioned axial source
images). MR imaging may also be used for this purpose.

Positional radiographs are typically obtained in the lateral projection with
the spine in flexion and extension. For flexion radiographs, the patient is asked to
bend forward with the pelvis in the center or slightly posterior to the center of the
cassette. For extension radiographs, a back support is useful in order to allow the
patient to lean backwards. The pelvis is located slightly anterior to the center of
the film in extension radiographs. Lateral bending anteroposterior views are less
commonly employed but may be useful for certain indications such as surgical
planning in scoliosis. The role of positional radiographs in assessing instability
has been debated due to a lack of consistent criteria for this diagnosis.

Thoracic Spine

In the thoracic spine, anteroposterior and lateral radiographs are most com-
monly employed. They are centered at the middle of the thoracic spine with the
superior border of the image at C7 level. Such radiographs are obtained with the
patient in the upright position if possible. Deep inspiration during exposure of
the lateral projection is recommended in order to render the density of the chest
more even. Anteroposterior radiographs are exposed in expiration. If additional
imaging is required, radiographs centered at the thoracolumbar transition may
be helpful. For the lateral view of the thoracolumbar transition, expiration is rec-
ommended.
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Cervical Spine

As for the other radiographs of the spine, anteroposterior and lateral images are
typically employed. For lateral radiographs, weights (up to 10 kg on each side)
may be placed in each hand of the patient in order to move the shoulders down-
wards. Shoulder soft tissue overlap is most pronounced in heavy patients. The
lateral swimmer’s view with the shoulders rotated out of the X-ray beam may
assist in the assessment of the cervicothoracic spine. This view is of importance
in the evaluation of a traumatized patient in whom the cervicothoracic junction
cannot be visualized by conventional views and in cases for which CT is not read-
ily available. Anteroposterior oblique images better demonstrate the interverte-
bral foramina and sometimes the facet joints. Anteroposterior transbuccal
radiographs centered at the odontoid process are included in many standard
imaging protocols at least after trauma and in patients with rheumatoid arthritis.
Lateral positional radiographs are commonly obtained in flexion and extension
in order to assess atlantodental instability.

Whole Spine Radiographs

Whole spine radiographs are mainly employed for the diagnosis, follow-up and
surgical planning of spinal deformity, particularly scoliosis. They are typically
obtained with a film-focus distance of at least 2 m. This distance may be
increased to up to 3 m. Radiation doses for this type of radiograph are relatively
high with a mean effective dose of between 0.23 and 1.09 mSv per radiograph
[16]. A lower effective dose for the anteroposterior view compared to the lateral
view and a lower effective dose in male patients has been demonstrated [16]. The
posteroanterior exposure supposedly results in a smaller dose to the sensitive
breast tissue than an anteroposterior exposure.

Lateral bending radiographs may be required for assessment of stiffness of
the scoliotic spine. For comparison, mean effective doses for cervical spine radio-
graphs are 0.18 mSv (anteroposterior) and 0.27 mSv (lateral); for thoracic spine
radiographs they are 0.51 mSv (anteroposterior) and 0.80 mSv (lateral); and for
lumbar spine radiographs they are 0.77 mSv (anteroposterior) and 1.7 mSv (lat-
eral), respectively [43].

Magnetic Resonance Imaging

MR Systems

MR imaging is the second most commonly employed imaging method in assess-
ing spinal disorders. In Europe and the United States, 1.5-Tesla scanners with
tunnel-shaped, superconducting magnets are typically employed. Mid-field
scanners with field strengths of 0.5 and 1.0 T are less commonly offered by the
major manufacturers. On the other hand, high field scanners with 3.0 T or higher
field strengths are increasingly being installed. A higher field strength has the
advantage of a higher spatial resolution, a better signal-to-noise ratio and a
shorter acquisition time. It is also advantageous in specialized imaging, includ-
ing MR angiography, and functional imaging of the spinal cord. Disadvantages
include increased susceptibility and flow artifacts. Susceptibility artifacts relate
to local disturbances of the magnetic field and are more pronounced in high field
scanners. They are most commonly encountered after surgery with metallic
implants. Flow artifacts may be prominent in the vicinity of large vessels. Addi-
tionally, patients in high field units are exposed to higher energy deposition
(SAR: specific absorption rate). In order not to exceed acceptable SAR values,
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Specialized views can be
diagnostic for cervical spine

The swimmer’s view
demonstrates the
cervicothoracic junction

Whole spine and lateral
bending radiographs are
associated with a relatively
high radiation dose

Lateral bending films are
helpful in the assessment
of scoliotic curve rigidity

3T scanners have several
advantages including
potentially superior image
quality

3T scanners have the
disadvantage of increased
susceptibility and flow
artifacts
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claustrophobic patients
to be imaged

For adequate imaging,
dedicated coils have to

be employed for detection
of MR signals
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sequence parameters may have to be adapted, which may offset the physically
possible shorter acquisition time [35].

So-called open MR systems, usually based on permanent magnets, have rela-
tively low field strength with typical values of 0.2-0.6 T, although lower and
higher values are available. These magnets are open in the sense that the patients
are not lying in a closed tunnel but rather between two horizontal plates which
leave space on both sides of the patient as well as in the cranial and caudal direc-
tion. The plate on top may be closer to the patient, however, than the top of the
tunnel-like magnets. Permanent magnet systems are generally less expensive to
purchase and operate than superconducting magnets but have disadvantages.
Image quality and selection of specialized sequences tend to be inferior to those
with mid to high field scanners. In addition, the magnet weight in such systems
is higher than for superconducting systems, and open MR units are more suscep-
tible to external sources influencing the magnetic field such as tramways and
suburban trains.

For adequate imaging of the spine, dedicated coils have to be employed for
detection of MR signals. A number of different designs are available which are
placed underneath the body. With increasing distance from these surface coils,
signal and image quality decrease. Therefore, these standard coils may not be
sufficient for homogeneous images. Advanced designs which include both a dor-
sal and a ventral element adapted to the body form are sometimes necessary and
are routinely used for examinations of the cervical spine.

MR Protocol for Spinal Imaging

Various imaging protocols are used depending on the institution and the scanner
type. No general recommendation can be given. However, the imaging parame-
ters used at our center are given in Table 1.

Table 1. MR imaging parameters

Sequence Slice TR (ms) TE Flip Matrix FOV (mm) ETL  NEX Time
(mm) (ms) angle (min:s)

Cervical spine

T1 sagittal TSE 4 300- 600 <20 - 384384 220-360 3 2 2:53

T2 sagittal TSE 25 3500-6000 >100 - 512x512 220-360 23 2 3:41

T2* axial GE 2 9.3 4.7 70° 512x512 180 - 1 2:50

Ci3d

Thoracic and lumbar spine

T1 sagittal TSE 4 300- 600 <20 - 384384 220-360 3 3 4:02

T2 sagittal TSE 4 3500-6000 >100 - 512x512 220-360 21 2 3:12

T2 axial TSE 4 3500-6000 >100 - 512x512 220 15 2 3:32

STIR sagittal TSE 4 3800 TE79 - 256 %256 220-360 1 3:42
TI170

Sacroiliac joint

T1 coronal TSE 4 450 12 - 512x512 280 3 2 2:37

STIR coronal TSE 4 4950 69 - 256256 280 9 1 4:23

T1 axial fs. Gd.  TSE 5 570 10 - 384 %384 250 3 2 3:44

STIR sagittal TSE 4 3500 TR70 - 384x384 360 9 1 3:14
Tl 150

The above sequences are the routine spine MR protocols of Balgrist University Hospital, Ziirich, Switzerland, acquired with a
1.5T MR unit (Avanto, Siemens, Medical Solutions, Erlangen, Germany)

TSE =turbo spin-echo, GE =gradient-echo, Ci3d =3D CISS sequence, Me2d =2D MEDIC sequence, STIR =short tau inversion-
recovery, TR =repetition time, TE =echo time, Tl =inversion time, FOV =field of view, ETL =echo train length, NEX =number
of excitations, fs. =fat saturated, Gd. =after i.v. injection of MR contrast agent (gadolinium)
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Routinely Used MR Sequences for the Assessment of the Spine

Standard T1 (weighted = W) and T2 W spin-echo sequences are the basis of Standard MR sequences
imaging in the spine (Fig. 1). T1 W and T2 W sagittal sequences, as well as axial are sufficient for most
T2 W sequences, provide a basis for the MR imaging of all spine regions. Some indications

surgeons and radiologists prefer axial T1 W images, which render the dural sac

relatively hypointense and the epidural fat hyperintense. In most cases, this pro-

tocol (two sagittal sequences and one axial sequence) is sufficient to make all the

relevant diagnoses.

Figure 1. Normal lumbar MR anatomy

a, b Midsagittal T2 W (W=weighted) and T1 W, c parasagittal T1 W, and d axial T2 W MR images of a normal lumbar spine.
a, b In non-degenerated discs, the structure of the disc is homogeneous in T2 W images, with a bright hyperintense white
signal intensity and a normal disc height. ¢ Parasagittal T1 W image through the intervertebral foramen shows lumbar
nerve isointense (curved arrows point to L3, L4 and S1 nerve roots) and hyperintense perineural fat tissue. d Axial T2 W
images at the level of the intervertebral disc L5/S1 and e of the pedicles of S1 (white arrowheads) show nerve roots L5
(curved arrows) and S1 (straight black arrows). Caused by chemical shift artifact, the dura can be seen more clearly on the
left side while the border between the dural sac and epidural fat on the right is less distinct anteriorly. In a normal facet
joint (straight white arrows) cartilage should be seen as a bright thin line with adjacent dark thin and regular subchondral
cortical bone.
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T2 W images best demonstrate:

disc degeneration [30] (Fig. 2)
annular tears [39] (Fig. 3)
disc herniation [22] (Fig. 4)
intraspinal tumors (Fig. 5)

Grade I: Normal adolescent disc. The struc-
ture of the disc is homogeneous with a
bright hyperintense signal intensity of the
nucleus and normal disc height.

Grade II: Normal adult disc. The structure of
the disc is inhomogeneous, with a hyperin-
tense white signal. The distinction between
nucleus and anulus is clear, and the disc
height is normal, with or without horizontal
gray bands.

Grade lll: The structure of the disc is inhomo-
geneous, with an intermediate gray signal
intensity. The distinction between nucleus
and anulus is unclear, and the disc height is
normal or slightly decreased.

Grade IV: The structure of the disc is inhomo-
geneous, with a hypointense dark gray sig-
nal intensity. The distinction between
nucleus and anulus is lost, and the disc
height is normal or moderately decreased.

Figure 2. Grading of
disc degeneration

The grading is performed
on T2 W midsagittal fast
spin-echo images accord-
ing to Pfirrmann et al. [29].

Grade V: The structure of the disc is inhomo-
geneous, with a hypointense black signal
intensity. The distinction between nucleus
and anulus is lost, and the disc space is col-
lapsed.
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Figure 3. Annular
tear

a Sagittal and b axial
T2-weighted MR images
show the high intensity
zone (annular tear) of the
L5/S1 disc (straight arrow).
Disc protrusion is shown
in the L4/5 segment
(curved arrow).

Figure 4. Disc

protrusion and
extrusion

a, b Disc protrusion. Sagit-
tal T2 W MR image shows
disc protrusions in the
L3/4, L4/5, and L5/S1 seg-
ments (arrows) with con-
tact to the L4, L5, and S1
nerve roots (arrowheads).
The axial T2 W MR image
shows diffuse protrusion
of the L4/5 disc (arrows)
with contact to the L5
nerve roots (arrowheads).
¢, d Disc extrusion. Sagit-
tal T2 W and axial T2 W
images in a different pa-
tient show disc extrusion
(arrows) with compression
of the L5 nerve root (arrow-
heads) between the L4/5
disc and the ligamentum
flavum.
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Figure 5. Intraspinal tumor

a Sagittal T1 W, b T2 W and c axial T1 W, d T2 W, and e contrast enhanced T1 W fat suppressed images. There is a contrast
enhancing epidural mass (arrowheads) arising from the subperiosteal bone of the lamina of L2 with impression of the
dural sac. T1 W image shows fatty degeneration (straight black arrows) of the adjacent multifidus and longissimus mus-
cles. There is a bone marrow signal change in the joint facet with hyperintensity in T2 and contrast enhancement in T1
(curved arrow). The imaging findings are suggestive of an osteoblastoma.

T1 W sequences are important to show:

e fat, e.g., within vertebral body hemangiomas or for detection of epidural fat
(Fig. 6)

e acute bleeding (Fig. 7)

e endplate changes [23] (Fig. 8)
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Figure 6. Epidural lipomatosis

a Sagittal T1-weighted, b sagittal T2 W, and c axial T2 W images (at the L4/5 level) demonstrate an increased amount of
epidural fat (curved arrows) as hyperintense tissue in all three sequences. The dural sac (asterisk) is narrowed with defor-
mation and flattening in the axial image.

Figure 7. Acute postoperative epidural bleeding

a Sagittal T1 Wand b T2 W, as well as c axial T2 W images at the L2 and d L4 levels, show postoperative epidural bleeding
after decompression surgery. In the T1 W image, the bleeding (white arrowheads) is slightly hyperintense compared to
the cerebrospinal fluid. T2 W images show different stages of bleeding with in part T2-hyperintense hyperacute bleeding
(curved arrows) and T2-hypointense acute bleeding (black arrowheads).
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Figure 7. (Cont.)

The dural sac (arrows) is dislocated anteriorly and compressed. c At the L2 level, the dural sac (arrows) is displaced anteri-
orly and flattened caused by hyperacute bleeding (white arrowheads). d At the L4 level, the dural sac (arrows) is com-
pressed and dislocated to the right because of the T2-hypointense acute bleeding (black arrowheads)

Figure 8. Endplate changes

Endplate changes have been classified by Modic [23] as Type I-lll. a T1 W and b T2-weighted images demonstrate
Type | endplate changes (arrowheads) with high signal in T2 W and low signal in T1 W images. ¢ T1 W and d T2 Wimages
demonstrate Type Il endplate changes (arrowheads) with high signal in T1T W and T2 W images which corresponds to a
higher amount of fat within these regions.
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Figure 8. (Cont.)

eT1 W and f T2 W images demonstrate Type lll endplate changes (arrowheads) in two segments with low signal in T1 W
and T2 W images, which corresponds to bony sclerosis within these regions.

Contrast Enhanced MR Imaging of the Spine

Occasionally, intravenous (i.v.) injection of MR contrast agents is necessary. Contrast agents shorten
Such agents are virtually always gadolinium chelates, which predominantly T1 relaxation times
shorten T1 relaxation times. This means that there is increased signal on T1 W
sequences wherever the contrast agent is accumulated (typically within vessels,
hyperemic tissue, and joint spaces). Brand and generic names of these contrast
agents include Magnevist (gadopentetate dimeglumine, Gd-DTPA), Dotarem
(gadoterate meglumine, Gd-DOTA), Omniscan (gadodiamide, Gd-DTPA-BMA),
and Prohance (gadoteridol, Gd-HP-DO3A). Most MR contrast agents have a gad-
olinium (Gd) concentration of 0.5 mmol/ml. A higher Gd concentration
(1 mmol/ml) is occasionally used for MR angiography and brain imaging.
The use of MR contrast agents [14, 17, 24, 25, 31] is recommended in:

® suspected tumors [paravertebral, vertebral, epidural, intradural-extramed-
ullary, and intramedullary tumors (Fig. 5)]

® suspected demyelination within the spinal cord

e suspected infection [spondylitis, spondylodiscitis (Fig. 9), or soft tissue
infection]

® spontaneous intraspinal hemorrhage for demonstration of vascular malfor-
mations

e inflammatory rheumatological disorders [ankylosing spondylitis, rheuma-
toid arthritis, seronegative spondyloarthritis, and SAPHO (i.e., synovitis,
acne, pustulosis, hyperostosis, osteitis) syndrome with spondylitis]

® postoperative spine

In order to increase lesion conspicuity, the contrast enhanced T1 W sequences

may be combined with fat suppression. Fat (fatty bone marrow, subcutaneous

and retroperitoneal fat) and MR contrast agents are both hyperintense Fat-suppressed images
(increased signal) on standard T1 W images, which may obscure abnormalities.  are helpful because fat

On fat-suppressed images, only the signal originating from the injected contrast may disguise the underlying
medium remains. Enhanced, fat-suppressed T1 W images are most useful [17, pathology

25, 31] in suspected cases of:

spondylodiscitis

epidural abscess or soft tissue infection

neoplasm

ankylosing spondylitis or other inflammatory rheumatologic disorders
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Figure 9. Spinal infection

a Sagittal T1 W, b T2 W and c contrast enhanced T1 W fat suppressed images as well as d axial T1 W fat suppressed and
e T2 Wimages in spondylodiscitis of the thoracic spine. There is collapse of one vertebral body and of the intervertebral
disc (white curved arrow) and contrast enhancement within both vertebral bodies and within an epidural mass (arrows)
with slight deformation of the dural sac. Inflammatory changes with abscess formation (arrowheads) can be seen in the

paravertebral space.

T2*W gradient-echo
sequences reduce CSF
pulsation artifacts

Additional Sequences

Gradient-echo and fat-suppressed T2 W sequences are the two most commonly
employed additional sequences. Both types of sequences are available on all
types of scanners.

Axial T2*W gradient-echo sequences are commonly used in the cervical spine
instead of T2 W fast spin-echo sequences. The “*” in T2*W is employed because
the signal on these sequences is not only determined by T2 relaxation times but
also by additional factors. The main reason to use such sequences is the reduc-
tion of pulsation artifacts within cerebrospinal fluid commonly present on T2 W
images. These artifacts consist of hypointense regions which may obscure or imi-
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tate abnormalities. They may for instance interfere with the diagnosis of vascular
malformations and other filling defects within the subarachnoidal space. Gradi-
ent-echo images tend to provide excellent contrast between the cerebrospinal
fluid on one hand and the spinal cord or discs on the other hand. With regard to
intramedullary abnormalities their contrast behavior tends to be inferior to
T2 W spin-echo images. Gradient-echo sequences additionally have disadvan-
tages such as marked susceptibility artifacts in the presence of metallic implants
and fragments [33]. There are many different types of gradient echo sequences,
depending on the manufacturer. Commonly the manufacturers try to abbreviate
the complicated names of the gradient echo techniques with acronyms such as
MEDIC, DESS, CISS, FFE, SPGR and many others.

So-called fluid sensitive sequences such as T2 W fat-suppressed or short tau
inversion-recovery (STIR) sequences may be used in addition to the routine
sequences. In these sequences, fluid (in a wide sense of the word) is hyperintense.
Such fluid may be present in:

o soft tissue (circumscribed: e.g., hematomas or abscesses; diffuse: e.g.,
edema)

® bone marrow (edema, granulation tissue, abscess formation, tumor)

e cerebrospinal fluid

All other structures including normal bone marrow, soft tissue and fat are hypo-
intense. These sequences are commonly used for screening in suspected abnor-
malities not seen on the standard sequences. Typical indications include:

primary bone tumors and metastases

acute or subacute fractures [4]

bone and soft tissue infection

soft tissue tumors

soft tissue trauma (ligament disruption, soft tissue bleeding) [51]

Diffusion imaging is based on the ability of the protons to move during applica-
tion of an MR gradient. Such motion is most pronounced in fluid (cerebrospinal
fluid, seroma). In normal cellular tissue such as the spinal cord or bone marrow
motion is restricted. Under pathologic conditions, different types of diffusion
pattern can be observed. Diffusion imaging is most commonly applied to the
brain for the assessment of ischemia. In the early phase, motion may be more
restricted than in the surrounding tissue but increases with development of
necrosis. In the spine, diffusion imaging has mainly been applied to bone, such as
the differentiation of traumatic and pathologic (mainly tumor-related) fractures
[52].

Proton ('H)-spectroscopy provides spectra of the many different compounds
of the examined volume including the protons contained in water and body fat.
These two large peaks are commonly suppressed because they interfere with
measurement of the much smaller peaks associated with compounds relating to
metabolic changes found in tumors and other abnormalities. In 'H-spectroscopy,
proton-containing compounds such as N-acetyl aspartate, creatine, and choline
can be identified [8]. 'H-spectroscopy cannot be considered to be a routine imag-
ing method. Spectroscopy is not limited to 'H but may also be performed with
other types of nuclei including phosphorus, sodium and others. Special equip-
ment is required for such types of spectroscopy.

Contraindications, Artifacts, Side Effects

The contraindications for imaging of the spine are the same as for MR imaging in
general. They mainly include electronic devices which may malfunction, may be
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MR imaging is contraindi- ~ displaced or may increase in temperature. The list of such devices typically
cated in the presence of car-  includes:

diac pacemakers and neuro- .
cardiac pacemakers

neurostimulators
insulin pumps
inner ear implants
metallic fragments

stimulators

Metallic spinal implants  The metallic implants used in spine surgery including pedicular screws are not

are not a contraindication ~ contraindications for imaging from the point of view of patient safety. However,

for MRl they tend to produce so-called susceptibility artifacts (Fig. 10). These artifacts

are caused by local distortion of the magnetic field by the metallic objects and

appear as hypointense regions surrounding the implant. Pure titanium implants

are less prone to susceptibility artifacts than steel alloy implants. Other parame-

ters influencing the extent of susceptibility artifacts are the size of the implant

Pure titanium implants ~ and a number of MR parameters which may sometimes be successfully manipu-

exhibit fewer artifacts  lated (including readout direction, type of sequence, sequence design). Gener-

than stainless steel ~ ally, spin-echo sequences cause fewer artifacts than gradient-echo sequences
[26].

A considerable number of patients feel uncomfortable within the MR system.

Claustrophobia is the most commonly encountered problem. One possibility is

the use of prism glasses, which allow the patient to observe the magnet opening.

In severely claustrophobic patients, sedation by intravenous (2-5 mg), oral

(7.5 mg) or intranasal administration of midazolam is necessary. Pain is another

commonly encountered problem in MR imaging. Patients with severe back pain

i

Figure 10. Susceptibility artifact and artifact reduction

a Conventional anteroposterior and b lateral radiographs of a 43-year-old female patient several years after scoliosis sur-
gery in Th9 to L3 with implant rupture (bold arrow) in the level Th9/10. c Sagittal T2 W MR image of the lumbar spine
shows considerable susceptibility artifacts caused by the metallic implants, which obscure the spinal cord partially (thin
arrows). d After optimization of the imaging parameters (different phase direction and special sequence design), visibil-
ity of the spinal canal (curved arrows) and spinal cord is far better than before.
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are often unable to stay motionless for the 20 min required for a standard exami-
nation. Hip flexion, which might relieve the patient’s pain, is only possible to a
limited degree in most magnet designs. Proper analgesic medication prior to the
MR examination may be required in order to reduce patient discomfort and
pain-related motion artifacts.

Computed Tomography

CT has developed with amazing speed during the last few years. Spiral CT with
continuous data acquisition appeared in routine work in the mid-1990s, and
multi-detector row CT at the end of the 1990s. Initially, four detector rows were
employed which were quickly followed by 16, 40 and 64 detector rows. At the time
of writing, this development has not yet come to an end. Compared to MR imag-
ing, CT has several advantages. CT shows bony details with a high spatial resolu-
tion.

In plane spatial resolution of CT (pixel size) is approximately 0.25-0.5 mm
(depending on the system geometry and on the reconstruction kernel selected by
the user) and is therefore better than in typical MR protocols. CT does not inter-
fere with the function of pacemakers and other electronic devices. The metal-
related artifacts present in CT are related to so-called beam-hardening, which
depends on the amount/size of implants and the atomic number of the implant.
Such artifacts may be less pronounced or in a different place when compared to
MR imaging. Examinations in emergency room and intensive care patients are
preferably performed using CT because imaging times are shorter, patient access
is easier and no specialized (non-ferromagnetic, shielded) intensive care equip-
ment is necessary as for MR imaging.

On the other hand, the contrast resolution of CT is much inferior to MR imag-
ing in important structures such as the intervertebral discs, cerebrospinal fluid
and soft tissue. The radiation dose is considerable in CT, e.g., 28 % of the medical
radiation dose in Switzerland is generated by CT examinations [46]. CT examina-
tions of the lumbar spine (8.2 mSv) and of the sacroiliac joints (7.0 mSv) result in
a higher effective radiation dose compared to CT examinations of the cervical
(3.4 mSv) spine.

CT fluoroscopy allows real-time imaging of interventional procedures. Dur-
ing these procedures, the radiologist activates intermittent or continuous image
acquisition with a foot pedal. If necessary, the patient can be moved in the crani-
ocaudal axis using a joystick, placed within the reach of the radiologist’s elbow or
hand. In order to protect the patient and the radiologist from high radiation
doses, low-dose imaging (lower mAs) is usually performed. In addition, a
reduced number of pixels (reduced spatial resolution) and near-real-time image
reconstruction algorithms are commonly used in order to reduce acquisition
time [42]. CT fluoroscopy allows imaging of a needle or other radiopaque devices
in real-time fashion during insertion. This method is typically employed for CT
guided nerve root blocks, facet joint blocks, CT discography, injections into the
sacroiliac joints, sympathetic trunk blocks, vertebral body biopsy, and soft tissue
biopsy.

CT is one of the many available tools for bone density measurement. Bone
density within the vertebral body can be directly measured by simultaneously
scanning the vertebral body and phantoms with defined densities [15]. This
method is not commonly employed, however, for a number of reasons. The
most commonly employed method is dual energy X-ray absorptiometry
(DEXA), which reduces radiation dose and cost when compared to CT. On the
other hand, this method is a projectional method and may overestimate bone
density in the presence of spondylophytes. Dedicated small CT scanners have
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been used for peripheral quantitative computed tomography (pQCT) mea-
surements [9]. Such scanners are less expensive than standard CT scanners
and provide highly reproducible results which may be used for early detection
of fast losers and for monitoring the effects of medication therapy. Other
methods mainly used for peripheral measurements (with variable predictive
value for spinal fractures) are broadband ultrasonic attenuation (BUA) [44]
and high-resolution MR imaging measurement of the trabecular bone volume
fraction [47].

Imaging Protocol

When a single slice CT unit is used, the examination needs to be restricted to a
few spinal segments. Typically, the cervical spine is imaged with thinner slices
compared to the thoracic and lumbar spine. Multi-detector CT (MDCT) units
allow the acquisition of a large number of segments with thin slice thickness,
within the same period of time. Sagittal and coronal multiplanar reformations
(MPRs) are more easily obtained and are of better quality based on such data
sets. Typical imaging protocols in the cervical, thoracic, and lumbar, spine, as
well as for the sacroiliac joints, are shown in Table 2.

Table 2. Imaging parameters for computed tomography?

Single-slice CT 16-row MDCT 64-row MDCT
Cervical spine
Plane Axial axial axial
Slice thickness C0-C31mm 16x16.75 mm 64X 64.6 mm
C4-C72mm
Pitch C0-C313 - -
C4-C71.25
Recon. interval CO-C32mm 0.6 mm 0.7 mm
C4-C72mm
Kernel soft AH 50 B 30 B 30
Kernel bone AH 91 B 50 B 50
Window soft (C/W) 250/50 280/60 360/70
Window bone (C/W) 1800/450 1500/400 1500/400
Thoracic and lumbar spine
Plane axial axial axial
Slice thickness 2-3mm 16x16.75 mm 64 Xx64.6 mm
Pitch 1.25-1.5 - -
Recon. interval 3-4mm 0.6 mm 0.7 mm
Kernel soft AB 50 B 30 B 30
Kernel bone AH 82 B 50 B 50
Window soft (C/W) 250/50 360/70 360/70
Window bone (C/W) 1800/450 1500/400 1500/400
Sacroiliac joints
Plane coronal axial axial
Slice thickness 2mm 16%x16.75mm 64 x64.6 mm
Pitch 1.25 - -
Recon. interval 3mm 0.6 mm 0.7 mm
Kernel soft AB 50 B 30 B 30
Kernel bone AH 82 B 50 B 50
Window soft (C/W) 250/50 360/70 360/70
Window bone (C/W) 1800/450 1500/400 1500/400

@ As used in our institution

Kernel soft = image reconstruction algorithm for soft tissue; Kernel bone = image reconstruc-
tion algorithm for bone; C = center, W = width. The above algorithms are only for Siemens
CT units; differences with other manufacturers are likely
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Indications

Generally, MR imaging is the advanced modality of choice in imaging of the CTis superior to MR
spine. As a screening, CT can be applied to diagnose or rule out disc herniation imaging in the evaluation
particularly when an ossified herniation is suspected (Fig. 11). However, there of bone abnormalities
are clinical situations where CT is superior to MRI. CT should be preferred to

MRI when the bony structures have to be analyzed such as fracture of the spine

(Fig. 12) or in cases of MRI contraindications.

Figure 11. CT diagnosis of disc herniation

a CT scan at the L4/5 level (soft tissue window) demonstrating a right-sided mediolateral disc herniation. b CT scan at the
L5/51 level (soft tissue window) is superior to MRI, showing a calcified, broad-based median disc herniation.

Figure 12. CT diagnosis of spinal fractures

a, b Standard radiographs demonstrate loss of height, widening of interpedicular distance and probable dorsally
extruded fragment.
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Figure 12. (Cont.)

¢, d This is confirmed by a
CT scan with image refor-
mation.

CT exhibits fewer artifacts
than MRI in the presence
of implants

Bone scans are surpassed by
MR imaging and PET
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Such indications include:

acute spinal trauma

evaluation of spinal fusion

planning of complex surgical procedures (e.g., osteotomies)
spondylolysis

complex vertebral deformities

claustrophobia and contraindications to MRI

Contraindications, Artifacts, Side Effects

CT is relatively contraindicated during pregnancy. Especially in pregnancy, but
also in all other instances, the indications for CT should be considered carefully.

Beam hardening artifacts are most commonly caused by metallic implants.
These artifacts depend on the volume, orientation and atomic number of the
implant. The artifacts are limited to the CT slices which include the metallic
implants. These artifacts are accentuated in the longitudinal direction of screws.
They appear as one or multiple thick lines which may be oriented in a sunbeam-
like fashion and may cover large parts of the field of view. Typical causes of beam
hardening artifacts are extensive dental implants, screws, cages, intervertebral
disc prostheses, shoulder and hip prostheses, as well as pacemakers or drug
pumps. In the vicinity of implants, beam hardening artifacts tend to be less pro-
nounced compared to susceptibility artifacts seen on MR imaging. On the other
hand, implants located far away from the spine (for example dental implants)
may be more disturbing on CT images while MR images are not degraded in a
clinically relevant fashion.

Additional Imaging Methods

Bone Scintigraphy

9mTechnetium polyphosphonate scintigraphy, such as *™Tc-methyl diphospho-
nate (MDP) scintigraphy, has been used in an almost unchanged fashion for
many years [41]. For this examination, 500 - 800 MBq of *™Tc is injected intrave-
nously and images are obtained 2 -3 h after injection. The *™Tc distribution at
that time shows the activity of the osteoblasts and thus demonstrates bony turn-
over activity. Images acquired within a few minutes after the injection demon-
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strate the vascularity of the tissue. Bone scintigraphy is mainly used as a screen-
ing tool because it demonstrates the entire skeleton in a single examination.
Bone scintigraphy may also be useful in assessment of disease activity. For local
diagnosis, however, bone scintigraphy has mainly been replaced by MR imaging,
which provides similar information regarding disease activity but adds anatomi-
cal details. The role of specialized scintigraphic methods such as !!In, ’Ga, or
anti-granulocyte antibody scintigraphy has declined due to the increasing use of
MR imaging, the advent of positron emission tomography (PET) and also
because some of the methods do not perform in the spine as well as in peripheral
bones due to the relatively large proportion of cell-rich hematopoietic bone mar-
row. This interferes with the detection of abnormalities such as infection and
neoplasm which are also characterized by a large number of cells. Independently
of this discussion, bone scintigraphy has a limited role in detecting Langerhans’
cell histiocytosis and multiple myeloma [21], which both tend to be inconspicu-
ous on *™Tc bone scintigraphy.

