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Foreword

I first met Dr Masafumi Machida in 1989, when he came to France with a Cotrel
Fellowship program, for a training on CD instrumentation.

Years later, in 2000, one of his research projects on etiopathogenesis of idio-
pathic scoliosis was selected by the members of the scientific Board of the Fondation
Cotrel. Ever since then, I have witnessed his dedication to attending the annual
meetings in Paris, sharing his progresses with all the researchers.

As the founder of the Fondation Cotrel for spinal research—Institut de France
and as a friend, it is now my pleasure to write a few words for this book dedicated
to the pathogenesis of idiopathic scoliosis.

I am pleased to see such a book being published.

I have known most of the authors—if not all of them—for many years. I know of
their dedication to fundamental basic science and research as well as clinical work
on this topic.

Despite the obvious major improvements of the last four decades for the surgical
treatment of scoliosis, the scientific explanation of its occurrence will be a great step
forward.

I am sure the readers of this book will find the historic aspect as well as a real
update of this problem of high interest.

This book brings up the most recent results as well as some openings for future
works, leading one day, hopefully, to the prevention of such disorder.

These works put the stress on the importance of the most early detection possible
and the risk of progression, in order to start the proper treatment and get the best
result possible. The purpose is to avoid the surgery: even though the techniques have
improved, they still ankylose, at more or less extent, the spinal organ.

I want to thank Professor Machida and the authors who have participated into
this book for sharing their scientific knowledge, hopes and aims oriented toward a
better and comprehensive understanding of the initiation of the disease.

This will, no doubt, benefit to the patients and their families.

Docteur Yves Cotrel



Preface

Idiopathic scoliosis comprises a three-dimensional deformity of the spine with lat-
eral curvature combined with vertebral rotation that develops in the absence of con-
genital spinal anomaly or neurologic musculoskeletal disorders. First described by
Hippocrates, the entity became known as “idiopathic scoliosis”, the term probably
introduced in the middle of nineteenth century by Bauer, used by Nathan in 1909
and defined by Whitman in 1922.

A number of genetic, biochemical, skeletal and neuromuscular abnormalities
have emerged as contributing elements in the pathogenesis of idiopathic scoliosis in
humans and experimentally induced scoliosis in animals. These multiple factors,
however, may constitute its epiphenomena rather than etiologic causes. More recent
studies using magnetic resonance imaging have aimed to investigate the potential
contribution of the central nervous system. Developments in diffusion tensor imag-
ing allows the assessment of white matter microstructure such as synchronization of
axonal myelination and pruning. Advances in human genome mapping and genetic
methodology has made it possible to screen the entire genome of an individual with
genetic markers evenly spaced along the chromosomes. Using this technique, called
positional cloning or linkage analysis, recent genome-wide association study
yielded candidate genes that implicate neuromuscular disease origins. Next-
generation genomic technologies may enable the creation of idiopathic scoliosis
mutations in the animal model.

A couple of text books dealing with this subject matter are already available:
“Pathogenesis of Idiopathic Scoliosis” by Scoliosis Research Society in 1983 and
“The Aetiology of Idiopathic Scoliosis” by Gordon Robin in 1990. Since their
publication, a large number of articles appeared relative to pathogenesis of idio-
pathic scoliosis. We have incorporated these new data in preparing the current vol-
ume. I have asked my mentors, Dr. Jean Dubousset, to describe the definition of
idiopathic scoliosis and Dr. Stuart Weinstein, to summarize its natural history
based on his own Iowa experience. Both also served as editors of the remaining
chapters, which introduce new concepts and current topics in each area of pathog-
enies of idiopathic scoliosis.

vii



viii Preface

A majority of investigators now regard idiopathic scoliosis as a multifactorial disease
with genetic predisposing factors. In most current studies, observed abnormalities
may represent secondary features of the disease, making it difficult to distinguish the
primary cause of the disease. We hope future studies will identify various factors
directly involved in the causation of this disorder. Only then, we will be able to elabo-
rate on its effective treatment and undertake plans for its eventual eradication.

Yokohama, Japan Masafumi Machida
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Chapter 1
Definition of Adolescent Idiopathic
Scoliosis

Jean Dubousset

1.1 Introduction

1.1.1 First Statement

The normal spinal organ must be considered as the skeleton of the trunk. It starts from
the head, considered physiologically as the first vertebra. The head is heavy (4-5 kg)
and forms a reverse pendulum with the spine when in an upright position. This head
vertebra is supported by the cervical part of the spine with its seven vertebrae. Below
this are thel2 thoracic vertebrae, then the lumbar region with its five vertebrae. The
entire pelvis (sacrum plus iliac bones) can be considered as the pelvic vertebra,
because the motion of the sacroiliac joint is physiologically below 1.5°, as measured
by White and Panjabi [1]. This pelvic vertebra plays the major role of an intercalary
bone between the trunk and the lower limbs. The pelvis is mobile upon the two hip
joints and the skeleton of the lower limbs, where several segments and mobile joints
reach the bones of the feet. The system adapts the weight of the body and its motion
to the polygon of support to achieve the “chain of balance” of the human body. The
definition for me of the human body balance is ** stability within movement”!

1.1.2 Second Statement

This anatomical entity is mobile and strong, straight on the frontal plane, and pres-
ents harmonious curves in the lateral plane, such as the cervical lordosis and tho-
racic kyphosis lumbar lordosis. Pelvic orientation adapts to realize a harmonious
chain of balance. The major functions of the spinal organ are to (1) protect the
central nervous system and particularly the spinal cord; (2) support the skeleton of
the thoracic cage with its respiratory and circulatory organs and, thus, support the
upper limbs; and (3) support the abdomen viscera and muscles and all constitutive
masses of the body, giving them stability within movement.

J. Dubousset, M.D.
Académie Nationale de Médecine, Paris, France
e-mail: jean.dubousset@wanadoo.fr
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1.1.3 Third Statement

This mixture of stability and movement allows the spinal organ to play an important
role in compensation mechanisms in regard to a variety of inherited or acquired
pathological problems or physiological difficulties, especially those correlated with
aging. The common factor leading to these phenomena is the necessity for the
human to maintain horizontal vision when in an erect posture.

1.2 Scoliosis

The word “scoliosis” comes from the Greek language and means “crooked” or
twisting, as applied to a pathway in the middle of a rocky mountain or the visual
aspect of the trunk of a tree after difficult growth subsequent to multiples injuries
but trying always to recover the vertical axis. It is not surprising that the first descrip-
tion of scoliosis in humans was made by Hippocrates [2] and applied to all kinds of
malalignment of the spine. It was a remarkable observation because Hippocrates
recognized that many deformities occurred in patients that were otherwise in good
health, but also he also recognized the poor prognosis when it was an early onset of
the disease.

The first accurate description of scoliosis, especially adolescent idiopathic scolio-
sis (AIS) was made by Ambroise Paré (1510-1590), who tried to treat patients with
the well-known iron brace [3]. It is noticeable that he was probably the first to describe
congenital anomalies of the spine as the origin of some deformities. Every orthopedic
surgeon remembers the crooked tree symbol of orthopedics given by Nicolas Andry
in 1741 [4]. This author favored poor posture to be the initiator of the disease. It took
time to differentiate between postural and structural deformities, despite beautiful
anatomical descriptions given by many authors during the nineteenth century on both
sides of the Atlantic ocean, long before Roentgen’s discovery (28 Dec 1895). Before
this date, everybody was thinking in terms of three dimensions (3D). Numerous testi-
monies describe the deformity exactly in 3D, thanks to observation of clinical cases
and specimens. These appeared in the publications and beautiful drawings by Shaw
(1824), Adams, and Bouvier (1858). Ingenious machines were invented, like that of
Schulthess, which was able to give simultaneously the shape of the back, frontal, and
sagittal. The cyrtometer of Zander gave the horizontal shape of the trunk at any level.
Some works were very suggestive of a 3D approach, long before X-rays were discov-
ered. Samuel Hare of London (1849) gave practical observations on the prevention,
causes, and treatment of curvatures of the spine. He used cast molding to beautifully
demonstrate, before and after, the reduction of deformity thanks to extended (over 12
months) traction from shoulders and feet. By the end of the nineteenth century, sur-
geons could distinguish some differences in the etiologies of the spinal deformities
called scoliosis, but the basic deformity with lateral inflexion and non-reducible tor-
sion was still called scoliosis, whatever the etiology.
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When the era of X-rays began at the beginning of the twentieth century, it was so
revolutionary to see the “inside” of the body (the skeleton) on film that the 3D aspect
was forgotten. It took time (almost half a century, especially for spinal morphology)
to integrate that, in reality, these beautiful X-rays showed only the projection on one
plane (“Chinese shadow” as we say in the French language) of the spinal organ,
which is built and developed in 3D (Fig. 1.1). When I started my residency in 1960,
most of the AIS patients were diagnosed, treated (even with surgery), and monitored
only with frontal plane X-rays. Studies with antero-posterior (AP) and sagittal X-rays
were more used to study limited congenital, infectious, or traumatic lesions. It took
almost another 20 years (1979) before systematic AP and lateral X-rays were used to
study AIS patients. Simultaneously, imaging using tomography (or laminography)
was developed, but was reserved for exploring a localized region of the spine.
Subsequent development of computed tomography (CT) (1973) gave one or a suc-
cession of transverse slices of the localized spinal element being studied. Personally,
the 3D became evident when preparing the yearly meeting of the French Scoliosis
Group in 1972; the topic was “paralytic pelvic obliquity.” At the meeting in Feb
1973, T used the term “3D” and explicitly presented drawings showing each one of
the three planes, the deformity of the pelvis, and the deformity of the spine (Fig. 1.2).
I did the same with drawings at the combined GES/SRS meeting in Lyon (1973)
when Pierre Stagnara asked me to present the prognostication and treatment of con-
genital anomalies of the spine. The concept was easily understood by everybody for

Fig. 1.1 X-rays are shadows from the projection of a 3D object onto one plane
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Fig. 1.2 Scoliosis and pelvic obliquity. The entire pelvis is considered as one unique vertebra,
displaced in the three dimensions of the space. The clinical picture of such a patient is very demon-
strative of such definition, but not so well approached by the X-ray projection

these congenital deformities. However, it was not well understood for AIS because
the surgeons were “addicted” to their habitual AP and (sometimes) lateral views
(Fig. 1.3a, b). Nevertheless, many spine surgeons realized the problem of the false
image of a curve given by X-rays; for example, Sommerville and Roaf in England
and Pierre Stagnara in France, who described the “plan d’élection” (plane of maxi-
mum deformity). In addition, the beautiful work of René Perdriolle, done between
1976 and 1979, was published at that time in La Scoliose: son etude tridimension-
nelle [5]. René established the basis for understanding 3D and its implication for the
pathogenesis of AIS. In 1977, together with Henry Graf and Jerome Hecquet (a com-
puter engineer), we attempted [6] to reconstruct the spine in 3D, starting from two
successive X-rays (AP and lateral). We used a simplified model for the vertebrae: a
simple line to represent each vertebra in space first, then the surface of an ideal
model, and then the volume of such model. The final step was to modify the same
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Fig. 1.3 (a) Clinical aspect of a right thoracic idiopathic scoliosis. (b) Radiological aspect AP and
lateral of a right thoracic scoliosis
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volume by hand so that the projected reconstruction closely matched the real X-rays
(Fig. 1.4). The results were compared with a skeleton specimen of AIS and con-
formed well to reality, especially the view from the top. We presented this work at the
Scoliosis French group meeting in Montreal in 1979, where the main topic was “AIS
seen from the lateral.”” From that time, French doctors became more sensitive to the
problem of the sagittal plane. We presented this at the SRS meeting in Chicago in
1980, but none of the orthopedic surgeons were interested; only Al Schultz (a well-
known biomechanical engineer) came to me to ask questions. The development in
1990 of 3D CT reconstruction (not acceptable in children because of the excessive
amount of radiation needed) demonstrated the value of this 3D concept, but it took a
long time to be accepted and used in practice.

Although study of the sagittal plane has entered daily practice, especially because
of the development of adult degenerative spine surgery, the horizontal plane remains
one of the most forgotten despite beautiful specimens and reconstructions proving
clearly that a scoliotic curve cannot be inscribed in one plane, but requires an infin-
ity of successive planes. We inspired the team of Georges Charpak to develop a new
imaging device (EOS imaging) [7]. The EOS system uses low doses of radiations
and 3D computer surface and volume reconstruction (thanks to joint work from the
engineers of ENSAM Paris and LIO Montreal) and has helped to introduce 3D into
the daily clinical approach to AIS (Fig. 1.5). All analyses of the deformity, before
and after treatment (surgical or not), can be carried out using this technique, as well
as simulations of different ways of correction and studies of prediction of progres-
sion for early detected cases with mild deformity. For these reconstructions, the
most attractive view (but also the less studied up to now) is the view from the top,
which address the horizontal plane beautifully and shows the basic deformity of the
scoliosis — torsion/rotation (Fig. 1.6).

The most important word in the definition of scoliosis is “curve.” What is a
curve? It is a segment of the spine that, instead of being normally aligned straight,
as seen on the frontal plane of a normal spine, is bent laterally on either the right or
left side. Seen on the lateral plane, the normal spine presents physiological curves;
when the alignment is bent toward the front it is kyphosis and toward the back it is
lordosis. Generally, in a normal posture the spine does not present any axial rota-
tion. During motion, when the spine is bent laterally, a combined axial rotation
occurs called coupled. This is normal mobility and returns to normal when the
motion is finished. It is why it is important to make the distinction between postural
and structural deformity:

e Postural means that the deformity is completely reducible in all its components.
For example, a discrepancy in the length of limbs creates lateral tilting of the
spine with lateral inclination, which is easily seen on an AP standing X-ray, but
disappears completely when the discrepancy is compensated for with a lift under
one foot.

e Structural means that the deformity generally includes lateral inclination, axial
(horizontal) rotation, and sagittal displacement in flexion (kyphosis) or extension
(lordosis). Most importantly, the deformity cannot be reduced completely in any
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Fig. 1.5 EOS imaging system: 3D computer reconstruction of an idiopathic scoliosis

position or through traction, bending etc. In summary, a structural curve is a seg-
ment of the spine with a 3D deformity and a lack of sufficient flexibility to reduce
the deformity (Fig. 1.7).

The next step in defining scoliotic deformity of a normally built spine (without
congenital anomalies and without evident paralytic or dystrophic components)
depends on the way of installation; there are two major ways.

The first situation develops during childhood and growth, creating a progressive
torsion/rotation/inclination of a normally constructed spine, but in any component
(bone tissue, cartilage, discs, ligaments, and muscles — almost any cell!!!). There is
progressive structural change and deformation of the tissues of the vertebra, but
with continuity between the components during the piling up process that occurs
with growth. This lead to the type of idiopathic scoliosis where the bone deformity
is primary. [ used to teach my students using the term “ascending scoliosis.” The end
result is a scoliotic spine with a succession of structural and compensatory curva-
tures to achieve a more or less balanced alignment between head and feet.

The second situation, discogenic cascade, occurs much later, in adulthood or
when ageing is more or less advanced. Here, the piling up of the vertebrae is pro-
gressively destroyed by primary disc degeneration; bone deformity can occur but is
secondary. For my students, I used the term “descending scoliosis.” The end result
is also a succession of curves, very often linked by zones of rotatory dislocation at
the level of a junction.
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Many new ways will be described and experimented:

* Reference of gravity axis projection

L2 Apical left ejection Global assessment can be done

v

{ [Each vertebra
¢an be analysed
" separately

We must learn to read
and work on this picture

T1 frontal left ejection

T1 posterior ejection

Fig. 1.6 The view from the top allows study of the horizontal plane deformity and the 3D localiza-
tion of the curves of a scoliotic spine

The distinction between the two groups is important because the method of
reduction can differ from one group to the other. With ageing, the scoliotic spine of
the first group may develop degenerative changes, creating a mixture of the two
pathologies.

