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Foreword

The diagnosis and treatment of idiopathic scoliosis, as well as
more complex types of spinal deformity, has experienced
revolutionary advances since Paul Harrington of Houston in-
troduced the concept of Harrington rod instrumentation and
then instrumentation plus fusion (Moe) in about 1960. Prior
to that, surgical correction of scoliosis was unpredictable and
difficult, depending on in situ posterior spinal fusions (Hibbs,
1911), followed by prolonged periods of casting in large,
often grotesque body casts (LeMesurier et al., “fishnet” cast).

Following Paul Harrington’s revolutionary introduction,
instrumented surgical correction of scoliosis made evolution-
ary gains, including Luque spinal instrumentation (laminar
wiring), the segmental attachment of spinal instrumentation
including derotation (Cotrel and Dubousset), and the more
revolutionary concept of pedicle screw attachment to the
spine (Roy and Camille ) that provided an even better grasp
for segmental control and correction.

As these advances were evolving, spine treatment centers
of excellence evolved throughout the world (United States,
France, United Kingdom, Germany, and elsewhere). The
German school of scoliosis surgery became internationally
recognized in the 1970s and 1980s through the work of Klaus
Zielke in Bad Wildungen, where I gained first-hand exposure
to German thinking while attending an international scoliosis
instructional course in the mid-1980s. At that time, a
dynamic, energetic, and relatively junior-level professor, Jiir-
gen Harms, presented his work. Despite his young age, whis-
pered conversations in the teaching auditorium and operating
rooms concluded that Harms represented the future of Ger-
man spine and scoliosis surgery. This new and important text
represents to a great extent the accuracy of that prophecy.

Other developments in the 1970s and 1980s included
major advances in the management of scoliosis and spinal
disorders by brilliant surgeons who worked in regional
centers, including Kenton Leatherman at the Kosair Child-
ren’s Hospital in Louisville, Kentucky, and Robert Dickson,
a prior fellow with Dr. Leatherman, who then became
professor and head of the orthopedic department at the
University of Leeds in the United Kingdom. Their landmark
1988 textbook, The Management of Spinal Deformities, syn-
thesized a global understanding of scoliosis, but was never
revised to a second edition. Instead, that classic text pro-
vided the basic model for this new Harms Study Group
book. In fact, the first four chapters are written by Dickson.

The dynamic, innovative, and often complex methods
for correcting spinal deformity developed by Harms and

colleagues in Germany quickly spread throughout much
of Europe and then to the United States—first, via Harry
Shufflebarger (Miami), and then to other North American
centers dedicated to the concepts of Harms’ treatment
methods, including Randy Betz (Philadelphia), Peter Newton
(San Diego), and Michael O’Brien (Dallas). The international
multicenter Harms Study Group was then developed. This
organization, which in some ways resembles the long-term
patient follow-up program set up by the A-O documenta-
tion center in Bern and Davos, Switzerland, was established
to study the efficacy of scoliosis treatment methods.

The Harms Study Group database has become a world-
class information source regarding scoliosis treatment
outcomes, which has led to hundreds of publications and
presentations (Scoliosis Research Society and other confer-
ences). The result has been a synthesis of current knowl-
edge and thinking about the treatment of spinal deformity,
both in children and adolescents, as well as adults.

Idiopathic Scoliosis: The Harms Study Group Treatment
Guide, edited by Peter Newton and colleagues, with multi-
ple authors from the Harms Study Group, as well as other
recognized experts from throughout the scoliosis world,
provides state-of-the-art information on the natural history,
etiology, and nonoperative treatment, as well as both basic
and extremely advanced concepts for surgical correction of
spine deformity.

Scoliosis fellows, young surgeons, and even experienced
scoliosis surgeons, will find much that is new and important
in this book. Just reading Robert Dickson on the history,
pathogenesis, epidemiology, and basic principals of scolio-
sis treatment justifies owning this book, while at the same
time correcting the intellectual deficit of not having read
or had access to the original The Management of Spinal
Deformities by Leatherman and Dickson.

This book provides a strong basis for understanding sco-
liosis as we enter the second decade of the twenty-first
century and will likely remain a landmark work throughout
the century—a period which promises unrivaled further
advances in understanding and treating the still somewhat
mysterious condition know as idiopathic scoliosis.

Dennis R. Wenger, MD

Director, Pediatric Orthopedic Training Program
Rady Children’s Hospital-San Diego

Clinical Professor of Orthopedic Surgery
University of California-San Diego



Preface

The concept for this complete and current book, addressed
entirely to the disorder known as idiopathic scoliosis at all
stages of life, had its origin in the experience of the Harms
Study Group. The Harms Study Group was initiated in 1995
to investigate questions relating to idiopathic spinal defor-
mity. The Group has prospectively collected data for patients
treated surgically for idiopathic deformities of the spine in
adolescence, which included more than 2300 patients as of
2010. It was felt that the experience gained from this group
of patients would serve as a sound foundation for this text-
book, and many of the facts addressed in the book come
from an analysis of this database.

All of the contributors to this work are recognized experts
in the evaluation and treatment of spinal deformity. This
book presents all aspects of the evaluation and treatment
of idiopathic spinal deformity. Specific surgical approaches
to the several types of adolescent deformity are presented,
with the rationale, techniques, and results for each. And
because the database of the Harms Study Group covers the
past 15 years, this book provides details of changes in
and the evolution of current techniques in surgery for
adolescent idiopathic deformities of the spine.

This state-of-the-art work on idiopathic spinal deformity
should be most useful to those who treat this problem. It
should also be valuable to all practitioners of nonsurgical
care for spinal deformities and to all who work with
patients who have such deformities.

The processes of writing and publishing this first book
specifically dedicated to adolescent idiopathic scoliosis and
its lifelong ramifications could not have been accomplished
without contributions from many sources. We hope to give
all of them the credit that is their due for helping to make
this book possible.

The idea for this book began with the core members of
the Harms Study Group, particularly Jiirgen Harms, Peter
Newton, and Randy Betz. Without the initiative and con-
stant input of these surgeons, this book would never have
been begun or completed.

Lutz Biedermann provided the initial funding for start-
ing the project of writing. Without him, this book would
never have been begun. Our thanks to Lutz.

Thieme Publishers and its managing editor, J. Owen
Zurhellen IV, have continually supported the publication of
this book. We thank Thieme for their support.

Michael F. O'Brien undertook the enormous task of edit-
ing this project, which required vast amounts of time,
knowledge, and energy.

Many assistant editors brought the peer review of the
book to fruition and spent uncounted hours completing
its editing. The text would not have been finished without
the diligent efforts of all, including Fran Faro, Burt Yaszay,
Pat Cahill, and William Lavelle. We thank the many
authors involved in writing the chapters for this book and
express our gratitude for their contributions to the
finished product.

We thank Michelle Marks, multisite coordinator for the
Harms Study Group, for her vital contributions, which in-
cluded coordinating all inquiries related to the study group
database, assisting in the analysis of these inquiries, and pro-
viding invaluable insight into interpretation of the necessary
data.

Raymarla Pinteric has been the driving force in pushing
this text to completion. Without her devotion to the task
and her firmly guiding hand in dealing with all of the
editors and authors involved in it, the project would not
have been completed. Our thanks to Ray.
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1

Robert A. Dickson

Images and writings about people with spinal deformities
go back to prehistoric times. These severely disfigured indi-
viduals were stigmatized, ridiculed, and often feared and
hated.! In the fifth century BC, Hippocrates described scol-
iosis for the first time, and designed a distraction apparatus
for correction of the deformity.? In the second century AD,
Galen coined the terms scoliosis, kyphosis, and lordosis, and
described their treatment by chest binding and the
application of spinal jackets.? The Dark Ages (ca. 500 to
1000 A.D.) saw little further advancement in the knowl-
edge and treatment of spinal deformities; these were then
thought to result from divine retribution and consequently
such patients were regarded as heretics. The treatment for
these patients and the punishment due to criminals was
the same—to put them on the rack.?

Then, in the mid-sixteenth century in France, Ambroise
Paré first described congenital scoliosis and understood
spinal cord compression as a cause of paralysis.? He also
described the management of open fractures consequent
upon the treatment of his own compound tibial fracture,
which went on to union without residual disability.”> During
the next 30 years Paré went on to appreciate the progres-
sion of spinal deformities with growth, and recommended
new external breastplates to be made every 3 months or so
(Fig. 1.1).6

Fig. 1.1 The first brace for scoliosis, developed in 1564. The metal-
work and leather padding were designed by Paré.

History of the Treatment of Scoliosis

It is alleged that in 1741, Nicholas André first coined
the word orthopaedia. At this time André was a grumpy
80-year-old Parisian pediatrician, and his book Orthopae-
dia was a self-help book written for parents of children
with orthopedic disorders.” The full title of the book was
Orthopaedia: Or the Art of Correcting and Preventing Defor-
mities in Children: By Such Means as May Easily be Put in
Practice by Parents Themselves and All Such as Are Employed
in Educating Children. Thus, orthopedics literally means
“correcting and preventing deformities in children.”

André felt that scoliosis was the result of muscle imbal-
ance and poor sitting posture. Accordingly, he believed
that proper tables and chairs were important in preventing
scoliosis.® He also recommended periods of recumbency as
well as braces and corsets for treating the disorder, and
advised that persons with scoliosis carry books on their
highshoulder side.?

Both of the Le Vacher brothers contributed to the treat-
ment of spinal deformities.® Francois-Guillaume invented the
jury mast and the Minerva cast for the treatment of
tuberculosis of the spine, and Thomas wrote a book about
scoliosis and invented an extension chair with vertical trac-
tion and lateral pressure straps (halter-antigravity-wheelchair
traction).

Jean-André Venel bought an old abbey in 1780 and
started the first orthopedic hospital specializing in the
treatment of skeletal deformities.’® He developed a day
brace for scoliosis, the removal of which was followed by
the patient’s entering an orthopedic bed to relax with trac-
tion at night. The idea of an orthopedic bed then became
very popular. Venel achieved much in treating skeletal
deformities, and rivals André for the title of “Father of
Orthopaedics.”

B The Introduction of Surgery

The first surgical attempts to treat scoliosis were reported
in the mid- to late nineteenth century. Delpech “recorded”
surface shape by making plaster casts of his patients,!’ and
introduced tenotomy in 1818.12 Delpech was the father of
French orthopedics. Guerin then became an enthusiast for
Delpech’s method and applied it to scoliosis.!> Some
thought he carried this to excess. Guerin published his
results of 740 patients treated with tenotomy, of whom 358
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were completely cured, 287 benefited, 77 did not benefit,
and 18 died.!®* Malgaigne wrote an editorial on “or-
thopaedic illusion”'* and Guerin sued him. Malgaigne
wrote of Guerin that “It is important to know what to do
but no less important to know what not to do.” A fairly vin-
dictive critic, Malgaigne wrote in the Gazette Medical de
Paris that “the work of Dr X contains many things both new
and good. Unfortunately the good things are not new and
the new things are not good.”!>

In 1889 Volkman attempted to resect rib deformities, and
this is thought to have been the first known scoliosis sur-
gery on bony structures.!® Maas also favored rib resection.!”
However, the nineteenth century saw a continued majority
opinion that scoliosis was caused by poor posture and
therefore could be treated accordingly.'® Lewis Sayre wrote
a book on spinal disease and spinal curvature in 1877,
describing his methods of suspension and casting—a fore-
runner of the Boston brace.’® He was also known for the
immediate closure of myelomeningocele, and was President
of the American Medical Association in 1880 and founder of
the Journal of the American Medical Association.

William Adams, apart from realizing that the rotational
prominence in scoliosis was made worse by forward bend-
ing (the Adams forward-bend test), carefully dissected
cadavers with idiopathic scoliosis, and recognized the im-
portant lordosis at the curve apex.?° In 1876 he went to the
United States with Lister to watch Sayre and was made a
Fellow of the American Orthopaedic Association (AOA) in
1898.21

In 1895 Bradford and Brackett developed a horizontal
distraction frame that had a “localiser” attachment for
curve correction.? Cast application was then performed.

In 1895 Roentgen discovered X-rays, and they were first
used for imaging in surgery in March of 1896.22 Roentgen
won the Nobel Prize in 1901. However, it could well be ar-
gued that although radiographs of the spine produced
beautiful novel pictures, their two-dimensional nature
would frustrate further developments in understanding the
pathogenesis of idiopathic scoliosis consequent upon
Adams’s original dissections and his subsequent statement
that “lordosis + rotation = lateral flexion.”2°

B The Use of Surgical Implants

In the half century after Bradford and Brackett’s work, little
progress was made in the nonoperative treatment of spinal
deformities, whereas much progress was made in their sur-
gical treatment. Berthold Hadra first applied implants to
the spine in the nature of spinous process wiring in 1891.23
Then, in 1902, Fritz Lange implanted metal rods attached to
the spinous processes with double slings of silk.?4 Both of
these early implants were attempts to prevent tuberculous
spinal deformity and promote healing.

It would appear that Wreden, in Germany, was the first
to apply metal implants to the spine in the treatment of
scoliosis.?> He first resected the ribs on each side of the
apex, put the patient in an extension bed (the forerunner of
halter or halo-extension), and then fixed metal plates to
the spinous processes.

For nearly three centuries, osseous defects had been
replaced by bone grafts. Perhaps the first surgeon to do so
was Meekren in Holland, who in 1682 repaired a defect in
the cranium of a soldier with a piece of a dog’s skull.?6 The
advent of antiseptic surgery allowed William McEwen in
1878 to successfully rebuild a boy’s humeral shaft with bone
grafts.?” However, it was not until 1911 that bone grafting
was applied to the spine, by Fred Albee?® in the United States
and by DeQuervain in Europe.?® Both applied cortical struts
to the spine for treating tuberculosis, Albee using a piece of
tibial autograft placed between split spinous processes and
DeQuervain using the scapular spine instead of the tibia.

Albee, and his colleague Kusher, went on to describe his
spinal fusion operation in the treatment of scoliosis.3° He
used his tibial strut graft on the curve concavity and an-
chored the apical vertebrae transversely with bone keys
(Fig. 1.2). He also propped up the lower ribs on the concave
side of the pelvis with graft material. Albee carpentered
grafts with his newly developed power saw, and likened
callus to cabinetmaker’s glue.3!

Bl Spinal Fusion

Russell Hibbs, in New York, changed the face of fusion sur-
gery, using his fusion procedure between 1914 and 1919
to treat 59 patients, most of whom were polio patients
who had undergone preoperative correction through
head-pelvic traction.3? He dissected subperiosteally right
out to the facet joints and base of the transverse processes,
and excised the facet joints. Using a gouge and bone forceps,
he then raised flaps that he turned up and down so that ad-
jacent vertebrae would be conjoined with bone graft. He
next closed the periosteum over the fusion area. His opera-
tive technique is precisely the same as that used today. As
Hibbs stated, “the dissection may be made in a practically
dry field without injury to the muscles if it is sub-periosteal
and if free use is made of gauze packs. Only in an operative
wound that is free from hemorrhage can the operator see to
exercise the care necessary for thorough work. Not only the
baring of the bones may be complete, but the periosteum
may be separated from them in a practically unbroken sheet
and without disturbance of its relation to the surrounding
tissues and blood supply. The greatest care should be exer-
cised in the dissection as by its extent and thoroughness the
area of fusion is measured.” This was an extraordinary con-
cept of a real biological approach to surgery for scoliosis,
and not surprisingly there was only a 2% mortality rate.
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Fig. 1.2 Albee’s spinal operation. (A) A bone-distracting cortical graft on the concave side acts like a distraction rod attached to the spine by
horizontal bone keys. (B) The 10th rib on the concave side is distracted from the pelvis through use of a prop graft.

In 1931, Hibbs, along with Joe Risser and Albert Fergu-
son, went on to report on 360 cases treated surgically over
a 13-year period.?? The purpose of the surgery was to pre-
vent progression, and this was achieved in almost 50% of
the cases, with about 30% having an increase in deformity
because of too short a fusion or inaccurately selected fusion
areas. Notwithstanding, the 50% rate of good results was
encouraging, and occurred in association with meticulous
preoperative and postoperative care. Risser, along with
Hibbs, designed a turnbuckle cast, which they began using
in 1920 with traction and bending forces applied over the
2 to 4 weeks before fusion. Disadvantages included the
obligatory prolonged bed rest along with the possibility of
pressure sores.

During this early part of the twentieth century, mixed
results were reported for spinal fusion, with Arthur
Steindler in 1929 giving up spinal fusion in the face of a
60% rate of pseudarthrosis or failure to obtain or maintain
correction.>* However, Howorth, in 1943, reported 600
cases with only a 14% pseudarthrosis rate.>*

In the early 1950s Risser developed his localizer cast,
which was applied using a special head and pelvic traction
frame, and exerted pressure over the back of the rotational
prominence.?> In some cases three casts were used before

surgery. As was standard practice, a window was cut out in
the back of whatever form of preoperative immobilization
device had been applied, so that the fusion operation could
be performed and the position maintained postoperatively
for a minimum of 6 months. Risser also noted that spinal
growth appeared to correlate with the development, migra-
tion, and fusion of the apophysis of the iliac crest, and this is
referred to as the Risser sign.36 Unfortunately, the spine often
grows until the late teens or early twenties, when the verte-
bral endplate epiphyses eventually fuse.3” Not surprisingly,
2 cm of spinal growth (seen as an increase in sitting height)
occurs after the apophysis of the iliac crest has fused.?®

Meanwhile, in 1941 the AOA conducted a multicenter
review of the treatment of scoliosis, and 425 cases were
examined, half of which were treated with spinal fusion.?®
The rate of pseudarthrosis was 28%, with an even greater rate
of complete loss of correction. Among those treated nonoper-
atively, 60% had an increase in their deformity. The overall
end results were a discouraging figure of almost 70% of out-
comes rated as fair or poor, with only 30% rated as good or
excellent. It was concluded that correction with a cast or
turnbuckle followed by fusion produced better results.

The great polio epidemics of the 1940s and 1950s moti-
vated further development of scoliosis treatment. John Cobb
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was an active proponent of spinal fusion and in 1952 re-
ported on 672 cases treated over a 15-year period, with
only a 4% rate of pseudarthrosis.?® He emphasized the need
for additional bone graft material to supplement Hibbs
type fusions, and used autologous, donor, or cadaveric
bone. Cobb insisted on a 6- to 9-month period of bed rest
postoperatively.

Cobb also devised, in 1948, the method of measuring the
size of a curve on a frontal X-ray film, which is still widely
used today.!

B The Introduction of Bracing

Walter Blount in Milwaukee developed his brace, which was
designed for postoperative support of the collapsing spine in
poliomyelitis.*243 It initially sought to prop up the occiput
and chin against the pelvis by distraction, but dental prob-
lems# led to the use of a choker and then to the realization
that superstructure wasn'’t required, and that scoliosis could
be treated nonoperatively with an underarm brace originally
devised by John Hall in Boston.*

Notwithstanding the good results with spinal fusion re-
ported by Cobb and Risser, these were not the norm, and in-
deed, Blount and colleagues, among 87 patients treated
with spinal fusion and immobilization in a brace, reported a
pseudarthrosis rate of almost 40%.46¢ However, he did not
routinely use facet joint fusions or an adequate period of
immobilization.

Subsequently, John Moe, who developed the world-
famous Twin Cities Scoliosis Treatment Center in Min-
neapolis, reported performing 266 spinal fusions in 1958,
replicating Hibbs’ method of careful dissection and facet
joint fusion augmented with supplemental bone grafting.4’
Moe advocated fusion from neutral vertebra above to neu-
tral vertebra below the scoliotic curve in the spine as his
fusion levels, and with this the proportion of failed fusions
fell to only 14%. However, cast correction and spinal fusion
continued to mean 6 to 9 months of bed rest and hospital-
ization approaching a year, still without insignificant rates
of fusion failure, infection, and loss of correction. In
response to this, various attempts at using internal fixation
methods were reported.

Allan in 1955 reported using an expandable jack-type
device placed between the transverse processes,*® and Gruca
implanted springs on the convex side of the scoliotic curve
fastened to the transverse processes at the end of the curve.4®

B The Harrington Revolution

The development in 1955 by Paul Harrington in Houston,
Texas, of his distraction and compression instrumentation
was the most significant milestone in the development of

effective scoliosis surgery.>® For the first time there was a
reliable means of obtaining and maintaining maximal de-
formity correction (Fig. 1.3). The driver for this was again
the growing polio population, which did not well tolerate
cast correction. Harrington conceived of his instrumenta-
tion as a means of halting curve progression, and regarded
this as “dynamic correction” unaccompanied by spinal
fusion. However, the early results were disappointing, with
metalwork cut out and failure prompting the routine
addition of spinal fusion to this procedure.

In 1966 Moe and Valuska published the results for 173
scoliosis patients treated by Harrington instrumentation
and posterior fusion as compared with those for 100 patients
treated with Risser localizer casting and fusion.”! The in-
strumented group had greater correction (61% vs. 54%),
was ambulatory sooner (2 '/, months vs. 5 '/, months), and
was immobilized for a shorter period (7 months vs. 10
months). The pseudarthrosis rate in the two groups was
similar (17% vs. 13%), but the instrumented group had
more complications, with metalwork displacement occur-
ring in 15%, and a greater rate of infection. Despite the ap-
parent advantages of Harrington instrumentation, Moe said
at the 1966 Paris meeting of the Société Internationale de
Chirurgie Orthopédique et de Traumatologie (SICOT) that
the general conclusion was that a good result of surgical
treatment was an identical degree of curvature at the end
of growth as when treatment had begun.

Harrington continued to improve his results, and this
was demonstrated in a report of almost 600 cases in
1973.>2 He recommended a long fusion, from one vertebra
above to two below the upper and lower end-vertebrae of
the scoliotic region of spine, respectively. It was important
that these levels fell within what Harrington described as
the “stable zone” when parallel lines were drawn upward
from the lumbosacral facet joints. Interestingly, despite
Harrington’s enormous improvement in spinal instrumen-
tation, his early reports were published in the local writ-
ings of the Texas Institute of Rehabilitation and Research?3
because his articles were often turned down by the leading
orthopedic journals, presumably because it was felt that his
treatment was still somewhat revolutionary.

In 1973, Paul Harrington, then President of the Scoliosis
Research Society (SRS) in Gothenburg, Sweden, recom-
mended a common database or registry of all scoliosis sur-
geons to document their treatment results.® His lead was not
followed by this group, but was taken up enthusiastically by
surgeons who implanted hip and knee replacements.>*

Some modifications were made of Harrington’s original
instrumentation, and so as to maintain a lumbar lordosis,
Moe developed the square-ended rod-and-hook configura-
tion for a better sagittal contour.>> However, it was Harring-
ton’s original design that the distraction rod on the concave
side be complemented by a compression system on
the convex side that conferred considerable stability to
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Fig. 1.3 Harrington’s operation. (A) Preoperative posteroanterior
(PA) X-ray film of a thoracic curve. (B) Appearance after use of instru-
mentation for distraction and compression, showing a significant

the construct.”%57 Nevertheless, many practitioners ignored
the compression system, which was one reason for the
greater pseudarthrosis rates among their patients than
among Harrington’s.

improvement in the frontal plane. (C) Rib hump before surgery.
(D) Rib hump 2 years after surgery, showing that the deformity in
the transverse plane has remained unaltered.

Clearly, greater curves tended to be instrumented more
often than lesser ones in the early years, and there was
concern over neurological injury being caused by the rapid
stretching of these rigid curves, which in turn led to the
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development of preoperative distraction devices. In 1959
Nickel and Perry designed the halo,”® and various halo-
traction devices were then developed, including those for
halo-femoral traction by Moe,>> halo-pelvic traction by
DeWald,>® and halo-wheelchair traction by Stagnara.5®

B Segmental Instrumentation

In the late 1970s Resina and Alves in Portugal added wiring
to the Harrington rod construct to provide better fixation
and correction without the need for external immobiliza-
tion.6! This was followed in 1982 by the description by Ed-
uardo Luque in Mexico of his system of two L-rods to which
segmental sublaminar wires pulled the spine transversely
to effect an improved correction with better stability
(Fig. 1.4).52 He also added cross-links to spread the load on
the spine. Luque first used his system for neuromuscular
curves, there being a high prevalence of poliomyelitis in
Mexico at the time, but it soon became utilized for idio-
pathic curvatures of the spine.

To fix Luque’s segmental instrumentation more solidly
in paralytic curves, Allan and Ferguson devised the tech-
nique known as the Galveston technique, whereby the bot-
tom short L of the L-rod construct could be passed across
the posterior pelvis.53

However, although this improved frontal-plane correc-
tion with the instrumentation, there was no alteration in

the size of the rib hump, which is what patients with idio-
pathic scoliosis most want to have treated. At the time it
was still perceived that idiopathic thoracic scoliosis of
adolescent onset was the potential cause of cardiopul-
monary compromise in early adulthood,®* and stabilizing
the curve or obtaining modest correction were therefore
the goal of treatment in this patient population. But in
both France®® and England®® it was appreciated that the
transverse-plane component of the deformity was sec-
ondary to the buckling of a lordosis in the sagittal plane,
and thus that what the spine required was not so much
distraction as derotation. Rather than developing new
instrumentation, the Leeds Group modified the Harring-
ton-Luque system by deliberately bending the Harrington
rod into kyphosis and not distracting the rod until the
concave sublaminar wires had lifted the depressed con-
cavity in the spine, thus effecting significant derotation
(Fig. 1.5). So as not to stretch the spinal canal and to
render the middle portion of the curve more flexible, pre-
liminary anterior multiple transthoracic discectomy was
performed in a first stage of treatment.%” This anterior dis-
cectomy procedure is sometimes called an anterior
release, but this is not the case because it is the anterior
spinal column that is too long in idiopathic scoliosis (as
Adams knew), and the procedure is therefore not a release
but a space-making operation with simultaneous removal
of the growth plates anteriorly so that the excessively long
anterior column would not continue growing.

Fig. 1.4 Luque segmental L-rod instrumentation for a child with Friedreich’s ataxia. (A,B) PA X-ray films before surgery.
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C

Fig. 1.4 (Continued) (C,D) PA X-ray films after instrumentation.

B

Fig. 1.5 The “Leeds Procedure.” (A) PA X-ray film of a rigid 90- been a 70% correction of the Cobb angle simply from shortening of
degree idiopathic thoracic curve. (B) PA X-ray film in recovery after  the leading edge of the spinal deformity and allowing it to collapse
anterior multiple discectomy (five discs removed). There has already  into itself.

(Continued on page 8)
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E

Fig. 1.5 (Continued) The “Leeds Procedure.” (C) In the second stage
of instrumentation, the rod has been pre-bent to restore kyphosis, and
the concave sublaminar wires now pull backward to derotate the
spine. (D) PA view after instrumentation, showing almost complete

F

restoration of rotation and rib asymmetry. (E) Preoperative PA view of
the patient’s severe deformity. (F) Postoperative appearance, showing
virtually complete correction.
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In France, Cotrel and Dubousset devised a revolution-
ary new system of spinal instrumentation® (known as
the “French Revolution”), upon which all third-genera-
tion posterior constructs are based (Fig. 1.6). This was a
two-rod system, with one rod for the concave side and
one for the convex side of the scoliotic curve, with multi-
ple hooks on each rod so that segments of the spine
could be compressed or distracted on the same rod.
Importantly, before final tightening the concave rod was
turned from the frontal to the sagittal plane, thus pro-
ducing derotation and restoration of apical thoracic
kyphosis.

Modern two-rod systems continue to make use of the
ability to compress and distract different segments of
the spine, but do not involve the concave-rod rotational
maneuver originally described by Cotrel and Dubousset.

Improved fixation of treatment devices to bone has been
achieved with multiple transpedicular screws, and it is
possible, by using screws bilaterally at each level, to correct
deformities of appreciable size without recourse to anterior
discectomies, and by going only from one end-vertebra to
the other; so powerful is the system that it will drag into
line the vertebrae above and below the end-vertebrae
[(Fig. 1.7).°

Fig. 1.6 Cotrel-Dubousset instrumentation. (A) PA X-ray film of a tho-
racic curve. (B) PA X-ray film after Cotrel-Dubousset instrumentation.

B The Development of Anterior
Surgical Procedures

The twentieth century also saw the development of anterior
spinal surgical techniques. In 1934 Ito described anterior sur-
gery for tuberculosis of the spine,’® which was then popular-
ized by Arthur Hodgson in Hong Kong, again initially for
treating tuberculosis of the spine.”! By resecting diseased
bone and other necrotic material, Hodgson effectively excised
the disease, correcting the deficit by strut grafting from the
iliac crest. This was particularly important because many pa-
tients were not compliant in taking their medications. In
1965 Hodgson turned his surgical expertise with the anterior
spine to the problems of congenital scoliosis,”? but his open-
ing wedge osteotomy caused a high incidence of paralysis by
stretching the spinal cord.

Anterior resection of congenital vertebral anomalies goes
back to Royle in 1928,7> whose work was followed by Com-
pere,’4 Von Lackum and Smith,”> and Wiles.”® These had only
varying degrees of success, and also had high complication
rates. However, in 1973 Leatherman published his classic
paper on closing wedge osteotomy for rigid spinal curves,””
whereby a suitably sized wedge of bone was excised at the

Fig. 1.7 (A) PA X-ray film of a thoracic curve. (B) Appearance after
use of end-vertebra-to-end-vertebra bilateral transpedicular screw
instrumentation.

A,B
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curve apex based on the convex side, the anterior vertebral
body being excised in the first stage, and the back of the
wedge then being excised in a second stage, followed by clo-
sure of the wedge. Initially, without Harrington instrumenta-
tion, Leatherman had difficulty closing his wedges and had to

cD

use unsatisfactory constructs such as staples. The advent of
the Harrington compression system solved his problems, and
permitted the wedge to be closed in a controlled manner, fol-
lowed by the insertion of a Harrington distraction rod on the
concave side of the curve for increased stability (Fig. 1.8).”

Fig. 1.8 Leatherman two-stage wedge resection. (A) PA X-ray
film of a severe rigid thoracic curve. (B) PA X-ray film after apical
wedge resection, the wedge being first closed by the compres-
sion system before further stabilization with a distraction rod.
(C) Clinical photograph of the patient’s severe deformity before
surgery. (D) View showing excellent correction after surgery.
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Today, osteotomies can be performed posteriorly by sub-
traction techniques’® based on Heinig’s description of his
decancellation egg-shell procedure in 1984.8°

B The Introduction of Anterior
Instrumentation

Anterior instrumentation for idiopathic scoliosis was first
described by Dwyer et al in Australia in the 1960s (Fig. 1.9).3!
He passed screws transversely across the apical vertebral
bodies, having resected the intervertebral discs and growth
plates down to endplate bone. The screws had holes in their
heads through which was passed a braided metal cable. At
each level of the scoliotic curve the screw heads were com-
pressed to shorten the curve convexity, and were then
crimped over the cable to maintain correction. Dwyer and
Schaefer described this particularly for idiopathic scoliosis,
but scoliosis®? surgeons in many countries worldwide initially
adopted this instrumentation for patients with paralytic scol-
iosis because they felt that it might constitute dangerous
overtreatment for idiopathic deformities. Because the inter-
vertebral discs were removed in Dwyer’s technique, the area
of instrumentation was reduced, and this was a very safe
procedure with regard to neurological complications. It also
produced excellent corrections for thoracolumbar and lumbar

curves without requiring extensive posterior instrumenta-
tion. This allowed the retention of mobile segments below
the construct, as well as the ability to maintain lumbar lordo-
sis.

In Germany, Klaus Zielke modified the Dwyer system,
using a threaded compression rod in place of the braided
cable (Fig. 1.10).83 This was an excellent design and was a
forerunner of modern anterior smooth-rod systems for
treating scoliosis. Although Zielke’s technique of lordosa-
tion worked well for the lumbar spine, it did not work in
the thoracic spine, in which the anterior column is already
lordotic. Jurgen Harms promoted the concept of kyphosing
the thoracic spine with anterior instrumentation.3*

B The Young Scoliosis Patient

One of the most difficult scoliotic deformities to treat is the
infantile idiopathic progressive curve, and Mehta®® in Eng-
land and Morrell®® in France first devised and used serial
plaster cast treatment for this under light general anesthesia,
with the casts changed every 2 or 3 months with growth,
until the end of the third year of life if necessary (Fig. 1.11).
This capitalized on the infantile growth spurt and the ability
of the plaster cast to mold the more malleable infantile
skeleton. Such casts are still used today, and if referral to a

Fig. 1.9 The Dwyer procedure. (A) PA X-ray film of a 90-degree thoracolumbar curve. (B) PA X-ray film 2 years later, showing excellent correc-

tion with only four inter-vertebral joints fused.

1
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Fig. 1.10 The Zielke procedure. (A) PA X-ray film of a 70-degree thoracolumbar curve. (B,C) PA X-ray films 2 years postoperatively. The entire
thoracolumbar spine has been restacked with the use of only four screws and fusion of only three inter-vertebral joints.

Fig. 1.11 Applying an elongation—-derotation—flexion (EDF) cast to an
infant with progressive idiopathic scoliosis: an essential form of treat-
ment. This treatment may need to be repeated every 2 or 3 months
until the patient reaches the age of 4 years.

scoliosis center is not delayed, this treatment can be very ef-
fective in correcting deformities or at least preventing their
progression. This is important because only deformities be-
ginning before the age of 5 years militate against good
cardiopulmonary health in adulthood. Mehta described
measurement of the the rib-vertebra angle difference
(RVAD), and if this was more than 20 degrees, progression
was likely.8”

For deformities that do not respond to cast treatment,
surgical treatment is necessary, and because the essential
lesion in early-onset scoliosis is, like that in late-onset dis-
ease, a lordosis in the sagittal plane, it would be extremely
counterproductive to do a posterior fusion, which would
further tether the back of the spine and induce what is
described as the crankshaft phenomenon, whereby anterior
growth continues against a posterior tether, thus actually
accelerating progression of the deformity. Roaf in Liverpool
tried to halt the growth of the antero-convex side of the
spine by way of convex hemi-epiphysiodesis,8 but by the
time the biology caught up with fusion, the biomechanics
of the buckling lordosis in early-onset scoliosis had led to
unacceptable progression.820

Moe in 1984 described the use of a subcutaneous Har-
rington rod for the treatment of progressive curves in very
young children while allowing growth to continue.®' This
was possible because only the upper and lower hooks were
subperiosteal, the rest of the rod running extraperiosteally
through or superficial to the paraspinal muscle. At repeated
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Fig. 1.12 The use of a subcutaneous growing rod. (A) PA X-ray film showing a 100-degree thoracic curve in a boy aged 6 years. (B) PA X-ray
film 10 years after anterior multiple thoracic discectomy and the insertion of a growing rod, which was lengthened or exchanged 12 times.

intervals of 6 months to a year, the rod could be extended as
the child grew (Fig. 1.12). Leatherman popularized the
Luque trolley procedure (L-rods with sublaminar wires
without fusion) to allow continued spinal growth. This can
be done with one rod and wires (Fig. 1.13). The same princi-
ple of allowing posterior spinal growth can be achieved with
modern third-generation spinal instrumentation systems.

More recently, Roaf’s principles have been recycled in
the form of epiphyseal stapling,®?> and attention has also
been directed to using rib distractors to prevent progres-
sion of scoliosis in the young patient.??

What is important in treating scoliosis of early onset,
apart from not tethering the posterior part of the spine, is
to stop anterior growth of the lordosis by multiple anterior
discectomy and growth-plate removal followed by use of a
stable posterior construct.

B Conclusion

Both Hippocrates in the fifth century BC and Galen in the
second century AD described scoliosis and devices for
treating it. In France in the sixteenth century, Paré de-
scribed congenital scoliosis, and in 1780 Venel developed a
brace for scoliosis. In the late noneteenth century Volkman
was the first to describe costoplasty. William Adams in

England, at the same time, dissected cadavers with struc-
tural scoliosis and noted that through the apex of the defor-
mity the front of the spine was longer than the back. He
described the pathogenesis of idiopathic scoliosis by saying
that “lordosis plus rotation equals lateral flexion.”

In the late nineteenth and early twentieth centuries,
Harda, Lange, and Wreden used metal implants to treat
scoliosis. In 1911 Albee described bone grafting to the
spine using a tibial strut, and Hibbs in New York treated
scoliosis with his subperiosteal fusion procedure. Then
Risser, along with Hibbs, described the preoperative turn-
buckle cast. In the early 1950s Risser described the preop-
erative localizer cast, and 1952 John Cobb reported 672
cases of spinal fusion with only a 4% pseudarthrosis rate.

In 1958 Blount described the Milwaukee brace, which
was refined by Hall in Boston into an underarm variant.

The first meaningful instrumentation for correcting sco-
liosis was described by Paul Harrington in Texas in 1955,
and revolutionized the surgical management of scoliosis. In
Minneapolis John Moe soon adopted Harrington instru-
mentation. Following this, Resina in Portugal and Luque in
Mexico described using segmental wiring to rods. In 1986,
the importance of the lordotic component of the scoliotic
deformity was confirmed in both France and England, and
treatment strategies were designed to primarily derotate
the spine. This led to the development of Cotrel-Dubousett

13
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instrumentation, on which modern two-rod instrumenta-
tion systems are based. Attention was turned to instru-
mentation of the anterior side of the spine by Dwyer in
Australia in the 1960s. His instrumentation system was
refined by Zielke in Germany and applied by Harms in the
thoracic region to deliberately kyphose the spine.

For the dangerous early-onset idiopathic form of scolio-
sis, Mehta in London and Morrell in France devised the
application of small plaster jackets to mold the infantile
spine. Because posterior fusion is illogical for early-onset

Fig. 1.13  PA X-ray films of a patient with in-
fantile idiopathic scoliosis treated with serial
EDF casting but whose scoliosis was still pro-
gressing at the age of 5 years. (A) PA X-ray
film before surgery. (B) Lateral X-ray film
after segmental instrumentation without
fusion. (C) PA X-ray film after surgery, show-
ing that the kyphosis has been restored so as
to stop subsequent buckling. (D) PA X-ray
film made 3 years after surgery, showing that
the lower end of the rod has come out of the
lower hook, indicating growth. (E) PA X-ray
film made when the patient was a teenager,
showing very considerable growth of the
affected part of the spine, and that elevation
of the periosteum for insertion of the sub-
laminar wires did not prevent spinal growth.
At maturity, the metalwork was removed
and the correction was maintained.

scoliosis, Roaf in Liverpool described hemi-epiphysiodesis
in an effort to restrict growth at the leading edge of the
deformity in scoliosis, and this has more recently been
used to provide support through stapling. To stop posterior
fusion, Moe developed the subcutaneous posterior rod,
which can be lengthened with childhood growth.

If more was known about the natural history of idio-
pathic scoliosis throughout growth, it might be possible to
devise even more truly biological approaches to the man-
agement of this complex three-dimensional deformity.
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B Definitions and Terminology’
Planes and Deformities

Spinal deformities are described according to the three
planes of the body (Fig. 2.1). In the coronal (frontal) plane
the spine should be straight, and any lateral curvature is
referred to as scoliosis. In the sagittal (1ateral) plane, once a
child has achieved head control and started walking, there
are four natural spinal curvatures, two convex anteriorly
(lordoses), in the cervical and lumbar regions, respectively,
and two curvatures convex posteriorly (kyphoses), in the
thoracic and sacral regions, respectively (Fig. 2.2). Only
when these lateral curvatures are excessive or reduced do
they assume clinical significance.

Nonstructural and Structural Scolioses

To differentiate between relatively unimportant scolioses
and important ones, the terms nonstructural and structural
are applied, the former comprising purely lateral curva-
tures, whereas the latter have a rotational component in
the transverse plane. Nonstructural curvatures are nonpro-
gressive and secondary to some other problem (e.g., a
pelvic tilt secondary to leg-length inequality or muscle
spasm in association with back pain) (Fig. 2.3). Structural

Sagittal

Coronal l

B

~=—
Horizontal I
or - /
Transverse —')
T
)
Fig. 2.1 The planes of the body.

Basic Principles of Scoliosis Treatment

scolioses are important and often progressive. The rota-
tional component is clearly seen on X-ray films, with the
spinous processes rotating toward the curve concavity
(Fig. 2.4), and is seen clinically by the presence of a rib or
loin hump as the attached ribs and transverse processes
rotate with the spine (Fig. 2.5). Structural curves are
primary or intrinsic to the spine itself.

Cervical
curvature
Thoracic
curvature
Lumbar
curvature
Pelvic
curvature

Fig. 2.2 The four natural curvatures of the spine in the sagittal
plane: cervical and lumbar lordoses and thoracic and pelvic kyphoses.
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Fig. 2.3 (A) A teenage boy with a nonstructural lumbar
scoliosis caused by muscle spasm from an adolescent
disc hernia. (B) PA X-ray film of a nonstructural lumbar
curve secondary to a leg- length inequality.

Fig. 2.4 PA X-ray film of a lumbar curve. The spinous processes have
been labeled with black triangles, and it can be clearly seen that they
rotate toward the concavity of the curve, as is always the case with ~ Fig. 2.5 The rib hump associated with an idiopathic thoracic curve,
structural scoliosis. which results from twisting of the attached ribs when the spine twists.
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B Curve Characteristics
Named Vertebrae

The apical vertebra or vertebrae are those at the center of
the scoliotic curve (Fig. 2.6). These are the most rotated
vertebrae in the transverse plane. The upper and lower
neutral vertebrae are the first nonrotated vertebrae above
and below the scoliotic curve. The end-vertebrae are those
maximally tilted above and below the apex of the curve. By
convention, the extent of a scoliotic curve is described from
neutral vertebra to neutral vertebra (e.g., T4 to L1), whereas
the end-vertebrae are the reference points for measure-
ment of the magnitude of the curve.

Curve Size

The usual method of measuring curve size is that of Cobb
(Fig. 2.6).2 In this method, lines are drawn along the upper
endplate of the upper end-vertebra and the lower endplate
of the lower end-vertebra, with the angle subtended by
these lines being the Cobb angle. The case of large curves
these lines intersect on the X-ray film, whereas for smaller
curves perpendiculars have to be dropped for the measure-
ment to be made. However, use of the Oxford Orthopaedic
Engineering Centre Cobbometer obviates these problems
and reduces the measurement error to much less than half
of what it would otherwise be (Fig. 2.7).

Fig. 2.6 PA X-ray film of a thoracic curve. The end-vertebrae for Cobb
angle measurement (the most tilted vertebrae at the top and bottom of
the curve) are T5 above and T11 below. The first neutral vertebra above is
T3, two above the upper end-vertebra; T12 is the lower neutral vertebra.

Align with vertebra

Set dial to zero /

Fig. 2.7 Measuring the Cobb angle with the Oxford Cobbometer
(a protractor with a vertically free hanging needle). The upper border
of the instrument is first aligned with the upper surface of the upper

end-vertebra, and the protractor dial is set to zero. When the upper
border of the instrument is then aligned with the lower surface of the
lower end-vertebra, the needle gives the Cobb angle.
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It should be remembered that these measurements are
made on an anteroposterior (AP) radiograph of the patient,
and that the vertebrae within the curve are rotated out of
the frontal plane of the patient, the apical vertebra being
the most rotated. Accordingly, bigger curves are progres-
sively rotated further away from the plane of the patient
and thus, for example, a curve of 60 degrees is much more
than twice as big as a curve of 30 degrees because the 60
degree curve is seen less en face (Fig. 2.8). For this reason
Stagnara favored taking radiographs of the scoliotic spine
with respect to the amount of apical rotation, and he called
these plan d’election views.?> If, for instance, the apical

C

vertebra is rotated 30 degrees from the frontal plane of the
patient, the patient or X-ray beam is turned 30 degrees
from the frontal plane, so that a true AP plan d’election
view is obtained. Necessarily, the size of the scoliotic curve
on the plan d’election AP view is larger than on the AP view
of the patient. So as to understand this point more clearly it
is useful, for example, to examine a coat hanger in different
planes of projection (Fig. 2.9). When the coat hanger is at
right angles to the plane of projection (Stagnara’s AP plan
d’election view), the angle measures 60 degrees. If the coat
hanger is rotated 90 degrees from this, then no angle is
subtended, or the angle is 0 degrees and represents the

Fig. 2.8 (A) PA view of the patient; (B) a true PA view; (C) a lateral view of the patient; (D) a true lateral view.
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true lateral projection. As the coat hanger is rotated from
this true lateral projection to the true AP projection, the an-
gle increases, so that the angle subtended halfway between
the true lateral and AP planes is 30 degrees.

For both the coat hanger and the patient, the Cobb
angle changes magnitude simply in terms of the plane of
projection.

Although publications about scoliotic curve size before
and after treatment compare mean Cobb angles, these are
clearly not arithmetic data, because a curve correction from
60 degrees to 30 degrees as the result of treatment repre-
sents much more than a 50% improvement.

Vertebral Rotation

The extent to which the apical vertebra is rotated from the
frontal plane in a patient with scoliosis can be measured
with Perdriolle’s protractor® (Fig. 2.10) or by the method of
Nash and Moe,” which measures the displacement of the
convex pedicle from the convex side of the vertebral body.
With these techniques the amount of vertebral rotation
does relate linearly to the size of the spinal deformity, but
they are much less popular measurements than measure-
ment of the Cobb angle. Moreover, obvious limitations to
these other techniques are the inability to determine pedic-
ular landmarks after instrumentation.

Another index of rotation, in addition to the position of
the pedicles, is the angular appearance of the ribs on each
side of the scoliotic curve. This is of particular significance
for idiopathic deformities of early onset (infantile idiopathic
scoliosis), which are common in the United Kingdom but
much less prevalent in the United States. Fortunately, the

Fig. 2.9 (A) Lateral view of a coat hanger, showing an
angle of 60 degrees. (B) The coat hanger has been
rotated 45 degrees and now the Cobb angle registers
only 30 degrees because the coat hanger is not being
seen en face as it is in (A). (C) When the coat hanger is
turned a further 45 degrees there is no angle at all.

Fig. 2.10 Measuring rotation using Perdriolle’s protractor. The
protractor comprises diverging lines and is laid over the PA radi-
ograph, with the side lines of the projector aligned with the sides of
the vertebral body. The line that bisects the convex pedicle indicates
the degree of rotation of that vertebra.
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Fig. 2.11 (A) Infantile idiopathic thoracic scoliosis. Although the
Cobb angle is 30 degrees the RVAD is only 5 degrees. (B) Two years
later, the deformity has almost resolved. (C) Infantile idiopathic
double-structural scoliosis to the right in the thoracic region and
to the left in the thoracolumbar region. Although the Cobb angles

majority of such deformities resolve, but some progress and
can cause cardiopulmonary dysfunction. It is therefore
critically important to identify those that need immediate
treatment and those that can be monitored.

Thirty years ago, Min Mehta studied a large number of
infants with scoliosis, and one of the important measures
he used was the rib-vertebra angle difference (RVAD)
(Fig. 2.11).8 In this procedure the angle that the neck of
the rib makes with the vertical axis of the apical vertebra
(the rib-vertebra angle [RVA]) is measured on each side
of the vertebra, and if the difference (the RVAD) is 20 degrees
or more, there is a strong likelihood of progression of scol-
iosis. Therefore, this radiographic measure is particularly
important in addition to the clinical assessment of such
infants.

Curve Patterns

Patterns of scoliotic curvature are described according to the
location of the apical vertebra (Fig. 2.12). Thus, thoracic
curves have an apex between T2 and T11 inclusive, whereas
lumbar curves have an apex between L2 and L4. Thoracolum-
bar curves have an apex between T12 and L1. Curves above
and below these regions of the spine are unusual, but are

measure only 28 and 25 degrees, respectively, and the RVAD of the
thoracic curve measures only 6 degrees, infantile double-structural
curves are always progressive unless treated. (D) One year later both
curves have increased significantly, particularly the lower one. Unfor-
tunately, no therapeutic action was taken in the interim.

defined according to the same principles, with cervicotho-
racic curves apical at C7/T1; cervical curves apical above this;
and lumbosacral curves having an apex at L5/S1.

The direction of a scoliotic curve is described according
to its convexity. Curves can also be single or multiple, and a
single right thoracic and left lumbar curve are common
patterns of scoliosis. Because there can be more than one
curve in the spine, a right thoracic combined with a left
lumbar double curve pattern is also common, as indeed are
triple curve patterns.

Spinal Balance (Compensation)

If there is a single structural curve in the spine then com-
pensatory curves above and below it bring the head and
pelvis into straight alignment. These curves are not rotated
and are therefore nonstructural. If there is a double or
triple structural curve pattern, the nonrotated compensatory
curves are above and below these.

For clinical purposes, spinal balance (compensation)
can be demonstrated if a plumb line suspended from the
vertebra prominens bisects the gluteal cleft. If such a line
passes to the right of the gluteal cleft for a right-sided
curve, then the spine is termed decompensated. Balance
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A-C

Fig. 2.12 A selection of common curve patterns in infantile idiopathic
scoliosis. (A) Right thoracic curves: these are always apical between T7
and T9. (B) Right thoracolumbar curves: these are apical at T12 or L1.

can, however, be assessed more accurately by measuring
the size of the compensatory curves: if the compensatory
curves are of equal magnitude, then the spine is in
balance, whereas if the lower compensatory curve is
larger than the upper curve, the spine is decompensated
(Fig. 2.13).

Why some deformities are nicely balanced and others
badly imbalanced is unknown. Decompensation markedly
worsens a patient’s appearance, and achieving balance is
therefore an important consideration in treating scoliosis.