Positron Emission Tomography

Imaging with PET requires expensive equipment, especially if combined with a
CT scanner (PET-CT). The tracers required for PET have short half-life periods
of between a few minutes (!°0: /2 =2.1 min) and approximately 2 h (**F: ¢/2
=110 min). Therefore, the cyclotron generating the tracers has to be within an
adequate distance of the PET scanner. A large number of different tracers are
available. However, PET is typically performed with ®FDG (**fluorodeoxyglu-
cose). Doses of between 200 and 600 MBq of ¥FDG are intravenously injected.
Scanning starts after a delay of 30 - 40 min [40]. This method demonstrates areas
of increased glucose metabolism which typically are present in tumors and infec-
tion. PET can provide images of large parts of the body within a single examina-
tion and is increasingly used for staging of tumors but also for the assessment of
infection. Its role is not limited to bone but may be even more important for
imaging of soft tissue, lymph nodes and abdominal organs.

Myelography

For lumbar myelography the injection of contrast is typically performed at the
L2/3 level with a thin (22G) needle. Rounded needles have been advocated in
order to reduce traumatizing of the dura and nerve roots but are not universally
used. Application of 2.5-4.5 g iodine (8-15 ml of a contrast agent containing
300 mg/ml iodine) results in a sufficient intrathecal contrast [18]. Water-soluble,
non-ionic, iso-osmolar types of contrast agent produce the fewest side effects.
Side effects mainly include pain, which may be similar or different from the pain
usually experienced. Pain is most commonly found in patients with severe steno-
sis of the spinal canal. Severe side effects of myelography such as seizures are
infrequent [38]. However, the injection of ionic contrast media is strictly contra-
indicated because a severe form of seizure called “ascending tonic-clonic seizure”
has been reported after inadvertent intrathecal injection of such ionic contrast
agents [5, 38]. Prolonged side effects are most often related to the puncture itself.
Liquor leakage through the dural puncture site can cause severe headache, which
can last for several days or even weeks. Blood patches with approximately 8 ml of
the patient’s own blood have been suggested for treatment of prolonged symp-
toms.

Immediately after intrathecal contrast administration, radiographs are
obtained with the patient in the prone and lateral decubitus position as well as
prone oblique radiographs (approximately 15°/30°, commonly positioned under
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Figure 13. Myelography and CT
myelography

Positional radiographs in a flexion and b extension,
demonstrating segmental stenosis of the spinal
canal, most pronounced at the L3/4 level. c CT at
the L3/4 level, confirming stenosis of the spinal
canal. Gas within degenerated disc.

Functional examination
rarely has a diagnostic
or therapeutic impact

The diagnostic value
of MR myelography
is questionable
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fluoroscopic control, in order to better demonstrate the entire course of nerve
roots). Functional examination in flexion and extension does not appear to have
an impact on the diagnostic and therapeutic decision-making in the presence of
an MRI examination and is not routinely done in our center [36, 48, 50]. Myelo-
graphy is commonly combined with CT of the spine (CT myelography) (Fig. 13).
The acquisition parameters are similar to those for standard CT (see CT chapter).
Compared to standard CT, intrathecal contrast medium outlines the intradural
space and any filling defects within this space or abnormalities impinging on the
dural sac. Stenosis of the spinal canal or the lateral recesses as well as the influ-
ence of disc herniation on intradural structures may even be more clearly dem-
onstrated than by MR imaging.

Direct cervical myelography with craniocervical injections has largely been
replaced by MR imaging or CT myelography obtained after lumbar injection.

Indications for myelography or CT myelography in the era of MRI are very
rare and are restricted to the following conditions:

® postoperative spine with marked susceptibility artifacts in MRI
e unclear conditions with suspected functional stenosis

In all other cases MRI should provide enough information about foraminal or
spinal canal stenosis. Only in a few cases is additional CT without intrathecal
contrast administration necessary to distinguish between osteophyte formation
and disc protrusion within the intervertebral foramen, mainly in the cervical
spine.

MR myelography (MR imaging performed after intrathecal injection of MR
contrast media) has rarely been employed but appears to be feasible. No adverse
reactions other than those known from conventional myelography were found in
these patients. However, the technique of intrathecal administration of gadopen-
tetate and related contrast media has so far not been approved by the responsible
state agencies and the additional diagnostic effect is questionable.
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Image Guided Injections

Image guided injections such as nerve root blocks or facet joint injections are
discussed in Chapter 10 . Fluoroscopy and CT (possibly CT fluoroscopy) are
most commonly employed as guiding methods for such procedures although MR
imaging has also been suggested for this purpose.

Ultrasonography

Ultrasonography does not play an important role in imaging of the spine. Retro-
peritoneal abnormalities are commonly examined from ventrally with a trans-
ducer suitable for abdominal imaging (commonly a curved array transducer
with a frequency of 3.5-5 MHz). The evaluation of the contents of the spinal
canal cannot easily be performed sonographically. The bony surfaces surround-
ing the relevant structures prevent a consistent evaluation.

Sonography has been used to guide periradicular injections in the lumbar
spine [13] and it has also been used as guidance for lumbar sympathetic trunk
blocks [20]. There may be a role for intraoperative sonography in spinal cord
tumors or malformations but probably not typically for the evaluation of degen-
erative disc disorders and other common spine abnormalities [12].

Duplex sonography and color Doppler sonography are excellent tools for eval-
uation of the vertebral and carotid arteries [3]. The vertebral arteries can be
injured in different types of spinal trauma (such as vertebral artery dissection in
cervical fractures extending into the transverse foramen). Alternatively, MR
imaging (loss of the flow void within the artery), MR angiography with intrave-
nous injection of MR contrast media or CT angiography after injection of iodine
containing contrast media can be obtained to demonstrate abnormalities of the
vertebral arteries [45].

Indications for Spinal Imaging

There are no universally accepted and standardized indications for the applica-
tion of imaging modalities in spinal disorders. However, the following imaging
algorithms are enhanced by evidence from the literature and resemble a “best
practice” approach as used in our spine center.

Acute Low Back Pain Without Radicular Symptoms, Without Trauma

In acute low back pain, imaging is not recommended during the first 6 weeks of
a pain episode if:

e spinal infection or
® tumor

can be excluded.

Upright anteroposterior and lateral radiographs of the lumbar spine are the
basis of imaging. Radiographs give an overview and demonstrate bony details and
indirect signs of disc degeneration including reduced disc height, sclerosis of the
vertebral endplates, spondylophytes as well as osteoarthritis of the facet joints. In
cases of anomalies of the transition between the lumbar spine and the sacrum,
conventional radiographs are important for definition of the lumbar segments.
Calcifications are easily recognizable on standard radiographs. Standard radio-
graphs are obtained with the patient in the upright position, which is only possi-
ble with very few MR scanners. In addition, degenerative or inflammatory find-
ings of the sacroiliac joints are often recognized on these standard examinations.
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Specific MR imaging questions are related to the presence of:

disc degeneration

disc herniation

nerve root compromise

facet joint osteoarthritis

spinal canal stenosis

spondylodiscitis

rare findings (e.g., intra- and extradural tumors)

Suspected abnormalities of the sacroiliac joint should be specifically mentioned
in the request for the MR examination because the imaging protocol has to be
adapted. (Angled) coronal or axial images covering the entire sacroiliac joint as
well as sequences able to recognize inflammatory disease such as STIR (short TI
inversion recovery) or contrast-enhanced T1 W fat-suppressed sequences are
added in this situation.

The use of MR imaging without standard radiographs may be considered
when abnormalities are suspected which are not typically associated with bone
abnormalities.

CT and myelography are not relevant in acute low back pain. Imaging guided
nerve root blocks or facet joint blocks may be useful for obtaining more precise
topographical diagnostic information, for determination of the relevance of MR
abnormalities and for therapeutic purposes (see Chapter 10 ).

Acute Low Back Pain With Radicular Symptoms

Imaging considerations are similar to those described above. The difference is in
timing. Imaging is performed at the beginning of the diagnostic work-up. In the
presence of motor weakness (M3 and worse) imaging is performed as an emergency
examination. MR imaging usually represents the method of choice because it dem-
onstrates the location and extent of nerve root compromise. Standard radiographs
are not necessary for the initial analysis but should be obtained prior to surgery.

There are several disc herniation classification systems (see Chapter 18 ) cur-
rently in use [6, 7, 22]. Today, the most frequently used system is the one suggested
by Modic and coworkers [22]:

® normal: no disc extension beyond interspace (DEBIT)

® bulging: circumferential, symmetric DEBIT around the endplate

e protrusion: focal or asymmetric DEBIT into the canal, the base against the
parent disc is broader than any other diameter of the protrusion

e extrusion: focal, obvious DEBIT, the base against the parent disc is narrower
than the diameter of the extruding material itself

® sequestration: the extruded material has lost its connection to the parent disc

Often more important than the description of the shape of the intervertebral disc
is its influence and relation to the adjacent nerve roots, which is crucially depen-
dent on the width of the spinal canal [10]. Pfirrmann et al. [29] showed good inter-
observer reliability in following the nerve root compromise classification system
(see Chapter 18 ):

® no compromise: normal epidural fat layer visible between nerve root and disc

e contact to nerve root: no epidural fat layer visible between nerve root and
disc; nerve root is in normal position and is not dorsally deviated

e deviation of nerve root: nerve root is displaced dorsally by disc

® compression of nerve root: nerve root is compressed between disc and the
wall of the spinal canal; it may appear flattened or be indistinguishable from
disc material
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CT is inferior to MRI in this situation and is only indicated in the case of contra-
indications for MRI. Imaging guided treatment such as nerve root blocks or facet
joint blocks may be employed for therapeutic rather than diagnostic purposes.

Spinal Cord and Cauda Compression Syndromes

A suspected spinal cord and cauda equina compression syndrome is an emergency
situation requiring immediate MR imaging. If no clear diagnosis such as a large
disc herniation or intraspinal hemorrhage can be made, a tumor within the spinal
cord has to be excluded. In such cases, contrast enhanced MRI should be obtained
and imaging should be extended to include the thoracic and cervical spine.

Acute Trauma

Imaging starts with standard radiographs in two planes. If conventional radio-
graphs lead one to suspect vertebral fracture or if they are equivocal, CT with
multiplanar reformations is employed. Increasingly, CT is even used as a primary
examination, especially in polytraumatized patients. If a multidetector CT
(MDCT) is available, the acquired data sets can be used for reconstruction of the
spine with adequate image quality [32]. MR imaging can be necessary for identi-
fication of radiologically occult fractures (Figs. 14-16) and bone contusions.
MRI reveals additional information regarding:

herniated disc material

epidural or intramedullary hematoma (Fig. 15)
post-traumatic myelopathy

spinal cord transsection (Fig. 15)

injury to the posterior support structures

Figure 14. Acute trauma
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Spinal cord and cauda
equina compression
represent an emergency
indication for MR imaging

Trauma is typically imaged
with standard radiographs
and CT

a Sagittal T1 W and b sagittal STIR sequences as well as c axial T2 W sequence of a patient with an acute trauma of the
thoracic spine. Anterior collapse of the vertebral body is visible in all sagittal sequences and posterior dislocation of a
broad-based fragment into the spinal canal (arrowheads). Caused by edema and hemorrhage, there is low signal within
the bone marrow in the T1 W (curved arrow) image. In the fluid-sensitive STIR sequence, edema is much more conspi-
cuous (black arrow).
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Figure 15. Spinal cord lesion

a Sagittal T1 W and b T2 W sequences as well as c axial T2 W sequence of the thoracic spine after a car accident. Anterior
collapse of the vertebral body and bone marrow edema is visible in both sagittal sequences (asterisk). There is disruption
of the spinal cord and dislocation (curved white arrows). There is hemorrhage and myelopathy within the spinal cord
(straight black arrow). Hemorrhage can be seen in the anterior epidural space (arrowheads) and also in the posterior epi-
dural space (straight white arrow). The dural sac is compressed (curved black arrows).

Figure 16. MRl in acute and old osteoporotic vertebral fractures

a Sagittal T1 W and b T2 W sequences as well as c sagittal STIR sequence of the thoracic spine in an osteoporotic patient.
There is collapse of three different vertebral bodies. The acute fracture (asterisk) of one vertebral body can be identified
by the low signal in the T1 W (asterisk) sequence and high signal within the bone marrow in T2 W (black arrow) and STIR
(white arrow) sequences. Only a slight signal increase near the endplate of the adjacent vertebral body is visible in the
STIR sequence (curved arrow), which can be caused by degeneration or some minor infraction. There is also an old verte-
bral body fracture (arrowhead) visible without bone marrow signal alterations.
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The appearance of spinal cord lesions on MR imaging provides prognostic infor-
mation regarding the likely extent of recovery of neurologic function [11, 19].
Magnetic resonance angiography can reliably demonstrate vertebral artery inju-
ries not uncommonly associated with cervical spine subluxation or dislocation
and fractures crossing the transverse foramen [45].

Chronic Low Back Pain

Standard radiographs in the anteroposterior and lateral planes are typically
obtained initially although they are usually not very helpful. However, they can
occasionally demonstrate unexpected lesions, such as:

® spinal deformities

e previous fractures

e previous infection or other inflammatory diseases
e tumors (later stage)

For additional imaging in most instances, MRI is preferable to CT. It is superior
to CT for evaluation of:

disc degeneration

endplate changes

disc herniation

annular tears

spinal canal and foraminal stenosis

Endplate changes are classified according to Modic [23] into three grades (Fig. 8):

® Grade I: decreased signal on T1 W images and increased signal on T2 W images
® Grade II: increased signal on T1 W and T2 W images
® Grade III: decreased signal on T1 W and T2 W images

Even for evaluation of the facet joints, MR imaging does not provide less infor-
mation than CT [49].

In suspected osteoporotic fractures, MR imaging is preferable to CT because
signal alterations within the fractured vertebral body allow the determination of
whether a fracture is acute (up to a few weeks old) or old (Fig. 16). Such informa-
tion, for instance, is important in a medicolegal context and it represents a pre-
dictor for the success of percutaneous vertebroplasty [1].

Postoperative Imaging

Standard radiography demonstrates spinal deformity, the position and signs of
loosening of implants as well as degeneration in segments adjacent to spinal
fusion. CT better demonstrates problems associated with metallic implants than
competing standard radiographs and MR imaging, including the localization of
implants, bone resorption associated with loosening as well as fusion of bone
fragments, facet joints or implanted bone (Fig. 17). It is the imaging modality of
choice for the assessment of spinal fusion.

If non-osseous structures are of primary interest, MR imaging is more useful
than CT in the evaluation of the postoperative spine. Typical diagnoses made by
MR imaging include:

recurrent disc herniation

differentiation between disc herniation and postoperative epidural scar
intradural hematoma

epidural or soft tissue abscess

dural fistula
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In chronic low back pain,
standard radiographs and
MR imaging are the most
useful imaging methods

MRI is not inferior to CT
for the evaluation
of facet joint alterations

In postoperative imaging,
CT best assesses implants
and bony fusion

MR imaging is used for
soft tissue abnormalities
in the postoperative spine
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Figure 17. Assessment of spinal fusion

Patient Assessment

Axial CT images at the a L4/5 and b L5/S1 levels and coro-
nal reformatted image of both segments 1 year after spinal
fusion surgery. At the L4/5 segment, there is clear fusion of
both facet joints (curved white arrows), while in the L5/S1
segment no such facet joint fusion can be seen (straight
white arrows). In the coronal MPR image, interbody fusion
can be recognized between the bone chips within the
cage and the adjacent endplates of the L4 and L5 vertebral
bodies (straight black arrows). No such interbody fusion
can be seen in the L5/S1 segment with vacuum phenome-
non within the cages (curved black arrows) and hypodense
loosening zones of both S1 screws (black arrowheads).

Contrast enhancement
facilitates the differentiation
of scar and recurrent
herniation

In WADs a multidisciplinary
work-up is recommended

Intravenous contrast is commonly injected in the postoperative situation in
order to better differentiate fluid-filled structures from solid ones. It may also
assist in the differentiation between postoperative scar and granulation tissue
from recurrent disc herniation, although the value of contrast is not as well doc-
umented as it was for CT, which was employed for this purpose before the advent
of MR imaging (Fig. 18).

Imaging guided injections may be useful for the differentiation of the source
of pain or for non-invasive treatment. Ultrasonography is a quick and reliable
imaging method for detection of fluid collections in the periverterbral soft tis-
sues. Bone scintigraphy may be used for detection of infection.

Whiplash-Associated Disorders

According to the Quebec Task Force on Whiplash-Associated Disorders, acute
whiplash-associated disorders (WADs) should be classified initially by conven-
tional radiographs. If fractures are visible on the initial radiograph, CT has to
evaluate the stability of the fracture. If no fracture is seen on the initial radio-
graph, multidisciplinary work-up should follow after 6 weeks of pain persistence
[37]. At that time, MR imaging is still able to identify bone marrow signal alter-
ations caused by occult fractures or residual changes of soft tissue hematoma. In
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Figure 18. Differential diagnosis scar versus recurrent herniation

a Axial T2 W and b T1 W contrast enhanced images at the level of the L4/5 disc a few months after surgery of a disc extru-
sion. a The T2 W image shows left sided laminotomy and some signal alteration within the epidural space (straight white
arrows) and in the disc (curved white arrows). b After contrast injection there is intense contrast enhancement within the
granulation/scar tissue in the epidural space (straight white arrows) as well as within the disc (curved white arrows). No
recurrent herniation is seen.

addition, MR imaging can then identify other reasons for pain persistence such
as disc protrusion and extrusion or other degenerative changes of the cervical
spine.

In chronic whiplash-associated disorders, almost all radiological tools fail to  In WADs, the role of imaging
identify a distinct morphological abnormality. Tears of the alar ligaments have is to exclude a structural
been related to the complaints in these patients. Unfortunately, the morphologic  pathology
variability of the alar ligaments is considerable in asymptomatic volunteers with
asymmetry in length and thickness, as well as ill-defined borders in many
instances [28]. Some authors have proposed rotational CT measurements of the
craniocervical junction as a radiological tool to identify alar ligament abnormal-  In WADs, alar ligament
ities [2]. In asymptomatic volunteers, identical differences between left-sided alterations and atlantoaxial
and right-sided rotation of the cervical spine were found [27]. Therefore, rota- rotational abnormalities are
tional CT or MR imaging may have been overestimated in chronic whiplash-  of questionable relevance
associated disorders. MR imaging may be performed to exclude other reasons for
the patient’s complaints, such as degenerative changes of the facet joints or disc
protrusion. Pain relief has been described in some cases of chronic whiplash-
associated disorders and associated facet joint degeneration after radiofre-
quency medial branch neurotomy [34].

Pain Relating to the Sacroiliac Joint

Standard radiographs of the pelvis may not demonstrate subtle disease of the ~MRIis superior to CT in the
sacroiliac joints (SIJs) for projectional reasons and because bowel gas may over-  demonstration of inflamma-
lap with the sacroiliac joints. Barsony’s view assists in the evaluation of the sacro-  tory disease of the SIJ

iliac joints but may still miss early or subtle diseases. CT is useful in the assess-

ment of bony abnormalities such as intra-articular bone bridging in ankylosing

spondylitis or after surgical fusion. CT is also the best method for the demonstra-

tion of too extensive bone harvesting at the posterior iliac crest, with bone

defects reaching the sacroiliac joint.
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Figure 19. Sacroiliac joint arthritis and Romanus

lesions in ankylosing spondylitis

Forty-three-year-old female patient with ankylosing spondylitis. a Coronal T1 W
images of the sacroiliac joints show hypointense bone marrow signal alterations
(thin white arrows) in the sacrum and iliac bone next to the right sacroiliac joint
caused by arthritis. b Fluid sensitive STIR sequence in the same location shows
additional inflammatory changes with hyperintense bone marrow signal (curved
arrows) adjacent to the left sacroiliac joint. ¢ Axial T1 W, fat suppressed image
after i.v. gadolinium injection demonstrates hypervascularity in the inflamed
osseous area with signal increased area (arrowheads). d Typical spondylitis ante-
rior (Romanus lesions) [17] can be seen anteriorly at the endplates in the thora-
columbar junction (bold white arrows).

For detection of the acute phase of spondarthropathies with involvement of the
sacroiliac joints, MR imaging is increasingly used, with or without intravenous
contrast media (Fig. 19). Commonly, the examination is combined with a sagit-
tal screening series of the lumbar and lower thoracic spine or even in combina-
tion with whole body imaging for staging of systemic inflammatory disease.

Bone scintigraphy is less commonly used in sacroiliac joint inflammation.
Even normal sacroiliac joints demonstrate increased activity, which may obscure
additional activity caused by inflammatory disease.

In suspected septic arthritis, image guided biopsy can be obtained, which is
most commonly performed under CT control. In spondarthropathy, the same
technique may be used for local application of steroids. In degenerative disease,
local anesthetics with or without steroids can be applied for differentiation of
pain sources and for treatment.
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Disease of the Spinal Cord

Standard radiographs and CT do not provide detailed information about the spi-
nal cord although they may demonstrate bone abnormalities associated with spi-
nal cord disease, such as posterior defects. CT myelography only depicts the con-

Chapter 9

In spinal cord disease, MR
imaging is by far the most
important diagnostic tool

tour of the spinal cord but provides little information about the spinal cord sub-
stance. MR imaging is clearly the method of choice for demonstration of spinal
cord abnormalities such as:

syringomyelia or hydromyelia

ischemic changes

myelopathy associated with multiple sclerosis
spinal cord tumors

The imaging protocol typically includes the intravenous injection of contrast
media. The imaging protocol is adapted to the spinal cord, which commonly
means the addition of more imaging planes. In order to cover larger regions, slice
thickness in the axial plane may be increased in comparison to the protocols
aimed at imaging of disc disease. On the other hand, slice thickness in the sagittal
plane may be reduced for reduction of partial volume artifacts at the borders of
the spinal cord.

Recapitulation

Standard radiographs. These represent the basis of
spinal imaging. Conventional film/screen combina-
tions are increasingly being replaced by digital sys-
tems. Computed radiology (CR) systems use casset-
tes with X-ray-sensitive phosphor plates and digital
radiography (DR) systems use flat panels, directly
transforming X-ray energy into digital signals. Up-
right anteroposterior and lateral radiographs are
the basis of imaging. Additional projections (includ-
ing oblique radiography, Barsony’s view) have lost
theirimportance due to the increasing role of cross-
sectional imaging. Lateral positional radiographs
in flexion and extension may be used for assessing
instability but are rarely diagnostic. Whole spine ra-
diographs should only be used after careful consid-
eration of the indication (mainly in scoliosis) due to
the involved radiation dose.

MR imaging. This is the second most commonly
employed imaging method in assessing spinal dis-
orders. 1.5-Tesla scanners with tunnel-shaped mag-
nets are typically employed. High-field scanners
with 3.0 T or higher field strengths are increasingly
available. They provide higher spatial resolution,
better signal-to-noise ratio and shorter acquisition
times. For adequate imaging of the spine, dedicat-
ed coils have to be employed. A number of different
designs are available which are placed underneath
the body. With increasing distance from these sur-

face coils, signal and image quality decreases.
Therefore, designs with both dorsal and ventral ele-
ments are available. Standard T1 W and T2 W sagit-
tal sequences, as well as axial T2 W sequences, pro-
vide a basis for MR imaging of the spine. In the cer-
vical spine, gradient-echo sequences may be pref-
erable in the axial plane because they produce few-
er flow-related artifacts. Occasionally, intravenous
injection of MR contrast agents is necessary. They
typically produce increased signal on T1 W se-
quences and are most commonly used in suspect-
ed tumors, demyelination, infection (spondylitis,
spondylodiscitis or soft tissue infection), spontane-
ous intraspinal hemorrhage for demonstration of
vascular malformations, and inflammatory rheuma-
tological disorders; and for assessing the postoper-
ative spine. MR imaging is contraindicated in the
presence of cardiac pacemakers, neurostimulators,
insulin pumps, inner ear implants and certain me-
tallic fragments. Implants used for spinal surgery do
not represent contraindications for MR imaging,
however, although image quality may be degraded
due to susceptibility artifacts.

Computed tomography. CT demonstrates bony
details with a high spatial resolution. In plane reso-
lution of CT (pixel size) is approximately
0.25-0.5 mm, which is superior to MR imaging. In
addition, CT does not interfere with pacemakers
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and other electronic devices. CT suffers from arti-
facts different from those in MR imaging, the so-
called beam-hardening artifacts. However, CT is no
longer competitive with regard to soft tissue abnor-
malities and is also associated with quite impressive
radiation to the patient.

Additional imaging studies. Myelography has few
remaining indications such as the presence of
metallic implants interfering with both MR imaging
and CT. Ultrasonography may occasionally be
employed for assessment of paravertebral soft tis-
sue and vessels. Nuclear medicine studies are use-
ful for the determination of activity and location of
bone abnormalities.

Choice of imaging methods for the most common
indications. In acute low back pain, imaging is not
recommended during the first 6 weeks unless
infection or tumor is suspected and unless radicular
symptoms are present. After 6 weeks, standard
radiographs are performed, which answer ques-
tions such as degeneration of disc space and facet
joints and congenital abnormalities. Typically, MR
imaging is required for further diagnosis (disc
degeneration, nerve root compromise, facet joint
osteoarthritis, spinal canal stenosis, spondylodisci-
tis and tumors). Suspected spinal cord and cauda
equina compression require immediate MR imag-
ing. In acute trauma, imaging starts with standard
radiographs. If they demonstrate a fracture or are

Key Articles
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equivocal, CT with multiplanar reformations is
employed. CT has even been suggested as a primary
examination, especially in polytraumatized pa-
tients. MR imaging is useful in demonstrating herni-
ated disc material and other soft tissue abnormali-
ties. In chronic low back pain, standard radiographs
are typically obtained initially, followed by MR imag-
ing, which is mainly used for disc degeneration,
endplate changes and spinal canal and foraminal
stenosis and even for facet joints. In postoperative
imaging, standard radiographs demonstrate spinal
deformity, the position and signs of loosening of
implants as well as degeneration in segments adja-
cent to spinal fusion. CT more precisely demon-
strates metallicimplants and bony fusion. MR imag-
ing is most useful in suspected recurrent disc herni-
ation, epidural scars, intradural hematoma, epidural
or soft tissue abscess and dural fistula. In the so-
called “whiplash injury” standard radiographs are
obtained initially. In the case of fractures, CT is per-
formed. Otherwise, a multidisciplinary work-up
starting within 6 weeks has been recommended. In
pain relating to the sacroiliac joint standard radio-
graphs are useful in advanced stages of disease. CT
best demonstrates intra-articular bone bridging in
ankylosing spondylitis. In systemic inflammatory
disease, MR imaging is increasingly being used. In
spinal cord abnormalities MR imaging is clearly the
method of choice, typically with intravenous injec-
tion of contrast media.

Modic MT, Steinberg PM, Ross JS, Masaryk TJ, Carter JR (1988) Degenerative disk dis-
ease: assessment of changes in vertebral body marrow with MR imaging. Radiology
166:193-199

This article describes three different types of endplate alterations. In all cases of endplate
changes there is evidence of associated degenerative disc disease at the level of involve-
ment. Histopathologic sections in type 1 change demonstrated disruption and fissuring
of the endplates and vascularized fibrous tissue, while in type 2 change they demon-
strated yellow marrow replacement.

Stumpe KD, Zanetti M, Weishaupt D, Hodler J, Boos N, Von Schulthess GK (2002) FDG
positron emission tomography for differentiation of degenerative and infectious end-
plate abnormalities in the lumbar spine detected on MR imaging. Am ] Roentgenol
179:1151-1157

FDG PET may be useful for differentiation of degenerative and infectious endplate abnor-
malities detected on MR imaging. Even in active (Modic type I) degenerative endplate
abnormalities, PET did not show increased FDG uptake.

Weishaupt D, Zanetti M, Boos N, Hodler J (1999) MR imaging and CT in osteoarthritis
of the lumbar facet joints. Skeletal Radiol 28:215-219

There is moderate to good agreement between MR imaging and CT in the evaluation of
osteoarthritis of the lumbar facet joints. When differences of one grade are disregarded,
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agreement is even excellent. In the presence of an MR examination additional CT is not
required for the assessment of facet joint degeneration.

Pfirrmann CW, Dora C, Schmid MR, Zanetti M, Hodler J, Boos N (2004) MR image-based
grading of lumbar nerve root compromise due to disk herniation: reliability study with
surgical correlation. Radiology 230:583 - 588

The MR image-based grading system used in this study enables discrimination between
grades of nerve root compromise in the lumbar spine with sufficient reliability for both
research and clinical purposes.

Pfirrmann CW, Metzdorf A, Zanetti M, Hodler J, Boos N (2001) Magnetic resonance clas-
sification of lumbar intervertebral disc degeneration. Spine 26:1873 -1878

Disc degeneration can be graded reliably on routine T2 W magnetic resonance images
using the grading system and algorithm presented in this investigation.

Brant-Zawadzki MN, Jensen MC, Obuchowski N, Ross ]S, Modic MT (1995) Interob-
server and intraobserver variability in interpretation of lumbar disc abnormalities. A
comparison of two nomenclatures. Spine 20:1257 - 1263

The most common disagreement was for normal versus bulge. Herniation was read in
23% of the asymptomatic subjects. Experienced readers using standardized nomencla-
ture showed moderate to substantial agreement with interpreting disc extension beyond
the interspace on magnetic resonance imaging.

Mullin WJ, Heithoff KB, Gilbert T] Jr, Renfrew DL (2000) Magnetic resonance evaluation
of recurrent disc herniation: is gadolinium necessary. Spine 25:1493 - 1499

In nine interpretations wherein the readers thought that a contrast-enhanced examina-
tion might provide useful additional information, they did not change their interpreta-
tions in three cases, improved their interpretations in two, and made their interpretations
worse in four on the basis of the addition of the enhanced images.

Routine use of contrast-enhanced examinations in patients who have had prior lumbar
surgery probably adds little diagnostic value and may be confusing.
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Core Messages

v Morphological alterations in imaging studies of
the spine are very common and it is difficult to
differentiate symptomatic and asymptomatic
alterations

v Spinal injections are used for diagnostic man-
agement of spinal pain to determine which
morphological alteration could be a source of
pain

v/ Spinal injection techniques are used for treat-
ment of various spinal disorders as an adjunct
to non-operative care

v’ Discography may be helpful in distinguishing
asymptomatic from symptomatic disc degener-
ation (discogenic pain)

v Facet joint blocks are used as a diagnostic tool

Massimo Leonardi, Christian W. Pfirrmann

atic facet joint alterations and as a therapeutic
means to eliminate pain presumably arising
from the facet joints (facet syndrome)

v Cervical and lumbar nerve root blocks as a
diagnostic tool are helpful to verify the site and
cause of the radiculopathy

v’ Cervical and lumbar nerve root blocks as a ther-
apeutic tool are an effective treatment for the
management of painful radiculopathy

v In cases of multilevel involvement or non-spe-
cific leg pain, epidural blocks may be used for
pain alleviation

v/ Sacroiliac joint infiltration represents a diagnos-
tic means to identify this joint as a source of
buttock pain
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to differentiate symptomatic from asymptom-

Rationale for Spinal Injections

Local spinal pain and radiculopathy are very common conditions which affect
most of the population worldwide at some time in their lives. The lifetime preva-
lence ranges from 60 % to 90 % [26]. An initial treatment program consists of rest,
oral medication with analgetic-anti-inflammatory agents, and physical therapy.
But, in 10-20% of these patients pain persists or recurs and quality of life is
impaired, requiring further treatment. At this point evaluation for an anatomical
etiology of pain is considered; the imaging studies of choice are usually plain
radiographs and MRL

The results of these tests must be correlated to the clinical investigation,
because there is a high prevalence of morphological alterations in the spine in
asymptomatic individuals, indicating that the correlation between pain and
structural abnormality is weak [12].

There are only a few structural abnormalities which do not often occur in
asymptomatic individuals [128], i.e.:

Morphological alterations
are common findings in
asymptomatic individuals

nerve root compression

large disc extrusion and sequestration
moderate to severe facet joint alterations
moderate to severe endplate changes
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Section

The diagnostic accuracy
of imaging studies is limited
in neck and back pain

The rationale of injection
studies is to eliminate or
provoke the patient’s pain

Injection studies can have
a therapeutic effect

Radiculopathy is caused
by a combination of
mechanical compression
and inflammation

Nerve root blocks tackle the
inflammatory component
of radiculopathy

Patient Assessment

However, the vast majority of patients with back and neck pain present with no
or only minor structural alterations (e.g. disc protrusion, minor nerve root com-
pression and mild facet joint osteoarthritis). The same alterations can be found
with high prevalence in an asymptomatic population [5, 6, 12, 56]. The predictive
value of MRI in diagnosing symptomatic disc alterations is therefore limited [12].
Spinal injection studies have been advocated to differentiate a symptomatic from
an asymptomatic lesion because of the low positive predictive value of imaging
studies [56, 74, 110].
The rationale for spinal injections is therefore either to:

® provoke spinal pain or
® eliminate spinal pain

which is presumably related to the target spinal structure. A large number of
studies have accumulated in the literature which describe application, techniques
and potential benefits. However, the lack of a clear understanding of the pain
pathogenesis and therefore a missing gold standard makes it difficult to decide
on the diagnostic impact of these injections [11, 96].