Measurement of these deformities can be done by clinical examination and
imaging with X-rays or magnetic resonance imaging (MRI).

Clinically, static measurements from the gravity line axis include the center
of polygon of support, feet to head or head to feet alignment using a plumb line
or force plate, leg length discrepancy, and alignment of the shoulders and pelvis
from the front, back, and lateral. With a forward bending of the trunk, measure-
ment of the rib hump (Adams test) is done at the apex by the arithmetical rule
(in millimeters or centimeters) and by angulation using a scoliometer.
Sophisticated measurements can be done using cyrtometry, which gives the cir-
cular shape of the thorax at various levels (upper, middle, and lower thorax).
This measurement can be better obtained from the plaster molding used by
orthotists before surface topography measurements with a computer. I must
mention the optical surface topography device developed by the Russian
Institute of Novosibirsk. The device gives stimulating information by approach-
ing the 3D in a better way.



10 J. Dubousset
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ROTATION L) intervertebral rotation
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Fig. 1.7 Schematic 3D drawing of a scoliotic spine, demonstrating the structural curve and the
junctional zone

Dynamic measures during bending (front, back, lateral, and rotatory) check the
relative flexibility or stiffness of the spine so that a differential diagnosis of non-
idiopathic etiology can be made.

Imaging is generally carried out using X-ray machines or MRI. Most of the
measurements are 2D, resulting from the projection on one plane of the shadow of
a 3D skeleton. The most used index is the Cobb angle, obtained on the frontal
projection from the crossing of the line parallel to the upper or lower plateau of
upper end vertebra of the curve and the line parallel to the lower plateau of the
lower end vertebra of the curve. The same Cobb angle is measured on the lateral
projection, giving an idea of the projected kyphosis or lordosis. We know that
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these angles are not true because they do not represent the 3D, but they are used
by habit and accepted as reference by the scoliosis community. The rotation in the
horizontal or axial plane of the vertebra is measured by the Nash and Moe method
( classified as +, ++, +++), coming from the projection of the pedicles relative to
the projection of the lateral walls of the vertebral body. More precise and reliable
measurement of rotation is obtained with the Perdriolle torsiometer, which mea-
sures angles. For example, axial rotation of the vertebra is maximum at the apex
of the curve, but intervertebral rotation (with the vertebra immediately adjacent)
is minimum. When we reach the superior or inferior end vertebrae of the curve,
axial rotation is close to 0° for the neutral vertebra, but intervertebral rotation with
the immediately adjacent vertebrae is maximum. When we obtained a 3D recon-
struction of the entire curve using 3D CT or the EOS imaging system, we were
able to measure the 3D coordinates of the deformity. One of the easiest ways to
measure these 3D coordinate is to use the “vertebral vector” described by Tamas
Illes [8].

Software can give the real orientation of each vertebra according each coordi-
nate. The view from the top gives an excellent appreciation of these orientations
relative to the gravity line (Fig. 1.8). A lot of new research will come from that,
probably giving a nice adjunct to the work of Carl-Eric Aubin in Canada, who
used “da Vinci” views coming from the plane of maximum deformity of each
curve [9]. This 3D aspect is especially useful for addressing thoracic cage defor-
mity, where we can also measure the spinal penetration index [10]. The spinal
penetration index measures the invasion of the spine inside the thoracic volume
and is a parameter used in assessment of all structural scolioses. CT scan mea-
surements can also be used to check the real size of a pedicle to be implanted with
a pedicular screw, or to check the morphology of a post joint modified by early
degenerative changes.

1.2.1 Conclusion

A scoliotic spine is defined as a spine with a succession of structural curves (each
with a 3D deformity and not completely reducible by any maneuver) where the
convexity is turned toward the right side for most of the thoracic curves (compen-
satory curves are more or less reducible) and turned toward the left side when
located below a right-sided curve; they are linked together by junctional zones.
Each structural curve must be studied regarding the localization of the apical ver-
tebra (the least tilted from the horizontal) and the end vertebrae above and below
(the most tilted on the horizontal), which are part of the junctional zone with
either another structural curve or a compensatory curve. The scoliotic spine must
be considered part of the entire chain of balance (feet to head) and no longer stud-
ied only at C1/S1 or worse T1/S1, as it was for many years; the scoliotic section
must be studied simultaneously with the entire spine and the entire skeleton of the
body.
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a Spinal deformity 3D Quantification in the Horizontal plane
with EOS technology (the Vertebra Vector) T. illes & all
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Fig. 1.8 (a) The “vertebral vector” give the 3D orientation of each vertebra of the scoliotic spine.
(b) Example of EOS imaging reconstruction view from the top of a scoliotic spine before and after
surgery and the respective vertebral vectors on the horizontal plane
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1.3 Adolescent Scoliosis

The definition of “adolescent” lies in the different stages of the development of a
growing child, from infancy to adulthood. Adolescence starts when growth has been
completed, but is very variable in terms of chronological age. It corresponds to the
big hormonal crisis that causes significant changes in stature, sexual characteristics,
mood, and personality development.

The determination of the real biological age of a patient is difficult, especially
when dealing with adolescents of different ethnic origin. Because so much variation
exists between chronological age and biological age, it is accepted in the spine com-
munity to use a combination of clinical and radiological signs to assess biological
age. Clinical signs of sexual maturation (Tanner) can be used to keep track of the
onset of the puberty spurt, with a particular importance and reliability of the onset
of pubic hair development for girls and increase in testis size for boys, as pointed
out by Ginette Duval-Beaupere [11]. Radiological signs of bone maturation and
bone age regard mainly the maturation of the spine (Risser sign, triradiate cartilage
of the hip joint, growing cartilage of the elbow and hand.)

When we look at the graphics and curves established to analyze and record the
growth in stature (in length) of a child, and measure the velocity of this growth, it is
clear that the rate of growth is maximum during the first months of life. Growth then
declines to reach a plateau, generally between 5 and 9 years old. A later peak of
rapid growth corresponds to the onset of puberty. During this period, the main
radiological sign is the triradiate cartilage, which closes before the maximum peak
in rate of growth. At this time, the Risser sign is still 0, called by Alain Dimeglio
“Risser minus 1.” To distinguish between growth of the lower limbs and growth of
the spine, measurement of the sitting height, as proposed by Alain Dimeglio, is
clinically demonstrative [12]. This peak of rapid growth is reached when the
growing cartilages of the elbow are closed; the Risser sign is still 0, but within 6
months it becomes 1. This descending period of the peak of puberal growth contin-
ues slowly, with progressive ossification of the iliac crest and the growing cartilages
of the hand. The end of this growing stage is reached clinically when sexual signs
are completely mature in girls and boys and when ossification of all growing carti-
lage is obtained, corresponding to the end of growth in height. Remember that the
growth of the thorax in size (especially enlargement) continues for about 2 years.
Although it is well known that the mean difference between girls and boys is about
2 years in chronological age, each case is different and the study must be done indi-
vidually. It is here that the beautiful work of Ginette Duval-Beaupere, first on para-
Iytic polio patients then extended to patients with idiopathic scoliosis, demonstrated
clearly that the progression of scoliosis deformity was strictly correlated with the
puberty growth spurt and with the initiation of clinical signs of puberty.

Because the discovery of a scoliotic deformity very often occurs during the
period of adolescent rapid growth, it was called “adolescent scoliosis™ or scoliosis
discovered after the onset of puberty and before the bony maturation. Others have
called it ”puberal scoliosis.”
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The classical classification of structural idiopathic scoliosis is according to the
age of discovery of the symptoms. Scoliosis is classified as infantile when discov-
ered during the first 3 years, juvenile when diagnosed in children of 3 to 10 years
old, then adolescent when discovered after the age of 10 years.

This terminology is accepted by the majority of orthopedic spine surgeons,
including the terminology committee of the Scoliosis Research Society (SRS) and
other spine specialists all over the world. It is a useful classification but does not
cover the etiopathogenesis of the disease. In my opinion, it is more logical to imag-
ine a kind of continuum of the infantile, juvenile, and adolescent types of idiopathic
scoliosis. We are not aware of any longitudinal study giving reliable information
about the status of the spine prior to discovery of the deformity in children who
develop so-called AIS.

1.4 Idiopathic Scoliosis

Many diseases of congenital, dystrophic, paralytic, infectious, tumor or post-
surgical sources can produce spinal deformities with the 3D aspect of scoliosis, but
the majority of scoliotic deformities are called idiopathic because no clear etiologi-
cal factor has been demonstrated. It is the purpose of this book to point out the
results of the extensive research done to elucidate the etiology of AIS.

1.5 Classification of Adolescent Idiopathic Scoliosis

Numerous classifications have been proposed for AIS and they are useful for com-
parison in terms of etiology, epidemiology, and treatment and for discussions
between surgeons or doctors. However, they are not so useful for the patient unless
they are used by the physician in front of their patient as a check list! The following
points should be taken into account:

» Concerning the chronological age of onset (in reality, the age of discovery!):

Infantile scoliosis is seen before age 3; juvenile is seen in 4- to 10-year-olds; and
adolescent is seen from age 10 to maturity. This helps to predict the worst or
mildest cases in function of the remaining growth potential.
My personal conclusion about the development of idiopathic scoliosis is that the
3D deformity is similar for a growing child whatever his age; only the amount of
deformity is variable and depends on the biological age of the patient and the
status of evolution of the different etiological disorders.

e Concerning whether the curve is structural or nonstructural: Compensatory
curves can be structural or nonstructural and are there to maintain normal body
alignment. At first, a compensatory curve is completely flexible and reducible,
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but with time and progressive contracture of the surrounding soft tissues, it
becomes not reducible and therefore structural, but still compensatory.
Sometimes physicians speak about the primary curve as the one that appears
first; the secondary curve is that seen later during a second look. Very often, these
correlate with the magnitude of the deformity as measured with the Cobb angle.
Ponseti, and Friedman classified AIS into only two types [13] (i.e., with one or
two major curves). AIS with only one major curve includes 70% of cases. Curves
are divided according to localization. Cervico-thoracic curves are generally con-
vex to the left (apex C7 or T1); thoracic (25%) generally convex to the right
(apex between T2 and T11); thoraco-lumbar (19%) most often convex to the
right (apex T12 or L1); and lumbar (25%) generally convex to the left (apex
between L2 and L4). AIS with two major curves include 30% of cases. The
curves are generally of same magnitude (+10%), the most frequent being the
double major right thoracic/left lumbar and the double thoracic left upper tho-
racic (T1/T5) and lower thoracic (T6/T12).

Concerning the localization of the deformities along the spine’s skeleton: We can
speak of cervical when the apex of the structural curve is between C1/C7 (I per-
sonally have never seen such a localization in idiopathic scoliosis); cervico-
thoracic when the apex is located between C7 and T3; thoracic (the most frequent)
when the apex is located between T4 and T11; thoraco-lumbar when the apex is
located between T11 and L2; lumbar when the apex is located between L2 and
L5; and lumbo-sacral when the apex is located at L5 or the L5/S1 junction (in my
experience, such cases are often because of a congenital anomaly at that level).
Of course, multiple curves can be associated, such as the double major thoracic
and lumbar or double thoracic; triple curves upper thoracic, lower thoracic, and
thoraco-lumbar; and “serpentine” with four curves upper thoracic, lower tho-
racic, lumbar, and lumbo-sacral.

Concerning the junctional zones: A junctional zone is group of three or two ver-
tebrae or even only one disc located at the junction between either two structural
curves or structural and compensatory curves. Generally at that level, the axial
rotation of the vertebra above the junction is in one direction and the axial rota-
tion of the vertebra below is in the opposite direction, giving a kind of scissoring
effect on the disc between. Thus, at that level, the major concern is stability/
instability. This concept is evident for the degenerative spine (rotatory disloca-
tion) but potentially exists in AIS. It is not so difficult to recognize when the disc
above a vertebra is yawning on one side and the disc below is doing the same but
on the other side; this vertebra must be considered unstable.

Concerning the position of the pelvis: The position of the pelvis is important,
especially for the thoracic and lumbar double curves. The “pelvic vertebra con-
cept” was developed in France by Jean Dubousset in 1973 and, under the influ-
ence of Christian Salanova and Maurice Bergoin, the importance of the position
of the pelvis relative to the convexity or concavity of the thoracic curve became
understood. Salanova describes the pelvis as “included” within the lumbar curve
when the iliac crest is elevated on the side of the concavity of the lumbar or con-
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vexity of the thoracic; subsequently the fusion has to include the lumbar curve.
The pelvis is called “excluded” when elevated on the side of the convexity of the
lumbar curve or concavity of the thoracic. In such cases, the lumbar spine must
be preserved from fusion. Unfortunately, this simple and very practical observa-
tion has never crossed the ocean.

Many other well-known classifications have originated from the guidelines for
the treatment, especially when instrumentation is used:

e Paul Harrington gave the important definition of a “stable zone” for the level of
his lower instrumentation area. The stable zone includes the vertebrae com-
pletely within the area delineated by two parallels lines elevated from both right
and left posterior joints at the low lumbar and lumbo-sacral area.

e The King and Moe classification [14] was widely used but designed only for
thoracic scoliosis based on the radiological view from the frontal plane. The five
types of scoliosis curves came from their position relative to a vertical line ele-
vated from the mid-sacrum central line, ignoring the lumbar curves, ignoring the
sagittal plane, and ignoring pelvic positioning.

e Currently, the most widely used classification is indisputably that designed by

Larry Lenke [15]. This scheme has the advantage that the lateral plane is consid-
ered, but it is still 2D because the horizontal plane is ignored. This classification
system requires analysis of the upright coronal and sagittal X-rays, along with
supine side bending views. The triad classification system consists of a curve
type (types 1-6) [1-4, 11, 16], a lumbar spine modifier (A, B, C), and a sagittal
thoracic modifier (—, N, +). All three regions of the radiographic coronal and
sagittal planes (the proximal thoracic, main thoracic, and thoracolumbar/lumbar)
are designated as either the major curve (largest Cobb measurement) or minor
curves. The minor curves are separated into structural and nonstructural types.
For treatment, the recommendations are that the major and structural minor
curves are included in the instrumentation and fusion and the nonstructural minor
curves are excluded.
Despite so many types, this classification has three great advantages: (a) It pro-
vides a common language for comparison of similar cases between different
origins, surgeons, and treatments. (b) It integrates a kind of check list into the
brains of physicians and surgeons, making them think about a more precise
anatomo-pathology of the deformity. (c) It establishes a series of guidelines for
posterior approach treatment.

e The Montreal team with the support of SRS [9] attempted to design a way to cre-
ate a 3D classification. However, the way chosen is not easy to understand and
even worse to apply. The decision to put each curve in a plane (the plane of maxi-
mum deformity) is curious and open for discussion, because it is well known that
a scoliotic curve cannot be inscribed in one plane. But, this classification is use-
ful because it is the only study specifically addressing the horizontal plane defor-
mity with the “da Vinci“ view from the top. Can this method replace the Cobb
angle?
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We personally do not use any classification and analyze the scoliotic spine in two

ways:

1.
2.

Globally, from feet to head, looking simultaneously at the three planes.
Clinically, by vision and clinical measurements:

e Static: frontal from the front, then from the back; sagittal, right then left; and
horizontal, first from the top (generally in sitting position) and then with the
Adams test seen from the front and seen from the back. Optical topography
gives excellent 3D measurements with the modern devices.