B Biological Growth

Because scoliotic deformities in children have the potential
to progress during growth, it is very important to assess
this risk accurately and to repeat measurements regularly
to see how children travel through their adolescence.

Indices of Maturity

Most patients with scoliosis require assessment and treat-
ment during adolescence, and as with other skeletal defor-
mities, their condition worsens during phases of rapid
growth and ceases to worsen at the attainment of skeletal

(C) In cases of right thoracic and left lumbar double-structural curves,
the lumbar curves are always apical at L2.

maturity. The two popular methods for assessing progression
of scoliosis are to determine the status of ossification of the
iliac crest and vertebral ring apophyses. Unfortunately, the
vertebral ring apophyses are progressively less conspicuous

20 15

40
40

20 25

Fig. 2.13 Measuring spinal balance (compensation). The sum of the
upper and lower compensatory curves is always equal to the size of
the structural curve. (Left) When the spine is in perfect balance, the
upper and lower compensatory curves are of equal magnitude.
(Right) When the spine lists to the side of the convexity of the curve
(decompensation), it does so, because the lower compensatory
curve is bigger than the upper compensatory curve. In this case the
spine is decompensated by 10 degrees.
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Fig. 2.14 The Risser sign. The iliac crest apophysis appears first
anteriorly and then moves round the iliac crest to end posteriorly.
This excursion is divided into quarters, with Risser 5 occurring when
the iliac crest apophysis fuses with the pelvis. Accordingly, patients’
maturity can be rated from Risser 0 through Risser 5.

and thus more difficult to identify the closer the patient
comes to maturity. Risser first described the migration and
subsequent ossification and fusion of the iliac crest apoph-
ysis, dividing it into quarters as its ossification progresses
posteriorly (Risser 0 [no apophysis] to Risser 5 [fused
apophysis]) (Fig. 2.14).° Unfortunately, this is not particu-
larly useful, because spinal growth continues for at least
a further 2 years after the attainment of general skeletal
maturity.

The Leeds Group demonstrated that adolescents grew
all of 2 cm after maturation of the pelvis,'® and although
this has little import for the straight spine, it does provide a
mechanism for curve progression after Risser 5.

Measurement of Bone Age

Measurement of bone age from radiographs of the left hand
and wrist is a long-standing convention in pediatrics, par-
ticularly in relation to children with systemic growth disor-
ders involving stature. The size of the carpal bones can be
measured and the status of ossification of the epiphyses in
the wrist and hand can also be assessed to provide a meas-
ure of bone age when radiographs of these structures are
compared with standard skeletal atlases.

The original Greulich and Pyle atlas'' was based on well-
advanced, upper-class children in Cleveland, Ohio, in the
1930s. A more up-to-date and precise atlas is that by Tan-
ner and Whitehouse (Second Method!?), which can permit
measurement of bone age to one decimal place. A girl of
age 12 years chronologically is commonly 11 or 13 years of
age skeletally, and it is much more important to know
skeletal age than chronological age. A posteroanterior (PA)
X-ray film of the left hand and wrist, made on an annual

basis, is quite safe and describes how a child is progressing
sequentially through his or her growth phase.

Centile Charts

For assessing standing height and sitting height, there are
centile charts against which these anthropometric measure-
ments can be plotted. A phase of increased growth velocity
(i.e., acceleration) is often associated with progression of a
scoliotic curve (Fig. 2.15).

There are also photographic standards for breast and
pubic hair development through adolescence, but use of
these is probably too precise and intrusive for the assess-
ment of the patient with scoliosis. However, the time of
menarche is very important because it heralds the begin-
ning of the adolescent growth spurt in females.

Assessing the Scoliosis Patient

With the resources that have been described, measure-
ments of standing height, sitting height, and bone age can
easily be made on each visit by a patient with scoliosis,
and titrated against the characteristics of the patient’s
deformity.

B Etiological Classification

The Scoliosis Research Society in 1973 described a simple
classification of spinal deformity according to etiology.!
Table 2.1 shows this classification, which is memorable and
simple to apply. With the exception of the first category, of
idiopathic scoliosis, a definable pathological process deforms
the spine in all categories of scoliosis. Thus, idiopathic
scoliosis occurs in children who are by definition otherwise
entirely normal, which is the reason for the Greek word
idiopathic (self-generating) being applied to this category of
the condition.

Idiopathic Scoliosis

Idiopathic scoliosis is defined as a lateral curvature of the
spine with rotation in the absence of any congenital spinal
anomaly or associated musculoskeletal condition. The
geometry of this deformity is easy to appreciate from plain
radiographs. There is always a lateral curvature of the spine
with rotation such that the posterior elements turn toward
the curve concavity (concordant rotation) (see Fig. 2.4).
This is confirmed by clinical examination of the patient
with the rotational prominence on the convex side of
the scoliotic curve and a corresponding depression on the
concave side (see Fig. 2.5).

Although James, in Edinburgh, divided the onset of idio-
pathic scoliosis into the three categories'? of infantile (0 to
3 years of age), juvenile (4 to 9 years of age), and adolescent
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Fig. 2.15 The 1975 Tanner and Whitehouse centile chart for the
height of girls. (A) On this chart the 50th centile of the 1959 stan-
dard is plotted, showing how “normal” girls today will appear taller
without any growth abnormality. (B) On this chart is plotted the

(age 10 years to maturity), what is really important is the
threshold of 5 years of age.'* Before this, and particularly in
the first year of life, a scoliosis in the thoracic region can
compromise the development of the heart and lungs, lead-
ing to cardiopulmonary problems in adulthood (Fig. 2.16).">
Beyond the age of 5 years no such organic health risks
apply,'® and the problem is one of appearance and defor-
mity only, albeit with attendant psychosocial distress.
Therefore, idiopathic scoliosis is better divided into the two
categories of early-onset (before the age of 5 years) and late-
onset (after the age of 5 years) (Fig. 2.17).14

Table 2.1 Etiological Classification of Spinal Deformities

Idiopathic deformities

Congenital deformities

Neuromuscular deformities

Deformities caused by neurofibromatosis
Deformities caused by mesencyhmal disorders
Traumatic deformities

Deformities caused by infection

Deformities caused by tumors

Miscellaneous conditions in which a spinal deformity is common

0 1 12 13 4 15 16 7
Age,years B

height of a 10-year-old girl who does not grow for the next 2 years.
However, between the ages of 12 and 13 years she has experienced
3 years worth of growth, to re-enter the 50th centile, and during this
period her growth velocity is therefore excessive.

Early-onset Idiopathic Scoliosis

Early-onset idiopathic scoliosis is almost certainly a prob-
lem of postnatal body pressure molding, because the con-
vexity of the scoliosis is associated with the side affected
by plagiocephaly, plagiopelvy, bat ear, and wry neck, all of

— 3004
& 300x 10°
X 250 x 10¢
5 2004
1]
=
L]
k)
o 100-
z
20 % 108
1 1
Birth 4 8
Age (yr)

Fig. 2.16 Graph demonstrating the rate of development of pul-
monary alveoli. A maximum is reached at the age of 8 years, with
five-sixths of alveoli being developed by the age of 4 years and half
by the age of 1 year.
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Fig. 2.17 The two fundamental types of idiopathic scoliosis according to age of onset: (A) early onset and (B) late onset.

which deformities are associated with early-onset scolio-
sis and all of which develop after birth.!” Fortunately, 90%
of early-onset scolioses resolve, but 10% are static or pro-
gressive. Mehta studied early-onset scoliosis and noted
certain factors indicative of progression.® Boys are affected
more often than girls, and thoracic and thoracolumbar
curves tend to resolve whereas double-structural curves
have a definite progression potential. Initial curve size at
presentation and the amount of apical rotation (RVAD)
are also important determinants of the course of the
condition. A small initial curve size and RVAD of less
than 20 degrees suggest a benign prognosis. A stiff curve
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A clear understanding of the pathogenesis of idiopathic sco-
liosis is essential to appreciating its clinical behavior.
Although epidemiological surveys have shown an enormous
number of children with minor coronal-plane deformities of
the spine, only a relatively small number show evidence of
progressive idiopathic scoliosis, which means that other fac-
tors must be superimposed to make a deformity idiopathic
and progressive. The environment of growth is clearly
important, as with other progressive skeletal deformities.
The prevalence rate of minor curves in boys is about half
that for each age in girls, and the difference is progressively
more obvious the greater the size of the curve. Boys are
therefore in some way protected from idiopathic scoliosis,
but their spines are going to be subjected to much the same
neuromuscular, metabolic, and endocrine processes during
growth as those of girls. On a commonsense basis it would
seem unlikely that pointing the finger of suspicion, for in-
stance, at the paravertebral musculature, brain, eyes, ears,
spinal cord, nerve roots, muscles, collagen, and even
platelets would not be a profitable line of research into the
cause of idiopathic scoliosis. Notwithstanding, this path has
largely been the focus of research activity in the etiology of
idiopathic scoliosis over the past half century.

B Muscular Theories

Most hypotheses and speculations put forward about the
cause of idiopathic scoliosis concern neuromuscular theo-
ries, although idiopathic scoliosis is defined as a spinal cur-
vature in the absence of any associated musculoskeletal
condition. Since Lerique and Le Coeur first demonstated
electromyographic asymmetry in the paraspinal muscles of
patients with the condition,! much work on the paraspinal
musculature has been performed, including studies of mus-
cle fiber type and ultrastructural differences,?-'! although
Zetterberg and colleagues showed that these abnormalities
resembled the sort of changes encountered after endurance
training, indicating a secondary or adaptive process (i.e.,
secondary to the presence of a spinal curvature) in their
occurrence.'? Saartok et al went even further, stating that “a
neuromuscular imbalance has not been shown to be an eti-
ological factor for the idiopathic form of scoliosis.”!? The
histological specimens were obtained during scoliosis sur-
gery from a highly selected group of patients with larger
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curves, focusing on the difference between the right and left
sides, when the geometric problem is instead a front-to-
back buckling lordosis (vide infra).

Platelets contain actin and myosin, and because of their
resemblance to those in skeletal muscle, these structures
have also been examined in idiopathic scoliosis. Early stud-
ies reporting abnormal morphology and function of
platelets in patients with idiopathic scoliosis!4-1¢ were not
confirmed in subsequent studies, which showed no differ-
ence between patients with idiopathic scoliosis and con-
trols.17.18 Platelet aggregation abnormalities were shown to
be more prevalent in those with larger scoliotic curves,
again indicating a secondary effect.?2% Calmodulin regu-
lates the contractile properties of muscles and platelets
through changes in calcium concentration, and higher
platelet calmodulin levels have been demonstrated in
patients with progressive curves,?! as have lower levels of
melatonin, a calmodulin antagonist.?? It is unclear what
these changes reflect other than the biochemistry of growth
in general.

B Neurological Theories

Because scoliosis is associated with many neurological dis-
eases, from those affecting the brain to those of peripheral
nerves, several neurological abnormalities have been
described in association with idiopathic scoliosis.
Electroencephalography, proprioception, and vibration
sense have been examined in idiopathic scoliosis, as well as
balance and electronystagmography.?3-26 Recently, abnor-
mal somatosensory function has been demonstrated in
patients with adolescent idiopathic scoliosis,?”?8 but its
relationship to curve severity again suggests changes sec-
ondary to the presence of a deformity. Forty years ago it
was thought that idiopathic scoliosis could be caused by a
short spinal cord,?® and more recently Porter has shown
that in patients with the condition the spinal canal is
shorter than the spine itself.3%-32 This theory has been fan-
cifully called “uncoupled neuro-osseous growth,”3 and the
concept of this difference in length has also been supported
through screening with magnetic resonance imaging
(MRI).33 Thirty years ago in Oxford, cadaver spines with
idiopathic scoliosis were measured and it was shown that
the spinal canal takes the shortest route down the spine.?*
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A

Fig. 3.1

(A) Axial MRI scan through the apex of an idiopathic
thoracic scoliosis, showing that the spinal cord lies close to the
posterolateral elements on the concave side. (B) Sagittal MRI scan

The Leeds Study Group looked at the same specimens in
more detail and confirmed the findings that the postero-
concave canal distance was the shortest spinal route.?>
Since MRI scanning first became available, the Leeds Group
has looked at patients with idiopathic spinal deformities.
Whereas in Scheuermann’s thoracic hyperkyphosis the
spinal cord hugs the back of the vertebral bodies at the
apex of the curve, the spinal cord also takes the shortest
route in the opposite deformity of idiopathic lordoscoliosis,
being close to the back of the vertebral body/pedicle on the
concave side of the curve (Fig. 3.1). Patients with idiopathic
scoliosis do not have any known clinical neurological
abnormality, nor does MRI scanning show any tethering
effect in this condition, such as a low conus or a secondary
Arnold-Chiari malformation. A spinal canal proportionately
shorter than the rest of the axial skeleton in idiopathic scol-
iosis merely reflects what one would expect of the geometry
of a lordoscoliosis.

The advent of MRI scanning demonstrated a greater
prevalence of a syrinx in the spinal cord than had previously
been found, particularly for less common curve patterns such

of a post-traumatic kyphosis, showing the spinal cord applied to,
and indeed stretched over, the back of the kyphosis.

as a left thoracic curve, a stiff curve, a very painful curve, or a
progressive curve in a boy (Fig. 3.2).36 These unusual curves
do have a neuromuscular basis, and syrinx drainage or shunt-
ing usually leads to curve stabilization or improvement.

Experimental animal models of root or cord damage
have produced nonidiopathic curves, usually instantly
upon awakening of the animal from anesthesia.?’-4? Inter-
estingly, Langenskiold and Michaelsson produced scoliosis
in rabbits by dividing the costotransverse ligament,*! but
the resulting curves again turned out to be neuromuscular
curves. De Salis and colleagues showed that the segmental
artery to the spinal cord in rabbits runs just under the cos-
totransverse ligament,*? and that damage to this segmental
blood supply produced a neuromuscular type of deformity.
In rabbits, the spinal cord depends upon a segmental feed-
ing vessel at each level (Fig. 3.3). Not surprisingly, when the
costotransverse ligament was divided in primates with an
Adamkiewicz type of cord blood supply, the spine remained
straight.#* Thermal coagulation of the facet joint capsules in
rabbits also produces a spinal deformity from ischemic
cord damage.*4
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A

Fig.3.2 (A) PA view of the lower cervical/upper thoracic spine of a boy with a painful thoracic “idiopathic” scoliosis, showing the typical
gross interpedicular widening of a syrinx. (B) Sagittal MRI scan of the same region, showing a very large syrinx.

Fig. 3.3 Dissection of the segmental blood supply to the spinal
cord in the rabbit. The blood supply depends upon a feeding vessel
at each level.

B Connective-tissue Abnormalities

Because connective tissue disorders such as Marfan or
Ehlers-Danlos syndrome are associated with an increased
prevalence of spinal deformity collagen structure and me-
tabolism have been extensively investigated both in the skin
and in the intervertebral discs in idiopathic scoliosis.*>->0
Again the findings were thought to be secondary to the
presence of a spinal deformity, and indeed, recent research
has excluded collagen abnormalities as potential genetic
causes of idiopathic scoliosis.>!>2

M Genetic Theories

In the late 1960s and early 1970s, the familial nature of
idiopathic scoliosis was clearly demonstrated in both Scot-
land>? and the United States.>* It was thought that idiopathic
scoliosis might be inherited in a sex-linked dominant
mode, but with variable expressivity and incomplete pene-
trance. Genomic screening and chromosome studies have
suggested chromosome 19 as a possible candidate for a
genetic source of the disorder,>>>6 but idiopathic scoliosis is
so multifactorial that it is extremely unlikely that only a
single gene is responsible for it.

Longitudinal studies of growth in relation to idiopathic
scoliosis show that early reports of children with the con-
dition having been taller and having advanced earlier in
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adolescent growth, while later experiencing growth re-
tardation, were not strictly correct because they relied
upon historical controls already shown to be unreliable.?’
When compared with contemporaneous controls, these
children showed no differences in comparison with
straight-backed counterparts. However, children with
bigger curves are significantly taller at each age, but do
not grow faster, indicating that a genetically tall stature
may be related to the progression potential of idiopathic
scoliosis.?” In such families one would expect to find a
high prevalence rate of idiopathic scoliosis, and the con-
cept of a gene for idiopathic scoliosis therefore loses cred-
ibility when the familial nature of the disorder can be
explained in part on the basis of stature. Moreover, the
whole pattern of growth during adolescence is strongly
familial,”® with, for instance, girls and their mothers
having their menarches at similar chronological ages.

If idiopathic scoliosis is a matter of abnormal spinal
shape that runs in families, then how that shape is achieved
must also be genetically determined. Delmas®® and Stag-
nara et al®® both put forward the notion that children have
a spinal physiognomy just as they have, for instance, a facial
one, and suggested that lateral profile may be governed
genetically just as are many other aspects of body shape.

Recently, the familial nature of sagittal spinal shape has
been investigated in schools, using the Quantec surface-shape
scanning technique, which can noninvasively register the lat-
eral spinal profile.5! We were particularly interested in the
mid-lower thoracic spine, where idiopathic thoracic scoliosis
is apical. We compared unrelated children of the same age
and sex, opposite-sex siblings, and same-sex siblings, and
then went to the Society of Twins meeting in the United
Kingdom (Twins and Multiple Births Association) and exam-
ined both nonidentical and identical twins. With progression
up the hierarchy from unrelated children to identical twins,
the lateral profile of the lower thoracic spine steadily increas-
ingly correlated with kinship, with identical twins having the
same thoracic spinal shape (Fig. 3.4).

B How the Three-Dimensional
Deformity Develops

In trying to understand the pathogenesis of idiopathic scol-
iosis, it is useful to consider how the deformity develops
and to start with some basic clinical and radiological obser-
vations. Considering thoracic scoliosis, in which the
changes in spinal shape are most obvious, the deformity
looks much less impressive in the erect position than on
forward bending, when the rib hump is maximized
(Fig. 3.5). This was observed by Adams 160 years ago,®? but
its importance was not appreciated by others for many
years. Clearly, something mechanical is happening to the
spinal column from the erect to the forward-bend position.
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Fig. 3.4 Lateral spinal profile measured in children in a school
screening program with a surface-shape computer. This histogram of
correlation coefficients demonstrates that as one passes from mixed-
sex siblings through same-sex, mixed-sex dizygotic, and same-sex
dizygotic to monozyotic siblings (from left to right), the correlation
coefficients steadily increase in magnitude, indicating ever closer cor-
respondence between lateral spinal profiles until with identical twins
the lateral spinal profiles are virtually the same. This is a very impor-
tant genetic element in the pathogenesis of idiopathic scoliosis.

When posteroanterior (PA) X-ray films of idiopathic sco-
liosis are inspected, it can be observed that the direction of
rotation of the spine is constant, with the posterior ele-
ments turning toward the curve concavity, and with this
rotation being maximal at the curve apex. (Fig. 3.6; see also
Fig. 2.4) The posterior elements of the spine are therefore
running, as it were, the shorter, inside lane of the “running
track,” as this appearance clearly indicates that the back of
the spine must be shorter than the front. The PA X-ray view
of the patient’s spine is, however, a PA view of everything
except the structural curve, because from the neutral
vertebra above down to the apex of the scoliotic curve, each
vertebra is progressively more rotated out of the frontal
plane before recovering from the apical vertebra to the
lower neutral vertebra. If the apical vertebra is, for instance,
rotated by 30 degrees, then to make a true anteroposterior
(AP) film, either the patient or the X-ray beam has to be rotated
by 30 degrees from the frontal plane, in which case the size of
the deformity is maximized. Stagnara devised this AP view
and termed it the plan d’election view (see Figs. 2.9 and
2.10).83 If a true lateral X-ray film of the curve apex is to be
made, the X-ray beam has to be rotated 90 degrees with
reference to the AP plan d’election view (Fig. 3.7). When this
is done, the essential lordosis is visualized.

The Leeds Group studied articulated skeletons with idio-
pathic scoliosis at the Royal College of Surgeons of Edinburgh
Museum, which helped to visualize the lordosis and the
nature of the seemingly complex three-dimensional
deformity in the disorder.3>%* Figure 3.8 shows one such
specimen. The PA view shows a significant deformity, with
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Fig. 3.5 A 14-year-old girl with a 45-degree spinal curve. In the erect position (A) the deformity is much less obvious than (B) on forward
bending, in which the rib hump is maximized.

Fig.3.6 PA X-ray film of a thoracic idiopathic scoliosis with the tips
of the spinous processes marked with triangles and the middle of the
vertebral bodies with dots. It can be seen that the distance down the
back of the spine is shorter than the distance down the front, con-  Fig. 3.7 A true lateral view of the apex of the curvature shown in
firming that all structural scolioses are lordotic. Fig. 3.6, demonstrating the lordosis.
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considerable rotation, and the PA X-ray film demonstrates al-
most 90 degrees of rotation, with the apical vertebra being
seen in an almost lateral projection. The lateral view of the
specimen would appear to show the presence of a kyphosis,
but it can be seen at the curve apex that the spinous
processes are pointing almost directly backward. The lateral
X-ray film of the specimen now looks more like an AP view

Fig. 3.8 (A) Museum specimen of a severe id-
iopathic thoracic scoliosis. Back view showing
the right thoracic curve with a lot of rotation.
(B) PA X-ray film of the specimen, showing so
much rotation that it is almost a lateral view
of the curve apex. (C) Side view of the speci-
men, showing the spurious appearance of
kyphosis, but it is not the back of the spine
pointing backward. (D) Lateral X-ray film of
the specimen, showing almost a PA view of
the curve apex. (E) True lateral X-ray view
showing the essential lordosis.

of the curve apex, again confirming a rotation of almost
90 degrees. A true lateral view of the apex thus unmasks the
essential lordosis.

Going back to the clinical inspection of patients, it is
possible to see the lordosis in idiopathic scoliosis if one
knows where to look. Figure 3.9A shows a young man with
a 30-degree right thoracic curve. His whole thoracic
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kyphosis is flattened, and there is clearly a lordosis in the
middle. Figure 3.9B shows a girl with a 70-degree curve.
Again looking at the concavity at the curve apex, there is
clearly a lordosis. Figure 3.9C shows an extreme degree of
infantile progressive scoliosis. The structure bulging back-
ward underneath the convex ribs is in fact the front of the
spine, with the vertebral bodies, whereas looking toward the
concave side of the curve apex clearly shows the lordosis.

Fig. 3.9 (A) A young man with a
30-degree right thoracic curve. The
central lordosis is clear to see. (B) A
girl with a 70-degree curve. The lordo-
sis is clearly seen on the curve concav-
ity. (C) A young girl with a very severe
curve. Again the lordosis can be seen
on the posteroconcave side.

Returning to the biomechanics of forward bending, the
axis of spinal-column rotation normally passes in front of
the thoracic kyphosis and behind the cervical and lumbar
lordoses (Fig. 3.10). This confers protection to the thoracic
spine against buckling, because this region of the spine is
normally under tension. With the development of a tho-
racic lordosis, however (Fig. 3.11), the vertebral bodies
move progressively further forward, toward and in front of
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Fig.3.10 The axis of spinal column rotation. This is determined by
the orientation of the posterior facet joints at each level.

this axis of rotation, making them very vulnerable to buck-
ling and explaining the increased rotational prominence
seen on forward bending in idiopathic scoliosis (Fig. 3.9).5°

If one compares the true lateral view of the apex of the id-
iopathic thoracic scoliotic curve with a lateral view of
Scheuermann’s kyphosis, they would appear to be opposite
directional deformities in the sagittal plane (Fig. 3.12). Tho-
racic hyperkyphosis is, however, progressively further behind
the axis of spinal-column rotation, and therefore progresses
solely in the sagittal plane (Fig. 3.13). However, it is well
known that more than two-thirds of patients with Scheuer-
mann'’s idiopathic thoracic hyperkyphosis have an idiopathic
scoliosis below this deformity, and this is where the lumbar
hyperlordosis, which exists to balance the thoracic hyper-
kyphosis above, buckles to produce Scheuermann’s disease
and idiopathic scoliosis in the same spine (Fig. 3.14).5

The distribution of thoracic kyphosis is probably Gauss-
ian, with patients at the flat end of the spectrum in danger
of developing idiopathic scoliosis and those at the round end

of the spectrum in danger of developing Scheuermann’s dis-
ease. The nature of the distribution would be confirmed by
idiopathic scoliosis and Scheuermann’s disease having simi-
lar familial relationships and community prevalence rates.5’

Considering the spine as the engineer’s beam or column,
it can be confirmed that the column is subject to only two
primary modes of failure: angular collapse (kyphosis) and
beam buckling (lordoscoliosis) (Fig. 3.15). Furthermore, en-
gineers have established laws of the behavior of flexible
columns, the critical load being decreased by: (1) increased
curvature; (2) increased length; and (3) increased intrinsic
load.%> The greater the curve becomes, the more likely it
will progress, as studies of the natural history of idiopathic
scoliosis have clearly shown®® (the further the Leaning
Tower of Pisa leans, the more it will be likely to fall down).
Girls with idiopathic scoliosis are significantly taller than
age-matched counterparts even when their spinal
deformity has not been “uncoiled.”®®7° The concept of an
increased intrinsic load refers to a situation in which the
spinal column is weakened, and here one can bring in some
of the other parts of the classification of spinal deformities.
Thus, for instance, neuromuscular scoliosis occurs because
the neuromuscular support to the spine is inadequate
(Fig. 3.16A), whereas in neurofibromatosis or osteogenesis
imperfecta, the more dystrophic the bone the greater the
prevalence of structural scoliosis and the earlier its onset
(Fig. 3.16B). With Marfan syndrome or Ehlers-Danlos
syndrome the spine fails at the soft-tissue level (Fig. 3.16C).

The differences between scoliosis and kyphosis would
appear to be very obvious, particularly with the established
clinical conditions of, for example, 60 degrees of thoracic
scoliosis and 60 degrees of thoracic hyperkyphosis, but the
changes are much more subtle than that. The upper and
lower thoracic vertebrae are either straight or are parts of
the cervical or lumbar lordoses, leaving about eight real
thoracic vertebrae. A figure of ~24 degrees would be rea-
sonable for the thoracic kyphosis in early adolescence, and
each of the eight vertebrae would therefore be kyphotically
wedged by something of the order of 3 degrees. It is neces-
sary to lose only a little more than 3 degrees of kyphosis to
create lordosis and the danger of buckling into a lordoscol-
iosis (Fig. 3.17).5°> Because these changes are so subtle, it
should not be any wonder that school screening programs
have demonstrated that 2.2% of girls aged 12 to 14 years
have idiopathic scoliosis (a lateral curvature in excess of 10
degrees with rotation).”!

Both Willner and Johnson in Sweden’? and the Leeds
Group®! have shown that the thoracic kyphosis changes
considerably during growth. It is at a minimum at about
the age of 10 years before going up to its maximum of 30 to
40 degrees or so at the age of 15 years. Girls grow fastest
between the ages of 10 or 11 years, when the thoracic
kyphosis is at its minimum, and if they overgrow (a feature
of the development of spinal deformities), they will therefore
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Fig.3.11 (A) A lateral view of a growing spine with a biomechanically unstable
lordosis. (B) The banister rail outside the operating theater in St. James’s Univer-
sity Hospital, Leeds. The banister rail makes a lordosis at each floor level, causing

the black plastic handrail to buckle.

Fig.3.12 (A) True lateral X-ray view of an idiopathic thoracic curve. (B) Lateral X-ray view of Scheuermann’s idiopathic thoracic hyperkypho-
sis. These are opposite deformities in the sagittal plane.
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Fig.3.13 (A) The center of gravity of the body lies just in front of the lum-
bar spine, and with hyperkyphosis the thoracic spine is therefore progres-
sively behind the axis of spinal column rotation. (B) Consequently, the
deformity progresses solely in the sagittal plane, with no buckling potential.

0
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B

Fig.3.14 (A) Lateral X-ray film of a boy with Scheuermann’s disease. (B) PA X-ray film showing that the compensatory lumbar hyperlordosis
has buckled to produce idiopathic scoliosis below the area of Scheuermann’s disease.
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Fig.3.16 (A) Scoliosis in association with poliomyelitis. The spine
has failed at the neuromuscular level. (B) Scoliosis in association
with osteogenesis imperfecta. The spine has failed at the bone level.

Fig.3.15 A column or beam can fail in only two ways: an-
gular collapse (kyphosis) or beam buckling (lordoscoliosis).
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(C) Scoliosis in association with Marfan syndrome. The spine has
failed at the soft-tissue level.
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Normal

_______ W

Scheuermann's Disease

Idiopathic Scoliosis

Fig.3.17 Sagittal vertebral body shape is a delicate matter. (Top)
Three degrees of kyphosis would be about normal. (Middle) An in-
crease by 2 degrees over three levels is Sorenson’s definition of
Scheuermann’s disease. (Bottom) Loss of just over 3 degrees of
kyphosis renders the spinal column vulnerable to buckling.

1 041
» 0.08
0.06
‘, 0.04

Thoracic Angle,
Degrees
Growth Rate,
mm/day

29 |
28+
e i e S| 0_0
7l 9

il 13 1S

Age, years

be vulnerable to the development of idiopathic scoliosis
(Fig. 3.18). Boys do not go through their growth spurt until
much later, when the thoracic kyphosis is maximizing,
which is why boys are more vulnerable to the opposite
condition of idiopathic thoracic hyperkyphosis (Scheuer-
mann’s disease) (Fig. 3.19).

That a thoracic lordosis is the primary event in the gen-
eration of idiopathic thoracic scoliosis was conclusively
shown in the Leeds epidemiological survey.”! A sensitive
positive test of an angle of trunk inclination of 5 degrees or
more was the criterion for admission to the study, and of
the 16,000 Leeds schoolchildren surveyed, 1000 were har-
vested and subsequently radiographed on an annual basis
for 6 years with AP and lateral low dose films. With such a
sensitive entry criterion many children had straight backs
to begin with, but some developed true idiopathic scoliosis
during the course of the study. This afforded the opportu-
nity of going back to look at the lateral profile when the
spine was straight in the frontal plane, and children who
developed idiopathic scoliosis already had a flat thoracic
spine with an apical lordosis (Fig. 3.20).

Transverse plane geometry is also important in the
normal as well as the scoliotic spine. This became apparent
when the specimens of idiopathic scoliosis in the Royal
College of Surgeons of Edinburgh Museum were first exam-
ined.3* More detailed studies of the same specimens con-
firmed this.>>%4 In the cervical and lumbar regions, where
the spine is naturally lordotic, the cross-sectional vertebral
shape is prismatic, with the base pointing anteriorly. This is
most obvious in the lumbar region where the vertebrae in
cross-section are typically described as broad and kidney-
shaped (Fig. 3.21). When prisms are flexed toward their
bases, they are much more stable because of the second
moment of area, and the potentially vulnerable cervical and
lumbar lordoses are therefore countered by having a stable
transverse-planar shape. By contrast, vertebrae in the
thoracic region are typically heart-shaped in the transverse
plane, with the apex of the prism pointing anteriorly. This is

Thoracié-A}gle
(_Browm Rate |

(Oxborrow et al, 1997)

Fig. 3.18 The thoracic kyphosis is at its minimum
when girls grow fastest.
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a dangerous configuration, favoring buckling with flexion,
and the thoracic spine is therefore protected by having a safe
kyphosis in the sagittal plane.

However, more thoracic curves are convex to the right
and more lumbar curves convex to the left, and this is be-
cause of a pre-existing asymmetry of vertebral shape in the
transverse plane. Anatomists have shown that in the tho-
racic spine, the T4 to T9 vertebrae are constantly deformed
on the left side by the descending thoracic aorta’® (Figs.
3.21C and 3.22), whereas a dynamic form of transverse-
planar asymmetry exists in the lumbar region, where the
left-sided abdominal aorta provides a restraint on curves

Fig.3.20 (A) PA X-ray film of a 14-year-old girl with a mild right tho-
racic idiopathic scoliosis. She was part of the Leeds longitudinal epi-

demiological survey. (B) PA X-ray film made years earlier, when the

Fig. 3.19 Boys don’t grow fastest until toward the
end of growth, when the thoracic kyphosis is maximal.

»— Thoracic Angle
Growth Rate

(Oxborrow et al, 1997)

tending to go to the right (Fig. 3.23).5° This has been con-
firmed more recently with axial computed tomography (CT)
scans of normal human spines.’* Not surprisingly, the situa-
tion was opposite this in individuals with situs inversus.”>

Clearly, however, the preponderance of right-sided tho-
racic curves and left-sided lumbar curves does not equate
with the prevalence rate of situs inversus. This is because
among small thoracic curves (<20 degrees), more are left-
sided than right-sided, and because lumbar curves do not
really have a left predominance until they reach or exceed
15 degrees, according to data of the Oxford School Screen-
ing Study (Table 3.1).76

patient’s spine was straight. (C) Lateral X-ray film made years earlier,
showing the dangerous lateral profile that preceded the develop-
ment of the patient’s curve.
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Fig. 3.21 (A) In the cervical region and (B) the lumbar
region, vertebral shape in the transverse plane resembles a
prism with its base facing anteriorly. (C) In the thoracic re-
gion, however, the shape of the transverse plane resembles a
prism with its apex pointing anteriorly, which is a much more
unstable configuration. Moreover, it can be clearly seen that
midthoracic vertebrae are asymmetric, being flattened on the
left by the descending thoracic aorta, thereby putting the
apex of the prism to right of the midline.

B Experimental Scoliosis

Following Adams’s original dissections of cadavers with idio-
pathic scoliosis, showing the essential lordosis at the curve
apex,52 Somerville in Oxford produced an experimental
model of progressive idiopathic-type scoliosis in the grow-
ing rabbit.** He tethered the back of the spine into lordosis
and then performed a soft-tissue release posteriorly on one
side to direct subsequent buckling that would cause the
typical lordoscoliotic deformity seen in patients with idio-
pathic scoliosis. Our group in Leeds conducted extensive
experimental work that consistently caused an idiopathic-
type deformity in rabbits by producing an asymmetrical

lordosis similar to what Somerville achieved with his meth-
ods (Fig. 3.24).77-7% Importantly, no buckling occurred if the
lordosis wasn’t given directional instability. Moreover, if the
lordosis was released before the end of spinal growth, and
the deformity had not progressed beyond approximately 20
to 30 degrees, the spine grew straight again, suggesting that
addressing the sagittal-plane component of the scoliotic de-
formity in children might be beneficial.8® If, however, the
tether is not released, the deformity progresses relentlessly
(Fig. 3.25).

We also extensively studied the three-dimensional
nature of the deformity in idiopathic scoliosis and in par-
ticular its transverse-plane component?! in both animals

1
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Fig.3.22 (T scan at the T8 level, showing transverse-plane asymme-
try caused by the descending thoracic aorta.

and humans. We clearly found the most asymmetrical ver-
tebra at the curve apex, where the pedicle on the convex
side was short and stout and that on the concave side was
long and slender (Fig. 3.26). The transverse-plane geome-
try changed above and below the apex of the curve, first
becoming neutral before becoming the opposite in the
compensatory kyphoses that balance the central lordotic

Fig.3.23
the midline and thus rests against the left side of the base of the lum-
bar prism, favoring left-sided rotation in the lumbar spine.

In the lumbar region the abdominal aorta is to the left of

Table 3.1 Direction of Idiopathic Curves with Curve Size

Curve Size No. of Curves Direction (%)
R L
Thoracic
5-9 93 38 62
10-14 36 47 53
15-19 9 33 67
20+ 6 67 33
Total 144 41 59
Lumbar
5-9 50 28 72
10-14 30 43 57
15-19 8 - 100
20+ 6 - 100
Total 94 29 71

Fig. 3.24
(A), a progressive lordoscoliosis develops over the next few weeks
(B). If the tether is released at this stage, in which there is a mild
curve, the spine will subsequently straighten with growth because
the Heueter-Volkmann Law has not irreversibly deformed the apical
vertebrae.

When the growing rabbit spine is tethered into lordosis

A,B
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A,B

area. In these regions the pedicle on the convex side was
long and slender and that on the concave side short and
stout.

The same pattern of apical vertebral-body deformation
was seen in the rabbit as in the human, and by labeling ar-
eas of active vertebral growth with a dye similar to tetracy-
cline, we observed bone drift toward the curve concavity,

Fig. 3.25 With further growth the scolio-
sis progresses (A) at 6 weeks and (B) at
12 weeks. (C) Axial CT scan of the spine in
B, showing significant rotation at the curve
apex. (D) Looking inside the chest of this
specimen shows exactly the same changes
as during anterior thoracic surgery for idio-
pathic scoliosis. There is no way in which
this deformity can be created experimen-
tally other than through rotation of a pri-
mary lordosis.

indicating that the spine was trying to correct the defor-
mity imposed upon it (Fig. 3.27).8!

When the segmental blood supply to the spinal cord was
occluded at the curve apex, a cord infarct was produced, and
this led to a significant deformity, in excess of 40 degrees,
as soon as the procedure was completed, resembling what
was observed in experimental neuromuscular scoliosis

a3
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A B

Fig.3.26 Transverse-plane asymmetry at the curve apex, with a short, stout pedicle on the convex side and a longer, thinner pedicle on the
concave side. (A) Human, (B) rabbit.

A

Fig.3.27 (A) The diagram in the center shows that growth of a normal vertebra in terms of the spinal canal and the vertebral body is out-
ward. Consequently, the orange-stained growth area in the canal above and the vertebral body below is facing outward.
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Fig. 3.27

(Continued)
spinal canal and the vertebral body grow toward the concavity, as the
orange-stained growth zones indicate. Thus, the transverse plane is

(B) With the apical scoliotic vertebra, the

(Fig. 3.28).82 This is how Langenskiold and Michelsson*!
accidentally produced scoliosis by dividing the costotrans-
verse ligament, because they damaged the segmental blood
supply to the spinal cord, as De Salis and colleagues*?
demonstrated. Interestingly, growth and pulmonary func-
tion were considerably impaired with a rapidly progressive
thoracic deformity, rather like the situation in progressive
infantile idiopathic thoracic scoliosis (Fig. 3.29).82

Much interest in experimental scoliosis was rekindled
by observations of pinealectomized chickens and rats pop-
ularized by Dubousset et al®® and Machida et al.84 The
pineal gland produces melatonin from tryptophan through
a series of enzyme reactions, and serotonin is intermediary
in this pathway. In 1959 Thillard first produced scoliosis in
pinealectomized chickens to assess the role of melatonin
and its associated compounds in the disorder.?> If chickens
are pinealectomized shortly after they hatch, a scoliosis
similar to human idiopathic scoliosis is consistently pro-
duced. If melatonin supplements are given after pinealec-
tomy, a scoliosis does not develop.®* The precise reason
why pinealectomy produces this deformity is uncertain,

trying to correct and not cause the deformity. The transverse plane is
therefore not an etiological factor in idiopathic scoliosis.

and research translated to the human situation has shown
conflicting results with regard to melatonin levels in
patients with idiopathic scoliosis and those in controls,
with some careful studies involving diurnal variation
showing no differences in the two groups.8687 It is thought
that melatonin activity may be mediated by growth hor-
mone as the common denominator.38

However, the biomechanics of this experimental model
are also interesting. Even with the pinealectomized animal
model it is accepted that the “primary abnormality is a
lordosis,” which subsequently buckles to produce the
typical three-dimensional lordoscoliotic deformity, as
confirmed by Machida.®® This does not occur spontaneously
in quadrupeds, and chickens are bipedal. Consequently,
Dubousset and Machida and colleagues went on to investi-
gate the effects of pinealectomy in rats.’? If rats were initially
rendered bipedal and then pinealectomiaed, they developed
a scoliosis comparable to that in chickens, whereas the spine
remained straight in rats that underwent a sham operation
after being rendered bipedal (Fig. 3.30). Quadrupedal rats
when pinealectomized did not develop a spinal deformity.
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Fig. 3.28 (A) Experimental scoliosis. PA radiograph of a rabbit
spine. The spine has been tethered into lordosis and the spinal
cord damaged by thermal ablation of the facet joints. There was a
curvature of 70 degrees immediately after the animal awakened
from anesthesia. (B) Within a couple of weeks the deformity was
gross, as in progressive infantile malignant idiopathic scoliosis.
(C) Transverse section of the spinal cord at this level showing a
dorso-lateral infarct.

A

Fig.3.29 Two rabbits, one with experimental idiopathic scoliosis (normal eye) (A) and the other (B) with experimental neuromuscular scol-
iosis, resembling progressive infantile idiopathic malignant scoliosis with respiratory malfunction and cyanosis (cyanotic eye).
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Furthermore, a scoliosis was more easily produced when
the tails of bipedal rats were removed, allowing them to
have a more upright posture. The sagittal profiles of these
rats showed that the pinealectomized quadrupedal rat had
a physiological thoracic lordosis, whereas a thoracic hyper-
lordosis was produced in both the sham-operated and

Fig.3.30 A pinealectomized quadrupedal rat. (A) Sham operation on a bipedal
rat. An AP radiograph of the spine revealed a straight spine (left), and a lateral
view revealed a thoracic hyperlordosis of -43 degrees between C2 and T7 (right).
(B) Pinealectomized quadrupedal rat. An AP radiograph of the spine revealed a
straight spine (left), and a lateral view revealed a physiological thoracic lordosis of
-15 degrees between C2 and T7 (right). (C) Pinealectomized bipedal rat. An AP
radiograph of the spine revealed thoracic scoliosis of 29 degrees (left), and a
lateral view revealed thoracic hyperlordosis of -48 degrees between C2 and T7
(right). (Courtesy of Masafumi Machida, MD)

pinealectomized bipedal rats. In other words, the effect of
being bipedal was to exaggerate the existing thoracic lordo-
sis, but no buckling into a lordoscoliosis was produced un-
less the bipedal rat was pinealectomized, suggesting that
the hyperlordosis rendered by the upright posture was
destabilized by pinealectomy to produce the scoliosis.
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Interestingly, having tethered rabbits’ spines into a lordo-
sis, neither Somerville’” nor the Leeds Group”8-8 could make
it buckle unless the lordosis was rendered asymmetrical by
producing a few degrees of scoliosis as well. Perhaps pinealec-
tomy would have done the same. In the bipedal chickens and
rats that developed scoliosis, there was no preferentiality in
its developing either on the right or the left side.

There doesn’t seem to be any other explanation for the
effect of the pinealectomy performed on rats, because the rats
were of much the same weight at the end of the experiment
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Orthopedists who underwent their training three or four
decades ago were taught by the scoliosis surgical doyens of
the time to treat growing children with idiopathic scoliosis
according to a fairly strict protocol (Table 4.1). This was
relaxed a bit over the early years thereafter.!

The rationale for this paradigm was that not many small
spinal curves progressed, and that most could therefore
merely be watched, whereas large curves should not be
allowed to go beyond 60 degrees lest patients succumb to
cardiopulmonary dysfunction in adulthood. The principal
aim of treatment was to prevent progression by bracing
moderate curves and by operating on bigger ones. Before
the advent of instrumentation for scoliosis, patients under-
went preoperative traction and localizer casting,? a fusion
being performed through a window in the back of the cast,
which had to be worn for at least 3 months.

With the advent of Harrington instrumentation,® which
provided intraoperative correction and markedly reduced
pseudarthrosis rates, surgery for idiopathic scoliosis was
enthusiastically prescribed.*> Although it was known that
not all curves of 20 degrees or more progressed (four-fifths
do not), pioneers of brace treatment dictated that braces
should be worn (for up to 23 hours a day) because of : (1)
unquestioning faith in brace treatment; and (2) because al-
lowing progression to 60 degrees or more would possibly
endanger their patients’ lives.5”

Therefore, the perceived wisdom of the day was to in-
form patients and families that without bracing, idiopathic
scoliosis would worsen, and that without surgery serious
heart and lung problems could militate against a healthy
adulthood. Moreover, wearing a brace would mitigate the
likelihood of having to go through a difficult and dangerous
operation not without potentially serious complications
(which were real concerns four decades ago). Not surpris-
ingly, both providers and recipients of healthcare happily
endorsed this treatment program.

Patients often presented, and still do, with curves of 30
or 40 degrees, and on this premise and those described

Table 4.1 Treatment of Idiopathic Scoliosis

Under 20 degrees - Observe - 25 Degrees
20-60 degrees - Brace - 45-50 Degrees
60+ degrees - Operate - 50+ Degrees

Epidemiology of Idiopathic Scoliosis

earlier, it seemed perfectly reasonable to try to identify less
severe cases in the community. As a result, school screen-
ing programs for idiopathic scoliosis were adopted in many
parts of the world. Furthermore, because nothing was
known about the natural history of idiopathic scoliosis (and
not much more is known today), these screening programs
might shed some light on its epidemiology.

These were the rules of the game: bracing is effective,
and you might die of idiopathic scoliosis if untreated. Belief
in bracing was so strong®-14 that it would have been deemed
quite unethical to conduct a trial of it, and indeed, heart and
lung dysfunction had been widely reported in particularly
severe cases of thoracic idiopathic scoliosis.!>-18 As evi-
dence-based medicine has become more fashionable, the
past 20 years has seen both of these premises challenged.
Clearly, the “retrospectoscope” is a powerful instrument,
but looking back, it wasn’t clear from the protagonists how
a brace might control this complex three-dimensional
deformity from the outside, other than in accord with the
simplistic concept of three-point fixation.!?

What the designers of the brace did point out, however,
was that if it did obliterate the lumbar lordosis (and thus
pitch the patient forward), it would hyperextend the spine
above the lumber lordosis, and that they observed some
degree of improvement when the patient was radiographed
with the brace applied. This was because the thoracic lordo-
sis was being encouraged to return toward the sagittal plane:
the opposite effect, it might be said, to the forward bend test
(Fig. 4.1).2° However, a child with a 30-degree curve without
the brace might have a 20-degree curve in the brace and be
imprisoned in that position for hours on end, whereas the un-
braced patient would be able to move through to 10 degrees or
less by the side bending of normal activities of daily living. Not
surprisingly, it wasn’t long before evidence of inefficacy of
bracing, from the Gothenburg databank, was published by way
of a retrospective trial showing no difference between braced
patients and unbraced controls.?!

Similarly, the evidence for the organic health conse-
quences of untreated idiopathic thoracic scoliosis was seri-
ously misjudged.2® Data on cardiopulmonary dysfunction
came from cases of early-onset idiopathic scoliosis, rather
than cases of adolescent idiopathic scoliosis (AIS), in which
the curves were well in excess of 100 degrees.'®17 Davies
and Reid showed that pulmonary alveolar reduplication oc-
curs in the main in the first 2 or 3 years of life and certainly
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Fig. 4.1

(A) Overhead view of a girl with a right thoracic idiopathic scoliosis. (B) Overhead view with a lumbar lordosis obliterated,

producing thoracic hyperextension and returning the lordosis closer to the midline.

ends by the age of 7 years (see Fig. 2.16).2 If during the
early years a significant thoracic deformity is imposed upon
this process, it can lead to the hypoplastic lungs encoun-
tered in, for example, congenital diaphragmatic hernia, in
which the abdominal contents severely compress lung
space. This was known as early as 1965 and Reid, the distin-
guished cardiopulmonary pathologist at the Brompton Hos-
pital in London, presented her findings in this regard at one
of the Zorab Scoliosis conferences.!>

The benign nature of idiopathic thoracic scoliosis of later
onset was confirmed by Branthwaite, who succeeded Philip
Zorab at the Brompton Hospital. Her study of untreated id-
iopathic scoliosis demonstrated that the age of 5 years was
the crucial threshold of onset.?* With an onset earlier than
this, cardiopulmonary compromise could occur in severe
cases; beyond this age idiopathic scoliosis did not have any
organic consequences for health.

Notwithstanding this, screening for scoliosis was cham-
pioned, and the late 1970s and the early 1980s saw reports

Table 4.2 World Health Organization Criteria for Screening

supporting its use from North America,?4-2¢ Britain,?’
Europe,?8-30 Australia,?! and Japan.3?

B Screening for Scoliosis
Definitions and Criteria

Screening is defined as the presumptive identification of an
unrecognized disease or defect through the application of
tests, examinations, or other procedures that can be ap-
plied rapidly.>® A number of authorities, including the World
Health Organization, have defined several criteria that
should be met for effectively informing an unwitting individ-
ual that he or she has a problem (Table 4.2).34 One of these
prerequisites is that the natural history of the condition for
which screening is to be done is adequately understood,
which is manifestly not the case with idiopathic scoliosis.
Other criteria are that it should be an important health

1. The condition sought should be an important health problem for the individual and community.

© L ® N o A W N

—_

There should be an accepted treatment or useful intervention for patients with the disease.

The natural history of the disease should be adequately understood.

There should be a latent or early symptomatic stage of the disease.

There should be a suitable and acceptable screening test or examination.

Facilities for diagnosis and treatment should be available.

There should be an agreed policy on whom to treat as patients.

Treatment started at an early stage should be of more benefit than treatment started later.

The cost of screening should be economically balanced in relation to possible expenditure on medical care as a whole.

Case finding should be a continuing process rather than a one-time project.
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problem, that there should be a recognizable latent stage of
the disease to identify, and that an effective treatment for
the disease can be applied. If these conditions are met, the
screening test for the disease should be valid, meaning that
it can sort out those with the disease from those without it.
In the case of idiopathic scoliosis, the Adams forward bend
test or the scoliometer are clearly far too sensitive in this
regard.?> Financial effects should also be taken into consid-
eration, and in the presence of a health service with finite
resources, screening for scoliosis should be put on a par
with other screening programs, such as for breast or cervi-
cal cancer. If the natural history of a disease is not under-
stood, screening may have merit if it is in the nature of an
epidemiological survey that elucidates the prevalence and
incidence rates and the natural history of the variable being
studied.