The frequent use of spinal injections as a diagnostic tool has indicated that
these injections may also have a therapeutic value. The second rationale is to use
spinal injections to support non-operative treatment in patients suffering from
nerve root compromise, spinal stenosis, or facet joint osteoarthritis. However,
debate continues whether the rationale for the use of spinal injections is evidence
based [80, 119, 124]. Despite the widespread use of these spinal injections, their
application is widely based on anecdotal experience and at best is evidence
enhanced but definitely is not evidence based.

Lumbar and Cervical Nerve Root Blocks

Selective nerve root blocks (SNRBs) were first described by Macnab [67] and co-
workers in 1971 as a diagnostic test for the evaluation of patients with negative
imaging studies and clinical findings of nerve root irritation.

The high prevalence of asymptomatic disc herniations [6, 12, 13, 56] is often
a prompt for a verification of the morphological correlate for equivocal radicu-
lar pain. Pain pathogenesis in cases with nerve root compromise is caused not
only by a mechanical compression but also by a chemical irritation due to pro-
inflammatory cytokines [17, 18, 83 - 85]. The rationale for nerve root blocks is
therefore to tackle the inflammatory component of the nerve root compromise
[83-85]. The peri-radicular foraminal nerve root block is always performed
under image intensifier control, allowing for a direct application of the anti-
inflammatory agent to the target nerve root [87]. The objective of a therapeutic
selective nerve root block is not to cure the patient by interfering with pathoge-
netic factors that are responsible for sciatica but rather to provide temporary
relief from peak pain during the time required for spontaneous resolution of
radiculopathy.

Indications

Indications for selective nerve root blocks are applied for a diagnostic as well as
a therapeutic purpose (Table 1).
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Table 1. Indications for selective nerve root blocks

Diagnostic indications

e equivocal radicular leg or arm pain

e discrepancy between the morphological alterations and the patient’s symptoms
e multiple nerve root involvement

e abnormalities related to a failed back surgery syndrome

Therapeutic indications

® acute radicular leg or arm pain in the absence of major neurological deficits
® subacute radiculopathy not responsive to non-operative care

® mild to moderate foraminal stenosis

Technique

It must be stressed that injections into the nerve root must be avoided because of
the potential risk of permanent nerve root damage. The injection which is rec-
ommended is a perineural infiltration. The treatment agent used for this proce-
dure varies between studies. Most authors use a mixture of 2 ml 0.25% bupiva-
caine and 40 mg methylprednisolone [57, 81, 91]. Others have used 1.5 ml 2%
lidocaine with 9 mg betamethasone acetate [65]. There is no study to suggest
which is best in terms of treatment outcome. We report here the techniques
which work best in our hands.

Lumbar Nerve Root Blocks

The standard technique is an outpatient procedure without premedication
which can be done either in a radiology suite or an operating theater. The
patients lie prone, with the injected side elevated approximately at a 30° angle.
The final degree of rotation is determined with fluoroscopy. The goal of position-
ing is to allow for a perpendicular needle tract towards the classic injection site
underneath the pedicle. The so-called safe triangle is defined by the pedicle
superiorly, the lateral border of the vertebral body laterally, and the outer margin
of the spinal nerve medially (Fig. 1). After skin disinfection, a local anesthetic is
administered using a 25-gauge needle. With fluoroscopic guidance, a 22-gauge
needle is then advanced through a shorter 18-gauge needle to the region of the
safe triangle. For accessing the L5 and S1 nerve root the standardized technique
is adapted slightly. For the L5 root, the needle usually has to be tilted in a cranio-
caudal direction in order to bypass the iliac wing. The S1 infiltration is per-
formed through the dorsal S1 foramen. The needle position is checked with
biplanar fluoroscopy, followed by an injection of 0.3 ml of contrast material.
Anteroposterior spot radiographs are obtained for the documentation of the
contrast material distribution. Two milliliters of 0.2 % ropivacaine and 40 mg of
triamcinolone are slowly injected.

After the procedure, the subjective perception of numbness in the dermatome
is regarded as a quality control for a correct injection and should be noted. Some-
times muscle weakness occurs in accordance with the innervation pattern. Pain
relief should be assessed prior to and 15 - 30 min after the injection using a visual
analogue scale.

Cervical Nerve Root Blocks

We recommend performing cervical foraminal injections with CT fluoroscopic
guidance to improve safety (Fig. 2). Misplacement of the needle can have deleteri-
ous consequences. The patient lies supine, with the head turned to the contralat-
eral side. After skin disinfection and administration of local anesthetics, a

Chapter 10

Perineural infiltrations are
performed at the foraminal
exit

Lumbar nerve root blocks
are done under fluoroscopy
control

Pain and neurology must
be assessed prior to and
after the block

Cervical nerve root blocks
should be done under
CT fluoroscopic guidance
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Figure 1. Lumbar nerve root block

The needle is positioned in the so-called “safe triangle”
directly underneath the pedicle but superior and lateral to
the existing nerve root. The image shows correct needle
placement and an indirect radiculography.

Figure 2. Cervical nerve root block

CT guidance for cervical facet nerve root blocks is pre-
ferred because of the spatial relationships to the spinal
cord to avoid neurological damage. The image shows a
CT-guided nerve root block after application of contrast
medium at the foramen intervertebrale C5/6.
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22-gauge needle is introduced under fluoroscopic guidance by using a lateral or
slightly anterolateral approach dorsal to the large cervical vessels. The needle is
aimed at the posterior border of the neural foramen, dorsal to the vertebral
artery. Initially, 0.3 ml of iopamidol is injected to verify the correct position of the
needle tip. The intraforaminal distribution of the contrast material is docu-
mented with a single CT-fluoroscopic scan. A maximum of 40 mg of crystalloid
corticosteroid suspension-triamcinolone plus 1 ml of 0.2 % ropivacaine is slowly
injected. Pain relief should be assessed prior to and 15 - 30 min after the injection
using a visual analogue scale.

Complications

Complications associated with nerve root blocks are rare. However, the following
complications have been reported [14, 52]:

transient non-positional headache (3.1 %)
increased backache (2.4 %)

increased leg pain (0.6 %)

facial flushing (1.2 %)

vasovagal reaction (0.3 %)

hypertension (0.3 %)

increased blood sugar (0.3 %)

dural puncture

Houten et al. [51] presented three cases with persisting paraparesis and paraple-
gia which occurred immediately after administration of a lumbar nerve root
block. In each instance, penetration of the dura was not thought to have
occurred. The sudden onset of neurological deficit and the imaging changes
pointed to a vascular causation. A devastating complication reported by Rozin et
al. [95] described a case of a death associated with a C7 cervical nerve root block
performed in a 44-year-old female. The patient died of massive cerebral edema
secondary to the dissection of the left vertebral artery and subsequent thrombo-
sis due to the perforation of that artery by a 25-gauge spinal needle. Brouwers et
al. [15] described a case of a 48-year-old man who underwent diagnostic C6
nerve root blockade. Immediately following the uneventful procedure he devel-
oped an MRI-proven fatal cervical spinal cord infarction. The authors suggest
that the infarction resulted from an impaired perfusion of the major feeding
anterior radicular artery of the spinal cord.

Diagnostic and Therapeutic Efficacy

Selective nerve root blocks are useful tools in the diagnosis of radicular pain in
atypical presentation, especially when the clinical presentation does not correlate
with imaging study. This can be the case when the root is compressed only under
load. Diagnostic help is also provided in cases of multilevel disease. The thera-
peutic effect lies mainly in an immediate pain reduction (Table 2). If there is an
inflammatory component, pain resolution will last for a few weeks and could be
permanent because of the benign natural course of this disease.

Lumbar Nerve Root Blocks

Selective lumbar nerve root blocks were originally used with contrast agent and
lidocaine and aimed to differentiate different sources of leg pain in an equivocal
clinical situation [67]. Frequently, it is not possible to localize exactly the com-
promised nerve root either by clinical neurological examination or by imaging
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Complications are rare after
lumbar nerve root blocks

Cervical nerve root blocks
may result in spinal cord
injury

Nerve root blocks allow
for a rapid pain reduction
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Table 2. Therapeutic efficacy of nerve root injections

Author/year Study design
Weiner et al. cohort pro-
1997 [126] spective single
blinded, uncon-
trolled
Lutz et al. open study
1998 [65] prospective
blinded, uncon-
trolled
Riew et al. prospective,
2000 [91] randomized,
double blind
Kolsi et al. prospective,
2000 [60] controlled dou-
ble blind
Pfirrmann et cohort, pro-
al. 2001 [86] spective
Karppinenet randomized,
al. 2001 [57] double blind
Narozny et  cohort, retro-
al. 2001 [79]  spective
Vad et al. prospective,
2002 [119] randomized
not blinded
Thomasetal. randomized,
2003 [117] double blind
Ng et al. cohort, pro-
2004 [81] spective

Technique

lumbar forami-
nal injection

lumbar transfo-
raminal

nerve root
injection bupi-
vacaine with/
without beta-
methasone

transforaminal
Vs interspinous

lumbar SNRB

lumbar perira-
dicular steroid
infiltration vs
saline

lumbar, perira-
dicular steroid
+ bupivacaine

transforaminal
vs trigger
points with
saline

transforaminal
Vs interspinous
epidural

lumbar selec-
tive nerve root
block

Note: d = day, w = week, m = months

Patients
30

69

28 vs 27

17 vs 13

36

160

30

25vs 23

16 vs 15

55 LDH,

62 steno-
sis

Indication

lumbar radicu-
lopathy

sciatica due to
disc herniation

lumbar radicu-
lar pain

scCiatica

sciatica

unilateral sci-
atic pain for
1-6 months

monoradicular
leg pain with
unequivocal
morphological
correlate

lumbosacral
radiculopathy
due to HNP

discal radicular
pain

unilateral radic-
ular pain

Follow-up
3,4y

80w

13-28m

7and 28d

2w

2w, 3 and
6m, 1y

immediate
(1-4d),

2-3w,and
mean 16 m

16 m

6and 30d,
6m

6and 12w

Patient Assessment

Outcome
78.5% improved at 3,4y

75 % positive outcome

20 improved vs 9, 8 vs 18
had operation (significant
difference)

significant benefit in both,
mean pain score fell from 70
to 26 vs 63 to 23, no differ-
ences

pain relief in 86 %

after 2 w significant benefit
for leg pain, spinal mobility
and patient satisfaction in
steroid group, 65 % improve-
ment in both groups late

87 % rapid pain regression,
60% permanent pain resolu-
tion

84 % improvement (mean
Roland Morris score, VAS, fin-
ger floor distance, patient
satisfaction) in transforami-
nal vs 48% in trigger points

significantly better pain relief
on Dallas pain scale in the
transforaminal group at all
end points

no statistical difference in
VAS improvement 57 % vs
37 %, statistically better out-
come in functional outcome
for LDH

studies. This is particularly valid for multilevel nerve root compromise shown by
MRI. Numerous studies [28, 36, 112, 122, 126, 132] have shown that nerve root

Postinjection pain relief
is indicative of the
involvement of the target
nerve root

blocks are helpful in cases where this close correlation is lacking. In the case of a
positive response (i.e. resolution of leg pain), the nerve root block allows the
diagnosis of the affected nerve root with a sensitivity of 100 % in cases with disc
protrusions and with a positive predictive value of 75-95 % in cases of foraminal

stenosis [28, 122]. Only a few controlled studies analyzing the therapeutic effi-
cacy of selective nerve root blocks have been published (Table 2).
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Cervical Nerve Root Blocks

Similarly to the lumbar spine, cervical disc herniation or spondylosis can cause
discogenic or foraminal osseous nerve root compression, resulting in cervical
radiculopathy with or without neurological compromise. However, there are only
a few studies regarding selective cervical nerve root blocks. In 60 patients with
cervical radiculopathy, Strobel et al. [114] investigated whether magnetic reso-
nance imaging findings can predict pain relief after CT-guided cervical root
nerve block. The mean percentage of pain reduction (VAS) was 46 %. Patients
with foraminal disc herniation, foraminal nerve root compromise, and no spinal
canal stenosis appear to have the best pain relief after this procedure.

Berger et al. [4] performed CT-guided foraminal injections and reported
effective long term pain relief in 11 of 18 patients with cervical radiculopathy
(61 %). In a retrospective study, Slipman et al. [107] investigated fluoroscopically
guided cervical nerve root block in 20 patients with cervical spondylotic radicu-
lar pain. An overall good or excellent result was observed in 12 (60%) patients.
The authors concluded that there is a role for SNRB in the treatment of atrauma-
tic cervical spondylotic radicular pain.

In a prospective cohort study presented by Vallee et al. [121], 30 patients with
cervical radicular pain of more than 2 months duration due to foraminal stenosis
were given transforaminal injection of steroids. After 3 months, 29 % of patients
had complete pain resolution. They observed complete or more than 75% pain
relief in 53 % of patients at 6 months. After 12 months 20 % had complete pain
relief.

Epidural and Caudal Blocks

Treatment of cervical and lumbar pain syndromes via an epidural injection of
corticosteroids was first described in 1952 [92]. Cervical epidural corticosteroid
injection was first mentioned in 1972 by Winnie [133] but has not found wide-
spread application, probably because of the fear of complications. The rationale
for epidural injections is comparable to those for nerve root blocks and aims to
diminish the inflammatory component of a neural compromise. Epidural injec-
tions include a variety of injection techniques such as caudal (sacral), interlami-
nar lumbar and cervicothoracic. In contrast to the selective nerve root blocks,
epidural steroid injections have the drawback that the pharmacological agent has
to diffuse to the site of inflammation and there is no guarantee that it does so.

Indications

In cases with multilevel involvement or non-specific leg pain the epidural route
has some advantages compared to selective nerve root blocks (Table 3).

Table 3. Indications for epidural/caudal steroid injections

e multilevel nerve root compromise
® equivocal cases with abnormal radicular leg pain
e central spinal stenosis

Chapter 10

Patients with foraminal
compromise appear
to have the best outcome

Multisegmental neural
compromise may be treated
with epidural blocks

The spatial pharmacological
effect is difficult to control
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Steroid injections
are possible via the epidural
as well as the sacral route

The correct needle position
should be documented

by contrast agent
administration

Do not inject anesthetic
agents in cervical blocks

The therapeutic effect is
often only short term

Patient Assessment

Technique
Lumbar Blocks

The preferred level is one level above the target level. Other authors favor the level
which corresponds to the segment of origin of the patient’s symptoms. One or
two percent anesthetic agent is injected to anesthetize the needle track. Using an
interlaminar approach, a 22- or 25-gauge spinal needle is advanced between the
spinous processes of the target level. Aiming at the upper edge of the lower lam-
ina, the needle is inserted into the posterior epidural space with or without fluo-
roscopic control depending on one’s personal experience with this technique.
The location is confirmed using a small amount of contrast material.

Caudal Epidural Blocks

Alternatively a caudal approach placing the needle into the sacral hiatus is used.
This technique is relatively easy to perform. However, as the sacral epidural space
must be filled before solutions can be delivered into the target region, large vol-
umes are required. Furthermore, it has been shown that the sacral epidural space
can be blocked in a considerable proportion of patients [33]. It is strongly recom-
mended to use a small amount of contrast medium to ensure that the steroid is
applied in the epidural space. Employing contrast agents, the specialist may doc-
ument whether the drug has reached the potential pain generator. Patients are
asked to rate their pain before and after the procedure on a visual analogue scale.
However, the steroid injection may take several days to be effective. Therefore,
the assessment of the pain level directly after the injection is unreasonable.

Cervicothoracic Blocks

The patient is placed prone and the skin is draped in sterile fashion. The C-arm
fluoroscopic axis is angled 10° to 15° off midline and caudal for this alignment.
The entry point is 1-2 cm from the midline, slightly caudal to the interlaminar
gap, normally at C7/T1 or C6/7. After local anesthesia of the skin a spinal needle
(22 or 25 gauge) is advanced with cephalad angulation into the dorsal midline
epidural space. After confirmation of the right position the steroid injection is
performed. Anesthetic agent is not injected into the cervicothoracic space to
avoid the risk of a high cervical anesthesia.

Complications

Although complications are possible with any invasive procedure, reports on
series of thousands of lumbosacral epidural steroid injections reveal that they are
relatively safe. However, serious complications such as epidural abscess, arach-
noiditis, epidural hematoma, cerebrospinal fluid fistula, paraparesis and death
have been reported [14, 15, 30, 51, 131].

Therapeutic Efficacy

Most reports in the literature are of uncontrolled, retrospective observational
studies (Table 4). Despite major methodological flaws the average success rate of
epidural injections is in the order of 70 % [59]. The efficacy of epidural steroid
blocks is short term and minor in comparison to selective infiltration due to lack
of a determined target.
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Table 4. Therapeutic efficacy of epidural injections

Author/
year

Beliveau
1971 [3]

Dilke et al.
1973 [35]

Snoek et
al. 1977
[111]

Yates 1978
[135]

Klenerman
etal. 1985
[58]

Cuckler
etal. 1985
[34]

Matthews
etal. 1987
[71]

Ridley
et al. 1988
[90]

Glynn
et al. 1988
[45]

Rocco
etal. 1989
[93]

Bush et al.
1991 [19]

Serrao
etal. 1992
[105]

Carette
etal. 1997
[20]

Study design

controlled, ran-
domized

controlled, pro-
spective ran-
domized, double
blind

controlled, pro-
spective ran-
domized, double
blind

randomized,
double-blind,
patient acted as
his own control

controlled, pro-
spective ran-
domized, double
blind

controlled, pro-
spective ran-
domized, double
blind

controlled, pro-
spective ran-
domized, double
blind

controlled, pro-
spective ran-
domized, double
blind

randomized,
double blind

randomized,
double blind

prospective ran-
domized, double
blind

randomized,
double blind

prospective ran-
domized, double
blind

Technique

epidural caudal pro-
caine + steroid vs
procaine

lumbar translaminar
saline + steroid vs
saline alone

lumbar translaminar
steroid vs saline

steroid with/without
lignocaine vs saline
with/without ligno-
caine, each patient 4
injections

lumbar translaminar
saline + steroid vs
saline/bupivacaine

lumbar translaminar
steroid + procaine vs
saline + procaine

epidural caudal ste-
roid + bupivacaine vs
lignocaine subcuta-
neous

lumbar translaminar
saline + steroid vs
saline

epidural bupivacaine
+ morphine vs bupi-
vacaine + clonidine

epidural translaminar
lignocaine + steroid vs
lignocaine + steroid +
morphine, vs ligno-
caine + morphine

caudal epidural ste-
roid + procaine vs
saline

epidural interlaminar
saline + steroid +
dextrose vs saline +
midazolam + dex-
trose

lumbal translaminar

Indication

sciatica

unilateral
sciatica

sciaticadue
to nerve
root com-
pression

low back
pain, sciat-
ica

sciatica

clinical and
radiograph-
ic nerve
root com-
pression

sciatica

low back
pain +
sciatica

low back
pain

low back
pain

lumbar
nerve root
compro-
mise

mechanical
low back
pain

low back
pain, radic-
ular pain

Patients

24 vs 24

44 vs 38

27 vs 24

150 injections,
analysis of 49
injections in
20 consecu-
tive patients

19vs 16

42 vs 31

23 vs 34

19vs 16

10vs 10

8vs7vs7

12vs 11

14 vs 14

78 vs 80

Follow-
up
Tw,3m

3d

immedi-
ately,
after

30 min

2m

1dand
13-30m

1,3m,

Ty

2w,6m

3h

1,6m

4w, 1y

<2w,
2m

6w,3m

Chapter 10

Outcome

no significant improve-
ment 18 vs 16 patients

significantly less pain in
steroid group (40
improved vs 28)

no difference LBP (33 vs
25 %), radicular pain (26
vs 13%), sciatic nerve
stretch (36 vs 25 %)

steroid groups better
than without steroid in
straight leg raising

benefit 15 vs 11 pts., no
significant difference

early improvement 42 %
vs 44 %, no significant
difference in both
groups

after 1 m no significant
difference (67 vs 56 %),
after 3 m steroid group
significantly better

after 2 w significant pain
relief in steroid group
(90% vs 19), late none

no statistical difference

after 1 m mean VAS
improvement 0.6 vs -0.6
vs 0.4, after 6 m
improved 1 pt.vs 0 vs 0

significant pain relief and
better mobility after 4 w,
at 1y no benefit

early benefit 3 vs 10,
after 2 m 5 vs 7, signifi-
cantly less medication in
control group

early benefit =better spi-
nal mobility, less radicu-
lar pain, lower sensitivity
dysfunction, at 3 m no
difference
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Table 4. (Cont.)
Author/  Study design
year
Fukusaki ~ randomized,
etal. 1998 single blind
[43]
Buchner  prospective

et al. 2000
[16]

McGregor
et al. 2001
[73]

Valat et al.
2003 [120]

randomized,
double blind

prospective
randomized

randomized,
double blind

Patient Assessment

Technique Indication Patients Follow-up Outcome

epidural translami-  uni- or bilateral 16vs18 1w, 1m, early benefit with anesthetic
nar saline vs anes-  pseudoclaudi-  vs 19 3m alone, steroids no effect
thetic vs anesthetic  cation due to

+ steroid stenosis

lumbar epidural sciaticadueto 17vs19 2w,6w, after 2w VAS, straight leg rais-
methylprenisolone  LDH 6m ing, functional status better in
+ bupivacaine vs the steroid group, no differ-
nothing ence after6 wand 6 m
interlaminar vs cau- low backpain  19vs17 6m no benefit

dal route and leg pain

translaminar epidu-  sciatica 42vs43 20d,35d afterd 20: improvement 51%

ral, steroid vs saline

Note: d = day, w = week, m = months

vs 36 % (not significant), after
d 35:49% vs 48 % success

The therapeutic effect

is not well based
on scientific evidence

The “loss of resistance” tech-
nigue does not suffice for a
correct needle placement

Lumbar Epidural Blocks

Koes et al. [59] reviewed 12 randomized clinical trials on the efficacy of lumbar
epidurally steroid injections for low back pain and sciatica. Of the four method-
ologically better studies, two reported positive outcomes and two reported nega-
tive results. Overall, only six studies indicated that the epidural steroid injection
was more effective than the reference treatment and six reported there was no
better or worse efficacy than the reference treatment. The author concluded that
the benefits of epidural steroid injections, if any, seem to be of short duration
only [59]. Watts et al. [125] performed a meta-analysis of 11 placebo-controlled
trials on the efficacy of epidural steroid injections in the treatment of sciatica.
The methodological quality of the trials was considered generally to be good for
the five studies that scored the maximum number of points. Improvement of at
least 759% or reduction in pain was considered to be a clinically useful response.
Watts et al. [125] concluded that epidural steroid injections are effective in the
management of patients with sciatica [125].

The controversy regarding the efficacy of epidural steroid injections is partly
due to the methodological and technical flaws [59, 65]. According to Cluff et al.
[32], there is no consensus as to the ideal method to perform epidural injection
of steroids. No recommendations can be based on the literature in terms of the
ideal dose and type of steroid [32].

Cervical Epidural Blocks

The few clinical outcome studies for cervical epidural steroid injection showed
similar success rates and exhibit similar methodological flaws to the publications
that focused on lumbar regions [27, 29, 40, 69, 94]. Stojanovic et al. [113] ana-
lyzed the role of fluoroscopy in cervical epidural steroid injections. In 38 epidu-
rograms of 31 patients the loss of resistance technique was found to be false posi-
tive in 53 %. They concluded that the loss of resistance technique may not be an
adequate method for accurate needle placement in blindly performed cervical
epidural injections. Rowlingson and Kirschenbaum found that patients with cer-
vical radiculopathy who exhibited a dermatomal pattern of sensory loss were
very likely to benefit [94]. In a study of 58 patients, Cicala et al. [31] reported 41 %
excellent and 21 % good results after 6 months. In the absence of controlled ran-
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domized studies on cervical epidural steroid blocks, the value of this procedure
remains undetermined.

Provocative Discography

In the pre-MRI era, discography provided an excellent assessment of the intradis-
cal structure which was not possible with any other imaging modality at that
time (Fig. 3). Discography has been used as the basis of the diagnosis of disco-
genic pain. Today, the role of discography lies not so much in an assessment of the
disc structure but rather in the possibility of provoking pain which can be com-
pared to the patients’ symptoms. The mechanism of pain provocation during dis-
cography is largely unknown. It is hypothesized that pathological metabolites
such as neuropeptides or cytokines are expelled from the disc during discogra-
phy and cause nociception at the outer annular nerve fibers that are innervated,
resulting in pain [17, 127]. So far, discography remains the only method to differ-
entiate symptomatic and asymptomatic disc degeneration.

However, debate continues on the diagnostic value of discography because of
a lack of understanding of pain pathogenesis [22-24, 78, 123].

Indications

In our service, patients are only selected for provocative discography if they are
potential candidates for surgery, i.e. the diagnostic test will influence treatment
strategy. Provocative discography is indicated to differentiate symptomatic from
asymptomatic disc alterations and less frequently in cases with equivocal neural
compression caused by a minor disc protrusion or in the presence of annular
tears (Table 5).

Figure 3. Provocative discography

Image showing a “normal” disc at level L4/5 (Adams I) and
severe disc degeneration with contrast medium in the spi-
nal canal of L5/S1 (Adams V).
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Patient Assessment
Table 5. Indications for provocative discography

Differentiation of symptomatic and asymptomatic disc alterations
e Disc degeneration

e Annular tears (high intensity zones)

e Endplate changes (modic changes)

e Minor disc protrusions with questionable nerve root compromise

Technique

Discography should be performed by a spine specialist or a dedicated radiologist
with experience of the diagnostic assessment of spinal disorders. It is mandatory
that the patient is awake during the procedure to allow for communication about
the injection response. However, mild sedation is helpful during the procedure.

Lumbar Discography

In lumbar discography the posterolateral approach is widely accepted as the
technique of choice. A double needle technique (with a short 18-gauge external
and an internal 22-gauge needle) is widely recommended [48, 116]. In patients
with unilateral pain, the needle is introduced from the contralateral side to dis-
tinguish between iatrogenic and genuine pain. The needle position is verified
under fluoroscopy in two planes. After accurate needle positioning, contrast
medium containing an iodine concentration of 300 mg/ml is injected into each
disc by using a 5-ml syringe. The amount of contrast agent injectable before leak-
age usually ranges from 0.8 ml to 3.0 ml before leakage [10]. Non-ionic contrast
agent is injected with a 5-ml syringe until firm resistance to the injection is felt,
until severe pain is provoked, or until contrast medium is seen to leak out of the
disc into the spinal canal. During discography, the patient is asked to grade the
pain provoked on a visual analogue scale. The type of pain should be graded
according to the Dallas Discogram Description [97] as follows:

no sensation

pressure

dissimilar pain

similar pain, or

exact pain reproduction

Pain sensation occurring during discography is defined as concordant if the
patient had exact pain reproduction or felt similar pain. Accordingly, non-con-
cordant pain is defined as pressure, dissimilar pain sensation, or no pain provo-
cation. Evaluation of disc morphological characteristics is performed with con-
ventional radiographs by using the classification of Adams et al. [1]. The classifi-
cation includes five stages of disc degeneration distinguished by their morpho-
logical appearance on discograms:

cotton ball (Type I)
lobular type (Type II)
irregular (Type III)
tissured (Type IV)
ruptured (Type V)

Types I and II are interpreted as non-degenerative discs and Types III-V as
degenerative discs.

It has been very helpful to include an MRI normal disc as an internal control.
In our practice, we only regard concordant pain predictive of discogenic pain
when the injection of the control level does not provoke pain [129].
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Thoracic Discography

Thoracic discography is performed under CT guidance on an outpatient basis.
The patient is placed in a prone position on the CT table. Following a scout film
of the thoracic spine the level of interest is scanned with a section thickness of
3 mm. After choosing the target thoracic disc, the CT-table position is adjusted.
The side opposite, if present, is chosen as the injection side, so as not to provoke
patient pain while advancing the needle. Under CT guidance a 25-gauge needle is
advanced into the target disc. After positioning of the needle in the center of the
disc, contrast medium (iopamidol, 1.5 cc) is injected and a CT discogram scan
performed. The patient is questioned about the pain provoked during injection
as mentioned above.

Cervical Discography

For this procedure, the patient lies supine with the neck in slight extension. The
neck is draped in a sterile fashion. By using a 22-gauge needle, through an ante-
romedial approach (medial to the m. sternocleidomastoideus), the needle is
advanced to the center of the disc under biplanar fluoroscopic control. The tra-
chea and esophagus remain medially and the carotid artery is palpated and dis-
placed laterally. The amount of contrast agent injected usually ranges from
0.3 ml to 1.0 ml. The pain response is assessed similarly to the lumbar proce-
dure.

Complications

Any needle technique carries with it the risk of infection, which appears to be
most relevant in cases of cervical and lumbar discography. The reported rate for
discitis after lumbar discography is in the order of magnitude of 0.25% [130].
Further complications are reported such as retroperitoneal hemorrhage, allergic
reaction, subarachnoidal bleeding, nerve root sheath injuries, or annular or end-
plate injections due to incorrect needle placement. Of 807 injected cervical discs,
Grubb et al. [47] had a rate of discitis of 0.37 % corresponding to 1.7 % patients
with discitis treated. In Zeidmann’s [136] review of 4400 diagnostic cervical dis-
cography cases, discitis occurred in 7 cases (0.16 %).

Diagnostic Efficacy

In 1948 Lindblom [50] introduced discography as a morphological test to replace
or add information to myelography. Today the role of discography is related to a
pain provocation test. The assessment of the diagnostic accuracy of provocative
discography for discogenic LBP is problematic since no gold standard is avail-
able. A reasonable practical approach is to include an adjacent normal disc level
as internal control [129]. Thus, a positive pain response would include an exact
pain reproduction at the target level and no pain provocation or only pressure at
the normal disc level. However, careful interpretation of the findings is still man-
datory with reference to the clinical presentation.

Lumbar Discography

In a prospective, controlled study, Walsh et al. [123] studied ten asymptomatic
volunteers and seven symptomatic patients with low back pain by lumbar discog-
raphy. In the asymptomatic individuals, the injection produced minimum pain
in 5 (17 %) of the 30 discs and in 3 moderate to bad pain. The false-positive rate
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Figure 4. CT discography

Axial CT discogram showing contrast medium distribution within the intervertebral disc. a Sagittal view of CT/discogram
showing contrast medium extension to the margin of the disc. b Corresponding MRI of the disc

The diagnostic value
of discography remains
a matter of debate

of 0% and a specificity of 100% led the authors to conclude that discography is a
highly reliable and specific diagnostic test for the evaluation of low back pain dis-
orders [123]. In 1999, Caragee et al. [24] reported on patients with no history of
low back pain, who underwent posterior iliac crest bone graft. These patients
often experienced concordant pain on lumbar discography. However, this study
can be criticized because asymptomatic patients cannot perceive concordant dis-
cogenic pain. In 2000, Carragee repeated provocative discography in 26 older
subjects without history of low back pain [23]. They concluded that the rate of
false-positive discography may be low in subjects with normal psychological
testing and without chronic pain. Furthermore, Caragee and colleagues [23] per-
formed provocative discography in 20 asymptomatic patients who underwent
single level discectomy for sciatica. Forty percent injections were positive in discs
that had previous surgery.

Patients with low back pain who had lumbar fusion surgery based on positive
discograms have been shown to have only moderate results. Complete pain relief
was achieved only in a few cases. Successful clinical results ranged between
86.1% and 46 %. This indicates that confounding factors other than morphologi-
cal alterations may play a more important role in predicting surgical outcome
(see Chapter 7).