* Dynamic: using classical motion exercises standing or lying in order to assess
muscle function of the various segments of the body with or against gravity.

. Imaging is best obtained with the EOS imaging system for static and some

dynamic measurements, but must be supplemented by bending or traction X-rays
to address the flexibility and, for instance, prognostication after surgical treat-
ment of the patient’s body balance.

Locally, each curve and each junction is analyzed with a 3D aspect using all the
criteria developed by each researcher and brought out by each classification,
remembering that the most important criteria both before and after surgery are
balance and motion, not the Cobb angle correction. Alignment and balance
should not be confused. The maximum reduction is not always optimum.

1.6 Personal Conclusion

Unicity in the biological development of idiopathic scoliosis:

According the anatomic structure of the vertebral functional unit (vertebra, disc
above, disc below) and spinal arrangement with the chain of balance, emphasiz-
ing the important role of the pelvic and cephalic vertebra.

According the physiological function of the surrounding muscles close to or
away from the spine.

According the maturation of the bone and soft tissues of the spine.

According the maturation of the central and peripheral nervous system.
According to the clinical observations of (1) development, progression, stabiliza-
tion, and reduction of the scoliotic curves in infancy and early childhood; (2) evo-
lution of the juvenile group; and (3) evolution of the adolescent (or puberal) group.

It is logical to think that the phenomenon creating the curves and their arrangement

in the spine is unique or universal and that is a mistake to concentrate only on the ado-
lescent idiopathic group, ignoring the younger group. On the contrary, the fact that the
group with progressive benign infantile scoliosis (even with a 70° Cobb angle) can be
completely corrected either spontaneously or with appropriate non-surgical treatment
(cast plus brace) and go through the adolescent spurt without cast or brace, pushes us
to support the hypothesis of unicity in the development of idiopathic scoliosis.
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Glossary!
Adolescent scoliosis: Scoliosis detected between age 10 and maturity.
Adult scoliosis: Scoliosis considered more or less after the end of growth.

Alignment: 3D positioning of the body’s elements from head to feet along the
gravity line. This can be used for the entire body or for the bone and joint elements
of the entire spine.

Apex, apical vertebra: Vertebra located in a curve and farthest away from the
gravity line, most horizontal, and generally the most axially rotated in a standing
position.

Balance: Stability of the body in 3D when static or within any movement in rela-
tion to the gravity line.

Barycentrometry: Measurement of the center of mass of different parts of the
body (head, thorax, abdomen, etc.) relative to the gravity line and evaluation of the
mass value of the body corresponding to each vertebral level and its location relative
to the gravity line axis.

Basement: Lower part of the spine (generally the lumbo-pelvic area), considered
the most fixed zone for alignment of the spine. This term can also be used for the
polygon of support of the body.

Bending: Image or measurement obtained either clinically or by X-ray of a curva-
ture, bent to the right or left (for the frontal plane) or toward the front or back (for
the sagittal plane), to check the flexibility of the curve. It can be passive or active.

Bone age: Skeletal X-ray landmarks demonstrating the maturation of the bony
tissues.

Café au lait spot: Brown (varying from light to dark) skin spots anywhere on the
body, suggesting neurofibromatosis 1.

Cephalic vertebra: The entire head is considered as one unique heavy (7% body
weight) vertebra that plays the role of a reverse pendulum on the chain of balance of
the body.

Cervico-thoracic curve: Curve located at the cervico-thoracic junction between
C5/T5, with apex generally at C7 or T1.

Chain of balance: 3D positioning of the successive parts of the body from poly-
gon of support to the head, creating a harmonious “piling up” of the different bones
and joints of the skeleton, in order to achieve balance in both the static posture of
the human and during motion of the entire body.

'Tt seems useful to present an extensive glossary of scoliosis terms to help the reader understand
better the contents of the different chapters of this book.
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Cobb angle: X-ray measurement (in degrees) of a curve from lines tangential to
the end vertebrae plateau of the most tilted vertebrae (one superior, one inferior) in
opposite directions.

Compensation: Clinical (3D static or dynamic) or radiological evaluation of the
realignment or rebalance of part of the spine to approach the gravity line
reference.

Compensatory curve: Curve either structural (generally minor) or postural that
realigns the spine within the gravity line.

Congenital scoliosis: 3D spinal deformity secondary to vertebral bony
malformations.

Cone of Economy: 3D volume occupied by the human body in standing or sitting
position requiring a minimum of muscle function to achieve balance.

Crankshaft phenomenon: 3D hyper-rotatory deformity, generally post-operative
after early posterior fusion for scoliosis on a growing child, secondary to the con-
tinuing anterior growth of the twisted body in front of a posterior solid fusion.

Cuneiform vertebral body: Loss of normal parallel aspect of the upper and lower
vertebral plateau.

Curve: Deformity of the spine with mainly lateral deviation from the midline,
maximum at its apex where the extremities or end vertebrae come back toward the
midline.

Curve measurement: Curve measurement can express curve magnitude in degrees
(the Cobb angle is the most used) or the inclination of the curve projected onto the
horizontal plane, obtained using a scoliometer. It can be the projection of the curve
onto the oblique plane of maximum deformity or the contrary minimum deformity.
The best measurements are 3D, where each plane requires specific measurement.

Degenerative scoliosis: Spinal scoliotic deformity secondary to degenerative
changes primarily at the disc level, due to aging and occurring either on an already
scoliotic spine (known from childhood or adolescence) or on a normal spine.

De novo scoliosis: Scoliotic deformity of an adult normal spine developed during
adulthood.

Discogenic cascade: The succession of degenerative changes occurring at the disc
level, sometimes limited at first to one level, then extending progressively to a larger
part of the spine, especially the thoraco-lumbar, lumbar, or lumbo-sacral area.

Dislocation: Complete loss of continuity in the alignment of vertebral units;
(Subluxation: Partial loss of continuity, reducible or not).

Double major scoliosis: Spine with two significant structural curves of equal
magnitude, generally one thoracic and one lumbar.
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Double thoracic scoliosis: Spine with two significant structural curves, both
located within the thoracic area.

Election vertebra: Name given by Christian Salanova to the lower end vertebra of
an instrumentation, obtaining all the criteria for stability in static or dynamic condi-
tions before operation.

End vertebrae: Ultimate vertebra located at each side of a curve (upper and lower
ends).

Erect posture: A human characteristic, defining the position of the entire body or
trunk within the gravity axis in a standing or sitting position, with the head aligned
vertically above the feet for standing, or above the buttocks when sitting.

Flat back: Loss or severe decrease in normal sagittal alignment for part or all of
the spine.

Fractional curve: Part of a curve including one or more levels, realizing a division
of the full curve; sometimes useful to plan the map of the instrumentation.

Full curve: Complete curve from upper end to lower end vertebrae.

Gaze: Orientation of the axis of the vision. Horizontal gaze is a characteristic of
human beings.

Gibbus: Protrusion on the back, more or less pronounced and acute or rounded,
generally secondary to severe kyphotic or kypho-scoliotic deformity

Ginette Duval-Beaupere: French physician who described the law of progression
of scoliotic deformity in a growing child, as well as the “incidence angle.”

Greulich and Pyle atlas: Radiological tables used to determine bone age.

Hump: Clinical sign demonstrating the asymmetry of paravertebral structures of
the back. Generally, a hump represents the axial rotation of vertebral bodies and is
associated with posterior bulging of the ribs in the thoracic area. In the lumbar zone,
it represents the consequence of the axial rotation of vertebrae.

Hyper-kyphosis: Sagittal alignment of the thoracic spine with a kyphosis angle
greater than the normal range.

Hypokyphosis: Sagittal alignment of the thoracic spine where the kyphosis angle
is less than the normal value, but where the severity is not yet lordotic.

Hiysterical scoliosis: Spinal nonstructural deformity at the initiation, secondary to
transient or permanent central neurological problems such as conversion. With time,
structural changes may develop.

Idiopathic scoliosis: Scoliosis with unexplained etiology

Iliac epiphysis, apophysis: Epiphysis develops along the wing of an ilium, giving
aradiological sign of maturation according to the extent of ossification (Risser sign
1-5).
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Ilio lumbar angle: Angle between the horizontal axis of the superior part of both
iliac wings and the vertical alignment of L4 and L5 vertebrae. It may be symmetri-
cal right and left, or asymmetrical. If asymmetrical, we speak about “asymmetrical
ilio-lumbar basement.”

Ilio lumbar asymmetrical basement: See above.

Incidence angle: Anatomical angle from the sagittal alignment (defined by Ginette
Duval-Beaupere), created by the junction between one line perpendicular to the
middle of the S1 plateau and the line from this center to the center of femoral head
(or the middle of the line that centers both femoral heads). It is important to deter-
mine the postural sagittal alignment according the formula Pelvic incidence = Pelvic
version (tilt) + Sacral slope (angle between vertebral plateau S1 and the
horizontal).

Inclination angle: Generally used for the thoracic spine. It is the angle between
the horizontal reference plane and the plane across the thoracic cage passing at the
maximum of rib cage pro-eminence (rib hump).

Inclinometer: Instrument used to measure the thoracic inclination angle on the
back of a patient, bent 90° frontward onto the hip joints; also called a scoliometer.

Infantile scoliosis: Scoliosis, idiopathic type, appearing and discovered between
birth and 3 years old

Intermediate vertebra: In a scoliotic curve, the vertebrae located between the
apex and the end vertebrae.

Junction, junctional zone: Part of the spine consisting of one unique vertebra, one
unique disc, or a group of three vertebrae with their surrounding discs, located
between two curves, either structural or compensatory.

Juvenile scoliosis: Scoliosis, idiopathic type, appearing and discovered between
3 years old and the first signs of puberty

King classification: Five types of idiopathic scoliosis determined from the local-
ization of the curves relative to the central sacral line.

Kyphosis: Deformity developed purely in the sagittal plane with a shape or angle
greater than found in normal alignment. They are classified into two types: (1)
Angular, meaning that a sudden change between two adjacent vertebrae occurs in
this sagittal alignment, giving an acute sinus open toward the front. (2) Regular,
meaning mild progressive change in the sagittal alignment, giving an angle greater
than normal. If we consider the vertical line (the plumb line) as 0°, vertebrae are
bent toward the front in kyphosis, toward the back in lordosis.

Kyphoscoliosis: A kyphotic spine has scoliosis and a true hyperkyphosis.
Kyphoscoliosis must be differentiated from (1) a spine looking kyphosis but where
this aspect results from a hyper-rotatory deformity of the apical vertebrae (apparent
kyphosis). In this case, the apex of scoliosis and the apex of kyphosis are at the same
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level; (2) a junctional kyphosis where the apex of the kyphosis lies at the junction
between two lordotic curves.

Kyphosing scoliosis: Scoliotic spine with marked axial rotation, where the lateral
bending of these rotated vertebrae look like kyphosis.

Lenke classification: The most used 2D classification for idiopathic scoliosis,
based on six types of primary curves, with adjuncts of a lumbar modifier and a sagit-
tal modifier.

LIV: Lower instrumented vertebra

Lordosis: Negative sagittal alignment of the vertebrae of a curve, relative to the
vertical sagittal line (plumb or line tragus/S1, or C7/S1 etc. reference lines) consid-
ered as 0°.

Lordoscoliosis: Scoliosis where the sagittal projection is lordotic (different from
hypokyphotic).

Lumbar curve: Curve located between T12 and L5, apex generally L2 or L3.

Lumbo-sacral curve: Curve located betweenl.3/L4 and pelvis, apex generallyL4/
L5 orL5/S1 disc.

Major curve: Structural curve with the largest magnitude on the spinal
alignment.

Menarche: Female menstrual regimen.

Min Mehta index: Measure of the rib-vertebra angle difference, concave/convex
on the apical vertebra.

Minor curves: Structural or compensatory curves with a magnitude lower than
others in the spinal alignment; generally more flexible than the major curves.

Nash and Moe Index: Simple method for measuring the axial rotation of a verte-
bra (in three grades) by the relation of the axis of the convex pedicle to the lateral
border of the body.

Nonstructural curve: Curve without structural characteristics, generally corrects
completely or overcorrects in the bending tests.

Occipital axis: Vertical line from the midline of the occiput or occipital crest down
to the center of the polygon of support.

Pelvic anteversion: Sagittal tilt frontward of the pelvis from the normal
alignment.

Pelvic obliquity: 3D position of the pelvic vertebra relative to the gravity line axis
in standing, sitting, or lying posture.

Pelvic retroversion: Sagittal tilt backward of the pelvis from the normal
alignment.
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Pelvic tilt (or pelvic version): Sagittal tilt from the normal alignment.

Pelvic vertebra: The entire pelvis is considered as one unique vertebra because
mobility of the sacroiliac joint is minimal (1.5° according White and Panjabi) play-
ing the role of an intercalary bone in the chain of balance of the body.

Plan d’élection: French expression to define the plane of maximum deformity,
corresponding to an oblique plane where the projection of the scoliotic spine on the
X-ray film develops a maximum of deformity. It is possible to use the same expres-
sion for the plane, still oblique, showing the minimum of deformity (generally, a
plane orthogonal to the first one).

Plumb line: Vertical reference line for gravity, given by a string with attached
weight at one extremity and presented at a fixed reference point of the body.

Polygon of support: Surface created by the weight-bearing surface of both feet.

Ponseti classification: Early classification for idiopathic scoliosis, based on the
number of curves and their localization.

Postural scoliosis: Spinal deformity with only positional (not structural) disor-
ders, generally completely reversible and secondary to extra-vertebral factors.

Predominant: Element more important for function or any other criteria, in any
further time.

Primary curve: The spinal curve developed first or earliest; can be associated with
other curves called secondary, structural, or postural generally compensatory for the
alignment toward the gravity line.

Prone positioning: Lying position on the stomach.

Reduction, reducible: Ability of a curve to reduce its characteristics of magnitude
(Cobb angle, axial rotational index, etc.) in any direction or in a selective direction,
secondary to various maneuvers such as longitudinal traction, supine or standing
side bending, correction in a brace or a cast, or after surgery.

Reverse pendulum: Generally, the fixed part of a pendulum is the upper part and
the weight is oscillating at the lower part. A reverse pendulum means that the fixed
point is at the bottom (i.e., polygon of support) and the oscillating weight at the upper
part (i.e., the head). Describes the biomechanics of the chain of balance in the human.

Risser sign: Radiological ossification of the iliac wing apophysis is divided into
five stages from 1 (beginning appearance) to 5 (complete ossification). The Risser
sign is used to evaluate growth maturation.

Ring apophysis: Growing radiological marker that is the most reliable index of the
maturation of the vertebra, given by the amount of ossification of the periphery of
the vertebral plateau growth plate.

Rotational prominence: The prominence seen when looking at the back of the
patient when it is in a frontward bend. Generally, a thoracic prominence is caused
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by the axial rotation of the vertebrae and the subsequent deformity of the ribs (most
frequently seen on the right for right thoracic scoliosis). At the lumbar level, promi-
nence is a result of the axial rotation of the vertebrae.

Rotatory dislocation: Anatomical and pathological phenomenon realized by a
combined movement in the disc between two vertebrae (or around one vertebra with
the two discs above and below) that associates axial rotation in an opposite direction
above and below, lateral ejection, and kyphosing deformity between the two verte-
brae. It is a localized phenomenon corresponding to junctional kyphosis between
two lordotic curves.

Sacral slope: Sagittal angle between superior plateau of S1 and the horizontal.

Scoliometer: Instrument used to measure the angle of slope of the back surface
from the horizontal reference at various levels of the back and especially at the apex
of the rib hump.