Screening of selected subgroups of the population
selected as being relatively high risk for a disease is called
“selective screening,” and the selection process is expected
to be based on sound epidemiological research,* which is
clearly not the case with regard to idiopathic scoliosis. That
the 10- to 14-year-old age group (the sort of age group most
commonly selected) is particularly vulnerable is merely
conjectured. There is no doubt that this age selection does
produce an enormous harvest, but when the reasons for
screening are scrutinized it can be seen that adolescent
idiopathic scoliosis is a relatively benign condition.?’ When

A,B

looking at the results of epidemiological surveys it is often
impossible to compare these, because the words prevalence
and incidence are often used interchangeably, and the class
intervals of curve magnitude are not the same. The survey
that has class intervals from, for example, 0 degrees to
4 degrees, 5 degrees to 9 degrees of curvature, 10 degrees to
14 degrees, and so forth is clearly not comparable to one that
has intervals of 5 degrees or less, 6 degrees to 10 degrees,
11 degrees to 15 degrees, and beyond. This is particularly
relevant in that the Scoliosis Research Society defines a
scoliosis as being present if it measures at least 11 degrees.?®

Screening Methods

The forward-bend test is the most commonly used test for
scoliosis (Fig. 4.2). An alternative is the scoliometer, which
measures the angle of trunk rotation in the forward-bend
position.3> Both of these tests, by using forward bending,
compress the lordotic component of the deformity and
thus enhance spinal buckling. This has the effect of causing
overestimation of the deformity. An alternative is to use
surface-shape measurements with the patient in the erect
position. This is done with computer-driven surface-shape
maps of the back of the child, and although very sophisti-
cated (the Quantec surface-shape measurement generates
250,000 data points in a fraction of a second), poses a prob-
lem of quantification (Fig. 4.3).3” Although Cobb angles, rib

Figs. 4.2 The forward-bend test. (A) A
true lateral radiograph showing the essen-
tial lordosis. (B) On forward bending this
lordosis is compressed and the spine there-
fore buckles, enhancing the rib hump.
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Fig. 4.3 A patient with a right thoracic idiopathic scoliosis whose
surface shape has been registered by the Quantec system.

humps, and lung volumes can be measured, it is not possi-
ble to obtain a single figure for overall surface shape.

Bunnell, with his great experience in the use of a scol-
iometer, originally suggested referral to a clinic for a child
with a 5-degree angle, but then increased this to 7 degrees
to reduce the number of false-positive results, with 12% of
patients being referred for a 5-degree angle and only 3% for
a 7-degree angle.3® However, the number of false-negative
results is the price for this. When 5 degrees of rotation is
used, only 2% of 20-degree curves will be missed, and when
this rises to seven degrees of rotation, 12% of 20-degree
curves are missed.

6 in (15 cm) air gap
~

X-ray film
cassette

Children referred for further assessment and in whom a
clinically suspected scoliosis is confirmed then have a
frontal radiograph of the spine. It is mandatory that this in-
volve the lowest possible dose of radiation, and the Oxford
Scoliosis Study Group devised a technique that reduces the
radiation dosage in this procedure to less than 2% of that
with a conventional film.3° This is achievable by radi-
ographing the patient in the posteroanterior (PA) direction,
so that the full width of the torso will absorb X-rays before
they meet the developing breast and thyroid, and by in-
creasing the focus-film distance by a factor of 3 through
the incorporation of an air gap (Fig. 4.4).

The Cobb angle is measured on the films obtained in this
procedure, preferably by using Whittle’s protractor with a
free-hanging needle, which yields an error less than
1 degree,*® rather than by drawing lines on the film with a
pencil and dropping perpendiculars, the error of which can
be as high as 10% (see Figs. 2.6 and 2.7).

Prevalence Rates

Despite the aforementioned inconsistencies in the way
in which screening programs have been described, the
prevalence rates of different classes of scoliosis are
remarkably similar, with just over 2% of patients shown to
have a scoliosis of 11 degrees or more.*!#2 This decreases
by an order of magnitude to 0.3% to 0.5% for curves in
excess of 20 degrees, and falls to 0.1% to 0.3% for curves
greater than 30 degrees (Table 4.3).43 With increasing curve
size, female-to-male dominance rises to more than 10:1 for
curves in excess of 30 degrees. Thus, if the purpose of a
screening program is early detection then eliminating boys
from screening would improve the yield of the program at
the expense of revealing less about the natural history of
scoliosis in the screened population.

Thus, for instance, by examining the prevalence rates of
curves of 5 degrees or more with age, the Oxford Study

X-ray tube

focus-film
distance

spirit level’

12 ft (3-6 m)

Do

Fig. 4.4 The Oxford low-dose radiographic
technique. Taking the X-ray film in the PA
direction, increasing the focus-film distance to
12 feet (3.6 m), and incorporating an air gap
reduces the dosage received by the developing
breast and thyroid to less than 2% of that with
conventional radiography.
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Table 4.3 Prevalence of Adolescent Idiopathic Scoliosis

Cobb Angle (degrees) Female-to- Male Ratio Prevalence (%)

>10 1.4-2:1 2-3
>20 5.4:1 0.3-0.5
>30 10:1 0.1-0.3
>40 — <0.1

Source: From Weinstein SL. Adolescent idiopathic scoliosis: Prevalence
and natural history. In: Weinstein SL, ed. The Pediatric Spine. Principles
and Practice, 1994. Copyright © by Lippincott-Raven. Reproduced with
permission.

Group demonstrated that the prevalence rate of scoliosis in
girls was seldom more than twice that in boys.?”

The Oxford Study Group also found that 40% of children
failing the screening test had a lumbar scoliosis in association
with a hitherto undiagnosed leg-length inequality.* Fortu-
nately this was spotted in the pilot-study phase of the investi-
gation, before standardized reference grids were used, and as
a result, the definitive study of more than 5000 Oxford
schoolchildren incorporated a radio-opaque fluid level in the
X-ray film as a horizontal reference point against which the
inclination of the sacrum and position of the femoral heads
could be measured. Pelvic-tilt scoliosis is defined as a lumbar
scoliosis with the upper border of the sacrum as the lowest
end-vertebra, with a pelvic tilt of ST and a Cobb angle not
bigger than twice the pelvic tilt (see Fig. 2.3B).

Most epidemiological surveys of idiopathic scoliosis
have focused on the later years of adolescent growth, but
the most recent study in the United Kingdom looked at
16,000 Leeds schoolchildren from the age of 6 to 14 so as to
encompass all the years in which late-onset idiopathic scol-
iosis occurs (onset after 5 years of age).#? When pelvic-tilt
scoliosis was excluded, 1.1% of the children examined had a
curve in excess of 5 degrees and 0.5% met the definition of
idiopathic scoliosis (a curve of more than 10 degrees with
concordant apical rotation) (Table 4.4). There were five
times more girls than boys with scoliosis. The point-preva-
lence rate increased with age, being 0.1% for the age group
from 6 to 8 years, 0.3% for the age group from 9 to 11 years,

and 1.2% for the age group from 12 to 14 years. Idiopathic
scoliosis was found in 2.2% of girls aged 12 to 14 years
(Table 4.5).

When curve site was analyzed against curve size, tho-
racic curves became significantly more prevalent with
increasing curve size, increasing from 40% of curves of 6 to
10 degrees to almost 70% of curves in excess of 15 degrees
(Table 4.6).

The proportion of right-sided thoracic curves and left-
sided lumbar curves increased with curve size to more than
10:1 for curves in excess of 20 degrees. However, for curves
of less than 11 degrees, right- and left-sided curves were
more equally distributed.

In comparing the prevalence data in the Leeds Study*?
with those in the Oxford Study, conducted almost 20 years
earlier,?” it would appear that late-onset idiopathic scoliosis
is pursuing a more benign course with the passage of time
(2.5% of teenage girls in Oxford versus 2.2% in Leeds).

What these epidemiological surveys have revealed is
that some degree of scoliosis cannot be regarded as abnor-
mal, as anatomists said centuries ago.*> Rather like the situ-
ation with arthritis, it is not so much having the condition
as the degree to which one has it. Fortunately, although 2%
of teenage girls have idiopathic scoliosis, fewer than 1 in
1000 have a curve in excess of 40 degrees.** As will be en-
tirely expected, the greater a curve the more likely it is to
progress. This would accord with Euler’s laws of flexible
columns,* and would explain why the further the bell
tower of the Cathedral of Pisa leans, the more likely it is to
continue doing so (before it was stabilized). This is age de-
pendent, and the probability of progression is very much
associated with the adolescent growth spurt in females.

The epidemiology of idiopathic scoliosis of small magni-
tude is helpful with regard to the natural history of the con-
dition. Right-sided thoracic curves and left-sided lumbar
curves are more likely to progress, and we have already seen
in-built transverse-plane asymmetry in both the thoracic
and lumbar regions because of the effect of the descending
thoracic and lumbar aorta (see Figs. 3.22 and 3.23).46-48 Tho-
racic vertebrae are asymmetric to the right, and the trans-
verse plane thus favors a right thoracic scoliosis, but there
is also an in-built coronal-plane deformity in “normal

Table 4.4 Overall Prevalence Rates of Idiopathic Scoliosis According to Curve Size in Children with Curves of 6 Degrees or More

Size of Curve (degrees) No. of Patients Prevalence
6-10 93 0.6
11-15 47 0.3
16-20 18 0.1

>20 11 0.07

Total 169 1.1

No. of Girls No. of Boys Prevalence Ratio: Girls to Boys
63 30 2.3
37 10 4.0
26 3 9.3
126 43 3.2
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Table 4.5 Overall Prevalence Rates of Idiopathic Scoliosis for Types of Curves According to Age Group

Age Group (yr) No. of Patients Prevalence
6-8 4 0.1
9-11 16 0.3
12-14 56 1.2

Prevalence in Girls (%) Prevalence in Boys (%)

0.1 0.1
0.4 0.1
2.2 0.3

children,” with curvatures in the right and left directions
being equally represented for small curves.*! If therefore the
pre-existing normal coronal-plane deformity is to the left, it
will counter the adverse effect of right-sided transverse-
plane asymmetry, with the two effectively canceling each
other. If, however, there is a pre-existing right-sided coronal-
plane deformity, the right-sided transverse-plane asymme-
try may give momentum to a pre-existing thoracic lordosis
(see Table 3.1).

With regard to the importance of the sagittal plane, the
Leeds Group followed the cohort it had identified by screen-
ing, of just less then 1000 children, for 6 years, taking PA and
lateral low-dose radiographs on an annual basis.*? Because
of the sensitivity of the screening test (a scoliometer reading
of more than 4 degrees), screening programmes, the great
majority of children in the Leeds cohort were indeed “nor-
mal,” as is the case with all screening programs. The follow-
up period of 6 years showed some of these normal children
as developing idiopathic scoliosis during the study period.
When the original radiographs were inspected and the PA
film showed a straight spine, the lateral film showed the bio-
mechanically dangerous flat back with a lordosis in the
lower thoracic region (see Fig. 3.20).46 This confirmed that
this essential sagittal-plane lesion was primary and was the
driving factor for subsequent buckling and deformation in
the other two planes.

B Early-onset Idiopathic Scoliosis

Idiopathic scoliosis of early onset is a fascinating condition
and is defined as an idiopathic scoliosis with an onset be-
fore the fifth year of life,? although for practical purposes

Table 4.6 Distribution of Curve Sizes in Idiopathic Scoliosis
According to Curve Site for Curves of 6 Degrees or More

Size of Curve

Apex 6-10 Degrees 11-15 Degrees >15 Degrees
Thoracic 37(40) 24(51) 20(69)
Thoracolumbar  28(30) 17(36) 8(28)

Lumbar 28(30) 6(13) 1(3)

Total 93 47 29

the spinal curves in this condition develop in the first
2 years. This condition is common in Europe but much less
so in the United States, for no obvious reason. Although
there have been no epidemiological surveys of early-onset
idiopathic scoliosis, there have been several retrospective
studies that have provided crucial information about this
very important condition. As noted previously, it is early-
onset scoliosis and not late-onset scoliosis that gives rise to
organic health problems.?3

There are two distinct types of early-onset scoliosis: one
that resolves in more than 90% of cases and one that has se-
rious progression potential and accounts for just less than
10% of cases.*® These are interesting proportions, showing
the great majority of cases as resolving, and were not evi-
dent in early reports. The condition was first described in
Holland in the 1930s by Harrenstein,”® who did note that
its spontaneous resolution could occur, but it was James in
1951 who first estimated the proportions of resolving to
nonresolving cases.”! Of his 33 cases, only 4 resolved and
all involved small curves. James then went on to review a
further 52 cases? and then another 212 cases, the latter
being reported in 1959.53 Of these 212 cases, 135 pro-
gressed and 77 resolved. They involved children referred to
the London Scoliosis Clinic. Meanwhile, Scott and Morgan
at the Nuffield Orthopaedic Centre in Oxford reported that
four times as many of their cases progressed as resolved.>*

Quite extraordinarily, the proportions resolving and pro-
gressing changed dramatically within 10 years, one group
reporting in 1965 that 40 of 49 cases resolved, >> whereas
the same London Group that had reported many more
cases progressing than resolving in 19593 reported in 1965
that 92 of a total 100 cases had resolved.>® There has been
no explanation for this dramatic spontaneous change in the
natural history of the condition.

Notions that early-onset idiopathic scoliosis was caused
by intrauterine molding were refuted by observations that
the deformity resulted from postnatal pressure from a con-
stant oblique supine position (Fig. 4.5).>” Wynne-Davies
confirmed in Edinburgh that all patients had plagiocephaly
on the same side as the curve convexity, which was also on
the same side as plagiopelvy, bat ear, and wry neck.’®
Wynne-Davies also recorded a high prevalence of mental
retardation, but only in the group with progressive defor-
mity, lending support to the notion that infantile idiopathic
“malignant” progressive scoliosis might be a neurological
problem rather than a real idiopathic one.
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Fig. 4.5 When babies lie in the oblique lateral decubitus position,
body molding can occur.

Wynne-Davies also noted a much greater prevalence of
congenital heart disease, inguinal hernia, congenital hip dis-
location, older maternal age, and low birth weight among
children with early-onset idiopathic scoliosis, recording
congenital hip dislocation at five times the normal rate.

Early-onset idiopathic scoliosis affects males more often
than females, in a ratio of three to two. Early reports tended
to focus on thoracic scoliosis, but other curve patterns seen
in late-onset scoliosis are also common.5356 However, three-
quarters of thoracic curves in the early-onset condition are
convex to the left, and girls with right-sided thoracic curves
have the poorest prognosis. All double-structural curves
have definite progression potential.>®

Mehta, who has contributed much of what is known
about infantile idiopathic scoliosis, analyzed several radio-
logical parameters in an effort to identify on the first visit
those infants that might have a poor prognosis.®® Among
other things, she measured the Cobb angle and the rib-
vertebra angle difference (RVAD) at the apex of the curve
(see Fig. 2.11). If a line is drawn along the neck of the ribs at-
tached to the apical vertebra of the curve, and a vertical line
is drawn down the longitudinal axis of that vertebra, the
rib-vertebra angles are measured on each side. If the differ-
ence exceeds 20 degrees, the curve is likely to be progressive.
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Clinical and Radiographic Evaluation
of the Scoliotic Patient

Alvin H. Crawford, Alan E. Oestreich, Linda P. D’Andrea, Joshua E. Heller, and Patrick Cabhill

The presentation of scoliosis is often the result of an inci-
dental finding. Historically, a female patient came to atten-
tion because there was difficulty in hemming her garments
or because her skirt was riding up on one side. Currently,
the most frequent presenting history in patient’s with scol-
iosis is a positive Adams bend test during school screenings
or a physical examination for athletics. The Adams for-
ward-bend test is performed by having the patient face
away from the examiner, straighten the elbows, clasp
hands, and bend over as though diving into a pool or touch-
ing the toes. The test is considered positive if there is rota-
tion or a hump to one side of the spine. Occasionally, a
child presents for evaluation after an outside observer
notices some degree of truncal asymmetry, such as upon
seeing the child in a bathing suit or attempting to adjust
poorly fitting clothing. Questioning of the family often
identifies a close relative who has been diagnosed with
adolescent scoliosis. In most of these cases the family was
unaware of the need for screening.

B History and Clinical Presentation

Typically the child with scoliosis will not have any com-
plaints related to the condition. The most common present-
ing statement is, “I was told that I have scoliosis.” However,
up to 35% of patients may complain of some degree of back
pain.! A study of more than 2400 patients with adolescent
idiopathic scoliosis (AIS) revealed some degree of back pain
on an original visit in 23% of the patients. An additional 9%
developed pain later on during treatment. Of those with
pain at presentation, ~58% were later symptom-free. Severe
persistent back pain, or neurological symptoms including
radicular pain, muscle weakness, sensory changes, and
bowel or bladder incontinence or retention in a patient
with AIS is extremely unusual. These symptoms should be
evaluated fully and an alternative diagnosis considered.

In patients who present with pain, an evaluation of activi-
ties associated with spondylolysis, such as gymnastics,
cheerleading, rowing, and weight lifting, is very important.
Spondylolysis with subsequent progression to severe
spondylolisthesis may initiate a reactive olisthetic scoliosis.
Full details of the degree (pain score), location, radiation, and
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exacerbating and relieving factors for a patient’s pain should
be reviewed. Scoliosis may be the first sign of an intraspinal
anomaly. Scheuermann’s kyphosis, disc herniation, sy-
ringomyelia, tethered spinal cord, or an intraspinal tumor
may all cause truncal malalignment in addition to pain. The
presence of a left thoracic curve has been most predictive for
discovering an underlying pathological condition. An abnor-
mal neurological examination is even more suspect for
intraspinal anomalies, especially in very young children.
Thorough neurological and radiographic examination is
mandatory. Early-onset spinal curves of >20 degrees in
patients less than 10 years old should be suspected as indi-
cating an underlying anomaly and should be thoroughly
investigated (Fig. 5.1). On occasion, a patient with scoliosis
will present with medial subscapular pain over the rib
hump. This pain is often vague, occurs intermittently, and
only rarely affects quality of life. Subscapular pain is often
noted in these patients following surgery. Patients may also
experience muscular flank pain from a truncal shift and
asymmetric muscle contraction. The pain may resolve after
surgery with correction of the truncal shift. On occasion
a child may present with a painful scoliosis as the result of a
benign osteoid osteoma. The pain characteristically occurs at
night during rest, and is relieved by aspirin or non-steroidal
anti-inflammatory drugs.

Other important aspects of the patient history include the
date of initial observation of a truncal asymmetry, the per-
ceived degree of progression, and the child’s overall activity
level. It is important to assess the menarchal status of female
patients because this is related to their peak growth velocity
and to curve progression. Girls are at greater risk for curve
progression than are boys.? There is approximately a 7-to-1
ratio of female to male patients who will require surgery.
Premenarchal girls are at risk of progression because they
are still in the accelerated growth phase.

The patient’s medical and surgical history may occasion-
ally include conditions that put the patient at risk for develop-
ing spinal deformity, such as past intrathoracic procedures
that may have led to distortion of the thoracic-cage anatomy.
Prior irradiation of the chest wall may also occasionally result
in a scoliotic deformity. A history of developmental hip dys-
plasia or a congenital foot condition giving rise to a limb-
length discrepancy can also result in a compensatory scoliosis.
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Fig. 5.1 This 9-year-old girl presented with truncal imbalance and a
30-degree left thoracic curve. Her abdominal reflexes were question-
able. An MRI scan showed thoracic “coin-on-end” syringomyelia.
Curvatures of more than 20 degrees in children under 10 years of
age justify an MRI scan. The yield of pathology is greater when the

Several markers are helpful in assessing skeletal matu-
rity. These include menarchal status, bone age (digital
skeletal age [DSA]), the radiographic Risser grade, triradiate
cartilage (TRC) status, parental height, and Tanner stage.3->
The adolescent peak height velocity is probably the most
important factor to evaluate for the risk of curve progres-
sion. Patients in the earlier stages of Risser development
(grades 0 or 1) are at greatest risk of curve progression. The
Tanner staging correlates somewhat with skeletal maturity
and indirectly reveals the risk of curve progression, but is
not as accurate as other markers.

A family history of scoliosis may be elicited during a meet-
ing with a patient, and although this may not affect a planned
treatment, it may shed light on the family’s familiarity with
spinal deformity as well as on the family’s expectations for
the patient’s outcome. The work-up of scoliosis can bring
awareness to other undiagnosed musculoskeletal conditions
that are associated with scoliosis and that may warrant addi-
tional testing and treatment. Such associated conditions in-
clude congenital muscular torticollis, Klippel-Feil syndrome,
Scheuermann’s kyphosis, Marfan disease, spondylolysis,
spondylolisthesis, spondyloepiphyseal dysplasia, spinal cord
or musculoskeletal tumors, and inflammatory conditions. All
of these conditions may initiate primary or secondary devia-
tions in a patient’s standing balance, leading the healthcare
provider to investigate for scoliosis. Idiopathic scoliosis is a

curve is to the left side and there is very little rotation in the curva-
ture. Note that the pedicles show very little rotation in the apical
portion of the curve. (A) Standing posterior view showing the truncal
shift to the left. (B) PA X-ray film of the thoracolumbar sacral spine.
(C) MRI scan illustrating cervical thoracic syrinx.

diagnosis of exclusion, and can only be accepted after other
pathologies have been ruled out.

B Physical Examination

With every effort made to protect the patient’s modesty;, it
is extremely important to evaluate the patient in as little
clothing as possible. Our preferred dress for the physical
examination of female patients is a two-piece bathing suit
(Fig. 5.2). Scoliosis is most frequently diagnosed by recogniz-
ing truncal asymmetry. The trunk may appear to sway
toward one side, or there may be a greater gap between the
rib cage and arm. A plumb bob is a useful tool in evaluating
for scoliosis. In the normal spine, a plumb bob dropped from
the occiput or cervical-thoracic junction will fall within 1 to
2 cm of the midline. In patients with scoliosis the bob will
fall laterally. Spinal flexibility may be assessed by asking the
patient to simulate a right and left “golf swing” while the
patient’s pelvis is stabilized by the examiner. Rib and flank
prominences can be observed for reduction as the patient
performs side-bending and rotation maneuvers.

The physical examination often reveals other muscu-
loskeletal abnormalities associated with scoliotic deformity.
There may be an elevation, or forward prominence, of the
shoulder at the acromioclavicular joint, or elevation of the
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Shoulder height

Fig. 5.2 Physical examination. This 14-year-old girl has a 55-degree
right thoracic curve. (A) Note the elevation of her right shoulder and
a shift of her trunk to the right. (B) The right scapula is elevated from
the rib cage and there is more space between the left arm and the
trunk than between the right arm and trunk. (C) There is lordosis
of the entire thoracic spine. (D) The Adams bend test, in a view from
the right, shows a moderate rib hump. (E) There is prominence of

scapula by the rib hump or other rotational prominence. The
subscapular region should be palpated deeply to help rule
out the presence of a subscapular osteochondroma, or, in
patients with Sprengel deformity, in which an omovertebral
bone forms a connection between the scapula and the lower
cervical spine. The anterior chest cage must be assessed for
flaring of the rib cage, pectus excavatum, or pectus carina-
tum. Although these abnormalities may be found in conjunc-
tion with scoliosis, it is important to recognize and inform
the family that correction of scoliosis will not change the ap-
pearance of the anterior chest. A major concern for female
patients is the presence of breast asymmetry. It is important
for these patients to understand that this asymmetry may
not change with spinal corrective surgery. It may help to
educate such patients that some degree of breast asymmetry

Thoracic
lordosis &

Thoracic
lordosis

the left rib cage. (F) The Adams forward-bend test shows the promi-
nence and rotation of the right rib cage with very little deviation of
the lumbar spine. (G) The Adams forward-bend test in a view from
the left identifies the right rib hump and also confirms the lordosis
of the thoracic spine. (H) An appreciation of the elevation and promi-
nence of the right scapula.

is normal and is a common finding in adolescent girls with-
out scoliosis.

It is important to inspect the skin for cutaneous changes
such as café au lait spots, freckling, or unusual hair-distribu-
tion patterns. The presence of more than five café au lait
spots more than 1.5 cm in diameter are suggestive of neurofi-
bromatosis type 1. Longer, linear café au lait spots with irreg-
ular borders may be a cutaneous sign of fibrous dysplasia.
The lower back should be examined closely for abnormalities
including vascular lesions, skin dimpling, dermal sinus tracts,
or hairy patches (Fig. 5.3). These lesions when located above
the gluteal cleft may be indicative of an intraspinal lesion.

The neurological evaluation of children with scoliosis is
critical. The examiner should assess for muscle strength,
bulk, and tone in all extremities. Any asymmetry found in
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Fig. 5.3 This 8-year-old child presented with a severely deformed rib
cage and a hairy patch in the mid apical region. Her left leg was smaller
than her right leg and she had a mild cavus deformity. The hairy patch
was associated with a diastematomyelia. The radiographic triad is that
of a widened interpedicular space on the apical vertebra, narrowed disc

the examination, such as weakness, atrophy, or limitation in
range of motion, should raise the suspicion of an underlying
neurological abnormality. Having a child walk, hop, or skip
in the clinic hallway can bring subtle deficits to light. Sensa-
tion and reflexes should also be assessed. In addition to
deep tendon reflexes (elbow/knee/ankle jerk), cutaneous

E

space, and presence of a bony spike. (A) Frontal view showing signifi-
cant truncal imbalance. (B) A posterior view shows the hairy patch in
the middle of the child’s major spinal curve. (C) Close-up view of the
hairy patch. (D) Plain X-ray film showing the triad mentioned above.
(E) MRI scan showing spinal cord duplication at the midaxial cut.

reflexes, including the abdominal reflex, should be evaluated.
The abdominal reflex is tested by gently scratching the skin
of the abdomen and observing the reaction of the abdominal
musculature. It should be tested in all four quadrants and
any asymmetry in response should be noted. Absence of this
reflex may be indicative of underlying neurologic problems.®
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This response may be difficult to elicit in some patients,
especially those that are ticklish. Although a fundoscopic
examination is often unnecessary, the eyes should be observed
for pupillary differences as well as abnormalities in move-
ment, including nystagmus. A spinal magnetic resonance
imaging (MRI) scan is indicated if any abnormal neurological
findings are identified on the physical examination.

Special Tests

As mentioned previously, the Adams forward-bending test,
which is often used as a screening tool, is designed to iden-
tify the rotation of the chest wall that occurs in scoliosis. In
addition to being used in school screenings, this test should
be part of every well-child pediatric visit once a child is
able to ambulate. Controversy exists about whether wide-
spread screening leads to excessive specialist referrals for
scoliosis.”® In the Adams forward-bend test, the bend
should exhibit a smooth “spinal rhythm.” Any restriction or
hesitancy of normal rhythm or motion, or lack of normal
intersegmental motion (lumbosacral, midlumbar, thora-
columbar, thoracic), can usually be easily noted. Loss of
spinal rhythm is a much more sensitive indicator of painful
intersegmental disorders than is loss of range of motion
(ROM), although both loss of rhythm and of ROM can
clearly coexist. Abnormalities in spinal rhythm are not spe-
cific to any diagnosis, but will always occur when serious
structural pathology exists.!® Most children can bend suffi-
ciently forward to extend their fingertips down to within
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Fig. 5.4 This 15-year-old girl has a 65-degree curve and is shown in the
standing position and undergoing assessment of her rib rotation with a
scoliometer while she performs the Adams forward-bend test.
(A) Standing clinical photograph; note the rib prominence and scapular
elevation. (B) Adams forward-bend test showing a prominent rib hump

one hand’s length of touching the floor. Failure to extend to
this level is abnormal. A child who upon repeat examina-
tion is still unable to bend adequately should be evaluated
for hamstring contractures. A thorough neurological exam-
ination of such children is essential.

In having a child perform the Adams forward-bend test,
the examiner should note any curvature of the spine or rib
prominence on the side of the convexity of a spinal curve.
This is best done by standing directly behind the child and
looking in a straight line from the gluteal cleft of the buttocks
to the neck. The procedure should be repeated with the
examiner looking down from the head toward the buttocks.
Previous surgical procedures such as a sternotomy, thora-
cotomy, or thoracoplasty may distort the chest wall and
may cause the bend test to be “falsely” positive. The test is
completed by evaluating the child’s bend from both sides. A
normal bend of the spine should be smooth, without a
sharp peak or a hollow in its midsection when viewed from
the side. If these abnormalities are present, they may indi-
cate excessive kyphosis or lordosis.

The scoliometer is an excellent screening device that can
be used in conjunction with the Adams forward-bend test to
evaluate truncal rotation (Fig. 5.4). The device is a spirit level
that when placed at different spinous processes can quantify
rotation of the trunk. An angle of less than 7 degrees is
considered within the limits of normal. When following a
patient with scoliometer monitoring, the same vertebrae
should ideally be used for each reading. The inter- and intra-
user reliability of scoliometer testing has been evaluated

on the right. (C) Measurement with a scoliometer shows a 17-degree
angle. The scoliometer measures the angle of trunk rotation (ATR), and
is inexpensive and easy to use. It is a good screening tool and capable of
reducing referrals. Referrals should be made only when a patient’s
spinal angulation is more than 7 degrees.
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in the literature.!12 Although there is too much variation
in inter-user reliability to permit substituting the Adams
forward-bend test and scoliometer readings for routine radi-
ography when a child is followed by multiple practitioners,
the intra-user reliability of the test is sufficient to allow for
extension of the time between radiographs as long as the
patient is followed with frequent clinical examinations done
by the same examiner.

Limb-Length Evaluation

Limb-length discrepancy may result in pelvic tilt, which can
induce a “compenstory scoliosis.” A child with as much as a
3-cm leg-length discrepancy may have no functional diffi-
culties, and these patients may go undetected until a positive
Adams forward bending test prompts further investigation.
Conventional teaching recommends absolute limb measure-
ment from the anterior superior iliac spine (ASIS) to the
medial malleolus, and relative limb measurement from the
umbilicus to the medial malleolus. These measurements
fail to include the foot, which in some cases may be up to an
inch shorter than the other side due to anatomical differ-
ences or postsurgical changes. For this reason the authors
recommend including the foot in clinical measurement of
leg length. Measurements may be made from the ASIS to the
lateral border of the sole of the foot just below the fibula.
Conventional scanograms provide a radiographic means to
assess limb length. Unfortunately, these studies often do
not include the foot, and thus may not fully demonstrate a
discrepancy. Standing blocks can also provide an effective
means to evaluate limb length. They allow visual assessment
of pelvic leveling. To use this technique, the ASIS is assessed
from the front and the posterior superior iliac spine is
assessed from the back. A difference of up to 2 cm in limb
length is acceptable and should not be considered in the
surgical correction equation if spinal fusion is considered.

In cases of limb-length discrepancy, X-ray films made
with the patient in the standing position may show pelvic
obliquity and a compensatory curve that is concave on the
side of the longer limb. In addition to limb-length inequal-
ity, an unleveled pelvis may be caused by joint contractures
in the lower extremity. It is extremely important to meas-
ure calf and thigh circumference for evidence of unilateral
atrophy, which can be indicative of a neurological problem
and thus possibly responsible for a compensatory scoliosis
related to the limb-length discrepancy. A unilateral foot
deformity, especially when associated with clawing of the
toes or abnormal hair bearing, is highly associated with
neurological disorders.

Psychosocial Implications

Children with idiopathic scoliosis most often are completely
asymptomatic. The effect of having a formal diagnosis of
scoliosis is unpredictable in this age group. Most patients

with a family history of scoliosis tend to take the diagnosis
in stride. However, children who have heard frightening sto-
ries of intense pain, neurological deficit, and hardship of an
affected relative or peer may confront the diagnosis and its
treatment with much apprehension. Additionally, patients
involved in competitive sports or intramural activities may
be afraid that the condition and its treatment will prevent
them from continuing or markedly limit their participation.

The method of intervention for scoliosis can have a pro-
found effect on the psychological response of the child.
There are essentially three options in the treatment of sco-
liosis (i.e., “the three O’s”): observation, orthotic, or opera-
tion. Observation, although passive, may cause significant
anxiety because of the lingering possibility that bracing or
surgery may be required. In the case of children for whom
an orthotic device has been prescribed, the physician
needs to be aware that they may be threatened by the
thought of having to wear a device that might make them
look different. Even though modern braces can be nearly
completely disguised by garment modification and loose
clothing, these patients may be sufficiently disturbed
about wearing a brace as to either refuse to wear it in school
or request home schooling. A randomized controlled study
of brace effectiveness (Bracing in Adolescent Scoliosis
Trial [BrAIST]) sponsored by the National Institutes of
Health is currently underway to determine whether brac-
ing truly has the ability to alter the natural history of idio-
pathic scoliosis. As expected, patients for whom surgical
treatment is recommended are typically concerned that it
may harm them or that their scar will be unsightly. A mul-
tivariate assessment of patients and parents considering
surgery revealed that despite their stated concerns about
surgery, the most prevalent issue among them was the fear
of paralysis.!3

B Radiographic Evaluation

Medical imaging for scoliosis allows quantification of the
patient’s spinal curvature and the diagnosis of underlying
conditions that may have led to the deformity (e.g., sources
of nonidiopathic scoliosis). Questions that radiographs may
answer for the surgeon include the degree of deformity (in
the coronal, sagittal, and axial planes), the flexibility of
spinal curves, the levels of the spine requiring instrumenta-
tion, the quality of the pedicles, and the presence of associ-
ated spondylolisthesis.!41>

It is important to remember that patients with scoliosis
will need multiple radiographic studies each year over a
period of several years. Proper training of physicians in
requesting radiographs and of technicians in obtaining
radiographs can reduce the need for repeat studies and
reduce overall radiation exposure for the patient. Proper ra-
diation safety training is an essential part of a successful
spinal-deformity practice.
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Plain Radiographs

The two most common radiographs used to evaluate
patients with scoliosis are the standing posteroanterior
(PA) and lateral views, utilizing full-length cassettes (14 x
36 in.) or digital equipment that allows accurate splicing of
images (Fig. 5.5). The PA and lateral radiographs should

include the lower cervical spine and shoulders, entire tho-
racolumbar spine, and pelvis. Properly made films allow
assessment of the patient’s overall skeletal balance as well
as skeletal maturity. PA images are used rather than antero-
posterior (AP) images in an attempt to reduce radiation
exposure to the breast. An association between diagnostic
imaging for scoliosis and an increased risk of breast cancer

Fig.5.5 Series of conventional radiographs
used for full evaluation of AIS. The PA view
is recorded with the patient standing. Note
that a vertical line dropped from the left lat-
eral rib margin intersects the left iliac crest
quite medially (and is one reason to include
the iliac crests in these images). The trac-
tion and bending views are made with the
patient in the supine position. The lateral
image is made with the patient standing,
and requires visualization of L5 and S1 to
evaluate for spondylolisthesis.
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in women has been established (see the section below on
Radiation Hazards). PA radiographs of scoliosis, unlike most
X-ray films, are displayed with the patient’s right side on
the right. This allows the films to be viewed as if the exam-
iner were clinically examining the patient’s spinal curve
from a posterior position (e.g., with the patient standing in
front). This is also the way in which the spine is viewed in
the operating room when the patient is put in the prone
position, which is the position used for a posterior spinal
fusion.

An erect sitting position is an acceptable alternative to a
standing view if the patient has a limb-length inequality or is
only minimally ambulatory or wheelchair bound. It is well
known that gravity can change the radiographic appearance
of a spinal deformity, and a few minutes of sitting before the
exposure allows a more accurate representation of the defor-
mity. With supine radiographs there is an absence of the
effect of gravity on the spine, and films made with the patient
in this position can therefore show a very different curve
magnitude and spinal balance as opposed to films made with
the patient in a standing position. In the special case of oelis-
thetic scoliosis associated with high-grade spondylolisthesis,
aremarkable decrease in the curve is often seen in the supine
bending as compared with the standing position (Fig. 5.6).

It is important to obtain serial radiographs with a consis-
tent method to demonstrate the true deformity in scoliosis
and its progression. Radiographs should always be marked by

A L

the technician for technique, laterality, and patient position
(i.e., supine, sitting, erect). If the patient has a limb-length
inequality, an appropriate block may be placed under the
shorter limb to level the pelvis before obtaining X-ray films.
For more significant limb-length discrepancies, the film may
be made with the patient in an erect sitting position or in the
supine position, to negate the effects of pelvic obliquity and
gravity. In either view, the iliac crests should be visible
(Fig.5.5). The offset of ribs with respect to the pelvic margins
and to each other (including the double-rib contour sign) is
important in the evaluation of scoliosis (Fig. 5.7).16

When PA and lateral views are obtained, the patient
should be instructed to stand in a relaxed manner but not to
slouch. In the PA radiograph, the arms are held out slightly
from the sides to avoid overlap with the body’s silhouette.
Various studies have been done to evaluate the effect of arm
positioning in acquisition of the lateral radiograph. The
humeri need to be out of the way so that the spine can be
visualized; however, holding the arms straight out from the
body, as is done with a lateral chest radiograph, may influ-
ence the sagittal balance of the spine. When their arms are
outstretched, patients tend to assume a “water skiing” posi-
tion, with the spine leaning backward over the pelvis. One
standard practice is to have the patient hold an intravenous
infusion pole, or ski poles, to keep the arms at 45-degree
angles from the trunk, with the poles supporting the weight
of the arms.!” Other described methods include having the

Fig. 5.6 (A) Considerable scoliosis in an upright standing frontal image in a patient with severe L5/S1 spondylolisthesis. (B) The curve is

almost entirely functional, as shown in this supine bending image.
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Fig. 5.7 The double-rib contour sign is noted in these standing
lateral x-ray films (A) Standing PA x-ray film of a 65-degree scoliosis.
(B) Standing lateral x-ray of the same patient. The arrows point to the
convex and concave ribs (hump) shadows. This identifies the rib
hump, and can be compared with scoliometer findings. The length or
height of the hump is measured from the posterior vertebral body to

patient stand with the arms folded or with the hands on the
shoulders or midclavicles. Regardless of which method is
chosen, it is important to standardize the method of image
acquisition so that radiographs are comparable from one
visit to another and from one patient to another.

Congenital anomalies and endplate changes associated
with Scheuermann’s kyphosis can sometimes be visualized
only in a lateral view (Fig. 5.8). Generally, at least three
anteriorly wedged vertebral bodies are seen at the apex of a
true Scheuermann curve.

If the patient has complained of low back pain, then
oblique views, and radiography of a spot lateral of the lum-
bosacral junction (if the long lateral does not suffice), may
be ordered to look for a spondylolysis. If the patient has
persistent back pain in another area, or if there is a history
that raises suspicion of a tumor or infection, radiographs
with a metallic marker placed over the area to be investi-
gated can be helpful. A specialized oblique image, the Stag-
nara (Leeds) view, aims at lateral visualization of the apical
vertebral bodies when there is severe scoliotic rotational
deformity. The amount of obliquity (of the X-ray machine)
required to achieve this view is related to the magnitude
of the apical rotation of the spine. In the absence of a com-
puted tomography (CT) image through the plane of the

the tangent of the rib shadow. (C) The rib hump index is derived
from vertical lines drawn tangential to the maximum concave/convex
posterior rib shadows. The length of the convex (d1) over the
concave (d2) shadows from the posterior body wall is the rib hump
index. (RI) RI should equal one (1) for a symmetric thorax, with
higher values indicating a greater (hump) deformity

vertebral body, the patient is positioned for the Stagnara
view so that the X-ray beam forms a tangent to the right
and left posterior rib cage as positioned by the technolo-
gist. The Stagnara view is helpful because the anatomy and
morphology of the pedicle, which is distorted in severe
curves on routine PA films, can often be visualized through
this technique, with less radiation exposure than is required
in CT scanning.'8

An AP Stagnara view can also be helpful because it often
allows better visualization of the pedicle anatomy and mor-
phology, which is often distorted in severe curves. The AP
Ferguson view of the lumbosacral junction is very helpful for
assessing sacral obliquity and hemivertebrae, as well as for
the quality of a postoperative fusion. The Ferguson view is
an upwardly oriented AP exposure of the sacrum so that it is
seen en face, with the beam perpendicular to the estimated
sacral inclination (Fig. 5.9). For the average sacrum this is
about a 30-degree cephalad angulation of the beam.

Assessment of the flexibility of a scoliotic curve pattern is
important for planning and predicting correction in a brace or
Risser cast, determining fusion levels, and evaluating postop-
erative correction with growing rod instrumentation or
instrumented fusion. The use of lateral or AP side-bending
radiographs is a standard method of assessing the flexibility
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Fig. 5.9 The angled frontal Ferguson view allows meticulous evalua-
tion of the structure of the sacrum. Such findings, not evident in this
patient, include sacral obliquity, facet trophism, interbody fusion,
and fracture.

Fig. 5.8 Evaluation of kyphosis. (A)
Standing lateral view. Look for anteriorly
wedged bodies at the apex of the curve
in cases of Scheuermann’s disease. This
subject does not show this criterion for
the disease. (B) Cross-table lateral
supine view over a bolster demonstrates
the flexibility of the kyphotic curve, as
compared with the film in A made on
B the same day.

of a scoliosis. The patient is asked to make maximal effort
when bending into and then away from the separate curves,
and to hold those positions while the X-ray film is made
(Fig.5.5). These films are typically made with the patient in
the supine position, but some authors have advocated prone
positioning. In making supine bending radiographs for which
the patient bends toward the concavity, the rib or flank
prominence may increase in size and distort the view of the
adjacent segments of the spine. This bias may be reduced by
making these images with the patient in the prone position,
in which the rib prominence will not be in contact with the
X-ray plate. Images of the patient in supine traction (Fig. 5.5)
have been proposed as an alternative to lateral bending
views, but their usefulness is not yet fully established.

Luk et al have advocated fulcrum bending for evaluation
of the flexibility of scoliotic curves, as this technique has
been shown to be predictive of curve correction through
posterior surgical techniques.!® The test is performed by
having the patient lie in the lateral position over a fulcrum
(cylindrical bolster) placed beneath the apex of the curve.
The fulcrum flexibility is the percentage correction of the
Cobb angle of the patient’s deformity as a result of this
technique. This test, unlike erect side-bending films, does
not require voluntary muscle activation by the patient.!%20
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Push prone radiographs are also a good method for assess-
ing curve flexibility, especially for patients who are unable to
make a full bending effort.?! In addition, these images can be
obtained in the operating room after induction of anesthesia,
to help predict the intraoperative correction of spinal curves.
These radiographs require the assistance of additional per-
sons to apply apical pressure and counterpressure above and
below the specific curve for which surgery is being done.
Radiographs made with supine traction show greater flexi-
bility than side-bending films for patients with curves over
60 degrees.?? These images are also useful for patients who
have paralytic curves and are unable to move or bend in the
ways needed for other methods. Radiographs of patients in
Cotrel dynamic traction may be made with the use of a Risser
traction table. This technique often requires anesthesia,
because most young children cannot tolerate traction and
lying on the bars of the Risser table while awake. Previously
published studies using traction films to determine the end-
instrumented vertebra have found frequent postoperative
coronal decompensation.?® Another study found that PA radi-
ographs made during intraoperative traction showed better
flexibility than radiographs made during supine bending, and
this changed the operative plan for 11 of 13 patients, elimi-
nating the need for anterior releases.?*

Lateral radiographs made with backward bending over a
bolster are appropriate for evaluating the flexibility of a
kyphosis (Fig. 5.8). These images are obtained with the
patient in a recumbent position. The technician must be
able to judge where the bolster is to be placed (i.e., the apex
of the kyphosis), on the basis of the physician’s order and
physical appearance of the patient. The technician must be
experienced enough to ensure that the correct levels of the
spine and ribs are captured on the image. If the initial
lateral image does not reveal abnormality, lateral images on
follow-up should be avoided unless needed for a full preop-
erative evaluation.

Radiation Hazards

There is always some risk from exposure even to low doses
of radiation, as is the case for routine X-ray films of the
spine. However, the risk of tissue damage from medical
imaging is low as compared with its potential benefits if it
is clinically appropriate and performed with radiation pro-
tection. For perspective, the radiation exposure from a
chest X-ray is about equal to the natural radiation exposure
received during a round-trip airline flight from Boston to
Los Angeles, or during 10 days of hiking in the Rocky
Mountains. However, repeated exposure to low-level radia-
tion for diagnostic imaging may carry an increased risk of
neoplasia, such as breast cancer in women.?>

Breast tissue and the thyroid gland are particularly
sensitive to the cumulative effect of irradiation. Doody and
colleagues examined a retrospective cohort of more than

5000 female patients with scoliosis treated between 1912
and 1965. They found that in this group there were 77 deaths
from breast cancer, which represented a significant increase
in the risk of death over that for the general population
(standardized mortality ratio = 1.69). The expected number
of deaths based on mortality data for the United States was
45.6. Doody and colleagues concluded that exposure to mul-
tiple radiographic studies during childhood and adolescence
may increase the likelihood of breast cancer in women with
scoliosis. Recognized confounding factors may relate to the
degree of spinal deformity, amount of radiation exposure,
and reproductive history.2® The association between radia-
tion exposure in adolescence and thyroid cancer has also
been studied extensively. The evaluation of groups of patients
exposed to thyroid irradiation in childhood (either as a result
of medical treatment or as a consequence of exposure to a
nuclear blast) makes it clear that the thyroid gland is highly
sensitive to the carcinogenic effects of ionizing radiation.’

Currently, there is a far-reaching campaign in medical
imaging, known by the acronym ALARA (as low as reasonably
achievable), to minimize total body and local radiation dose,
especially in children.?® Techniques used to reduce excessive
radiation exposure include collimation, shields, grids, and
ultra-high-speed film. PA radiographs (versus AP films) allow
the skin of the back to receive higher doses of radiation than
the anterior breast and thyroid tissues.?® However, when the
AP versus PA view for chest radiography was studied clini-
cally, the AP view was chosen because of concern for an
increased risk of leukemia.?® Gonadal shields are also impor-
tant in reducing radiation exposure, and technicians should
be educated in ensuring their proper placement. In obtaining
films for evaluation of the TRC, which may be obscured by
standard gonadal shields, a more tailored shield should be
used to allow for its proper visualization. Posterior breast
shields (blocking the posterior entrance site of the
X-ray beam) can be used in an effort to reduce radiation
exposure of the breast. These shields, however, can be coun-
terproductive in cases of severe scoliosis, in that they may
obscure visualization of the curved spine.

The best method for reducing total radiation exposure is
to avoid radiographic testing unless it is truly necessary.
Extending the interval between sessions of radiography
when possible will also reduce the patient’s lifetime radiation
dose. The physician should avoid repeat radiography after an
inadequate radiograph unless it is absolutely essential. Tech-
nicians also need to be educated about the proper placement
of radiation shields and proper acquisition techniques for
avoiding the need to repeat films.

Other Techniques of Plain Radiography

The use of an antiscatter grid, an effective method of reduc-
ing scattered radiation, can greatly improve the quality of
bone imaging. The grid is placed between the patient and the
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image intensifier, cassette, or digital detector, and absorbs a
portion of the scattered radiation in its lead/aluminum
plates. However, the use of this device may necessitate an
increased dose of radiation to acquire an image. It is im-
portant to remember that the amount of radiation that
reaches the image intensifier is not reduced until it has
passed through the patient. The increased risk of addi-
tional radiation exposure must be weighed against the
benefit of improved image quality.

The advent of digital radiography has led to better image
quality, reduced radiation exposure, and improved transfer
of information between physicians. In conventional radiog-
raphy a great deal of signal degradation occurs before the
image is displayed or printed. When a digital detector is
used, less information is lost and thus more detail can be
displayed, especially when an image is magnified at the view-
ing workstation. Other advantages to digital radiography
are the easy storage and retrieval of images and the facility
of transmission of images over Internet connections.

An issue with long digital images of scoliosis has been
the imperfect stitching together of an upper and a lower
image. Technical improvements in the machines used to
perform this function have lessened this problem, but the
possibility of error needs to be recognized.

Studies comparing Cobb-angle measurements of pri-
mary and secondary curves on digital radiographs with
those made on traditional radiographs have shown no sta-
tistical difference in the intra- or inter-observer variance
with the two techniques.3! The radiation dose received by
the patient is considerably reduced when digital imaging is
used rather than conventional full-spine radiography (by
two-thirds in the study cited here), and is further reduced
with digital fluoroscopy.3?