CT discography (Fig. 4) represents a further step in the application of discog-
raphy and evaluation of the structure of the disc. The debate as to whether CT/
discography is superior to MRI because there is a theoretical advantage of CT/
discography over MRI in demonstrating the internal architecture of the disc has
not been conclusively answered. But, CT discography was found to have a higher
accuracy than pain provocation and plain discography, 87% vs 64% vs 58%
respectively [54, 55].

Thoracic Discography

Thoracic discography performed by experienced radiologists with CT guidance
is quite safe with a very low rate of complications. Similar to lumbar discography,
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it seems to be accurate in distinguishing painful symptomatic discs from asymp-
tomatic discs. Wood et al. performed four-level thoracic discography in ten
asymptomatic volunteers and compared the discograms with MRI studies. Three
of the 40 discs were reported as intensely painful, all exhibiting prominent end-
plate infractions typical of Scheuermann’s disease. Of the 40 discs studied, only
13 were judged to be normal morphologically on discography versus 20 on MRI.
The remaining 27 discs were abnormal, exhibiting endplate irregularities, annu-
lar tears, and/or herniations. Wood et al. studied concomitantly thoracic disco-
grams of ten adults with chronic thoracic pain. In this group 48 discs were ana-
lyzed, of which 24 were concordantly painful and 17 had non-concordant pain or
pressure. On MRI, 21 of the 48 discs appeared normal, whereas on discography
only 10 were judged as normal. The authors concluded that thoracic discography
detects pathologies which may not be seen on MRI [134].

Cervical Discography

Ohnmeiss et al. [82] studied 269 discs in patients with neck, shoulder and arm
pain by cervical discography. Comparing the pain responses during disc injec-
tion with radiological images, they found positive pain provocation in 234 radio-
graphically abnormal discs (77.8%). They pointed out that it is important not
just to assess pain intensity but to interpret the provoked pain in terms of its sim-
ilarity to clinical symptoms. Grubb et al. [47] reviewed their 12-year experience
with 807 injected cervical discs and found a 50 % concordant pain response rate.
They concluded that cervical discography provokes concordant pain in multiple
discs and conclusions about which disc should be treated must be drawn cau-
tiously.

So far, provocative discography appears to be the only diagnostic test available
to differentiate symptomatic and asymptomatic disc degeneration allowing for a
direct relation of a radiological image to the patient’s pain [49, 129].

Facet Joint Blocks

Since the first report by Ghormley [44], facet joints have been recognized as a
predominant source of back pain. Their prevalence as a cause of low back pain
has been reported to vary greatly and to range from 7.7 % to 75% depending on
the diagnostic criteria [21, 37, 53, 75-77, 99 -104, 106]. Mooney and Robertson
[75] demonstrated that low back pain and referred pain could be provoked by
injection of hypertonic saline into the facet joints. Many authors today believe
that the diagnosis of a facet joint syndrome can be based on pain relief by an
intra-articular facet joint injection of an anesthetic or pain provocation by hyper-
tonic saline injection [25, 64, 70, 76].

Today, facet joint blocks are used as a diagnostic and/or therapeutic means to
eliminate pain presumably arising from the facet joints.

Indications

Similarly to disc degeneration, a differentiation of a symptomatic and asymp-
tomatic facet joint osteoarthritis based on imaging studies alone is not possible.
Therefore, facet joint blocks alleviating the patient’s symptoms presumably
resulting from alteration of the facet joints are the only modality to differentiate
symptomatic from asymptomatic states (Table 6).

Chapter 10

Results of cervical
discography must be
interpreted carefully

Neck pain and low back
pain may be caused by
osteoarthritis of the facet
joints

275



276

Section

Correct needle placement
should be documented by
contrast agent injections

Figure 5. Lumbar facet joint infiltration

Fluoroscopically guided lumbar facet infiltration docu-
menting the right position of the needles with correct

arthrography of the joint.

Patient Assessment
Table 6. Indications for facet joint blocks

e differentiating symptomatic from asymptomatic facet joint alterations
® short- to medium-term relief of back pain in patients with previous positive diagnostic
blocks

Technique

Lumbar Facet Joint Blocks

The blocks are performed under fluoroscopic guidance with the patient lying
prone. In order to visualize the lumbar joints either the patient is rotated and
supported in an oblique prone position or the X-ray beam is tilted accordingly.
The angulation is usually between 30° and 40°. After disinfection the skin over
the target joint is anesthetized with 2-3 ml of lidocaine. A spinal needle
(22 gauge) is then inserted in a lateromedial direction (parallel to the X-ray
beam) towards the joint. In obese patients, a double-needle technique is
employed where a 22-gauge needle is passed through a shorter 18-gauge needle.
Depending on the specific situation, either the mid point or rather the cranial or
caudal part of the joint is targeted. A minimal quantity of contrast medium
(<0.3 ml) is then injected under fluoroscopy to confirm the correct needle posi-
tion (Fig. 5). If an intra-articular application is not possible, a periarticular injec-
tion is performed. Needle placement and contrast distribution are documented
by standard radiographs. Subsequently, 1.0 ml of a mixture of local anesthetics
(Carbostesin or bupivacaine and steroids, e.g. 40 mg triamcinolone) is injected.
The patients are kept under surveillance for at least 15 min. All patients should be
asked to assess the amount of pain prior to and 15-30 min after the injection
using a visual analogue scale. Further follow-up information on the course of
pain relief is helpful in interpreting the results.

Spondylolysis Block

A special type of lumbar facet joint block is injection into the spondylolysis. This
can be accomplished by injecting the facet joint located superior to the spondylo-
lysis using the same technique as outlined above. Since the facet capsule is often
connected to the spondylolysis zone, a filling can be observed which can extend
to the inferior facet joint (Fig. 6).
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Figure 6. Spondylolysis block

A correct spondylosis block is performed by injecting the
facet joints at the level of L4/5. Contrast medium is extend-
ing through the lysis into the facet joint L5/S1.

Cervical Facet Joint Blocks

We prefer the posterior approach for the cervical facet joints C3/4 to C6/7. The
entry point lies two segments below the target joint. The patient is positioned
prone on the fluoroscopic table. A spinal needle (22 gauge) is passed through the
posterior neck muscles until it strikes the back of the target joint. For safety rea-
sons, the CT guided fluoroscopy can be used (Fig. 7). The accurate placement of
the needle is confirmed by injection of 1 ml of contrast medium. Thereafter, the
steroid and anesthetic agent can be injected. Similarly to the lumbar spine, pain
relief is recorded prior to and 15-30 min after the injection using a visual ana-
logue scale.

Complications

Although complications are possible with any invasive procedure, reports on
series of thousands of facet joint injections reveal that they are relatively safe [68].
Any needle technique carries with it the risk of infection, which appears to be of
little relevance in cases of cervical and lumbar facet blocks. Complications are
reported such as retroperitoneal hemorrhage, allergic reaction, and nerve root
sheath injuries. There were some adverse effects like headache, nausea and pares-
thesiae, which are transient [70]. Obviously, side effects related to the pharmacol-
ogy of the anesthetic agent and corticosteroids are possible.
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Figure 7. CT-guided facet block

CT guidance for cervical facet joint blocks is preferred
because of the spatial relationships to the spinal cord to
avoid neurological damage. Image showing correct nee-
dle placement at the level of C5/6. Note the correct arthro-

graphy on both sides.

Facet joint blocks tackle
symptomatic facet joint
osteoarthritis

Facet joints are innervated
polysegmentally making
interpretation of the pain
response difficult

Patient Assessment

Diagnostic and Therapeutic Efficacy

Lumbar Facet Joint Blocks

Some authors suggest that a facet joint syndrome can be diagnosed based on pain
relief by an intra-articular anesthetic injection or provocation of the pain by
hypertonic saline injection followed by subsequent pain relief after injection of
anesthetics [25, 64, 70, 76]. Jackson et al. [53] investigated clinical predictors
indicative of the injection response but had to conclude that there were no clear
clinical findings. Similarly, Revel et al. [89] did not find any difference in the fre-
quency of the 90 variables examined between the responder and non-responder
groups. Uncontrolled diagnostic facet joint blocks are reported with a false-pos-
itive rate of 38 % and a positive predictive value of 31 % [100]. It therefore is man-
datory to perform repetitive infiltrations to improve the diagnostic accuracy, e.g.
with two different local anesthetics as suggested by Schwarzer et al. [100]. Drey-
fuss [37] has concluded that there are no convincing pathognomonic, non-inva-
sive radiographic, historical, or physical examination findings that allow one to
definitively identify lumbar facet joints as a source of low back pain and referred
lower extremity pain.

According to a randomized double blind study by Marks et al. [70], intra-artic-
ular blocks are as effective as blocks of the medial branch of the dorsal ramus.
One problem of interpreting the response to a facet joint block is related to the
finding that facet joints are innervated by two to three segmental posterior
branches, making a diagnosis of the affected joint difficult. The evaluation of the
diagnostic accuracy of joint injections to diagnose a symptomatic facet joint is
difficult in the absence of a true gold standard.

Even less information is available on the therapeutic efficacy of facet joint
blocks in relieving pain attributed to facet joints [21]. Carette et al. [21] selected
110 out of 190 patients who experienced pain relief of more than 50 % after an
intra-articular facet joint block with 2 ml lidocaine for a double blinded ran-
domized control trial comparing methylprednisolone versus isotonic saline
injection. They showed an immediate average pain reduction in the study
group of 76 % vs 79 % in the placebo group. At 6 months follow-up, however, the
patients in the study group reported a significantly higher pain relief (46 % vs
15%).
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Table 7. Therapeutic efficacy of facet joint blocks

Author/year  Study design  Technique Indication  Patients  Follow-up
Carette etal.  randomized intra-articular lum-  low back 49 vs 48 1,3 and
1991 [21] double-blind bar facet block pain 6m
saline vs steroid
Marks et al. randomized, facet joint vs facet lumbaror 42 vs 44 1and3m
1992 [70] double blind nerve lumbosa-
cral pain
Lilius et al. randomized, (1) intracapsular low back 28vs39vs 60 min,3m
1989 and not blinded steroid + bupiva-  pain 42
1990 [62, 63] caine, (2) pericap-
sular steroid +
bupivacaine, (3)
intracapsular saline
Lynch 1986 controlled, not 2 levels intra-/ low back 50vs 15 6m
[66] randomized extracapsular vs pain
extracapsular
Revel et al. randomized, intra-articular lido-  low back 43 vs 37 30 min
1998 [88] double blind caine vs saline pain with
7 inclusion
criteria
Gorbach et al. cohort, pro- intra-articular ste-  low back 1level: 29 15-30min
2005 [46] spective roid + bupivacaine pain = immedi-
or mepivacaine ate
2levels: 13 >1w=short
term
>3 m=me-
dium term

Note: w = weeks, m = months

Spondylolysis Block

There are no reports on the therapeutic value of pars infiltration. But, clinicians
who use pars infiltration preoperatively for patient selection have described
that patients with pain relief are more likely to be pain free after lumbar fusion.
Patients without pain relief after pars infiltration could have other sources of
pain. Suh et al. reported that patients selected with positive pars infiltration
were more likely to have pain relief, to be functional, and to return to work
[115].

Cervical Facet Joint Block

So far, the accuracy and reliability of cervical facet blocks has not been demon-
strated.

Few data also exist about the therapeutic efficacy of therapeutic cervical
facet joint injections. One observational study found no benefit of cervical
intracapsular steroid injections in patients with chronic pain after whiplash
injury [2].
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early benefit 42% vs 33 %,
after 6 months 46 % vs
15%

no significant difference

64 % benefit in all groups,
36 % at 3 months, no sig-
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positive effect in all
treated patients
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relief in lidocaine group,
92 % of responders to
facet injection had 5 out
of 7 facet criteria

74% immediate pos.
effect (>50%) pain relief,
57 % short term pos.
effect, 33 % medium term
pos. effect

The result of facet joint
blocks is difficult to predict
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Sacroiliac Joint Blocks

Alterations of the sacroiliac (SI) joints remain a diagnostic and therapeutic
obstacle. Every joint can cause pain; therefore it is highly likely that pain can also
result from the SI joint [98]. Pain from the SI joint has been referred to the region
medial to the posterior superior iliac spine called the sacral sulcus. The pain can
also radiate into the groin, abdomen and thigh, which makes it difficult to distin-
guish SI joint pain from disc disease or facet arthropathy [41, 42]. The clinical
diagnosis is difficult to make since none of the clinical signs and tests has proven
to be predictive. Imaging is not very helpful in diagnosing painful SI joint
arthropathy in patients without inflammatory sacroiliitis [118]. A diagnostic
anesthetic block of the sacroiliac joint is a possibility for identifying this struc-
ture as a relevant source of pain [96]. Slipman et al. [109] suggested that the pain-
ful sacroiliac joint is caused by a mild synovial irritation, which is not detectable
on imaging. Other researchers assume that there is a chemical irritation of the
nerves innervating the joint by mediators from the joint fluid [41].

Therefore, the rationale for SI joint blocks is to support the clinical diagnosis
of an SI joint pathology.

Indications

Indications for sacroiliac joint blocks include the diagnostic work-up for patients
with low back and buttock pain radiating into the posterior thigh. Therapeutic
infiltrations have not been reported to be of long-lasting success and are there-
fore not very helpful.

Technique

This joint is for most of its extent inaccessible to needles due to the rough corru-
gated interosseous surfaces of the sacrum and the ileum. However, Bogduk et al.
[7] have described puncturing the joint from its inferior end where the joint
appears below the interosseous ligament and reaches the dorsal surface of the
sacrum deep to the gluteus muscles. The accurate method of sacroiliac joint
injection usually requires fluoroscopy or computed tomographic control [38, 39,
50, 108].

We describe here the technique which has been helpful in our service. With the
patient lying prone the entry point of the joint lies at the lower end of the joint
and is identified with fluoroscopic aid. CT guidance is necessary in patients with
a complex orientation of the sacroiliac joint (Fig. 8). In some patients even the
intra-articular access can be impossible, also due to fusion of the joint. After ster-
ile skin preparation and draping, a 25-gauge needle (22 gauge) is introduced
through the skin directed to the posterolateral aspect of the sacrum and then
readjusted to enter the slit of the joint above the inferior edge. Once the needle is
in position, contrast medium is injected to confirm the correct position. Subse-
quently steroids and anesthetic agents can be injected for diagnostic and thera-
peutic purposes.

Complications

Complications due to sacroiliac joint injections are rare. Extravasation of anes-
thetic agent around the sciatic nerve can cause temporary numbness in up to 5%
of patients. If the needle is advanced too inferiorly, contact with the sciatic nerve
is possible [118].
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Figure 8. Sacroiliac joint block

Images showing correct needle placement (a) and art-
hrography of the sacroiliac joint (b).

Diagnostic Efficacy

Literature on sacroiliac joint injections and their impact on diagnosis and impact
is sparse [98]. No prospective or controlled evaluation of the technique has been
published. A few retrospective studies exist on the efficacy of sacroiliac joint
injections.

In the report by Maugurs et al. [72], 86 % of patients had good pain relief after
sacroiliac joint injection after 1 month, which decreased to 58 % after 6 months.
In the study by Bollow et al. [8], 92% of the 66 investigated patients had pain
relief. In Fortin’s study, 88% of 16 patients with non-inflammatory sacroiliac
joint syndrome had a decrease in pain after injection of anesthetic agent [41].
Slipman et al. [108] selected 31 patients with pain in the sacral sulcus, positive
stress test and relief of pain after a first sacroiliac injection with anesthetic agent.
After a second injection with an additional steroid mixture the patients had a sig-
nificant decrease in pain scores and improved functional status after a follow-up
of 94 weeks.

Today low back pain from the sacroiliac joint is best diagnosed when there is
relief of pain after injection of anesthetic agent. There is no gold standard for ver-
ifying the presence of sacroiliac joint pain to which the results of sacroiliac diag-
nostic block can be compared. Thus, there are no reliable data on the sensitivity
and specificity of this test [96].

Contraindications for Spinal Injections

There are few contraindications for spinal injections, which must be considered
before performing an infiltration. Alteration of the normal anatomy, e.g. pro-
nounced degenerative abnormalities, or after major surgery to the spinal canal,
where the positioning of the needle could be technically impossible, is per se not
a contraindication.

However, it is apparent that such injections can only be performed in patients
with normal hemostasis and without known allergic reactions. History taking on
potential allergic reactions is mandatory and laboratory screening strongly rec-
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Patient Assessment

ommended prior to the injections. Injections should not be performed in
patients with:

e bleeding diathesis

e full anticoagulation, whereas medication with acetylsalicylic acid does not
represent a contraindication

e infections or immunodeficiency syndromes

e allergic reaction to anesthetic agents or steroids

Algorithm for Spinal Injections

The clinical investigation and patient history is of the utmost importance and
should allow the clinician to differentiate between a local pain syndrome (neck
pain, lumbar pain, dorsal pain, sacroiliac syndrome) and radicular pain, neuro-
genic claudication, segmental instability and discogenic pain. Despite the dilemma
of unproven diagnostic and therapeutic efficacy of spinal injections [61], a practi-
cal approach appears to be justifiable until more conclusive data is provided in the
literature. We therefore want to summarize an evidence-enhanced approach as
currently used in our center. However, we want to stress that this approach is sub-
jective and predominately anecdotal but appears to work in our hands (Fig. 9).
Persistence (for more than 3 months) of non-radicular local pain which is not
alleviated by conservative therapy should be investigated with radiographs and
MRI. For radicular pain without or with minor neurological deficit these tests
should be done after 3 weeks. Every pain syndrome with major neurological defi-
cit and in cases which are suspicious for tumor or infection of the spine requires

Clinical Presentation

e radicular syndrome

e neurogenic claudication syndrome
o discogenic syndrome

e instability syndrome

o facet syndrome

e sacroiliac joint syndrome

|

® back/neck pain without radiation for > 3 months non-responsive to conservative treatment
e radicular pain with or without minor neurological deficits for more than 3 weeks

e radicular symptoms with major neurological deficit

e suspicion of tumor or infection

Indications for Radiographs and MRI

|

) ) ! ! !
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facet joint
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spondylolisthesis

SIG-
syndrome
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e nerve root block
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further studies
® epidural blocks
e nerve root block
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further studies
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further studies
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further studies
e spondylolysis
block
(in equivocal cases)

further studies
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symptomatic
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Figure 9. Algorithm for diagnostic spinal injection studies
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immediate MRI investigation. If no clear correlation between clinical examina-
tion and radiological findings can be established, spinal injections are recom-
mended.

In patients with disc herniation and unequivocal root compression, selective
nerve root blocks may support conservative treatment [86, 114]. In selected cases,
nerve root blocks can substantially reduce the proportion of patients requiring a
surgical intervention for the treatment of a radiculopathy often allowing for
immediate pain relief [79, 91]. Selective nerve root blocks are helpful in cases with
equivocal morphological findings to confirm the diagnosis. If the patient’s pain is
alleviated for the duration of the anesthetic effect, involvement of the target nerve
root in the pain pathogenesis is very likely. Similarly, nerve root compression due
to foraminal stenosis is an indication for nerve root block. Patients with spinal
stenosis who are not candidates for surgery and have multisegmental alterations
may benefit from epidural blocks. However, our anecdotal experience indicates
that these injections are less effective than nerve root blocks.

We regard discography as the only means to differentiate symptomatic from
asymptomatic disc degeneration since the morphological appearance can be
identical [9, 12]. Our interpretation for a symptomatic disc degeneration is based
on an exact pain provocation in the absence of pain provocation in an adjacent
MR normal disc [129]. However, we only perform discography in patients who
we would select for surgery in case of an exact pain provocation. In our center, we
do not use discography for a pure diagnostic work-up.

Debate continues on the clinical significance of facet joint osteoarthritis as a
source of back pain. So far, a definition of a facet syndrome has widely failed.
Nevertheless, one-third of patients presenting with symptoms suggestive of a
symptomatic facet joint arthropathy can benefit from a facet joint block for a
short period of time (3-6 months) [46]. We recommend facet joint blocks in
elderly patients who prefer non-surgical treatment as an adjunct therapy in the
presence of moderate to severe facet joint osteoarthritis. However, we are ambiv-
alent about the diagnostic accuracy of facet joint and spondylolysis blocks to
support the indication for surgery or selection of fusion levels.

The diagnosis of SI joint alterations as a source of back pain remains unsatis-
factory. We regard SI joint blocks as the only means to diagnose the involvement
of the target joint. However, these injections are not very helpful in alleviating the
patient’s pain on a medium to long term.

Recapitulation

Chapter 10

Rationale. Although injection studies aim to pro-
voke or eliminate pain and therefore focus on the
source of the problem, there is as yet insufficient evi-
dence to prove clinical efficacy as a diagnostic tool.

Selective nerve root. Selective nerve root blocks
are used in cases with equivocal radicular pain and
morphological findings to confirm the diagnosis. If
the patient’s pain is elevated for the duration of the
anesthetic effect, involvement of the target nerve
root in the pain pathogenesis is very likely. Selective
nerve root blocks are also very helpful in support-
ing non-operative care in patients presenting with
cervical and lumbar radiculopathy. In selected

cases, nerve root blocks can substantially reduce
the proportion of patients requiring a surgical inter-
vention for the treatment of a radiculopathy often
allowing for immediate pain relief.

Epidural and caudal blocks. Epidural and caudal
application of steroids is used to treat inflamma-
tion due to compression of one or multiple nerve
roots. Whereas low back pain, e.g. discogenic pain,
seems not to be a good indication for epidural or
caudal blocks, patients with neurogenic claudica-
tion may benefit from this injection. However, it
seems that epidural blocks are less effective than
nerve root blocks.
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Provocative discography. Discography is the only
means to differentiate symptomatic from asymp-
tomatic disc degeneration since the morphological
appearance can be identical. Interpretation for
symptomatic disc degeneration is based on an
exact pain provocation in the absence of pain prov-
ocation in an adjacent MR normal disc. However,
discography should be performed in patients who
we would select for surgery in the case of an exact
pain provocation.

Facet joint blocks. Debate continues on the clinical
significance of facet joint osteoarthritis as a source
of back pain. While it would be unreasonable to
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assume that facet joint osteoarthritis is painless,
the clinical presentation of facet joint alterations is
variable. So far, a definition of facet syndrome has
widely failed. However, the diagnostic accuracy of
facet joint blocks to support the indication for sur-
gery or selection of fusion levels should be inter-
preted with caution.

Sacroiliac joint blocks. The diagnosis of Sl joint
alterations as a source of back pain remains unsatis-
factory. Sl joint blocks are the only means to diag-
nose the affection of the target joint. However,
these injections are not very helpful in alleviating
the patient’s pain on a medium to long term.
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Revel M, Poiraudeau S, Auleley GR et al. (1998) Capacity of the clinical picture to charac-
terize low back pain relieved by facet joint anesthesia: proposed criteria to identify
patients with painful facet joints. Spine 23:1972-1976
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with and without clinical criteria predictive of facet joint osteoarthrosis. After facet joint
blocks, greater pain relief was observed in the back pain group. The presence of age
greater than 65 years and pain that was not exacerbated by coughing, not worsened by
hyperextension, not worsened by forward flexion, not worsened when rising from flex-
ion, not worsened by extension-rotation, and well relieved by recumbency distinguished
92 % of patients responding to lidocaine injection and 80 % of those not responding in the
lidocaine group. The authors conclude that five clinical characteristics can be used to
select lower back pain that will be well relieved by facet joint anesthesia.

Carragee EJ, Alamin TF (2001) Discography: a review. The Spine Journal 1:364-372
This paper describes the indication and technique of discography. Further, articles that
are relevant to discography are systematically reviewed. Especially the interpretation of
the results and conclusion are discussed. The authors state that the specificity of discogra-
phy is dramatically affected by psychosocial characteristics of the patient. The ability of
a patient to determine reliably the concordancy of pain provoked by discography is poor.
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validity of the test.
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atica: a randomized controlled trial. Spine 26:1059 - 1067

In this randomized, double blind trial the efficacy of periradicular corticosteroid injec-
tion for sciatica was tested. One-hundred and sixty patients were randomized for double
blind injection with methylprednisolone/bupivacaine combination or saline. Recovery
rate was better in the steroid group at 2 weeks for leg pain, straight leg raising, lumbar
flexion, and patient satisfaction. Back pain and leg pain were significantly lower in the
saline group at 6 months. By 1 year, 18 patients in the steroid group and 15 in the saline
group underwent surgery. The authors concluded that improvement was found in both
groups and the combination of methylprednisolone and bupivacaine seems to have a
short-term effect, but at 3 and 6 months the steroid group seems to experience a rebound
phenomenon.

Vad V, Bhat A, Lutz G, Cammisa F (2002) Transforaminal epidural steroid injections in
lumbosacral radiculopathy: a prospective randomized study. Spine 27:11-15

In this randomized study of 48 patients with radiculopathy secondary to a herniated
nucleus pulposus, one group received a transforaminal steroid injection and the other
saline trigger-point injection. After an average follow-up period of 1.4 years, the group
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receiving transforaminal steroid injections had a success rate of 84 %, as compared with
48 % for the group receiving trigger-point injections.

Slipman CW, Bhat AL, Gilchrist RV, et al. (2003) A critical review of the evidence for the
use of zygapophysial injections and radiofrequency denervation in the treatment of low
back pain. Spine J 3:310-316

A database search of Medline, Embase and the Cochrane database was conducted to per-
form a critical review of studies that analyze the treatment of lumbar facet joints with
intra-articular injections and radiofrequency denervation. The authors concluded that
current studies give sparse evidence to support the use of interventional techniques in the
treatment of lumbar zygapophyseal joint-mediated low back pain.

Koes BW, Scholten RJPM, Mens JMA, Bouter LM (1995) Efficacy of epidural steroid
injections for low-back pain and sciatica: a systematic review of randomized clinical tri-
als. Pain 63:279-288

Twelve randomized clinical trials evaluating epidural steroid injections were analyzed. In
this analysis six studies indicated that the epidural steroid injection was more effective
than the reference treatment and six reported it to be no better or worse than the refer-
ence treatment. The authors concluded that the efficacy of epidural steroid injections has
not yet been established and the benefits of epidural steroid injections, if any, seem to be
of short duration only.

Bollow M, Braun J, Taupitz M, et al. (1996) CT-guided intraarticular corticosteroid injec-
tion into the sacroiliac joints in patients with spondyloarthropathy: indication and fol-
low-up with contrast-enhanced MRI. ] Comput Assist Tomograph 20:512 - 521

This article prospectively analyzes the therapeutic efficacy of CT-guided intra-articular
corticosteroid instillation of inflamed sacroiliac joints in patients with spondyloarthro-
pathies. The role of MRI as a test for indication and follow-up was evaluated. Sixty-one of
66 patients who underwent instillation of corticosteroid showed a statistically significant
reduction of subjective complaints. Also the percentage of contrast enhancement on
dynamic MRI showed a significant reduction.
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Core Messages

v There is a rather low prevalence of neurological
deficits in spinal disorders

v’ Neurological deficits can range from very
severe and obvious (complete paraplegia) to
subtle (radicular sensory deficit)

v’ The neurological deficit per se is non-specific to
the spinal disorder

The neurological examination:

v Is key to the reliable exclusion of a neurological
deficit

v Complements and influences the diagnostic
procedures

v’ Has to follow a standardized algorithm to iden-
tify the level and extent of a neurological lesion

v Distinguishes between lesions of the central
(cortical, spinal) and peripheral nervous system
(nerve roots, plexus, peripheral nerves)

v’ Seeks for a somatotopic localization of the
lesion

¢/ Impacts on the treatment decision (conserva-
tive versus surgical management) in the pres-
ence of a neurological deficit

v Is insensitive for the assessment of autonomic
disorders which require additional testings
(e.g. bladder assessment)

Epidemiology

Spinal disorders are associated with neurological symptoms to a very variable
extent depending on the underlying pathology. In cervical myelopathy and lum-
bar spinal canal stenosis, a neurological deficit has been described in about
30-50% of patients depending on the applied clinical measures [3, 33, 65, 76,
105, 117]. Although in general neurological deficits are rather low in frequency,
misdiagnosis or failure to detect neurological symptoms may lead to severe
sequelae and can result in invalidity if inappropriate management is provided
[40]. A knowledge of the typical neurological deficits associated with spinal dis-
orders allows for the management of the diagnostic work-up in timely and com-
prehensive fashion, and the identification of potential neurological deficits in the
treatment of patients with spinal disorders.

Non-traumatic spinal disorders are mainly due to degenerative diseases
(e.g. disc herniation and spinal canal stenosis) and occur increasingly in the
aging population [11, 24]. Also spine related pain syndromes have a high
prevalence which increases with age. For instance, neck and arm pain will
have affected about 20-34% of a general population once as shown in a large
cross-sectional study and induces actual complaints in about 14% [16, 47].
However, only in about 4% of patients suffering from a cervico-cephalic-bra-
chial pain syndrome is an MRI documented radicular lesion present, whereas
functional disturbances in conjunction with cervical spondylosis occur in
80% [61]. Similar findings are reported in patients suffering from low back
pain where a focal neurological lesion is present in a comparably low percent-
age [3,7, 31, 60].

The presence of neurologi-
cal deficits varies to a large
extent in spinal disorders
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Case Introduction

A 63-year-old male patient underwent a left-sided discectomy of L5/S1 for an S1 radiculopathy. After a pain free interval
of 5 months, he presented again with severe recurrent left sided leg pain predominantly at the posterolateral aspect of
the calf. An MRI scan showed a small recurrent sequestrated disc herniation at the level previously operated on (a, b). The
patient was referred to a neurologist because the clinical findings and the imaging study did not completely match. A
detailed history revealed that the patient reported pain in the lower back down to the left calf and heel. However, he
additionally felt numbness in the thoracoabdominal skin on the left side. The neurological examination revealed an
absent left Achilles tendon reflex, hypesthesia of the left T6-T10 and S1 dermatomes but no paresis. The L5 dermatome
presented petechial efflorescence (c, d). The EMG of the gastrognemius muscle confirmed chronic denervation as a sign
of a radicular lesion probably caused by the disc herniation of the S1 root. However, prolonged tibial somatosensory
evoked potential, hypesthesia of the thoracic dermatomes as well as the dermatomal efflorescence suggested an addi-
tional neurological disorder. The suspected diagnosis of a herpes associated myelitis was confirmed by pathological anti-
body titers against herpes zoster virus, and increased cell count (65/pl) and protein level (1.66 g/1) in the CSF. The patient
was treated with acyclovir (i.v. application over 5 days and continued oral medication for 3 months). Three months later
the pain had completely subsided and the patient regained full neurological function.
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Peripheral neurological disorders may mimic radiculopathy and should be dif-
ferentiated by the neurological examination and complementary neurophysio-
logical tests.

For example, polyneuropathy can cause similar symptoms to lumbar stenosis.
While the clinical examination might not be sensitive enough to distinguish
between both disorders, neurophysiological testing (nerve conduction and reflex
studies) can confirm the presence of a polyneuropathy. There are no reliable data
available on the prevalence of polyneuropathy in a general population and the
reported percentage ranges between 7% and 57 % [120]. About 50 % of patients
with diabetes and 60 % of patients with alcohol addiction suffer from polyneu-
ropathy, indicating the importance of an extended differential diagnosis in this
patient population when patients present with back and leg pain [32, 88, 90, 122].
Entrapment syndromes frequently show similarities to radicular syndromes.
The carpal tunnel syndrome (CTS) is the most frequent entrapment (6% in a
general population) syndrome and occurs twice as often as the compression syn-
drome of the ulnar nerve [8, 9, 27, 28, 106]. Similar in symptoms, but less com-
mon, is the thoracic outlet syndrome (TOS), occurring in not more than 1% in a
general population [79]. The counterpart of the CTS is the tarsal tunnel syn-
drome of the foot, which is much rarer than the CTS. In electromyography (EMG)
laboratories the incidence is reported to be lower than 0.5% [78, 80].

Due to the different vulnerability of specific nerve fibers and spinal cord tracts,
typical clinical syndromes are frequently observed both in degenerative and in
traumatic spinal disorders. Degenerative disorders, particularly spinal stenosis
and disc herniation, most frequently occur in the cervical and lumbar spinal seg-
ments due to the biomechanical spine properties (anatomical characteristics) and
dynamic/static forces acting on these segments. While a cervical spinal stenosis
can result in cervical myelopathy with clinical signs of impaired longitudinal
tracts (spasticity of lower limbs, numbness of feet), lumbar spinal stenosis can
affect the cauda equina causing neurogenic claudication. Radiculopathies are
mainly due to disc herniation and to hypertrophic facet joints. The most frequent
cervical radicular lesion is the radiculopathy of C5 and C6, whereas in lumbar
radiculopathy the L5 and S1 roots are most frequently involved [17, 38, 102, 128].
Furthermore, in 16 % of patients (study of 585 patients screened in a regional UK
clinical neuroscience center) with a non-traumatic para- or tetraparesis, a meta-
static or primary spinal tumor could be diagnosed [82, 112].