Skeletal age: Bone age

Spinal penetration index: Amount of the invasion of the thoracic cage by the
spinal elements measured at one transversal, axial, or horizontal level of the thorax,
or in volume relative to the entire thoracic cage.

Stability/instability: Stability is the normal anatomical relationship between two
vertebral units or two segments of the spine during motion, whereas instability is the
loss of this normal relationship during motion. Instability is called “immediate”
when demonstrated, for example, on stress films such as Flex/Ext. Instability is
“potential” when not demonstrated on these stress films but can occur suddenly
after a minor trauma, progressively with time secondary to gravity, or in response to
external repeated stress.

Structural curve: Curve where anatomical changes can be found in the alignment
(axial rotation, lateral translation, sagittal displacement) that are not reducible by any
external passive manipulation, traction, or supine side-bending films for instance.

Supine positioning: Lying position on the back.

Surface topography: Measurement of the 3D shape of the trunk using various
non-invasive devices, generally optical. Gives 3D information about the external
deformity of the trunk in frontal sagittal and horizontal planes. Useful for diagnosis,
quantification of treatments, and follow up.

Thoraco-lumbar curve: Curve located between T8 and L3, apex generally on T12
orL1.

Torsiometer: Accurate instrument designed by René Perdriolle to measure the
degree of axial rotation of the vertebrae by the position of the convex pedicle (more
precise measurement than that of Nash and Moe).

Torsion and counter-torsion: 3D movement of a segment of the spine or the
whole spine, made by the association of axial rotation with lateral and sagittal
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deviation of the spinal unit relative to the adjacent unit in one direction (right or
left). A scoliotic spine is made by a succession of torsion and counter-torsion seg-
ments. Torsion is a 3D combined movement of a part of the spine, where axial rota-
tion in one direction increases from superior end vertebra to apical vertebra and
decreases from apical vertebra to inferior end vertebra.

Triradiate cartilage: 3D growing cartilage of the acetabulum. Its complete ossifi-
cation correlates clearly with Risser O or Risser —1 for Dimeglio (12 year bone age
in girls, 14 year bone age in boys). When still open, the peak of the growth spurt has
not yet been reached.

Vertebral end plate: Inferior and superior plates of the vertebral bodies; cortical
bone immediately adjacent to the intervertebral disc.

Vertebral growth plate: Growing cartilage covering the superior and inferior sur-
faces of the vertebral bodies. These plates give the longitudinal growth in height of
the vertebrae.
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Chapter 2
Adolescent Idiopathic Scoliosis:
Natural History

Cameron B. Barton and Stuart L. Weinstein

2.1 Introduction

Adolescent idiopathic scoliosis (AILS), or late-onset scoliosis, is a condition in ado-
lescents defined by an abnormal coronal plane spine curvature with rotation, for
which no cause can be established [1]. AIS is the most common form of scoliosis
and is diagnosed after exclusion of other known causes, including syndromic disor-
ders, neuromuscular disorders, or vertebral malformations. The natural history of
AIS has been well studied [2—12]. However, many of the initial natural history stud-
ies had shortcomings, including retrospective study design, small cohorts, patients
lost to follow-up, and inclusion of patients with differing diagnoses. Thorough
understanding of the natural history of disease is paramount in determining appro-
priate treatment. Appropriate treatment decisions should be critically assessed based
on the outcome studies of patients treated by various methods, including both surgi-
cal and nonsurgical techniques. Knowledge of disease natural history is crucial in
determining whether any treatment modality alters a disease in a positive, negative,
or neutral way. This chapter will focus on the natural history of untreated adolescent
idiopathic scoliosis.

2.2 Etiopathogenesis

Despite substantial basic science and epidemiological and clinical research, much
remains unanswered regarding the etiopathogenesis of AIS [3, 13, 14]. This is in
contrast to neuromuscular and congenital forms, which have much better
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understood underlying mechanisms. A variety of hypotheses and concepts have
been proposed, with etiologies involving genetics, the central nervous system, bio-
mechanics, metabolic pathways, skeletal spinal growth, bone metabolism, and oth-
ers [3, 13, 15, 16]. The biomechanical pathology of AIS has been described as either
primary or secondary to the spinal curve itself and might contribute to the initiation
and/or progression of the spinal curve [3]. The upright growing human spine
expresses multiple biological and biomechanical processes. Several of the classical
concepts pertaining to these processes include biomechanical and neuromuscular
factors [17], axial rotational instability [18], biomechanical modulation of growth
as a result of asymmetrical mechanical compression and reduced loading (known as
the Hueter-Volkmann effect) [17, 19], asynchronous (uncoupled) spinal neuro-
osseous growth and relative anterior spinal overgrowth [20, 21], right thoracic
curves in females with AIS (the thoracospinal concept) [22], melatonin signaling
pathway dysfunction [23, 24], and dysfunction of platelet calmodulin [25]. Advances
in 3D imaging have led to new concepts pertaining to the pathogenesis of AIS,
including bipedalism causing intrinsic dorsal (posterior) shear forces with axial
rotational instability [26]. These various concepts will be discussed in further detail.

AIS has been shown to have a genetic component, with a meta-analysis revealing
concordance for AIS in 36% of dizygotic twins and 73% of monozygotic twins [27].
Large pedigree studies have demonstrated different methods of inheritance, including
autosomal dominance, maternal factors, multiple gene inheritance, X-linked domi-
nance, and multifactorial inheritance [13, 28, 29]. One large pedigree study of 101
families, including 778 individuals, found that severe forms of AIS could be attributed
to an autosomal dominant major gene diallele model with incomplete sex-dependent
penetrance [28]. However, the majority of studies have failed to identify a specific
gene locus responsible for AIS, concluding that AIS does not follow the classic
Mendelian inheritance model [30-34]. Therefore, recent views of the heritability of
AIS favor a complex polygenic model with significant genetic heterogeneity.

One model of complex disease inheritance proposes that different sets of envi-
ronmental and genetic factors could separately contribute to the progression or ini-
tiation of spinal curve (Fig. 2.1) [3, 35]. One study found that other complex diseases
such as type 1 diabetes, Crohn’s disease, and rheumatoid arthritis had sibling risk
ratios similar to those of AIS [36]. Male patients might require a greater number of
genetic risk factors to be affected by the condition, as pedigree analyses show that
male patients with AIS are more likely to have siblings and children with scoliosis
when compared to female patients [37, 38]. Complex polygenic mode of AIS inheri-
tance has involved studying genes related to connective tissue structure, bone
metabolism, puberty, melatonin signaling pathways and genes encoding melatonin,
estrogen receptors, and axon guidance pathways [39]. Some of these genes were
associated with AIS curve severity, but to date no association between these genes
and the initiation of AIS has been elucidated [40, 41].

Genome-wide association studies (GWASs) examine a genome-wide set of
genetic variants in individuals to determine if any variant is associated with a trait
[3]. GWASs usually focus on associations between single nucleotide polymor-
phisms (SNPs) and traits or diseases such as AIS. Several SNPs associated with AIS
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Fig. 2.1 Etiopathogenesis of adolescent idiopathic scoliosis. A general model showing the inter-
action of environmental and genetic factors to curve onset and progression. AIS, adolescent idio-
pathic scoliosis. From Cheng et al. 2015, Fig. 5, page 7 [3]

have been identified, including ladybird homeobox 1 (LBX1) locus [42, 43], adhe-
sion G protein-coupled receptor G6 (ADGRG6) [44], paired box 1 (PAX1) [45, 46],
and fibrillins (FBN1 and FBN2) [47]. Discrepancy has been found regarding asso-
ciation of estrogen receptor protein ESR1 [41, 48, 49]. Overall, these GWAS studies
link AIS to possible abnormalities in development, migration, or function of muscle,
neural, connective tissue, or hormone receptor proteins [41-50].

The etiopathogenesis of AIS has also been tied to several functional and morpho-
logical abnormalities of the central nervous system (Fig. 2.2). Derangements in neu-
rophysiological functions have been found in patients with AIS, including abnormal
somatosensory-evoked potentials [51], static and dynamic postural instability [52],
abnormal proprioceptive function [52], and vestibular and visuo-oculomotor dys-
function [53]. Patients with AIS have been found to have differences in brain vol-
ume ratios and indices via functional MRI, with abnormalities coinciding with
functional areas involved in motor control and vestibular and somatosensory sys-
tems [54-57]. Studies have also shown that the vestibular apparatus, including
semicircular canal abnormalities, may be linked to the etiopathogenesis of AIS, or
may alternatively be a compensatory response to in the development of AIS. This
could possibly explain the abnormal somatosensory function and poor balance con-
trol that may be present in patients with AIS [58, 59].

Abnormal bone growth, metabolism, and remodeling have been suggested in
patients with AIS. Neuromorphological abnormalities associated with AIS have
included reduced spinal cord to vertebral length ratios [20] and relative anterior
spinal overgrowth; supporting a hypothesis that uncoupled neuro-osseous growth
may contribute to AIS [20]. Other areas of disproportionate or asymmetric skeletal
features reported in AIS have included upper arm length disproportions, periapical
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Fig. 2.2 Central nervous system factors involved in AIS. Diagram proposing the possible interac-
tions between central nervous system factors and the initiation or progression of AIS. CNS, central
nervous system; NOTOM, neuro-osseous timing of maturation. From Cheng et al. 2015, Fig. 6,
page 8 [3]

ribs, left-right asymmetry, and abnormalities in iliac height [60, 61]. Osteopenia is
suggested to be associated with AIS, as one study shows this diagnosis in 38% of
women with AIS [62, 63]. Furthermore, osteopenia can be an important prognostic
factor for curve progression in AIS [64]. Other studies have implied that abnormali-
ties that affect bone metabolism could influence development of AIS with associ-
ated markers including OST, RANKL, soluble OBR, MATNI1, and COMP [3,
65-69]. Specifically, vitamin D deficiency has been linked to osteopenia and osteo-
porosis, and a recent study found lower vitamin D levels in patients with AIS, with
negative correlation to Cobb angle [70].

Abnormal body habitus has also been associated with AIS, with AIS patients
having a lower body weight and BMI when compared to controls [71]. One large
prospective cohort study found that decreases in leptin, lean mass, and fat mass
were associated with an increased risk for scoliosis [72]. Leptin and soluble leptin
receptor have been suggested to be responsible for some abnormal phenotypes
observed in AIS [73].

Another theory linked to the etiopathogenesis of AIS involves human bipedalism
and the three-dimensional biomechanical factors of the spine. Studies have shown
that the posterior inclination of the spine is linked to rotational stability [3, 26, 74,
75]. The sagittal profile of males versus females differs, particularly during pubertal
growth [32, 76]. Women have a greater posteriorly inclined area of the spine, lead-
ing to less rotational stability and possibly contributing to the development or pro-
gression of AIS [3, 32, 76].

As mentioned above, the exact factor or combination of factors that lead to the
initiation of scoliosis is unknown. However, several other biomechanical theories
regarding the initiation of scoliosis have been proposed and include ligamentous
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and muscular “tethering” of the spine, uncoupled neuro-osseous growth, and anom-
alies of neuromuscular control [3, 17, 21, 77]. Once scoliosis is initiated, asym-
metrical stresses act on a laterally curved spine and associated vertebral growth
plates, producing asymmetrical spinal growth [19, 67, 78]. This concept is known as
the Hueter- Volkmann principle, where increased compressive loading slows growth
and decreased loading accelerates growth [67], thus producing wedging of the ver-
tebrae in the coronal plane.

In summary, the etiopathogenesis of AIS is likely multifactorial. Factors contrib-
uting to the initiation or progression of AIS include genetic; CNS; bone metabolism,
growth, and remodeling; body composition; and biomechanical contributions.

2.3 Prevalence

The prevalence of AIS in the at-risk population (children age 10 to 16 years of age)
is 0.4-3%, with differences noted based on geographic location, ethnicity, and sex
[79, 80]. Prevalence ranged from 0.4 to 3.9% in North America, 0.7 to 7.5% in Spain,
0.4 to 2.5% in Asia, and 1.9% for both the Middle East and Australia [79, 80]. High
northern latitudes hold a greater prevalence of AIS compared to regions of lower lati-
tude [81]. A study from Hong Kong is currently the largest cohort study evaluating
prevalence. It assessed children from 10 years of age until skeletal maturity and
found that the prevalence of spinal curves >10° during adolescence was 2.5% [80].

The percentage of individuals with significant curves greater than 20° or those
requiring treatment is even smaller. A 2010 meta-analysis, including data from 36
studies on AIS, found that a pooled prevalence of spinal curves greater than or equal
t0 20° was 0.22% (95% CI: 0.15-0.30%) [79]. Further, the prevalence of individuals
who had been treated for scoliosis with surgery or back brace was 0.07% [79]. If
these percentages are applied to current population figures, more than 620,000 ado-
lescents in the United States have AIS [82]. An estimated 602,884 visits to private
physician officers were made for this condition in 1995 [83]. The number of surgi-
cal operations for AIS has been increasing every year. In 2012, over 5000 patients
in the United States were surgically treated for AIS, which corresponded with a
national bill of $1.1 billion [84].

2.4 Diagnosis

The diagnosis of AIS is often sought after a patient’s primary care physician, coach,
parent, or other close contact notices body asymmetry. Chest prominences, thoracic
prominences, scapular prominences, variance in shoulder height, an asymmetrical
waist, or sagittal plane decompensation may be noted. Many screening tests aid in
the diagnosis of AIS, including the standard Adams forward bend test, a scoliome-
ter, or formetric screening [69, 80]. For the general practitioner, the Adams forward
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Fig. 2.3 Screening for scoliosis by clinical exam and radiography. (a) Scoliometer measurement
during Adams forward bend test. (b) Long-standing posterior-anterior radiograph of a 13-year-old
boy showing a 30° curve and Risser 2. From Weinstein et al. 2008, Fig. 1, page 1528 [110]
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Fig. 2.4 Human spine curvature. (a) The three axes and associated planes of the human body. (b)
Method of measuring the Cobb angle, an angle formed from the most superior vertebral endplate
to the most inferior vertebral endplate in the coronal plane. (¢) The sagittal contours of the spine,
including cervical, thoracic, lumbar, and sacral regions. From Cheng et al. 2015, Fig. 1, page 2 [3]

bend test and the scoliometer are the most useful (Fig. 2.3). The Adams forward
bend test is useful in detecting rotational deformity. While these screening tests are
sensitive for detecting body asymmetry, they are not specific for scoliosis and give
little information to curve magnitude. The diagnosis of scoliosis can only be con-
firmed by a coronal spine curvature of at least 10°, measured by the Cobb method
(Fig. 2.4 schematic) on a standing PA radiograph of the spine [1, 3]. The human
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Table 2.1 Various described classification and subclassification of scoliosis
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Pathological Age of onset Curve magnitude | Curve level and apex
— Structural — Infantile: 0-3 years of age | — Use Cobb — Classify as
— Functional: no — Childhood: 4-9 years of method on cervical, thoracic,
demonstrable age standard spinal thoracolumbar, or
spinal column — Adolescent/adolescent radiographs to lumbar
abnormalities idiopathic scoliosis: obtain the Cobb |- May combine with
10 years of age until angle other descriptors

closure of growth plate
(most common?)