Close collaboration between physicists, biomechanical
engineers, medical radiologists, and orthopedic surgeons
has led to the development of a new low-dose radiation
device named EOS™ (Biospace Med; Paris, France). The
EOS system uses thin fan-beam collimation, which reduces
most of the scattered radiation received by a patient dur-
ing imaging and provides a high-quality image. Using a
gaseous X-ray detector invented by Georges Charpak, who
won the Nobel Prize in Physics in 1992, the system allows
two-dimensional (2D) and three-dimensional (3D) image
acquisition at much lower doses of radiation than with
conventional methods. It is claimed that the dose used to
obtain a 2D image of the skeletal system has been reduced
by 8- to 10-fold. As compared with 3D reconstructions
from axial CT slices, EOS can purportedly create 3D recon-
structions with 800- to 1000-fold less radiation exposure
of the patient.?3 The patient is examined in the standing
(or seated) position, and can be scanned from head to feet,
both frontally and laterally. This positioning represents a
major advantage over conventional CT, which requires the
patient to be horizontal. The 3D reconstructions of each

element of the osteoarticular system imaged with the EOS
technique are as precise as those obtained with conven-
tional CT scanning. The EOS procedure is also relatively
rapid, taking less than a minute to image the entire spine.
In addition, Labele and colleagues in Montreal have shown
value in the 3D imaging reconstruction techniques
provided by the EOS system for operative planning and
postoperative evaluation in scoliosis, including their use
for direct vertebral derotation.34

Computed Tomography

CT scanning has a limited role in diagnostic testing for idio-
pathic scoliosis, but may be useful in cases of severely
rotated curves and congenital curves. The sagittal, coronal,
reconstructed 3D images provided by modern CT scanning
can be extremely helpful in appreciating the degree of a
spinal deformity and in preoperative planning for its treat-
ment. Preoperative assessment of a deformity, including the
evaluation of pedicle diameter, can be helpful in selecting a
surgical fixation technique and screw size for it. Such preop-
erative assessment is especially important for patients
known to have neurofibromatosis 1, Marfan syndrome, and
Larsen syndrome. Moreover, newer computer software can
superimpose reconstructed images of blood vessels and
other soft-tissue structures on CT scans if desired. CT scans
can also help in evaluating other spinal pathologies such as
spondylolysis (Fig. 5.10). Additionally, if the patient cannot
undergo an MRI scan, a CT myelogram can provide consid-
erable information about intraspinal pathology.

Fig. 5.10 CT scan of bilateral spondylolysis (arrows) of vertebral
body in a thin-section axial image with the gantry of the CT scanner
appropriately tilted for optimal visualization.
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The benefits of CT scanning must outweigh the risk of ad-
ditional radiation exposure to justify its use. Newer multislice
CT scanners can obtain images rapidly, and are designed to
do so with less radiation (if proper protocols are utilized).
However, CT scans still involve considerable radiation expo-
sure. Additionally, younger children may need to be sedated if
good CT images are to be obtained. The desired levels to be
scanned and specific instructions regarding reconstructions
should be clearly communicated to the CT technologist.

Magnetic Resonance Imaging

MRI technology is invaluable in the diagnosis of soft tissue
and bone pathology. In particular, MRI is very helpful in the
diagnosis of neural axis pathology in children with scolio-
sis.35-37 Assessment with MRI should be considered in all
children under 11 years of age with scoliosis exceeding
20 degrees, and for patients with unusual curves, hyper-
kyphosis, back pain, or abnormal findings in a neurological
examination.38-40 A recent prospective study of 104 pa-
tients with Lenke type 1 idiopathic scoliosis found that 7
had abnormalities on MRI scans. In each of these cases,
symptom onset was early (e.g., juvenile scoliosis), and the
patients had complained of back pain. No patient who de-
veloped scoliosis after the age of 10 years had an intraspinal
abnormality detected on MRI.#!

An undisputed advantage of MRI over CT scanning is the
absence of ionizing radiation delivered to the patient’s tissues.
However, there are concerns about magnets stronger than
1.5 Tesla producing a heating effect in the tissues of patients,
especially those who have ferromagnetic metal implants. The
specific absorption rate (SAR) measures this heating produced
in tissues, and needs to be considered with the use of any
magnet stronger than 1.5T. Another potential danger of MRI
is nephrogenic systemic fibrosis, a devastating skin and mus-
cle necrosis that can occur after a patient with impaired
renal function receives intravenous gadolinium-containing
contrast material.#? It is thus necessary to ensure that the
patient has normal renal function before considering the use
of intravenous contrast material in an MRI study. Contrast
material is rarely indicated in children with spinal deformity.

In addition to demonstrating intraspinal anatomy in
great detail, spinal MRI has been shown to be effective for
evaluating surrounding soft-tissue structures in children
with scoliosis. Riccio et al, in a study of 153 patients with
congenital scoliosis, found no instance of a renal abnormal-
ity that was noted on ultrasound examination but was ab-
sent on a spinal MRI scan (or vice versa).*3

Nuclear Imaging Studies

Bone scans provide information about the metabolic activ-
ity of bone and surrounding tissues, and for the evaluation
of back pain. In the assessment of a scoliotic patient for a

suspected nonidiopathic cause of the condition, a bone
scan is used in conjunction with single-photon emission
computed tomography (SPECT). This technique may also be
helpful in the evaluation of acute back pain. A bone scan
can demonstrate healing of a traumatic fracture, stress
fracture activity, spondylolysis, tumor (such as osteoid
osteoma), and altered growth-plate activity, such as after
injury or infection (diskitis). A recent advance in nuclear
medicine was the development of combination CT scan-
ners. SPECT/CT and positron emission tomography/CT
(PET/CT) allow the accurate overlay of metabolic informa-
tion obtained in nuclear medicine on the anatomical detail
provided by high-resolution CT scanning.

Radiographic Measurements
Cobb-Angle Method

In 1948 John Cobb described a technique to measure the
frontal-plane magnitude of a scoliosis. In this technique,
the angle of the spinal curve is subtended by lines drawn
perpendicular to the endplates of the upper and lower ver-
tebra of the curve, which are the vertebrae most tilted
from the horizontal (Fig. 5.11). Because the Cobb angle
measures those endplates (as does a line across the pedicle
margins, if the endplates are not clearly imaged), it makes
mathematical sense that the top of one spinal curve is au-
tomatically the bottom of the next curve and vice versa.
Tools on picture archiving and communication system
(PACS) workstations can allow angle measurements with-
out the need to resort to the traditional use of a protractor
to measure perpendiculars to endplate lines on films.
There is ~3- to 5-degree measurement error inherent in
the Cobb-angle technique. Therefore, the difference in a
curve’s measured magnitude would be considered a “real
change” only if it was greater than 5 degrees. This method
can be used in the sagittal plane to describe the amount of
lordosis and kyphosis in different regions of the spine.
When measured accurately and consistently, Cobb angles
can provide information about curve progression, the ef-
fectiveness of bracing, the results of surgery, and the main-
tenance of curve correction over time. Any increase in an
angle following fusion may signify a defect in the fusion
mass and any associated instrumentation.

Balance Assessment

In the coronal plane, overall balance can be assessed with a
plumbline (easily produced by the tools on a PACS worksta-
tion). The C7 plumbline (C7PL) is a line dropped vertically
from the center of the C7 vertebral body. This line should
normally pass through the center of S1. Another technique
is to erect a reference line from the center of S1. This line is
called the center sacral vertical line (CSVL). The difference
between the CSVL and the C7PL is the amount of coronal-
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Fig.5.11 Cobb-angle measurement. (A) Select the top and bottom
vertebra of the curve, shown by maximal tilting of the endplates
from the horizontal. Draw the endplate lines and perpendiculars to
those lines (the alternative to this manual method is to use PACS

plane imbalance. A difference of less than 2 cm is consid-
ered acceptable (Fig. 5.12). Another method for assessing
coronal trunk balance is to drop vertical lines tangential to
the outermost perimeter of the rib cage on a frontal radi-
ographic study. Both of these lines should fall within the
bony pelvis.

Sagittal spinal balance is evaluated on the lateral radi-
ograph by drawing the plumb line from the midpoint of
the C7 vertebral body toward the sacrum. When normal,
the line passes through the middle of the first sacral body
(Fig. 5.13). Many authors have suggested other appropriate
sacral reference points through which the plumbline refer-
ence can pass, such as the posterior-superior corner of S1.
Others have suggested that patients are in acceptable
sagittal balance if the C7PL falls through or behind the hip
joints. Pre- and postoperative global sagittal balance is not
typically a major concern in AIS. However, in adults,
achieving and maintaining acceptable sagittal alignment
may be the most important predictor of good long-term
outcome, and is more important than correction in the
coronal plane.

workstation toolbox functions). (B) The upper and lower angles at
the point where the perpendiculars overlap give the measured Cobb
angle. (C) The procedure is similar for the next curve, with an oppo-
site convexity.

The most common sagittal-plane disturbance in AIS is
thoracic lordosis (Fig. 5.14), or hypokyphosis. Although
this sagittal plane malalignment is unlikely to cause signif-
icant global imbalance, it is often difficult to correct surgi-
cally and may leave the patient with a flat thoracic spine
postoperatively. If the thoracic hypokyphosis is severe
enough (i.e., lordotic), it may also affect the alignment of
the cervical and lumbar spine.#

Over time, a junctional kyphosis may develop above or
below the thoracic segment in AIS, eventually inducing
kyphosis in either the cervical or lumbar spine. A thoracic
hyperkyphosis in a curve considered otherwise idiopathic
should be investigated for an underlying lesion such as
syringomyelia.

Vertebral Rotational Measurements

Although CT scanning permits the best evaluation of verte-
bral rotation, the Nash-Moe (Fig. 5.15) and Perdriolle meth-
ods can be used to evaluate rotation on plain radiographs.
The Nash-Moe method categorizes vertebral rotation into
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Fig.5.12 Use of plumbline for determining coronal balance. A verti-
cal line constructed from the midpoint of C7 through the sacrum on
upright PA image.

Fig.5.14 Thoracic lordosis of 2 degrees represents a severe form of
hypokyphosis.

Fig. 5.13 Plumbline for sagittal balance. A vertical line is con-
structed from the midpoint of the C7 vertebra through the pelvis on
upright lateral image. Here it intersects S2. The relationship to the
posterior border of S1 is to be evaluated.

five grades. In this method the vertebra to be evaluated is
divided into halves and then the convex half is divided into
three equal segments. If the pedicles of these segments are
equidistant from the lateral edges of the vertebral body,
there is no significant rotation, and the rotation is classified
as being of grade 0. In a rotation of grade 1, most of the
convex pedicle is still within the first (lateral) one-third
division of the vertebra, and the concave pedicle is begin-
ning to disappear. With grade 2 the convex pedicle has
rotated into the middle third segment of the vertebra and
the concave pedicle may disappear. In grade 3 the convex
pedicle has rotated into the medial third segment and the
concave pedicle is not visible. In grade 4 rotation of the
convex pedicle has gone past the midline of the vertebra
and the concave pedicle is again not visible.*> One recent
study confirmed the accuracy of the Nash-Moe method
despite any lateral tilting or forward-backward inclination
of the spine.*6

The Perdriolle method of measuring vertebral rotation is
done with a device designed by Pedriolle and known as
the torsiometer. In this technique the greatest diameter
of the convex pedicle of the apical vertebra is marked as are
the lateral edges of the waist of the vertebra. The transpar-
ent torsiometer is superimposed over the radiograph and
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Fig.5.15 Nash-Moe method of measuring vertebral rotation.

the degree of rotation is determined from the line of the
scale that intersects the midpoint of the pedicle (Fig. 5.16).
This method has been shown to be both reliable and accu-
rate by recent studies comparing the rotation measured on
supine scanogram films with the rotation measured on CT
scans. However, a difference was seen in measurements
made on erect and those made on supine films.4” This dif-
ference is a natural consequence of the effects of vertical
loading as the result of gravity. Because most measure-
ments of spinal curvature are made on erect radiographs,
the evaluation of vertebral rotation should be done on erect
radiographs as well as those made in other views.

In the recent report comparing the Nash-Moe, Perdri-
olle, and CT methods for determining rotation, the CT
method demonstrated greater accuracy than the other
methods when methodology was used to compensate for
vertebral-body tilt. The gain in accuracy through CT
scannning comes at the expense of greater radiation expo-
sure, time taken by the procedure, and cost of the study.*®
Asghar et al and the Harms Study Group, in a recent study
comparing all pedicle screw constructs versus hook-and-
rod systems in AlS, used the axial CT method described by
Aaro and Dahlborn to evaluate the degree of vertebral rota-
tion. The angle of rotation of the vertebra is measured by
using the angle between the junction of the laminae, the
dorsal central aspect of the vertebral foramen and middle
of the vertebral body, and the sagittal plane.*?>° We found
this technique to be reliable and easy to use with the meas-
urement tools available in a modern PACS system.

Scoring Systems

A 100-point radiographic scoring system was developed
by the Harms Study Group to give an objective measure-
ment of spinal deformity. A normal, straight and balanced
spine would receive 100 points. The score is based on
measurements made on standard PA and lateral radi-
ographs of the spine, and accounts for the degree of coro-
nal and sagittal (kyphotic and lordotic) deformity, spinal
balance, shoulder and upper rib tilt, apical vertebra rota-
tion and translation, end-instrumented vertebra (EIV)
angulation, and disc below EIV angulation. Points are
subtracted from a score of 100 on the basis of the degree
of deviation from normal values. The weight or impor-
tance of each of the measurement components named
above was determined by the consensus of opinions of
surgeons experienced in treating spinal deformities. The
system was developed to allow objective comparison of
preoperative deformity and the postoperative results of
correction. Multiple preoperative and postoperative radi-
ographs can be grouped and compared by using this system.
However, because numerous measurements are needed
to produce a score, practical clinical implementation of
the system may be difficult.

An awareness of the Lenke classification system>! has
also proven worthwhile, especially because it allows
the comparison of outcomes at different centers. The six
curve types in the system are: (1) main thoracic (the most
common according to Lenke’s data); (2) double thoracic;
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Fig.5.16 Perdriolle method of measuring vertebral ro-
tation. The selected pedicles are highlighted on a
radiograph and the torsiometer is then superimposed
on the radiograph. The torsion angle is measured by
constructing a vertical line through the pedicle on the
convex side of the curve. (From Perdriolle R, Vidal J. Tho-

racic idiopathic scoliosis curve evolution and prognosis.

(3) double major; (4) triple major; (5) thoracolumbar/lum-
bar; and (6) thoracolumbar/lumbar-main thoracic. The
other two components of the triadic Lenke classification
system are a lumbar spine modifier (based on the associa-
tion between the center sacral vertical line to the lumbar
spine on an upright radiograph) and a sagittal thoracic
modifier (hypokyphosis, normal, or hyperkyphosis) based
on the upper-T5-to-lower-T12 angle, which is considered
normal when between 10 and 40 degrees of kyphosis.
The Lenke classification is intended to suggest the levels
of the spine to be instrumented, fused, or both in a
specific case of deformity.

Assessment of Skeletal Maturity

The assessment of ossification centers and the subsequent
timing of skeletal maturation and closure of growth centers
are predictable and well described. The most common
areas of bone growth used in determining a patient’s level
of skeletal maturity are the iliac apophysis, TRC, and hand
and wrist. Other areas of potential value for estimating
skeletal maturity are the olecranon apophysis at the elbow,
the pelvis, and the spine. However, these centers are not al-
ways visible on routine radiographs, and are therefore not
commonly used.

Spine 10:785-791, 1985. Reprinted with permission.)

Risser Sign

Risser described the gradual anterolateral-to-posterome-
dial ossification of the iliac crest apophysis and its even-
tual fusion with the ilium at skeletal maturity. His grading
system (Fig. 5.17) divides the progression of skeletal ma-
turity into five stages of ossification of the iliac apophysis:
(1) Risser grade 0: no ossification; Risser grade 1: ossifica-
tion of the lateral 25%; Risser grade 2: ossification of the
lateral 50% of the apophysis; Risser grade 3: ossification of
the lateral 75%; Risser grade 4: ossification of the entire
apophysis without fusion to the ilium; and Risser grade
5: fusion of the ossified apophysis to the ilium.> The Risser
staging system is convenient to use in evaluating radi-
ographs of the spine for scoliosis, because the iliac
apophyses are included in the long-standing film. There
are, however, limitations in using spine films for this pur-
pose, as a PA view results in poorer visualization of the
apophyses than is possible with an AP view. It is notewor-
thy that the supine AP side-bending radiographs that are
ordered to assess curve flexibility often permit excellent
visualization of the iliac crests. Visualization of the iliac
crest apophyses may be difficult in patients who have ex-
cessive pelvic tilt in the sagittal plane. The Risser sign may
not be useful for predicting curve progression because
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triradiate
cartilage

Fig.5.17 The Risser evaluation. The Risser stages are discussed in the
text. The arrow points to the lucent zone (clear space) in the triradiate
cartilage, between the pelvic bones.

grade 1 has been found to begin after the period of rapid
adolescent growth or peak height velocity.>? For girls, the
mean period from the onset of ossification of the iliac
apophysis to Risser grade 4 is 1 year. At Risser grade 4,
only minimal skeletal growth potential remains. The Risser
grading of boys with regard to skeletal maturity is not as
reliable as that of girls. The changes in ossification of the
iliac apophysis as a boy matures typically occur more
slowly than in a girl, and boys can still grow by a significant
amount when at Risser grade 4.53

Triradiate Cartilage

The TRC of the acetabulum, which is visible throughout
childhood and the prepubescent period, is also often con-
veniently visible on long-standing films of the spine. The
TRC reliably begins to ossify in the early stages of puberty.
In girls it is completely ossified by menarche, and in boys it
is typically in the early stages of ossification when puberty
begins. The cartilage is usually completely ossified by the
time of the rapid growth phase. It is a reliable marker of
skeletal immaturity when it is still cartilaginous or “open.”
However, the degree of ossification of the TRC is not useful
in predicting the end of growth, and a proposed alternative
has been the ossification of the olecranon process of the
ulna.>* The postoperative complication of crankshaft phe-
nomenon, however, is unlikely to occur after the TRC has
closed, presumably because the peak-height growth velocity
has passed.>

Hand and Wrist

Greulich and Pyle’s Radiographic Atlas of Skeletal Development
of the Hand and Wrist contains standardized tables and radi-
ographic photographs with detailed descriptions of the bones
and ossification centers that correlate with the degree of
skeletal maturity.>® Tables in the book also describe the range
of variation for a particular skeletal age, and a range within a
certain number of months that are included with that age.
The Tanner-Whitehouse method for evaluation of individual
bones of the fingers is currently far more tedious to use, but
could eventually be useful for the computer-assisted calcula-
tion of maturity.>” In 2008, Sanders and colleagues published
a simplified method for evaluating skeletal maturity based on
the key findings of the Tanner-Whitehouse method. Their
method, which has been shown to be both rapid to use and
reliable in predicting curve progression, depicts eight stages of
skeletal maturity, ranging from stage 1: Juvenile slow to stage
8: Mature. The rapid phases of adolescent growth (stages 3
and 4 in their method) are differentiated by the closure of the
distal phalangeal physes. The method has good intra- and in-
ter-user reliability and is easy to use once the evaluator has
become familiar with it. In our institution, a chart demon-
strating the different stage descriptions and radiographic
appearance of skeletal markers of growth is used at points of
care to determine the approximate stage of a patient’s growth
and to counsel the patient and family (Fig. 5.18).

Additional Imaging Findings

Many “incidental” findings on radiographs made to evaluate
scoliosis, beyond routine measurements and the evaluation
of predictive areas, may be of interest in the care of the
patient. For example, careful documentation of the number
of rib-bearing vertebral bodies (i.e., thoracic character plus
any cervical ribs), as well as of the number of bodies of
lumbar character, is important for accurate preoperative
planning. This includes description of asymmetric vertebral
levels (i.e., lumbar on one side and sacral on the other, or
thoracic rib-bearing on one side and lumbar transverse
process-bearing on the other). These Hox (homeobox)-gene
variations may also eventually be important for forensic
identification should the need arise in a disaster. Informa-
tion seems to be accumulating that the presence of other
than 12 rib pairs may imply a greater risk of malignancy of
other systems,>® although use of such information may cur-
rently be counterproductive. Other findings on imaging
studies may move the diagnosis away from idiopathic scol-
iosis, such as the fusion of vertical laminae as a sign of di-
astematomyelia, ribbon ribs as a sign of neurofibromatosis,
or repeated pneumonia in familial dysautonomia (Riley-Day
syndrome). Indeed, an important part of the radiologist’s
role in imaging scoliosis is the elucidation of “other” find-
ings beyond those made in standard evaluations, which
additionally include renal, cardiothoracic, gastrointestinal,
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4

Stage 1

Fig. 5.18 The Sanders classification system of skeletal maturity.
Stage 1: Juvenile slow [G/P F 8-9 M 12.5]. Stage 2: Preadolescent
slow (Tanner 2) [G/P F 10 M 13 ]. Stage 3: Adolescent rapid-early
(Tanner 2-3, Risser grade 0, TRC open), Peak height velocity [G/P F
11-12 M 13.5-14]. Stage 4: Adolescent rapid-late (Tanner 3, Risser

and even musculoskeletal abnormalities. The radiologist
should also and in a most timely fashion recognize any
potentially significant intraoperative or postoperative com-
plications and inform the surgeon about them.!41>

B Conclusion

The complete diagnostic evaluation of the adolescent with sco-
liosis combines the patient’s history and physical examina-
tions with the psychosocial evaluation of the patient (including
the patient’s own perception of predicted progression of a
spinal curve and the potential downside of treatment) and di-
agnostic imaging. Although giant strides in the understanding
of scoliosis are anticipated in the near future through molecu-
lar genetic techniques, this information is not yet available.
Continued utmost attention to the physical examination re-
mains paramount for the proper care of patients with scoliosis.
“It is important to remember that the pathology of a disease is
always looking at you”; the ability to recognize it is what is
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The Importance of the Sagittal Plane:
Spinopelvic Considerations

Frank Schwab, Virginie Lafage, Ashish Patel, and Michael F. O’Brien

Analysis of the sagittal plane in the setting of spinal defor-
mity is a rather modern concept. However, the last two
decades have seen a substantial contribution to the under-
standing of the sagittal plane in terms of self-reported
patient function, outcomes of treatment, and complications
following surgery for spinal deformity.

A critical point of departure in discussing sagittal plane
alignment relates to the need for including more than the
spine in this topic. A study of spinal alignment during
standing is not complete without understanding the im-
portance of the pelvis, which has emerged as a key regula-
tor of global balance, predominantly in the sagittal plane,
between the spine proximally and the lower extremities
distally. Whether in patients in good health or in the set-
ting of spinal deformity, spinal balance and alignment are
intimately intertwined with the pelvis. The importance of
this concept has led Jean Dubousset! to coin the term
pelvic vertebra. This chapter, related to spinal deformity,
will expand the concept of sagittal-plane alignment to
extend beyond the spine by using the term spinopelvic
alignment.

To gain an understanding of the sagittal spinopelvic
alignment and how it may relate to patients with spinal
deformity, an appreciation for the normal spinopelvic axis
must be pursued. Initial investigations have outlined the
nature of the sagittal spinal alignment in the standing posi-
tion and its interrelationship with the pelvis. Additionally,
reports on the progressive modifications that occur in spinal
alignment during growth have increased our knowledge of
skeletal adaptation in the pediatric population. In the adult
population the negative impact of spinal malalignment in
the sagittal plane and spinopelvic mismatch offers critically
important explanations of disabilities, poor outcomes, and
failures in the treatment of spinal disorders.

M Sagittal Spinopelvic Parameters

Historically, scoliotic deformities were evaluated and
treated primarily as coronal-plane entities, although appre-
ciation of the three-dimensional nature of scoliosis is
increasing, most specifically in the sagittal plane. Addition-
ally, recognition that the spinal axis is only the proximal

link in the entire global chain of mechanical alignment of
the human standing posture has led to significant work di-
rected toward understanding the role of the pelvis in this
alignment and how it relates to global sagittal standing bal-
ance. Further research is needed to define the axial-plane
component of standing alignment and optimal, patient spe-
cific, three-dimensional spinopelvic alignment, although
this section of the present chapter is aimed at providing an
outline of the important sagittal spinopelvic parameters
appreciated to date and the observations made during in-
vestigations of the asymptomatic “normal” population.

Sagittal Spinal Parameters

It can be understood without great intuition that the spine
in the sagittal plane differs vastly from the “straight spine”
in the coronal plane. The sagittal spine includes four cur-
vatures, two “kyphotic” primary curves at the levels of the
thoracic and sacral spine, respectively, and two secondary
“lordotic” curvatures at the respective levels of the cervical
and lumbar spine. Although specific regions of the spine
may be labeled as kyphotic or lordotic, variability exists as
to the nature of alignment at the individual vertebral lev-
els, most notably at the junctional levels between regional
curvatures.?

Radiographic analysis of the standing sagittal alignment
in the asymptomatic population has demonstrated a broad
range of normal values of thoracic kyphosis and lumbar
lordosis. These values are listed in Table 6.1 and provide a
basic guideline of normal ranges and what would be con-
sidered abnormal. Additionally, reports suggest that sagit-
tal spinal curvatures and alignment vary with age. Cil et al®
conducted a radiographic analysis of the sagittal alignment
of 151 asymptomatic children grouped by age (age range:
3 to 15 years). Significant differences in numerous param-
eters were identified among age groups. Older children
stood with a more negative (backward) sagittal vertical
axis (SVA). With an increased (positive) SVA in younger
children, there is a greater L1 offset and more distal tho-
racic apex, resulting in a forward-leaning posture. With
growth, the regional curvatures of both thoracic kyphosis
(TK) and lumbar lordosis (LL) increase in angulation; the
thoracic apex moves upward. As observed by Voutsinas and
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Table 6.1 Normative Distribution of Thoracic Kyphosis and Lumbar Lordosis among Children® and Adult® Populations

Cil>Group | Cil>Group Il
No. of Subjects 51 37
Age (yr) 3-6 7-9
Kyphosis (degrees) 449+ 114 47.8 £ 10.5
Lordosis (degrees) -11.0 -51.7+11.5

Cil*>Group Il Cil>Group IV Jackson?
32 31 100
10-12 13-15 20to 63
45.8 £ 10.6 53.3 £9.1 42.1+8.9
—57.3+10.0 —54.6 +9.8 —60.9+12

colleagues,* and more recently by Mac-Thiong et al,> TK and
LL tend to increase during childhood, although a longitudi-
nal study of normal subjects is required to fully validate
these observations (Table 6.1).

Sacropelvic Parameters

Since the work published by Legaye and Duval-Beaupére
and coworkers,® several studies>’-12 have emphasized the
importance of pelvic morphology with regard to sagittal
alignment during standing in both children and adults, par-
ticularly through its effect on LL. Three main parameters
are utilized to define the morphology and positional char-
acteristics of the pelvis.®

Pelvic Incidence

Pelvic incidence (PI) is a morphological parameter described
as the angulation joining the bicoxofemoral axis to the mid-
sacral endplate and the perpendicular. PI has been suggested
to remain set during adulthood, with a wide range of what
are considered normal curves (40 to 65 degrees), although
changes in PI during growth have been reported by several
authors. Mangione and colleagues'®> demonstrated that PI
tends to undergo a linear increase during childhood after the
initiation of walking. Descamps et al'# suggested that PI is
relatively stable before the age of 10 years and then increases
significantly until reaching its maximum at skeletal maturity.
More recently Mac-Thiong et al’ in a prospective radiographic
study including 180 asymptomatic children, found a signifi-
cant positive correlation between age and PI. They hypothe-
sized that an increasing PI during childhood was a necessary
mechanism for maintaining an adequate sagittal alignment
during growth.

Sacral Slope and Pelvic Tilt

Sacral slope (SS) and pelvic tilt (PT) are positional pelvic pa-
rameters that remain variable with changes in alignment,
position, and posture. Significant variation has reported in
the normative values of these parameters for adults (SS: 30
to 50 degrees, PT: 10 to 25 degrees). During adulthood,
when PI remains stable, changes in one of these parameters
negatively affects the other, such that PI = SS + PT. SS, the
angulation of the sacral endplate with the horizontal,

carries the strongest correlation with lumbar lordosis. A
vertical SS is typically met with a large lordotic angulation,
whereas the reverse holds true for lower values of SS. It has
also been demonstrated that SS remains constant with
growth, whereby SS through childhood does not differ sig-
nificantly from that in childhood for a given individual.’
Conversely, PT describes the position (rotation) of the pelvis
centered on the hip joint. PT has been found to increase
during childhood with increases in PL.> Positive changes in
global spinal alignment typically lead to compensatory
changes in PT; As the spine moves forward, increasing the
SVA, PT increases (undergoes retroversion) to maintain er-
gonomic posture with spinal alignment over the pelvis.
Lafage et al'> conducted a recent investigation of pelvic pa-
rameters and their impact on measures of health-related
quality of life (HRQOL). This prospective study involved
125 adult patients (mean age: 57 years) who had spinal
deformities. Full-length radiographs of patients in the free-
standing position, and including the spine and pelvis, were
available for all patients. Instruments for measuring HRQOL
included Oswestry disability index (ODI), Health Outcome
Short Form-12 (SF-12), and the Scoliosis Research Society
(SRS-22) questionnaire. A correlation analysis of radiographic
spinopelvic parameters with measures of HRQOL did not re-
veal any significant associations pertaining to coronal-plane
parameters. However. significant sagittal-plane correlations
were identified. Following SVA and truncal inclination, PT
was the next most highly correlated parameter with patient-
reported measures of HRQOL (0.28< r <0.42) (Fig. 6.1).

Sagittal Spinopelvic Interaction during
Standing Balance: An Introduction to
Force-plate Technology and the Gravity Line

Ergonomical standing balance is the guiding principle
explaining resilient compensatory mechanisms in the
setting of spinal malalignment. Dubousset! outlined this
principle in the term cone of economy (COE). As it was origi-
nally represented, the COE indicates that in the setting of
standing balance, increased displacement of the upper
body in relation to the feet requires increased effort until
the displacement is so excessive that external support is
necessary to prevent falling. This concept implies that any
prolonged displacement of the center of gravity beyond an
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Fig. 6.1 Key sagittal spinal, pelvic, and spinopelvic parameters in radiographic evaluation.

ideal point between the standing feet of an individual
requires muscular effort, and therefore energy expenditure,
and can eventually lead to fatigue and discomfort or pain.
In the setting of spinal deformity, the concept of COE can
explain observed disability when other obvious sources of
pain (e.g., fracture, infection, focal instability, disc extru-
sion, etc.) have been excluded.

Several studies using force-plate technology have been
conducted in an effort to quantify the concept of COE.10.16.17
The force plate is a flat rectangular pad containing pressure
sensors distributed evenly acros its surface, upon which a
subject stands. From captured pressure measurements
below both feet, the center of all pressures (COP) can be
calculated. The COP represents the true gravity line (GL) of
a given individual. Static force-plate analysis allows simul-
taneous determination of the GL and acquisition of radi-
ographic data such that the offsets between the feet, pelvis,
and spine can be precisely calculated.

An analysis of force-plate data in the asymptomatic pop-
ulation has shown that the GL travels in a very narrow
ellipse centered between the feet of a standing individual.!®
Accordingly, it may be more precise to label optimal stand-

ing balance as occurring within an ellipse of economy
(EOE). The dimensions of this ellipse are ~14 X 22 mm,
and are generally located 11 cm anterior to the posterior
border of the heels. Of significant interest is that the EOE is
maintained within the same narrow range of offset from
the heels in both asymptomatic subjects and those with a
significant positive SVA. This is an essential concept be-
cause it demonstrates that dramatic shifts in spinopelvic
alignment necessitate a driving effort (muscular) to main-
tain the GL within a narrow perimeter (the EOE).

B Sagittal Spinopelvic Alighment
and Curve Type in Adolescent
Idiopathic Scoliosis

Investigations directed at asymptomatic populations and the
establishment of normal sagittal spinopelvic alignment per-
mit interesting interpretations of the modifications observed
among patients with adolescent idiopathic scoliosis (AIS).
Mac-Thiong et al'® investigated the possible relationship of
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AIS curve types with sagittal spinopelvic parameters in a co-
hort of 160 patients. They found a significant reduction in TK
in the primary thoracic curve of the spine as compared with
the primary lumbar curves, and greater LL in patients with
lumbar curves. No pelvic parameters were related to the type
of deformity in this population. Similarly, Upasani and co-
workers,'® in a matched retrospective radiographic review,
identified several sagittal spinopelvic differences between
scoliotic groups and normal controls. In comparing normal
and scoliotic subjects, they found that scoliotic patients have
a significantly greater PI regardless of the type of their scoli-
otic curve. Among groups of scoliotic patients, those with
primary thoracic curves (Lenke type 1a or 1b) exhibited
reduced thoracic and thoracolumbar kyphoses, whereas
patients with thoracolumbar curves (Lenke type 5) had a
significantly larger thoracolumbar kyphosis. Sacropelvic
parameters were not found to have a significant influence on
scoliotic curve type, although interestingly, the relationship
between sacropelvic parameters and degree of lordosis was
maintained throughout the three groups, although, interest-
ingly, the relationship between sacropelvic parameters (PI)
and degree of lordosis was maintained throughout the three
groups.

B Spinopelvic Considerations Drawn
from Adult Patients

Much of the current understanding of the importance of
pelvic parameters and compensatory mechanisms in the
setting of spinal deformity is based on investigations con-
ducted with adults. In the pediatric population, significant
changes in spinal malalignment may be well tolerated
because of a large compensatory reserve drawing from
flexible spinal units and maintenance of muscle quality
and quantity. However, it is evident that age-related
changes have a marked effect on the ability to tolerate
spinal deformity. Through the aging process, the ability to
compensate for any malalignment becomes progressively
reduced. The loss of ability to tolerate deformity is princi-
pally related to changes in soft tissues, comprising the in-
tervertebral discs, ligaments, bone, and muscle. In the
adult patient, degenerative changes with aging result in
stiffening of spinal segments, loss of disc height, a global
positive translation of the SVA, loss of hip hyperextension,
and a general reduction of muscle mass and tone.

The effects of both spinal deformation and soft-tissue
aging compound the problems of alignment related to scol-
iosis. This has the following profound effects on the
ergonomical considerations of standing balance:

» Decreased capacity for compensatory spinal curvature in
the setting of scoliosis

* Increasing recruitment of muscles that function less
effectively with aging

* Pelvic retroversion and translation to offset sagittal
imbalance

» Eventual exhaustion of hip extension to compensate for
malalignment

* Need to enter knee flexion

Thus, an adolescent deformity in the spine may be well
tolerated until stabilizing and compensatory mechanisms are
overwhelmed. The full clinical impact of spinal deformity
may become apparent only in adulthood.

Sagittal Malalignment in the Adult

A wide variety of factors should be considered with disabil-
ity in the setting of adult spinal deformity, although an im-
portant consideration is that of sagittal-plane alignment.
This has been substantiated through work on the Adult
Spinal Deformity Classification?°-22 as well as by Glassman
and colleagues.?3%4

Sagittal plane deformity in the adult, resulting in
disability, is a global sagittal alignment issue. Although
children can easily compensate for marked scoliosis and
extensive spinal fusion, adults lose the reserve of compen-
satory mechanisms over time. This implies an increasing
dependency on muscular endurance and strength. In re-
turn, such increased muscular effort to maintain standing
balance and daily function translates into fatigue and dis-
ability. The problem of global sagittal alignment in the
setting of adolescent idiopathic scoliosis in the adult
(AISA) is most notably increased in the surgicaly treated
patient in whom a sagittal alignment has been imposed
through fusion. In some cases the problems of alignment
become aggravated over time, particularly with the col-
lapse of discs below a long fusion and loss of muscle tone
and hip extension ability. Common names given to severe
malalignment syndromes include flat back, flat buttock,
kyphotic decompensation syndrome, and fixed sagittal
imbalance.

The critical loss of compensatory mechanisms in AISA
relate primarily to the lumbar spine and pelvis. Specifically,
loss of LL and the increased stiffness seen with aging limit
the ability to tolerate more proximal deformity in the sagit-
tal plane. Pelvic retroversion occurs naturally with aging,1°
although its extent may be limited to permit rebalancing of
the body in the setting of spinal deformity. In conjunction
with this, hip motion must be able to accommodate pelvic
position. The latter implies a progressive extension of the
hip as the pelvis retroverts. This mechanism has limits and
with aging the maximal extension possible becomes pro-
gressively reduced. When hip extension is no longer feasi-
ble, knee and ankle flexion become necessary to permit a
balanced standing posture.
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Force-plate Investigations in the Adult
Population

The observation of an EOE with a narrow relationship to the
feet for both patients with deformity and volunteers makes
it evident that spinal deformity requires recruitment of bal-
ancing (compensatory) mechanisms. This has been investi-
gated through a follow-up force-plate study?’ of patients
grouped by differences in radiographic sagittal alignment
into the three groups of forward (SVA >5 cm), neutral (0 to
5 c¢m), and posterior (SVA <0 cm) alignment. As mentioned
above, the GL offset from the heels did not differ among
these groups, although significant differences were demon-
strated in PI, PT, and pelvic position. PI was found to increase
significantly with increasing SVA, from 48 degrees for the
sagittal backward group to 52 degrees for the neutral group
and to 56 degrees for the sagittal forward group. Similarly,
PT was found to increase significantly with increasing SVA,
from 10 degrees for the sagittal backward group to 16 de-
grees for the neutral group and to 21 degrees in the sagittal
forward group (all P <0.001). Analysis of the pelvic-location
offset with regard to the projected heel line and GL demon-
strated that when SVA increased, the pelvis translated poste-
riorly toward the heels. The combination of the pelvic shift
and pelvic retroversion resulted in a decrease in the heel-
to-S1 offset from 115 mm to 90 mm and to 56 mm for the
sagittal backward, neutral, and sagittal forward groups,
respectively (total translation = —58 mm). These important
findings confirm the critical role of the pelvis in maintaining
sagittal balance of the spinopelvic axis.

The implications of the findings stemming from studies
of the spinopelvic axis are substantial. An optimal outcome
of management of spinal deformity, whether in the pedi-
atric or adult patient, must include an analysis of the pelvic
parameters and the global spinopelvic alignment.

B Surgical Management in
Adolescent Idiopathic Scoliosis

Scoliosis is a three-dimensional deformity of the spine,!
which explains the limitations of its analysis in any one
plane alone. With the advent of three-dimensional (3D)
imaging techniques, more accurate evaluations of spinal
deformity will be possible. Currently, it should be noted
that even sagittal measurements on radiographs corre-
spond to the lateral appearance of the spine but not to the
true sagittal plane (which may be in an orientation not
captured on a standing lateral radiograph).

Evaluation of the spinopelvic alignment should, at the
minimum, begin with the review of full-length standing
coronal and sagittal radiographs. Patients should be in-
structed to adopt a free-standing position with the hips and
knees in a comfortable posture and the shoulders and elbows

flexed, with the fingertips placed on the clavicles. This posi-
tion minimizes changes in sagittal spinal contour and elimi-
nates compensatory postures.2® The spine should be visible
proximally to C2, and the femoral heads must be visualized
distally. It is of paramount importance that the pelvis
(femoral heads) and proximal spine be visualized on the
same film; the spinopelvic alignment, the spatial relationship
between the head and the lower extremities, cues the physi-
cian about the global alignment adopted by the patient,
including compensatory mechanisms for standing freely.

Sagittal Considerations in the Treatment
of Adolescent Idiopathic Scoliosis

In an investigation of the?’ long-term effects of Harrington
rod fusion, Cochran et al, using full length radiographs and
outcomes questionnaires, evaluated 95 AIS patients with a
mean 9-year follow-up. Examination of the sagittal plane of
patients with fusions extending to L4 and L5 revealed a
mean 15.2 degrees of lordosis, showing that the distraction
instrumentation resulted in a loss of physiological lordosis.
More than 50% of the patients showed significant instabil-
ity, radiographic changes below the level of fusion, and
lower back pain.

Luk and colleagues?® conducted an investigation into
the effects of unfused lumbar mobile segments below a
Harrington construct for scoliosis. They observed an
increase in segmental lordosis at the unfused levels in an
attempt to reachieve preoperative lumbar lordosis angula-
tions (L1-S1) Similarly, arecent study published by Tanguay
and co-workers?® found that the relationship between
pelvic parameters and lumbar curves was maintained after
correction and fusion in AIS with modification of the align-
ment of the unfused lumbar segments. An increase in LL
below the fusion site was noted, but no correlation was
found between PI and fused lordosis. This study suggests
that PI should be the basis of any surgical planning for AIS.
An important goal of intervention for AIS should be
to maintain the relationship between PI and LL so as to
eliminate the need for compensatory modifications below
a fusion.

The corrective surgical techniques in the setting of AIS
have evolved over time with increasing understanding of the
deformity in this condition, and of major important is that
instrumentation systems with augmented anchorage have
been developed for treating it. It is evident that the improved
power of newer techniques will not only permit greater cor-
rection of certain parameters of deformity but will also have
a more substantial effect on the nonfused segments of the
spine. The secondary effects of arthrodesis include:

* Loss of mobility
* Animposed alignment through instrumentation
» Creation of stress risers at junctional levels
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« Indirect correction of compensatory curves

* Increased demands on the muscular system as well as
muscular denervation

* Modifications in pelvic position

Thus, given the considerations of optimal alignment and
the power of current instrumentation systems for treating
AIS, significant attention should be directed at establishing
harmonious sagittal spinopelvic alignment. Failure to do so
is likely to lead to long-term complications. However, ideal
alignment in an adolescent is difficult to define given that
spinopelvic parameters evolve during growth. It is thus
uncertain whether the goal for alignment should be an
age-matched one or one of a young adult (as opposed to an
older adult). Finally, treating AIS so as to create sagittal
alignment of an adult requires anticipation of a given
patient’s final spinopelvic alignment once growth is com-
pleted. The disproportionate consideration of the coronal
plane (Cobb angle), and correcting malalignment in this
plane for quantifiable proof of operative success, unfortu-
nately minimizes the issues relating to the sagittal plane
in AIS, which is the most important plane for long-term
success in treating this condition.
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Perhaps no other issue in the management of scoliosis en-
genders as much debate and heated discussion as the topic
of brace treatment. This chapter and the next present a dis-
passionate discourse on the two sides of this issue, based
on the available scientific literature and the contributors’
personal and institutional experience. The literature is con-
founded by the wide variety of brace designs, wearing
schedules, and philosophies about the duration of treat-
ment of scoliosis with braces. It seems that there are as
many types of braces as there are ports-of-call in the world
of sailing.

Another factor bound to add confusion and controversy
to this subject is genetic testing. Indeed, nonoperative
treatment of adolescent idiopathic scoliosis (AIS) may soon
be guided by genetic analysis. Ogilvie et al! recently pre-
sented a paper demonstrating that the efficacy of brace
treatment could be predicted by a genotype analysis of 30
genetic markers. Ninety-five percent of brace-compliant
patients whose scoliosis progressed and required surgery
had a calculated probability of progression of 0.35 or
higher. Of those who had no progression, only 9% had a
probability of progression of 0.35 or higher. The ability to
predict brace failure increased to 100% when age and initial
Cobb angle were included in the analysis.

The one thing about which the contributors to this
chapter and Chapter 8 can agree is that there is a paucity
of level-1 evidence to support or refute brace treatment
for scoliosis. A large prospective, multicenter, randomized
trial is required to resolve this issue. The trial should
answer the fundamental question of whether the intent
to treat with a brace is effective at decreasing curve pro-
gression and the need for surgery. Secondary outcome
measures should answer questions about brace design,
wearing schedules, and demographic factors predictive of
successful treatment.

Fortunately, such a trial is underway. Led by Stuart
Weinstein at the University of lowa, a National Institutes
of Health/National Institute of Arthritis and Muscu-
loskeletal and Skin Disorders-funded multicenter trial is
currently in the enrollment phase: 26 centers in the
United States and Canada are participating. The study
began enrolling patients in February 2007 and is expected
to be completed in late 2010. The results of this trial
should be the foundation of future recommendations for
bracing in scoliosis.
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B Introduction

The treatment of any condition should take into account
the short- and long-term outcomes as well as the compli-
cations of that treatment modality. The three generally
accepted treatment options for scoliosis are observation,
use of a brace, and surgical stabilization. Others have pro-
posed that treatment modalities such as electrical muscle
stimulation, postural exercises, chiropractic manipulation,
nutritional supplementation, and magnet therapy have a
role in the care of scoliosis, but evidence to support these
modalities is lacking. Valid scientific evidence does indi-
cate that bracing and surgery alter the outcome of scolio-
sis as compared with observation alone; this chapter will
focus on these nonoperative modalities of treatment for
scoliosis.

B Screening

Early detection and school screening programs are wide-
spread in North America. However, although these programs
are mandated by many states and deeply rooted in tradition,
recent studies have cast some controversy over their effec-
tiveness. The objective of school screening is, ideally, to
detect scoliosis in patients for whom brace treatment may
alter the course of the disease at an early stage, rather than
leave surgery as the only option.? A valid screening program
must have a screening tool that is valid, cost-effective, ethi-
cal, and acceptable to the subjects, and which provides a
diagnosis of a disease about which there exist knowledge
and appropriate treatment interventions.?

Currently, knowledge about scoliosis seems to be well ac-
cepted. For example, curve progression is known to be most
likely for skeletally immature girls (Risser grades 0 and 1)
with curves measuring 30 degrees or more.* However, there
is a paucity of data about small curves, including their pro-
gression potential and at what degree they constitute a seri-
ous health problem. The screening test used most widely for
scoliosis is the Adams forward-bend test, which, when per-
formed properly, is a sensitive method for identifying coro-
nal-plane curvatures with concomitant axial-plane rotation.
An inclinometer is frequently used in the forward-bend test
to provide some objective measure of the rib prominence. A
positive screen is applied to anyone with truncal asymmetry
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on this test, and such people are referred to a specialist. Vi-
viani and colleagues tested the ability of trained nurses in
the use of the Adams forward-bend test. They found the over-
all sensitivity of the test for curves >10 degrees to be 73.9%,
the specificity 77.8%, and the positive predictive value
12.4%. The sensitivity for curves >20 degrees was 100%,
with a specificity of 91%.> Beauséjour et al studied a popula-
tion of patients referred to a Canadian scoliosis clinic in a
community without school screening and found that of the
489 suspected cases of AIS, 206 (42%) had no significant de-
formity (Cobb angle <10 degrees) and could be considered
as inappropriate referrals. Among subjects with confirmed
AIS, 91 patients (32%) were classified as late referrals with
regard to indications for brace treatment.®

Opponents of school screening cite concerns about the
low predictive value of screening and the cost-effectiveness
of referral. Additional factors are the possibility of unneces-
sary treatment, including the use of a brace and the effects
of exposure to X-radiation during screening and examina-
tion. Costs involved in screening for scoliosis are relatively
low on a societal level, and may be justified by the avoid-
ance of surgery in some adolescents with scoliosis.” Patients
without significant spinal deformity referred to specialists
do not require X-radiography, and for those who do, it is
important to note that current radiographic techniques in-
volve significantly less radiation exposure than in the past.

Montgomery and coworkers, in 1993, supported school
screening for scoliosis and demonstrated an 8-fold decrease
in the relative risk of its progression into the surgical range.
The authors concluded that screening decreased the
demand for surgery, because smaller curves would be
detected and braced at an earlier age, therefore having a
better prognosis.® Conversely, Yawn et al® concluded that
the positive predictive value of routine screening was low.
Morais and colleagues!® stated that the prevalence of scol-
iosis was too low to benefit from screening, and expressed
concerns about radiation exposure following clinical
screening.

To date, no studies based on level-1 evidence have been
done on school screening for scoliosis, and unfortunately,
such a study is unlikely to be performed in the future. In
addition, there are no studies based on level-1 evidence
studies that show effectiveness of bracing. Therefore, the
U.S. Preventive Services Task Force has recommended elimi-
nating school screening for scoliosis.” Definitive conclusions
about the effectiveness of screening cannot be reached on
the basis of the current body of literature. However, a study
reported by Dolan et al in 2007 sought to examine profes-
sional opinion about the effectiveness of bracing relative to
observation for AIS by polling experienced clinicians.!!
Although there was variability of opinion among experts,
the overall panel stance was that bracing would decrease
the risk of progression in premenarchal patients by 20 to
30%. Thus, it appears that many of those who most commonly

treat scoliosis, in addition to the major subspecialty societies,
perceive a potential positive effect of bracing.” Accordingly, it
is important to identify patients with scoliosis at an early
stage, either to begin bracing within a window of time when
itis a viable option, or to allow surgical treatment at an ear-
lier point in cases of severe deformity.

B The Use of Bracing

The goal of brace treatment of moderate scoliosis in growing
children is to limit its further progression and, ideally, to
avoid surgery. Spinal curves of 20 degrees or less before
skeletal maturity are considered mild and are re-evaluated at
6-month intervals. Curves that progress by 5 to 10 degrees
or curves of 30 degrees at presentation are moderate and are
usually recommended for treatment with a brace because
early, full-time bracing is considered to prevent curve pro-
gression and obviate the need for surgical intervention in
most cases. Curves of less than 30 degrees rarely progress
after maturity, but larger curves, especially in the thoracolum-
bar or lumbar region can increase during the life of the pa-
tient.!2 Fusion with instrumentation is indicated for curves
>45 degrees in growing children, for curves >50 degrees at
maturity, and for those curves that continue to progress after
the cessation of brace treatment.

It is thought that brace correction of spinal curves occurs
through molding of the spine, trunk, and rib cage during
growth, specifically through the use of transverse forces to
correct such curves with endpoint control. The application
of transverse force and curve correction has an additive
effect in improving critical load and stabilizing a curve.!?
Full-time bracing instituted early and with a well-fitting
brace may reduce the size of a curve during the treatment
period, but this correction rarely persists long after bracing
is discontinued at skeletal maturity. The consensus among
centers with a long track record of bracing is that the best
outcome of bracing is the prevention of further deformity.