Traumatic spinal disorders (e.g. spinal cord injury, SCI) are mainly caused
[30] by:

motor vehicle accidents (40 -50%)

sports accidents and falls (20-30%)
assaults (gunshot and stabbing) (5-20%)
occupational injuries (10-20%)

Patients suffering from traumatic SCI are mainly young (average age 38 years)
and male (male:female ratio = 4:1), while there is a second age peak between 60
and 80 years due to predominantly falling injuries [30, 34, 39, 56, 100, 118, 124].
The incidence of traumatic SCI (10 -30/million) varies between countries with a
slightly higher number of incomplete SCI and tetraplegia versus paraplegia (for
reference see: www.spinalcord.uab.edu). While spontaneous (osteoporotic) com-
pression fractures of the vertebral column rarely show neurological deficit, burst
fractures of the cervical and thoracic spine are commonly associated with severe
neurological deficits [4, 12, 21, 71, 72, 119].

In patients with SCI, the cervical vertebral column is the most frequently
injured spine segment resulting in incomplete tetraplegia in 34.3 % and complete
tetraplegia in 22.1% of cases.

Chapter 11

Always differentiate
radiculopathy and
peripheral neuropathy

Entrapment syndromes
are easily confused
with radiculopathy

The C5, C6, L5 and S1 nerve
roots are most frequently
affected

About 55% of patients with
SCl suffer from tetraplegia
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In mid-thoracic traumatic fractures, patients mainly suffer from complete para-
plegia while fractures at the thoracic-lumbar junction show an incomplete lesion
in more than half of the patients [42, 119].

Anatomy and Somatotopic Background

The spinal cord represents the only connection of neurological structures

between body and brain for the conduction of motor, sensory and sympathetic-

autonomous information. The parasympathetic innervation bypasses the spinal

cord via the vagal nerve originating from the brainstem. Longitudinally oriented

spinal tracts (white matter) surround central areas (gray matter) where neuronal

The cell bodies of the  cell bodies are located (Fig. 1). Sensory axons entering the dorsal part of the spi-

motoneurons are located  nal cord originate in the dorsal root ganglia, which are located outside the spinal

in the gray matter ~ cord. Along with the motor axons originating from the central part of the spinal

cord, they leave the spinal segment through the intervertebral foramen at every

segment. Furthermore, it is important to realize that the motor synapses between

the first and the second motoneurons are located in the ventral part of the gray

The cell bodies of the  matter (alpha-motoneuron), whereas the neuronal cell bodies of the peripheral

sensory neurons are located ~ sensory neuron are situated in the dorsal root ganglion within the intervertebral
in the dorsal root ganglion  foramen.

In the cervical spine there is one pair of cervical nerve roots more than verte-
brae bodies. Therefore, the anatomic relationship changes at the cervicothoracic
junction. While in the cervical spine the C4 nerve root exits the C3/4 foramen, the
L4 nerve root exits the L4/5 foramen in the lumbar spine. In the cervical spine,
the cell bodies of the alpha-motoneuron are located approximately one level
higher than the exiting nerve root. This is of clinical relevance as focal damage to
the anterior spinal cord can cause a more distal deficit than one would expect
from the location [25]. Essential anatomical landmarks of the somatotopic orga-
nization of the spinal cord are:

fasciculus gracilis
position, vibration, light touch

fasciculus cuneatus
y : position, vibration, light touch
/_/_ _\-H"‘—_—‘--\.\"—

ST

S

L \ . . .
T — .\ [at. corticospinal (pyramidal) tract
: ~  skilled movement

post.spinocerebellar tract
{(Flechsig's fasciculus)
proprioception

lat. spinothalamic tract

ant. spinocerebellar tract :
pain, temperature

{Gower's column)
proprioception

motoneurons of the ventral horn

ant. spinothalamic tract
pressure

ant. corticospinal (pyramidal) tract
skilled movement

S = sacral segments

L =lumbar segments
T =thoracic segments
C = cervical segments

Figure 1. Somatotopic organization of the spinal cord
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o the posterior column containing sensory nerve tracts conducting position
sense (proprioception) and awareness of deep pressure

o the ventrolateral column contains spinothalamic tracts for the sensation of
pain and temperature

o the posterior-lateral tract transmitting voluntary motor control through the
pyramidal tract

Classification

A straightforward differentiation of neurological impairment is related to the
cause and onset of the disorders and basically distinguishes between:

e traumatic injuries
® non-traumatic disorders

Spinal disorders can further be differentiated with regard to the affected neuro-
nal structures, i.e.:

e central (CNS) nervous system
e peripheral (PNS) nervous system

A CNS lesion indicates a compromise of the brain or spinal cord, i.e. longitudinal
spinal tracts. In contrast, a PNS lesion includes impairment of all the neural
structures outlying the spinal cord, i.e. ventral nerve roots and cauda equina
nerve fibers within the spinal canal. Therefore, a lesion of the conus medullaris
with degeneration of the alpha-motoneurons or the cauda equina shows typical
clinical findings of PNS involvement while a lesion higher within the spinal cord
mainly presents as a central sensorimotor deficit.

Non-traumatic spinal disorders can be differentiated as listed in Table 1.

Focal compression syndromes of the spinal cord in degenerative disorders are
predominantly localized at the cervical and lumbar spinal level [3, 6, 92, 115].
Here, the spine has to cope with the highest biomechanical stress (a high range of
motion and being under great strain during daily activities) and is prone to
develop a degenerative stenosis resulting either in cervical myelopathy or lumbar
spinal canal stenosis and neurogenic claudication. Furthermore, the cervical spi-
nal canal can show a congenitally reduced diameter with increased vulnerability
to degeneration or even minimal cervical trauma with severe neurological
sequelae [107, 115, 130]. Cervical spinal canal stenosis due to obliterating hyper-
trophy of the occipital posterior longitudinal ligament (OPLL) and less frequently
in the thoracic spine can also induce spinal cord compression even in younger
patients [48, 53, 77, 129]. Spine tumors of different etiology (intra- or extradural)
and dignity always have to be considered in patients assumed to suffer from spinal
disorders [1, 44, 66, 81]. Spinal hemorrhages predominantly occur acutely/spon-
taneously in patients undergoing anticoagulation treatment, or suffering from
tumors or arteriovenous malformations [37, 58, 83, 91, 114, 116, 126]. While spine
compression, tumors and hemorrhages can be reliably diagnosed by imaging
(preferably by MRI), the ischemic, infectious, and degenerative disorders need a
thorough work-up to conclude the specific diagnosis [10, 46].

Specifically in cases with atypical presentation, disorders other than those of
the spinal cord have to be considered in the differential diagnosis. Similarly, in
older and multi-morbidity patients, peripheral nerve disorders can be confused
with spinal cord disorders and have to be specifically addressed. In patients with
a slowly developing polyneuritis, an increasing motor weakness, reduction of
walking distance and occurring pain can mimic a lumbar spinal stenosis, while
neurophysiological testing can be applied to distinguish between both disorders.

Chapter 11

Focal compression
syndromes predominantly
occur in the cervical

or lumbar spine

In atypical cases also
consider non-spinal
differential diagnosis
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Table 1. Classification of non-traumatic neurological syndromes

Impaired neuro-
logical structure

Spinal cord
compression

Spinal cord tumor

Spinal hemorrhage

Ischemic spinal cord
lesion

Demyelinating
disorders

Infectious myelitis

Physical myelopathy

Hereditary/sporadic
degeneration of
spinal pathways

A mismatch of clinical find-
ings and imaging studies
must prompt a thorough
neurological assessment

Cause of impairment

e disc herniation

e congenital cervical stenosis
e degenerative cervical stenosis

e ossification of the posterior
longitudinal ligament (OPLL)

® |umbar spinal canal stenosis

e extramedullary intradural tumor (neuri-
noma, meningeoma, schwannoma)

e extramedullary extradural (metastases,
lymphoma)

e intramedullary tumor (ependymoma,
astrocytoma)

® spontaneous hemorrhage (AV malfor-
mation, cavernoma, anticoagulation)

e ischemia of anterior spinal artery
(arteria sulcocommissuralis)

e spinal cord malacia (arteria radicularis
magna Adamkiewics)

e AV malformation

e multiple sclerosis

e acute demyelinating encephalomyelitis
(ADEM)

® transverse myelitis

e neuromyelitis optica (Devic syndrome)

e viral (HSV, HIV, HTLV, EBV, Coxsackie
virus, echovirus, poliomyelitis)
® bacterial and fungal

e radiation/electrical spinal cord damage

e variable mutations of genes, amyotro-
phic lateral sclerosis

Patient Assessment

Major symptoms

severe pain

para-/tetraparesis

bowel/bladder dysfunction

clumsy hands with reduced dexterity
ataxic gait

bladder dysfunction micturition problems (urgency,
frequency)

pain

slowly developing myelopathy
radiculopathy (frequently)
neurogenic claudication

low back pain

pain syndromes
progressive tetra-/paraparesis

e bladder-bowel dysfunction

sudden onset
acute girdle pain
increasing tetra-/paraparesis

girdle-like pain prior to weakness
central cord syndrome
acute paraplegia

intermittent claudication

recurrent episodes or primary chronic course of
sensorimotor deficits

visual disturbance

acute onset

cerebral symptoms associated with sensorimotor
deficits (mostly after viral infection or vaccination)
acute onset with rapid and profound deficits

no clear association with viral infection or other
demyelinating CNS disorders

fulminating progressive para-/tetraplegia

loss of vision

initial girdle-like pain

progressive para- or tetraplegia
spastic spinal paralysis

e postradiation symptoms (early or late)

beginning with pain
variable syndromes

mainly associated with spastic paraplegia
variable sensory loss

muscle atrophy

bladder dysfunction

Therefore, in patients where the radiological and clinical findings are not fully in
line with the patient complaints or imaging findings, a thorough neurological

work-up should be initiated (Case Introduction). For example, the first clinical
symptom of a diabetic neuropathy can appear as a severe painful affection of the
femoral nerve with a marked paralysis of the quadriceps muscle. This symptom
can be easily confused with an L3 radiculopathy and the mismatch between an

extensive clinical picture (weakness, loss of reflexes and sensory deficit) and nor-
mally appearing lumbar imaging should indicate a further work-up.
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Figure 2. Standard neurological classification of spinal cord injuries (ASIA)

In traumatic spinal cord injury the main classification distinguishes between:

® paraplegia
® tetraplegia

The term “paraplegia” refers to the impairment or loss of motor and/or sensory
function in the thoracic, lumbar or sacral (but not cervical) neural segments
(T2-S5). Impairment or loss of motor and/or sensory function in the cervical
segments (C0-T1) is called tetraplegia. In accordance with the standard neuro-
logical classification of spinal cord injury (Fig. 2) of the American Spinal Injury
Association (ASIA), the defined muscles and sensory examination points should
be assessed for diagnosis [68].

A further differentiation is made with regard to the completeness of the lesion
as:

e complete
e incomplete

The distinction between complete and incomplete is based on the preservation of  The preservation of lower
any sensory or motor function within the last sacral segments S4-S5. The ASIA  sacral segments indicates
impairment scale (AIS) allows a further grading (Table 2) of the completeness of  an incomplete lesion

the lesion [67, 70].
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Table 2. ASIA Impairment Scale

ASIA A
ASIA B
ASIA C
ASIAD
ASIAE

Neurological syndromes
are non-specific for the
underlying pathology

Distinguish the sensory
qualities (light touch, pin
prick, proprioception)

sensory and motor complete

sensory incomplete, motor complete

sensory and motor incomplete, motor function below the level of lesion in mean M3

sensory and motor incomplete, motor function below the level of lesion in mean >M3

no relevant sensorimotor deficit, minor functional impairments of reflex-muscle tone changes

Neurological Assessment

Complementary to the physical and radiological examination of the spine, the
neurological examination focuses on identifying:

e the level of the lesion
e the extent of neural compromise

A detailed history enables an initial broad diagnosis (involvement of upper ver-
sus lower limbs, time of onset, trauma) and the neurological examination deter-
mines more precisely any possible spinal cord damage. The clinical examination
can be complemented by additional neurophysiological studies particularly
when the clinical examination is limited due to poor cooperation by the patient.
The following clinical symptoms should be distinguished by the examiner:

motor weakness

sensory deficit

altered reflexes (cave: spinal shock)

pain syndromes

autonomic functions (bowel and bladder dysfunction)

The examination can allocate the symptoms to neurological syndromes such as:

radiculopathy
polyneuropathy
myelopathy
central paresis

However, neurological syndromes are non-specific with regard to their spinal
cause, e.g. a radiculopathy can be caused by a disc herniation, an osseous spur, or
a synovial facet joint cyst. From a practical point of view, it is reasonable to differ-
entiate the assessment of patients with and without trauma and the course of
symptom onset (acute versus slowly progressive). This differentiation is not
always self-evident and has to be specifically identified.

Pain

Pain is the most frequently complained of symptom which can lead one to the
impaired neurological structure [49, 95, 108]. The pathophysiology and diagnos-
tic assessment of pain are covered in Chapters 5 and 40 .

Sensory Deficits

Although multiple sensory qualities (heat-cold, pain, touch, pressure, static and
dynamic two-point discrimination, vibration sensation) can be distinguished,
the examination of:

e light touch
e pinprick
® proprioception
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is most frequently applied in clinical practice to assess spinal cord dysfunction
[13, 41, 51, 62, 84, 89, 99, 101]. While the light touch sensation assesses the per-
ception of touch as applied by the finger or cotton wool, the pinprick sensation
identifies the ability to sense a sharp needle tip. The latter function is transmitted
via the spinothalamic spinal pathway and the actual examination does not pro-
duce different levels of pain. The key is that the patient identifies a sharp sensa-
tion, which is not necessarily painful. The vibration sense is reliably tested with
a tuning fork that allows different grades of vibration recognition to be distin-
guished [45, 86, 98, 99].

It is important to be aware that particularly incomplete lesions of the spinal
cord can cause more diffuse distributed sensory deficits whereas radicular and
peripheral lesions result in circumscribed changes. Patients with cervical mye-
lopathy often complain of pain, clumsiness and numbness of the whole hands
and/or feet.

In ischemic lesions of the central part of the spinal cord, the predominant clin-
ical finding is an impairment of pain and temperature sensation. In such cases,
sensation to touch remains preserved while pain and temperature sensation is
abolished, which is typically distributed in a segmental pattern. The affection of
the posterior column as induced by a B}, hypovitaminosis or rarely due to trauma
causes a reduction of the vibration sense with predominant gait disturbance.

Motor Deficits

The differentiation of the causes of muscle weakness can sometimes cause diag-
nostic difficulties. In general the following lesions should be distinguished:

® peripheral lesion
e radicular lesion
e central lesion

The muscle force should be assessed according to a standardized protocol either
following the guidelines of the British Medical Research Council or as modified
by the ASIA Standards (see Chapter 8 ) [70].

A monoparesis of upper or lower limbs is frequently caused by a plexus lesion.
Radicular lesions are typically associated with pain emanating into the respective
dermatomes and show paresis of the innervated muscles. The differentiation
between radicular and peripheral nerve lesion is sometimes difficult (see below).

A painless atrophy of hand or foot muscle always demands a neurological
work-up and an extended differential diagnosis has to be considered:

amyotrophic lateral sclerosis

spinal muscular atrophy

myelopathy

neuropathy (hereditary motor neuropathies)

Reflex Deficits

The clinical examination of upper and lower limbs as well as sacral reflexes is
mandatory in the assessment of spinal disorders. Reflexes are not only helpful in
defining the level of lesion but also in distinguishing acute versus chronic
changes. Besides the muscle tendon reflexes, various signs (Figs. 3, 4) and muscle
tone testing (clonus, stiffness) are used to screen for pyramidal tract or conus
lesions [5, 18, 23, 36, 43, 54, 64, 75, 85, 104, 127].

Chapter 11

Consider central lesions in
diffuse/dissociated sensory
deficits

Painless muscle atrophy
demands a detailed
neurological differential
diagnosis

Screen for central lesions
using reflex assessments
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Figure 3. Signs (reflexes) indicating pyramidal tract lesions

a Babinski sign. b Oppenheim sign. ¢ Gordon sign. d Rossolimo sign. e Tromner sign. f Hoffmann sign. The Hoffmann and
Tromner signs can be observed in healthy individuals with hyperexcitability and are only pathologic if they occur unilat-

erally or in very pronounced fashion.
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Figure 4. Polysynaptic reflexes

a The absence of the anal reflex indicates a lesion at S3-5. b Absence of the abdominal reflex indicates a lesion at T7-12
(screening test for patients with putative idiopathic scoliosis). c Absence of the bulbocavernosus reflex indicates a conus
medullaris injury. After acute spinal cord injury, the bulbocavernosus reflex can be elicted within 72 h even in spinal
shock in contrast to the lower limb tendon reflexes. Recovery of the bulbocavernosus reflex without sensory or motor
function indicates a complete spinal cord lesion. d Absence of the cremaster reflex indicates a lesion at the level of L1/2.

Gait Disorders

Gait disorder should be detailed by questioning and clinical tests. Ataxic gait with

increased danger of falls (impaired balance and ability for line walking), need for

an enlarged support base, and increased difficulty in walking in darkness are  Gait disorders must

signs of disturbed proprioception. That may be caused (with decreasing fre- bethoroughly differentiated

quency) by:
® polyneuropathy

® posterior column disorders
o cerebellar lesion
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Several clinical tests can be applied to distinguish between these disorders.

In polyneuropathy the most specific finding is a pattern of loss of reflexes and
sensory deficit in a distal and sock like distribution (below the knee and/or in the
area covered by socks) of impaired light touch sensation and reduction of proprio-
ception. The latter is clinically tested by passively moving the foot or toes up and
down and asking the blindfolded patient to describe the direction of movement.

The impairment of dorsal column function is clinically tested by Romberg’s
test. This test is named after the German neurologist Moritz Heinrich Romberg
(1795-1873).

Romberg’s test is performed in two stages:

e First, the patient stands with feet together, eyes open and hands by the sides.
® Second, the patient closes the eyes while the examiner observes for a full
minute.

Because the examiner is trying to elicit whether the patient falls when the eyes are
closed, it is advisable to stand ready to catch the falling patient. For large patients,
a strong assistant is recommended. Romberg’s test is positive if, and only if, the
following two conditions are both met:

e The patient can stand with the eyes open; and
e The patient falls when the eyes are closed.

The test is not positive if either:

e The patient falls when the eyes are open; or
e The patient sways but does not fall when the eyes are closed.

Maintaining balance while standing in the stationary position relies on intact
sensory pathways, sensorimotor integration centers and motor pathways.
The main sensory inputs are:

e joint position sense (proprioception), carried in the dorsal columns of the
spinal cord
® vision

Crucially, the brain can obtain sufficient information to maintain balance if
either the visual or the proprioceptive inputs are intact. Sensorimotor integra-
tion is carried out by the cerebellum. The first stage of the test (standing with the
eyes open) demonstrates that at least one of the two sensory pathways is intact,
and that sensorimotor integration and the motor pathway are intact. In the sec-
ond stage, the visual pathway is removed by closing the eyes. If the proprioceptive
pathway is intact, balance will be maintained. But if proprioception is defective,
both of the sensory inputs will be absent and the patient will sway then fall. Rom-
berg’s test is not a test of cerebellar function, as it is commonly misconceived.
Patients with cerebellar ataxia will generally be unable to balance even with the
eyes open: therefore, the test cannot proceed beyond the first step and no patient
with cerebellar ataxia can correctly be described as Romberg’s positive. Rather,
Romberg’s test is sensitive to an affection of the proprioception receptors and
pathways caused by sensory peripheral neuropathies (such as polyneuropathy)
or disorders of the dorsal columns of the spinal cord.

Unterberger’s stepping test is a simple means of identifying labyrinth dys-
function, which can induce vertigo and dysbalance during walking and standing.
During the clinical testing the patient is asked to perform stationary stepping for
1 min with their eyes closed and the arms lifted in front. A positive test is indi-
cated by rotational movement of the patient towards the side of the lesion.

Cerebellar dysfunction is clinically searched for by the heel-to-knee test and
the finger-to-nose test. These tests assess dysmetric and ataxic lower and upper
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limb control, which is independent from the impairment of the deep sensory sys-
tem (proprioception). Patients move the right heel to the left knee and then move
the heel with contact to the skin along the tibia bone to the ankle, or point with
the tip of the index finger to the tip of the nose (with eyes closed and then
opened). The performance of a dysmetric and ataxic movement indicates a cere-
bellar dysfunction which is not completely corrected with open eyes.

Bowel and Bladder Dysfunction

In spinal disorders, bowl and bladder dysfunction are frequently underestimated
and patients do not report these problems immediately because they do not real-
ize there is any connection with their spinal problems. Patients have to be specifi-
cally asked for changes in:

e frequency of micturition
e urgency of voiding
e any kind of urine or bowel incontinence

Asking about frequency addresses the question of whether a patient has to visit
the bathroom more frequently than they used to. Urgency describes whether a
patient is able to withhold voiding after the first desire to void or has to visit the
bathroom very quickly to avoid incontinence. Incontinence can describe a stress
incontinence where a physical activity (lifting a heavy object or coughing) that
increases the intra-abdominal pressure induces a non-voluntary urine loss or a
neurogenic bladder dysfunction with non-voluntary urine loss due to uncon-
trolled bladder activity (hyperreflexive detrusor). Besides these questions the
neurological examination of sacral segments is indispensable. After testing the
perianal sensitivity for light touch and pinprick (segments S4/S5), the sacral
reflexes, bulbocavernosus reflex (BCR) and anal reflex (AR) have to be examined
[5, 104]. Both the BCR and the AR represent the sacral segments S2-S4
(Fig. 4).

It is most important to acknowledge that the function of the bladder (detrusor
muscle) cannot be clinically assessed. The clinical diagnosis of urine retention
along with the possibility of overflow as a typical finding in an areflexive bladder
cannot be reliably distinguished from a reflex bladder activity with incontinence
by clinical inspection. Only a full urodynamic examination is able to diagnose in
detail the bladder function (areflexive versus hyperreflexive detrusor, bladder
capacity and compliance) and interaction with the sphincter functions (detrusor
sphincter dyssynergia) [29, 76, 103]. The latter test should be considered when
the clinical examination shows a pathological finding (sacral motor and reflex
disturbance) or the patient describes pathological micturition behavior.

Disorders of the Autonomic System

Deterioration of autonomous column and sympathetic fibers which are con-
ducted through the spinal cord becomes obvious in changed hidrosis. Patients
may report skin areas with increased (wheat) or reduced (dry skin) sweating
(hidrosis). However, these symptoms have to be specifically explored because
patients usually do not report these alterations spontaneously. Areas of reduced
sweating can be tested by the so-called spoon test: A teaspoon is lightly stroked
over the skin. On the line of demarcation between the normal (wheat) and
impaired (dry) skin region, the spoon has a reduced friction as the skin with
reduced hidrosis shows a lower adhesion [15, 20, 22, 74, 96, 97, 109, 121].

Chapter 11

The finger-to-nose and
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Spinal Cord Injury

For spinal cord injury (SCI), the Standard for Neurological Classification of SCI
(Fig. 2) as developed by the American Spinal Injury Association (ASIA) provides
a standardized assessment protocol that can be applied in patients with acute and
chronic traumatic SCI [67 -69].

The ASIA protocol allows important information to be obtained about the
level and extent of lesions in a reasonably short time [35, 67, 68]. It is important
to acknowledge that assigning one key muscle and one dermatome (defined by a
specific point) to represent a single spinal nerve segment is a simplification.
However, it could be shown that the ASIA testing allows for a reliable assessment
of the level and extent of lesions [73]. The neurological level refers to the lowest
segment of the spinal cord with normal sensory and motor function. Differentia-
tion between complete (ASIA A) and incomplete SCI (ASIA B-E) is given by the
absence (complete) or preservation (incomplete) of any sensory and motor func-
tion in the lowest sacral segment (S4/S5).

In the ASIA protocol, appreciation of pinprick (algesia) and of light touch
(esthesia) is scored semiquantitatively on a three point scale (absent, impaired,
normal). The dermatomal key points defined by ASIA help to perform the sen-
sory examination in a standardized form. The involvement of sacral segments is
of predictable value for neurological outcome [125].

However, the ASIA protocol is not a suitable tool with which to guide the diag-
nosis of disorders affecting extraspinal neuronal structures, e.g. polyneuropathy,
plexus lesions or other peripheral neurological lesions. Furthermore, it does not
enable central lesions of spinal cord and brain disorders to be distinguished.

A pitfall in the diagnostic assessment of SCI is exhibited by the syndrome of
spinal shock. This initial state of transient depression of spinal cord function
below the level of injury is associated with loss of:

all sensorimotor functions
flaccid paralysis

bowel and bladder dysfunction
abolished tendon reflexes

Spinal shock can last from several days to weeks. The sacral reflexes [bulbocaver-
nosus (BCR) and anal (AR) reflexes] can be reliably assessed within 72 h after
injury and can be applied to search for an involvement of the conus medullaris
and cauda equina [5, 123] (Fig. 4).

The neurophysiological examination enables valid information to be
obtained about the functional deficit of the spinal cord at an early time point after
SCI (see Chapter 12 ) [26, 55].

Spinal Cord Syndrome

Impairment of the intraspinal neural structures, i.e. the myelon and cauda
equina, results in typical clinical syndromes. These syndromes may occur with
any cause of an incomplete spinal cord lesion and describe by clinical means the
primarily affected areas of the spinal cord (Table 3).

® Brown-Séquard syndrome (spinal hemisyndrome). This is caused by the
deterioration of only half of the spinal cord and results in ipsilateral propri-
oceptive and motor loss and contralateral loss of pain and temperature per-
ception (dissociated sensitive disorder).

e central cord syndrome. This lesion affects the central gray structures of the
spinal cord with deterioration of alpha-motoneurons and the crossing
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Table 3. Spinal cord injury syndromes

Syndrome Paresis Reflexes Sensory function Vasomotor Bladder/ Frequent cause
Tendon Babinski ARand Deep Pain d‘ysfunc- el
tion
tap BCR pressure
Complete lesion
spinal shock  flaccid - +/- + - - + flaccid trauma
C1-T1 spastic tetra  ++ +/- + = = + spastic trauma
T2-T12 spastic para  ++ +/- + - - 3 spastic trauma, tumor
conus spasticand/  (+)- (+) = = = = spastic/  trauma
or flabby flaccid
cauda flaccid - - - - - - flaccid trauma, disc her-
niation
Incomplete lesion
Brown- spastic ++ ipsi-  + ipsi- + —ipsi- —contra- +/- —/spastic trauma
Séquard hemiparesis lateral lateral lateral  lateral
syndrome
central cord  spastic tetra  ++ + + +/- - + spastic ~ trauma, cervical
syndrome (flaccid pare- stenosis, syrinx,
sis of upper disc herniation,
limbs) OPLL
anterior cord  flaccid paresis — +/- + + - - spastic ischemia
syndrome
posterior cord spasticorno +/++ +/- + - + - spastic  vitamin B, defi-
syndrome paresis ciency syndrome

+ positive, ++ increased, — abolished

segmental spinothalamic fibers. The syndrome occurs most frequently in the
cervical region.

e anterior cord syndrome. This syndrome refers to the disturbance of the
anterior spinal artery with consecutive affection of the anterior part (bilat-
eral) of the cord. Thus, there is loss of motor function and of sensitivity to
pain and temperature (ventrolateral column).

® posterior cord syndrome. This syndrome occurs relatively seldom in trauma
and is more frequently seen in non-traumatic disorders (such as B, defi-
ciency). It produces primarily proprioceptive impairment as a result of
impaired posterior column.

e conus medullaris syndrome. As a result of a compromise of the conus
medullaris (sacral spinal enlargement approximately at the spinal level L1-
L2 vertebrae) and/or cauda equina (lumbar nerve roots within the spinal
canal), a distinct pattern of bladder-bowel dysfunction and lower limb
impairment can be observed. Frequently a clear distinction between conus
medullaris and/or cauda equina lesion cannot be achieved. A pure cauda
equina lesion presents a remaining areflexive bladder dysfunction with loss
of sacral reflexes (BCR and AR) and saddle anesthesia. The lower limbs
show a flaccid paresis and in time a severe muscle atrophy. A conus medulla-
ris lesion can present a mixture of flaccid and spastic symptoms of both the
bladder and lower limbs depending on the localization within the conus.
Impotence accompanies both syndromes. The extent of symptoms depends
on the degree of damage (complete or incomplete) of the conus medullaris
and cauda equina.
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Differential Diagnosis
Differentiation of Central and Peripheral Paresis

The neurological examination should not only confirm if there is any neurologi-
cal deficit but provide a somatotopic assessment of the location of the lesion. A
frequent problem is the differentiation between (Table 4):

® central paresis (spastic paresis)
e peripheral paresis (flaccid paresis)

The differentiation into spastic and flaccid paresis is one of the most significant
factors for distinguishing between central and peripheral lesions.

A flaccid paresis indicates reduced or abolished muscle tone, while spastic pare-
sis is described by increased muscle tone with resistance to passive extension, brisk
jerks and cloni. The muscle resistance is especially present in fast passive extension
and at the start of movement. In the presence of spasticity, the muscle tone should
be assessed by the adapted Ashworth score (Table 5) [93, 110, 111].

Differentiation of Radicular and Peripheral Nerve Lesions

If a peripheral lesion is assumed, differentiation of a radicular and peripheral
nerve lesion is required. Differences in the dermatomal area of the roots and
peripheral nerves as well as differences in the key muscles may be helpful. How-
ever, the sensory examination can be very challenging particularly in elderly and
young patients, as well as in patients with impaired consciousness and psychiat-
ric disorders. Also the muscle strength testing depends on the cooperation of the
patient and is influenced by pain. The somatotopic relation between nerve root
and peripheral nerve is summarized in Tables 6 and 7. Because of the similarity
of symptoms, the clinical differentiation between some radicular syndromes and
peripheral or plexus lesions can be difficult.

Table 4. Clinical differentiation of central and peripheral paresis

Central paresis

Peripheral paresis

® Dbrisk tendon reflexes, muscle cloni e diminished or absent tendon reflexes
® uni- or bilateral increased stretch reflexes and enlarged reflex zones e reduced or absent polysynaptic reflexes
e pathological reflexes (Babinski sign, Gordon and Oppenheimer ® no evidence of pathological reflexes

reflexes), uni- and/or bilateral

® increased muscle tone

® para- or hemi-like distribution of motor deficit

e flaccid muscle tone
e distribution related to peripheral nerve inner-
vation

e spinal lesions from C1 to L1 (conus medullaris) ® |esions below L2

Table 5. Assessment of spasticity

Ashworth score Degree of muscle tone

0 ® no increase in muscle tone

1 e slight increase in muscle tone, manifested by a catch and release or
by minimal resistance at the end of the range of motion when the
affected part(s) is moved in flexion or extension

2 e slight increase in muscle tone, manifested by a catch, followed by
minimal resistance throughout the reminder (less than half) of the
ROM

3 e more marked increase in muscle tone through most of the ROM, but
affected part(s) easily moved

4 e considerable increase in muscle tone passive, movement difficult

5 o affected part(s) rigid in flexion or extension
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Table 6. Peripheral and segmental innervation of upper extremity muscles

Muscles of the shoulder
trapezius

latissimus dorsi
rhomboids

levator scapulae

serratus posterior
(superior and inferior)

deltoideus
supraspinatus
infraspinatus
teres minor
teres major
subscapularis

Muscles of the arm

biceps brachii

brachialis

coracobrachialis

triceps brachii

anconeus

pronator teres

flexor carpi radialis
palmaris longus

flexor digitorum superficialis
flexor carpi ulnaris

flexor digitorum profundus

flexor pollicis longus
pronator quadratus
brachioradialis

extensor carpi radialis longus
extensor carpi radialis brevis
extensor digitorum
extensor digiti minimi
extensor carpi ulnaris
extensor pollicis longus
extensor indicis longus
abductor pollicis longus
extensor pollicis brevis
supinator muscle

Muscles of the hand
palmaris brevis
abductor pollicis brevis
opponens pollicis
flexor pollicis brevis

adductor pollicis
lumbricales

abductor digiti minimi
flexor digiti minimi brevis
opponens digiti minimi
palmaris brevis
interosseous

According to Sobotta [113]

Peripheral innervation

accessory n.
thoracodorsal n.
dorsal scapular n.
dorsal scapular n.
thoracic n.s

axillary n.
suprascapular n.
suprascapular n.
axillary n.
subscapular n.
subscapular n.

musculocutaneous n.
musculocutaneous n.
musculocutaneous n.
radial n.

radial n.

median n.

median n.

median n.

median n.

ulnar n.

ulnar n. (ulnar side)
median n. (radial side)

anterior interosseous branch of median n.
anterior interosseous branch of median n.

radial n.

radial n.

radial n.

deep branch of radial n.
deep branch of radial n.
deep branch of radial n.
deep branch of radial n.
deep branch of radial n.
deep branch of radial n.
deep branch of radial n.
deep branch of radial n.

superficial branch of ulnar n.
median n.
median n.

median n. (superficial head)
ulnar n. (deep head)

deep palmar branch of ulnar n.

median n. (15t and 2"9)
ulnar n. (3 and 4th)

deep palmar branch of ulnar n.
deep palmar branch of ulnar n.
deep palmar branch of ulnar n.
deep palmar branch of ulnar n.
deep palmar branch of ulnar n.