—Adult: 18 years of age or
older

— Early-onset scoliosis: curve
occurs before 10 years of
age

— Late-onset scoliosis: curve
occurs after 10 years of age

(right or left
thoracic, lumbar
major)

Three-dimensional
nature of curve

Nonsurgical treatment

Surgical treatment

— Negrini
classification:
based on
direction, shift,
and phase of
curve [130]

— Poncet
classification:
based on three
distinct patterns of
geometric torsion
of the major curve
[131]

— Rigo classification: defines
principles of the corrections
necessary for effective
brace design and
fabrication, based on both
radiological and clinical
curve pattern [132]

— Lehnert-Schroth
classification: includes the
“three curve pattern” with
the shoulder, thoracic, and
lumbopelvic block deviated
and rotated against each
other in the frontal plane
[133]

— King
classification

— Lenke
classification

— Peking Union
Medical
College
classification

Defines five
curve types [130,
134, 135]

Defines six curve
types [134]
Defines three
major curve types
and 13 subtypes
[135]

*Modified from box 1, Cheng et al. 2015 [3]

spine can be described in three planes, but scoliosis is specifically defined by coro-
nal plane curvature (Fig. 2.4). Further classification of scoliosis as AIS requires
exclusion of other known etiologies.

Curve magnitude is important when determining diagnosis and prognosis in
AIS. Small curves of 10° are found in equal ratios among males and females. Studies
have shown that as Cobb angle increases, overall prevalence decreases but female-
to-male ratio increases [1, 5, 85, 86]. Fortunately, natural history and epidemiologi-
cal studies have shown that less than 10% of positively screened patients (curves
>10°) require active treatment [§7-91].

Idiopathic scoliosis can be subclassified based on various criteria including age
of onset, pathological type, curve magnitude, curve level and apex, three-dimensional
nature of curve, and surgical vs. nonsurgical treatment types (Table 2.1) [3]. Curve
pattern in AIS is important when considering natural history. Four main curve
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Fig. 2.5 Three curve types based on location of curve. Posterior-anterior standing radiographs of
patients (top row) with corresponding clinical photograph (bottom row). (a) Right thoracic. (b)
Thoracolumbar. (¢) Lumbar. From Cheng et al. 2015, Fig. 2, page 4 [3]

patterns have been determined in the literature and include thoracic, lumbar, thora-
columbar, and double major (Fig. 2.5). Other less common curve patterns include
cervicothoracic, double thoracic, and thoracic thoracolumbar. These patterns refer
to the location of the apical vertebrae. Curve pattern is important to distinguish, as
each curve pattern has particular characteristics, predicted course, and associated
outcomes.

2.5 Early Studies on Patient Qutcomes

Few natural history studies of AIS exist, with early studies portraying a grim prog-
nosis. These studies perpetuated a common misconception that all types of scoliosis
inevitably led to disability, cardiopulmonary compromise, and back pain.
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Shortcomings of these early studies include retrospective study design, small
cohorts, patients lost to follow-up, and inclusion of patients with differing diagno-
ses. In 1968, Nachemson published one of the first studies regarding patients with
untreated scoliosis, not specific to AIS [92]. Their data included a 38-year follow-up
of 130 patients. The authors concluded an unfavorable prognosis, including a 100%
increase in mortality rate compared to general population, with 16/20 deaths due to
cor pulmonale. Further, 37% of patients had constant back pain, 14% complained of
cardiopulmonary symptoms, and 30% claimed disability because of their deformity.
However, only 45% of patients had idiopathic scoliosis; and the remainder included
congenital, paralytic, and scoliosis due to various other causes including tuberculo-
sis, neurofibromatosis, and other miscellaneous diseases. Of note, only 3 out of the
16 deaths due to cor pulmonale were in patients with idiopathic scoliosis, and it is
uncertain whether these patients had adolescent-, juvenile-, or infantile-onset forms.

A more recent natural history study of scoliosis patients was published by
Pehrsson et al. and included 115 patients with various forms of scoliosis, including
30 with infantile-onset scoliosis, 31 juvenile-onset scoliosis, 52 adolescent-onset
scoliosis and scoliosis due to polio [26], rickets [19], and unknown [9, 69]. The
average age of death was 54 years (range 16—75), with 60 patients still alive at the
time of follow-up. Causes of death included 21 cases of respiratory failure, 17 with
cardiovascular disease, and 17 with other causes. Of note, no patient with
adolescent-onset scoliosis of unknown etiology (AIS) died from respiratory failure
in this study [9].

A 50-year follow-up in 113 patients with scoliosis was reported by Nilsonne and
Lundgren [93]. The reported mortality rate in this cohort was twice the rate of the
general population, with 60% of deaths due to cardiopulmonary disease. Pertaining
to the living patients, half were unable to work, 76% were unmarried, 90% had back
symptoms, 30% were on disability pension for back pain or scoliosis, and 17% were
on disability without pension. The notable shortcoming of the study was absence of
radiographs to ascertain the etiology of scoliosis.

A separate study of patients with scoliosis of mixed etiologies was performed by
Fowles and associates in 1978 [5]. They followed 65 patients for an average of
23 years. Ten patients died during the course of the study, and of the remaining, 40%
had intermittent back pain, 22% were unemployed, 9% were on disability pensions,
and 63% of the women were unmarried. Of note, only 44% of the living patients had
a diagnosis of idiopathic scoliosis.

A four-part follow-up of an adolescent idiopathic scoliosis cohort from Ste.
Justine in Montreal demonstrated a 45% incidence of current back pain in the non-
treated patient group [6, 7]. This information was obtained via questionnaire survey
during 14-year follow-up. The authors also concluded that scoliosis patients experi-
enced limitations in specific activities including lifting, walking long distances, sit-
ting or standing for long periods of time, traveling, and socializing outside of the
home. They also concluded that patients with scoliosis perceived themselves to be
less healthy than other people of the same age. Compared to controls, scoliosis
patients also reported more current and intense back pain. This study had many
notable shortcomings, including a population-based control group that consisted of



36 C. B. Barton and S. L. Weinstein

patients randomly selected from the telephone directory, but not actually evaluated
and screened to exclude the presence of spinal deformity. Further, most of the infor-
mation was obtained by a telephone survey and questionnaire, and patients were not
reevaluated personally or radiographed at follow-up.

Unfortunately, the majority of these early studies portrayed a poor prognosis and
implied that all types of scoliosis inevitably led to high mortality rates, disability
from back pain, cardiopulmonary compromise, and lower marriage rates. However,
as stated previously, these prior studies were not specific to AIS.

The University of Iowa has published one of the longest natural history study series
on AIS patients. The first study was performed by Ponseti and Friedman in 1950, and
it followed 394 patients with untreated AIS at 2-year follow-up [10]. This particular
study showed that overall prognosis can be attributed to curve pattern and age of onset
[10]. In 1969, a second follow-up illustrated the importance of collecting specific data
during AIS follow-up visits, including radiographic data, pulmonary and back symp-
toms, living situation, occupation, activities, marriage, and children [4]. In 1976,
Weinstein and colleagues continued to follow this cohort with regard to radiographic,
clinical, and psychosocial outcomes [11]. Factors related to curvature progression
were studied in a second report of the cohort [12]. At an average follow-up of 51 years,
this unique cohort was studied again with a comprehensive assessment including clin-
ical exam, radiographs, rating of back pain, pulmonary symptoms, general function,
depression, and body image [94]. These studies specific to AIS have shown more
favorable outcomes. The most frequently noted long-term sequelae of untreated AIS
are curve progression, back pain, cardiopulmonary issues, and psychosocial concerns,
all of which will be the remaining focus of this chapter [4, 10-12, 94, 95].

2.6 Curve Progression

2.6.1 Skeletal Maturity

Curve progression in scoliosis varies according to etiology. The natural history of
patients with untreated AIS does not necessarily apply to scoliosis of other known
etiologies. Outcomes in AIS are tied to curve progression, as progressive curves are
thought to eventually lead to pain, diminished pulmonary function, and psychosocial
problems. Therefore, surgical and nonsurgical treatment decisions are often centered
around probable or actual curve progression. Early work implied that curve progres-
sion would stop at skeletal maturity [96]. However, many studies have since shown
that many curves may continue to progress throughout life [2, 11, 12, 94, 95, 97].
In the skeletally immature patient, the progression risk is related to specific curve
factors and growth potential. Overall, curves that reach 50° are likely to progress
into adulthood at a rate of 1° per year, which is largely based on the lowa long-term
studies [4, 10-12, 94, 95]. Assessment of skeletal maturity and associated growth
potential through methods such as age of menarche, digital skeletal age, and Risser
sign are essential for prognostication [98—101]. Spinal growth is directly tied to
specific events of puberty [41, 81, 102, 103, 136]. Curves often progress in early
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adolescence, known as the curve acceleration phase [99]. The Tanner-Whitehouse-
IIT RUS skeletal maturity assessment method has been shown to correlate well with
curve progression in adolescence [99, 100, 137]. Careful assessment of maturity is
essential during follow-up of AIS patients, as current maturity stage can predict
when a curve may progress more quickly and closer follow-up may be required.
Maturity also guides type of treatment, such as scoliosis bracing [104-106].

The majority of data on curve progression was obtained from studies with a pre-
dominance of females with thoracic curves. Overall, several factors were found to
influence the probability of progression in a skeletally immature patient. Two fac-
tors relate to curve characteristics and four factors relate to growth potential.

2.6.1.1 Curve Factors

1. The risk of progression is greater for curves of larger magnitude at detection. Curves
greater than or equal to 50° at skeletal maturity tend to progress [12, 88, 94, 102].

2. Curves with thoracic apex tend to progress with a prevalence of progression of
58-100% [12, 88, 94, 102, 107]. Thoracic curves and thoracic component of
double major curve progress at a greater rate than lumbar curves and lumbar
component of double major curve [94].

2.6.1.2 Growth Factors

1. The younger the patient at time of diagnosis, the greater the risk for progression
[2, 12, 88, 102].

2. There is a greater risk for progression before the onset of menarche in girls [41,
81, 102, 103].

3. Amount of skeletal growth remaining. The lower the Risser grade or digital skel-
etal age, the greater the time before skeletal maturity and therefore the greater
the risk for progression [88, 99].

In addition, loss of thoracic kyphosis has also been shown to have some influence
on the likelihood of curve progression [108, 109]. The specifics of how the loss of
thoracic kyphosis affects curve progression are yet to be determined. Regarding
postmaturity curve progression, curves <30° at skeletal maturity, regardless of curve
pattern, tend not to progress in adult life. More severe curves, particularly thoracic
curves between 50 and 80°, do progress [12, 94, 110].

2.6.2 Curve Location

Location of spinal curve is important to curve progression (Table 2.2). Thoracic
curves tend to be the most prone to progression, even after skeletal maturity, with an
average progression rate of approximately 0.4-0.5° per year [11, 12, 94, 95]. For
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Table 2.2 Cobb angles by curve location and follow-up

Cobb angles at skeletal
maturity® Current Cobb angles
Number
Curve type (%) Mean (SD) [range] Mean (SD) [range]
Thoracic 34 (43) 60.48 (26.79) [26-108] 84.50 (30.17) [23-156]
Thoracolumbar 11 (14) 43.63 (8.70) [36-64] 89.54 (32.69) [50-155]
Lumbar 22 (28) 35.05 (13.18) [15-63] 49.41 (26.38) [15-90]
Double major
Thoracic component 12 (15) 66.00 (21.53) [28-97] 79.08 (21.92) [30-104]
Lumbar component 12 (15) 60.75 (18.06) [26-83] 76.42 (21.88) [32-110]

“Modified from Weinstein et al. 2003, Table 2, pg. 561 [94]

patients with thoracic curve patterns, those with curves of less than 30° at maturity
did not experience progression and tended to have apical vertebral rotation of less
than 20° and Mehta angles of less than 20°.

Fewer thoracolumbar curves have been studied [11, 12, 94, 95]. A progression
rate of approximately 0.5° per year has also been reported for thoracolumbar curves
>30° [11, 12]. The subset of patients with more severe curves (between >40° and
50°) at skeletal maturity progressed even more on average [2, 12, 94]. Patients with
thoracolumbar curves also have a propensity to develop translatory shifts, which
may be an important factor in development of back pain [11, 12].

Lumbar curves tend to progress at a slower rate compared to thoracic and thora-
columbar curves [2, 12, 94, 95]. All lumbar curves of >30° at maturity tend to have
vertebral rotation of more than 33% and tend to progress. Factors associated with
progression include right-sided curves, an apical vertebral rotation of more than
33%, and a high-riding fifth lumbar vertebra [11, 12, 94]. Protective factors against
progression include curves <30°, a deeply seated lumbar vertebrae and sacralized
fifth lumbar vertebra, and absence of translatory shift development [11, 12]. For
double curves, no specific factors other than curve magnitude correlate to curve pro-
gression after maturity [2, 11, 12, 94]. The ribs tend to remain level in the thoracic
component; therefore, the Mehta angles are typically low. Combined curves revealed
no prognostic value in the relationship of the fifth lumbar vertebra to the intercrest
line [12]. The magnitude of the thoracic component of the double major curve pat-
tern at maturity tends to be larger than the lumbar component. However, there are
selectively greater increases in the lumbar curve magnitude compared to the thoracic
curve in order to provide improved patient balance [12, 94]. Further, all patients tend
to compensate with time by increases in their secondary curvatures [12].

2.7 Back Pain and Disability

Studies have shown varying data pertaining to the incidence of back pain in patients
with AIS. The varying results may be partly attributed to the fact that back pain in
the general population has been proven to be highly variable and questionnaire
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Table 2.3 Intensity of current back pain (top) and duration of current back pain (bottom)
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‘ Score ‘ Control ‘ Scoliosis ‘ P value

Description of pain
Overall pain

None 0 31/48 (65)* 21/92 (23) <0.001
Some 1-5 17/48 (35) 71/92 (77)

Intensity
Little/moderate 1-2 12/17 (24) 48/71 (68) >0.99
Quite bad/unbearable 3-5 5/17 (29) 23/71 (32)b)
Duration of pain
<2 years 2-5 4/17 (24) 6/67 (9) <0.12
>2 years 6 13/17 (76) 61/67 (91)

“No./total (%). Modified from Weinstein et al. 2003, Table 7, pg. 561 [94]

dependent [111]. Further, natural history studies of back pain in AIS patients have
reported different measures of back pain with categories ranging from overall inci-
dence of pain, pain intensity, pain duration, timing of pain during day, pain in rela-
tion to physical activity, pain location, and hospitalizations for pain. Therefore, it
has been difficult to compare pain measures across studies. Ascani and coauthors as
well as data from the Iowa 40-year follow-up reported similar incidence of back
pain between patients with AIS and the general population [2, 11]. The Swedish
long-term follow-up studies of AIS, all with follow-up periods of longer than
30 years and all with more than 90% of the patients traced, demonstrated that low-
back pain is not a significant problem in these patients [92, 93]. Studies have shown
that thoracolumbar and lumbar curves tend to have the highest frequency of back
pain and thoracic and double major curves with the lowest frequency [2, 11].
Further, patients with radiographic presence of translatory shifts tended to have
slightly greater incidence of back pain than in patients with other patterns [11, 94].

In the Towa 50-year natural history study’s evaluation of pain, it was concluded
that both acute and chronic pain were more prevalent in AIS patients compared to
controls [94]. Sixty-one percent of AIS patients reported chronic back pain at any
level of the spine versus 35% of controls. Current back pain was found in 77% of
scoliotic patients versus 37% of controls. However, for both AIS individuals and
controls with pain, no significant differences with respect to pain intensity or dura-
tion were found (Table 2.3). Of note, only one AIS patient at 50-year follow-up
reported using narcotic medications to control pain. To aid in comparison, approxi-
mately 50% of adults without scoliosis will experience an episode of back pain in
any given year, and 15% will have an episode that lasts for greater than 2 weeks
[112].The cause of back pain in the adult scoliosis patient is relatively unknown and
does not seem to correlate well with curve severity or presence of osteoarthritis [11,
94]. At skeletal maturity, the Iowa series found only 2% of patients had evidence of
osteoarthritis. By 40-year follow-up, 38% of patients had evidence of degenerative
joint disease of the spine [11, 12]. The Iowa 50-year follow-up study found 91% of
patients showed osteoarthritic changes in the spine, but radiographs continued to be
unrelated to the duration or intensity of pain [94]. Patients with scoliosis most
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commonly complained of back pain at the end of a strenuous day or after unusual
activities, with pain generally relieved by rest. The location of the pain is variable
and usually unrelated to the location or magnitude of the curve [11, 94]. In general,
back pain in scoliosis patients should not be assumed to be caused by the curve
itself, and other etiologies of back pain should be sought.