The Milwaukee brace was developed by Blount and Moe
in the late 1940s as a substitute for postoperative casting in
scoliosis and was then adapted for use in the nonoperative
treatment of neuromuscular and idiopathic scoliosis. This
CTLSO (cervical-thoracic-lumbar-sacral orthosis) consisted
of a molded pelvic girdle that was attached to a metal
superstructure, which supported lateral pads, trapezial pads,
and axillary slings (for curves with an apex above T7). An
occipital attachment and throat mold was used to stabilize
the head and create traction forces; however, effectiveness of
this component was later disproven.!4

The Boston brace system was developed at Children’s
Hospital, Boston, in the 1970s and consisted of six standard
prefabricated polypropylene pelvic and thoracolumbar mod-
ules, lined with polyethylene foam. The pelvic module is
trimmed on the basis of X-ray findings and) pressure pads
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are added at the apex of the curve(s).® Lumbar lordosis is re-
duced by flexing the lumbar spine. For curves with a high
apex, an axillary support can be added on the concave side
with lateral pressure from a pad on the convex side. Today
the Boston brace is the most commonly used brace for AIS
worldwide, with more than 16 prefabricated modules avail-
able. Advantages of the Boston brace include its rapid fabri-
cation time, curve correction of 50% in the brace, and better
patient acceptance than the Milwaukee brace.'>

The Wilmington brace was developed by Bunnell and
colleagues at the Alfred I. duPont Hospital for Children in
Wilmington, Delaware, also as an alternative to the Milwau-
kee brace.!® Fashioned from Orthoplast, the total-contact
custom jacket of this brace is made from a custom mold of
the patient with the patient’s scoliotic curve corrected on a
Risser table with transverse, derotation, and traction forces.
In the mold, transverse forces are applied at the apices of
the curves, spinal balance is sought, and curve correction of
50% is attempted. Trim lines are cut high in the axilla and
low over the pelvis, but still allow the patient to sit. An
opening is cut in the front of the brace with an overlap that
allows the patient to don and doff the brace over a cotton or
synthetic-fiber undergarment with Velcro straps. Because of
the intimate fit of the brace, convenience of its wear, and
thinner material (3.2 mm) of which it is made, its accept-
ance by patients was superior to that of the Milwaukee
brace. The breakdown of the Orthoplast material was, how-
ever, seen as a relative disadvantage of the Wilmington
brace, although this deterioration of the brace documents
compliance in its use. Patients who wear the brace full-time
need an average of three fabrications.!”

Other TLSO types of braces, constructed from more
durable polypropylene include the Miami brace, Rosen-
berger brace, Providence brace, and Charleston bending
brace. The Charleston brace was originally developed as an
alternative to full-time brace wear for single thoracolumbar
or lumbar curves. During production of this brace the or-
thotist maintains pressure over the apex of the patient’s
scoliotic curve while applying an unbending force above
the curve, More than 75% curve correction is considered
adequate. The Wilmington brace is intended for night-time
wear only because of the awkward positioning of the
patient in the brace.

B The Author’s Preferred Bracing
Method

Regardless of the type of brace, my own protocol, after the
patient has received a brace and its proper fit is confirmed,
involves an initial adjustment period as the straps are tight-
ened and the patient increases brace-wearing to 22 to 23
hours per day. After one month of brace-wearing, a standing

radiograph (a supine radiograph for the Charleston or Provi-
dence braces) of the patient should be obtained with the
straps appropriately tightened to check pad placement,
curve correction, and spinal balance. Curve correction of
50 to 60% can be expected from thoracic-lumbar-sacral
orthoses (TLSOs) in younger patients with flexible spinal
curves. Better initial correction seems to correlate with
improved long-term outcome and decreased risk of progres-
sion.!® At 4- to 6-month intervals, standing radiographs of
the patient out of the brace are obtained to check for curve
progression after a standard period of time (8 to 10 hours)
without the brace at each session of radiography. Bracing is
continued until skeletal maturity is reached in compliant
patients after a weaning period of 6 to 12 months, during
which the wearing time of the brace is gradually reduced to
night-time wear. Skeletal maturity is considered to have
occurred when there is lack of longitudinal growth in two
successive office visits, or Risser grade 4 and 18 months
postmenarche in girls, or fusion of the iliac apophyses, or a
skeletal age of 16 years according to the criteria of the
Gruelich and Pyle atlas in boys.!° After skeletal maturity and
the discontinuation of brace-wearing, patients should be
followed for radiographic progression of their curves at in-
creasing intervals for at least 2 years.

B Current Evidence in Support
of Bracing

Conflicting evidence exists in the literature about the
efficacy of bracing for AIS. Given differences in the type of
orthosis used, wearing time, research methodologies, and
statistical analyses, it is difficult to compare and contrast
the studies discussed below of bracing outcomes.

A study by Lonstein and Winter of 1020 patients with
AIS, all treated with a Milwaukee brace and compared
with a natural-history group of 729 patients seen at the
same hospitals, showed that bracing had a significant pos-
itive effect on the natural history of AIS (P = 0.0001). In
the critical high-risk group of girls of Risser grade 0 to 1
with thoracic curves of 20 to 40 degrees, there was a
failure rate of 43% with bracing as compared with a rate of
68% in the natural-history control group.2°

In 1988, Durand published a doctoral thesis on the
results of treatment with the Milwaukee brace of AIS in
477 patients.?! In the highest-risk group, the “transpuber-
tal” Risser grade 0 or 1 group, a 21% failure rate was found,
compared with the 68% failure rate in the natural history
group (at 5 years after skeletal maturity).

Fernandez-Filiberti and colleagues published the results
for 54 compliant brace-treated patients compared with 47
untreated age-, gender-, and curve-matched patients. In
resemblance to the findings by Durand, there was a 3-fold
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greater frequency of surgery or major curve increase in the
control group than in the brace-treated group.??

Results with the Wilmington brace for the nonsurgical
treatment of AIS are also favorable. The initial report by
Bunnell and colleagues on 48 patients treated with this
device showed that after initial correction of the curves of
74% in the brace, only the curves of 10% progressed by
5 degrees or more.!® Bassett et al reported on 79 patients
with curves of 20 to 39 degrees who were of Risser grade 1
or less, in whom initial correction of 50% occurred in the
brace; 28% had curve progression of >5 degrees at a mean
follow-up of 2.5 years.?? In a subsequent report on these
patients at 8 years of follow-up, only 12% had needed sur-
gery.?4 These reports from Wilmington, along with the
results of part-time versus full-time bracing, support the
use of a TLSO in affecting the natural history of AIS in skele-
tally immature patients with moderate scoliotic curves.

Emans et al, in 1986, reported results with the Boston
TLSO in 295 patients at an average follow-up of 1.4 years
after the discontinuation of bracing.?> Curve progression of
5 degrees or more was noted in 7% of the patients during
treatment, and only 11% of the patients went on to surgery.
Patients with low apex curves did best, whereas young age
at brace initiation and large curves increased the risk of
needing surgery. As did the Wilmington group, Emans and
colleagues noted that initial brace correction of at least 50%
correlated with better results.

A dynamic brace, using straps to provide transverse cor-
rective forces, was developed in Montreal by Rivard and
colleagues. Of the 170 patients followed to maturity after
treatment in this SpineCor brace, 59% had no progression of
spinal curvature during the treatment period. Forty-two
patients (26%) required surgery because of curve progres-
sion or had curves >45 degrees at maturity.?® Controlled
studies and longer follow-up of this treatment are needed.

The only prospective controlled study of brace treat-
ment for scoliosis was presented in 1993 and published in
1995 by Nachemson and Peterson.?’ In this long-term, mul-
ticenter study sponsored by the Scoliosis Research Society
(SRS), 286 female patients were divided into three groups,
consisting of: (1) a natural history group (no treatment of
any kind); (2) brace treatment of at least 20 hours/day until
the end of growth; and (3) electrical stimulation. Although
the results with electrical stimulation were no different
than those for the natural history group, the investigators
were able to show that bracing significantly altered the
natural history of AIS (P < 0.0001). Curve progression of 5
degrees or more was noted in 26% of the patients treated
with braces, 67% of the electrical-stimulation group, and
66% of the natural-history group, demonstrating a clear
advantage of bracing.

Because full-time brace-wearing (23 hours/day) is diffi-
cult, many centers have modified this to 16 hours/day'7-28
without finding any appreciable differences in the risk of

progression with part-time versus full-time brace-wearing.
A meta-analysis of the literature?® found a relationship
between the duration of brace-wearing per day and pre-
vention of curve progression, suggesting that the more time a
patient spends in a brace the less likely is the patient’s curve
to progress. This was corroborated in a study by Rahman and
coworkers, which showed that more compliant patients had
a favorable outcome with brace treatment in the Wilmington
TLSO.2°

B Conclusion and Future Directions

The studies described in this chapter show that bracing can
be effective in the nonsurgical management of AIS, espe-
cially for mild and moderate curves (20 to 35 degrees), and
does alter the natural history of curve progression in imma-
ture patients. However, skeptics continue to criticize the
methodology of many of these studies as flawed science.
Compliance can now be accurately assessed with tempera-
ture-sensitive monitors,3! and criteria for consistent param-
eters of treatment evaluation, to allow valid and reliable
comparisons of the findings in future bracing studies, have
been outlined by the Bracing and Nonoperative Manage-
ment Committee of the SRS. Richards and coworkers stated
that assessment of brace effectiveness should include: (1)
the percentage of patients who have curve progression of 5
degrees or less and the percentage of patients who have
progression of 6 degrees or more at maturity; (2) the per-
centage of patients with curves >45 degrees at maturity or
who have had surgery recommended or undertaken; and
(3) a 2-year follow-up beyond maturity to determine the
percentage of patients who subsequently undergo surgery.
Additionally, information should be provided about all
patients, regardless of compliance (intent to treat) and
curves should be stratified by type and size.3> As noted ear-
lier in this chapter, a level-1 study incorporating all of these
criteria is underway, consisting of a 5-year multicenter,
randomized controlled trial of bracing sponsored by the
NIH/NIAMS, which has been enrolling patients since 2007
and should provide the data needed to clearly answer the
question of the role of bracing in AIS.

The decision to include bracing as part of the treatment
algorithm in AIS can be difficult for the patient and family,
but if the brace is to have any chance of success, a coordi-
nated effort toward its use is necessary. The prescribing
physician and orthotist must be knowledgeable and com-
mitted to fabricating an orthosis that is effective and com-
fortable for the patient. Continued maintenance and fitting
to optimize curve correction and the application of trans-
verse force are necessary to optimize results as well as
maintain compliance. Periodic radiographic surveillance is
required to detect the progression of scoliotic curves. The
patient and family must be educated and counseled about
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brace-wearing and compliance, and must be honest in
reporting their wearing schedule and appraisal of it. As
Winter and Lonstein wrote, “Not all patients have a good
response to a brace, but that should not deter us from
giving the opportunity for a good result to all who are can-
didates. It is better to have tried and failed than never to
have tried at all.”3

Curves that show some correction at the end of treat-
ment with a brace tend to regress toward their pretreat-
ment magnitude at longer-term follow-up.2%34 Gabos and
colleagues examined 55 women who were treated with the
Wilmington brace for curves caused by AIS that had an ini-
tial magnitude of 20 to 45 degrees at an average follow-up
of 14.6 years after the completion of treatment, and found
that most of these patients’ curves remained stable at mid-
dle adulthood. Thirteen percent of the women studied
demonstrated curve progression of 5 degrees or more as
compared with the curvature present at the start of treat-
ment; no curve progressed more than 17 degrees. The
treatment group was compared with age-matched con-
trols, and the two groups showed no significant overall
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The previous chapter argued in favor of brace treatment;
this chapter will make the case against it. To assess the role
of bracing in the management of idiopathic scoliosis, it is
crucial to understand this deformity and why it is treated.!
We can then begin to understand why the results of brac-
ing for idiopathic scoliosis have been so disappointing.

B What Deformity Are We Treating?

Chapter 3 of this book, on the pathogenesis of idiopathic
scoliosis, describes in detail the geometry of idiopathic
scoliosis and its development. The three-dimensional
nature of structural scoliosis has been known for cen-
turies,? and the essential features of the deformity are
first a lordosis, second a rotation/torsion, and third a lat-
eral deformity or scoliosis.>-6 Scoliosis is fundamentally a
front-back problem, not a right-left problem. Once the
lordosis develops in the mid-lower thoracic region, it pro-
gressively gets closer to the axis of spinal-column rota-
tion and tries to get out of the sagittal plane by buckling.®
This is the basis of the Adams forward-bend test, devel-
oped in the early 1860s, which compresses the sagittal
plane and enhances the rotational prominence in scoliosis
(see Fig. 3.5).2

Going back to the geometry of the deformity in scolio-
sis, the posteroanterior (PA) view of the patient shows the
lateral curvature with rotation such that the posterior ele-
ments turn into the curve concavity and it can be clearly
seen that the back of the spine is shorter than the front
(see Figs. 3.6 and 3.7).” However, above and below this
central area of structural scoliosis are compensatory scol-
ioses that act to bring the spine into straight alignment.
The nature of these compensatory scolioses is that of
asymmetric kyphoses balancing the central area of lor-
doscoliosis. This was precisely Roaf’s concept of curve
progression, holding that the central area of lordoscoliosis
was compressed by the kyphoses above and below it.# His
classic article should be compulsory reading for anyone
trying to understand this three-dimensional deformity in
scoliosis.

Unfortunately, the problem isn’'t so straightforward,
because as soon as the lordosis buckles out of the sagittal
plane, in comes the Hueter—Volkmann law to produce asym-
metric epiphyseal loading and three-dimensional vertebral
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wedging that increases progressively toward the curve apex.
As the Cobb angle increases progressively from 10 degrees,
to 20 degrees, 30 degrees, 40 degrees, and beyond, so does
the degree of asymmetric vertebral wedging (Fig. 8.1).1.638
Supine, side-bending, or traction films of the patient now
become progressively more like the erect film. The compo-
nents of the jigsaw puzzle of the spinal column fit less well
together and the resulting so-called stiffness or lack of flexi-
bility does not come from an added component of soft-tissue
stiffness, but simply from the progressive loss of stackability
straightness of the spine the greater its curvature becomes.
Therefore, if the word “unstackability” existed, it would very
nicely describe the problems that occur with increasing
curve size.

Even a 20-degree curve causes some loss of stackability,
and it would challenge the most fertile mind to devise an
orthosis that could not only stop the progression of curva-
ture in scoliosis, but could actually produce some form of
correction.

Meanwhile, looking at Scheuermann’s disease, the ado-
lescent idiopathic deformity opposite that of scoliosis, it is
a thoracic hyperkyphosis with the sagittal plane of the
spine moving progressively further behind the axis of
spinal-column rotation (see Fig. 3.11).5 Thus, Scheuer-
mann’s disease progresses in the sagittal plane without
buckling potential. Because this is a uniplanar deformity,
its correction requires extension, and indeed, 1 or 2 years
in an extension cast or brace leads to a true physiological
correction of the deformity.’ If, therefore, hyperkyphosis
needs extension for its correction, lordosis needs flexion,
and it is flexion that renders it particularly rotationally
unstable.? It therefore does not appear that the deformity of
idiopathic lordoscoliosis is treatable without surgery.

B Why Are We Treating
This Deformity?

James, in Edinburgh, divided idiopathic scoliosis according
to its age of onset into the categories of infantile (birth to
4 years of age), juvenile (age 5 to 9 years), and adolescent
(age 10 years to maturity).!? There are, however, only two
phases of increased growth velocity: during infancy and
again during adolescence.!! At birth, mean body length is
50 c¢m, and during the first year of life babies grow by half



8 The Case Against Bracing

of that (i.e., 25 cm). During the second year of life they grow
by half of the latter figure (i.e., 12.5 cm), and in the third
year of life they again grow by half of this (i.e., 6 cm).!2 The
growth rate then remains steady until the adolescent growth
spurt, when this trend reverses with increased growth
velocity.

It is during the first year or two of life that a progressive
thoracic scoliosis can impair the proper development of the
heart and lungs,'314 and for this reason progressive infan-
tile idiopathic scoliosis threatens health in adulthood. By
contrast, there is no such risk if a deformity occurs after the
age of 5 years.!”

James had some difficulty in identifying true cases of
idiopathic scoliosis of juvenile onset because if a deformity
existed at, say, the age of 6 years, it was more likely to be a
carryover from infancy than a disorder of true juvenile
onset.!? Consequently, there is much in favor of having two
types of scoliosis according to age of onset: (1) early-onset
idiopathic scoliosis beginning before the age of 5 years; and

Fig. 8.1 Progressive asymmetrical wedging with growth. True lateral
X-ray films of the apical vertebra of different-size curves. (A) Curve of
20 degrees with reasonable sagittal shape. (B) Curve of 40 degrees,
showing that the back and inferior surfaces of the vertebral body are
ellipsoid. (C) Curve of 80 degrees, showing marked asymmetrical
vertebral wedging.

(2) late-onset idiopathic scoliosis beginning after the age of
5 years.16

Early-onset idiopathic scoliosis is therefore treated to
prevent future cardiopulmonary problems, whereas treat-
ment for late-onset idiopathic scoliosis is done to ease
deformity and improve appearance, although not without
the potential for producing significant psychosocial dis-
tress. Eating disorders are 10 times more common in girls
with significant scoliosis than in their counterparts with
straight backs, and at the worst end of the spectrum is
frank osteoporosis just when peak bone mass occurs.!?
Once the deformity is corrected, such patients very quickly
catch up with their straight-backed peers and become
“normal” girls.

When bracing was first introduced for idiopathic scol-
iosis it was erroneously thought that preventing progres-
sion of the condition (particularly to beyond 60 degrees)
would reduce the likelihood of the spine and chest pro-
viding a hostile environment for the internal organs.!8-20
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At the same time, surgery was a major undertaking, with
the control of progression rather than correction being
the main goal, and was accompanied by the possibility of
serious neurological complications and pseudarthrosis
requiring reoperation.?! Indeed, James not only per-
formed massive spinal fusions, but reinspected them at
intervals of about 3 months to make sure that union was
occurring, and if not, applied supplementary bone grafts.!®
Perhaps not unreasonably, children and families faced
with the possibility of a hideous deformity with a short-
ened lifespan or a very major operation opted for any
treatment offered, even to the point of spending 23 hours
per day in a brace.

However, the deformity of late-onset idiopathic scoliosis
is not and never has been a long-term organic health prob-
lem, and if the deformity does become unacceptable to the
patient and family, a single modern surgical operation with
only a few days spent in the hospital can easily restore
body symmetry with minimal risks.

Ml Is the Deformity in Scoliosis
Treated Successfully Without
Surgery?

Late-onset Idiopathic Scoliosis

All sorts of contraptions have been prescribed for scoliosis
over the centuries. Most were in the form of racks or turn-
buckles, from the design of which it would seem that pain
was the chief objective.?? Indeed, having a severe scoliosis
was a serious stigma for which these sorts of horrific
devices were deemed entirely appropriate. Unfortunately,
patients with idiopathic scoliosis are, regrettably, still stig-
matized, and endure continued bullying in schools. It is
incomprehensible that idiopathic scoliosis can be regarded
as a simple cosmetic condition when it can cause significant
psychosocial distress at a very vulnerable age, weight loss,
osteoporosis at the extreme, and social outcasting as the
norm.!” This is what drives scoliosis surgeons to ever-better
goals for their patients.

The Milwaukee brace was introduced to support
poliomyelitic scoliosis after surgical intervention, and
was never designed to be a nonoperative treatment of any
type of spinal deformity.?? As the polio epidemics ended
with successful vaccinations, the Milwaukee brace came
to be prescribed for idiopathic scoliosis instead. Looking
at the explanations and cases that Blount and Moe?3
reported in their textbook on treatment with the Milwau-
kee brace, it is clear that what was being treated was a
straightforward right/left spinal asymmetry in the frontal
plane, and indeed, that still seems to be the prevailing
view. No adequate biomechanical explanation for the

possible efficacy of brace treatment was put forward
other than, to begin with, simple stretching of the spine
with the upper part of the orthosis under the mandible
and the lower part fitted to the pelvis. Serious problems
with dentition then led to the orthosis having a cervical
choker rather than an occipitomandibular piece.?*

It was then conjectured that the Milwaukee brace might
work by way of three-point fixation: at the top and bottom,
and with a pad just below the middle on the convex side.
X-ray films of patients in the brace were encouraging with,
for example, a 30-degree standing curve when out of the
brace and a 20-degree curve in the brace. The curve was
not allowed to move from this semi-improved position for
23 hours a day, whereas a nonbraced child would move its
spine through as full a range as possible thousands of times
a day during normal activities of daily living.'®

Then it was observed that better improvement was
obtained when the pelvic component of upright posture flat-
tened the lumbar lordosis of the scoliotic spine. No adequate
biomechanical explanation was put forward for this, but
clearly, with a flattened lumbar lordosis the upper torso was
pitched forward, leading to spontaneous thoracic hyperex-
tension, which in turn pushed the lordosis back towards the
sagittal plane,'® the opposite of the forward-bend test (see
Fig. 4.1). Although this might reduce the magnitude of the
scoliotic component of the deformity, it unquestionably
increased the thoracic lordosis, with a reportedly detrimental
effect on pulmonary function.®

“Evidence-based medicine” has now been an “in” phrase
for several years, and means “the integration of individual
clinical expertise with the best available external evidence
from systematic research, particularly concerning the scien-
tific principles governing treatment.”?¢ It is difficult to iden-
tify any criteria by which the nonoperative treatment of
late-onset idiopathic scoliosis adheres to the principles of
evidence-based medicine. Not only was the orthosis used for
treating it devised for a completely different type of scoliosis
under entirely different circumstances, but the early experi-
ence with this orthosis was reported at a time when it was
not conventional to apply statistical methods or any other
rigorous analytical approach to the problem. Yet this is what
we have done, this is what has happened, and because we
are the senior scoliologists of the day, we tell others that
they had better do the same. None of us could possibly
dissent. In the 1970s, the designer of the Milwaukee brace,
Dr. Walter Blount, and his colleagues, reported retrospec-
tively on only half of a total number of 94 patients treated
with the brace.?’” Notwithstanding, they went on to state
“there have been no published data with regard to long-term
end results comparable to the available follow-up studies of
untreated patients.”

The Campbell Clinic reported on 52 patients, of an orig-
inal cohort of 125, for whom treatment with the brace began
at the age of 14 years and lasted until nearly the age of
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17 years (despite spinal growth being effectively complete in
girls by the age of 15 years).2” Mean Cobb angles were ini-
tially >40 degrees, and improvement was between 0% and
20%. Then the Minneapolis Group reported their results with
patients aged 8 to 16 years.?® Of their original 133 patients,
30 were lost to follow-up and 29 were treated surgically
“because of a poor response to the brace.” Thus, 59 patients
(44%) have to be regarded as having experienced treatment
failure. The mean final curve in the 74 patients (56%) who
were followed was only a few degrees smaller than the origi-
nal curve. The authors stated quite rightly that “the role of
the Milwaukee brace and the treatment of idiopathic scolio-
sis is still unclear.” They then asked the important question:
“What then is the proper role of the Milwaukee brace in sco-
liosis treatment?”, and emphasized that “further follow-up
must be obtained on these patients.” Despite this important
question, no scientific data were being gathered about the
efficacy of the brace and no prospective studies were
undertaken. Rather, it was stated by more senior scoliosis
surgeons that the Milwaukee brace worked, and junior
surgeons were obliged to agree.

Then, in 1984, Miller and his colleagues in Gothenburg
pointed out that there were no controlled studies of brace
treatment and reported retrospectively about 144 braced
patients versus 111 untreated patients with both groups
having a mean deformity of <30 degrees.?® No evidence
was provided in favor of bracing. Nonetheless, the Gothen-
burg investigators felt that a controlled, randomized
prospective study was warranted. That was somewhat sur-
prising, because this type of prospective investigation
should be based on clear retrospective evidence of benefit,
so as to determine, for example, how long treatment is
required, for which group (boys or girls), and for what age
range. Because the Swedish retrospective study demon-
strated no benefit from brace treatment, the need for a
prospective study is questionable.

In the next decade, Caroline Goldberg went from Dublin
to Boston to determine the efficacy of the Boston underarm
brace in late-onset idiopathic scoliosis. She and her coworkers
compared 32 braced patients in Boston, for whom relevant
data were adequate, with 32 nonbraced controls in Dublin,
and their results were published in 1993.3° There was again
no difference between the braced and nonbraced patients,
from which the authors concluded that “this raises very se-
riously the question of whether bracing can be considered
an effective way of altering the natural history of late-onset
idiopathic scoliosis.”

Bracing has persisted despite the lack of new data in
support of its efficacy. Its proponents state that “as high
quality clinical research studies have been available in the
1980s and early 1990s the proper place of brace treatment
for adolescent idiopathic scoliosis has become apparent,”3!
an extraordinary assertion in that precisely the opposite
conclusion is contained in the literature.

In 1994 the Minneapolis Group published the results for
more than 1000 patients who had been braced between
1954 and 1979.32 The braced patients were compared with
727 patients who were not braced but were followed for
evidence of curve progression. Overall, there was no curve
progression in 77%, another 22% needed operative inter-
vention, and the remaining 791 were managed with a brace
only. Failure was defined as an increase in Cobb angle of at
least 5 degrees or surgical intervention. The failure rate of
curves of <30 degrees was 40% at the cessation of treat-
ment and more than 50% at the latest follow-up. As com-
pared with the previous study?® it was suggested that
failure rates were lower in the braced group. Noonan and
Weinstein expressed concern about the large number of
patients being excluded from the study and that only 28%
of the study questionnaires had been completed.??

Then, in 1995, the Puerto Rico Group compared bracing
in 54 patients with 47 controls.?4 There was a significantly
greater number of patients in the control group who re-
quired surgery, but more than twice as many in the latter
group (77%) had thoracic curves as did those in the treated
group (46%). Thoracic curves have always been shown to be
associated with a much greater progression potential than
other spinal curves in scoliosis.?> Furthermore, the Puerto
Rico Group stated categorically that patients “fully complied
with treatment,” whereas the excellent study in Oxford by
Houghton et al, using hidden compliance meters, showed
that upper-middle-class Oxford schoolchildren didn’t wear
their braces much more than 10% of the prescribed time
despite what they or their parents said.3®

With so many stakeholders it was clear, despite the
absence of any evidence-base from retrospective studies
about bracing favorably altering the natural history of scol-
iosis, that a prospective controlled trial of bracing would be
undertaken. The results of this trial were published in
1995,%7 and the authors quite rightly stated that as regards
previous reports, “none of these studies met the stringent
criteria for scientific evidence that must be used to prove
the effectiveness of treatment.”

They went on to state that “a well-designed study must in-
clude a large cohort of similar patients with similar patterns
and sizes of deformity and that they should be randomized to
different treatment methods and followed until at least skele-
tal maturity.” Unfortunately, randomization was impossible
because centers that used bracing would not stop using it and
those that did not brace would not use a treatment that they
did not believe worked. Furthermore, as will be seen, the pat-
terns of deformity were significantly different.

They decided to use three arms in a study of 286 pa-
tients, consisting of: (1) 129 observed patients; (2) 111
braced patients; and (3) 46 electrically stimulated patients,
although this last treatment had been discarded years earlier
(Table 8.1). Perhaps they thought that the electrically stimu-
lated patients would form another control group.
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Table 8.1 Results of Trial of Bracing, Observation, and Electrical
Stimulation in Adolescent Idiopathic Scoliosis: |

Brace Observation Electrical Stimulation

No. of subjects 111 129 46
Failed* 40 56 29

Percent failure  36% 52% 63%

*Failure = 6 degrees of progression.

Another problem was their selection of treatment failure
as an increase of at least 6 degrees in the Cobb angle. That
is close to the measurement error of the angle itself, but
more importantly, a range of 20 degrees to 26 degrees is
different from a range of 40 degrees to 46 degrees. As the
lordosis in scoliosis buckles out of the sagittal plane, curve
size diminishes with rotation. A curve of 40 degrees is
therefore much more than twice the size of a curve of 20
degrees (see Fig. 2.9). Accordingly, mean values and per-
centage changes are difficult to interpret.

In any event, the braced patients did best, with a 36%
failure rate, the observed patients had a 52% failure rate,
and the electrical-stimulation group had a 63% failure rate.
These differences in proportions were statistically signifi-
cant, and from them it could be interpreted that bracing
eases idiopathic scoliosis, observation does nothing, and
electrical stimulation worsens the curves in scoliosisi!

On the face of it, therefore, the braced group in the
study looked as if it had done better, but the following
article, in the same edition of the Journal of Bone and Joint
Surgery in which the study findings were published, re-
ported on factors in the study that would be indicative of
curve progression (Table 8.2).38 The most dominant such
factor was curve site, with thoracic curves being signifi-
cantly more progressive than thoracolumbar curves.
Meanwhile, when the trial investigators examined the pro-
portions of the more progressive thoracic curves, they
found that almost 90% in the stimulated group, 81% in the
observed group, and a mere 68% in the braced group were
thoracic curves. Similar proportions existed in the Puerto
Rico Study. It would be difficult to better stack the odds in
favor of bracing.

Then, in 1996, the Iowa Group reported on 102 of 111
patients treated with a Milwaukee brace, with a mean time
from the cessation of bracing to follow-up of more than

Table 8.2 Percentages of Thoracic and Thoracolumbar Curves in
the Braced, Observed, and Electrical Stimulation Groups

Brace Observed Electrical
Thoracic 68 81 89
Thoracolumbar 32 19 11

6 years.?? Although there were no controls, the authors did
not favor bracing, and concluded that “it is currently im-
possible to state that bracing effectively alters the natural
history in immature patients who are at high risk for curve
progression.”

When the available English-language literature was re-
cently comprehensively reviewed, it showed no evidence in
favor of bracing as altering the natural history of scoliosis.*°

Early-onset Idiopathic Scoliosis

Early-onset idiopathic scoliosis is the only type of scoliosis
to definitely benefit from nonoperative treatment,!2:41-43
This condition is attributable to postnatal body molding
among babies lying preferentially in the oblique lateral
decubitus position (see Fig. 4.5). For the full-term, healthy,
normotonic baby going through its milestones normally, any
scoliosis resulting from postnatal molding will resolve.
However, the floppy, low birth-weight hypotonic baby,
developing slowly, often does not resist the positioning
imposed on it, and thus may well develop progressive in-
fantile idiopathic scoliosis. Progression is also associated
with a big initial Cobb angle, a rib-vertebra angle differ-
ence (RVAD) in excess of 20 degrees, and a stiff spinal curve
(see Fig. 2.11).4

Mehta and Morrell have shown that through the appli-
cation of small plaster of Paris jackets under light general
anesthesia (the application process takes about an hour),
molding of the ribs on the convex side can straighten the
spine and return the RVAD to normal.*'3 The rationale for
success with this technique is to capitalize on the infantile
growth spurt, infants growing much faster during the first
3 years of life before they settle down to an average height
gain of 6 cm a year until the adolescent growth spurt, when
growth velocity again increases. Casting is repeated every 2
or 3 months until the end of the third year of life or earlier,
should the curve be seen to resolve. Interestingly, it is the
rotational component of the deformity that is the last to
disappear, and although the spine may be straight in the
frontal plane, radiography reveals that there is still a rib
hump, which often persists until the age of ~10 years.

One of the biggest problems in treating infantile scol-
iosis is a lack of early referral. Conner in Glasgow ana-
lyzed this delay and found that the chief stumbling block
was failure of the general orthopedic surgeon to refer such
patients to the nearest scoliosis surgeon.** Mehta looked
at this statistically in her first 67 children with progressive
infantile scoliosis treated by extension-derotation-flexion
(EDF) casting.*> There were 49 patients in her group 1
whose referral was delayed for 12 months, as compared
with 18 patients in group 2 whose referral was delayed
for 20 months. The Cobb angle in the latter group was
52 degrees, and the curvature in this group took much
longer to fully resolve.
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Of the first 75 patients treated in Leeds, 47 were boys
and 28 were girls.#? Single thoracic curves were present in
70%, 20% had double thoracic and lumbar curves, and 10%
had single thoracolumbar curves. Curves with an RVAD >20
degrees were significantly larger than those with an RVAD
of <20 degrees. We treated 21 infants with EDF casting for a
mean of 19 months, and in those with RVADs in excess of
20 degrees, casting significantly reduced curve size.

Recently, Mehta reviewed her prospective study of
136 children under the age of 4 years who had progressive
infantile scoliosis treated with casting and who were fol-
lowed for an average of 9 years.!? She again stressed the
importance of early referral. In children treated early and
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Classification of Adolescent Idiopathic
Scoliosis for Surgical Intervention

David H. Clements, Joshua M. Pahys, and Patrick Cahill

The first systematic classification of scoliosis was de-
scribed by John R. Cobb in his classic article “Outline for
the Study of Scoliosis,” published in 1948. However, de-
scriptions of scoliosis and its treatment may be traced
back to Hippocrates and his “De Articulationes” in Corpus
Hippocraticum. Understanding of the nature of the defor-
mity by Hippocrates was based purely on the subjective
appearance of the unfortunate patient; the treatment rec-
ommendation was primarily traction for all types of
deformity, with results recognized to be poor. Galen later
used Hippocrates’ recommendations for treatment, and
introduced the descriptive terms kyphosis, lordosis, and
scoliosis. Despite the introduction of this appearance-
based classification system, the treatment of scoliosis
was largely unchanged until the late nineteenth century.
After the discovery of roentgen rays in 1895, the descrip-
tion of scoliosis became more qualitative, as the deformed
spine could now be visualized and more definitive treat-
ment could be developed. With a better understanding of
the geometry of the underlying spinal deformity, spinal
fusion could then be attempted for certain types of scol-
iosis such as neuromuscular curves caused by polio, with
some success.

When Cobb set forth to describe the classification and
treatment of scoliosis, he was relying on only 30 years of
experience in its surgical treatment, dating back to the first
spinal fusion for scoliosis performed in 1914 by Hibbs.
Cobb’s descriptions of major and minor curves, structural
curves, types of scoliosis, and etiological classification, as
well as treatment recommendations based on these classi-
fication parameters, continue to influence the classification
and treatment of scoliosis to this day. As more surgeons
began to treat scoliosis, it became obvious that etiology,
such as tuberculosis and neuromuscular disease, had an
impact on the patterns of deformity, and also that identify-
ing these patterns helped in predicting the response to the
developing treatment modalities. It soon became apparent
that sharing observations about deformity patterns and
their response to treatment was an important next step in
organizing the treatment of scoliosis. The founding of the
Scoliosis Research Society in 1966, owing in large part to
the ideas and enthusiasm of David B. Levine, MD, was the
next important step in providing a platform for rationalizing

and discussing treatments for scoliosis treatment and creat-
ing a body of literature about these.

B King Classification

In 1983, Howard A. King and colleagues published a review
of the results of spinal fusion in thoracic idiopathic scolio-
sis. They reviewed and analyzed the cases of 405 patients
treated by John Moe with Harrington rod instrumentation,
attempting to define the criteria used by Moe to perform a
selective thoracic fusion. Curves were defined and divided
into five types (I to V). King’s classification system was the
first to specifically describe the most common type of
idiopathic scoliosis, occurring in the thoracic spine, and
recommend treatment based on the type of spinal curve in
the disorder. More importantly, King et al presented rec-
ommendations for selectively fusing the thoracic spine and
allowing the lumbar spine to undergo correction through
compensation, thus preserving motion.!

Description

The first concept that King et al described was that of the
stable vertebra. This was defined as the vertebra most
closely bisected by the center sacral vertical line (CSVL), a
single line drawn through the center of the sacrum perpen-
dicular to the iliac crests. Curve flexibility was an important
concept in determining whether a curve was structural or
compensatory. Flexibility was quantified by measuring the
Cobb angle on films of the patient during bending, dividing
it by the Cobb angle on the anteroposterior (AP) film of the
spine in the erect position, and multiplying the result by
100%. The flexibility index was a concept defined as the per-
centage correction of the thoracic curve subtracted from
the percentage correction of the lumbar curve on side-
bending radiographs. King and Moe defined a type I
curve as an S-shaped curve in which both the thoracic and
lumbar curves cross the CSVL, with the lumbar curve larger
than the thoracic curve, and with a negative flexibility
index. A type II curve is also one in which both curves cross
the CSVL, but the thoracic curve is greater than or of
the same magnitude as the lumbar curve, with a positive
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flexibility index. A type III curve is a thoracic curve with a
lumbar curve that does not cross the CSVL. Type IV curves
are similar to type III, except that the fifth lumbar vertebra
is centered over the sacrum and the fourth lumbar vertebra
is tilted into the long thoracic curve. Type V curves are dou-
ble thoracic curves, with the first thoracic vertebra tilted
into the upper thoracic curve.

Application

Guidelines for selecting levels of fusion were developed for
each type of curve. It was recommended that type I curves
be fused to L4. Type II curves could be treated with a selec-
tive thoracic fusion, with the fusion stopping at the stable
vertebra and leaving the lumbar curve flexible and able to
spontaneously correct. Type IIl and IV thoracic curves could
also be fused to the stable vertebra. Type V curves were to
be treated by fusion of both thoracic curves, with the fusion
ending at the stable vertebra.

Reliability

King and his coworkers noted that 4 of the 405 patients in
their study had progression of the lumbar curve of their
deformity, requiring a second operation to extend fusion into
the lumbar spine. According to their treatment guidelines,
these patients’ spines were “inappropriately” fused either
caudad or cephalad to the stable vertebra. From these find-
ings, King et al concluded that for type II, III, IV, and V curves,
selecting the stable vertebra rather than the neutral vertebra
for the distal fusion level gave the most reliable results.

Updates and Revisions

As segmental instrumentation systems began to gain favor
over Harrington rods among surgeons, many patients with
idiopathic scoliosis exhibited decompensation in the lum-
bar spine when King et al’s recommendations for the distal
level of instrumentation were followed. In 1992, Richards?
examined 24 patients with type Il idiopathic scoliosis and a
flexible lumbar curve >40 degrees. All 24 patients under-
went selective thoracic fusion with segmental spinal in-
strumentation (Cotrel-Dubousset or Texas Scottish Rite
Hospital instrumentation). Despite the amount of preoper-
ative lumbar-curve flexibility, these lumbar curves remained
larger after surgery than did the instrumented thoracic
curves, resulting in spinal imbalance. Richards concluded
that lumbar-curve flexibility was not a reliable predictor of
compensatory lumbar-curve correction with the selective
fusion of King type II curves when the lumbar curve was
>40 degrees.

Roye et al® published their results with treating scoliosis
classified according to their King type with segmental in-
strumentation. They found significant decompensation in
cases of King type Il and III curves, whereas King type I, IV,

and V curves had no decompensation. Also, in 1992, Knapp
et al* published their results in which fusion levels in
253 patients were based on the classifications and recom-
mendations of King and coworkers. They recommended
including part of the lumbar curve in cases of King type II
curves, and that King type IV curves could be safely fused
at one level proximal to the stable vertebra.* Collectively,
these studies suggest that the King system, developed dur-
ing the era of Harrington-rod fixation, may not reliably
predict the response of curves corrected with more powerful
segmental instrumentation systems.

In addition to concerns about postoperative decompen-
sation, concerns began to be raised about the reliability
of the King classification system and its reproducibility
among surgeons. In 1998, Cumming et al® published an ar-
ticle on both the inter- and intraobserver reliability of the
King classification for idiopathic scoliosis. They found that
the median kappa coefficient for interobserver reliability
was 0.44 and that the kappa coefficient for intraobserver
reproducibility was 0.64. They therefore concluded that
the reproducibility of the system was fair and the reliabil-
ity of the system was poor. Behensky et al,® assessing the
reliability of the King classification in an article published
in 2002, calculated a kappa coeficient of 0.45, indicating
poor interobserver reliability. It was becoming more obvi-
ous that classifying curves according to the King classifica-
tion system was somewhat unreliable. In combination with
the instances of decompensation suggesting flaws in the
King classification, concerns about lack of reproducibility of
the King classification led to the development of a new
classification system.

B The Lenke Classification

The Lenke classification system was devised as a project by
Lawrence Lenke and the Harms Study Group (HSG) to en-
hance the ability to accurately compare similar types of
spinal curves among different treatment centers. The classi-
fication system was devised from the beginning to be de-
scriptive, comprehensive, and reproducible with excellent
inter- and intraobserver reliability. It sought to accomplish
this goal by devising objective criteria for each type of
curve, incorporating data on coronal deformity, flexibility,
and sagittal alignment toward the goal of consistently clas-
sifying patterns of deformity and developing standardized
treatment protocols for them, with reliable outcomes.

Description

To fully define a curve by the Lenke system, one must identify
its type, lumbar modifier, and thoracic sagittal profile.
The types of curve defined by the system were based on the
features of a major curve and the structural characteristics
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of the minor curves accompanying it. A few terms need to
be defined to use the system. The major curve is the curve
of greatest magnitude, and is always considered structural.
Minor curves can be structural or nonstructural. A non-
structural curve is defined as one that bends to less than
25 degrees on a radiograph of the bending patient. With
these terms, curves can be classified as being of one of six
types. In a type 1 pattern (main thoracic [MT] curve), the
major curve is in the thoracic spine and the proximal tho-
racic (PT) and thoracolumbar (TL) curves are minor and
nonstructural. In a type 2 pattern (double thoracic curve)
the MT curve is the major curve, with the PT curve being
minor and structural and the TL curve being minor and
nonstructural. The type 3 pattern (double major curve) has
the MT curve as the major curve, the PT curve as nonstruc-
tural, and the lumbar curve as minor and structural. The
type 5 pattern (triple major curve) describes the PT, MT,
and TL curves as all being structural, with either the MT
or the TL curve as the major curve. In the type 4 pattern
(thoracolumbar/lumbar [TL/L] curves) the lumbar curve is
the major and only structural curve, with the PT and MT
curves being minor and nonstructural. In the type 6 pat-
tern (TL/L and MT curves), the TL/L curve is the major
curve, measuring at least 5 degrees more than the MT
curve, which is minor but structural. A pattern in which the
difference between the lumbar and thoracic curves is less
than 5 degrees can be categorized as being of type 3, 4, or
5 on the basis of structural characteristics in the MT and
TL/L regions.

Lumbar-spine modifiers in the Lenke classification sys-
tem are defined by the location of the center sacral vertical
line (CSVL) on the apical vertebra of the lumbar curve. The
CSVL is defined as a vertical line bisecting the cephalad
aspect of the sacrum and perpendicular to the true hori-
zontal. An “A” is used as a modifier when the CSVL runs be-
tween the lumbar pedicles of the lumbar apical vertebra.
The curve must have a thoracic apex at or cephalad to the
level of the 12th thoracic disc. Therefore, the modifier A can
be used only for MT curves of types 1 through 3. The modi-
fier B is used when the CSVL touches the apex of the lumbar
curve between the medial border of the lumbar concave
pedicle and a concave lateral margin of the apical vertebral
body or bodies. These curves were defined as having an
apex in the main thoracic region. The modifier C is used
when the CSVL falls completely medially to the margin of
the vertebra at the apex of the lumbar curve. By their desig-
nation, curves with the modifier C would seem to be simply
the next step in a progression of lateral deviations from
curves designated by modifiers A and B; however, a curve
with the modifier C may represent a distinct pathological
entity and probably requires a treatment plan that deviates
from those for curves with modifiers A and B. Lumbar
curves designated by modifier C are more likely to have sig-
nificant rotation at the apex and to deviate more from the

midline than curves designated by the modifiers A or B.
These features could result in a clinical deformity with a
significant lumbar prominence. They may also contribute to
the curve behaving more like a structural curve with con-
tinued deformity that does not improve in the same manner
as that of a flexible, nonstructural curve designated by modi-
fier A or B. Thus, curves with the modifier C, despite being
considered strictly nonstructural, may occasionally be
included at least partly in the levels of the spine that are
instrumented and fused in treating a case of scoliosis.

For the first time in any classification system for scolio-
sis, the sagittal profile of the spine is included in the Lenke
classification system. Sagittal thoracic modifiers are defined
as normal (N) if sagittal thoracic alignment ranges from 10
to 40 degrees as measured from T5 to T12. Curves with less
than 10 degrees of kyphosis from T5 to T12 are given a
minus (—) modifier, and curves with more than 40 degrees
of hyperkyphosis are given a plus (+) modifier.

In the original article describing the Lenke classification
and its rationale, Lenke and colleagues presented their
evaluation of the reliability of the system. The kappa value
for the new system was noted to be 0.92, with interob-
server reliability for determining a curve at 93%. When
compared with the King classification, the intraobserver
reliability of the Lenke classification system was calculated
at 85%, with a kappa value of 0.83. The intraobserver relia-
bility among five surgeons using the King classification was
69%, with a mean kappa value of 0.69. The interobserver
reliability for the new classification system was 85%, with a
mean kappa value of 0.83. From these data, Lenke and
coworkers concluded that their new system was more
reproducible and reliable than the King system.

A follow-up article published by Lenke et al and report-
ing a multi-surgeon assessment of the new system for surgi-
cal decision-making in idiopathic scoliosis showed a high
level of agreement (84 to 90%) in curve classification, al-
though choices for operative approaches and fusion levels
still varied widely.” Subsequent reviews have focused on
the intra- and interobserver reliability of the King and
Lenke classifications. In an article published in 2006,
Niemeyer et al® concluded that both classifications had good
reliability. On nonmeasured radiographs, the higher the
level of orthopedic training and experience of the measur-
ers, the better the inter- and intraobserver reliability Like-
wise, Ogon et al® published a similar review of the reliability
of the Lenke classification system, reporting that it was
more reliable than the King classification, although proper
classification of high thoracic and lumbar curves could be
problematic. Most of these studies indicate that the Lenke
classification provides a more reliable and reproducible way
in which to communicate curve patterns than does the King
classification, thus allowing surgeons to begin to speak the
same language and compare results of different treatments
in patients with similar curve patterns.
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Ability to Guide Treatment

Another key aspect of any useful classification system for
spinal curvature in scoliosis is to guide its treatment. The
Lenke classification system achieves this goal. Lenke types
1 and 5 curves are to be treated either anteriorly or posteri-
orly. The recommendation for Lenke types 2, 3, 4, and 6
curves is that they be treated completely posteriorly. The
HSG reviewed its prospectively collected multicenter data-
base to assess how often these recommendations were fol-
lowed. Of the 1281 patients whose cases were reviewed,
treatment recommendations based on the Lenke classifica-
tion were not followed in 192 cases, indicating that the
rules were broken 15% of the time. The greatest percentage
(29%) of rule breaking occurred with Lenke type 3 curves
and the least (6%) with Lenke type 1 curves. In addition, the
Lenke classification recommends that only major structural
curves be included in instrumentation and fusion, and that
nonstructural curves be excluded. The development of the
Lenke classification system within the HSG appears to have
made the treatment of scoliosis more consistent. The inci-
dence of “rule breaking” has decreased since publication
of the classification system in 2001. The proportion of rule
breakers was greater before the induction of the Lenke clas-
sification system, at 18%, than afterward, at 12%.

In 2003, Newton et al published a review of 203 patients
with Lenke type 1B or 1C curves treated with surgical
fusion.!? Specifically, Newton et al’s study examined whether
the fusion done in these cases incorporated only the major
structural thoracic curve (selective fusion) or included
the nonstructural lumbar curve as well (nonselective). The
Lenke classification dictates that only structural curves
be fused, and therefore all fusions done on curves of Lenke
type 1 and which include the lumbar curve are rule break-
ers. In Newton et al’s review, the factors associated with
rule breaking (fusion of the lumbar spine) included a lum-
bar curve of greater preoperative magnitude, greater dis-
placement of the lumbar apical vertebrae from the CSVL,
and a small ratio of thoracic-to-lumbar-curve magnitude.
The rate of rule breaking was greater with type 1C curves
than with type 1B curves, with the frequency of selective
fusion being 92% for type 1B curves but only 68% for type
1C curves. These data indicate that the characteristics of
the compensatory nonstructural lumbar curve play a role
in surgical decision-making for treating spinal curves de-
spite the designations made in the Lenke system. Newton
et al's study further emphasized the continued disparity in
the treatment algorithm for thoracic curves and the vari-
ability in application of selective fusion for thoracic curves.
The study also showed that the most significant factor in
whether Lenke’s rules were broken was who performed the
procedure, indicating a predilection among surgeons to
fuse the lumbar curve rather than a rational application
of the treatment algorithm. This raises the question of

whether deviation from the recommendations of the Lenke
classification system is secondary to surgeon education or
to an unwillingness to fully adopt the suggested guidelines
for lumbar C curves. Conversely, the data on rule breaking
could also be an indication that the Lenke classification
may not address all structural aspects of the lumbar curve
in scoliosis, and specifically its rotation.

In summary, the Lenke classification, although compre-
hensive and potentially more reliable than the King classifi-
cation in predicting treatment of the scoliotic spine, is still
not perfect. It has helped guide the selection of scoliotic
curves for fusion. However, surgeons still choose, rightly or
wrongly, to deviate 15% of the time from the Lenke algo-
rithm for treatment recommendations, despite its offer-
ing a more pragmatic protocol for selecting treatment than
does the King classification. The Lenke classification does
not help in selecting the end-vertebrae of the treatment
construct, a matter that continues to be subjectively de-
bated. Further studies with longer follow-up periods, and
prospective randomized trials, are needed to more defini-
tively resolve this dispute.

B The Classification of Multiplanar
Deformity: The Next Generation

Increasing attention has been focused on the rotational
component of the spinal deformity associated with scolio-
sis. The classification systems discussed previously are
based only on the coronal and sagittal planes of this spinal
deformity. The axial plane is intimately tied to the other
two planes; altering the magnitude of the deformity in the
coronal plane in one curve of a scoliosis is tied to the effect
on the axial plane of another curve. Thus, the challenge in
surgery for scoliosis lies in developing indices for properly
characterizing the third dimension of scoliosis that can help
direct the surgeon in predicting and guiding the response
of uninstrumented curves.