Segmental
innervation

-4
C6-8
5
G-5
T1-12

C5-6
C4-6
C4-6
C5-6
C5-6
C5-6

c5-7
c5-7
c5-7
Cc7-8
Cc7-8
C6-7
C6-7
C6-7
Cc7-T
C8-T1
C8-T1

C8-T1
C8-T1
C5-6
C6-7
C6-7
C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C6

C8-T1
C8-T1
C8-T1
C8-T1

C8-T1
C8-T1

C8-T1
C8-T1
C8-T1
C8-T1
C8-T1

Chapter 11
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Table 7. Peripheral and segmental innervation of lower extremity muscles

Peripheral innervation Segmental
innervation

Muscles of the hip and thigh
iliopsoas e muscular branch of the lumbar plexus o L1-4
sartorius e femoral n. e |2-3
quadriceps e femoral n. e |2-4
pectineus e femoral n. e 2-4
adductor longus ® anterior branch of obturator n. e |2-4
adductor brevis ® anterior branch of obturator n. e |2-4
gracilis ® anterior branch of obturator n. e |2-4
obturator externus ® anterior branch of obturator n. e |3-4
adductor magnus ® posterior branch of obturator n. e |2-4

e tibial part of sciatic n. e |4-51
gluteus maximus e inferior gluteal n. e |5-51
gluteus medius e superior gluteal n. e [4-51
gluteus minimus e superior gluteal n. e [4-S1
tensor fascia lata ® superior gluteal n. e [4-S1
piriformis e 1tand 2" sacral n.s ® S1-2
obturatus internus ® n. to obturator internus e |5-S2
gemelli ® n. to obturator internus ® |5-S2
quadratus femoris ® n. to quadratus femoris ® |5-S2
Muscles of the leg
biceps femoris e tibial portion of the sciatic n. (long head) e S1-3

e peroneal portion of the sciatic n. (short ® |5-S2

head)

semitendinosus e tibial portion of the sciatic n. e |5-S2
semimembranosus e tibial portion of the sciatic n. ® |5-S2
tibialis anterior e deep peroneal n. e [ 4-51
extensor hallucis longus e deep peroneal n. e [4-51
extensor digitorum longus ® deep peroneal n. e [4-51
triceps surae e tibial n. e S1-2
soleus e tibial n. e S1-2
plantaris e tibial n. e S1-2
popliteus e tibial n. e [4-S1
tibialis posterior e tibial n. e |5-S1
flexor digitorum longus e tibial n. e |5-S1
flexor hallucis longus e tibial n. e |5-S1
peroneus longus e superficial peroneal n. e [4-S1
peroneus brevis e superficial peroneal n. e [4-S1
Muscles of the foot
extensor digitorum brevis e deep peroneal n. e [5-S1
extensor hallucis brevis e deep peroneal n. e [5-S1
abductor hallucis e medial plantar n. e [5-S1
flexor hallucis e medial plantar n. e |5-S1
adductor hallucis e |ateral plantar n. e S2-3
abductor digiti minimi e |ateral plantar n. ® S2-3
flexor digiti minimi e |ateral plantar n. e S2-3
opponens digiti minimi o |ateral plantar n. e S2-3
flexor digitorum brevis e medial plantar n. e |5-S1
quadratus plantae e |ateral plantar n. e S2-3
interossei e |ateral plantar n. e S1-2

According to Sobotta [113]
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Radiculopathies

Chapter 11

The clinical presentations of the radicular syndromes are summarized in Table 8.
The exact differentiation between radicular and peripheral nerve damage may
demand neurophysiological studies, i.e. EMG to show denervation of root- and/
or nerve-specific muscles as well as neurography to exclude conduction delay of
the peripheral nerve. Entrapment syndromes are an important differential diag-
nosis of radicular lesions. Knowledge of the characteristic symptoms is manda-
tory (Table 9).

C5 Radiculopathy

In contrast to an isolated lesion of the musculocutaneous nerve, a C5 lesion
causes not only a paresis of the biceps muscle, but also of the scapular muscle

Table 8. Radicular syndromes and differential diagnosis

Root
C1-4

(€)

c6

c7

C8-T1

L2

L3

L4

L5

S1

S2

S3

S4-5

Dermatome

neck and collar

lateral shoulder

lateral arm and
thumb

dorsum of shoulder
and arm into the
long finger

medial arm into
ulnar two digits

inguinal ligament

medial femoral and
knee

lateral femoral and
medial shank

lateral shank

dorsal shank, along
heel into fifth digit
of foot

dorsal femoral

proximal medial
femoral

perineum

Muscle

neck muscles
diaphragm (parado-
xic abdominal mus-
cle movements)

deltoid muscle

extensors of hand,
flexors of elbow

triceps, wrist flexors,
finger extensors

intrinsic hand
muscles

iliopsoas

femoral adductors,
vastus medialis of
quadriceps muscle

vastus lateralis of
quadriceps muscle

tibialis anterior
muscle

gastrocnemius
muscle

ischiocrural muscles

bulbocavernosus
muscle and anal
sphincter

bulbocavernosus
muscle and anal
sphincter

Reflex

® biceps reflex

® biceps reflex
® brachioradial
reflex

o triceps reflex

e Tromner’s reflex

® cremaster reflex

e adductor reflex

e patellar reflex

e tibialis posterior
reflex

e Achilles tendon
reflex

® biceps femoris
reflex

® bulbocavernosus
and anal reflex

® bulbocavernosus
and anal reflex

Important differential diagnoses

lung carcinoma

neuritis of brachial plexus
lymphoma

thymome

frozen shoulder

Erb’s palsy

neuralgic amyotrophy of the shoulder
palsy of axillary nerve

carpal tunnel syndrome
radial nerve palsy

musculocutaneous nerve palsy

palsy of posterior interosseus nerve,
brachial plexus paralysis (middle part)

palsy of anterior interosseus nerve
brachial plexus paralysis (Klumpke type)
thoracic outlet syndrome

ulnar palsy

femoral palsy
hip osteoarthritis
pelvic disorder (i.e. psoas muscle)

paralysis of obturator nerve

pelvic disorder (aseptic necrosis of
symphysis)

hip osteoarthritis

paralysis of femoral nerve

peroneal paralysis

tibial paralysis

tarsal tunnel syndrome
sciatic pain syndrome

palsy of cutaneus posterior femoral
nerve (sacral plexus)

palsy of clunium medii
palsy of anococcygei nerves (coccygeal
plexus)
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Table 9. Frequent entrapment syndromes

Syndrome

Carpal tunnel syndrome

Sulcus ulnaris syndrome

Thoracic outlet syndrome

Fibularis syndrome

Tarsal tunnel syndrome

Findings

® pain of hand and forearm, frequently at night (antebrachialgia nocturna)
hypesthesia of digits 1 to 3 including the radial side of digit 4
paresis and atrophy of the thenar muscles
positive Tinnel sign over the carpal tunnel

e numbness of digits 4 and 5
paretic intrinsic hand muscles and hypothenar muscles
positive Tinnel sign over the ulnar sulcus

® paresis of the intrinsic hand muscles
worsening of symptoms by elevating the shoulder
frequently associated with cervical rip or ligamental hypertrophy
pain of hand and forearm

® paretic foot elevation
numbness of the dorsal foot
often history of repeating pressure over the fibular caput

® paresis of short foot muscles
numbness of the plantar foot
atrophy of abductor hallucis muscle

group (supra- and infraspinatus, teres major and minor muscles). The sensory
deficits of a C5 radiculopathy are located at the posterolateral upper arm while
the musculocutaneous nerve also innervates the ventral aspects (see Chap-
ter 8).

C6 Radiculopathy

The sensory deficits in a C6 lesion may mimic median nerve lesion. However, in
median nerve lesion neither is the biceps tendon reflex (BTR) diminished nor the
biceps muscle paretic. Similarly, the middle finger is typically not involved in a
C6 hypesthesia but in a median nerve lesion.

C8/T1 Radiculopathy

This radiculopathy must be distinguished from an ulnar nerve lesion. In C8/T1
radiculopathy, the ulnar side of the forearm is hypesthesic and all intrinsic hand
muscles are affected. The ulnar nerve is mostly compressed within the sulcus,
resulting in paresis of the hypothenar and only those intrinsic hand muscles
innervated by the ulnar nerve. The sensory deficit affects the two ulnar fingers.

L3/4 Radiculopathy

In a neuropathy of the femoral nerve and in L3/4 radiculopathy, the patellar ten-
don reflex (PTR) is reduced or abolished with a predominant weakness of the
quadriceps muscles. However, detailed testing in femoral nerve neuropathy
shows a sensory deficit restricted to the ventral aspect of the thigh with paralysis
of hip flexion (iliopsoas muscle) while in L3/4 radiculopathy the sensory deficit
is extended to the medial site and below the knee with weakness of the thigh
adduction (adductor muscles).

L5 Radiculopathy

Paresis of foot elevation can be due to a L5 radiculopathy and/or a lesion of the
peroneal nerve (see Chapter 8, Case Introduction). Clinical differentiation is
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possible by proving the hip abduction, which is also affected in a L5 radiculopa-
thy with weakness of the gluteal muscles (gluteus medius, tensor fasciae latae).

S1 Radiculopathy

In suspected S1 radiculopathy, damage of the tibial nerve, e.g. tibial tunnel syn-
drome or partial sciatic lesion, has to be excluded. While S1 radiculopathy is sig-
naled by diminished Achilles tendon reflex and weak foot extension, the tibial
nerve affection involves the toe and ankle extensor muscles while the peroneal
nerve lesion shows paresis of the toe and ankle flexor muscles.

Differential Diagnosis of Spinal Cord Compression Syndromes

This group of syndromes is due to obliteration of the spinal canal resulting in
compression of the neural structures. Both cervical and lumbar stenosis fre-
quently originate from degenerative (secondary) changes of the spine. Also a
congenitally narrow spinal canal (primary spinal canal stenosis) can be present,
which exposes the patient to an increased risk of compression syndromes and a
greater danger of neuronal damage in minor spine trauma. In Asian people (e.g.
Japanese individuals), an ossified posterior longitudinal ligament (OPLL) can
cause spinal cord compression, which is only rarely described in Caucasian peo-
ple. Although all compression syndromes present with distinct symptoms, dif-
ferential diagnosis from other disorders is mandatory in equivocal cases
(Table 10).
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Table 10. Spinal cord compression syndromes

Compression syndrome  Symptoms Differential diagnosis
Cervical stenosis ® clumsy painful hands e multiple sclerosis
e disturbed fine motor skills e Myelitis
e imbalance of gait ® B, hypovitaminosis
® numb feet ® spinal tumors
® urinary urgency e polyneuropathy (PNP)
® arteriovenous malformations
Thoracic stenosis e lower limb sensory deficit e disc herniation (often calcified)
® thoracic sensory level e OPLL
® spastic paraparesis ® arteriovenous malformations
® bladder-bowel dysfunction ® spinal tumors

Lumbar stenosis tired legs and weakness on walking

vascular claudication

e |umbar pain on walking ® spinal metastasis
® pain relief during sitting, lying and forward e polyneuropathy
bending
Cauda equina syndrome severe leg pain e cauda equina radiculitis (Elsberg’s syndrome)
flaccid paraparesis e |esion of pelvic plexus

sensory loss of legs
urinary and bowel incontinence
saddle anesthesia

Miscellaneous Differential Diagnoses

Neurovascular Disorders

Non-traumatic acute paraplegia may be due to spinal ischemic or hemorrhagic
disorders. Typically, the first symptom is girdle-like pain in the dermatome refer-
ring to the involved level. Thereafter, motor paresis and sensory deficits appear,
mostly within minutes to a few hours. A very special but not so uncommon disor-

Girdle-like pain may be an
initial symptom of a spinal
ischemic or hemorrhagic
disorder
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der is the spinal decompression syndrome, which can be seen in scuba divers.
When the time requirement for decompression after deep diving is not ade-
quately followed (decompression sickness), microembolisms of non-resolved
nitrogen gas emboli can obstruct small branches of the anterior spinal artery and
cause a spinal ischemia. This can induce an anterior/central cord syndrome or
even complete SCI and represents one of the most serious complications in div-
ing [2, 19, 57, 59, 87]. In contrast hemorrhagic disorders are mostly based on
arteriovenous malformation or spontaneous spinal bleeding in patients with
anticoagulation treatment and often result in complete paraplegia.

Neurodegenerative Disorders

Based on its frequency, multiple sclerosis is the most important differential diag-
nosis in suspected disorder of the spinal cord. Increased reflexes, ataxia, numb-
ness and paresis of limbs and bladder dysfunction can occur in both multiple
sclerosis and myelopathy. However, the presence of MRI signal changes (white
spots in T2 weighted images) in the brain and of the spinal cord without or with
only minor spinal cord compression indicating neurodegenerative-immunologic
disorders should be taken into the differential diagnosis. The definitive differen-
tial diagnosis demands further diagnostics, particularly the examination of
evoked potentials and the CSF [14, 50, 52, 63, 94].

Also very rare neurodegenerative disorders, e.g. amyotrophic lateral sclerosis
(ALS), in combination with minor degenerative spinal disorders can potentially
mimic a spinal disorder.

Inflammatory Disorders

A number of infectious diseases can be associated with myelitis. Various viruses,
i.e. herpes virus, human immune deficiency virus or poliomyelitis, may affect the
spinal cord, roots or peripheral nerves. With regard to the opportunities for ther-
apy, the diagnosis of a bacterial or viral infection of the spinal cord is particularly
important. Inflammatory disorders are often associated with systemic signs of
infection such as fever or respiratory infection and can show cutaneous efflores-
cences particularly in herpes zoster infection (Case Introduction). In patients
with assumed herpes zoster infection, immediate treatment with antiviral medi-
cation (acyclovir) is recommended.

Epidemiology. Even though neurological symp-
toms in spinal disorders are not frequent, the neu-
rological examination is most important for the
planning of further diagnostic assessments and
therapy. In contrast to patients with traumatic spi-
nal disorders, who are mainly young patients suffer-
ing from non-traumatic spinal disorders, most pa-
tients are elderly. The most frequently involved
nerve roots are C5, C6, L5 and S1. In SCl about 45 %
of patients suffer from tetraplegia.

Classification. Neurological symptoms should be
related to the involved neural structures and differ-

entiate lesions of the central and peripheral ner-
vous system. Depending on the impaired spinal
segments, spinal cord injury is classified as paraple-
gia or tetraplegia and complete or incomplete.

Pathogenesis. Traumatic and non-traumatic spinal
lesions are distinguished while the neurological
symptoms are non-specific to the cause of lesion.
Therefore, in spinal disorders with unknown pathol-
ogy, a broad differential diagnosis has to be consid-
ered. In patients with acute onset of symptoms, spi-
nal, radicular and peripheral nerve disorders should
be distinguished.
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Clinical presentation. The medical history focuses
on the time of onset and duration of actual com-
plaints, dependence on physical activities as well as
other disorders that might impact spinal cord func-
tion. Radicular and peripheral lesions mostly cause
localized pain, muscle paresis and sensory disor-
ders in the related dermatomes. In contrast, deteri-
oration of spinal cord function results in more bilat-
eral and complex symptoms (impaired upper limb —
hand function, gait disorder, bladder and bow! dys-
function). Duration of symptoms is important for
the definition of etiology and urgency of therapy
(e.g. cauda equina syndrome). While acute trau-
matic disorders are most obviously degenerative,
metabolic and infectious diseases have be consid-
ered carefully.

Neurological examination. In spinal disorders it is
absolutely mandatory to exclude any neurological
lesions. Depending on the neurological deficit, fur-
ther diagnostic assessments should be initiated. To
assure a timely and thorough assessment, the clinical
examination has to follow an appointed algorithm.

After observing the gait, proprioceptive reflexes
and pathologic reflexes have to be assessed. In
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peripheral lesions, proprioceptive reflexes are absent
or diminished, while in central lesions they might be
increased (cave: spinal shock). Pathological reflexes
indicate central (spinal and supraspinal) lesions.
Motor strength is subdivided into six grades
(M0-M5), and key muscles both for radicular and
spinal lesions should be examined. The muscle
tonus has to be tested to differentiate spasticity
(modified Ashworth scale 1-5) from flabby paresis.
Subsequently, a sensory examination for touch and
pinprick sensation is performed. Impairment of pos-
terior column is diagnosed by assessing the sense of
vibration. Deterioration of sympathetic fibers
appears in changed hidrosis. In every case with or
without complained of bladder or bowel dysfunc-
tion, the sacral segments have to be examined.
However, the neurological examination is not sensi-
tive to the assessment of autonomic disorders (blad-
der, bowl, sexual and cardiovascular dysfunction). In
SCl the ASIA protocol enables the neurological
examination to be performed in a standardized form.
Further neurological tests depend on the results of
the clinical examination (detailed examination of
hand function, exclusion of cerebral damage,
peripheral nerve lesion, etc.).
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Core Messages

v’ Neurophysiological investigations go beyond
electromyographic recordings

v’ Evoked potentials (motor and sensory) allow
for the assessment of spinal fiber tracts

v Electromyography and nerve conduction
studies focus on the peripheral nerves

v Electrodiagnostics distinguish between acute
nerve damage and preexisting neuropathies

v Neurophysiological reflex studies provide

Armin Curt, Uta Kliesch

v Intraoperative monitoring improves neuropro-
tection in scoliosis surgery

v Electrodiagnostics predict clinical recovery in
spinal cord injury (SCI)

v’ Subclinical spinal cord impairment can be
objectified by neurophysiological recordings

v Electrodiagnostics confirm the clinical rele-
vance of spinal cord pathologies exposed by
neuroimages (morphological description by CT

additional information about clinical reflexes or MR)

Historical Background

The history of electrodiagnostics started in the 17-18th centuries with the dis-
covery in frogs that stroking a nerve generates a muscle contraction (Jan Swam-
merdam, 1637 - 1680) and the development by Alessandro Volta (1745-1827) of
the first device to produce electricity and to stimulate muscles (the term “volt” is
named in his honor). Luigi Galvani (1737-1798) made the first approaches to
neurophysiology by applying electrical stimulation to muscular tissue and
recording muscle contractions and force. The proof of electrical activity in vol-
untary muscle contractions was demonstrated in 1843 by Carlo Matteucci
(1811-1868) in frogs and by Emil Du Bois-Reymond (1818-1896) in humans.
This was the basis for the term “electromyography” (EMG). Following Charles
Sherrington’s (1857 -1952) proposal of the concept of the motor unit in 1925 and
the invention of the concentric needle electrode by E.D. Adrian and D.E. Bronk in
1929, the clinical application of electrophysiological observations was developed
[23]. Finally, Herbert Jasper (1906 -1999) developed the first electromyography
machine at McGill University (Montreal Neurological Institute), marking the
broad introduction of EMG into clinical practice [3].

The assessment of spinal pathways has been made possible by the introduc-
tion of somatosensory evoked potential (SSEP) recording since 1970 [the first
guidelines for SSEPs by the American Association of Electrodiagnostic Medicine
(AAEM) were released in 1984] and motor evoked potential (MEP) recording
from about 20 years ago. In 1980, P.A. Merton and M.H. Morton published the
first study on the stimulation of the cerebral cortex in the intact human subject
[28]. Anthony Barker at the University of Sheffield introduced a device for trans-
cranial magnetic stimulation (TMS) as a new clinical tool for non-invasive and
painless stimulation of the cerebral cortex [9]. Using the principle that a time-

Electrical activity within
the muscle is recorded
by electromyography

Evoked potentials allow
for online surveillance
of spinal cord function
during surgery
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varying magnetic field will induce an electrical field for the activation of excit-
atory neurons enables MEPs to be recorded from several muscles.
Intraoperative In the late 1970s, intraoperative neuromonitoring using SSEPs during the cor-
neuromonitoring started  rection of scoliosis was introduced, while recording using MEPs due to electrical
in the late 1970s  stimulation was introduced in the mid 1990s [14].

Neuroanatomy

The spinal cord covers  In spinal disorders, an involvement of the central (CNS) and/or peripheral (PNS)
upper and lower  nervous systems has to be considered [35]. While radiculopathies and lesions of
motoneuron pathways  the cauda equina exclusively affect branches of the PNS (radicular motor and
sensory nerve fibers), spinal disorders inducing spinal cord malfunction almost
always compromise both CNS and PNS structures. The alpha-motoneuron
located in the central part of the spinal cord (ventral horn of the gray matter) rep-
resents the most proximal part of the peripheral motor fibers. Motor fibers from
the alpha-motoneuron up to the motor endplates in the muscles constitute the
secondary motor pathways, and lesions within this system show characteristic
(clinical and electrophysiological) findings of a PNS lesion (lower motoneuron),
e.g., flaccid weakness with muscle atrophy and signs of neurogenic denervation.
In contrast, the peripheral sensory nerve fibers originate at the dorsal root gan-
glion, which is located outside the spinal canal. Therefore, in contrast to the
motor fibers, even severe intramedullary lesions do not affect the peripheral
branch of the sensory nerve fibers, and sensory nerve conduction studies remain

normal.
Severity of SCl is related The somatotopic organization (Fig. 1) of the longitudinal as-/descending spi-
to localization, somatotopic  nal tracts (corticospinal, dorsal column, spinothalamic) allows the differentia-
extent and completeness  tion of the axial distribution of a lesion affecting more the anterior, posterior or
of the lesion  central part of the cord, as well as the hemicord or total cord [24]. The sagittal
localization and extension of a lesion are represented in the affection of motor
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Figure 1. Somatotopic organization of the spinal cord
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and sensory segments and can be demonstrated by the affected motor levels
(extent of segments with denervation) as assessed by EMG. It has to be acknowl-
edged that the intramedullary segments are more rostrally located than the
related nerve roots and the alpha-motoneurons are distributed in columns over
several segments.

Neurophysiological Modalities

The purpose of this section is not to provide detailed technical and procedural
descriptions but to outline the general indications (strengths) of the specific
techniques and their limitations (weaknesses) in answering clinical questions.
The section aims to give guidance about the various electrophysiological tech-
niques and enables the correct technique to be chosen for the diagnostic assess-
ment of a spinal disorder with an assumed or obvious neurological affection.

Electromyography

Electromyography (EMG) is one of the most frequently applied electrophysiolog-
ical techniques in spinal disorders and the term “EMG” is often almost synony-
mously used when asking for electrophysiological testing. It is the modality of
choice for identification of a lesion within the peripheral nervous system affect-
ing the lower motoneuron at any level (from the alpha-motoneuron within the
spinal cord down to the distal motor endplates located in the muscle).

Technique

Needle and surface EMG recordings should be distinguished. Surface EMG
recordings (cup electrodes attached to the skin) are primarily used for kinesiolo-
gical studies (when investigating to what extent a muscle is activated during a
complex motor task, such as walking) (Fig. 2), while needle EMG recordings are
used to search for lower motoneuron lesions. They are performed with bi- or
monopolar needles that have to be inserted into the target muscle. The insertion
induces some discomfort comparable to when taking blood. It is an invasive pro-
cedure and therefore the specific indications and contraindications (anticoagula-
tion treatment) need to be acknowledged. The EMG records the electrical activ-
ity within a muscle and is applied in the resting and activated muscle (some
cooperation from the patient is needed). Besides the proof of a neurogenic lesion,
myogenic motor disorders (myopathy, myotonic and muscle dystrophic disor-
ders) can also be diagnosed [19, 25, 29].

Indications

In spinal disorders, EMG is the method of choice for the identification of damage
within the peripheral motor nerve fibers (highest sensitivity). However, the
delay between the time of the actual damage and the first signs of denervation
(acute denervation potentials occur after a mean of 21 days) must be considered.
Also the activation pattern (complete or reduced interference) assessed during
voluntary activation (here the patient needs to cooperate and perform a volun-
tary activation) can be applied as soon as the very first few days after a lesion to
disclose a pathological innervation. The performance of EMG in several muscles
allows the specific localization of the nerve damage (somatotopic localization of
alesion) to be indicated and for the differentiation of acute, subacute and chronic
axonal damage (denervation). EMG is also the method of choice for the demon-

Chapter 12

EMG is the modality

of choice for the diagnosis
of a peripheral nervous
lesion

Signs of denervation in EMG
are temporarily delayed
while innervation patterns
change immediately
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Figure 2. Electromyography

Spontaneous muscle activity is recorded at the target muscles.

stration of neurogenic reinnervation (subacute to chronic reinnervation pat-
tern).

Limitations

The extent of axonal nerve  Spinal disorders with demyelination of motor nerve fibers (very slowly evolving
damage and reinnervation  neural compression as in benign tumor or stenosis) are less assessable by EMG.
is difficult to quantify ~ The extent of axonal nerve damage and reinnervation cannot be easily quantified
by EMG. Needle EMG recordings provide some discomfort (which can be pain-

ful) for patients.

Nerve Conduction Studies

Motor and sensory nerve conduction studies (NCS) assess the conduction veloc-
ity (mainly properties provided by the myelination of peripheral nerves) and
amount of impulse transmission (axonal transport capacity). These parameters
distinguish between a primarily axonal and/or demyelinating neuropathy, which
cannot be achieved by the clinical examination. Frequently NCS are combined
with reflex recordings that provide additional information about changes in
nerve conduction.
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response proximal
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Figure 3. Nerve conduction studies

The nerve conduction velocity (NCV) is calculated dividing the distance between the stimulation points by the conduc-

tion time between these points.

Technique

Electrical stimulations (Fig. 3) applied along the peripheral nerve branch (distal
to proximal) and recordings by surface electrodes at the distal motor or sensory
site allow for the assessment of responses separately and for the calculation of
nerve conduction velocities (expressed in meters per second) by measuring the
distance [8, 20]. The compound muscle action potential (CMAP, in millivolts)
and the sensory action potential (in microvolts) are calculated to assess the axo-
nal nerve integrity.

Indications

Nerve conduction studies are primarily indicated in conditions assumed to affect
the peripheral nerves (damage or disorders of the plexus, peripheral nerves,
compartment syndromes, polyneuropathy), while they are not applicable for the
diagnosis of a radiculopathy [34]. NCS are the method of choice for the diagnosis
of a peripheral neuropathy (e.g., diabetic neuropathy) or nerve compression syn-
drome (carpal tunnel syndrome). They are very sensitive in demonstrating and
quantifying a conus medullaris and cauda equina lesion (i.e., when combined
with reflex recordings). However, isolated damage of S2-S5 roots can be missed.
In spinal cord injury (SCI), intramedullary alpha-motoneuron damage induces
areduction of the CMAP of the related peripheral nerves, while the sensory NCS

response distal
stimulation

NCS are indicated for the
diagnosis of peripheral
neuropathy but not
radiculopathy
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F-waves cannot assess the
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remains normal (a pattern which is able to exclude additional peripheral nerve
injury). As sensory NCS in contrast to the motor NCS remain unaffected in spinal
cord injuries, they enable the assessment of polyneuropathy in complete cauda
and conus medullaris lesions.

Limitations

The characteristic signs of acute nerve damage appear with a delay of about
10 days after damage (however, this is earlier than signs of denervation in the
EMG), and single recordings do not enable the acuteness of damage to be demon-
strated. Here, the EMG recordings are able to distinguish between an acute and
chronic course of nerve damage due to specific denervation potentials, which is
not possible by NCS. Changes in NCS allow the differentiation between primar-
ily demyelinating and axonal neuropathies, which are typically neuronal com-
plications in medical disorders (e.g., neuropathy due to diabetes mellitus or ure-
mia) but cannot be used to determine the underlying disorder.

F-Wave Recordings

F-wave recordings are not considered to be reflexes since only the motor
branches of a peripheral nerve become involved. They are not mediated via a
reflex arc where sensory and motor fibers are involved, like the tendon tap that
induces an afferent input on the spindle organ (stretch of muscle) and an excita-
tion of motoneurons in the spinal cord with an efferent motor response (the
muscle jerk is the reflex response).

Technique

The electrical stimulation of a peripheral nerve induces a bidirectional electrical
volley with a direct motor response (M-response of the orthodromic volley)
(Fig. 4) and an antidromic volley propagating to the alpha-motoneuron, inducing
an efferent motor response which travels back on the peripheral motor nerve
fibers. This response is called the F-wave. The patient should be in a relaxed posi-
tion without activation of the muscle.

Indications

F-wave recordings assess the alpha-motoneuron excitability and conduction
velocity of the peripheral motor branch [10, 22]. The excitability of F-wave
responses (expressed as a percentage of F-wave responses to 20 stimuli) can be
applied to diagnose the level of spinal shock as they become abolished or
reduced. They are sensitive to demyelinating motor neuropathies (e.g., diabetes
mellitus) and complement NCS.

Limitations

F-waves are not sensitive enough to assess the extent of intramedullary and
peripheral axonal nerve damage (no quantification of damage). The responses
are not related to spasticity and are recordable only in some motor nerves (ulnar,
median, tibial nerves).
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The F-wave is elicited by antidromic excitation of motor axons and reflexion of this excitation at the motoneuron. The

M-response is elicited by direct orthodromic excitation of the motor axon.

H-Reflex

The H-reflex recording is an electrophysiological investigation comparable to the
tendon-tap reflexes. This segmental reflex is activated by an afferent sensory
stimulus (electrical stimulation of the tibial nerve) and a monosynaptic trans-
mission to the corresponding efferent motoneuron (Fig. 5) [6, 7].

Technique

By submaximal electrical stimulation of a nerve, sensory afferents induce a
monosynaptically transmitted excitation of the corresponding alpha-motoneu-
ron and an indirect motor response can be recorded by surface electrodes. The
patient should be in a relaxed position without activation of the muscle.

Indications

The excitability and calculation of the tibial nerve H-reflex latency is a sensitive
measure in neuropathy and for the assessment of disturbance within the L5-S1
nerve roots. The H-reflex is less affected by spinal shock (it is reestablished
within 24 h after SCI) than clinical reflexes and the F-wave.

The H-reflex provides
information about
sensorimotor interaction
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The H-reflex is elicited by excitation of low-threshold la-afferent nerve fibers which then excite the motoneuron mono-
synaptically (indirect response). The M-response is elicited by direct orthodromic excitation of the motor axon when
using stronger stimulation intensity (indirect response).

The H-reflex can only be
recorded from n. tibialis

Limitations

The H-reflex recording per se is not able to distinguish between sensory or motor
nerve damage as the response is dependent on the whole reflex arc. It has to be
acknowledged that the reflex response can be modulated by several conditioning
maneuvers (Jendrassik maneuver) that are able to influence spinal excitability.
Clinically reliable H-reflex recordings are only achievable from the tibial nerves.