These studies have found that AIS does not cause disability, and most individuals
are able to work and perform everyday activities similar to a level of unaffected
peers. In an epidemiologic study performed by Horal, it was found that scoliosis
cases did not represent a disproportionate number of disability pensions [113]. It is
estimated that 1% of patients with scoliosis eventually require surgery specifically
for back pain, which is similar to the general population [114]. The natural history
of AIS should not be confused with other types of scoliosis and associated pain.
Lumbar and thoracolumbar curves may arise de novo in adult life, known as “degen-
erative” scoliosis [115, 116]. Degenerative scoliosis may cause severe pain and dis-
comfort requiring treatment.

2.8 Pulmonary Function

A direct correlation exists between decreased pulmonary function and increasing
curve severity in untreated AIS patients with thoracic curves [94, 117-119]. The
only symptom that has been consistently associated with curve magnitude is
pulmonary function [94]. A recent study used EOS imaging to reconstruct true
coronal, sagittal, and apical deformities in preoperative AIS patients [118].
Deformity was then correlated to PFTs and pulmonary function. The study found
that the majority of patients with the large thoracic deformities (defined as 3D
coronal cobb >80°, 3D thoracic lordosis >20°, and absolute apical rotation >25°)
had moderate to severe impairments in pulmonary function. A Cobb angle of 50°
or greater at skeletal maturity is a significant predictor of curve progression and
later decreased pulmonary function. Further, vital capacity, FEV1, and Pa02
decrease as the severity of thoracic curves increase. No correlation between
curve severity and loss of pulmonary function exists for other curve patterns.
Affected patients have a uniform pattern of restrictive lung disease. Patients who
smoke are generally affected more severely than non-smokers. Significant limita-
tions of FVC in non-smokers usually do not occur until curve approaches 100—
120°. Decrease in pulmonary function may also be caused by thoracic
hypokyphosis [118—120]. Therefore, curves of lesser magnitude with significant
hypokyphosis may cause significant decrease in pulmonary function. Despite
decreases in pulmonary function, pulmonary hypertension and right heart failure
are rare occurrences in AIS [2, 8, 11, 13, 94, 121, 122], unlike other forms of
scoliosis (i.e., early onset.) Other factors that affect pulmonary function include
decreased respiratory muscle strength, magnitude of vertebral rotation, and the
degree of thoracic lordosis [117, 123, 124].
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2.9 Mortality

As described earlier, initial natural history studies including patients with varying
etiologies of scoliosis cited increased mortality rates in scoliosis patients. The Iowa
long-term studies found mortality rates in patients specific to AIS are comparable to
those of the general population [3, 11, 94]. The Iowa 40-year long-term study
showed only one case of cor pulmonale due to scoliosis in a patient with a 142°
thoracic curve at final follow-up, as the cause of death in AIS, with an overall mor-
tality rate of 15% [11, 12]. By 50-year follow-up, the number of deaths increased
expectedly, but did not differ from actuarial predicted rates for patients born during
similar years. Of note, at 50 years, scoliosis could be implicated as a contributing
cause of death in three cases [94]. In AIS, increased risk of death from cor pulmo-
nale and right ventricular failure only occurs in patients with high-angle thoracic
curves of more than 100° [10, 11, 94].

2.10 Psychosocial Effects

Studies citing psychosocial aspects of untreated AIS are limited. The Iowa 50-year
follow-up series showed that 32% of patients felt that scoliosis had limited their life,
particularly with regard to buying clothes, decreased physical activity, and increased
self-consciousness [94]. However, patients with untreated AIS show psychosocial
and depression indices similar to those of controls [7, 94]. The latest follow-up in
the Towa 50-year series utilized several psychosocial indices to better evaluate
depression, body satisfaction, and perception of limitations in patients with scolio-
sis [94]. The Self-Rating Depression Scale, which describes common depressive
symptoms and asks users to rate how often he/she experiences each symptom, was
used to evaluate scoliosis patients and controls for clinical depression. Scores were
found to be similar among the control and scoliosis groups. A Body Satisfaction
Scale that included 16 body parts, appearance from multiple sides/angles, and
appearance in swimsuit/clothes was also utilized to evaluate overall body satisfac-
tion in the control group compared to the scoliosis group. Overall, the control group
was slightly to moderately satisfied with their bodies, and patients in the scoliosis
group were slightly dissatisfied to slightly satisfied. Additionally, the study found
that current Cobb angle was not highly correlated with the body image scores nor
was the degree of apical rotation. The last component of this study asked patients,
“Do you feel your back has limited your life, or in any way affected you?” (exclud-
ing what had already been outlined previously, including pain, medications, treat-
ments, pulmonary complaints, and apparent deformity). Responses to these
open-ended questions were variable, but most outlined self-consciousness,
decreased physical capacity, and challenges while shopping for clothes as their
main concerns. Overall, 32% of the patients in this study felt limited in some regard
due to their scoliosis [94].
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2.11 Pregnancy

Controversy exists as to whether curves progress during pregnancy and whether or
not women with scoliosis can have normal reproductive experiences. Nachemson
and colleagues showed a statistically significant effect on curve progression in
patients who experienced multiple pregnancies before the age of 23 [125]. The
authors’ recommendation was to avoid pregnancy in the early 20s, especially in
patients treated with bracing. Further studies by Blount and Mellencamp [126] and
Berman et al. [127] demonstrated that scoliosis progressed as a result of pregnancy.
This effect was attributed to curve stability [126]. However, one study did not detect
any negative effect of pregnancy on scoliosis in a natural history study group [102].

Three hundred and fifty-five patients who had reached skeletal maturity were
studied by Betz and associates [128]. These patients were divided into two groups
based on pregnancy: patients who had had at least one pregnancy and patients who
had never been pregnant. Both groups were comparable pertaining to treatment.
Progression of curve more than 5° was observed in 25% of patients in each group,
and progression of more than 10° was observed in 10% of patients in each group.
Patient’s age at time of first pregnancy did not influence risk for progression, and the
stability of the curve before pregnancy did not reduce the risk of progression during
pregnancy. These authors concluded that pregnancy does not increase the risk for
curve progression of a scoliotic curve in a patient whose curve is not severe. Age of
patient at time of first pregnancy, number of pregnancies, and curve stability did not
affect risk for progression.

A study by Visscher and associates demonstrated that reproductive experiences
of scoliotic women do not differ from women without scoliosis [129]. Similarly,
another series revealed no specific pregnancy or delivery problems were directly
related to scoliosis, except in four patients whose delivery posed difficulties [128].
No cesarean sections were directly related to the mother’s scoliosis, and the inci-
dence of cesarean section was half of the national average. The long-term lowa
study mirrored these results [11, 12, 94]. In summary, while controversy exists
regarding pregnancy in AIS patients, mild to moderate scoliosis likely has little
negative effect on pregnancy or delivery.

2.12 Summary

The natural history of adolescent idiopathic scoliosis is based on a limited number
of studies with relatively few patients, which are primarily based on information
from female patients with thoracic curves. The conclusions presented in this chapter
represent general guidelines. Even in patients with progressive curves, it is difficult
to predict whether the natural history of a 30° curve would be to progress to a 40°
curve or an 80° curve. In general, curves >50° tend to progress, while curves <30
tend to remain stable.
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The majority of patients with AIS live relatively normal lives, are able to have
children, and work. Some patients may have increased back pain later in life and
may be affected by psychosocial issues, including increased self-consciousness and
trouble purchasing clothes. Individualized decisions for each patient must be made
by taking into account the probabilities of curve progression based on skeletal matu-
rity, sexual maturity, curve magnitude, curve characteristics, and age. An increased
number of children are being referred for orthopedic opinion as a result of increased
public awareness, national scoliosis associations, and screening clinics. A thorough
knowledge of AIS natural history is necessary for appropriate AIS management
decisions and proper patient education.
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Chapter 3
The Genetic Architecture of
Adolescent Idiopathic Scoliosis

Anas M. Khanshour and Carol A. Wise

3.1 Introduction

Art and literature dating back to the beginnings of modern history have depicted the
human struggle with scoliosis. The word itself is derived from the Greek “skoliosis”
or “crooked,” attributed to Galen in the first-century Greece [1]. Today scoliosis is
clinically defined as a rotational deformity of the spine with lateral deviation from
the vertical of at least 10°. This measurement is known as the “Cobb angle” and is
taken from standing spinal radiographs (Fig. 3.1). Although scoliosis is a common
deformity in many congenital disorders, about 80% of the time, it appears to be an
isolated, or “idiopathic,” problem in an otherwise healthy child. Thus, a diagnosis of
idiopathic scoliosis (IS) is reached only after excluding the various common causes
of scoliosis. The differential diagnosis of IS includes developmental neurologic
conditions, such as spinal cord anomalies (tethered cord, syringomyelia) or spina
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Fig. 3.1 Patient with AIS. Curvature of the spine to the right with shoulder imbalance is evident
in the picture on the left. Standing posteroanterior spinal radiograph reveals severe thoracic curva-
ture measuring >70° by the Cobb angle method

bifida, neuromuscular diseases, and disorders of connective tissue, such as Ehlers-
Danlos or Marfan syndrome caused by leg length discrepancy or vertebral segmen-
tation anomalies that may be excluded by physical examination and radiography [2, 3].
Clinical examination, imaging, and genetic testing aid to ruling out these possibili-
ties. Idiopathic scoliosis is described further by age at onset: “infantile” (0-3 years
of age), “juvenile” (JIS; 4-8 years of age), or “adolescent” (AIS; 10 years and
older). Many prefer a simpler classification of “late onset” (6 years of age or older)
and “early onset” (up to 6 years of age), as it is more descriptive of the natural his-
tory of early spinal growth. However the two systems have led to some semantic
confusion [4]. Here we use the traditional terminology and focus on AIS, by far the
most common form of idiopathic scoliosis.

Adolescent idiopathic scoliosis is coincident with the prepubertal growth spurt
and affects ~2% of the pediatric population or about 29 million children worldwide
(Fig. 3.2). Most AIS patients have nonprogressive curves; that is to say, the defor-
mity will not worsen appreciably. About 0.4% of these children, however, will
require active treatment to control progression, usually by bracing or surgery [3]. If
left untreated, the natural history of progressive AIS is a possible chest wall com-
promise with concomitant lung restriction, pain, deformity, and possible spinal
osteoarthritis [1, 3]. Risk factors for progression in an affected child are well-
documented. Female patients and skeletally immature patients who present with
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256,500 (7,322,500)

10,000 (290,000)
i Late onset idiopathic scoliosis
i Early onset idiopathic scoliosis

Other scoliosis

Fig. 3.2 Scoliosis populations. Pie chart depicts the type of scoliosis (idiopathic shown in blue
and brown, congenital shown in green) and proportion of each. The estimated numbers of scoliosis
patients are given for the USA, with worldwide estimates in parentheses

large curves have a greater risk of progression, but additional predictive markers are
highly sought [3]. Certain curve patterns, e.g., in the thoracic region, are also more
likely to progress in severity and therefore must be monitored carefully. The poten-
tial for a rapid, progressive deformity is significant enough that many professional
health organizations recommend school screening programs, although their efficacy
remains controversial [5]. The child who has AIS and is at risk of progression typi-
cally will be treated by bracing, with the goal of slowing or halting progression of
the deformity. Although there is some evidence that bracing can be effective [3, 6],
some deformities will continue to worsen, warranting surgery. Today surgery typi-
cally involves fixation with instrumentation and spinal fusion [2]. Although out-
comes and safety in AIS treatment have benefited from recent advances in surgical
and bracing techniques, the methods conceptually have remained the same for
decades [3, 6].

As described in this chapter, although AIS is genetically heterogeneous, it bears
several distinct features. For one, the location of a spinal deformity in AIS patients
(unlike infantile IS or syndromic scoliosis) is remarkably consistent, usually involv-
ing vertebrae in the thoracic region [7]. In fact curve patterns in AIS appear to mir-
ror spinal growth at this particular developmental stage in humans, which is known
to be at its most rapid, particularly in the thoracic region [8]. Remarkably, greater
than ninety percent of thoracic curves are right-sided [2]. Girls are much more likely
to have a progressive deformity, leading some to the notion that AIS is a “female
disease.” It is important to emphasize, however, that males comprise ~12—17% of
progressive cases [9]. Perhaps the most notorious of these was King Richard III of
England, described by his acquaintance Thomas More as having “....croke backed,
his left shoulder much higher than his right....,” a description borne out as scoliosis
by his recently unearthed skeleton [10].

Less invasive interventions to halt or prevent a scoliotic deformity altogether are
clearly desirable. However until recently, etiologic understanding of the disease has
lagged despite decades of clinical research. The reasons for this center on the com-
plexity of the problem: the architecture of the spine itself (is AIS a problem of muscle,
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nerve, bone, or connective tissues?), the complex genetic underpinnings of AIS as
described below, and the lack of genetically defined animal models that faithfully
recapitulate the AIS phenotype. A recent breakthrough in both genomic technologies
and animal modeling are fortunately proving to be powerful tools for deconstructing
the causes of AIS in human patients. As outlined in this chapter, recent genetic dis-
coveries have yielded new insights into AIS disease mechanisms. Here we describe
the genetic underpinnings of AIS and the progress in understanding AIS pathogene-
sis derived from gene discovery research. We also discuss emerging genetic investi-
gations of AIS and the prospects for future molecular interventions.

3.2 Epidemiology and Inheritance: How Common
and “Genetic” Is AIS?

The prevalence of AIS is similar across all the major ancestral groups (summarized
in Table 3.1), although some early studies found otherwise, likely reflecting differ-
ences in disease definition or diagnostic screening methods (e.g., physical examina-
tion [11-16] versus radiography [17]). Intra- and interobserver error of 5° is
generally accepted for measuring the Cobb angle; hence, small curves are more
likely to be false positives. If the standard scoliosis definition (>10° Cobb angle

Table 3.1 Published prevalence and heritability estimates for AIS
Age Minimum

Country group Cobb angle Inheritance

[12] Populations | (years) | (degrees) Prevalence (heritability) Reference
USA Black, >14 >10° Black: 2.1% 11

white ‘White: 1.9%
Canada 12-14 >5 4.5% 12
>10 2.0%
Sweden >10 Girls: 3.2% 13
Boys: 0.5%

England 10-14 >10 2.8% 16
Japan Junior >15 Girls: 1.77% 14
high Boys: 0.25%

school
Greece 9-14 > 10 1.7% 15
USA Boston Families Multifactorial 22
(various
ethnicities)
USA Utah Families | >10 Mixed polygenic/ | 23
recessive (96%)
China Chinese Families | >20 Mixed polygenic/ |21
females recessive
875+ 11.1%)

“Measured from chest X-rays
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method from standing lateral radiographs) is applied, most studies report the preva-
lence of AIS in the range of 2-3% of school-age children. Consequently, AIS does
not generally cluster within any particular geographic region, nor is it evident that
any population or ethnic group has been spared from AIS. Indeed, there is increas-
ing evidence for genetic risk factors shared between ancestral groups as described
later in this chapter.