Lee and colleagues!! focused on the importance of
addressing the axial rotation of spinal deformity and its
implications for surgical curve correction. They devised a
method of direct vertebral rotation (DVR) as an adjuvant
intraoperative technique to improve overall curve correc-
tion in all three planes. The rotational angle of the apical
vertebra relative to the sacrum (RAsac) was measured with
computed tomography (CT) scans. In a group of 38 patients
with adolescent idiopathic scoliosis (AIS), those treated
with DVR as opposed to standard rod derotation (SRD) ex-
hibited significantly better sagittal- and coronal-curve cor-
rection, as well as axial derotation. The average rotational
correction of the apical vertebra was 42.5% in the DVR
group as compared with only 2.4% in the SRD group. Lee
and colleagues also noted that with DVR, distal fusion levels
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may be spared, because improved correction of thoracic axial
rotation led the compensatory lumbar curve to “unwind”
and often to “spontaneously correct.” Patients in the DVR
group exhibited significantly better three-dimensional (3D)
correction of uninstrumented lumbar curves than did those
in the SRD group. This was achieved by performing a DVR
on the two lowermost instrumented vertebrae in cases of
Lenke 1C curves, whereas this additional DVR was unnec-
essary for achieving a balanced lumbar curve in cases of
Lenke types 1A and 1B curves.

Assessments of torsion and axial rotation have also been
used in the research setting to evaluate spinal defor-
mity.’213 However, these techniques required the use of
additional measurement tools and complex interpretation
methods, making them less likely to be applicable in a gen-
eral spine clinic. A more desirable system would entail
commonly used imaging modalities with computer-generated
measurements to reduce inter- and intraobserver variabil-
ity and assist with data interpretation. The Scoliosis Re-
search Society (SRS) initiated the 3D Classification Working
Group in 1994 in an effort to better characterize and clas-
sify all planes of spinal deformity in idiopathic scoliosis.

Cluster analysis has been used as a means for indentifying
groupings of individuals according to a set of measurements.
This allows the observer to use multiple measurement vari-
ables to analyze several patients collectively, and to search
for “clusters” of patients having similar characteristics or
patterns of spinal curvature. First presented by Duong
et al,’* cluster analysis was used to identify groupings of
scoliosis patients on the basis of multiple measurements
from calibrated biplanar radiographs, or through stereora-
diography.'®> Duong and colleagues’ study identified five
classes of spinal curve patterns, which were similar to
those in the King and Lenke classifications.

More recently, Stokes et al'® and Sangole and co-workers!’
have built on the technique of using cluster analysis for
stereoradiographic measurements of spinal deformity. They
identified morphological parameters of each curve, using
six anatomical landmarks for each vertebra.!® The measure-
ments utilized for the analysis were the Cobb angle, apical
vertebra, axial rotation of the apical vertebra, and orienta-
tion of the plane of maximum curvature (PMC) with respect
to the sagittal plane.!316.18-20 The PMC was defined as the
plane passing through the vertebral-body centers of the two
end-vertebrae of a curve and the apical vertebrae of each
curve segment.!® This measurement, combined with the
parameters named above, allows assessment of a deformity
in the coronal, sagittal, and axial planes.

In their most recent study, Stokes et al'® examined 245
stereoradiographs of 110 patients with AIS. Four distinct
groups were identified. Group 1 demonstrated a right
“upper” (thoracic) kyphotic curve and left “lower” (lumbar)
lordotic curve. The PMC in this group was rotated in a
counterclockwise or “positive” direction when viewed from

above for both curves. Group 2 was defined as having a
right upper kyphotic curve with a “negative” (clockwise)
PMC and a left lower kyphotic curve with a positive rota-
tion of the PMC. Group 3 was characterized as having a left
upper kyphotic curve and a right lower lordotic curve, with
the PMC rotated in the negative direction for both curves.
Patients in group 4 had a left upper kyphotic curve with a
negative rotation of the PMC and a right lower kyphotic
curve with a positive rotation of the PMC. These generated
groupings were found to be significantly distinct, having
minimal overlap of patient data from one group to another.
This is in contrast to other measurements of spinal defor-
mity (Cobb angle, apex level, and axial rotation of the apical
vertebrae), in which distinct groupings could not be created
because of substantial overlap of patient data if the rotation
of the PMC was not included.

The currently described 3D model may provide a better
description of overall spinal shape in scoliosis. However,
the 3D classifications described above currently provide lit-
tle direct guidance with regard to treatment decisions for
spinal curvatures. More long-term studies are warranted to
further delineate the validity and applicability of these new
3D assessments to common clinical practice.

B Genetic Classification

Extensive laboratory and clinical research has been con-
ducted in an effort to determine the etiology of idiopathic
scoliosis. A multitude of genetic factors have been identi-
fied that may play a role in the development of spinal
deformity.?! Wynne-Davis,?? and later Robin and Cohen,?3
postulated a multiple gene inheritance pattern on the basis
of examining multiple patients with idiopathic scoliosis
and their families. More recently, Miller et al,?* Alden et al,?>
and Chan et al?® identified possible candidate regions for a
genetic origin of idiopathic scoliosis on chromosomes 6, 9,
16, 17, and 19. The eventual goal of this research is to
develop a test to help predict which patients will eventu-
ally require surgery and which patients have curves that
will not progress and can potentially be spared multiple
follow-up radiographs, long courses of bracing treatment,
or both. Medical treatment of scoliosis may some day even
supplant surgery and bracing.

Melatonin was discovered as playing a potential role
in the development of spinal deformity when it was found
that animals developed scoliosis after undergoing pinealec-
tomy with subsequent melatonin dysfunction.?”?8 Further
study in humans revealed a possible defect in the mela-
tonin signal-transduction pathway of patients with AIS.
Moreau et al?° discovered a melatonin signaling defect in
100% of the osteoblasts isolated from a small group of AIS
patients undergoing surgery. Their study identified three
distinct groups of AIS patients who were identified on the
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basis of the extent of deficiency of melatonin signal trans-
duction. This information led to the first scoliosis screening
assay in the hope of helping to identify children at high risk
of developing AIS. Continued study of this signaling path-
way and the screening assays is currently underway.
Further research has produced a 30-marker genetic panel
in an effort to predict the likelihood of progression to severe
AIS.3%31 Ward and colleagues®® conducted a genome-wide as-
sociation study comparing 1200 patients with severe AIS (de-
fined as a curve >40 degrees in a skeletally immature patient
or a curve >50 degrees in a skeletally mature patient) with
1500 control patients. A total of 30 genetic markers were
identified as the “most useful prognostic markers” for pro-
gression to severe AIS. This panel has since been expanded to
include more than 50 markers and is now marketed to clini-
cians as the ScoliScore™ AIS Prognostic Test (Axial Biotech;
Salt Lake City, UT). Peer-reviewed reports of the results
with this genetic panel concluded that it could be used as
early as in the initial clinical evaluation to predict which pa-
tients’ deformities would or would not progress to severe AlS.
Ogilvie et al3! expanded the research for this genetic
panel to potentially identify those patients presenting with
AIS curves of 25 to 40 degrees who would be resistant to
brace-wearing and whose curves would progress to require
surgery.3! This is significant, as it has been shown that one-
third of patients of Risser grade 0/1 with curves of 20 to 29
degrees will not have scoliosis that progresses to the point
of requiring surgery if left untreated, and that conversely,
20% will fail brace-wearing and progress to have severe
AIS.31-33 QOgilvie and coworkers’ study examined 57 AIS
patients whose curves were “brace-resistant.” This was
defined as a 25- to 40-degree initial AIS curve, treated with
standard bracing, that progressed to require surgical inter-
vention. Utilizing the 30-marker genetic panel described
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Biomechanics and Reduction

Thomas R. Haher, Jahangir Asghar, Loren Latta, and Patrick Cahill

The spinal-deformity surgeon applies forces to favorably
affect the spine’s geometry and morphology. To accomplish
this, patients are placed in a thoraco-lumbo-sacral orthosis
(TLSO) or force anchors are inserted into the vertebrae.
Forces are also applied to the spine when physical therapy is
prescribed. The force may be applied by the adjacent mus-
cles of the spine, passively through the surrounding soft
tissues, or directly to the vertebrae by instrumentation. In
each instance, the forces applied are directed to counteract
an abnormal group of forces that are producing spinal imbal-
ance. The spine surgeon must be able to identify, locate, and
correct those abnormal forces so as to achieve correction of a
deformity and subsequent spinal balance. The forces should
be applied harmoniously, to prevent stress risers; safely, to
preserve the integrity of the surrounding anatomy; and
efficiently, to achieve the desired spinal profile.

This chapter describes the mechanisms of failure of a long
slender column such as the spinal column and describes the
forces that cause that failure. These forces and others that
contribute to the progression of a spinal deformity will be
defined as critical forces (Fcr) or abnormal forces (Fab). Correc-
tive forces (F+) are applied by the surgeon. The mode of
application of these forces is important to understand, and
the effect of these forces will be described and identified. F+
are applied to the spine via longitudinal members through
force anchors, which are any devices used to transmit applied
forces to the spine. They include hooks, screws, and wires.
Techniques for enhancing the efficiency of force transmission
by instrumentation, as well as failure of the implants used to
transmit forces, will be presented together with pertinent
metallurgical and biomechanical concepts.

It is the authors’ belief that a firm knowledge of the me-
chanical behavior of soft tissue, the effect of deforming and
F+ applied to the spine, and techniques for applying cor-
rective forces will improve the surgeon'’s ability to correct
spinal deformities.

B The Biomechanics of the Spine:
A Biological Column

Leonhard Euler in the 1700s discovered a relationship be-
tween the dimensions of a long slender column and the
force needed to cause the failure of that column by buckling.
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The beam theory was developed from this and from the
work of Bernoulli. The beam theory allows the prediction of
load-carrying characteristics and deflection of a simple
beam. The relationship is valid for an ideal column that is
perfectly straight, homogenous in composition, and free of
all and any initial stresses. The relationship of forces and
failure of a beam derived by Euler and Bernoulli is:

Critical force = KwEI/L?

where E = the modulus of elasticity of the beam
(slope of the stress-strain curve)

I = moment of inertia (resistance of the beam to
bending)

L = length of the beam

K = a constant depending on the conditions of end
support of the beam

The failure of columns may vary according to their geome-
try. Short, wide columns may fail by yielding (Figs. 10.1, 10.2).
Long, slender columns fail by buckling (Figs. 10.3, 10.4).

The Fcr needed for buckling is proportional to the mo-
ment of inertia, I, and the modulus of elasticity, E, and not
to the strength of the column, as one might expect.

Boundary conditions have an effect on the critical load
capacity of a slender column. The critical boundary conditions
for column stability are the type of mechanical supports pro-
vided at the ends of the column. The greater the resistance to
bending at the ends, the more stable the column will be.
However, boundary conditions also reflect other physical con-
ditions or properties of the surrounding environment. Bound-
ary conditions usually model supports, but may also model
load points and moments. In the case of a spinal column, the
surrounding bone and soft tissue would affect its mechanical
behavior. Boundaries may determine the mode of bending
and the number of inflection points of a column. An inflection
point occurs when the curvature of a column changes from
concave to convex. The closer the inflection points are to one
another, the greater the load capacity of the column.

In Euler’s formula, the modulus of elasticity, E, the mo-
ment of inertia, I, for the structure, and = are constants.
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Fig. 10.1 A short column with an axial load applied. Fig. 10.2 A short column failing under a critical load by yielding.

The modulus of elasticity is defined as the slope of the composed, and their interactions with surrounding struc-
stress—strain curve for the beam material in the elastic tures, are directly proportional to the Fcr for the spinal
region (Fig. 10.5). Additionally, the beam in Euler’s formula column. The moment of inertia, I, is the resistance to bend-
must be made of a single material that is homogeneous and ing of the cross-section of a structure, and is a function of
isotropic. The spine is neither. Therefore, Euler’s formula the structure’s geometry. In Euler’s formula, I must be uni-
cannot be applied directly to the spine. However, form along the length of the beam to which the formula
the “effective” stiffness of the materials of which it is applies. This is not true for the spine, and the formula

e l "

1 L
v
Fig. 10.4 A long slender column failing under a critical load by

Fig. 10.3 A long slender column with an axial load applied. buckling.
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Yield point

M
Permanent Deformation

Fig. 10.5 A stress—strain curve showing the elastic portion of the
curve up to the yield point. There is no permanent deformation in
this region. The plastic portion of the curve from the yield point to
the ultimate tensile strength. Failure of the material at the ultimate
tensile strength (star).

therefore cannot be applied directly to the spine. The diam-
eter or breadth of the cross-section of the beam is the criti-
cal dimension for I. The resistance to bending of the beam
is roughly proportional to the fourth power of its diameter.
Therefore, if one spine is 20% smaller in diameter than
another, its I would be only 41% that of the wider spine,
and its Fcr would be ~41% less.

The Fcr needed for buckling of the beam in Euler’s for-
mula is inversely proportional to the length of the beam
squared. Increasing the length of the beam significantly
reduces the force needed to produce buckling of the beam.
This relationship is appealing in that adolescent idiopathic
scoliosis (AIS) occurs during a rapid growth spurt when the
length of the spine is rapidly changing. It may also reflect
variations in the mechanical properties of the spine that
predispose to its buckling. More specifically, changes in E
for that individual spine may reduce the Fcr needed for its
buckling. The changes may affect ligaments, discs, and bone
itself during the period of rapid growth, thereby predispos-
ing the spine to buckling. Also of interest is Dickson’s con-
cept of thoracic lordosis (bending) as the driving force in
the development of thoracic scoliosis.

Euler’s equation does not specifically reflect the me-
chanical behavior for a spine, for the following reasons:

1. The structure must consist of an isotropic material, and
must have equal physical properties along all of its axes.
It must therefore be made of a homogenous material.
The axial skeleton does not meet these criteria. It is com-
posed of bone (compact and cancellous), ligaments, and
discs. All of which have nonhomogeneous and anisotropic
properties.

2. The spine in its normal state is prebuckled. The spine
has normal sagittal contours, cervical lordosis, thoracic

kyphosis, and lumbar lordosis. This condition is not in-
cluded in Euler’s equation.

3. Scoliosis develops slowly over time; it is not a sudden,
catastrophic event as is the buckling of a beam.

4. To satisfy Euler’s equation, a column must be a one-
dimensional object, be straight, have a distributed load
that is contained in one plane, and must be without tor-
sion. Once again the geometry and mechanics of the axial
skeleton do not meet these criteria.

The conditions in Euler’s formula do predict the failure
of a long slender column resembling what is seen in scolio-
sis. Variations in the E of the spine will predispose to buck-
ling and allow buckling to occur.

Euler, however, gives further insight into the etiology of
scoliosis. The terms in his equation are constants except for
the length of a given column. Yet spines of a given length
do not often progress to develop a given curvature or
geometry (moment of inertia, I). The remaining variable is
E, the modulus of elasticity. This modulus is a function of
the mechanical behavior of the material of which Euler’s
beam is made. The value of E may vary among spines of a
given length if the biological substrate should change. Vari-
ations in supporting spinal muscle composition, strength,
or both may also result in a global change in the E of the
spine. The Fcr needed to produce buckling should not be
the focus of attention, but rather factors that alter the com-
position of the biological substrate. These changes may
affect the overall strength of the spine more substantially
and allow buckling. Decreasing the value of E would result
in reducing Fcr, perhaps resulting in a deformity. A genetic
predisposition that resulted in a change in the mechanical
properties of the soft tissue of the back, uncoupled neuro-
osseous growth, or an anterior-posterior growth mismatch
could all affect the value of E of the spinal column. The Fcr
needed to precipitate changes in the value of E for the spine
could be such that a smaller Fcr would produce a defor-
mity, thereby increasing the risk for curve development in
an individual.

B Vertebral Rotation and Coupled
Motion

The preceding formulae describing beam deflection and
buckling assume that the bending or buckling of the beam
or both will occur about the neutral axis. The neutral axis is
in the cross-section of a beam or shaft along which there
are no longitudinal stresses or strains. If the section is sym-
metric (in both geometry and materials), the neutral axis is
at the geometric centroid. Bending of the beam or shaft
about the geometric centroid will not produce rotation. If,
however, the axis of rotation is not the neutral axis then
rotation will occur with bending. This relationship is called
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coupled motion. Rotation will result in lateral bending and
lateral bending will result in rotation. Coupled motion is
the basis for correction of a spinal curve using the derota-
tion maneuver. Derotation of the spine will result in de-
creasing the lateral bend of a spinal curve. The correction
can be achieved without elongation, and a distraction force
is therefore not required.

B Anterior Overgrowth Theory

Uncoupling of Anterior and Posterior
Spinal Growth

The spine grows or elongates by anterior and posterior col-
umn growth. A balance between these two directions of
growth will result in the normal coronal and sagittal planes
of the spine. Uncoupled growth, as seen with anterior over-
growth, will result in a deformity. Anterior overgrowth
with posterior tethering causes rotation and bending of the
spine.! This has been called rotational lordosis, and results
in lordosis, rotation, and lateral deviation.?

Scoliosis is an axial rotational deformity. Although it has
been postulated as a cause of scoliosis, no empirical evi-
dence exists for rotation as a causative factor in initiating
the deformity in scoliosis. Anterior vertebral overgrowth
has also been postulated as a causative factor, yet this is
difficult to prove in a human or animal model. By using a
finite-element model of the human spine including the rib

Fig. 10.6 A finite element model of the spine with the tho-
racic cage included. Bending and rotation of the spine can be
appreciated as described by Azegami.

cage, Azegami has attempted to create a deformity by rapid
apical vertebral growth.> Azegami was able to achieve a
23-degree curve with 7 degrees of rotation by producing
rapid growth of the vertebral bodies from T4 to T10. This
model provided the proof that uncoupled vertebral growth
can precipitate a three dimensional (3D) vertebral deformity
similar to scoliosis (Fig. 10.6).

Force Application in the Creation
of a Deformity

A 3D spinal deformity may be simulated by the applica-
tion of force.* A model of the thoracolumbar spine was
made with vertebrae composed of a synthetic resin and
silicon discs. The model was fixed to a metal frame, and
the spinal deformation caused by loading was deter-
mined relative to 3D coordinates set in the frame. The
application of forces to the spine may result in scoliosis.
However, these forces must be applied in a distinct order.
The most severe scoliosis occurs when the order of load-
ing is rotation, followed by lordosis, followed by lateral
flexion (Fig. 10.7).

Therefore, factors that promote buckling of the spinal
column and the development of scoliosis include:

1. Uncoupled anterior-posterior vertebral growth (vertebral
growth modulation)
2. Application of an Fcr to the column (Euler’s equation)
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Fig. 10.7 The application of forces to the spine may result in scolio-
sis. However, these forces must be applied in a distinct order. The
most severe scoliosis occurs when the order of loading is rotation
followed by lordosis followed by lateral flexion, as described by
Takemura.

3. Application of force to the spine to produce rotation of
the vertebral column followed by lordosis and lateral
bending (asymmetrical loading)

B Biomechanics of Surgical
Correction of Scoliosis

F+ required to overcome or reverse the Fcr causing an
abnormal spinal curvature must reverse the lateral bend-
ing and the rotation of the spine. Because lateral bending
and rotation are coupled, a reversal of one will affect the
other. How should the F+ be applied in such a situation?
The location of the axis of rotation of the spine will
explain the forces required to achieve correction of a
deformity.

The Instantaneous Axis of Rotation

The instantaneous axis of rotation (IAR) is a point about
which all other parts of a structure will rotate. It consti-
tutes the center about which the muscles and instrumenta-
tion applied to a spinal curve exert their moment during
flexion, extension, and torsion. The axis of rotation always
migrates to the stiffest part of the structure. This is the

mechanical premise for all osteotomies including pedicle
subtraction osteotomy (PSO), the Smith-Peterson osteotomy
(SPO), and Ponte’s innovative osteotomy for kyphosis. As the
posterior column of the spine is compromised and shortened,
the IAR migrates to the anterior column. The spine rotates
about the anterior column. This allows the restoration of
sagittal alignment without destroying the anterior column.

Positive Mechanical Advantage

Increasing the moment arm (the distance over which a force
is applied from the IAR) has a positive mechanical advan-
tage. Less force is required to achieve the same moment.

Moment = Force X Distance

F+ applied at a distance from the IAR will have a
mechanical advantage in controlling and correcting a defor-
mity. Where is the IAR of the spine? Where is the IAR of a
scoliotic spine (Fig. 10.8)?

The IAR of the spine in rotation is located in the region
of the spinal canal. Structures located at a distance from
the axis of rotation will have an advantage in controlling
motion. This is called a positive mechanical advantage and
is the result of a force applied at a distance from the IAR.

The greater the distance from the IAR for a given force
the larger the moment observed. If the IAR is located in the
anterior column of the spine, the facet joints will have a
positive mechanical advantage in resisting rotation, owing
to their distance from the IAR and the consequently larger

Fig. 10.8 The IAR of the spine in rotation is located in the region of
the spinal canal. Structures at a distance from the axis of rotation will
have an advantage in controlling motion.
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Fig. 10.9

If the IAR is located in the anterior column of the spine, the
facet joints will have a positive mechanical advantage in resisting rota-
tion owing to the distance from the IAR and the larger moment arm.

moment arm (Fig. 10.9). If the IAR is located in the middle
or posterior column, the disc has a mechanical advantage
owing to the resultingly larger moment arm (Fig. 10.10).
The IAR for the human spine in rotation is located in the
vicinity of the middle column. Structures at a distance
from the IAR have a mechanical advantage in resisting
rotation, and forces applied further from the IAR have a
mechanical advantage in promoting rotation. The clinical
application for this is multifold. First, the use of pedicle
screws in a construct for correcting a thoracic deformity,
and the three-column purchase achieved, significantly
improves the ability to predictably treat the entire defor-
mity. Traditionally, the problem of inadequate fixation of
the spine and the inability of the construct being used to
achieve fixation to withstand the magnitude and vector
of the corrective forces applied has often led to minimal
correction of an axial deformity. Put simply, posterior
instrumentation with a hook (a form of single-column
fixation)-and-rod system could not generate sufficient
torque for the needed vertebral rotation because the axis
of hook fixation was posterior to that of vertebral rotation.
This has been validated by studies showing the limited
rotational correction achieved with a hook-and-rod con-
struct.®> The use of pedicle-screw instrumentation and the
ability to provide a biomechanically superior construct
has advanced the approach to treating spinal deformities
posteriorly. With the resulting improved purchase and
the freedom to develop corrective tools that increase the

Fig. 10.10 |If the IAR is located in the middle or posterior column
the disc has a mechanical advantage due to the larger moment arm.
The IAR for the human spine in rotation is located in the vicinity of
the middle column. Structures at a distance from the IAR have a
mechanical advantage in resisting rotation and force applied further
from the IAR have a mechanical advantage in promoting rotation.

distance from the IAR, a rapid evolution of surgical tech-
niques has dramatically improved the coronal and rota-
tional correction of spinal deformities. The most poignant
example of this is the technique for direct vertebral body
derotation (DVR). Lee and colleagues showed significant
coronal-, axial-, and sagittal-plane correction with this
technique.® The authors’ (JA and PC) evaluated CT scans con-
firmed and quantitated the significantly better axial-plane
correction achieved with an all-pedicle-screw (60%) con-
struct than with a hook-and-rod construct (22%).

Furthermore, Suk et al concluded that the pedicle-screw
fixation technique effectively spares fusion levels at the dis-
tal end of a construct by improving the 3D correction of a
deformity and proposed a strategy for determining distal
fusion levels based on the neutral vertebrae and potentially
shortening curves in single-curve constructs.

The Anterior Column and its Effect
on the Rigidity of a Curve

Destruction of the anterior column has a significant effect
on reducing the rotational stiffness of the spine.” With
removal of the anterior two-thirds of a disc, the spine loses
90% of its rotational stiffness. The middle column has no
significant effect on rotational stiffness. Destruction of the
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Fig. 10.11 Destruction of the anterior column has a significant
effect on reducing the rotational stiffness of the spine. Removal of the
anterior two-thirds of the disc leads to the loss of 90% of rotational
stiffness of the spine. The middle column has no significant effect on
rotational stiffness. Destruction of the posterior column results in a
30% reduction in spinal stiffness.

posterior column results in a 30% reduction in spinal stiffness
(Fig. 10.11).

Application of Corrective Forces to Restore
Coronal- and Sagittal-Plane Curvature

Because the anterior column of the spine is responsible for
rotational stiffness, removal of the anterior column (discec-
tomy), application of anterior forces at a distance from the
IAR, or both will result in the most efficient application of
forces for correcting a deformity. Forces may be applied to
the anterior column of the spine while maintaining dis-
tance from the IAR through the use of pedicle screws or
anterior instrumentation.®8-13 The mechanical advantage of
pedicle screws is apparent, in that they will transmit forces
to all three columns of the spine (Fig. 10.12). Lamina hooks
have a mechanical disadvantage owing to their proximity
to the IAR and their inability to transmit forces to all three
columns (Fig. 10.13).

The concept that pedicle screws affect all three columns
of the spine is supported by force analysis in spinal
models.* Sawbones® spine models instrumented with pos-
terior screw constructs without transverse connectors
were, on average, 482% more rigid than spine models with
simulated anterior fusion instrumented with hook con-
structs and lacking transverse connectors.

Fig. 10.12 The mechanical advantage of pedicle screws is apparent
because they will transmit forces to all three columns of the spine.

Fig. 10.13 Lamina hooks have a mechanical disadvantage because
of their proximity to the IAR and their inability to transmit forces to
all three columns of the spine.
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Point of Application

Line of Application

Fig. 10.14 Knowledge of the magnitude of an applied force, the
point and line of application of the force, and the location of the IAR
may be used to predict the spine’s response to the force as well as
the implants ability to resist the applied force.

Control of the Sagittal Plane as a Function
of the IAR

Knowing the magnitude of a force, the point and line of appli-
cation of the force, and the location of the IAR, the response
of the spine to the force may be predicted, as may also the
ability of an implant to resist the applied force (Fig. 10.14).

The IAR for flexion and extension is located in the vicin-
ity of the disc space of the inferior vertebrae (Fig. 10.15).1

A distraction force applied posterior to the IAR in the
sagittal plane will decrease lumbar lordosis (Fig. 10.16). A
compressive force applied anteriorly will have the same
effect (Fig. 10.17).

The response of the spine to the force will also be a
function of the distance of the force from the IAR. Posterior
constructs should therefore always first compress the con-
vexity of a spinal curve, followed by distraction of the con-
cavity of the curve (Fig. 10.18).

The Kyphogenic Aspects
of Anterior Instrumentation

Compression forces anterior to the spine in the sagittal
plane are also anterior to the IAR. Therefore, anterior in-
strumentation in compression produces kyphosis in the
thoracic and lumbar spine (Fig. 10.17). Such instrumenta-
tion is indicated for thoracic curves with hypokyphosis or
thoracic lordosis. It is contraindicated with thoracic kyphosis

position 2

position 1

Fig. 10.15 In the spine, the IAR for flexion and extension is located
in the vicinity of the disc space of the inferior vertebrae.

of >40 degrees unless the sagittal profile is recreated with
structural interbody grafts.

Shortening of the Posterior Column
in the Treatment of Thoracic Kyphosis
Shortening of the posterior column over each vertebral

level in a kyphosis will effectively reduce the kyphosis,
sparing the middle and anterior columns. With this, the

Fig. 10.16 A distraction force applied posterior to the IAR in the
sagittal plane will decrease lumbar lordosis.
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Fig. 10.17 A compressive force applied anteriorly to the IAR in the
sagittal plane will decrease lumbar lordosis. Anterior instrumentation
in compression will also produce kyphosis in the thoracic and lumbar
spine.

IAR migrates anteriorly to the anterior aspect of the disc
(now the stiffest aspect of the spine). The correction should
be harmonious, with an equal distribution of force at each
anchor site. This reduces the concentration of stress at the
distal hook or screw sites, thereby eliminating distal junc-
tional kyphosis,'®17 and the same is true for the proximal
fixation points.

If a harmonious distribution of forces is not practical,
augmentation of the anterior column may be considered.
Stiffness in spinal flexion may be significantly increased and
rod strains may be significantly reduced when anterior cages
are added to each construct in both models and cadaveric
spines.!® Pedicle screws were found to provide more rigid
constructs than hooks, but also increased rod strain.!® Ante-
rior support with titanium cages provides an immediate
increase in stiffness of spinal flexion and reduces hardware
loading at the distal end of a construct at the price of increas-
ing strains on the superior, adjacent segment.2°

The Effect of Cross-links in a Short-Construct
Mechanics: The 4R Four-Bar Linkage

Without load-sharing in a single-level experimental model,
instability of a four-bar mechanism was clearly demon-
strated when all four pedicle screws were parallel.?! The
use of cross-links significantly reduced the rate of failure of
this mechanism. The addition of transverse connectors to

Fig. 10.18 The response of the spine to an applied force will also be
a function of the distance of the force from the IAR. Posterior con-
structs should therefore always compress the convexity of a curve
first, followed by distraction of the concavity of the curve.

hook constructs led to an average increase of 380% in rigidity
over that of posterior screw constructs without transverse
connectors. The addition of transverse connectors to poste-
rior screw constructs increased rigidity by 567% over models
that were anteriorly fused and instrumented with hook
constructs without transverse connectors. The addition of
transverse connectors to posterior-only screw constructs
increased the rigidity by 450%.%2

B The Effect of Implant Geometry
on Spinal Stability: Is Bigger
Always Better?

Moment of Inertia

The moment of inertia, I, of a structure is a geometric prop-
erty of the cross-sectional area of the structure. It describes
the spatial distribution of the material in a section of the
structure in relation to the neutral axis of the structure.
The moment of inertia is a sectional property and is not
related to the type of material of which the structure is
made. It reflects the ability of this material to resist bend-
ing. Essentially, the ability of a rod to support the spine is
very sensitive to the diameter of the rod. A small change in
the rod diameter has a dramatic effect on the resistance of
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4-mm threaded rod
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Fig. 10.19 The moment of inertia, |, of a rod is proportional to the
fourth power of the rod radius (r). A very small increase in the radius
has a large effect on the resistance of the rod to bending.

the rod to bending. For a spinal rod, the area moment of
inertia is defined as:

[ = (mw/4)r*

where [ is proportional to the fourth power of the rod
radius, r. Thus, a very small increase in rod radius has a
large effect on the resistance of the rod to bending, as noted
earlier. This effect is shown graphically in Fig. 10.19.

The I of a 4-mm threaded rod is 12.56 mm,* whereas the
I of a 7-mm rod is 118.0 mm.# The [ of a 7-mm rod is there-
fore 10 times that of a 4-mm rod. The value of I may be cal-
culated for a rod by simply knowing the radius of the rod.
When a rod is implanted in the spine, however, the effect of
the diameter of the rod on the overall mechanical behavior
of the construct of which it is a part becomes more com-
plex. A construct for the treatment of scoliosis is composed
of more than one material, with each material having a dif-
ferent stiffness. The equations dealing with the resistance
to bending of a construct member composed of multiple
materials is complicated.

Rod Diameter versus Outcome - Linear
or Nonlinear

Instruments for measuring outcomes are efficient and
effective means of assessing patient satisfaction with a
specific treatment. The Harms Study Group database was
utilized to correlate the effect of rod diameter in the cor-
rection of scoliosis with patient satisfaction. Linear and
nonlinear analyses using rod diameter were done and the
results compared with outcomes based on the Scoliosis
Research Society (SRS-24) health-related quality of life
(HRQOL) instrument. All records were sorted according

to rod diameter. Entries with non-numerical or missing
data were excluded from the analysis. The linear analysis
did not show significant correlations between rod diam-
eter and the database parameters. Variations in rod
diameters resulted in a fitted R? of 0.96, calculated with
a quadratic equation, in the examination of both func-
tional level of activity and lordosis. Patients with small-
diameter rods had higher functional levels of activity at
1- and 2-year follow-up. Despite greater resistance to
bending with the use of a bigger rod, clinical outcomes
seem to be inversely related to rod diameter. Bigger may
not be better!

The Effect of Yield-point Magnitude
on Rod Insertion

In the treatment of scoliosis, corrective forces are applied
to the spine through devices such as rods, plates, cables,
and even springs. These devices or members of a construct
must be orders of magnitude stiffer and stronger than the
structure they are supporting. If a device such as a rod is
too stiff, it may prove difficult to engage a force anchor
(hook, screw, etc.) to the rod, or the anchor may disengage
from the bone into which it has been inserted when the
rod is engaged. Is it possible to maintain the stiffness and
strength of a rod while decreasing its resistance to bend-
ing? The answer lies in the concept of yielding or the loca-
tion of the yield point on the stress-strain curve for the rod
(Fig. 10.20).

The yield point or yield strength is defined as the stress
needed to achieve permanent deformation of a structure. It
is the point at which the elastic (nonpermanent) deformation

STIFFNESS
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Fig. 10.20 The yield point or yield strength is defined as the stress
needed to achieve permanent deformation of a structure. It is the
point where elastic (nonpermanent) deformation ends and plastic
(permanent) deformation begins. It is independent of the stiffness
(modulus) and strength of the rod.
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of the structure ends and plastic (permanent) deformation
begins. The yield point is independent of the stiffness
(modulus) and strength of a structure such as a rod; stiff-
ness refers to the point on the stress-strain curve at which
the rod fractures. The yield point may be reduced while the
stiffness and strength of the rod remain constant. Materials
with this property are currently available for use; they con-
stitute the family of commercially pure titanium (CP Ti)
metal. Rods with a lower yield point are ideal for in situ
bending, which facilitates their engagement to the anchor in
complex curves. One should therefore consider the manufac-
turer’s disclosed yield point of a rod as well as its strength
and stiffness in evaluating its suitability for inclusion in a
construct.

Construct Stiffness as a Function
of the Number of Anchors

Orchowski et al'® investigated the relationship between rod
size and hook numbers in construct stiffness. In three-point
bending tests, the expected stiffness values for rods of vary-
ing diameters were as predicted; increasing rod diameter in
the model construct produced an increase in stiffness. Inter-
estingly, increasing hook number also had a significant
effect on construct stiffness (Fig. 10.21).22 A smaller-diameter
rod with a low yield point, used in conjunction with multi-
ple anchors, could be affixed to the anchors with relatively
low stress to the anchors and the anchor-bone interface, but
still have high overall rigidity owing to the high implant
density.

Surgeons often require rods with high yield points.
These rods maintain their shape when stressed and in turn

impart applied forces to the spine. This is advantageous for
a surgeon who has contoured a rod to the desired align-
ment and wishes to reduce a deformed spine to the straight
rod. A rod that has too low a yield point “bends out” too
easily. Rods with high yield points are particularly useful in
imparting kyphosis to a hypokyphotic thoracic spine in a
typical idiopathic scoliosis patient.

Concepts from structural and metallurgical engineering
have been presented to allow the spinal surgeon to better
understand force application in the cause and correction of
scoliosis. Long, slender columns fail when a critical axial
load is applied. Rotation occurs with column failure, be-
cause the mechanical axis of rotation is not the neutral
axis. The location of the axis of rotation in rotation and in
flexion has been defined so that the surgeon may better
understand the effects of an applied force to the spine. A
rod with a lower yield point requires the application of less
force to achieve a permanent deformation, and the stiffness
of a construct may be increased by increasing the number
of anchor points. The understanding of these simple con-
cepts will enhance the surgeon’s ability to achieve 3D cor-
rection of a deformity. Clinically, however, an increase in
the density of anchor points has a detrimental effect on the
sagittal plane, apical rotational thoracic lordosis. Clements
et al found a loss of preoperative kyphosis with increasing
implant density.?? Similarly, a statistically significant loss of
preoperative kyphosis was noted to depend on implant
type, in terms of whether an implant was anchored with
hooks alone, or used hybrid anchoring, or was an all-pedicle-
screw construct.®> All pedicle screw constructs decreased
the thoracic kyphosis more than the other two anchor
constructs.
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Fig. 10.21 Increasing the number of anchors has a
significant effect on the stiffness of a construct for
treating scoliosis.
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B Appendix: Glossary
Euler-Bernoulli Beam Theory

For a long, slender, one-dimensional (1D) beam made of
isotropic material, it can be shown that the elastic curve of
the beam must satisfy:

92 0%u
axz(EI axz) W

This is the Euler-Bernoulli equation. The curve u(x) de-
scribes the deflection u of a beam at some position x (recall
that the beam is modeled as a 1D object). The result, w, is a
distributed load, or in other words a force per unit length
(analogous to pressure); it may be a function of x, u, or
other variables.

Note that E is the elastic modulus and that I is the sec-
ond moment of area. [ must be calculated with respect to
the centroidal axis perpendicular to the applied loading;
for a beam to which the Euler-Bernoulli equation applies,
this axis is called the neutral axis.

Often, u = u(x), w = w(x), and El is a constant, so that:

d*u

El o = w(x)

This equation is very common in engineering practice: it
describes the deflection of a uniform, static beam.
Successive derivatives of u have important meaning:

 uis the deflection of the beam.

ou .
Tz is the slope of the beam.

o%u . .
EI——is the bending moment in the beam.

x>

P FETAW .
e — —( EI—— ) is the shear force in the beam.
ax dx>

Engineering Terms and Definitions

A. Terms related to loading on or within objects

1. Load: A general term describing the application of a
force, a moment (torque), or both to an object. The
unit of measure for the force is the newton (N), or
pound force (Ibs), and the unit of measure for the mo-
ment is the newtonmeter (Nm) or foot-pound (ft-1b).

2. Compression: The normal force that tends to push
together material fibers or finite material units. The
unit of measure is the newton (N; pound force).

3. Tension: A normal force that tends to elongate the
fibers or finite material units of a material oriented
in the direction of load. The unit of measure is the
newton (N; pound force).

4. Shear: A force parallel to the surface upon which it acts,
which tends to angulate the material fibers or finite
material units oriented perpendicularly to the surface.

5. Moment: (Couple) A pair of equal and opposite paral-
lel forces acting on a body and separated by a distance.
The moment or torque of a couple is defined as a
quantity equal to the product of one of the forces and
the perpendicular distance between the forces. The
unit of measure for the torque is the newton-meter
((N - m)foot-pound force).

6. Torsion: A type of load that is applied by a force cou-
ple (two forces parallel and directed opposite to each
other) about the long axis of a structure. The load is
called torque. It produces relative rotation of different
axial sections of the structure with respect to each
other. For a straight structure, all the sections are sub-
jected to the same torque on the ends of the structure.
The magnitude of bending with torsion depends on
the orientation of the particular cross-section at
which bending occurs with respect to the torque axis.

7. Force: Any action that tends to change the state of
rest or motion of a body to which it is applied. The
unit of measure for the magnitude of force is N or Ibs.

8. Stress: The force per unit area acting on an object, and
a measure of the intensity of the force or distribution
of the force throughout the object. There are two
kinds of stress: normal and shear. The normal stress
on an object is perpendicular to the plane of a cross-
section of the object. The normal stress can be tensile
or compressive. Shear stress is parallel to a cross-sec-
tion of the object. The unit of measure of stress is
newtons per square millimeter (N/mm?) or megapas-
cals (MPa), or pound force per square inch (psi).

9. Pressure: The contact stress between two surfaces,
or the stress generated in a fluid under load. The
unit of measure of pressure is MPa or psi.

10. Static load: A load applied to a specimen is called
static if it remains constant with respect to time.

11. Dynamic load: A load applied to an object is called
dynamic if it varies with time.

12. Steady state: A condition in which regular, dynamic
loads are applied to a structure in cycles and the re-
sponse of the structure is the same for each cycle.

B. Terms related to distortion within or movement of an
object

1. Deflection: The relative movement of any two points
on an object as the result of distortion of that object
under load.

2. Displacement: The relative movement of any point on
an object in relation to a fixed reference frame. Such
movement may or may not involve distortion of the
object.

3. Strain: The change in length or angle of a material sub-
jected to a load. There are two types of strain: normal
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and shear. The former is defined as the change in
length of a material divided by its original length. Nor-
mal strain can be tensile or compressive. The latter is
defined as the change in angle of a material under the
influence of a load. The units of measure of strain are
dimensionless (i.e., mm/mm, inches/inch, or % change).

. Angulation: An angular change in the shape or posi-

tion of an object as the result of an applied loads.

. Rotation: An angular change in the position of an

object.

. Bending: A distortion that occurs when a load is ap-

plied to a long structure that is not directly supported
at the point of application of the load. The structure
deforms by moving with the direction of the load,
with the supported portion remaining in place.

. Twisting: A deformation of a long structure that is not

directly supported at the point of application of a
load when a moment is applied to the structure. The
structure deforms by rotating in the direction of the
moment, but the supported portion remains in place.

C. Terms related to the graphical representation of loading
and distortion or movements

1.

Stress-strain curve: A graphical representation of the
relationship between the stress and strain in the ma-
terial of an object at a fixed position in the object un-
der a load. Terms associated with the stress-strain
curve include:

. Load-deflection curve: A graphical representation of

the relationship between the load on an object and
the deflection of a given point on the object.

. S/N curve: A graphical representation of fatigue-test

plotting stress (or load) versus the number of cycles
to failure for a cyclic (dynamic) loading of an object.
The number of cycles is usually represented in a
logarithmic scale.

. Creep curve: A plot of the strain or deformation

versus time for an object under a static load.

. Relaxation curve: A plot of the stress or load versus

time for an object under a static deformation, deflec-
tion, or strain.

D. Terms related to the stiffness or rigidity of objects

1.

Modulus of elasticity: The ratio of normal stress to
normal strain (slope of the elastic portion of the
stress-strain curve) in a material. The unit of measure
for the modulus of elasticity is MPa, or gigapascals
(GPa), or pounds per square inch (psi) (also known as
Young’s modulus, elastic modulus).

. Stiffness: A measure of resistance offered to external

loads by a specimen or structure as it deforms. This phe-
nomenon is characterized by the stiffness coefficient.

. Structural rigidity or structural stiffness: The resist-

ance of a structure to compression, tension, bending,
or rotational loading. The slope of the load-deflection
curve for a given structural test of an object. Structural

rigidity is a function of the modulus of elasticity
and size and shape (length, cross-sectional area,
area and polar moments of inertia) of an object, and
for structures with joints, of the neutral zone(s).
Structural rigidity is expressed in load/deformation
(i.e., N of force/mm of deformation, N - m of moment
or torque/degree of deformation, etc.)

4. For structures of uniform cross-section and consisting
of a single material, the structural stiffness of the
member can be expressed as the modulus of elastic-
ity, E, times the appropriate moment of inertia, I,
which quantifies the distribution of material in the
cross-section. In bending, the area moment of inertia,
IxX, is calculated relative to the X-axis perpendicular
to the plane of bending. In torque, the polar moment
of inertia, Ip, is calculated in polar coordinates relative
to the axis of rotation of the torque load.

E. Terms related to the strength characteristics of an object

1. Yield stress is the maximum stress that the material
of an object can bear in the elastic range of behav-
ior; all stress above this level will cause plastic de-
formation of the object (also known as yield
strength, proportional limit, elastic limit).

2. Ultimate stress is the maximum stress that the material
of an object can bear (ultimate strength, ultimate limit).

3. Column stability: The resistance of a column-like struc-
ture to buckling. Column stability is related to the
width-to-length ratio of the column, the degrees of
freedom and resistance to rotation of the ends of the
column, and the curvature of the column, in addition to
the location and type of loading applied to the column.

4. Energy to yield, ultimate, or other failure: The area
under the stress—strain curve for a structure to the
point at which the desired event occurs.

5. Fatigue limit (low cycle): The load or stress level that
an object can withstand without failure for a given
number of cycles.

6. Endurance limit: The load or stress level that an object
can withstand without failure for an infinite number
of cycles.

F. General terms relating to mechanical behavior or material
characteristics that influence mechanical behavior

1. Material behavior: Any description of the me-
chanical properties of a material (without regard
to the size or shape of any objects made of that
material).

2. Structural behavior: Any description of the mecha-
nical characteristics of an object taking into account
its size, shape, materials, orientation to loads, etc.

3. Isotropic material: A material whose mechanical
properties are the same in all directions.

4. Anisotropic material: A material whose mechanical
properties vary as a function of direction within a
structure or object made of the material.
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5. Homogeneous: A term referring to a structure or ob-
ject whose mechanical properties are the same in all
locations.

6. Nonhomegeneous: A term referring to a structure or
object whose mechanical properties vary as a func-
tion of position within the structure or object.

7. Elasticity: Property of a material or structure to re-
turn to its original form following the removal of a
deforming load.

8. Plasticity: Property of a material or structure to re-
main permanently deformed after the removal of a
deforming load.

9. Viscoelastic: A term describing materials that ex-
hibit time-dependent mechanical behavior (both
viscous and elastic behavior).

10. Creep: Increasing strain or distortion with time of a
material under constant load.

11. Stress relaxation: Under constant deforming stress,
decreasing resistance to a load or stress with time.

12. Strain-rate/load-rate dependence: Variable resist-
ance to a load related to the rate at which the load is
applied.

13. Moment of inertia of an area: A measure of the dis-
tribution of material around a central axis or plane.
This distribution influences the strength and stiff-
ness of a material under bending or torsional loads.
The unit of measure of the moment of inertia of an
area is millimeters to the fourth power (inches to the
fourth power).

14. Degrees of freedom: The number on independent
coordinates, in a coordinate system, needed to
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Although surgery on pediatric patients was attempted
before the introduction of anesthesia into clinical medi-
cine in 1846, the lengths and types of procedures that
children could endure significantly limited surgical prac-
tice.! Pediatric spine surgery, particularly the correction
of scoliosis, has now become a routine element of pedi-
atric anesthesia practice. Patients undergoing scoliosis
surgery present unique physiological and pharmacological
challenges for the anesthesiologist. Pediatric anesthesia is
rapidly advancing as new anesthetic techniques, pharma-
cological options, blood-replacement modalities, neuro-
physiological monitoring, and surgical techniques become
available.

B Preoperative Evaluation
and Preparation

A multidisciplinary approach is needed in the preoperative
preparation of a patient for spinal deformity surgery. Both
the surgeon and anesthesiologist must evaluate and explain
the risks and benefits of all components of the surgical pro-
cedure to the patient and patient’s family. Scoliosis carries
several risks that need significant consideration before the
induction of anesthesia. The primary physiological concern
is the patient’s cardiopulmonary function. Patients must
also have hematological, nutritional, and neurological
preoperative evaluation.

Pulmonary Considerations

The pulmonary system is the most obvious preoperative
concern, and can be significantly affected by the structural
changes brought about by a scoliotic spine. In cases of
extreme scoliosis, exercise tolerance testing is the best
screening tool for pulmonary performance. Patients should
undergo preoperative pulmonary function tests if they
have:

* A history of poor exercise tolerance

* A curve >60 degrees associated with a history of reactive
airway disease,

* Acurve >80 degrees

* Neuromuscular scoliosis

Anesthesia for Scoliosis Surgery

Elizabeth Demers Lavelle, Mohamed Mahmoud, See Wan Tham, Mark Vadney, and Sara Lozano

Patients for whom an anterior approach is planned
should receive additional consideration for pulmonary
evaluation. The most common respiratory defect in scolio-
sis is restrictive, with a decrease in vital capacity (VC) and
forced expiratory volume in 1 second (FEV1) as the scoli-
otic angle increases. The respiratory compromise may take
the form of chronic alveolar hypoventilation, atrial hypoxia,
ventilation-perfusion (V-Q) mismatch, and pulmonary
hypertension with progression to cor pulmonale.? Patients
with preoperative Cobb angles >100 degrees can have a
significantly diminished VC, nearing 45% of normal. A VC of
45% or less or a forced vital capacity (FVC) of 30% less than
predicted is an indicator of the possible need for postopera-
tive ventilation.? Patients with severe Cobb angles can have
difficulty with clearing their airways through coughing,
particularly with the coupling of postoperative pain. This
can result postoperatively in atelectasis, pneumonia, and
possible aspiration.

Cardiac Considerations

Depending on the magnitude of a patient’s scoliosis and
the patient’s coexisting disease state, preoperative car-
diac testing may be required. This includes an electrocar-
diogram (ECG), echocardiogram, or stress testing. The
cardiac system can be secondarily affected by severe
deformities, possibly leading to cor pulmonale. Patients
with scoliosis associated with genetic deformities have a
significantly higher rate of cardiac deformities and merit
preoperative investigation. Mitral valve prolapse, coarcta-
tion, and cyanotic heart disease are the most commonly
found pathologies in patients with scoliosis.2 Duchene
muscular dystrophy can present as septal hypertrophy,
which can lead to cardiomyopathy and manifest as
arrhythmias or heart blocks.*

Hemotological and Nutritional
Considerations

Patients with scoliosis should have blood work done to
evaluate their initial hematocrit and platelet count. Be-

cause major blood loss (>50% blood volume) may occur
during scoliosis surgery, a blood type and crossmatch
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analysis should be obtained preoperatively. Nutritional
status, particularly in patients with neuromuscular scolio-
sis, should be evaluated with blood testing, including
assays for albumin and vitamin K, and a basic metabolic
panel. Clotting abnormalities are associated with patients
with poor nutrition and vitamin K deficiency.” These
concerns need to be corrected before surgery to optimize
the patient’s status for surgery. Discussions should be ini-
tiated about blood replacement during surgery and the
possibility of autologous donation. Murray et al reported
that 90% of adolescent patients with scoliosis who had
autologous predonation of blood avoided allogenic red-cell
transfusions.® Postoperative facial swelling should be dis-
cussed with the patient’s family because it may result
from necessary fluid replacement as well as from place-
ment of the patient in the prone position for an extended
period.