Somatosensory Evoked Potentials

Somatosensory evoked potentials (SSEPs) enable the assessment of sensory
nerve function across very long pathways through the body. By stimulation of
distant body parts (distal peripheral nerves or dermatomes), nerve impulses are
transmitted through parts of the peripheral and central nervous system and
responses can be recorded at the cortical level. The additional recording of
responses at different sites of the pathways (at the proximal segments of the
peripheral nerve or the plexus, and even at different levels of the spinal cord) can
be performed to localize the area or segment of the nerve affection. SSEPs do not
represent one single type of sensory fiber but are most closely related to vibra-
tion and proprioception. These sensory qualities are propagated by the dorsal
column within the spinal cord.
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Figure 6. Somatosensory evoked potentials

SSEPs are elicted by peripheral stimulation of afferent nerves (e.g. n. tibialis, n. ulnaris) and recorded as stimulus-synchro-
nized averaged brain activity.

Technique

SSEPs (Fig. 6) are cortical responses to repetitive electrical stimulations of
peripheral nerves that can be recorded without the necessary cooperation of the
patient (emergency, intraoperative) and can provide a survey of the sensory
pathway from very distal to the cortical level [36, 37]. The recordings can be per-
formed using surface electrodes, the electrical stimulations are below the level of
painful sensation and the responses represent averages of 100 and more stimula-
tions.

Indications

Superior to clinical sensory testing, SSEPs provide objective measures (latencies  SSEPs assess damage
and amplitudes) of dorsal column function and complement the subjective of the dorsal column
responses of patients to sensory testing. Especially in patients who are unable to

cooperate sufficiently with difficult sensory tests or in whom due to a language

barrier reliable clinical testing is not possible, SSEPs complement the clinical

examination. Repeated measures are valuable for describing even minor changes

within the sensory nerve fibers. In spinal disorders with nerve compression (spi-

nal tumor or stenosis), even in clinically unsuspicious patients SSEPs can yield

pathological findings. The responses are only minimally influenced by medica-

tion.
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Limitations

SSEP recordings are not sensitive enough to assess specific sensory deficits. They
do not explicitly prove whether touch or pinprick sensation is affected, although
the excitability of an SSEP response in a patient reporting complete sensory loss
is proof that some sensory function is preserved. SSEP recordings do not relate
specifically to pain syndromes, which are one of the leading clinical syndromes
in spinal disorders.

Motor Evoked Potentials (Transcranial Magnetic Stimulation)

Motor evoked potentials (MEPs) comparable to SSEPs are able to assess the whole
motor pathways from the cortical level down to the distal muscle and therefore
are affected in lesions of the peripheral (peripheral nerve, plexus) and central
(spinal, cortical) nervous system.

Technique

In awake subjects, transcranial magnetic stimulation (TMS) enables non-pain-
ful excitation of cortical motoneurons to induce MEPs transmitted by the corti-
cospinal tract of the spinal cord and obtained from several muscles by surface
electrodes (Fig. 7) [15, 18]. Patients are required to cooperate with the examina-
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Figure 7. Motor evoked potentials

Transcranial magnetic stimul

ation at the skull level leads to excitation of motor cortical neurons which is conveyed to the

spinal motoneurons. The excitation is recorded at the level of target muscles.
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tion while they are asked to perform a small preactivation of the target muscle.
Using the latter procedure, responses can be retrieved with a lower stimulation
threshold and reliable latencies can be calculated to demonstrate delayed
responses.

Indications

In addition to clinical motor testing (according to MRC grades), latencies and
amplitudes can be obtained for an objective quantification of the conduction
velocity and amount of response. MEP recordings are the method of choice for
demonstrating subclinical affections of the corticospinal motor tracts that are
less evident from clinical testing. The application of combined MEPs and motor
NCS can be performed to distinguish between spinal and peripheral affection of
the motor nerve fibers.

Limitations

The results obtained are not directly related to the clinical motor strength, and
MEP responses show a high variability of amplitude. Patients need to cooperate
with the testing. In patients suffering from epilepsy or having intracranial ferro-
magnetic devices, TMS should be performed only with strict indications.

Intraoperative Neuromonitoring

Intraoperative neuromonitoring is used for real-time surveillance of nerve func-
tion during spine surgery. Especially postsurgical neurological complications
such as paralysis are mainly due to an impaired vascular supply of the spinal cord
that cannot be controlled by the spine surgeon. Therefore, continuous monitor-
ing of sensory and motor nerve function ensures that the surgical manipulations
(suture of vessels or vascular compression due to stretching/correction of the
spine) do not compromise the mandatory blood supply for the maintenance of
nerve function. Especially in corrections of spinal deformities and during opera-
tions on spinal tumors, intraoperative neuromonitoring is able to improve surgi-
cal outcome.

Technique

In anesthetized patients, SSEPs and MEPs can be recorded to monitor spinal cord
function during spine surgery [5, 21, 31]. Mainly needle electrodes (at the corti-
cal level and muscles) are applied to ensure low impedance and reliable fixation
during surgery. During anesthesia MEPs are routinely evoked by transcranial
electrical (high voltage) stimulation with single or short train stimuli. While
SSEPs are averaged responses, MEPs are retrieved as single recordings.

Indications

In spinal deformity surgery and in tumor surgery of the spine, intraoperative
neuromonitoring of the spinal cord is a recommended procedure to provide a
high level of safety for the patient and to give some guiding information to the
surgeon. In spinal cord injury the relevance of neuromonitoring has not been
established.
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Limitations

The performance of intraoperative neuromonitoring requires a commitment of
time (preparation of the setting) along with special equipment and trained staff.
It has been shown that surgical teams using neuromonitoring have reduced the
rate of neurological complications by more than 50% [32]. However, even with
spinal neuromonitoring some neurological complications can occur.

Role of Neurophysiology in Specific Disorders

Given the complexity of neuronal functions within and close to the spine (spinal
cord, radical nerve fibers, plexus, peripheral nerves), there is no single electro-
physiological measurement capable of being applied for testing, and combined
measures need to be used. The required combination should be determined by a
neurophysiologist, and the spine specialist should know the potential strengths
and weaknesses of the different neurophysiological assessments.

Spinal Cord Injury

In traumatic disorders of the spine, neurological deficits are primarily examined
according to the ASIA protocol, which allows for standardized assessment of sen-
sorimotor deficit by describing the level and completeness of the SCI [17]. In
patients not able to cooperate with a full clinical assessment, neurophysiological
recordings can overcome this limitation and provide additional quantitative
measures about spinal cord function.

Strengths
Complementary to the clinical examination, neurophysiological recordings:

® objectify the neuronal damage (mainly independently of patient contribu-
tion) [11, 16, 27]

e describe the extent of spinal cord dysfunction in a superior manner to neu-
roimaging

e improve diagnosis and prognosis for treatment and rehabilitation [12]

e monitor the input of clinical treatment to the neural structures [13]

Weaknesses

The performance of neurophysiological recordings requires time and therefore
needs to be carefully integrated into the clinical diagnosis and therapeutic proce-
dures. There is also the need for specialized staff and equipment.

Cervical/Lumbar Radiculopathy

Radiculopathy due to disc protrusion is the most frequent spinal disorder and
can be clinically diagnosed in cases with typical presentation without any addi-
tional neurophysiological recordings. However, in less typical cases or in the
presence of additional accompanying neurological and medical disorders, EMG
recordings are the method of choice for objectifying a radiculopathy of the motor
nerve fibers.



Neurophysiological Investigations

Strengths

EMG recordings can be applied at all levels of radiculopathy. Using the needle
EMG examination, the corresponding radicular muscles can be investigated:

® to objectify a motor radiculopathy

® to examine distal (extremities) or proximal (paraspinal) EMGs

® to exclude neuropathies that can mimic comparable pain syndromes (plexo-
pathy)

® to reveal signs of reinnervation

Weaknesses
The following shortcomings of EMG recordings have to be acknowledged:

e EMG is not capable of documenting a pure sensory radiculopathy

e A normal EMG does not exclude a nerve compromise (i.e., severe pain in a
radiculopathy) that has not yet induced motor nerve damage

e EMQG is not applicable in anticoagulated patients

Cervical Myelopathy

Cervical myelopathy mainly is combined nerve damage within the spinal cord
including: (1) affection of longitudinal pathways (dorsal column and corticospi-
nal motor tract), and (2) segmental damage of the gray matter (alpha-motoneu-
ron lesion). Predominantly patients complain about numbness of fingers, hands
and feet, as well as unspecific difficulties in walking. These complaints can be
easily misinterpreted as a neuropathic disorder.

Strengths

Combined neurophysiological recordings provide the opportunity to objectify
and quantify a neuronal compromise at the cervical level and:

e distinguish between focal demyelination of longitudinal pathways (MEP,
SSEP) and gray matter damage (CMAP, EMG) [30, 33]

e confirm that a stenotic area with or without an intramedullary signal change
can be related to the presented neurological deficit

® exclude that in mainly elderly people neuropathies become misdiagnosed

Weaknesses

Comparable to the poor correlation of radiological findings (extent and type of
spinal canal stenosis) to clinical complaints:

® electrophysiological findings do not show a strong correlation with the
extent of clinical complaints

o the specificity of neurophysiological recordings is reduced in combined spi-
nal and peripheral nerve disorders

Lumbar Spinal Canal Stenosis

In typical clinical cases, the diagnosis of a neurogenic claudication is based on a
combined clinical and radiological (CT, MRI) examination. With the increase in
the elderly population and due to the improved techniques for identifying lum-
bar spinal canal stenosis, the extent of surgery performed due to neurogenic
claudication has dramatically increased in the last 20 years.
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Strengths

The combination of radiological, clinical and neurophysiological testing is
improving diagnostic sensitivity and specificity. In atypical presentation of the
disorder or in patients with other accompanying diseases:

e the affection of nerve function at the stenotic area can be disclosed and
quantified [2, 4]

e neuropathies can be excluded that can induce similar pain syndromes
(numbness of feet due to peripheral neuropathy) [1, 26]

Weaknesses

Comparable to cervical stenosis there is only a low correlation of the radiological
findings (extent and type of spinal canal stenosis) to the clinical complaints

e electrophysiological findings are not correlated to the extent of clinical
complaints

e in combined spinal and peripheral nerve disorders the specificity of the
neurophysiological recordings is reduced

Neurophysiology in Differential Diagnosis

Not only in the population of elderly patients do several differential diagnoses
have to be considered but especially when the complaints are demonstrated in an
atypical presentation.

Peripheral Nerve Lesion Versus Radiculopathy

Damage to the nerve roots presents in a radicular distribution (see Chapters 8,

11) of sensory (dermatome) and motor (myotome) deficits, and electrophysio-
logical measurements are able to distinguish a peripheral nerve affection from a
radiculopathy. A peripheral nerve lesion, like the compression of the peroneal
nerve close to the fibula head, induces pathological findings in NCS (conduction
failure with reduced or even abolished CMAP) and pathological EMG findings in
the distal muscles innervated by the peroneal nerve; while a complete motor L5
radiculopathy shows no NCS pathology but produces pathological EMG findings
(signs of denervation) in both the distal (anterior tibial muscle) and the proximal
(gluteus medius, paravertebral muscles) L5 innervated muscles.

Neuropathy Versus Spinal Canal Stenosis

A polyneuropathy can mimic complaints similar to spinal canal stenosis (both
lumbar and cervical) with numbness and some weakness mainly in the lower
limbs. Also numbness of the fingers can be due to PNP, cervical myelopathy or
carpal tunnel syndrome. Atypically presented complaints should indicate that
combined SSEP and NCS recordings be performed, which are able to distinguish
between these disorders. In spinal canal stenosis the peripheral nerve conduc-
tion velocity of the related nerves remains normal while the SSEP recordings
become delayed due to a slowing within the spinal cord.
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Neuropathy
Four major forms of neuropathy can be distinguished:

® sensorimotor neuropathy
® autonomic neuropathy
e mononeuropathy

® polyneuropathy

The most common form is diabetic peripheral neuropathy, which mainly affects
the feet and legs. Neuropathic pain is common in cancer as a direct result of the
cancer in peripheral nerves (e.g., compression by a tumor), as a side effect of
many chemotherapy drugs, and renal disorders. Neuropathy often results in
numbness, and abnormal sensations called dysesthesia and allodynia that occur
either spontaneously or in reaction to external stimuli. Neuropathic pain is usu-
ally perceived as a steady burning and/or “pins and needles” and/or “electric
shock” sensations.

Nerve entrapment syndromes are mononeuropathies which usually affect
middle-aged and elderly patients. In patients suffering from atypical pain syn-
dromes of the upper limbs, carpal tunnel syndrome (CTS) should be excluded. A
thoracic outlet syndrome (TOS) and peripheral nerve compression at the elbow
or the loge de Guyon can confuse the clinical diagnosis. While typical representa-
tions of these entrapment syndromes do not cause any particular clinical prob-
lems in diagnosis, atypical cases can be challenging. Nerve conduction studies
are the method of choice for objectifying a nerve entrapment and are able to
identify the localization of nerve compression.

Myopathy and Myotonic Disorders

In patients with walking difficulties and pain and fatigue after walking short dis-
tances, muscle disorders also have to be considered. Myopathies are neuromus-
cular disorders in which the primary symptom is muscle weakness due to dys-
function of muscle fibers but frequently present symptoms of muscle cramps,
stiffness, and spasm. Congenital myopathies (mitochondrial myopathies, myog-
lobinurias) and muscular dystrophies (progressive weakness in voluntary mus-
cles, sometimes evident at birth) are distinguished from acquired myopathies
(dermatomyositis, myositis ossificans, polymyositis, inclusion body myositis).
Neuromyotonias are characterized by alternating episodes of twitching and stiff-
ness, while the stiff-man syndrome presents episodes of rigidity and reflex
spasms that can be life threatening. EMG recordings are most sensitive for identi-
fying myopathic disorders and are complemented by blood and biopsy work-ups
for the specification of the disorder.

Hereditary and Neurodegenerative Disease

Neurogenic spine deformities are frequently seen in juvenile neuromuscular dis-
orders (hereditary sensorimotor neuropathies, e.g., Charcot-Marie-Tooth neu-
ropathy, spinal muscle atrophy, hereditary myopathies), and electrodiagnostic
assessments are mandatory when the underlying clinical disorder has not yet
been identified. In adults, spinal deformities can develop due to neurodegenera-
tive diseases [rarely in amyotrophic lateral sclerosis (ALS), atypical Parkinson’s
syndrome with trunk instability], and it is mandatory to define the pathology as
this should have an impact on the surgical approach. In these disorders com-
bined electrophysiological recordings are applied to assess alpha-motoneuron or
peripheral nerve affections.
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Neurophysiological modalities. The techniques
and standards of clinical neurophysiological meth-
ods provide the capability to assess different com-
ponents of the peripheral and central nervous sys-
tems. Besides the well-known EMG, several record-
ings are available that address very specific ques-
tions. Therefore, it is important to consider that
combined electrodiagnostic recordings have to be
applied to evaluate the different neuronal struc-
tures and functions. As spinal disorders are actually
on the borderline between central (spinal) and pe-
ripheral (radicular, conus cauda) neuronal ele-
ments, the neurophysiological assessments need to
cover these areas. Neurophysiological assessments
only complement the clinical neurological exami-
nation and are intended to provide information
that is not or is less precisely retrievable by clinical
testing. These assessments in general do not aim to
evaluate complex body functions, like walking and
hand function, but to objectify the function of
neuronal subcomponents (conduction velocity of
nerve fibers) that contributes to the major function,
as well as to improve the somatotopic localization
of nerve damage.

Specific spinal disorders. The neurophysiological
investigations should be specifically targeted to
the assumed or evident spine disorders to identify
and quantify the neuronal damage. In disorders
that compromise the spinal cord or radicular nerves

Key Articles

but have not yet induced structural damage, the
neurophysiological recordings will not indicate any
suspected disorder although the patients can be
suffering from severe pain. Vice versa, in patients
with only minor clinical complaints the neurophysi-
ological recordings can reveal already advanced
neural damage. Therefore, the main goal for neuro-
physiological recordings is to objectify whether a
radiologically exposed pathological finding is re-
lated to assumed neuronal damage or to prove the
presence of a neuronal compromise although the
radiological findings are unsuspicious. In patients
suffering from complex and/or multiple disorders
the neurophysiological recordings can give confi-
dence about the relevance of a pathological finding.

Neurophysiology for differential diagnosis. The dif-
ferent neurophysiological recordings allow for the
diagnosis of a huge variety of neuronal diseases that
have to be considered in spinal disorders. As record-
ing the evoked potentials (SSEPs, MEPs) allows for
the assessment of spinal cord function, EMG and
nerve conduction studies focus on the peripheral
nervous system and distinguish between the affec-
tion of motor and sensory fibers. These techniques
enable the localization of injury and the distinction
to be made between primary demyelination and ax-
onal damage. The recordings can be utilized for fol-
low-up recordings to monitor both the progression
and the recovery from an injury/disorder.

Merton PA, Morton MH (1980) Stimulation of the cerebral cortex in the intact human
subject. Nature 285:227

Landmark paper introducing transcranial magnetic stimulation for the assessment of
motor pathways of the central nervous system in the awake human subject.

Forbes HJ, Allan PW, Waller CS, Jones SJ, Edgar MA, Webb PJ, Ransford AO (1991) Spinal
cord monitoring in scoliosis surgery. Experience in 1168 cases. ] Bone Joint Surg (Br)
73B:487-91

First proof of the significance of intraoperative neuromonitoring in scoliosis surgery to
reduce postoperative neurological deficits.

Owen JH, Sponseller PD, Szymanski J, Hurdle M (1995) Efficacy of multimodality spinal
cord monitoring during surgery for neuromuscular scoliosis. Spine 20:1480 - 88

This study demonstrated the improvement of neuromonitoring by the application of
combined recordings.

de Noordhout AM, Rapisarda G, Bogacz D, Gerard P, De Pasqua V, Pennisi G, Delawaide
PJ (1999) Corticomotoneuronal synaptic connections in normal man: an electrophysio-
logical study. Brain 122:1327 - 1340

This study showed that direct cortico-motoneuronal connections can be assessed by
motor evoked potentials.
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Jones KE, Lyons M, Bawa P, Lemon RN (1994) Recruitment order of motoneurons during
functional tasks. Exp Brain Res 100(3):503 - 508

This paper showed the ability to assess different types of motoneurons in humans by the
performance of specific motor tasks.

Yamada T (2000) Neuroanatomic substrates of lower extremity somatosensory evoked
potentials. J Clin Neurophysiol 17(3):269-79

This paper summarizes the technical issues and the clinical indication of tibial SSEPs, as
well as the pitfalls that have to be considered for the application in diagnostics of neuro-
logical and spine disorders.

Angel RW, Hofmann WW (1963) The H reflex in normal, spastic, and rigid subjects.
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Landmark paper introducing the H-reflex for clinical diagnostics.
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Core Messages

v’ Preoperative planning of the procedure is key ¢’ Use an image intensifier or radiographic control

to surgical success to avoid wrong level surgery
v An in-depth knowledge of the surgical anat- v’ A profound anatomical knowledge of screw tra-
omy is a prerequisite for successful surgery jectories is a prerequisite for safe spinal stabili-
v’ Detailed anatomical knowledge helps to avoid zation techniques
serious complications v’ Computer assisted surgery does not compen-
v/ Optimal patient positioning is essential to facili- sate for insufficient anatomical knowledge and
tate the approach and avoid complications can be dangerous in inexperienced hands

Surgery and Planning

Successful surgery always starts with a detailed preoperative planning of the
intervention. Although as simple as it is obvious, a profound knowledge of the
surgical anatomy is the prerequisite to achieving the goals of surgery and helping
to avoid serious complications. Surgery is a three-dimensional process and none
of the excellent but two-dimensional textbooks can substitute for anatomical dis-
section studies. The surgeon must always consider possible complications which
may require extending the surgical approach or changing the approach site, i.e. a
change from posterior to anterior or from one body cavity to another. This neces-
sity regularly occurs and the surgeon needs to be prepared or to arrange for a
more experienced surgeon to be on hand in case help is needed.

Great care should also be taken to position the patient correctly on the operat-
ing table to avoid pressure sores, neural peripheral nerve compression, or pres-
sure on the eyes, which can result in blindness [33, 37, 48, 69]. Insufficient prone
positioning of a patient (compressed abdomen) can result in excessive epidural
bleeding, which may prevent a successful neural decompression. Some elderly
patients have reduced shoulder mobility and are unable to abduct and externally
rotate the arm. This can cause a significant problem when positioning the patient
prone for, e.g. posterior decompression surgery.

This chapter does not substitute for an in-depth study of anatomical or surgi-
cal textbooks with detailed descriptions of the surgical anatomy or techniques
but aims to review and summarize the most frequently used surgical approaches
to the spine.

Anterior Medial Approach to Cervical Spine

The anterior medial approach to the cervical spine was introduced in the late
1950s by Cauchoix [13] and Southwick [63]. This approach has become the gold

Surgery starts with detailed
preoperative planning

Patient positioning
is key to an excellent
outcome

The anteromedial approach
is within anatomical planes
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standard for the surgical access to the lower cervical spine. It is the most anatomi-
cal approach because it accesses the spine through anatomical planes with mini-
mal collateral soft tissue damage.

Indications

The anterior medial approach to the cervical spine is indicated in cases with a
spinal pathology between C3 and T1. However, the anterocaudal surface of the
axis can also be reached, which is of relevance in the case of an anterior screw fix-
ation stabilizing a dens fracture. In slim patients with a long neck, the approach
can be extended even down to T2. In these cases, a lateral radiograph should be
performed prior to surgery to explore the feasibility of the approach (Table 1):

Table 1. Indications for the anteromedial approach (C3-T1)

e disc herniation e cervical fracture/instability
e spondylotic radiculopathy e dens fractures

e spondylotic myelopathy ® tumors

e spinal deformities (anterior release) ® infections

Patient Positioning

Before positioning the patient, the decision has to be made whether the anterome-
dial approach is carried out from the left or the right side. Some right-handed sur-
geons prefer the right-sided approach for convenience. The left-sided approach is
associated with a lower frequency of recurrent laryngeal nerve lesions particu-
larly for the approach to the distal (C6-T1) cervical spine [17, 47, 53].

The patient is best positioned on a horseshoe type headrest with the head in
extension. The shoulders and arms (parallel to the body) are pulled caudally with
broad nylon tapes over the acromion to expose as much of the spine as possible for
lateral imaging and verification of the level. To allow for this trapping, a footrest

Figure 1. Patient positioning for anterior cervical spine surgery
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should be used; otherwise the patient slides down the operating table. In case of
cervical fractures, a Gardner-Wells extension can be used simultaneously (Fig. 1).

Surgical Exposure
Landmarks for Skin Incision

The incision is parallel to the anterior border of the sternocleidomastoideus
muscle for multilevel pathology and allows a wide exposure. In cases of one or
two level surgery, a transverse incision along a skin fold allows for a minimal
access surgery and a better cosmetic result. The horizontal skin incision should
be centered directly over the pathology. Anatomical landmarks guiding the
placement of the incision are (Fig. 2a):

angle/lower border of the mandible (C2)
hyoid bone (C3/4)

laryngeal prominence (C4/5)

thyroid cartilage (C5)

cricoid cartilage (C6)

manubrium sterni (T1)

However, image intensifier control is always recommended because the land-
marks can be variable.

Superficial Surgical Dissection

After dissection of the subcutaneous fat, the platysma is preferably incised longi-
tudinally, but transverse dissection is acceptable for better exposure. Underneath
the platysma, the superficial layer of the cervical fascia is dissected. The medial
border of the sternocleidomastoid muscle must be identified to guide the sur-
geon to the target anatomical plane between (Fig. 2b):

e musculovisceral column (infrahyoid muscles, esophagus, trachea) medially
® neurovascular bundle laterally (carotid artery, internal jugular vein, vagus
nerve)

The superficial branch of the ansa cervicalis (anastomosis of the transverse colli
nerve and the ramus colli of the facial nerve) is often not identifiable and is there-
fore difficult to preserve. Far lateral dissection lateral to the sternocleidomastoid
muscle should be avoided to preserve the:

® greater auricular nerve

The dense superficial layer of the cervical fascia is opened with scissors. With
small sponge sticks (peanuts) the plane is further developed. Branches of the
external jugular vein are ligated or coagulated (if small). The obliquely running
omohyoid muscle has to be retracted superiorly, inferiorly, or cut (ligated)
depending on the necessary exposure (Fig. 2c). After identifying the pulsating
carotid artery laterally, the pretracheal lamina of the cervical fascia is incised
medial to the neurovascular bundle.

Intermediate Surgical Dissection

After the opening of the pretracheal fascia, further preparation is done bluntly
with peanuts. The deep ansa cervicalis is an anastomosis of the radix inferior (C2
and C3) and radix superior (C1 and C2) and lies under the superior border of the
omohyoid muscle. The deep ansa cervicalis has to be retracted cranially or cau-
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Figure 2. Surgical anatomy of the anteromedial approach

a Landmarks for skin incision. b Cross-sectional anatomy at the level of C6. c Superficial dissection. d Intermediate surgi-
cal dissection. e Deep surgical dissection. f Deep surgical dissection with exposure of the cervicothoracic junction.

dally. For multilevel exposure of the cervical spine a dissection may be required.
Depending on the level of approach, either the superior (level C3-C4) or inferior
(level C6-C7) thyroid vein and artery have to be identified, retracted either prox-
imally or distally or dissected/ligated for multilevel exposure. For exposure of the
upper part of the cervical spine (C4-C2), care must be taken not to injure the:

e hypoglossal nerve
e superior laryngeal nerve
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The hypoglossal nerve lies medial to the vagal nerve and internal carotid artery
close to the angle of the mandible. The nerve passes from laterally to medially
and lies anterior to the lingual and facial artery (arcus hypoglossi). It reaches the
tongue muscles over the anterior border of the hypoglossal muscle. If necessary,
the lingual and facial artery (branches of the external carotid artery) can be
ligated. However, they protect the hypoglossus nerve from too much tension and
should therefore be preserved if possible. The superior laryngeal nerve lies
medial to the internal carotid artery and separates into an external ramus (con-
strictor pharyngis inferior and cricothyroid muscle) and an internal ramus to the
mucosa of the larynx (Fig. 2d).

Deep Surgical Dissection

The prevertebral fascia is exposed by retracting the musculovisceral column
medially and the neurovascular bundle laterally. During this step, injury can
occur to the:

e recurrent (inferior) laryngeal nerve

The inferior laryngeal nerve originates from the vagus nerve with a different
course for each side. While the right-sided nerve crosses around the subclavian
artery and takes a more anterolateral and vertical course, the left-sided nerve
courses around the aortic arc and reaches the musculovisceral bundle more dis-
tally. Therefore, retraction of the musculovisceral column exposes the nerve to
less tension on the left than on the right side [17, 47, 53].

After alongitudinal incision of the prevertebral fascia of the cervical spine, the
anterior longitudinal ligament is exposed in the midline. The longus colli muscle
is elevated and retracted laterally to expose the vertebral bodies and interverte-
bral discs. Too far lateral exposure under the longus colli may jeopardize the ver-
tebral artery, which usually enters the cervical spine at C6 [16, 57, 71]. The sym-
pathetic trunk lies in the prevertebral fascia in front of the longus colli muscles
and can be injured when stripped off the longus colli muscle to dissect the verte-
brae and discs (Fig. 2e). Damage to the sympathetic trunk can lead to the devel-
opment of a Horner’s syndrome (i.e. ptosis, meiosis, and anhidrosis) [47].

The distal angle of the exposure is limited by the level of the manubrium sterni
in relation to the spine. In patients with a long neck, T2 can be reached by this
approach. However, the maximum caudal exposure is limited by the great vessels
of the mediastinum, which are situated in front of T3 [25]. When exposing the
vertebral bodies and discs below C7, care must be taken not to injure the thoracic
duct and the pleura (Fig. 2f).

Wound Closure

The anterolateral approach is an anatomical approach achieved mainly by blunt
dissection, which facilitates wound closure. The wound is closed by suturing the
platysma, the subcutaneous tissue layer and the skin. Because large vessels are
being dissected and ligated, there is a risk of recurrent bleeding. Such a hema-
toma can rapidly compress the trachea and make reintubation of the patient
impossible. Therefore, a prevertebral suction drainage is mandatory, which
needs to be sutured to avoid the loss of the drainage during transfer.

Pitfalls and Complications

The most frequent pitfall in the approach to the cervical spine is the inappropri-
ate level of approach. Therefore, we recommend using an image intensifier for
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level localization. The structures at risk during this approach have been listed
above. A deleterious pitfall is the risk of unintentionally retracting the carotid
artery medially instead of laterally. Therefore, the pulse of this artery must be
palpated to ensure that the artery is indeed lateral.

The overall risk of operative complications remains small but significant [72].
In 450 cases of anterior cervical discectomy, the rates of recurrent nerve palsy
and Horner’s syndrome were 1.3 % and 1.1 %, respectively [9]. However, the true
rate of nerve root injury based on laryngoscopy is substantially higher (24 %)
[34]. Apfelbaum suggested monitoring endotracheal tube (ET) cuff pressure and
release of the pressure after retractor replacement or repositioning has been
used, which enables the ET to be recentered within the larynx [4]. The natural
history of a recurrent nerve lesion is benign [34]. Complete recovery of vocal
cord function was documented in 26 (93 %) of 28 patients who had undergone a
thyroidectomy [46]. Dysphagia is a not uncommon problem after anterior cervi-
cal spine surgery. Overall the incidence of dysphagia 2 years after anterior cervi-
cal spine surgery was 13.6 % based on the analysis of 348 cases [43]. Risk factors
for long-term dysphagia after anterior cervical spine surgery include gender,
revision surgery, and multilevel surgery. The use of instrumentation, higher lev-
els, or corpectomy versus discectomy did not significantly increase the preva-
lence of dysphagia [43]. Vertebral artery injury is a rare (0.3 %) complication in
cervical discectomy [10]. However, in a report on 185 corpectomies, the vertebral
artery was injured in four patients [18].

Posterior Approach to the Cervical Spine

The anterior and posterior approaches are both frequently used to approach the
cervical spine in a variety of disorders [58]. However, usually the anterior
approach is preferred because of the minimal collateral soft-tissue damage. The
posterior approach necessitates dissecting the neck muscles, which can be
related to persistent postoperative neck pain.

Indications

The posterior approach to the cervical spine is predominantly indicated in cases
with multisegmental degenerative changes or with craniocervical disorders
(Table 2):

Table 2. Indications for the posterior approach to the cranio-cervical-thoracic spine (CO-T)

e spondylotic radiculopathy e cervical fracture/instability
® spondylotic myelopathy e chronic dens fractures

e cervical instability in rheumatoid arthritis @ tumors

e multisegmental degenerative changes ® infections

® spinal deformities

Patient Positioning

The positioning of the patient in the prone position is best accomplished using a
Mayfield head clamp (Fig. 3). The clamp is applied before turning the patient into
the prone position. This fixation avoids pressure sores on the face, which are not
infrequent when using other types of headrest (e.g. the horseshoe type). We use
a carbon fiber clamp, which allows for anteroposterior imaging. The shoulders



Surgical Approaches Chapter 13

Figure 3. Patient positioning for posterior cervical spine surgery

Positioning of the patient with a Mayfield clamp and electrodes on the head for neuromonitoring.

and arms (parallel to the body) are pulled down using nylon tapes to expose the
cervical spine as much as possible. A footrest allows the whole table to be tilted
head up, which accommodates the surgical approach.

Surgical Exposure
Landmarks for Skin Incision
The landmarks of skin incision are:

® external occipital protuberance
® spinous processes C2-C7

The skin incision is along the midline from the external occipital protuberance
towards caudal depending on the target region. When a short level exposure is
attempted, image intensifier control is recommended to avoid unnecessary
detachment of the posterior spinal muscles (Fig. 4a).

Superficial Surgical Dissection

After skin incision and splitting of the subcutaneous tissue, the superficial surgi-
cal dissection should first identify the nuchal ligament. With a diathermy knife
the muscles are detached subperiosteally from the spinous process. The superfi-
cial muscle layer consists of (Fig. 4b):

® trapezius muscle
® posterior serratus muscle
® splenius capitis muscle
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Figure 4. Surgical anatomy of the posterior cervical approach

a Landmark for skin incision. b Superficial and intermediate muscle layers. c Exposure of the craniocervical junction with
osteotomy of the spinous process for osteoligamentous muscle detachment. d Surgical anatomy at the craniocervical

junction.