Genetic influences in AIS have been postulated for almost a century [18]. Twin
studies have consistently shown higher concordance in monozygotes compared to
dizygotes, pointing to heritable factors [19, 20]. (Lack of full concordance in identical
(monozygotic) twins reminds us of complex issues that are still poorly understood for
genetic disorders, including reduced penetrance and possible environmental and/or
epigenetic effects.) AIS sibling risk and heritability estimates also support significant
genetic contributions. One study of AIS compared 415 Chinese index patients and
found a sibling recurrence risk of 17.7% and estimated a heritability of 87.5% [21]. It
is interesting to note that these results closely mirror an original recurrence risk esti-
mate from a study of Caucasian cases 50 years prior [22]. A separate study of 100 US
Intermountain West probands with severe scoliosis (defined as requiring surgical cor-
rection) found an even higher recurrence risk of 33% in first-degree female relatives.
The latter study also suggested that the location of the scoliotic deformity on the spine
may be more heritable than its pattern or severity [23]. At the population level, AIS
inheritance is consistent with several to many mutations contributing greater than 80%
of disease risk [21-23]. However, Mendelian (single gene) inheritance patterns includ-
ing autosomal dominant, recessive, and X-linked dominant are also described in AIS
families [18, 24]. Accordingly both family- and population-based methods have been
used in AIS gene discovery as described later in this chapter. Considering a multi- or
polygenic inheritance model, the preponderance of progressive AIS in females sug-
gests that genetic loading may be greatest in affected males. In other words, males
may require more risk mutations, or mutations with greater effect sizes, before they
manifest disease. This phenomenon is known as the Carter effect [25], and recent data
support this model in AIS inheritance [26]. Recent evidence supports a model of sex-
specific gene regulation leading to sexual dimorphism in AIS, as has been described
for other diseases such as liver cancer [27, 28].

As with other complex disorders, there is considerable uncertainty in predicting an
individual genetic risk of developing AIS. For families with history of presumed AIS,
care must be given to ensure that there is no underlying syndrome or known Mendelian
disorder. Otherwise, it is appropriate to advise patients with familial AIS that their
recurrence risk is increased, but that quantifying the absolute risk is difficult [29].

3.3 AIS: A Disease of Bone, Muscle, Nerve, or Cartilage?

Neuropathologic mechanisms have long been proposed for AIS due to the asso-
ciation of scoliosis with neurologic/neuromuscular diseases. In laboratory ani-
mals, experimental models of scoliosis have been produced by surgically created



56 A. M. Khanshour and C. A. Wise

small brain lesions. One of the better-described methods involves removal of the
pineal gland from chickens, fish, or bipedal rats, reportedly yielding scoliosis that
resembles AIS [30-32]. Several investigations of AIS patients have suggested
coexisting deficits in an oculo-vestibular (visual/hearing) and proprioceptive
function [33-37]. How primary alterations in the nervous system can effect spinal
curvature is not altogether obvious but presumably involves cross talk with mus-
cle/bone/connective tissue. Indeed we now understand that sensory innervation
may affect bone homeostasis; for example, nerve-specific knockout of the axon
guidance gene Sema3A produces low bone mass phenotypes in animal models
[38]. It is interesting that several studies have found decreased bone mass in girls
with AIS [39, 40]. One study found that osteopenia of the femoral neck was a
prognostic indicator of curve progression, with an odds ratio of 2.3 [41]. Whether
such a mechanism of nerve/bone cross talk functions in skeletal growth and AIS
will be important to consider in future hypothesis-driven studies. Other morpho-
logic studies of AIS spinal structures have revealed some disarrangement of fibers
of the ligamentum flavum in AIS patients compared to controls [42]; a separate
study found decreased glycosaminoglycan content in the intervertebral discs of
AIS patients [43]. Histochemical analyses of paraspinous muscles surrounding
the scoliotic curve have shown relative hypertrophy and increased electromyo-
graphic signaling of type I fibers on the convexity of the curve in AIS patients.
This was explained as most likely a compensatory response to curve progression
[43, 44]. Although calcification of the cartilage end plate and the adjacent disc
occurred in AIS patients is probably a secondary response to altered loading in the
patients, the development of cartilage tissues may be highly significant to the
progression of the scoliotic curve [45]. The most definitive evidence for tissue of
origin in AIS comes from a conditional gene targeting study in the mouse. As
described in more detail below, loss of GPRI26 in cartilage altered normal spinal
column development and produced a scoliotic phenotype [46]. However, although
these data suggest an important role for disc chondrogenesis in AIS, insufficient
evidence exists for a primary role for other tissues.

3.4 Identifying AIS Genes in Humans: Mapping
Susceptibility Loci

Until recently, AIS research has lacked adequate animal models for defining disease
mechanisms. Consequently, most etiological research has focused on human
patients. AIS research in humans, consistent with most disease gene discovery
efforts, has benefited from hypothesis-free, genome-wide methods that map the
location of genetic risk factors in the genome relative to fixed markers [47]. One
method, linkage inheritance mapping, relies on identifying candidate mutations that
co-segregate with disease in families. Another method, association mapping,
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identifies polymorphic loci that are shared more frequently in unrelated AIS cases
(i.e., populations) compared to control individuals. Here we describe both
approaches with their resulting studies of AIS.

3.4.1 Family-Based Studies

Linkage analysis has been powerful for mapping Mendelian traits and has aided map-
ping candidate regions for common disease. The method relies on demonstrating co-
segregation of the disease with genetic markers of known chromosomal location.
Although a significant linkage with a disease may be found, further recognition of
causal mutations is still difficult in a large genomic region. Therefore, linkage analysis
typically is followed by sequencing to identify the candidate mutations involved.
Sequencing can be done in two ways: (1) targeted sequencing where a subset of genes
or regions of the genome are isolated and sequenced and (2) exome sequencing which
is similar to the targeted sequencing but including all the coding regions of the genome.
Table 3.2 lists five familial risk loci that were mapped by traditional linkage methods,
as given in Online Mendelian Inheritance in Man (OMIM). Three loci, OS1, OS2, and
OS5 (OMIM numbers 181,800, 607,354, and 612,239), were mapped to chromosomes
19p13.3, 17pll, and 17g25-qter by linkage mapping in single East Asian (Han
Chinese), European (Italian), and European (British) families [48—50]. Two additional
loci 1S3 (OMIM 608765) and IS4 (OMIM 612238) were each identified in family-
based studies using independent cohorts and methods. IS3 was originally mapped to
chromosome 8q12 by linkage mapping in a cohort of 52 families analyzed by model-
free methods [51]. In similar fashion, IS4 was mapped to 9q31—q34 in a family with
dominantly inherited AIS; moreover, a suggestive linkage to this region was previously
reported in a study of 202 affected sibling pair families [50, 52]. Consequently, the IS4
locus is potentially the first and only independently replicated AIS linkage. One candi-
date gene, CHD7 encoding the chromodomain /elicase DNA binding protein 7 tran-
scription factor, has been proposed for the IS3 locus [51]. Loss-of-function CHD7
mutations are well described in the CHARGE syndrome of multiple developmental
anomalies that can include scoliosis [53, 54]. A more recent genome-wide linkage
analysis in three large IS families reported a perfect marker disease co-segregation in
two regions at 3q12.1 and 5q13.3 only in one family, whereas intrafamilial genetic
heterogeneity was observed in the other two families [55] (Table 3.2). Further exome
sequencing revealed a rare missense variant in the 5q13.3 centriolar protein gene POC5
that co-segregated with the disease in the original extended family [56]. Another study
using exome sequencing of a multigenerational family with familial AIS concluded
that rare variants in the HSPG2 gene potentially contribute to the AIS phenotype [57].
The lack of overlap in genes and loci identified by these studies suggests considerable
genetic heterogeneity in familial AIS [55]. Consequently, further genome-wide
sequencing-based studies are warranted to discover other AIS causal mutation.
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3.4.2 Population-Based Studies

Genome-wide association studies (GWAS) typically involve genotyping case
and control DNA samples for a high density of common single nucleotide poly-
morphisms (SNPs) (>350,000) that span the genome. Subsequent statistical
comparisons of genotyped SNP allele frequencies between cases and controls
can pinpoint regions or even single genes that are commonly associated with
disease. GWAS are proving effective for mapping common susceptibility loci in
large cohorts of AIS. The Catalog of Published Genome-Wide Association
Studies (http://www.genome.gov/gwastudies/) currently lists five studies
(Table 3.2). The first GWAS of AIS utilized 419 families of various ethnicities,
in a trio design that is robust to the effects of a population substructure. This
mostly non-Hispanic white cohort yielded the strongest signals near the CHL/
gene encoding close homolog of L1, a cell adhesion protein involved in axon
guidance [58]. The second study of 1033 East Asian (Japanese) cases and 1473
matched controls yielded the strongest signals on chromosome 10q24.31 near
the LBX1 gene. LBXI encodes the ladybird homeobox 1 protein involved in
muscle and nerve specification [59]. This association was subsequently repli-
cated in independent East Asian cohorts, and a larger combined analysis from
multiple ethnic groups (i.e., mostly East Asian and non-Hispanic white) has
provided further evidence for this susceptibility locus (Table 3.2). Thus, LBX]
is the first identified major AIS susceptibility locus. In the third study, including
12,000 Japanese subjects where cases were limited to severely affected AIS
patients, a novel susceptibility locus near the SOX9 gene was reported and fol-
lowed by replication studies in Japanese and Chinese populations [60]. The
fourth study, an expanded East Asian study, yielded significant association with
SNPs on chromosome 6q24.1 in the GPRI26 gene encoding G protein-coupled
receptor 126. It is interesting that SNPs in GPRI26 also have been associated
with sitting height in humans [61]. The fifth study using 3102 individuals identi-
fied significant associations with a locus on chromosome 20p11.22 that is distal
to PAXI. Further investigation revealed that this association is specific to
females making it the first sex-specific AIS locus. PAX/ encodes paired box 1
which is a transcription factor involved in spine development. This association
was also found in independent North American, Japanese, and East Asian female
cohorts [28].

More recently, two additional studies were published but not yet included in the
Catalog of Published Genome-Wide Association Studies. A study of 2109 East
Asian cases (Japanese) and 11,140 controls identifies a new AIS susceptibility locus
on chromosome 9p22.2 (p = 2.46 x 107'%) in the BNC2 gene. This associated locus
could potentially regulate the BNC2 transcriptional activity. A second recent study
identified three new susceptibility loci on chromosomes 2, 18, and 1 near PAX3/
EPHA4, BCL2, and AJAPI, respectively, and refined a previously reported region
near the LBXI gene associated with AIS in East Asian (Han Chinese) girls using
4317 cases and 6016 controls [62].
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3.4.3 Population-Based Studies of Rare Mutations

The “Common Disease, Rare Variant (CDRV)” hypothesis suggests that multiple rare
DNA sequence variations, each with relatively high penetrance, may collectively contrib-
ute genetic susceptibility to common diseases. The CDRV hypothesis is now supported
by many sequencing and re-sequencing studies of human genic variation [63, 64].

The contribution of rare variants in unrelated AIS populations was recently tested
in cohorts of unrelated AIS cases and controls by whole exome sequencing and
gene-based association [65]. Gene-based association “burden” is a test that col-
lapses many rare variants in a genomic region or pathway into single risk score so-
called burden testing. One study of 91 AIS cases and 337 controls showed fibrillin-1
(FBNI) and FBN2 as the most significant associated genes with AIS with further
supporting evidence in a larger cohort [65]. Another study of 391 severe AIS cases
and 843 controls of European ancestry examined the burden of rare variants by gene
class or pathway and found rare mutation in extracellular matrix (ECM) genes in
AIS (p = 6 x 107). In particular, novel coding variants in musculoskeletal collagen
genes increased AIS risk by >2-fold, with those in COLI1A2 being most strongly
associated [66]. This suggests that rare variants may contribute to AIS.

3.4.4 Chromosomal Breakpoint Mapping

Many chromosomal alterations with phenotypes that include scoliosis have been
reported, although most do not appear to recapitulate idiopathic forms, i.e., without
obvious vertebral anomalies or coexisting diagnoses. One family segregating a peri-
centric inversion of chromosome 8 with AIS has been reported [67]. Using methods of
chromosomal breakpoint mapping, Bashiardes et al. found that one end of this inver-
sion disrupted the 8ql11.2 gene encoding gamma-1-syntrophin (SN7GI), while the
other end of the inversion occurred in a gene-free region of 8p23. Subsequent analysis
of the SNTGI gene in 152 additional AIS patients revealed an apparent mutation in
DNA samples from three unrelated patients. These changes were not detected in
screens of 480 healthy control individuals. These results suggested that rare mutations
in SNTG1 could occur in a small percentage of AIS patients and left open the possibil-
ity that other nearby genes could be important in AIS. While chromosomal breakpoint
mapping is still a powerful method for pinpointing disease genes, the majority of AIS
cases are cytogenetically normal and not amenable to study by this method.

3.5 Candidate Genes and AIS Etiology

What have genetic mapping and association studies revealed about AIS biology? It
is important to emphasize that, at this stage, candidate genes have been implicated
by statistical association, rather than by direct demonstrations of causality.
Nevertheless, AIS candidate genes (Table 3.2) underscore potentially important dis-
ease pathways as illustrated during somite development shown in Fig. 3.3.
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Fig. 3.3 A schematic of somite development. (a) The maturation into lineage-specific cellular
compartments in somite development; (b) AIS candidate genes involved in somite development

3.5.1 LBX1

LBX]1 is the vertebrate ortholog of ladybird late (Ibl) homeobox gene originally
discovered in the fruit fly Drosophila melanogaster [68, 69]. In the fly, 1bl partici-
pates in segmentation and cell specification of heart and muscle precursors. Targeted
inactivation in the mouse has shown that this gene is necessary for lateral migration
of muscle precursors into the limbs [70]. Further, loss of LBX1 causes loss of dorsal
association neurons, cells of the dorsal spinal cord that relay somatosensory infor-
mation, and disruption of dorsal horn innervation by nociceptive afferent neurons
along with an increase in dorsal commissural neurons [71, 72].

3.5.2 GPRI126

GPRI26, regulated by SOX9, is a member of the adhesion G protein-coupled recep-
tor (GPCR) family that functions in cell adhesion and migration [73]. In zebrafish,
gpr126 is required for Schwann cell myelination, an effect that could be overcome by
elevating cAMP levels with forskolin. Originally characterized as an orphan recep-
tor, these data suggested that GPR/26 signals through G proteins [74]. GPR126 stud-
ies in other vertebrates reveal a potential role in bone, cartilage, and nerve
development. Mouse Gpr126~/~ null mutants fail to grow and also have severe neu-
rologic deficits, displaying hypomyelinating peripheral neuropathy [75-77]. More
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recently, a novel genetic mouse model showing many of the hallmarks of AIS was
provided by genetically deleting Gpr126 in cartilage. The loss of Gprl126 results in
apoptosis in axial cartilage prior to onset of AIS, emphasizing its critical role during
postembryonic cartilage development by regulating morphogenesis of the annulus
fibrosis, chondrocyte survival, and the expression of Gal3st4 in cartilage tissues [46].

In humans common variants in this gene are also associated with overall height
and trunk length as noted, implying that a GPRI26 signaling pathway somehow
regulates appropriate truncal growth in three dimensions.