Neurological Considerations

A neurological evaluation should be done before surgery to
monitor for deficits and identify whether any changes have
occurred in the patient’s neurological status. To this end, a
basic discussion of neurophysiological monitoring and the
possibility of a wake-up test should be discussed with the
patient and the patient’s family.

Fasting Guidelines

Guidelines for adolescents and adults undergoing scoliosis
surgery require that nothing be taken by mouth after mid-
night of the night before surgery, with the exception of a
sip of water with morning medications. Younger patients
may be given clear liquids until 2 hours before surgery,
breast milk until 4 hours before surgery, and a light meal or
cow’s milk until 6 hours before surgery.’

B Preoperative Medication

Adolescent patients preparing for scoliosis surgery may
decide to proceed with preoperative intravenous catheter
placement or with oral benzodiazepines followed by an
inhalational induction of anesthesia. If a patient elects to
have an intravenous catheter inserted, traditional intra-
venous premedication with anxiolytic agents is war-
ranted for appropriate candidates. Further medication
may be warranted for this specific surgery. Use of
gabapentin has been discussed as a means for addressing
neuropathic postoperative pain if it is started preopera-
tively. Albuterol may be helpful for patients who have a
bronchial restrictive pattern to their disease process. Nar-
cotics or medications that would depress respiration
should be avoided preoperatively, including anticholinergic
drugs.

B Induction and Maintenance
of Anesthesia

The mechanisms of anesthesia can be described as the
presence of three linked conditions: (1) amnesia and hyp-
nosis; (2) analgesia; and (3) muscle relaxation. In providing
care for the surgical correction of scoliosis, these three con-
ditions must be carefully managed and balanced. Profound
analgesia is necessary to provide optimal conditions for
neurophysiological monitoring, wake-up testing, or both.
General anesthesia including intubation and mechanical
ventilation constitutes standard care for all patients having
spinal surgery.?

Induction

Anesthesia in pediatric patients can be induced either through
an inhalational or intravenous technique. Patients with air-
ways that are difficult to intubate should have an intravenous
catheter placed before the induction of anesthesia whenever
possible. Sevoflurane is currently the most commonly used
volatile agent for induction of anesthesia via a face mask. Its
advantages include a nonpungent odor, low incidence of
respiratory irritation, and little myocardial depression and
arrhythmia in normal clinical use. Sevoflurane may be com-
bined with nitrous oxide to hasten the onset of induction.
Although the choice of intravenous induction for IV induction
may vary depending on the patient’s comorbidities, propofol
is the most commonly used intravenous induction agent.

Intubation of the trachea may be facilitated by use of a
muscle relaxant. The choice of muscle relaxant is based on
the required onset and duration of paralysis, with consider-
ation also given to the side effects and comorbidities of the
individual patient. Muscle relaxation with a nondepolariz-
ing neuromuscular blocking agent such as rocuronium,
vecuronium, cisatracurium, or atracurium produce paraly-
sis for ~20 to 30 minutes, which typically coincides with
the period needed to obtain vascular access, place moni-
tors, and position the patient. Succinylcholine is the only
depolarizing neuromuscular blocking agent available, and
can have adverse side effects including malignant hyper-
thermia in susceptible patients, severe hyperkalemia lead-
ing to cardiac arrest, myalgias, bradycardia, and flushing.
Typically, succinylcholine is held in reserve by pediatric
anesthesiologists as an emergency drug.

Airway Management

After the induction of anesthesia, maintaining and manag-
ing the patient’s airway is of utmost importance to the
anesthesiologist. Typically, the patient is mask ventilated
until adequate muscle relaxation is obtained. This is
accomplished with a face mask and bag technique with the
patient’s head tilted and jaw lifted anteriorly. An oral or
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Fig. 11.1 View of the vocal cords through the GlideScope.

nasal airway device can be inserted as necessary to main-
tain a patent upper airway.

Children with adolescent idiopathic scoliosis (AIS) rarely
present difficulty in airway management and intubation.
However, patients with coexisting syndromes may present a
more difficult situation, and the anesthesiologist should
make preoperative airway management plans for them.
Klippel-Feil syndrome, spondyloepithelial dysplasia, any of
the mucopolysaccharidoses, arthrogryposis multiplex,
mandibulofacial dystosis, or Goldenhar syndrome can be
associated with particularly difficult airway anatomy. These
patients may require a fiberoptically guided intubation un-
der sedation and use of additional airway equipment, such
as a laryngeal mask airway or the GlideScope (Fig. 11.1).

A wire-reinforced endotracheal tube may be considered
for avoiding tube kinking and occlusion when turning the
patient from the supine to the prone position. After the air-
way is secured, particular attention must be given to securing
the endotracheal tube, because the patient will remain in the
prone position and may have secretions that pool around
the mouth.

Maintenance

The maintenance of anesthesia for patients undergoing
surgical correction of scoliosis largely depends on the neces-
sity of monitoring the spinal cord and on surgical preference.
Monitoring of somatosensory evoked potentials (SSEPs) and
motor evoked potentials (MEPs) is accepted as the standard
of care for neurophysiological monitoring during scoliosis
surgery.’ The impact of anesthetic agents on spinal cord
monitoring increases as more synapses in the neurological
pathways are monitored.!® Because inhalational anesthetic
agents considerably depress the amplitude of transcranial
electrical MEPs (TceMEPs) in a dose-dependent manner, total
intravenous anesthesia (TIVA) has been increasingly used

during spine surgery to provide adequate anesthesia with
minimal interference of monitored neurophysiological sig-
nals. TIVA techniques with propofol and narcotic infusion as a
central component have been advocated for optimizing the
monitoring of TceMEPs. Because of its sedative, analgesic, and
neuroprotective properties, dexmedetomidine has recently
been added to TIVA regimens to reduce infusion rates of
propofol and to facilitate emergence from anesthesia for the
intraoperative wake-up test and at the completion of
surgery.'! The other consideration of the anesthesiologist in
determining the maintenance of anesthesia is minimizing
blood loss through specific fluid management, drug therapy,
and careful positioning of the patient to minimize venous
congestion and abdominal compression.!2

B Monitoring During Surgery
Cardiovascular Monitoring

Surgical correction of scoliosis and kyphosis may involve
extensive fusion of the spine accompanied by notable fluid
shifts. Hemodynamic monitoring should routinely include
ECG, pulse oximetry, capnography, and monitoring of blood
pressure and anesthetic agent dosing and of temperature.
Prolonged anesthesia in the prone or lateral decubitus posi-
tions, combined with significant blood loss, and where
appropriate, controlled hypotension, necessitates detailed
monitoring of the cardiovascular system, and frequent eval-
uation of acid-base balance, hematocrit, and the coagula-
tion profile. Invasive arterial pressure monitoring is
mandatory in these procedures. Monitoring of central
venous pressure (CVP) should be done for patients with
associated cardiac disease and when major blood loss is
anticipated. Recently, esophageal Doppler ultrasonography
has been validated as a noninvasive alternative to pulmonary
artery catheterization for the continuous assessment of
cardiac output, stroke volume, preload, and systemic vascu-
lar resistance.!?

Respiratory Monitoring

Monitoring of the respiratory system should always include
the measurement of end-tidal carbon dioxide concentration
and peak airway pressure. Patients with severe respiratory
dysfunction as a result of scoliosis may have an increased
alveolar-arterial oxygen gradient, which may be further
increased during prolonged anesthesia because of regional
hypoventilation.!4

Temperature Monitoring

Body temperature may be difficult to maintain because of
the duration of surgery and environmental factors. Because
hypothermia has been shown to increase infection rates
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and blood loss, the use of temperature monitoring, warm-
ing of all intravenous fluids, and a warm air mattress
device is recommended for the duration of the procedure.!>
Kurz et al found a 3-fold increase in wound infection when
patients’ temperatures were decreased by 1.9°C, with a 20%
longer duration in hospitalization.!> Room temperature
should be maintained at 29°C from the time of a patient’s
entry into the operating room until the patient is draped.

Intraoperative Neurophysiological
Monitoring

Knowledge of the influence of anesthesia on neuromonitor-
ing is essential. A close working relationship among the
members of the neuromonitoring team, the anesthesiolo-
gist, and the surgeon is mandatory for the successful con-
duct and interpretation of neuromonitoring. The effect of
anesthetic agents on neurophysiological monitoring in-
creases with the number of synapses in the pathway being
monitored, because all anesthetic agents produce their
effects by altering neuroexcitability through changes in
synaptic function or axonal conduction.!®

Somatosensory Evoked Potentials

The subcortical SSEP can be very useful intraoperatively
because it is not very susceptible to anesthetic effects
(Table 11.1)."7 Most studies consider a decrease in ampli-
tude of 50% or more, an increase in latency of 10% or more,
or both to be significant changes in SSEP reflecting loss of
integrity of a neural pathway, provided these changes are
not caused by anesthetic agents or temperature.'8-20 All
volatile anesthetic agents produce a dose-dependent increase

Table 11.1 Effects of Anesthetic Agents on Evoked Potentials

in SSEP latency and a decrease in SSEP amplitude.?'-23
Sevoflurane and desflurane are associated with less ampli-
tude reduction than isoflurane in the range of minimum
alveolar anesthetic concentration (MAC) of 0.7 to 1.3%.24 In
contrast to their effects on the cortical SSEP, all volatile
anesthetic agents, even at concentrations above 1.0 MAC,
only minimally affect the subcortical waveform, resulting
in a high recordability and reliability of the SSEP.?> Nitrous
oxide (60 to 70%) generally diminishes cortical SSEP ampli-
tude by ~50% while leaving cortical SSEP latency and
subcortical waves unaffected.?®?7 Intravenous anesthetic
agents generally affect SSEPs less than do inhaled anes-
thetic agents. Human SSEPs are preserved even at high
doses of narcotics and barbiturates, but are abolished at
high concentrations of volatile anesthetic agents. Neuro-
muscular blocking drugs do not directly influence SSEPs.
However, they may improve the waveform quality of SSEPs
by favorably reducing myogenic noise, allowing quicker
and more reliable SSEP information.??

Motor Evoked Potentials

Despite reports of improved outcomes obtained with SSEP
monitoring, there have been case reports of isolated motor
injury with normal sensory function during anesthesia,
making it clear that monitoring of motor-function is
needed. All currently used inhalational anesthetic agents
have been found to markedly attenuate transcranial motor-
induced compound muscle action potentials (CAMPs).29-32
This includes sevoflurane, isoflurane, desflurane, and
nitrous oxide in concentrations >50%.33 Therefore, numer-
ous studies have determined that TIVA techniques optimize
the monitoring of TceMEP.33-3>

Monitoring Type of Anesthesia
Anesthetic Dose
Somatosensory evoked potential (SSEP) * Volatile agent e 0.5-1 MAC acceptable
* N,O * 50-70% acceptable if baseline SSEP
is not compromised
* IV anesthetics * No limitations
* Muscle relaxant * No limitations
Electromyography *Volatile agent * No limitations
* N,O * No limitations
* |V anesthetics * No limitations

¢ Muscle relaxant

Transcortical and cortical muscle evoked
potentials

(Bispectral index monitoring recommended
especially in long cases)

*\olatile agent
° Nzo

¢ |V anesthetics
e Muscle relaxant

* Try to avoid

e Limited use; 0.3 MAC maximum
* 50-70% acceptable

* No limitations
* Try to avoid

Abbreviations: IV: intravenous; MAC: monitored anesthesia care; SSEP: somatosensory evoked potential.
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The newer synthetic opioids sufentanil, alfentanil, and
remifentanil moderately decrease the amplitude (peak to
trough) of motor-evoked potential waveforms.3¢ Fentanyl and
morphine have shown a strong effect after bolus administra-
tion as compared with continuous infusion.3” Propofol seems
to be the most popular agent used in TIVA because of its easy
titratability, although it has also been shown to depress mo-
tor evoked potentials (MEPs).?8 Use of dexmedetomidine as
an anesthetic adjunct at target plasma concentrations up to
0.6 ng/mL does not change somatosensory or motor evoked
potential responses during complex spine surgery by any
clinically significant amount.?®

Wake-Up Test

Before the mid-1970s, the only method for detecting spinal
cord injury during corrective scoliosis surgery was the
Stagnara wake-up test, which consisted of waking the
patient intraoperatively and observing voluntary lower-
extremity movement. It is occasionally done to verify the
clinical alarm triggered by changes in SSEP and MEP. The
performance of a wake-up test requires use of anesthetic
technique that allows rapid awakening of the patient to a
level of consciousness at which a response to commands
can be effected. Ultrarapid-acting opioids such as remifen-
tanil can have an important role in rapid recovery to the
point of the ability to follow commands. Short-acting hyp-
notics (such as propofol) are also of great value. In a recent
study, however, the new volatile anesthetic desflurane had
a shorter wake-up time than did propofol.4°

B Fluid Management

The prolonged duration of surgery for scoliosis, extensive
surgical manipulation, and likelihood of significant blood loss
necessitate judicious fluid administration for the patient. In-
adequate fluid replacement can lead to hypotension, hemo-
dynamic instability, and renal failure. Overhydration can lead
to fluid overload, congestive cardiac failure, pulmonary
edema, dilutional anemia, and coagulopathy, and may pre-
clude early extubation. For optimal management of the fluid
status of patients undergoing scoliosis surgery, all compo-
nents of their fluid loss must be addressed. This includes
replacement of the fluid deficit from patients’ preoperative
fasting (NPO) status, maintaining hourly fluid requirements,
and compensating for third-space losses and blood loss. The
deficit is calculated as the hourly fluid requirement multiplied
by the duration of the patient’s NPO status in hours. Deficits
are usually corrected by 50% replacement in the first hour of
surgery and replacement of the remainder over the next 2
hours (Table 11.2). The patient’s blood loss is estimated, and
the general practice is to replace each milliliter of lost blood
with 3 mL of crystalloid or 1 mL of colloid or blood.

Table 11.2 Calculation of Maintenance Fluid Requirement

Maintenance Fluid Requirements

Weight (kg) Hour Day

<10 4 mL/kg 1000 mL

10-20 40 mL +2 ml/kg 1000 mL + 50 mL/kg
for every kg >10 kg for every kg >10 kg

>20 60 mL + 1mL/kg 1500 mL + 20 mL/kg

for every kg >20 kg for every kg >20

Fluid replacement through crystalloid administration has
been the traditional practice in surgery in general. However,
it has been recognized that this may result in a patient’s
receiving an enormous amount of fluid, which may lead to
the complications of overhydration. This has led to a trend to
restrict the volume of fluid administered during surgery.*! In
addition, the choice of fluid replacement with crystalloids
versus colloids is a matter of ongoing debate. There is evi-
dence that the use of colloids yields a better recovery profile
than the sole use of crystalloids. Patients receiving colloids
were found to have less tissue edema, nausea, and vomiting,
and a lower incidence of severe pain.#> Alternatively, system-
atic reviews of colloid versus crystalloid use suggest an
unchanged mortality associated with colloid use. Currently,
many centers use crystalloid for fluid maintenance and
colloid for managing acute blood loss during surgery, as
directed by vital signs and urine output.*? Lactated Ringer’s
solution is the choice as a maintenance crystalloid, because
0.9% normal saline is slightly hypertonic and in larger quanti-
ties may result in hyperchloremic metabolic acidosis.

B Minimizing Blood Loss and Blood
Conservation Techniques

Substantial blood loss during surgery can lead to serious ad-
verse events and it is therefore highly desirable to minimize
the risk of blood loss and need for transfusion. It is useful to
determine the maximal allowable blood loss (MABL) before
surgery because this provides an estimate of the need for
transfusion based on the volume of blood lost (Table 11.3).

Table 11.3 Maximum Allowable Blood Loss Calculation

MABL = Patient’s weight (kg) X EBV X (patient’s Hct — minimally
accepted Hct)

Patient’s Hct
* MABL = Maximal allowable blood loss

 EBV = Estimated blood volume (in an adolescent, it is
estimated to be 70 mL/kg)

e Hct = Hematocrit
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The minimum accepted hematocrit is generally 25% in an
otherwise healthy child; however, the decision to transfuse
should be based on a clinical evaluation of the patient and
the progress of the surgery.

In spine surgery, blood loss has been shown to be
progressively greater the greater with increased numbers of
vertebral levels incorporated into the fusion and the longer
the procedure.'44 Intraoperative blood loss typically
ranges from 600 to 1500 mL for posterior spinal fusion pro-
cedures and 350 to 650 mL in anterior spinal fusion proce-
dures. Blood loss may further increase with more complex
procedures, such as osteotomies and vertebral column
resections. On average, the blood loss per vertebral level
involved in a fusion procedure is 60 to 160 mL. Posterior
spinal fusions have been accompanied by a greater volume
of blood loss when from 9 to 12 vertebral levels are fused,
whereas for anterior spinal fusions this number is usually
between 4 and 7 vertebral levels.#* The literature reports
blood transfusion as being required in from 37 to 85% of
spine-surgery procedures.®>

Many strategies have been described for limiting periop-
erative blood loss and the need for transfusion of allogeneic
blood products. These include blood conservation tech-
niques such as acute normovolemic hemodilution (ANHD),
preoperative autologous blood donation (PABD), hypoten-
sive anesthesia (HA), intraoperative blood-salvage methods
(cell saver—closed drainage systems), and the use of antifib-
rinolytic agents. Each of these techniques has been shown
to be efficacious, and the techniques have successfully been
used in combination.

Acute Normovolemic Hemodilution

Acute normovolemic hemodilution refers to the controlled
removal of a volume of the patient’s whole blood at the be-
ginning of surgery. The quantity removed depends on the
preoperative hematocrit, typically reducing the hematocrit
to 28%, and varies from 1 to 3 units. Each milliliter of whole
blood removed is then replaced with 3 to 4 mL of colloid or
crystalloid to maintain normovolemia.*¢ The blood can then
be reinfused intraoperatively or postoperatively as needed.
This technique has been shown to reduce the requirement
for perioperative allogeneic blood transfusion.47->0

Preoperative Autologous Blood Donation

PABD has been proposed to reduce the risks from allogenic
blood transfusions. These include disease transmission,
infusion of microbial components introduced during blood
processing, allergic reactions, volume overload, and im-
munosuppression.”! Although blood products are currently
safe from infectious hazards, the U.S. Food and Drug
Administration (FDA) continues to report deaths from
hemolytic transfusion reactions.>? Thus, autologous trans-
fusion has been advocated and widely used. PABD reduces

allogeneic transfusion requirements after lumbar or scoliosis
surgery.”>®> However, one retrospective case-control study
concluded that 51% of patients had at least one autologous
unit wasted or were transfused unnecessarily at a high
hematocrit (>30%).> Risks inherent in blood banking apply
to PABD, including risks in blood processing, storage, and
misidentification.

Hypotensive Anesthesia

HA, also known as deliberate hypotensive anesthesia, has
been advocated for decreasing the amount of blood loss
during surgery. The generally accepted mean arterial pres-
sure (MAP) in this procedure is 50 to 60 mm Hg.>> Recently,
more conservative recommendations are to limit the MAP
to 70 mm Hg because of the risk of spinal cord ischemia
during spinal instrumentation.?6>7 HA can be used in a
patient who is otherwise healthy, but is contraindicated in
the setting of end organ injury or ischemia. There is some
evidence of reduction in blood loss with HA. Sum and col-
leagues concluded that HA decreased estimated blood loss
by nearly 55%, with a matched reduction in transfusion
rates.”® However, Brodsky et al found that operative tech-
nique rather than HA plays a greater role in reducing blood
loss.”® HA can be achieved with direct venous and arterial
vasodilators. Numerous medications including nitroprusside,
nitroglycerin, inhalation agents, p— and a-receptor antago-
nists, a2 adrenergic agonists, and dopamine agonists have
been investigated.

Cell Salvage

Red blood cell recycling or intraoperative cell saving
refers to the autotransfusion of shed blood. This is accom-
plished by using blood processing devices that aspirate,
anticoagulate, wash, and reinfuse into the patient the cell
suspension from the blood or directly reinfuse the unwashed
filtered blood. Although this technique is commonly
used, its “added value,” when balanced against its cost, is
controversial.47:60

Antifibrinolytic Agents

Antifibrinolytic agents such as epsilon aminocaproic acid
(e-ACA), tranexamic acid (TXA), and aprotinin are used to
decrease perioperative blood loss. The mechanism of action
of these agents is the inhibition of fibrin degradation,
which results in improved clot formation. Systematic
reviews of randomized controlled trials support the use of
antifibrinolytic drugs to reduce perioperative blood loss
and the amount of blood transfused in children undergoing
scoliosis surgery.®!

e-ACA binds to the lysine site on plasminogen and plas-
min and prevents plasmin from binding to fibrin. It has
been shown to be safe and effective for reducing perioperative
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blood loss in patients undergoing spinal fusion for scolio-
sis.6263 Complications with its use were of low frequency,
with no reported thromboembolic or other reported ad-
verse events. Contraindications to using e-ACA include
active intravascular clotting disorders, disseminated
intravascular coagulation, bradycardia, an increase in creati-
nine phosphokinase levels, muscle weakness, pulmonary
embolism, and thrombosis.

TXA is a synthetic antifibrinolytic agent that competi-
tively blocks lysine binding sites on plasminogen, plasmin,
and tissue plasminogen activator. It is similar to e-ACA, but
has 10 times the potency of the latter. TXA was shown in
one study to be effective in reducing intraoperative blood
loss during spinal surgery in children with scoliosis.®*
Neilipovitz et al found that the patients who received TXA
had significantly lower blood transfusion requirements in
the perioperative period than those who did not despite
the lack of a difference in intraoperative blood losses.®> The
majority of evidence suggests that TXA can be safely used.
However, the patient sample sizes in which it has been
studied have so far been small, and future studies are
needed to determine its effectiveness and safety.

Aprotinin is a serine protease inhibitor with antifibri-
nolytic properties through its effects on fibrinolytic and
clotting pathways, the inflammatory response, and platelet
function. Aprotinin had been the most widely studied
antifibrinolytic agent in spinal surgery and is well docu-
mented as an effective blood-conserving agent,5667 but
the FDA removed it from the market in November 2007
because of concerns about its safety. Its use was accompa-
nied by greater mortality from associated perioperative
renal dysfunction, cardiovascular events, and pulmonary
embolism. The status of aprotinin awaits a comprehensive
review that proves its safety.

Other Agents

Other agents that have been investigated for decreasing peri-
operative blood loss include erythropoietin, desmopressin
acetate (DDAVP), and Factor VII. Erythropoietin is used in a
blood conservation strategy that increases the ability to do-
nate autogenous blood, contributes to higher preoperative
hematocrits, and reduces the need for postoperative allo-
genic transfusions.5® Despite initial successes, there is no
current evidence that DDAVP reduces blood loss in patients
undergoing scoliosis surgery.59-7! Preliminary reports indi-
cated that recombinant Factor VIla had efficacy in decreasing
red cell transfusion, but there is insufficient evidence that
this is better than or even as good as conventional therapy.”?

Studies have shown that a combined approach to blood
conservation makes it possible to avoid allogenic blood
transfusions.#>>3.73.74 However, until their efficacy and ad-
verse effects are resolved through further trials, clinicians
must weigh the cost and consequences of hemostatic

medications and blood conservation techniques against
the risk of substantial perioperative blood loss and of allo-
genic blood transfusions.”>

B Postoperative Pain Management

Posterior scoliosis surgery remains one of the most com-
mon orthopedic surgeries for children and adolescents,
and also one of the most painful. Analgesia decreases res-
piratory complications postoperatively by promoting deep
breathing, early mobilization, and rehabilitation. Deep
somatic pain and muscular reflex spasms follow spine
surgery as results of the massive nociceptive inputs of
periarticular tissues. In animal models, significant noci-
ceptive input to the spinal cord produces hyperexcitability
of the dorsal horn. The occurrence of pain after scoliosis
surgery is not unanticipated because of the extensive sur-
gical incision involved, the high degree of bone and soft-
tissue dissection, and C-fiber stimulation from periosteal
stripping.

The large incision and extensive tissue trauma in major
spinal surgery result in severe postoperative pain, particu-
larly during the first 24 to 48 hours,’5-7¢ with moderate
pain lasting through postoperative days 4 to 7. Debate
persists about the optimal postoperative method of pain
control for children and adolescents undergoing surgical
correction of pediatric scoliosis.”® Opioids, either systemic
or spinal; local anesthetic techniques; and nonsteroidal
anti-inflamatory drugs (NSAIDs) are the most commonly
used means for controlling pain. Gabapentin has become a
recent addition to the available means for pain control.

Intravenous Patient-controlled Analgesia
with Narcotics

The most common technique for pain management
remains intravenous patient-controlled analgesia (IV PCA)
with opioids. Intravenous opioids carry the risks of exces-
sive sedation, pruritus, nausea and vomiting, urinary
retention, constipation, and ileus. The PCA mode of deliv-
ering medication has potential advantages because of its
more rapid ability to meet patient needs, greater patient
satisfaction, and lower overall requirement for analgesic
USE.79‘80

Single-Dose Intrathecal Narcotic

Several studies have shown the efficacy of preoperative
single-dose intrathecal morphine for controlling pain.81-84
Intrathecal morphine decreases postoperative pain scores,
intraoperative narcotic requirements, and intraoperative
bleeding. Because it is a hydrophilic drug, it remains in the
cerebrospinal fluid (CSF) for an extended period, allowing it
to migrate in a cephalad direction after a lumbar injection.8>
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After injection, morphine works directly on the opioid re-
ceptors in the dorsal horn of the spinal cord.’¢ Dosing
ranges of 2 to 25 mcg/kg of intrathecal morphine have been
studied, with the most recent retrospective review sup-
porting doses of 9 to 19 mcg/kg as safe and effective, with
minimal complications.8” As with intravenous opioids,
intrathecal opioids carry the risk of pruritus, nausea and
vomiting, urinary retention, ileus, and respiratory depres-
sion. Monitoring of SSEPs and MEPs has not been affected
by intrathecal narcotic dosing.

Epidural Analgesia

Postoperative continuous epidural analgesia using local
anesthetic agents, opioids, or both has been described as
having good success after the posterior correction of scolio-
sis (Fig. 11.2); however, the use of epidural analgesia for
pediatric patients after spinal-deformity surgery is still lim-
ited to an institution-related basis.?-°! A study reported in
2001 by the Scoliosis Research Society found that only 33% of
surveyed scoliosis surgeons used epidural analgesia for post-
operative pain control.?2 Sanders et al reported similar num-
bers in a survey published in 2006.%* Epidural analgesia has
been explored in both continuous and patient-controlled
analgesia. Single- and double-catheter methods have been
used, with double catheters used to enhance the control of
pain in the upper and lower limits of the surgical field.
Epidural analgesia is recognized as offering the possibility
for significant analgesia with a decreased side-effect profile,
in that it involves the delivery of medication regionally and

Fig. 11.2 Placement of epidural catheter for postoperative control of
pain.

not systemically. Numerous studies have demonstrated
decreased pain scores at rest and with motion, a decreased
need for rescue narcotic use, and a decreased incidence of
side effects (pruritus, nausea/vomiting, constipation, and
ileus) with epidural analgesia.88-9094-97

Our group has recently completed a trial that found effi-
cacy for epidural analgesia even in the setting of a violated
epidural space, such as in Smith-Peterson osteotomies. The
use of regional anesthesia had been limited by its potential
for having adverse effects, including the delayed diagnosis
of surgical causes of lower-extremity paralysis, as reported
by Purnell in 1982.%8 With the use of neurophysiological
monitoring and delaying the infusion of epidural medica-
tion until a reliable postoperative neurological assessment
has been made, epidural analgesia may become increas-
ingly popular for the postoperative control of pain.

Nonsteroidal Anti-inflammatory Drugs

NSAIDs are widely used as adjuvant agents for decreasing
narcotic consumption in the postoperative period. Studies
have demonstrated enhanced analgesia when NSAIDs,
most popularly ketorolac, are added to the regimen of
postoperative analgesia for spine surgery.??1%0 Ketorolac
has been found to decrease rescue narcotic use and
shorten hospital stays.!°! However, controversy about bone
healing and inhibition of spinal fusion with ketorolac and
NSAIDs has limited their use.’® NSAIDs, not including
acetaminophen, are known in animal models to inhibit
bone metabolism through the disruption of prostaglandin
synthesis, reduction in immune responses, and inhibition
of osteoblast production at bone surfaces. A higher inci-
dence of pseudarthrosis was found when ketorolac was
given in adult spinal surgery.!®® However, studies of ado-
lescent patients have not found this greater incidence of
inhibition of spinal fusion.!°!1%4 Because failed fusions are
rare in AIS, the frequency of effects of NSAIDs on fusion
rates would need to be exceedingly high to demonstrate
causation.

Ketamine

Ketamine, an N-methyl-D-aspartate (NMDA) receptor antag-
onist, has been shown to have an opioid sparing effect in the
pharmacological management of postoperative pain, and to
be useful in preventing morphine-induced hyperalgesia.!0>106
Both intraoperative infusions and postoperative continuous
infusions of ketamine have been studied. Limitations and
side effects of ketamine infusion must also be considered. As
reported by Tsui et al, ketamine may interfere with the
results and interpretation of SSEPs during surgery.!% It was
also found to delay the postoperative voluntary motor
response as compared with an opioid regimen. A further is-
sue with ketamine infusion is the need to assess the patient
for adverse psychogenic effects such as hallucinations.
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Gabapentin

Studies currently are being conducted on the use of
gabapentin begun preoperatively and continued postopera-
tively for the management of postoperative pain following
scoliosis surgery. Gabapentin is a safe and well-tolerated
v-aminobutyric acid (y-GABA) analogue, with few side
effects and few drug interactions. The investigators con-
ducting its clinical trials in scoliosis surgery hypothesize
that gabapentin may improve analgesia and decrease opioid
requirements. Gabapentin may also decrease persistent
neuropathic pain.

Because pain after scoliosis surgery involves multiple
mechanisms and neural pathways, a multimodal approach
to analgesia may be most effective. This may also decrease
the side effects of each class of drug used. Adequate pain
control is important not only for short-term patient com-
fort, but also to prevent more significant and long-term
pain.?>? Our group recently completed a study that found
lower long-term pain scores in patients who had good pain
control within the first 24 hours after spinal surgery.

B Special Considerations

Several special considerations in scoliosis surgery warrant
additional attention from an anesthetic standpoint.

Congenital Heart Disease

The incidence of scoliosis is higher in patients with congeni-
tal heart disease (CHD) than in the general population, rang-
ing from 4 to 12%.106-199 Perioperative complications are
more common in patients with complex CHD, reaching
42.4% in a retrospective analysis.'!® The majority of patients
with CHD requiring surgical correction of scoliosis will pres-
ent with corrected or palliated congenital heart defects.
Patients with residual abnormalities or palliated CHD can
have long-term sequelae including valvular dysfunction,
arrhythmias, hypoxia, cardiac failure, thromboembolic disor-
ders, and paradoxical air embolism. The preoperative evalu-
ation of such patients should address these concerns, and
their cardiac function should be documented.

After complete repair, patients with normal cardiovascu-
lar function may not require modifications in anesthetic
management other than prophylaxis against endocarditis.
However, in patients with complex cardiac physiology or
those with abnormal cardiac function, additional monitoring
may be necessary. A retrospective review of seven patients
who had a Fontan repair of a single-ventricle pathology
showed no intraoperative complications during scoliosis sur-
gery. In this study, all of the patients had Swan-Ganz moni-
toring catheters placed before the surgery and a cardiac
anesthesiologist providing anesthesia.!'! Intraoperative

transesophageal echocardiography (TEE) has also been found
useful as a monitoring tool. It provides real-time information
about preload, ventricular filling, contractility, and cardiac
output, and may be an alternative to the use of a Swan-Ganz
catheter.!?

Down Syndrome

Down syndrome (DS) or trisomy 21 is the most common
genetic disorder in humans, occurring in 1 in 600 to 1 in
800 live births. Reports have shown an incidence of
scoliosis ranging from 9 to 52% in patients with DS. 113-115
Craniofacial and cardiac anomalies seen in DS increase
these patients’ risk of complications during anesthesia.!'®
Craniofacial features that have adverse implications during
anesthesia include a short neck, macroglossia, and midfa-
cial and mandibular hypoplasia. Generalized hypotonia, a
narrowed nasopharynx, obesity, and tonsil and adenoid
hypertrophy are also characteristic of these patients.
Abnormalities of the cervical spine seen in DS include
atlantoaxial instability (AAI) and atlanto-occipital instabil-
ity. Cardiac defects are present in 40 to 50% of patients
with DS.117

Combinations of the foregoing abnormalities predispose
patients undergoing spine surgery to upper-airway obstruc-
tion, making their airway management difficult. Normal
films of the cervical spine in patients with DS are reassur-
ing, particularly during intubation and positioning for
scoliosis-related procedures. The incidence of bradycardia
on induction of anesthesia in patients with DS is greater
than average, and premedication with an anticholinergic
agent should be considered.!16

Neuromuscular Scoliosis

The most common causes of neuromuscular scoliosis
(NMS) are cerebral palsy, myelomeningocele, muscular dys-
trophy, and spinal muscular atrophy. Concerns about NMS
patients include increased blood loss, poor respiratory and
muscular function, and possible cardiac pathology.

Blood loss is a major issue in patients with NMS. A liter-
ature review of intraoperative blood loss in pediatric
spinal fusion surgery concluded that patients with NMS
had the highest mean blood loss.!8-129 Many patients with
cerebral palsy are taking antiepileptic medications such as
valproic acid, which is known to be hepatotoxic and affects
the platelet count and platelet function. Preoperative use
of valproic acid has been shown to be associated with
increased blood loss and increased use of blood prod-
ucts.!’?! Patients with neuromuscular disorders are often
malnourished and underweight, impairing their produc-
tion of vitamin K-dependent clotting factors. Postoperative
respiratory complications are common in children with
NMS. Frequently, these children have muscle weakness
and abnormal hypopharyngeal tone leading to chronic
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aspiration, recurrent pneumonias, and hypoxia. Respira-
tory status must be evaluated and optimized before the
surgery and the need for postoperative ventilatory support
must be anticipated. Because right-ventricular dysfunction
can develop in patients with cor pulmonale, echocardiog-
raphy should be part of their preoperative evaluation.

Malignant Hyperthermia

Malignant hyperthermia (MH) is a disorder of calcium reg-
ulation in skeletal muscle that presents as a hypermetabolic
response to volatile anesthetic agents and succinylcholine.
The incidence of MH ranges from 1 in 20,000 to 1 in 40,000
anesthetic procedures. A known or suspected myopathy
should alert the clinician of the possibility of MH. Central
core disease (CCD), a myopathy with a genetic link to MH,
is associated with progressive kyphoscoliosis.’>?> Other
disorders associated with MH are Multi-Minicore disease
and King-Denborough syndrome.

The earliest signs of MH are muscle rigidity, tachycar-
dia, hypercapnia, and hypertension. Hyperthermia is
usually a late sign. Other clinical manifestations of MH
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The goals of surgical treatment in adolescent idiopathic
scoliosis (AIS) are to prevent progression of the curve and to
correct the spinal deformity while maintaining overall coro-
nal and sagittal balance of the patient. These two goals
should be achieved with fusion of as few spine motion seg-
ments as possible. The most common curve pattern in AIS is a
single thoracic curve with an associated lumbar curve. This
lumbar curve may be compensatory and not require inclusion
in the fusion, or may be structural, necessitating its inclusion
in the fusion levels. When the lumbar curve is not included into
the fusion levels, the fusion is known as a selective thoracic
fusion, a concept first introduced by Winter and Moe as a
method to satisfy the two goals of surgery for scoliosis while
leaving the patient with a mobile lumbar spine.

The ability to determine whether the lumbar curve in
scoliosis is compensatory or structural has been challenging.
With the passage of time, several definitions have been de-
veloped to determine this. In addition to defining those lum-
bar curves that do not require instrumentation and fusion,
several factors play a role in accomplishing good correction
of a spine deformity while maintaining the patient’s overall
coronal and sagittal balance.

The purpose of selective fusion of the thoracic spine in
scoliosis is to obtain correction of the thoracic deformity
while preserving the mobility of the lumbar segments of the
spine.!? The premise is that a flexible lumbar compensatory
curve will respond to any coronal-plane correction in the
thoracic spine, leaving the patient balanced in the coronal
plane. In 1983, King and colleagues described a classification
for AIS to assist surgeons in identifying those curve patterns
that were amenable to selective thoracic fusion.? They rec-
ommended that patients with a King II pattern, defined as a
major thoracic curve with a compensatory lumbar curve,
undergo a selective fusion (Fig. 12.1). The King classification
system was derived with the use of the Harrington distrac-
tion system, and generally worked well with the corrective
forces imparted to the spine in this way.4-¢ The concept of
selective fusion, although promising, led to some complica-
tions, including the “adding on” of adjacent spinal segments
to the scoliotic curve, and truncal decompensation with a
shift to the left (Fig. 12.2). These became more evident with
the use of Cotrel-Dubousset (CD) instrumentation, which
provided greater coronal-plane correction than the previously
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used Harrington instrumentation. The improved thoracic
coronal-plane correction would often lead to decompensa-
tion to the left because of the inability of the lumbar curve
to respond to thoracic-curve correction, and strategies to
improve these outcomes have since been discussed and

Fig. 12.1
measured coronal Cobb angle (56 degrees) and is structural, whereas
the coronal angle measured for the lumbar curve (44 degrees) is
smaller and the curve is considered a compensatory curve.

King Il curve pattern. The thoracic curve has a larger
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Fig. 12.2 Trunk decompensation following selective thoracic fusion
with modern implant systems. (A,B) Preoperative radiographs
demonstrating a 75-degree thoracic curve and a 57-degree lumbar
curve. (C,D) Two-year postoperative radiographs demonstrating

studied.”-1° The Lenke classification system for AIS is a more
comprehensive system and improves upon the definitions
used to define a compensatory lumbar curve.!! Greater atten-
tion to defining a lumbar compensatory curve, which has
improved the planned selection of fusion levels and the
planning of thoracic-curve correction, has been a benefit of
the Lenke classification system. In addition, the introduction
of thoracic pedicle screws and anterior fusion in specific sit-
uations appears to have improved the results of surgery,
with less coronal imbalance.!>-1>

B Advantages and Disadvantages
of Selective Thoracic Fusion

The advantages of selective fusion are maintenance of lum-
bar motion segments of the spine and correction of the
primary deformity in scoliosis, the main thoracic curve. Mo-
tion of the spine occurs predominantly at the thoracolumbar
junction and in the lumbar segments. It is logical to assume
that preservation of these motion segments will provide bet-
ter long-term health of the spine. Studies have determined
that a more proximal fusion level in AIS results in greater

good overall correction of the thoracic curve; however, the lumbar
curve has not responded to the thoracic correction, and the patient
demonstrates a significant truncal shift to the left.

motion of the spine.'®17 Wilk et al compared 34 patients
who had fusion for AIS, 32 patients who did not have fusion,
and 25 control patients, and demonstrated less motion in
those patients who had fusion into the lumbar spine than in
those who had thoracic fusion only.'® Greater mobility of the
lumbar spine appears to be important in the long-term
health of the spine and is the primary reason for performing
selective thoracic fusion when possible. Clinical studies have
substantiated some of the perceived problems with fusion
into the lumbar spine. Paonessa and Angler'® reported greater
back pain scores, difficulties with normal daily activities,
increased need for pain medications, and more episodes of
back pain with fusion to L3 or caudally than with fusion to
more proximal levels.'® Cochran and coworkers analyzed the
long-term functional changes in patients with AIS and
demonstrated more low back pain, degenerative facet-joint
changes, and disc space narrowing in patients with fusion to
L4 or L5.1920 However, it should be noted that the patients in
this study were treated with Harrington implants that flatten
the lumbar spine and lead to a flatback deformity and re-
sultant pain and disability. With current segmental fixation
and attention to maintaining lumbar lordosis, the long-term
results, although yet to be determined, should be improved.
Besides permitting greater mobility, a selective thoracic
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fusion is a shorter and less complicated surgical procedure
than is fusion into the lumbar spine.

The disadvantages of selective thoracic fusion include less
correction of the coronal-plane deformity in scoliosis, with
greater risk of decompensation. For patients who wish to
have significant correction of a thoracic deformity, a selec-
tive fusion will not allow the complete correction of defor-
mity in the thoracic or lumbar spine. The greatest potential
disadvantage of selective fusion is that it may lead to left
decompensation, requiring an additional procedure to
achieve fusion into the lumbar spine so as to provide coronal
balance. This extension of fusion into the lumbar spine may
require a more distal level of fusion than would have been
needed if the fusion had been done in the primary proce-
dure. It should be remembered that extension of fusion into
the lumbar spine because of decompensation following an
attempted selective thoracic fusion is a relatively uncommon
occurrence 571321

Although selective fusion is often the goal in surgery for
scoliosis, a variety of opinions exist for when it should be
performed and how it should be performed. Newton and
coworkers?? analyzed factors involved in the decision to per-
form a selective fusion for King type Il and Lenke type 1B and
1C curves at five different centers. Despite all of the curves be-
ing Lenke type 1 curves and therefore requiring side-bending
lumbar curve correction of <25 degrees, there was wide

variation in the frequency of selective fusion, ranging from 67
to 94%. Newton and colleagues demonstrated that the rate of
selective fusion was higher for Lenke 1B than for Lenke 1C
curves, at 92% versus 68%. Radiographic factors associated
with the fusion of both types of curve included a larger pre-
operative lumbar curve (42 degrees vs. 37 degrees), greater
displacement of the lumbar apical vertebra (3.1 vs. 2.2 mm),
and a smaller ratio of thoracic-to-lumbar curve magnitude
(1.3 vs. 1.4). However, the most important predictor of fusion
into the lumbar spine was the philosophy of each surgeon at
each site, with those who felt strongly about preserving
motion segments being more likely to perform a selective
fusion. If there is a question about the appropriateness of se-
lective thoracic fusion, the matter should be thoroughly dis-
cussed with the patient and the patient’s parents, including
details of the risks and benefits of selective thoracic fusion.

B Anterior versus Posterior Approach
for Selective Fusion

Two main approaches are available for fusion of the thoracic
spine: anterior and posterior. The anterior approach utilizes
instrumentation with vertebral-body screws, which are then
connected by single or dual rods to gain correction (Fig. 12.3).

Fig. 12.3 Selective thoracic fusion using anterior instrumentation
and fusion for a Lenke 1C lumbar-curve pattern. (A,B) The preopera-
tive PA radiograph demonstrates a 55-degree thoracic curve and a
lumbar curve of 53 degrees that is very flexible, bending to zero

degrees on supine-bend radiographs. (C,D) Two-year radiographs
following a thoracoscopic anterior spinal fusion and instrumentation
from T6 to T11, with excellent overall coronal and sagittal balance.
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The correction maneuvers are typically cantilevering and
compression, although rod rotation has also been utilized.
The advantage of anterior surgery for a selective thoracic
fusion is that, in general, fewer motion segments are fused
because this technique allows instrumentation and fusion of
the measured Cobb angle, which may not be possible with
posterior fusion. Selective thoracic fusion utilizing anterior
instrumentation may influence the lumbar curve to a lesser
degree than posterior instrumentation if fewer motion seg-
ments are included. In addition, the correction mechanics of
anterior surgery may not impart a significant rotational force
to the lumbar spine, with a correspondingly reduced risk of
creating coronal imbalance and decompensation. However,
anterior surgery does require entry into the chest, which
may injure vital organs and structures and will affect
pulmonary function. Yet the use of thoracoscopic techniques
limits the negative effect of an anterior approach on
pulmonary function.?

The posterior approach to instrumentation and fusion
of the thoracic spine is more familiar to most surgeons. It
is a straightforward approach that can be performed
quickly and most commonly produces outstanding results.

Fig. 12.4 Selective thoracic spinal fusion done with a posterior
approach and instrumentation with pedicle-screw fixation. (A,B) Pre-
operative radiographs demonstrating a 62-degree thoracic curve and

Posterior instrumentation and fusion, however, does dis-
rupt the paraspinal musculature, and may therefore have
long-term health benefits with respect to back pain. The
posterior approach often requires fusion to a more caudal
extent than anterior surgery, although the use of thoracic
pedicle screws may allow greater ability to preserve mo-
tion segments. The use of thoracic pedicle screws readily
permits segmental manipulation of the spine to a desired
correction through multiple correction strategies including
cantilevering, segmental in situ bending, translation,
direct vertebral rotation, and incomplete rod rotation
(Fig. 12.4). Early reports of posterior techniques with
Cotrell-Dubousset and Texas Scottish Rite Hospital instru-
mentation to accomplish selective fusion included some
concern about creating coronal decompensation.”810.23.24
These techniques used all-hook constructs, which may not
be comparable to the all-pedicle-screw constructs in use
today. Several factors were thought to cause coronal de-
compensation with these all-hook constructs, including
instrumenting into the lumbar curve, overcorrection of the
thoracic curve, and continued obliquity of the L4 vertebra
relative to the pelvis.

a 45-degree lumbar curve. (C,D) Two-year postoperative radiographs
demonstrating good coronal correction of the thoracic curve, with a
good response of the lumbar curve and overall coronal balance.
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Early comparisons of the anterior and posterior ap-
proaches to selective fusion demonstrated superior results
with the anterior approach.?'*> Betz and colleagues
reviewed their experience with 78 patients who underwent
anterior spinal fusion with flexible threaded rods in com-
parison with 100 patients who underwent posterior spinal
fusion with multisegmental hook systems. The anterior
approach saved 2.5 motion segments (mean) in that many
of these patients did not have fusion into the lumbar spine.
Surgeons treating these patients felt that anterior surgery
could more often be used to perform a selective thoracic
fusion, because posterior instrumentation often led to
decompensation.?! To specifically compare the anterior and
posterior techniques in a selective-fusion setting, Lenke and
colleagues analyzed the cases of 123 patients with selective
fusions done either anteriorly or posteriorly. The thoracic-
curve correction was superior for the anteriorly treated
group (58% vs. 38%) and resulted in greater spontaneous
correction of lumbar curves (56% vs. 37%).2> Lenke and
colleagues distinguished lumbar curves on the basis of the
position of the apical lumbar vertebra relative to the center
sacral vertical line (CSVL), as in their subsequent classifica-
tion of lumbar curves into those with an “A” modifier (CSVL
between pedicles), “B” modifier (CSVL touching the verte-
bra), and “C” modifier (apical vertebra not touching CSVL).
The anterior approach produced greater compensatory lum-
bar correction in all three of these types of lumbar curves,
which was most dramatic for type C lumbar curves. These
early comparisons of the anterior and posterior approaches
were made with posterior techniques in which only hooks
were used and the lowest instrumented vertebra (LIV) was
selected as the stable vertebra. A more recent study, in
which hybrid and all-screw posterior constructs were used,
demonstrated no difference between the anterior and pos-
terior approaches for spontaneous lumbar-curve correction
in a series of patients matched for LIV, lumbar-curve flexi-
bility, and percent thoracic-curve correction.?®

Suk et al were the first to describe thoracic pedicle-screw
fixation, demonstrating outstanding overall results with
good safety with this technique.?” They reviewed their expe-
rience with selective thoracic fusion with segmental pedicle
fixation in 203 patients, and showed 69% correction of tho-
racic curves with a compensatory lumbar-curve correction
of 66%. There were no instances of junctional kyphosis;
however, coronal decompensation occurred in 10 patients
(5%). Also, 17 patients experienced “adding on” to their
spinal curves, most likely because of fusion levels that were
too short.!> Dobbs and colleagues compared posterior hooks
with posterior pedicle screws for the selective fusion of tho-
racic curves in a series of 66 patients, all of whom had lum-
bar C modifiers. The thoracic pedicle-screw group had
greater thoracic correction (53% vs. 34%) and a greater lum-
bar-curve response (38% vs. 30%) with fewer instances of
decompensation than did the posterior-hook group at 2-year

follow-up. There were no complications or reoperations in
either group. Pedicle-screw instrumentation allows surgeons
to keep the lowest instrumented vertebra appropriately
tilted, and provides greater ability to “dial-in” the amount of
thoracic correction desired on the basis of preoperative tho-
racic- and lumbar-curve flexibility.?® These studies support
the concept that pedicle screws offer the ability to improve
the thoracic curve in scoliosis without decompensation.

In analyzing only patients with a lumbar type C curve,
and who were treated with mixed instrumentation consist-
ing of all-hook, all-screw, and hybrid constructs, Edwards
and coworkers, at an average 5-year follow-up, demon-
strated a 36% overall correction in the patients’ thoracic
curvature, accompanied by a 34% lumbar-curve correction,
which occurred primarily in the more cephalad segments
of the lumbar curve.?® The majority of patients did well
with respect to spontaneous correction of their lumbar
curvature, although preoperative coronal imbalance was a
predictive factor for postoperative coronal balance. Those
patients who had a coronal imbalance postoperatively
had poorer functional outcome scores, as measured with
the Scoliosis Research Society (SRS)-24 instrument. This
series had mixed instrumentation, all hooks, all screws,
and hybrids.