The posterior cervical
exposure can lead
to significant bleeding

The intermediate muscle layer consists of:
® semispinalis capitis muscle

After sharp detachment the muscles are pushed laterally as one conglomerate
with sponge rolls using a Cobb raspatory. Dissection of each muscle layer is
unnecessary. In some patients, heavy bleeding is encountered which has to be
borne in mind when performing this approach. Dense packing of the space
between the spinous process and the laterally retracted muscles helps to control
the bleeding. When the spine is exposed the bleeding usually stops, i.e. bleeding
vessels can easily be identified and coagulated. During the superficial dissection
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care has to be taken not to injure the greater occipital nerve (Fig. 4b), necessitat-
ing a midline approach.

Deep Surgical Dissection

For exposure of the craniocervical junction, it is recommended to osteotomize
with a chisel (or oscillating saw) the muscle insertion of the deep muscle layer from
the spinous process of C2 (Fig. 4c). The deep muscle layer consists of cranially:

® rectus capitis posterior major and minor muscle
e oblique capitis inferior muscle

and caudally:

e multifidus muscle
e semispinalis cervicis muscle

The rationale for an osseous detachment is the better refixation of these muscles
to counteract postoperative kyphosis.

When exposing the craniocervical junction (Fig. 4d), care has to be taken not
to injure the:

® vertebral artery
® second cervical nerve (greater occipital nerve)
o third cervical nerve

The vertebral artery turns around the lateral mass of the atlas from lateral to
medial and disappears into the foramen magnum through the atlanto-occipital
membrane. The second cervical nerve exits the spinal canal medial to the facet
joint, crosses that joint posteriorly in a horizontal direction and curves around the
oblique capitis inferior muscle before it runs cranially to innervate the occipital
skin. The third cervical nerve exits the foramen and separates the posterior ramus,
which runs medial to the second cervical nerve on its course to the occiput.

Wound Closure

In cases in which the insertion of the neck muscles has been detached from the
tip of the spinous process with an osteoligamentous flap, a transosseous suture of
the detached muscle is done with a slowly dissolving suture. The wound is closed
with one or two subfascial suction drainages. The fascia, subcutaneous tissue and
skin are sutured in separate layers.

Pitfalls and Complications

The vertebral artery is at risk when a sublaminar wire is passed around the arch of
Cl. It is therefore mandatory to start in the midline to subperiosteally liberate the
atlanto-occipital membrane from the bone with a blunt probe before the wire is
passed with a wire passer (Dechamps). During the exposure of the atlantoaxial
joint, the second cervical nerve is endangered because of its horizontal course over
the posterior aspect. The craniocervical junction is highly vascularized by a large
venous plexus. Blind coagulation may jeopardize the second or third cervical nerve.

Right-Sided Thoracotomy

The thoracotomy approach for the treatment of spinal disorders has been pio-
neered by Capener [12] and Hodgson [19, 31, 32]. Today, it has become a stan-
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dard approach for the treatment of thoracic spinal disorders including defor-
mity, tumor or infection. In deformity surgery, the approach is always on the
side of the apex of the curve, i.e. a right-sided thoracotomy is chosen for a right-
sided curve. In cases in which the spinal pathology does not dictate the side of
the thoracotomy, the right side is preferred because of the contralateral position
of the aorta.

Indications

The indication for a thoracotomy is a spinal pathology located between T4 and
T10 (Table 3):

Table 3. Indications for a thoracotomy (T4-T11) and thoraco-phrenico-lumbotomy (T9-L5)

e spinal deformities e thoracic fractures/instabilities
e degenerative disorders ® tumors
e infections

Patient Positioning

The patient is positioned in a left-sided decubitus position on a soft rubber mat-
tress. Alternatively, a vacuum mattress can be used which is helpful in large
patients and better stabilizes the patient. Both arms are positioned at 90 degrees
elevation and flexion of the elbow (Fig. 5a, b). The legs are positioned straight
with the right leg on top of the left leg. We use a foam rubber block with a cavity
for the lower leg. The right leg can then easily be positioned on top of the block.
The symphysis and the sacrum are supported by pads to avoid the patient rolling
over.

Surgical Exposure
Landmarks for Skin Incision

A deleterious complication is a wrong side thoracotomy. Therefore, it is manda-
tory to double-check the side of the thoracotomy at the beginning of the sur-
gery.

Furthermore, it is of great importance to center the incision over the pathol-
ogy and correctly select the target rib or the intercostal space. The relationship
between the intercostal space and the vertebral level is dependent on how oblique
or horizontal the ribs curve to the sternum (Fig. 6a). As a rule of thumb, the rib
resected determines the highest vertebral level which can be reached (e.g. resec-
tion of the 7th rib allows T7 to be reached). It best exposes the vertebra two levels
below the origin of the resected rib (e.g. resection of the 7th rib allows the best
exposure of T9). This is crucial when a mini-open exposure is attempted. Because
of the variant forms of the ribcage, we recommend checking the correct level
with an image intensifier. Nothing jeopardizes the success of an operation so
much as an inappropriate exposure.

Superficial and Intermediate Surgical Dissection

The skin incision ranges from the lateral border of the paraspinous musculature
to the sternocostal junction of the rib which has to be resected. After the incision
of the subcutaneous tissue, the latissimus dorsi muscle and the anterior serratus
muscle also have to be divided over the course of the target rib with a diathermy
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Figure 5. Patient positioning for right-sided thoracotomy

a Anterior view. b Posterior view.

knife. It is recommended to only partially transect the latissimus dorsi muscle
and lift it off the ribcage with a Hohman retractor (Fig. 6b). When exposing the
anterior part of the ribcage, care should be taken to spare the:

® long thoracic nerve (innervates the serratus muscle)

Therefore, the serratus muscle should be dissected as far distally as possible. This
is particularly important when high thoracic levels are exposed.

The periosteum of the rib is dissected in the middle of the rib and liberated
with a blunt dissector. A rib stripper is used to further liberate the rib. The rib is
cut with a rib cutter as far posteriorly and anteriorly as possible to allow for a
good exposure. When a thoracotomy is done with preservation of the rib, the
intercostal muscle layer is cut in the lower half to preserve the neurovascular
bundle which lies directly below the inferior edge.

Chapter 13
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Figure 6. Surgical anatomy for right-sided thoracotomy

a Landmark for skin incision. b Superficial dissection. c Dissection of the rib for resection. d Exposure of the anterior spi-
nal column. e Deep surgical dissection with ligation of the segmental vessels. f Insertion of a thorax drain and closure of

the thorax.
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Deep Surgical Dissection

The parietal pleura is picked up with anatomical tweezers and opened with scis-
sors. Depending on the necessary exposure, the anesthetist may then deflate the
lung. The intercostal space is widened with a rib spreader (Fig. 6d). The lung can
be covered with an abdominal towel and retracted. The anterior vertebral col-
umn becomes visible. The parietal pleura is lifted off the vertebral column with
anatomical tweezers and opened to expose the segmental vessels (Fig. 6e). The
segmental vessels are mobilized with an overhold and ligated 3 -4 cm anterior to
the rib head. In severe spinal deformities the segmental vessel can first be
clamped to see whether a ligation has an influence on the blood supply of the spi-
nal cord, which would result in a decrease in evoked potentials (neuromonito-
ring). A sponge stick is used to further expose the vertebral bodies and interver-
tebral discs.

Wound Closure

The parietal pleura is sutured whenever possible and it is attempted to cover the
implant with pleura. Before closing, one or two thorax drains are inserted. We
recommend using large rather than small drains particularly when significant
bleeding has occurred. Small drains are easily blocked by blood coagula. The
skin is incised about one level below the target intercostal level in order to allow
for an anatomical closure when removing the drain. A large towel clamp is
inserted through the wound to pick up the drain and pull out the drain from the
inside. The drain is manually placed at the apex of the thorax rather anteriorly.
Depending on the bleeding, we prefer to insert a second drain, which is placed
over the spine posteriorly. A rib approximator is used to narrow the ribs and fix
them with a suture running around both ribs including the intercostal soft tissue
but avoiding the neurovascular bundle (Fig. 6f). We recommend placing all
sutures first before tightening them. At this stage, the anesthetist is asked to rein-
flate the lung. Care has to be taken that all parts of the lung are inflated to avoid
atelectasis. If parts of the lung are not inflatable, a gentle manual massage of the
lung tissue usually resolves this problem. The muscle and soft tissue layers cover-
ing the ribcage are sutured sequentially.

Pitfalls and Complications

We have already mentioned the deleterious pitfall of opening the thorax on the
wrong site (wrong site surgery). The anterior approach to the spine carries a
higher risk of serious complications than the posterior route for obvious reasons.
The most frequent problems associated with this approach are:

® access through an intercostal space too high or too low in relation to the
main pathology

injury to the lung when incising the rib bed or opening the pleura
injury to segmental vessels when exposing the spine

injury to the azygos vein and aorta

dissection into the intervertebral foramen

Details on the handling of complications associated with this approach are cov-
ered in Chapter 39.
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Left-Sided Thoraco-Phrenico-Lumbotomy

This approach was introduced to spinal surgery by Hodgson mainly in the con-
text of spinal tuberculosis [31, 32]. Similarly to a thoracotomy, an approach to the
thoracolumbar junction is possible from the left as well as from the right side.
When the pathology does not dictate the side of the approach, an access from the
left side is preferred because the liver and the inferior vena cava are not hinder-
ing the approach [11].

Indications

The indication for a thoraco-phrenico-lumbotomy is a spinal pathology located
between T9 and L5 and similar to those of a thoracotomy (Table 3).

Patient Positioning

The patient is positioned on the right side inversely to a right-sided thoracotomy
(Fig. 7a, b). The table can be slightly bent above the level of the pelvis to increase
the distance between pelvis and ribcage.

Surgical Exposure
Landmarks for Skin Incision

Depending on the target level, it is usually recommended to resect the 10th rib
(T10-L5). In cases with more proximal pathology, the 9th rib can be resected
(T10-L5) (Fig. 8a).

Superficial Surgical Dissection

After the incision of the skin and the subcutaneous tissue at the thoracolumbar
junction, the superficial muscle layer is exposed consisting of (Fig. 8b):

® serratus anterior muscle
e Jatissimus dorsi muscle
® external oblique muscle

Whenever possible the muscles should be split in the direction of the fibers.

Intermediate Surgical Dissection

We recommend starting with the retroperitoneal approach. After splitting the
external oblique muscle, the internal oblique and transversus muscles are split.
With sponge sticks the peritoneal sac is mobilized to the midline and freed from
the diaphragma. In a next step, the 9th or 10th rib is resected similarly to the
method described above (Fig. 6¢). The anterior resection is done close to the
osseous-cartilage transition of the rib. The costal cartilage is split and the
diaphragma is transected circumferentially about 2 cm medial to its insertion
at the thorax wall. It is strongly recommended to use holding sutures bilateral
to the transection to allow for a better orientation during diaphragma repair
(Fig. 8d, e).
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Figure 7. Patient positioning for left-sided thoraco-phrenico-lumbotomy
a Anterior view. b Posterior view.

Deep Surgical Dissection

The left crus of the diaphragma is transected about 2 cm above the medial and
lateral arcuate ligament. The parietal pleura is incised at the thoracic level as
described above. The attachments of the psoas muscle need to be mobilized pos-
teriorly. The vertebrae and intervertebral discs are further exposed with sponge
sticks and rasps. The segmental vessels need to be ligated at the target level.

Wound Closure

At the thoracic level, the parietal pleura needs to be sutured. The repair of the
diaphragma is facilitated when bilateral stay sutures were used during prior dis-
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Figure 8. Surgical anatomy for left-sided thoraco-phrenico-lumbotomy

a Landmark for skin incision. b Superficial dissection. c Dissection of the rib for resection (see Fig. 6¢). d The rib cartilage
is split and marked with stay sutures. e The diaphragm is split about 2 cm medial to its rib insertion. f The medial and lat-
eral crus of the diaphragm are transected and marked with stay sutures. The segmental vessels are ligated. The thoracic
exposure is shown in Fig. 6d, e.
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section. After repair of the diaphragma, the rib cartilage halves are refixed. The
thorax is closed as described above. The abdominal wall is sutured in three sepa-
rate layers (transverse, internal and external oblique muscles).

Pitfalls and Complications

A frequent complication is to accidently open the peritoneal sac during dissec-
tion of the diaphragma. This can be avoided when the preparation of the two
body cavities is started from the abdominal site and the peritoneum freed from
the diaphragma. When taking the diaphragma down to its insertion at the spine,
care has to be taken not to injure the:

e greater splanchnic nerve

e ascending lumbar vein

e sympathetic trunk

e thoracic duct (rarely visible during preparation)

A detailed discussion of the complications associated with this approach is
included in Chapter 39 .

Anterior-Lateral Retroperitoneal Approach to L2-L5

The anterior-lateral retroperitoneal approach to the lumbar spine has been an
established operative technique since the early 1960s. This approach can be car-
ried out also from the right side. The left sided approach, however, is favored
because the inferior vena cava is less at risk. This approach is easy to perform
even in obese patients because the abdomen is hanging to the side and the flank
is exposed.

Indications

Indications for this approach are spinal disorders located between L2 and L5
(Table 4):

Table 4. Indications for a retroperitoneal lumbotomy (L2-L5)

e spinal deformities ® |umbar fractures/instabilities
e degenerative disorders ® tumors
® infections

Patient Positioning

For this approach the patient is positioned on the right side similarly to as per-
formed for the thoraco-phrenico-lumbotomy (Fig. 7a, b).

Surgical Exposure
Landmarks for Skin Incision

We favor a mini-open approach to the lumbar spine, which necessitates image
intensifier localization of the skin incision. With a 6- to 8-cm incision, a two-level
fusion can be done without difficulty when using a retractor frame. The skin inci-
sion is done in the fiber direction of the external oblique muscle (Fig. 9a).
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Figure 9. Surgical anatomy for the anterior-lateral retroperitoneal approach to L2-L5

a Landmarks for skin incision. b, ¢, d Transsection of the external oblique, internal oblique and transverse muscles.
e Retraction of the psoas muscle exposing the vertebral column. f Medial retraction of the peritoneal sac exposing the
large abdominal vessels. Ligation of the segmental vessel.

Superficial Surgical Dissection

A muscle splitting approach  After the incision of the skin and the subcutaneous tissue, the three layers of the
is preferred  abdominal wall:

e external oblique muscle (Fig. 9b)
e internal oblique muscle (Fig. 9¢c)
e transversus muscle (Fig. 9d)

are separated in the direction of their fibers.
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Deep Surgical Dissection

With sponge sticks the peritoneal sac is mobilized in the medial direction to free
the psoas muscle and the anterior spinal column. The peritoneal sac can be cov-
ered with a moistened abdominal towel. The paravertebral sympathetic chain
medial to the psoas muscle as well as the ureter need to be identified and
retracted together with the peritoneum carefully in a medial direction. The psoas
is mobilized from the spine and retracted posteriorly. The genitofemoral nerve
which lies on the anteromedial side of the psoas muscle needs to be preserved.
Care has to be taken not to injure the segmental or great vessels anteriorly while
liberating the spine with sponge sticks. Special attention has to be paid to the ilio-
lumbar vein at level L4-L5, which requires ligation if it limits the mobilization of
the common iliac vein. In men, the psoas muscle can be very big and covers
almost the whole lateral aspect of the vertebra. In these cases, a psoas splitting
approach can be used to approach the intervertebral discs for a fusion [8]. The
latter approach is less suited to a complete corpectomy.

Wound Closure

Each layer of the abdominal wall needs to be sutured separately. Suction drainage
is usually not needed.

Pitfalls and Complications
Care has to be taken not to injure the:

segmental vessels

ascending lumbar vein

iliac vein and artery

genitofemoral nerve on the anteromedial side of the psoas muscle
paravertebral sympathetic chain

ureter (slightly attached to the peritoneum)

A detailed description of the management of complications is outlined in Chap-
ter 39.

Anterior Lumbar Retroperitoneal Approach
Indications

The anterior lumbar retroperitoneal approach is indicated for spinal pathology
located between S1 and L3. The indications are similar to those for the lumbo-
tomy with the exception that the approach exposes the spine at S1-L2 (Table 4).

Patient Positioning

The patient is positioned supine with both arms abducted. The table can be
slightly bent at the level of the pelvis. The positioning should be done in a way to
allow the application of a table mounted retractor system, which facilitates the
spinal exposure (Fig. 10).
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Figure 10. Patient
positioning for an

anterior retroperito-
neal approach

A table mounted retractor
facilitates the approach.

Surgical Exposure

Landmarks for Skin Incision

Landmarks for the skin incision are the umbilicus, symphysis and iliac wings.
The umbilicus frequently projects onto the L4 level. However, this landmark is
largely variable and necessitates image intensifier control to allow for a minimal
length skin incision. The skin incision lies usually in the midline. Approaches to
the L3/4 disc space, however, necessitate extending the incision above the level of
the umbilicus. In these cases, we recommend using a slightly parasagittal inci-
sion (Fig. 11a).

Superficial Surgical Dissection

After skin incision and dissection of the subcutaneous tissue, the anterior rectus
sheath is exposed over a length of 6-8 cm and opened 2 cm lateral to the midline
(Fig. 11b). The underlying rectus muscle is retracted laterally exposing the poste-
rior rectus sheath and the arcuate line (Fig. 11c). The peritoneal sac is mobilized
medially below the arcuate line. The peritoneal sac is adherent to the inferior sur-
face of the posterior rectus sheath and needs to be liberated from it to allow fur-
ther retraction. After liberation, the posterior rectus sheath is incised about 2 cm
medial to the abdominal wall and the peritoneum can be further retracted over
the midline (Fig. 11d).

Deep Surgical Dissection

At depth, the bifurcation is often visible with a medial sacral artery and vein.
Depending on the size of the vessels, a ligation is necessary. Coagulation at the
disc level should be avoided to preserve the presacral sympathetic plexus. In
males, damage to the sympathetic plexus may result in a retrograde ejaculation.
The L5/S1 disc is exposed between the bifurcation (Fig. 11e) by slightly mobiliz-
ing the vessels to both sides. Manipulation at the bifurcation should be done very
carefully (if needed) to avoid injuries to the vessels, which are difficult to repair.

The L4/5 disc space or levels above are exposed by retracting the left common
iliac vein and artery to the contralateral side (Fig. 11e). During this maneuver,
great care has to be taken not to tear the ascending lumbar vein from the common
iliac vein. We recommend exposing the ascending lumbar vein and ligating it
before retracting the vessels to the contralateral side. The paravertebral sympa-
thetic chain lies medial to the psoas muscle and should be mobilized laterally
while the ureter together with the peritoneum is retracted medially.
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Figure 11. Surgical anatomy of the anterior retroperitoneal approach

a Landmarks for skin incision. b Exposure of the anterior rectus sheath. c Dissection of the posterior rectus sheath close
to the abdominal wall (arcuate line). d Exposure of the anterior spinal column. e Deep surgical dissection at the L5/51
level accessing below the bifurcation. f Deep surgical dissection at the L4/5 level retracting the common iliac artery and
vein medially.
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Wound Closure

The posterior rectus sheath should be readapted if possible. Interrupted sutures
are placed in the anterior rectus sheath using slowly dissolving sutures. We do
not routinely use a suction drainage.

Pitfalls and Complications
Care has to be taken not to injure the:

segmental vessels

ascending lumbar vein

common iliac vein and artery
paravertebral sympathetic chain

ureter (slightly attached to the peritoneum)

Injuries of the sympathetic chain may result in retrograde ejaculation (in males)
or a sympathectomy syndrome with disturbed capability for vasoconstriction.
This may result in the feeling of a hot (ipsilateral) or cold (contralateral) leg or
foot, respectively. Weakness of the abdominal wall particularly in multiparas can
result in abdominal herniations and needs to be repaired. A detailed description
of the management of complications is provided in Chapter 39.

Posterior Approach to the Thoracolumbar Spine

The posterior approach has been the most commonly used access to the spine
since the 1950s. The exposure is straightforward but the collateral damage to the
muscle is not negligible [23, 24, 39, 40]. Wiltse et al. [68] and Fraser et al. [21] have
therefore suggested a so-called “muscle splitting approach” which can be used
when midline exposure is not necessary for decompression, e.g. for posterolat-
eral fusion of a spondylolisthesis. Minimal-access surgery is preferred whenever
possible. The target level should be determined with image intensifier to expose
the spine only as much as is needed.

Indications

There are a wide variety of indications for this approach (Table 5):

Table 5. Indications for the posterior approach to the thoracolumbar spine

spinal stenosis e thoracolumbar fracture/instability
disc herniation ® tumors

painful motion segment degeneration e infections

spinal deformities

Patient Positioning

The patient is positioned prone on rubber foam blocks (Fig. 12a). A headrest with
support for mouth, nose and eyes is used to avoid pressure sores (Fig. 12b). It is
important that the abdomen is freely hanging and not compressed (Fig. 12c).
This is particularly important for decompressive surgery where a compressed
abdomen can result in congested epidural veins and result in excessive bleeding.
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Figure 12. Patient positioning for a posterior thoracolumbar approach

a Rubber foam blocks supporting the patient in prone position. b Headrest. ¢ Positioning of the patient with free hang-
ing abdomen.

Surgical Exposure
Landmarks for Skin Incision
The landmarks for the posterior approach are:

® spinous processes
® posterior superior iliac spine
e iliac wings

The line drawn between the bilateral posterior superior iliac spine usually pro-
jects to the disc level of L4-L5 (Fig. 13a). However, this is unreliable and image
intensifier control is necessary in every case.
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Figure 13. Surgical anatomy of the posterior thoracolumbar approach

a Landmarks for skin incision. b Superficial surgical dissection. c Deep surgical dissection. d Muscle retraction with pin-
pointed retractors to minimize muscle damage. Note the decortication at L4-S1 on the left side as preparation of the
bone graft bed.

Superficial Surgical Dissection

After the incision of the skin in the midline above the spinous processes and the
dissection of the subcutaneous layers, the thoracolumbar fascia is incised with a
cautery knife (Fig. 13b). The paraspinal musculature is subperiosteally detached
from the spinous process and the laminae. Sponges are used to push the paraspi-
nal muscles laterally and control bleeding by densely packing the created space
between the spinous process and the muscle (Fig. 13c). Care has to be taken not
to injure:

o facet joint capsules

Deep Surgical Dissection

In spinal fusion cases, the posterolateral bed has to be prepared for the bone
graft. Therefore, the multifidus muscle must be detached from the laminae, facet
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joint and transverse process (Fig. 11d). While dissecting the transverse process,
the periarticular vessels which cross around the facet joint and transverse pro-
cess usually tend to bleed and need to be controlled by electrocautery. We prefer
to use pinpointed rather than rack type retractors because it causes less tissue
damage. The retractors should be released intermittently (Fig. 11d).

Wound Closure

The thoracolumbar fascia needs to be closed over suction drains. The fascia
needs to be sutured tightly either by close interrupted or running sutures.

Pitfalls and Complications

The posterior access is usually a safe approach to the spine. In slim patients, how-
ever, the interlaminar window at L5/S1 can lie very superficially and can be
injured with the cautery knife causing an unintended durotomy.

Landmarks for Screw Insertion

Screw fixation has become a standardized technique throughout the entire spine.
However, the prerequisite for a safe screw insertion is critically dependent on a
profound knowledge of the surgical anatomy. Preoperative planning of the screw
trajectories with CT scans is mandatory if an altered anatomy (e.g. in spinal
deformities) is expected. Computer assisted surgery [7, 42, 55, 60] does not com-
pensate for insufficient knowledge of the anatomy and can even be dangerous in
inexperienced hands.

Cervico-occipital Spine
Screw Placement of the Occiput

Screw fixation of the occiput should be in the area with the thickest bone, which
is in the midline between the superior nuchal and inferior nuchal line [54]
(Fig. 14). Above the superior nuchal line, injuries to the intracranial sinus must
be expected. There is a wide variation in thickness of the occipital bone [61]. The
maximum thickness of the occipital bone ranges from 11.5 to 15.1 mm in males
and from 9.7 to 12.0 mm in females and is found at the level of the external occipi-
tal protuberance [15]. Fixation can be done using a Y-plate [26] or bilateral tita-
nium plates [45]. The screws are inserted either in the midline or 2-3 mm para-
sagittally, respectively. The parasagittal cortical bone is substantially thinner and
ranges between 3 and 7 mm [30]. The screw holes can be prepared using a drill
guide (2.5 mm) with an adjustable drill penetration depth. Initially the depth is
set at 4 mm and is increased incrementally until the distal cortex is penetrated. In
areas of the occiput which are thicker than 7 mm, unicortical fixation is as strong
as bicortical fixation [61]. The standard screw diameter is 3.5 mm and sometimes
requires pre-taping. In case of a cerebrospinal fluid flow from the hole, insertion
of the screw suffices to close the leak.

Posterior Atlantoaxial Transarticular Screw Fixation

Atlantoaxial transarticular screw fixation [27, 28] is a frequent stabilization tech-
nique for degenerative and traumatic disorders (Fig. 15a-c). Although lateral
image intensifier control is sufficient, we recommend using a simultaneous bipla-

Chapter 13
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Figure 14. Landmarks for occipital screw insertion

a Posterior view. b Axial view.

Injuries to the spinal cord
or vertebral artery are rare
if the technique is applied

The 2nd cervical nerve
is at risk when exposing
the C1/2 joint

nar control for optimal screw placement. The medial border of the C2 pedicle
(2-5 mm axial diameter) should be palpated with a dissector or a nerve hook.
The screw is positioned as medially as possible to avoid injuries to the vertebral
artery, which lies immediately laterally. The entry point for screw insertion is
about 3 mm cranial to the lower edge of the C2 inferior facet. Usually, there is a
small groove at the transition of the inferior facet to the lamina which serves as
a landmark for the entry point. The drill is angled to aim at the arch of Cl in a
strictly sagittal plane. The screw should pass just below the posterior border of
the C1/2 joint. In some cases, the craniocaudal angulation can only be achieved
if the drill is significantly inclined. Rather than dissecting all the posterior mus-
cles, we prefer only to expose the spine from C1 to C3 and choose a percutaneous
insertion of the drill usually at the level of C7-T1 with a tissue protector. Injuries
to the vertebral artery or spinal cord are rare if the technique is performed prop-
erly [22, 27].

Atlantoaxial Pedicle Screw Fixation

An alternative to the transarticular screw fixation is a stabilization of the spine
with pedicle screws which are connected with rods [29, 64] (Fig. 15d-g). The
screw entry point in C2 is more lateral (4-5 mm) than the transarticular screw
trajectory. The drill is directed 20°-35° cranially and 15°-20° medially. The
entry point in C1 is below the lamina and 2 -3 mm lateral to the medial edge of
the C1, which can be palpated with a dissector. The screw is aimed about 10°-15°
medially and 15°-20° cranially. Care has to be taken not to injure the C2 exiting
nerve root (greater occipital nerve).

Anterior Atlantoaxial Transarticular Screw Fixation

A second alternative is an anterior transarticular screw fixation [59]. The screw
entry point is 5 mm below the C1/2 joint line in the groove formed by the basis of
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Figure 15. Landmarks for upper cervical spine screw insertions

Posterior atlantoaxial transarticular screw fixation: a posterior view; b lateral view; c axial view. Atlantoaxial pedicle
screw fixation: d posterior view; e lateral view; f axial view at C2. Anterior atlantoaxial transarticular screw fixation:
g anterior view; h lateral view; i axial view.

the dens and the lateral mass (Fig. 15h-j). The screw trajectory is angled 25° later-
ally and cranially. However, the exposure of the entry point is not easy because it
is far up in the cervical spine. During exposure great care has to be taken not to
injure the:

e hypoglossus nerve
® superior laryngeal nerve

Lateral Mass Screw Fixation

There are two commonly used techniques for screw placement in the lateral mass
of the lower cervical spine. The screw entry point according to Roy-Camille [50]
is in the center of the lateral mass and the trajectory is directed 10° outwards rect-
angular to the posterior cortex. According to the Magerl technique, the screw’s
insertion point lies 2 mm medial and cranial to the facet center. The screw trajec-
tory is parallel to the facet joints and angled 20°-25° outwards (Fig. 16a-c).
Magerl’s method exhibits longer screw lengths and is therefore biomechanically
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Figure 16. Landmarks for lower cervical spine screw insertions

Lateral mass screw fixation:

eral view; f axial view.

This screw insertion
technique is reserved

for the most experienced
spine surgeons

a posterior view; b lateral view; c axial view. Pedicle screw fixation: d posterior view; e lat-

superior to the Roy-Camille method [50]. Some studies have reported that the
Magerl method is less likely to damage the neurovascular structures [51].

Lower Cervical Spine Pedicle Screw Fixation

Pedicle screw fixation in the lower cervical spine is demanding and reserved for
the most experienced spine surgeons [38]. The risk potential of spinal cord and
vertebral artery injury is high [70]. The pedicle dimensions are not infrequently
smaller than the screw [36]. Preoperative CT planning is recommended to rule
out anatomical anomalies. Computer assisted surgery may reduce the rate of
misplaced screws [35, 60] but does not compensate for lack of profound knowl-
edge of the cervical anatomy and surgical experience [2]. The technique accord-
ing to Abumi and Kaneda [1] chooses an entry point slightly lateral to the center
of the lateral mass and inferior to the facet joint line (Fig. 16d-f). The cortical
bone at the entry point is opened with a burr and the hole is enlarged to bury the
pedicle screw (3 -4 mm). The screw trajectory is angled 25°-45° medially. A thin
pedicle finder is used to dilate the pedicle under lateral image intensifier control.
Perforations can be detected with a fine pedicle probe (feeler) (Fig. 17). In experi-
enced hands, the complication rate is low [2, 38].

Thoracic Spine Pedicle Screw Fixation

Screw placement in the thoracic spine requires a detailed knowledge of the anat-
omy of the thoracic spine. However, it can be done with a high safety margin
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Figure 17. Surgical instruments for screw hole preparations
a Fine awl. b Thin pedicle finder. ¢ Thick pedicle finder. d Pedicle feeler.

when the proper technique is applied [20]. The pedicle morphology of the thoracic
and lumbar spine has been thoroughly investigated in several studies [49, 65-67,
73]. The landmarks for screw insertion T2-T11 are below the rim of the inferior
facet. Sometimes it is necessary to osteotomize the lateral inferior part of the facet
to clearly identify the base of the superior facet. The entry point is at the lateral bor-
der. The screw trajectory is angled 20° medially and 10° caudally. When the extrape-
dicular technique [14] is used, the entry point is slightly more lateral and the angle
to the midline is higher (Fig. 18a-c) (see Chapter 3 ). This inside-out-inside tech-
nique involves a reduced risk of injuring the medial border of the pedicle [14]. The
entry point at T1 is slightly more medial and the screw trajectory is less angled to
the midline. The entry point for the pedicle of T12 is at the level of the mammillary
process, which is opened/removed with a rongeur (Fig. 18d-f). The screw trajectory
is angled more medially similarly to the lumbar spine. The screws for adult patients
usually have a diameter of 5 (lower thoracic spine) and 6 mm (lower thoracic spine)
and have a length of 30-35 mm at T1 and 45-55 mm at T12, respectively.

Our preferred technique (Fig. 17) is to use a sharp fine awl to open the cortical
bone at the entry point. This position is checked in the lateral plane using an image
intensifier. A thin pedicle finder is used to probe the pedicle again under fluoro-
scopic guidance. A fine pedicle feeler is entered into the pedicle hole to verify that
the cortical shell of the pedicle is intact particularly medially, inferiorly and anteri-
orly. In the lower thoracic spine, a thicker pedicle finder is used to further widen
the pedicle. In questionable cases, the screw is inserted somewhat deeper than the
base of the pedicle, which can be checked in the lateral view with an image intensi-
fier. The screw is then removed and the medial pedicle wall is palpated with the
pedicle feeler. When the medial wall is intact the screw can be reinserted.

Lumbar Spine Pedicle Screw Fixation

The pedicle morphology of the lumbar spine has been accurately described in
several studies [41, 49, 56, 62, 67, 74].
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Figure 18. Landmarks for thoracic pedicle screw insertions

Thoracic pedicle fixation at the level of Té: a posterior view; b lateral view; ¢ axial view. Note the alternative extrapedicu-
lar screw position on the right side. Thoracic pedicle fixation at the level of T12: d posterior view; e lateral view; f axial

view.

A double sacral screw
fixation provides a strong
sacral anchorage

Seve