B Surgical Decision-Making Before
Selective Fusion

Radiographic Evaluation

King and Moe developed their classification of AlS to deter-
mine fusion levels for thoracic scoliosis.? This classification
distinguishes a single thoracic curve with a compensatory
lumbar curve (King-Moe type II) from a double major
curve in which the lumbar curve is usually larger than the
thoracic curve (King-Moe type I). Lenke et al attempted to
further define King-Moe type Il curves on the basis of sev-
eral parameters on the standing posteroanterior (PA) radi-
ograph, and side-bending radiographs.® They analyzed
50 consecutive patients who were classified as having King
type Il or Il curves, and defined distinguishing features of
these curves based on overall radiographic outcome. A suc-
cessful selective thoracic fusion was more likely if the pre-
operative ratio of the thoracic-to-lumbar-curve magnitude
was >1.2, the apical vertebral rotation (AVR) ratio of the
thoracic to the lumbar curve was >1.0, and the apical
vertebral translation of the thoracic to the lumbar curve
was >1.2 (Fig. 12.5). When two of these three criteria were
met, 21 of 21 patients (100%) had well-balanced spines
postoperatively, however, but when one or none of the cri-
teria were satisfied, only 50% of the patients had balanced
spines. Lenke and colleagues defined an exception to their
criteria as occurring when the lumbar curve was large in
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Fig. 12.5 Method for measuring apical vertebral translation and api-
cal vertebral rotation of both the thoracic and the lumbar curves in
scoliosis. The AVT of the thoracic curve is always measured with the
C7 plumbline. whereas the AVT of the lumbar curve is measured
from the CSVL.

magnitude (>60 degrees) or had significant rotation
(>grade 2.5 and deviation of >4 cm from the plumbline
used to assess verticality). Richards retrospectively re-
viewed 24 patients with King type II scoliosis after they
underwent selective thoracic fusion.?* The review focused
on the lumbar curve, which in all cases was >40 degrees
preoperatively. The patients’ overall preoperative thoracic
curve was 61 degrees, which improved to 24 degrees post-
operatively (a 61% improvement), and at a minimum
follow-up of 2-years averaged 32 degrees (47.5%). The lum-
bar curve responded from a preoperative average of
49 degrees with postoperative improvement to 29 degrees
(a41% improvement) and at a follow-up of at least 2-years
was 36 degrees (a 26.5% improvement). Preoperative lum-
bar rotation was not predictive of lumbar-curve response,
spinal balance, or overall truncal balance. Lenke and

colleagues compared those patients whose lumbar curves
were =50 degrees with those whose curves were >50 de-
grees and found that the larger lumbar curves had truncal
imbalance, although this was not significant. They then de-
termined that the lumbar obliquity measured between L4
and the pelvis remained unchanged, averaging 14 degrees,
and was accompanied by a truncal shift of 1.5 cm, and
strongly recommended careful evaluation of this lumbar
obliquity preoperatively in the planning of a selective fusion
(Fig. 12.6). More recently Jansen et al made similar find-
ings, in which the response of the lumbar curve was found
to occur in the proximal aspect of the curve rather than its
distal aspect.3® McCall and Bronson found that lumbar
curves >45 degrees and in which the flexibility index was
low were more likely to decompensate if a selective tho-
racic fusion was performed.?! In addition to the assessment
of the coronal-plane deformity and spinal flexibility in
scoliosis, some have recommended careful evaluation of
the axial-plane deformity with the Perdriolle method.
Behensky et al determined that less than 40% derotation of
the lumbar apical rotation accurately predicted coronal
spinal decompensation postoperatively.

The Lenke classification has improved the definitions
of scoliosis in describing whether the lumbar curve is
structural or compensatory to the thoracic curve.?? Two
parameters are specifically analyzed to assist in determin-
ing whether the lumbar curve is considered a compensa-
tory curve, which allows treatment of the patient with a
selective thoracic fusion. The first parameter is the flexi-
bility of the lumbar curve on a radiograph of a supine
best-bend to the opposite side of the curve. If the coronal-
plane measurement is <25 degrees on this radiograph,
the curve is considered to be a compensatory curve and
not to require inclusion in the fusion. The second parame-
ter is the lumbar modifier, which denotes the degree of
apical vertebral translation (AVT) by the position of the
apical vertebral body relative to the CSVL. The greater
the translation of the apical vertebra from the CSVL, the
more likely it is that a curve is structural and requires
inclusion in the fusion levels. When the CSVL is between
the pedicles, the lumbar curve falls into the group with an
A modifier in the Lenke classification; when the CSVL is
between the pedicle and the lateral vertebral body, the
lumbar curve is designated as being of class B. A C modi-
fier is applied when the CSVL does not touch the apical
vertebra in the lumbar curve.

The term selective fusion assumes that there are struc-
tural characteristics to a lumbar curve, including com-
plete translation of the apical vertebra, and this term is
used for lumbar C modifiers, predominantly. An A modi-
fier should automatically exclude discussions of selective
versus nonselective fusion for a lumbar curve, and indi-
cates that a lumbar curve should go unfused. With a B or
C modifier. the decision about whether to include the

141



142

Idiopathic Scoliosis

A

Fig. 12.6 Measurement of the L4 obliquity relative to the pelvis
partly predicts the response of the lumbar curve to selective thoracic
fusion. (A) Preoperative measurement of the obliquity of L4 demon-

lumbar curve in a thoracolumbar fusion or to perform a
selective thoracic fusion is challenging, and several pa-
rameters need to be examined before this decision is
made. In general, because a B modifier indicates that the
apical vertebra is not as far from the midline as in the
case of a C modifier, curves with a B modifier are less
likely to need fusion, and selective fusion is more often
considered in such cases. Many would suggest, in fact,
that no lumbar curve with a B modifier requires inclusion
in the fusion and instrumentation. However, studies do
suggest that lumbar curves with C modifiers do not ne-
cessarily have to be included in the fusion mass, and that
consideration of a selective fusion is warranted.?® An ad-
ditional characteristic for determining whether a lumbar
curve is structural is the measured kyphosis between T10
and L2, which, if >20 degrees, defines junctional kypho-
sis and the presence of two structural curves. The ratio of
the thoracic-to-lumbar-curve magnitude, AVT, and AVR
help to determine whether selective thoracic fusion is ap-
propriate.? If the ratio of the magnitude of the thoracic to
that of the lumbar curve is >1.2, the AVT is >1.2, and the
AVR is >1.0, it is more likely that a well-balanced correc-
tion will be achieved with a selective thoracic fusion.

strates a final angle of 10 degrees. (B) Coronal radiograph at 2 years
after a selective thoracic fusion, demonstrating a similar obliquity of
L4 relative to the pelvis as that seen preoperatively.

However, if one or more of these criteria are not met, it is
more likely that decompensation will occur, because the
lumbar curve has a more structural character.

Clinical Examination

The most important parameter in selecting surgical treat-
ment for a spinal deformity is the clinical appearance of
the patient. This certainly holds true when deciding
whether to perform a selective fusion for patients with
Lenke type 1B and type 1C curve patterns. The overall pre-
operative coronal balance should be to the right or neutral
when planning a selective thoracic fusion. Patients who
have a truncal shift to the left most likely have a structural
lumbar curve, and selective fusion is contraindicated
(Fig. 12.7). Evaluation of the rotational deformity of a
patient’s spine with the scoliometer, or clinical assessment
with the Adams forward-bend test, is important for deter-
mining whether the patient’s lumbar curve appears to be
structural relative to the thoracic curve. A minor lumbar-
rotational deformity in the presence of a large thoracic
rotational deformity usually indicates that selective fusion
can be performed.
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Fig. 12.7 The clinical appearance of a patient
being considered for a selective thoracic fusion.
(A) Preoperative radiograph demonstrates a right
thoracic curve of 51 degrees and a left lumbar
curve of 48 degrees. (B,C) The preoperative
clinical appearance of the patient, however,
demonstrates that the lumbar curve has some
characteristics that are structural, with a rotational
prominence that is evident, and a considerable
truncal shift to the left.

B Surgical Planning for Selective
Fusion

The options in performing a selective thoracic fusion are an
anterior approach or a posterior approach. Much has recently
changed in the making of this decision, as posterior con-
structs have become more rigid and segmental fixation is

more often utilized.’* However, with good preoperative
planning and careful surgical technique, anterior instru-
mentation and fusion has traditionally produced outstanding
results. 21,25,33-35

When choosing the upper instrumented vertebra
(UIV) in a selective thoracic fusion, it is most common to
choose the proximal end-vertebra of the main thoracic
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(MT) curve. The proximal thoracic (PT) curve should be
evaluated radiographically as well as clinically to deter-
mine whether it requires inclusion in the fusion. Selec-
tion of the LIV depends on several factors, including the
surgical approach to be taken (anterior vs. posterior), the
type of thoracic anchors to be used (hooks vs. screws),
and the relationship of the distal end-vertebra to the
CSVL. The goal in choosing the LIV is to allow for
adequate control and correction of the MT curve while
avoiding any influence of the proximal portion of the
thoracolumbar/lumbar (TL/L) curve that would create a
risk for decompensation. As a general rule, the LIV for a
selective thoracic fusion should be the transitional verte-
bra (distal end-vertebra of the MT curve and proximal
end-vertebra of the TL/L curve) between the MT and the
TL/L curves. The translation of the transitional vertebra
should be assessed relative to the CSVL and should be
touched by this line, especially when the posterior
approach is utilized (Fig. 12.8). In general, the distal level
of fusion for the anterior approach should be at the distal
end-vertebra (Fig. 12.9), whereas the posterior approach
uses the most proximal vertebra touched by the CSVL. A

Fig. 12.8 The selection of fusion levels when performing posterior
instrumentation and fusion in a patient treated with selective fusion.
(A) In this Lenke 1C curve pattern, the patient’s thoracic curve meas-
ures 55 degrees and her lumbar curve measures 48 degrees. The api-
cal vertebral translation (AVT), not the thoracic curve, is larger than

variety of approaches to choosing the LIV have been
reported. For the posterior approach, Suk et al'> relates
the LIV to the neutral vertebra. The “gap” or distance
from the LIV to the neutral vertebra should not be
greater than one vertebra, or decompensation may occur.
Others utilize the stable vertebra as a reference to choose
the LIV as being one or two levels proximal to it.28

The author (D.].S.) generally analyzes the following three
parameters to determine the LIV of the thoracic curve:
(1) the distal end-vertebra of the thoracic curve; (2) the last
vertebra touched by the LIV; and (3) the status of the disc
space below the end-vertebra. The LIV for a posterior con-
struct is the end-vertebra if it is the most proximal vertebra
touched by the CSVL and the disc below this vertebra is
opened into the lumbar curve. If the disc below the end-
vertebra is parallel, then LIV becomes the next most distal
vertebra, to allow inclusion of the parallel disc. Anterior in-
strumentation and fusion are generally considered when
one or two distal fusion levels can be saved. This most of-
ten occurs when the end-vertebra does not touch the CSVL
on the preoperative curve, and a posterior fusion will
require fusion one or two levels below the end-vertebra. In

the lumbar curve (B) The sagittal plane is unremarkable. (C) The
lumbar rotation is <2 degrees. The thoracic prominence is much
larger than the lumbar prominence. The patient is a good candidate
for a selective thoracic fusion.



Fig. 12.8 (Continued) (D,E) Selective thoracic fusion with an
all- screw construct has produced xcellent balance. Note the tilt

Fig. 12.9 The selection of fusion levels when performing anterior
instrumentation and fusion in a patient treated with selective fusion.
(A,B) Preoperative AP and lateral radiographs demonstrating a
63-degree right thoracic curve measured from T5 to T11 and a lum-
bar curve measured from T11 to L4. Because T11 is the transitional

remaining in T12, blending with the lumbar curve. (F) The patient’s
clinical appearance is excellent.

vertebra (distal end-vertebra of the thoracic curve and proximal end-
vertebra of the lumbar curve), one can consider performing an anterior
selective fusion to this level. (C,D) Five-year postoperative radiographs
demonstrate balanced 33-degree curves.

(Continued on page 146)
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the author’s view, the distal end-vertebra can always be the
LIV for a selective thoracic fusion when the anterior
approach is used and does not include the parallel disc.

A balance exists between obtaining thoracic-curve correc-
tion and creating decompensation through overcorrection of
the thoracic curve that influences the lumbar curve. The first
step in attaining this balance is to predetermine the magni-
tude of correction of the thoracic curve to be achieved at
surgery, which is based on a variety of factors. First among
these factors are the magnitude and flexibility of the lumbar
curve, because this seems to influence the amount of re-
sponse to thoracic-curve correction. A smaller lumbar curve
(<45 degrees) that is very flexible is more likely to respond
to greater thoracic-curve correction. A very flexible lumbar
curve, which bends to less than 10 degrees, is more likely to
respond to thoracic-curve correction, whereas a stiff lumbar
curve will not. The second factor in predetermining the tho-
racic-curve correction in surgery is the flexibility of the tho-
racic curve, which can be assessed on a supine best-bend
film or a push-prone radiograph. A thoracic curve with a
flexibility index of >50% on a supine best-bend film may be
easily corrected at the time of surgery, with little influence
on the lumbar curve. Just as important as measurement of
the Cobb angle in the coronal plane is the residual tilt of the
LIV following surgical correction, which is based on the pa-
rameters named above, with a general residual tilt of 10 to
20 degrees being desirable. Intraoperative radiographs are
important for assessing the amount of coronal-plane correc-
tion achieved, as well as for assessing the extent of tilt, so as

Fig. 12.9 (Continued) The selection of
fusion levels while performing anterior
instrumentation and fusion in a patient
treated with selective fusion. (E,F) Clinical
photographs at 5 years demonstrate
excellent overall balance in the coronal
plane. Preservation of motion in the lum-
bar spine allows outstanding flexibility.

to allow the surgeon to change these parameters to the
desired correction (Fig. 12.10).

Correction strategies for selective fusion vary with the
approach, type of posterior anchors to be used, and phi-
losophy of the surgeon. Some suggest partial rod rotation
to avoid a full 90-degree rod rotation, which will impart
forces to the lumbar curve, whereas others suggest the
use of more distraction and translational forces.?® Re-
cently, Chang et al recommended using a cantilever bend-
ing technique (CBT) of the convex rod, and reported
achieving 83% coronal-plane correction of the thoracic
curve, with a similar response of the lumbar curve.'? An-
terior correction strategies include cantilevering of the
rod with sequential compression, using a thoracoscopic
approach, and rod rotation with an open thoracotomy ap-
proach. The most important point with all approaches and
techniques is to have incomplete correction of the thoracic
curve, and a curve apex with residual tilt of the thoracic
end-vertebra at the completion of surgery.

B Postoperative Course

Following a selective thoracic fusion, the patient and the fam-
ily should understand that the patient will have truncal
imbalance with a shift to the left in the early postoperative
period. In addition, splinting by the patient after anterior sur-
gery may accentuate this coronal imbalance as the patient
tries to remain comfortable. Families may be alarmed at the
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Fig. 12.10 This intraoperative radiograph of the patient in Figure
12.4 demonstrates some intended residual tilt of the LIV to prevent
decompensation.

initial appearance of the patient’s radiographs and clinical
appearance of the patient, and this should be explained be-
fore surgery as an expected occurrence. The patient’s coronal
balance should improve over time, and usually stabilizes
within 6 to 12 months. The ability to reduce this decompen-
sation generally comes at the expense of a lumbar curve that
increases so as to bring the patient back into coronal balance.
In the skeletally immature patient (Risser grade 0 and open
triradiate cartilage), a brace can be used to prevent further
lumbar curve progression, although this is often unnecessary.

B Recent Data from the Harms Study
Group

The Harms Study Group (HSG) analyzed 230 patients who
had Lenke 1 or 2 curves and compared those patients who
had a selective fusion with those who had a fusion of both
the thoracic and lumbar curves. There were 184 patients in
the selective-fusion group and 46 in the nonselective-fusion
group. There were no differences in the selective- and non-
selective-fusion groups with respect to age (14.4 + 1.9 vs.
14.6 + 2.3 years) or gender (89.1% female vs. 82.6% female).
Preoperatively, the magnitude of the thoracic curve was the

same in the two groups (52.6 + 8.4 degrees vs. 56.1 = 12.9
degrees), as was the spine flexibility index (48.0 += 15.6% vs.
43,0 = 18.5%). There were some differences in the charac-
teristics of the lumbar curve in the two groups, in that the
magnitude of the curve was smaller (37.6 + 7.5 degrees vs.
41.4 = 9.5 degrees), the flexibility was greater (74.2 =
17.1% vs. 70.0 = 13.9%), and the apical translation of the
TL/L curve was less (20.9 = 8.3 mm vs. 25.3 = 11.9 mm) in
the selective-fusion group than in the nonselective-fusion
group. The preoperative end-vertebral translation was also
smaller in the selective-fusion group (11.0 = 7.8 mm vs.
17.8 = 8.8 mm). Sagittal-plane parameters showed that
junctional kyphosis distally was less marked in the
selective-fusion group (3.5 *= 4.0 degrees vs. 154 = 11.5
degrees). The greatest difference between the two groups
was in the distribution of Lenke curve types, with a greater
percentage of C lumbar modifiers in the group of patients
that had fusion into the lumbar spine. Among patients who
had a selective fusion, 35.8% had a type C lumbar curve as
compared with 54% who had fusion into the lumbar spine.

Postoperatively, there was intentionally less correction of
the thoracic curve in the selective fusion group (20.3 = 8.5
degrees vs. 17.7 = 8.9 degrees), with a smaller percent cor-
rection (61.7 = 14.2 vs. 68.2 = 14.6%) but no postoperative
difference in the thoracic apical translation (11.7 = 9.8 mm
vs. 11.2 = 10.2 mm). There was a nice response of the lum-
bar curve to selective thoracic fusion, with a postoperative
thoracic curve of 22.0 = 8.1 degrees. As one would expect,
the lumbar curve correction was greater in patients who
had fusion of the lumbar curve, with a postoperative curve
of 15 + 7.8 degrees. Greater residual apical translation of
the TL/L curve was seen in the selective fusion group (21.3
+ 11.5 mm vs.15.6 = 8.9 mm). The overall postoperative
coronal balance as measured by the distance between the
C7 plumbline and the sacrum was no different in the the
groups (14.9 = 11.3 mm vs. 14.6 = 9.3 mm).

At a minimum follow-up of 2 years, the magnitude of
the thoracic curve was greater in the selective- than in the
nonselective-fusion group (24.6 = 10.1 degrees vs. 20.4 +
9.9 degrees), and the overall thoracic curve correction was
smaller (53.4 = 17.1% vs. 62.8 = 17.5%); however, thoracic
apical translation was similar in the two groups (15.1 =
11.8 mm vs, 13.5 = 10.1 mm). Similarly, the magnitude of
the lumbar curve was greater in the selective-fusion group
(21.0 = 8.4 degrees vs. 17.9 = 10.2 degrees), but the TL/L
apical translation in the two groups was similar at 2 years
(15.5 £ 9.2 mm vs. 16.0 = 10.5 mm). The sagittal-plane
parameters in the two groups were fairly similar, although
at 2 years the thoracic kyphosis as measured from T5 to 12
was greater in the selective-fusion group (27.3 + 10.5
degrees vs. 23.2 = 9.6 degrees). The overall balance as
measured with the C7 plumbline showed greater coronal
imbalance in the selective-fusion group (22.0 = 1.3 mm vs.
17.7 = 10.4 mm) (P = 0.008).

147



148

Idiopathic Scoliosis

The functional scores at a minimum of 2 years showed
greater SRS total scores on the SRS-24 instrument in the se-
lective- than in the nonselective-fusion group (82.5 = 37.4
vs. 59.2 + 46.5) (P = 0.01). When the specific domains in
the SRS-24 instrument were analyzed, the selective-fusion
group had greater scores with respect to function after sur-
gery (5.1 £ 2.9 vs. 3.1 = 3.1), functional level of activity
(11.6 = 5.5vs. 8.1 = 6.5), general self-image (10.9 + 5.1 vs.
8.2 = 6.4), pain (25.0 = 11.6 vs. 17.9 + 14.5), and patient
satisfaction (10.9 = 5.4 vs. 8.1 = 6.4). The total score on
section 1 of the SRS-24 instrument was also greater (55.5 *
24.9 vs. 39.6 = 31.0), as was the total score for section 2 of
the instrument (27.1 = 13.4vs. 19.6 = 16.1).

Because of the retrospective nature of the study, there
may have been some selection bias in favor of including the
lumbar spine in the fusion levels for those patients who
had larger lumbar curves, which crossed the midline. To
limit this bias, a subanalysis was done to compare matched
groups of patients with similar curve characteristics,
specifically matching curve magnitude and flexibility of
both the thoracic and lumbar curves. The two groups in the
subanalysis contained of 46 patients each, and because of
the matching process, the magnitudes and flexibilities of
the thoracic and lumbar curves of patients in the selective-
and nonselective-fusion groups were the same (thoracic
curve: 54.6 degrees vs. 56.1 degrees, and 48.5% vs. 43.5%;
lumbar curve: 41.8 vs. 41.4 degrees and 72.2% vs. 70.0%). At
2-year follow-up, the selective-fusion group had a greater
thoracic curve magnitude (25.6 degrees vs. 20.4 degrees),
less thoracic-curve correction (53.3% vs. 62.8%), a lumbar
curve of greater magnitude (23.4 degrees vs.17.9 degrees),
and less lumbar curve correction (43.4% vs. 56.4%) than did
the nonselective-fusion group; however, coronal balance as
measured by the distance between the plumbline from C7
to the CSVL was the same. The total SRS-24 scores
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The selection of fusion levels for the surgical treatment of
adolescent idiopathic scoliosis (AIS) has been debated
since the inception of this surgical procedure. This debate
began before the introduction of instrumentation for scol-
iosis -5 and has intensified during the modern era of seg-
mental spinal fixation. After the introduction of posterior
instrumentation, Harrington addressed the concept of the
stable zone to identify the distal extent for a spinal fusion.
Harrington defined the stable zone as the area between
two parallel vertical lines running through the lum-
bosacral joint, and recommended that the end-vertebra of
a spinal fusion be within that stable zone.®” Moe intro-
duced the practice of evaluating curve flexibility and ver-
tebral rotation to select fusion levels; thus initiating the
concept of giving flexible curves the ability to correct
spontaneously while performing a selective fusion of the
more rigid curvature.*® Later, King and colleagues® catego-
rized patients with AIS and created a classification system
for it. Included in King’s evaluation of patients with AIS
was a description of the center sacral vertical line (CSVL),
a vertical line that bisects the sacrum and is perpendicu-
lar to the level iliac crests. The CSVL falls in the middle of
Harrington’s stable zone®” and bisects the stable vertebra
(Fig. 13.1).

Lenke et al'® further subdivided and analyzed patients
with AIS to develop a comprehensive classification system.
The Lenke classification included a two-dimensional (2D)
evaluation of the scoliotic curvature with sagittal-plane
emphasis, specific objective criteria for increasing
interobserver reliability, and the ability to provide a tem-
plate for spinal-fusion surgery.!! The fundamentals of this
classification system will be the focus of the remaining por-
tion of this chapter. This classification system, as outlined
in Chapter 9, provides an algorithm for assisting in the
selection of spinal fusion levels. The selection of fusion lev-
els is a complex decision-making process that focuses on
both clinical and radiographic examination.

B History and Physical Examination

The history and physical examination is a critical facets in
the process of spinal-fusion surgery. The patient’s skeletal
maturity, family history of scoliosis, medical comorbidities,

150

Selection of Fusion Levels

Daniel S. Mulconrey and Lawrence G. Lenke

activity level, and reported self-image influence the manage-
ment of scoliosis. The clinical deformity (shoulder balance,
trunk shift, thoracic and lumbar prominence) in addition to
the radiographic deformity will determine the selection of
fusion levels. The difficulty in fusion surgery is in predicting
how the correction and fusion of the patient’s scoliosis will
affect this clinical deformity while maintaining coronal and
sagittal balance.
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Fig. 13.1 lllustration of the center sacral vertical line (CSVL). The
figure has been modified to include the stable vertebra (SV) and
Harrington’s stable zone (shaded area). (From the Spinal Deformity
Study Group Radiographic Measurement Manual, page 47, published
by Medtronic, Inc., 2004.)
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B Radiographic Evaluation

Radiographic analysis of the patient with AIS should
include long-cassette standing anteroposterior (AP) and lat-
eral radiographs of the spine. The position of the patient’s
arms should also be noted on the radiograph, as different
positions may lead to alterations in sagittal balance.'? A set
of flexibility films should also be collected, and may in-
clude right and left side-bending, push-prone, or traction
radiographs.!3-16

As discussed in Chapter 5, multiple radiographic meas-
urements are needed to fully understand the patient’s radi-
ographic deformity. The magnitude and flexibility of each
spinal curve will determine whether a curve is structural
and should be included in the fusion. Identifying and meas-
uring specific vertebrae will assist in selecting specific fu-
sion levels. On the AP film, the C7 plumbline (C7PL) should
be drawn as a vertical line from the center of C7 distally,
and the CSVL should be drawn from the midpoint of the
sacrum up to the proximal stable vertebra.!” The apical ver-
tebral translation (AVT) is the distance from the apical ver-
tebrae to the CSVL in the lumbar spine or to the coronal
C7PL in the thoracic spine. The apical vertebral rotation can
be documented with the Nash-Moe index.!8

The stable vertebra is the vertebra most bisected by the
CSVL. The neutral vertebra is identified as the vertebra
with a symmetrical location of the pedicle shadows within
the outline of the vertebral body. The end-vertebra is the
vertebra most tilted from the horizontal. The identification
of these vertebrae has had poor interobserver and intraob-

server reliability among reviewers. In one study, 50 consec-
utive surgically treated cases of AIS were reviewed by 16
scoliosis surgeons. Interobserver reliability for the end-,
neutral, and stable vertebrae had kappa values of 0.45,
0.32, and 0.52, respectively.!® Potter et al?® reviewed the
reliability of identifying of the end stable, and neutral ver-
tebrae in plain radiographic studies. One hundred consecu-
tive surgically treated cases of AIS were evaluated at several
intervals by multiple spine surgeons. Intraobserver reliabil-
ity was good-to-excellent for the stable, neutral, and end-
vertebrae (kappa = 0.69 to 0.88, 0.65 to 0.73, and 0.74 to
0.91, respectively). However, interobserver reliability was
poor (kappa = 0.26 to 0.39). The identification of these lev-
els is crucial for selecting fusion levels. This variability in
identifying the stable, end, and neutral vertebrae increases
the variability seen in selecting fusion levels.

Certain clinical parameters, such as shoulder balance,
can also be assessed on AP films. The radiographic inter-
pretation of shoulder position is done in several ways in-
cluding the measurement of the T1 tilt, coracoid height,
and first rib clavicle height. Kuklo et al?! reviewed 112 AIS
patients with a proximal thoracic (PT) curve >20 degrees
to identify radiographic parameters that would predict
postoperative shoulder balance at 2 years of follow-up. The
clavicle angle, as formed by the intersection of a horizontal
line and the tangential line connecting the highest two
points of each clavicle, provided the best preoperative
radiographic prediction of postoperative shoulder balance
(Fig. 13.2). How this translates into selecting the optimal
proximal fusion level is still not clear.

© = Clavicle Angle

Fig. 13.2 lllustration of the clavicle angle. (From
the Spinal Deformity Study Group Radiographic
Measurement Manual, page 56, published by
Medtronic, Inc., 2004.) Abbreviations: CHRL,
clavicle horizontal reference line; CRL, clavicle
reference line.
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B Operative Algorithm

The principles of surgical treatment for scoliosis are based
on outcome measures including pulmonary function test-
ing, radiography, cosmetic appearance, functional outcome,
range of motion, and aerobic studies.??-?’ Classification and
understanding of the patient’s spinal-curve type is crucial
in avoiding many postoperative complications, including
decompensation. The system set forth by Lenke et al'® pro-
vides a comprehensive classification of curve patterns and
a template for the surgical management of AIS. A thorough
understanding of the Lenke classification system is essen-
tial before determining the vertebral levels for spinal
fusion.

B Selection of Fusion Levels
Anterior Spinal Fusion

Anterior spinal fusion (ASF) with instrumentation is typi-
cally reserved for cases olf scoliosis in which only one
curve is being treated; this specifically applies to cases of
Lenke type 1 and type 5 curves. Awareness of the flexibility
of the compensatory curve and its response to treatment of
the main curve is critical in anterior surgery for scoliosis.
The anterior approach, both open and thoracoscopic, has
received increased attention in the past decade.?'28-30 The
anterior approach provides excellent curve correction and
may facilitate the inclusion of fewer levels in the fusion
mass than would a posterior approach.43'32 [nstrumenta-
tion of fewer levels is especially possible for flexible scoli-
otic curves.?3 Selection of fusion levels typically includes all
segments within a curve, from the end vertebra cranially to
the end-vertebra caudally.34-36 Depending on the approach,
either a single- or dual-rod technique can be utilized. We
currently employ a dual-rod technique with screw fixation
at every level in our open approach.

Hall and co-authors3337 advocated short instrumenta-
tion for flexible thoracolumbar/lumbar (TL/L) curves. If the
apex of the curve is a vertebral body, they advocated fusing
one vertebra above and one vertebra below the curve. If the
apex is a disc space, the fusion and instrumentation would
be performed two vertebral levels above and two levels be-
low the apex. Using this technique, Hall and co-authors
demonstrated an initial correction of 87%, declining to 67%
at 2 years. The satisfaction rate in their study of 17 patients
was 88%. To achieve these results, Hall et al recommended
overcorrecting the instrumented vertebrae.

Application of any surgical technique requires assess-
ment of the patient’s overall coronal and sagittal balance as
well as the clinical deformity. For example, an anterior pro-
cedure may lead to worsening of the kyphosis in kyphotic
thoracic curves. If a patient has a high right shoulder

preoperatively, selective anterior fusion of a left Lenke type
5 curve may increase the patient’s shoulder asymmetry.

Posterior Spinal Fusion
Type 1: Main Thoracic Curves

Type 1 main thoracic (MT) curves are the most commonly
treated form of AIS.3® Although these curves can be treated
with either ASF or posterior spinal fusion (PSF), posterior
instrumentation and fusion remain the gold standard.?? Al-
though Chapter 17 provides an in-depth review of the
Lenke type 1 curve, some basic principles and rules will be
reviewed here.

To determine the upper instrumented vertebra (UIV),
clinical shoulder balance needs to be assessed. As previ-
ously discussed, the clavicle angle appears to be the most
reliable preoperative indicator for shoulder assessment. For
a patient with a right MT curve and right shoulder eleva-
tion, proximal extension of spinal fixation to T4 or T5 is
appropriate. Exclusion of the upper thoracic segments will
allow left shoulder elevation to occur with correction, and
will produce level shoulders postoperatively. For a patient
with level shoulders, extension of fixation to T3 or T4 is
often indicated. Cranial extension of the posterior spinal
segmental instrumentation (PSSI) to include the upper tho-
racic segments will facilitate control over the left shoulder
height and maintain shoulder balance postoperatively. For
a patient with left shoulder elevation, extension of fixation
to T2 is usually necessary to eliminate postoperative shoul-
der elevation. This proximal extension of the spinal fixation
levels will allow intraoperative compression of the upper
left thoracic segments to lower the left shoulder and
correct the patient’s preoperative imbalance.

The senior author of this chapter (L.L.) usually selects
the lowest instrumented vertebra (LIV) as the lowest verte-
bra touched by the CSVL for lumbar curves with an A modi-
fier in the Lenke classification system. Most commonly, this
is the vertebra proximal to the stable vertebra (stable-1), or
occasionally the vertebra two levels proximal to the stable
vertebra (stable-2). PSSI in type 1 curves is best suited for
patients with a normal or hyperkyphotic sagittal modifier.
For type 1B curves, the LIV (the most cephalad vertebra in-
tersected or bisected by the CSVL) will usually be located in
the thoracolumbar junction.

The most controversial curve pattern treated with selective
fusion of the thoracic spine is the Lenke type 1C pattern. The
lumbar curves in this curve pattern are large and deviated,
and are flexible (side-bending Cobb angle <25 degrees). Care
must be taken and further evaluation done when the decision
is made to perform a selective thoracic fusion on a type 1C
curve. The Cobb-angle measurements, AVR, and AVT of both
the thoracic and lumbar curves must be evaluated before de-
ciding on whether or not to do a selective fusion. When the
Cobb angles ratios of the MT-to-TL/L curves, and the respec-
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tive ratios of their AVR and AVT values, are >1.2, a selective
fusion is a possible surgical option, with a low incidence of
lumbar decompensation or “adding-on” of caudal vertebral
segments to the patient’s spinal curvature.?® Also, the thora-
columbar junction must lack kyphosis (i.e., the T10-L2 sagit-
tal Cobb angle must be <10 degrees).!! Clinical evaluation is
also important in deciding whether or not to perform a selec-
tive fusion. The patient should have a thoracic-to-lumbar scol-
iometer ratio >1.2, and the right shoulder should be higher
than or level with the left shoulder.!! Additionally, the patient
should demonstrate a significant clinical thoracic prominence
and minimal flank deformity (Fig. 13.3).4° With the patient
erect, thoracic truncal shift should be much more visible than
the lumbar shift. These findings on physical examination rein-
force the concept of the thoracic curve being more structural
than the lumbar curve. Skeletal maturity does not factor into
this decision.!

Fig. 13.3 (A) A 13+11-year-old girl with 59-degree thoracic
and 56-degree lumbar AIS curves. The MT curve side-bends
to 23 degrees and the lumbar curve bends to 14 degrees and
is nonstructural. The T5 to T12 kyphosis was +21 degrees,
therefore the Lenke curve classification is type TCN.

Although these characteristics have been outlined in the
literature, variability and differences in opinion remain
with regard to surgical decisions. Newton et al*? examined
this variability by reviewing 203 patients with Lenke type
1B or 1C curves treated at five different sites of the Harms
Study Group (HSG). The lumbar curve was included in from
6 to 33% of spinal fusions performed, depending on the
study site. Factors that increased the performance of lum-
bar fusion included a larger preoperative lumbar curve, dis-
placement of the apical vertebra from the CSVL, and a
smaller thoracic-to-lumbar curve ratio (Fig. 13.4).

The advantages of ASF or PSF for Lenke type 1 curves have
also been investigated. Potter et al*> compared their results
with ASF and PSF done with thoracic pedicle screws (TPS)
for Lenke type 1 curves. The patients in this study were fol-
lowed for an average of 3 years postoperatively. Patients who
had PSF with TPS had ~1.2 more levels fused than did their

(Continued on page 154)
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Fig. 13.3 (Continued) (B) Although a very difficult decision to
make, because of the nearly equal MT-to-lumbar curve Cobb-
angle and AVT ratios, the patient underwent a selective posterior
spinal fusion from T4 to T11. At 2 years postoperative, she had
excellent alignment and balance. (C) Her pre- and postoperative
photographs demonstrate her excellent truncal alignment.
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Fig. 13.4 (A) A 15+7-year-old girl with a 19-degree PT, 51-degree
MT, and 49-degree lumbar scoliosis. Both the PT and lumbar curves
are nonstructural. There is +29 degrees of thoracic kyphosis, there-
fore the correct Lenke curve classification is type 1CN. (B) Because of
the similar magnitude of the thoracic and lumbar Cobb angle meas-

a4 1
15+7Q

urements, AVRs, and AVTs, this patient underwent a posterior
instrumentation and fusion from T4 to L3, with very reasonable
realignment of her thoracic and lumbar curves and fractional lum-
bosacral curve at 2 years postoperative. The L3-L4 disc has remained
relatively level over time.
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matched cohorts who had ASF. However, a greater correction
of scoliosis was achieved in the thoracic and lumbar spine in
the group that had PSE. The rotational correction was greater
in the PSF group with TPS. This yielded a significant im-
provement in the rib hump and other radiographic
parameters in this group. However, PSF with TPS was associ-
ated with a decrease in thoracic kyphosis, whereas ASF
tended to increase thoracic kyphosis in these patients.** Cur-
rently, we approach all Lenke type 1 curves posteriorly. By
avoiding disruption of the chest wall, we obtain excellent
corrections without the deleterious effects on pulmonary
function seen with anterior approaches. Posterior techniques,
such as Ponté osteotomies, are currently being investigated to
determine their role in minimizing the tendency to increase
the kyphosis effect of all pedicle screw thoracic constructs.

Type 2: Double Thoracic Curves

Type 2 double thoracic (DT) curve includes a major struc-
tural MT and a structural minor PT curve.®> The general
guideline calls for posterior arthrodesis of both curves. The
LIV is chosen in a manner similar to that for treating type 1
curves. The proximal level of fusion should be either T2 or
T3. Consideration of the patient’s clinical shoulder balance
and radiographic clavicle angle is critical.! Patients with a
high left shoulder preoperatively will require fusion extend-
ing to T2 (Fig. 13.5). This will allow greater control in balanc-
ing the shoulders. For patients with level shoulders, the UIV

Fig.13.5 (A) A 13+11-year-old girl with a 38-degree PT, 74-degree
MT, and 36-degree lumbar scoliosis. The PT curve side bends to
28 degrees and is structural, whereas the lumbar curve bends to

may be either T2 or T3. When assessing the patient’s defor-
mity to determine the UIV, the rigidity and magnitude of the
PT curve will need to be considered. Large or inflexible
curves will probably generate a significant shoulder imbal-
ance as the MT curve is corrected. For patients with a high
right shoulder, the UIV may be T3. Excluding the most proxi-
mal vertebrae will allow spontaneous left shoulder elevation
with correction of the MT curve. Often, the PT curve is
hyperkyphotic, and compression of the convexity is there-
fore applied first. In general, when correcting the PT curve,
one must consider the correction that will be attained in the
MT curve. Greater correction of the MT curve will further
increase the elevation of the left shoulder.

Suk and colleagues?> reviewed their results for patients
with type 2 curves, analyzing the cases of 40 patients who
had at least a 2-year follow-up. Eighteen of these patients
were treated with fusion of both curves; 22 were treated
with fusion of the MT curve. All of the patients’ surgeries
were performed before the inception of the Lenke classifica-
tion system. All patients who had fusion of both curves
had fusion extending to T1. A review of shoulder balance
showed that right-shoulder elevation increased postopera-
tively when the preoperative right shoulder elevation was
>12 mm in patients with fusion of the MT curve. Therefore,
the best cosmetic result occurred when fusion of the PT
curve was done in patients with left shoulder elevation,
level shoulders, or right shoulder elevation <1.2 cm. Cil
et al*6 reviewed the inclusion or exclusion of nonstructural

7 degrees and is nonstructural. There is a +48-degree thoracic
kyphosis, therefore the correct Lenke curve classification in this case
is type 2A+.
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Fig. 13.5 (Continued) (B) This patient underwent a posteriorinstru-  operative clinical photographs demonstrate the patient’s improved
mentation and fusion from T2 to L2, with excellent radiographic  truncal realignment.
alignment noted at 2 years postoperative. (C) Preoperative and post-
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PT curves in patients with AIS classified according to Lenke’s
criteria. Thirty-eight of their patients underwent operative
treatment for scoliosis before publication of the Lenke classi-
fication system. The mean follow-up of these patients was
54 months, and the UIV ranged from T2 to T4. Cil and co-
authors evaluated shoulder balance and spontaneous correc-
tion of the PT curve. Spontaneous correction occurred in 41%
of patients who had fusions extending to T4. Mild progres-
sion occurred postoperatively in 6 patients, but no curve
reached a magnitude exceeding the preoperative Cobb-angle
value. This study confirmed the Lenke classification system
as a template for the selection of fusion levels.

Type 3: Double Major Curves

Lenke type 3 double major (DM) curves involve a major
structural TL/L MT curve and a minor structural TL/L curve.
The general rule calls for posterior fusion of both curves
(Fig. 13.6). Instrumentation begins at T3 to T5, depending
on shoulder position, as with type 1 curves. The LIV is of-
ten the most cephalad lumbar vertebra touched by the
CSVL when the lumbar curve is flexible and secure pedicle
fixation is achieved, and is usually L3 or L4. The dilemma is
in selecting the appropriate distal fusion level while at-
tempting to maintain as many motion segments as possible

1
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Fig. 13.6 (A) A 13+1-year-old girl with a 23-degree PT, 81-degree
MT, and 69-degree lumbar scoliosis. The PT curve is nonstructural at
18 degrees on side-bending, whereas the lumbar curve is structural

in the lumbar spine. The LIV should have near-neutral rota-
tion, the disc below the LIV preoperatively should be paral-
lel or wedged at the convexity, and the apex of the lumbar
curve should be at least one disc level above the LIV. The
TL/L curve is often more flexible than the MT curve.4’ The
goal is to render the LIV horizontal on the AP film. Often,
type 3 curves will have TL kyphosis, and it is important to
correct this regional deformity during the surgical proce-
dure.*® Instrumentation levels should not end in this area of
kyphosis but should be extended distally to avoid postop-
erative sagittal decompensation.

A small percentage of type 3 curves show dominant tho-
racic curve characteristics. Careful evaluation of these curves
may allow the surgeon to perform a selective thoracic fusion.
Analysis of the variables discussed in the section on type 1C
curves in this chapter will show that selective thoracic fu-
sion is possible for a small set of patients with type 3 curves.

Type 4: Triple Major Curves

The Lenke type 4 triple major curve pattern involves all three
regions of the spine. The majority of patients with this pattern
require fusion from T2 or T3 to L3 or L4. Again, the evaluation
of shoulder balance is critical for determining the proximal
level of fusion. Optimal horizontalization of the LIV is the

N
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at 28 degrees. There is a +36-degree thoracic kyphosis, and the
correct Lenke curve classification in this case is type 3CN.
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Fig. 13.6
construct from T3 to L4, with excellent balance noted at 10 years postoperatively.

primary goal in the lumbar spine. The selection of both the
proximal and distal levels of fusion corresponds with the pre-
vious discussion of type 1, 2, and 3 curves, respectively. Rarely,
a selective thoracic or double thoracic fusion can be per-
formed, leaving the lumbar curve unfused. In these cases the
clinical and radiographic ratios of the thoracic-to-lumbar curve
are >1.2 in favor of the larger thoracic curve, as discussed
above for Lenke type 1C curves (Fig. 13.7).

Type 5: Thoracolumbar/Lumbar Curves

The Lenke type 5 curve pattern demonstrates a major curve
in the TL/L region with a minor nonstructural curve in the
MT region. Curves of this pattern may be treated with either
ASF or PSF. Occasionally, we still utilize an anterior spinal
instrumentation and fusion from the upper to the lower
end-vertebrae of the curvature. The surgical levels include
all convex discs within the curve.?®# Instrumentation is
achieved with a dual-rod system. Hurford et al*° reviewed
48 TL/L curves treated with dual-screw/dual-rod constructs
and found coronal correction of the TL/L curve averaging
75%, excellent sagittal alignment, and no instrumentation
failure or pseudarthrosis at a minimum follow-up of
2-years. However, a trend toward posterior instrumenta-
tion is developing because of disadvantages of the anterior

(Continued) (B) This patient underwent a posterior instrumentation and fusion utilizing a three-rod technique with a hybrid

thoracolumbar approach. In selecting posterior fusion lev-
els, the UIV and LIV are usually identical to those in ASF for
the same curves. For small, very flexible curves, the mini-
mal fusion technique of Hall and colleagues,? as previously
described, may be used. It is extremely important to evalu-
ate the MT and PT regions as well as shoulder balance. If the
left shoulder is elevated, some residual tilt must be main-
tained at the UIV to aid with postoperative shoulder bal-
ance. Correction of the lumbar curve and secondary
correction of the compensatory thoracic curve will cause
further elevation of the left shoulder. Therefore, careful
evaluation of shoulder balance is necessary, including ex-
amination of the scapulae and thoracic prominence. If there
is no MT component to the curve, the UIV and LIV may be
horizontalized for correction. The goal is minimal deformity
above and below the thoracolumbar fusion levels.

Selective fusion of the TL/L spine requires careful clini-
cal and radiographic evaluation. For successful selective fu-
sion of this region of the spine, the Cobb angle and AVT
and AVR ratios (TL/L:MT) should be >1.25. In addition,
there must be greater flexibility of the MT than of the TL/L
curve, and no evidence of TL junctional kyphosis.!! Clini-
cally, patients selected for such surgery must have level
shoulders or a high left shoulder for optimal results. The
TL/L truncal shift must be greater than the MT shift. The
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Fig. 13.7 (A) An 11 + 10-year-old girl with a 44-degree PT, 88-degree
MT, and 61-degree lumbar scoliosis. The PT curve is structural, in bend-
ing to 29 degrees, the lumbar curve is also structural, in bending to
31 degrees. There is a +54-degree thoracic kyphosis, therefore the
correct Lenke curve classification is type 4C+. (B,C) Because of the

)
11+10Q

v

marked difference in the thoracicto-lumbar Cobb angle ratio, AVTs,
and AVRs, this patient underwent a selective double thoracic ratio
instrumentation and fusion from T2 to T12, with excellent coronal
and sagittal correction and alignment at 3 years postoperative.

(Continued)
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Fig.13.7

(Continued)
the thoracicto-lumbar Cobb angle ratio, AVTs, and AVRs, this patient
underwent a selective double thoracic ratio instrumentation and

(C) (B,C) Because of the marked difference in

TL/L-to-MT scoliometer ratio should also be >1.2. Addi-
tionally, the rib prominence needs to be acceptable to the
patient because little change in the rib deformity will
occur postoperatively.

Excellent results can be achieved with selective lumbar
fusion. Sanders et al’! reviewed 49 AIS patients who
had undergone selective fusion for TL/L curves of 30 to
55 degrees. All of the patients were followed for 2 years.
Satisfactory results were achieved in patients with a TL/L-
to-MT Cobb-angle ratio of >1.25 and a thoracic curve that
bent to 20 degrees or less. These satisfactory results were
defined as a thoracic curve at follow-up of <40 degrees, ac-
ceptable balance and sagittal alignment, and no need for
further procedures.

Type 6: Thoracolumbar/Lumbar
Main Thoracic Curves

The Lenke type 6 thorocolumbar/lumbar-MT(TL/L-MT)
curve pattern consists of a major structural TL/L curve with
a minor structural MT curve. Most cases of this type require
posterior arthrodesis of both structural curves. The UIV is
usually from T2 to T5, but depends on shoulder balance, and
the LIV is usually L3 or L4. This is usually determined by the
most distal vertebra in the curve that touches the CSVL.
Occasionally, a type 6 curve may undergo selective lumbar
fusion if the radiographic and clinical characteristics of the
thoracic curve are similar to those of the MT curve in the
Lenke type 5 curve pattern.>?

fusion from T2 to T12, with excellent coronal and sagittal correction
and alignment at 3 years postoperative.

Curve Classification

The general premise of treatment for AIS indicates that all
structural curves are to be included in the spinal fusion, but
that nonstructural curves should not be included.?! In one
retrospective study of 606 surgically treated cases of AIS,
90% of spinal-fusion procedures followed the recommenda-
tions of the Lenke classification system before its inception.®
The Lenke classification system merely provides a guideline
to assist in selecting curves and levels to be fused. Differ-
ences in surgeons’ opinions and evaluation of the individual
patient will ultimately affect the fusion levels chosen.

In another multicenter study, 1281 AIS patients who
underwent surgery were evaluated with the Lenke classifi-
cation system as a template for the selection of fusion lev-
els. The classification guidelines were not followed in 15%
of these surgical cases. The greatest deviation from the
classification algorithm occurred with Lenke type 3 curves.
Before the inception of the classification, the number of
Lenke “rule-breakers” (curves not treated as recommended
by the Lenke system) totaled 18%. This decreased to 12%
after the inception of the Lenke system.>3

A third multicenter study evaluated 543 patients who
had surgery for AIS. In this study, the Lenke guidelines were
followed in 74.2% of cases. The greatest agreement (84%)
occurred with type 1 curves, whereas the poorest agree-
ment (20%) occurred with type 4 curves. In 39% of cases in
which the guidelines were not followed, side-bending
measurements were the reason for bypassing the classifica-
tion system. In 11% of cases, sagittal kyphosis (=20 degrees)
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was present but not included in the fusion as recommended
by the systematic guidelines.>*

As instrumentation techniques evolve, refinements in
the Lenke guidelines that facilitate the selection of spinal
fusion levels will continue. Currently, the Lenke classifica-
tion provides a reliable template for guiding the spine
surgeon toward reproducible results of spinal fusion for
patients with AIS.

Decompensation

The goal of scoliosis surgery is to achieve balanced correc-
tion of a patient’s deformity and halt its progression.
Surgeons attempt to achieve this with fusion of fewest
possible segments. Poor selection of fusion levels may lead
to complications such as shoulder imbalance, persistent
or progressive deformity, junctional kyphosis, or truncal
decompensation,104555-57

During selective fusion of a thoracic segment, the cor-
rectional forces occurring in the thoracic spine may gener-
ate torsional forces across the lumbar spine that exceed
the flexibility of the nonstructural curve. Rod-rotation
maneuvers appear to be associated with a higher incidence
of this.>” This unbalanced force with continued growth can
lead to truncal decompensation. Often, this spinal imbal-
ance requires revision surgery.’’ Treatment with selective
thoracic fusion of a borderline Lenke type 3 (King type 2)
curve may result in lumbar decompensation.®® Ending a
fusion in a region of kyphosis, or selecting fusion levels
proximal to the appropriate LIV, may lead to progressive
decompensation.!31458 Lowe and colleagues® reviewed
distal junctional kyphosis (DJK) after selective fusion
in 375 AIS patients with MT curves, of whom 238 had
anterior and 177 had posterior selective thoracic fusion
and had DJK either pre- or postoperatively. DJK occurred
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