3.5.3 BNC2

BNC?2 is a highly conserved gene that belongs to the group of C2H2 zinc finger
proteins. In humans, this gene is most highly expressed in the uterus and spinal
cord, and expression is also evident in bone and cartilage. As reported by Ogura
etal. 2015 [78], AIS susceptibility alleles may confer a gain of function and increase
BNC2 expression. BNC2 overexpression produces body curvature in developing
zebrafish in a gene-dosage-dependent manner. Thus increased BNC2 expression is
proposed in the etiology of AIS [78].

3.5.4 PAX1 and PAX3

The paired box (PAX) family, highly conserved developmental control genes,
encodes transcription factors with a role in pattern formation during vertebrate
embryogenesis [79]. PAX3 regulates both myogenesis and neurogenesis in the neu-
ral tube [80-82]. The neural tube/notochord complex has a key role during the
development of vertebral muscle [83]. It was reported that mutations in PAX3 can
lead to muscular and neural tube defects, as well as malformation of the vertebral
column [84, 85]. Abnormality of the paravertebral muscles has been proposed as the
cause of AIS [86]. PAX] is expressed during the development of the skeleton, thy-
mus, and parathyroid glands [87, 88] and is required for normal development of
ventral vertebral structures [89]. In mice, PAX/ is expressed in paraspinal muscles,
and to a lesser extent in spinal cord, at time points well after the initial patterning of
the axial skeleton has been completed. This suggests a later developmental role for
PAX1, possibly in the growth or maintenance of these tissues [28].

3.5.5 SOX9

SOX9 gene encodes a transcription factor that involved in cartilage formation [90]. In
adult mice, SOX9 was reported to regulate the GPRI26 gene and control the homeo-
stasis of connective tissues such as the growth plate, the articular cartilage, and the
intervertebral disk [91]. Recently the SOX5/6/9 trio proteins were shown to act
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cooperatively genome-wide, through super-enhancers (SEs), to implement the growth
plate chondrocyte differentiation program [92]. Furthermore, mutations in SOX9
cause campomelic dysplasia, a skeletal dysplasia characterized by bowed, long bones,
small scapula, tracheobronchial narrowing, sex reversal, and kyphoscoliosis [93].

3.5.6 Other Genes

Neurologic mechanisms are also suggested by the CHLI gene that was highlighted
in the first AIS GWAS [58]. CHLI encodes an immunoglobulin-class neural cell
adhesion protein that participates in commissural axon guidance, i.e., axon crossing
at the midline of the corticospinal tract. Deficiencies in commissural axon guidance
mechanisms are known to cause scoliosis, as evidenced by the Mendelian disorder
horizontal gaze palsy with progressive scoliosis (HGPPS, MIM #607313). This dis-
ease is caused by recessively inherited mutations in the ROBO3 gene encoding a
transmembrane receptor controlling axon guidance in the same functional and
molecular class as CHLI [60]. Remarkably, HGPPS patients exhibit only severe
scoliosis and absent horizontal eye movement clinically. Imaging studies in these
patients confirm that motor and sensory axonal projections do not properly cross
within the corticospinal tract of the hindbrain, consistent with their clinical presen-
tation secondary to lesions in ROBO3-mediated axon guidance. BCL-2 gene
encodes an integral outer mitochondrial membrane protein known to have a key role
in apoptosis [94]. In BCL-2 knockout mice, endochondral ossification was acceler-
ated owing to the premature loss of terminal hypertrophic chondrocytes in the
growth plate [95]. Differential growth kinetics in the bilateral growth plate of the
vertebrae has been suggested in AIS patients as indicated by differences in cellular
activity between the convex and concave side of the curve [62]. Further targeted
studies of BCL-2 are necessary to test this hypothesis.

3.6 AIS Candidate Genes from Model Systems

Etiologic studies of AIS have suffered from the lack of an appropriate animal model.
However, thanks to modern genome editing and high-throughput forward genetic
screens, the field has seen recent breakthroughs in animal modeling.

3.6.1 PTK7

PTK?7 is an evolutionarily conserved atypical receptor tyrosine kinase that has been
implicated in vertebrate Wnt signal transduction [96, 97]. The critical regulators of
early spinal development included in the network of Notch, Wnt/B-catenin, and
fibroblast growth factor might be involved in IS pathogenesis through disrupting the
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traveling wave of gene expression along the embryonic axis. Recently, a study
reported that zygotic mutation in PTK7 in zebrafish, that is, a mutant zygote in a
normal maternal background, produced an AIS phenotype [98]. Furthermore, the
study also identified a novel sequence variant within a single AIS patient that dis-
rupted PTK7 function, consistent with a role for dysregulated Wnt signaling activity
in disease pathogenesis.

3.6.2 KIF6

Another zebrafish study utilized large-scale forward mutagenesis coupled with
whole-genome sequencing to produce models of spinal deformity, one of which
resembled human AIS, identified in the kinesin family member 6 (kif6) gene [99].
Although kif6 is poorly characterized and its specific cellular functions are still
unknown, this zebrafish model clearly implicates its role in spinal development and
stability.

3.7 Quantitative Analyses: Do Genetic Factors Influence
Disease Course?

Genetic factors exert quantitative effects on various complex traits, such as plasma
levels of HDL cholesterol or blood pressure [100, 101]. Quantitative effects are
central issues in AIS as well, i.e., what is the risk of severe scoliosis, and how fast
will it progress, in a given patient? Genetic risk factors are hypothesized, but iden-
tifying them first requires objective, standardized outcome measures. “Severity” is
typically measured as the Cobb angle of the major curve, but what constitutes
“mild,” “moderate,” or “severe” deformity? This measure varies between first diag-
nosis and skeletal maturity, so time is also a covariate to consider. Severity at the
time of surgical intervention is necessarily a surrogate final endpoint in many
patients. Happily, existing statistical models are developed that can consider AIS
curve measurement/surgical intervention endpoints. The rate of AIS curve progres-
sion is more easily measured as an increase in the Cobb angle over time. Survival
analysis methods with longitudinal data may facilitate the identification of input
variables predicts differing times to “severe” curvature [102]. In these methods,
input variables may include, for example, SNP genotypes, gender, ethnicity, and
initial measures of age, curve magnitude, curve pattern, and Risser sign, with the
outcome variable being curve magnitude at a later time point. In this way it may be
possible to identify combinations of genotypes and phenotypes that classify pro-
gressive AIS. In fact a genetic test predicting the likelihood of curve non-progression
in AIS is commercially available [103]. At present the true efficacy of this test and
its applicability to general AIS populations are unclear.
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3.8 AIS Genetics: Ongoing and Future Research

As noted, genetic discoveries to date explain a small fraction of the trait variance
for AIS. In other words, the great majority of genetic risk responsible for AIS
awaits discovery. It is clear that genomic methods will continue to bear new
insights into AIS etiology. Systems for modeling the disease in animals are
needed, not only to understand the physiologic origins of disease but also as vehi-
cles for therapeutic testing.

3.8.1 Genomic Studies

GWAS with sufficient power to detect new AIS risk loci are clearly warranted, but
challenging to design. Several tactics may help in this regard: (1) increasing sam-
ple size by recruiting larger cohorts, (2) utilizing more informative genotyping
platforms, and (3) reducing genetic heterogeneity in the screened cohorts. The
first goal, recruiting larger cohorts, is largely an effort to overcome the “signal-to-
noise” problem posed by genetic heterogeneity. Research consortia that can com-
bine large datasets productively are key. The first such group, the International
Consortium for Scoliosis Genetics (ICSG), formed in 2012 for this purpose and
subsequently produced the first AIS large-scale genetic meta-analysis, a study of
the chromosome 10 LBX/ locus in multiple cohorts [104]. Ongoing consortium
efforts also will include genome-wide meta-analysis of existing datasets and orga-
nizational efforts to support the creation of much larger cohorts, on the order of
>10,000 patients. We can anticipate that large consortium-driven cohorts will also
enable studies of underrepresented ethnic/ancestral groups. Fortunately, genotyp-
ing platforms continue to improve in both chemistry and in density and content of
markers [105]. The ultimate genotyping platform, whole-genome sequencing,
should be more feasible in the near future due to decreasing costs and improved
data storage capability. An alternative “hybrid” approach has been developed that
involves inferring genotypes from lower-coverage, whole-genome sequencing
[106]. This method is proving superior to standard GWAS of common variants for
providing information for less common variants that may confer larger effects on
disease [107, 108]. Well-powered genetic studies in richly phenotyped cohorts
should yield better AIS classification schemes. Consequently prospective,
detailed, and standardized phenotyping of existing cohorts is a key goal in the AIS
research community represented by ICSG.

As described in this chapter, most AIS genetic research has centered on dis-
covery of common risk factors. Rare variants are expected also to contribute
significantly to the overall disease burden [109-111]. Such mutations are pre-
dicted to be important in AIS as well. Extended families with AIS are certain to
prove useful in this endeavor, but appropriate validation in additional cohorts
will be warranted [55, 112]. It is worth noting that rare variants may contribute
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considerable risk to individual patients and may prove to be valuable in disease
prediction [113].

Many different diseases and syndromes, including cancer, neurological disor-
ders, diabetes, cardiovascular disease, and obesity, are clearly associated with
mutations outside of protein-coding genes; i.e., within enhancer or noncoding
RNAs [114]. These elements regulate gene expression by facilitating or inhibiting
chromatin decompaction, transcription initiation, and the release of RNA poly-
merase II (Pol II) into productive elongation, as well as by maintaining the three-
dimensional architecture of the nucleus [115]. Many of the AlIS-associated loci
identified by GWAS occur in noncoding regions near or within genes, and recent
genomic studies have demonstrated possible functional links between enhancers
of LBX1 and PAXI and AIS susceptibility [28, 116]. Clearly the functional anno-
tation of candidate mutations in regulatory regions will be important for mecha-
nistic understanding of AIS.

3.8.2 Epigenetics

Another contribution to the genetic architecture of AIS in fact may be epigenetic,
that is, alterations to the genome that do not involve changes in the DNA sequence
itself. Two mechanisms, DNA methylation and histone modifications, are primar-
ily associated with epigenetic consequences. Variations in either phenomenon are
expected to alter gene expression and may consequently confer specific pheno-
types. For example, DNA methylation patterns are known to vary between males
and females, leading to sex-specific imprinting of impacted genes. Two relevant
diseases caused by effects on imprinting are Angelman/Prader Willi and maternal
uniparental disomy chromosome 14, both of which can involve progressive scolio-
sis [117]. As these disorders may be caused by alterations in sex-specific methyla-
tion, it is reasonable to speculate that other epigenetic changes could figure in AIS.

3.8.3 Disease Modeling in Animals

The path from gene discovery to molecular intervention is unpredictable. As
described above, proof of concept that zebrafish can model AIS was established
with targeted mutagenesis of PTK7 [98]. It is worth noting that ease of drug screen-
ing is proving useful in zebrafish models of other disorders such as Duchenne’s
muscular dystrophy [118]. Thus forward and reverse genetics, that is, from zebraf-
ish screens to humans and vice versa, may prove quite powerful in the next few
years of AIS gene discovery and analysis. Likewise conditional mouse mutants that
recapitulate AIS, for example, as described for GPR126 [46] (Fig. 3.4), will be



3 The Genetic Architecture of Adolescent Idiopathic Scoliosis 67

Fig. 3.4 Conditional loss of Gpr126 in chondrocyte lineages results in scoliosis in mice as shown
by dorsal X-ray images in P20 wild type (a) and mutant (b)

critically important resource for mechanistic studies of AIS, including spatial-tem-
poral effects in its pathogenesis.

Theories explaining AIS as a phenomenon of bone, muscle, nerve, connective
tissue, or even brain abound, but direct evidence has been lacking. As described in
this chapter, breakthroughs in developing animal models for AIS, particularly the
mouse, will be completely enabling for testing the spatiotemporal development of
the disease. Also, appropriate model systems will facilitate the functional validation
and interpretation of prior genetic findings.
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3.9 Summary

Adolescent idiopathic scoliosis is one of the most common diagnoses in pediatric
orthopedic practice. Despite centuries of treatment and decades of study, the under-
lying pathogenesis of AIS has been poorly understood due largely to a lack of natu-
rally occurring, genetically defined model systems. Consequently, progress in the
field has been driven mostly by genetic studies in human populations. However,
recent breakthroughs have yielded animal models of AIS that present exciting
opportunity for hypothesis testing. These discoveries and tools set the stage for
defining the mechanism in AIS pathogenesis and for the prospect of testing pharma-
ceutical interventions.
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Chapter 4
Biomechanics of Adolescent
Idiopathic Scoliosis

Wafa Skalli and Claudio Vergari

4.1 Introduction

From a biomechanical point of view, the spine is a slender mechanical structure
consisting in a construct of quite stiff components (the vertebrae) connected to each
other by more deformable components: the intervertebral disc, cartilage at the facet
joints and a set of ligaments. The biomechanical role of this complex system is both
to withstand the loads to maintain a stable erect posture and to allow multidirec-
tional mobility and stability in any position. Another major role is to prevent exces-
sive intervertebral motion that would affect spinal cord or nerves. The very
characteristic shape and mechanical properties of vertebrae and connective tissues
at the different intervertebral levels play an essential role, but the spine is only a part
of a global neuro-musculoskeletal system involving:

e The head, or cephalic vertebra, weighting 4-5 kg [1].

e The pelvis (called the pelvic vertebra by Jean Dubousset) which is the base of the
construct. This base is mobile to allow for postural regulation through pelvic tilt
and resulting sacral plate inclination.

e The thorax, with series of ribs to stiffen and strengthen the thoracic spine and
protect the vital components (lungs and heart) in the ribcage construct. Specific
costovertebral and costotransverse joints allow rib cage mobility for respiration.

e The muscular system, which has an essential role for skeletal mobilization and
stabilization.

e The central nervous system allowing regulation of muscle activation and control
according to information provided by a wide range of proprioceptive sensors,
including those related to vision, to vestibular system, to ligamentous system,
and to skin.
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This neuro-musculoskeletal system is particularly complex, and disorders in one
of the components may lead to a biomechanical cascade. In the erect position, this
system allows keeping subject’s balance under gravity loads, with the head upon the
pelvis and the eyes in a horizontal plane.

Scoliosis is associated with three-dimensional changes of the whole spine,
including lateral and axial deviations and rotations [2]. Local changes occur as well,
such as vertebral rotation and wedging, particularly at the apical level. Perdriolle
described the continuous torsion within the scoliotic curve with vertebra and disc
deformation in the axial plane, resulting in hypokyphosis for the thoracic curve and
the so-called specific rotation at its upper extremity [3].

In the growing spine subjected to gravity loads, these changes determine local
hyper-pressure that can affect bone growth and disc material properties [4] which
can in turn alter the spine’s mechanical behavior and induce curve progression. Also
muscle forces can become asymmetric for posture regulation. However such biome-
chanical cascade is not yet fully understood: the aim of the biomechanical engineer
is to develop both quantitative methods and models that provide a better understand-
ing of the mechanical behavior, for an improved diagnosis and strategy of treatment.
In structural mechanics, the mechanical behavior of a structure is its response to
applied loads, in terms of displacements, deformation, and mechanical stress. Such
response depends on the geometry, on the material properties of the constitutive
components, and on the nature of the applied loads. In biomechanics, the mechano-
biology of living tissues also plays a role because both their geometry and proper-
ties may change due to remodeling, either because of growth process or according
to abnormal internal stress and strain.

This chapter on clinical biomechanics of adolescent idiopathic scoliosis will
describe some recent advances on 3D geometric and mechanical modeling of the
spinal construct, which provide a novel insight on the scoliotic spine with various
clinical implications. First geometric modeling and 3D analysis will be presented;
then a brief reminder of the biomechanical characteristics of vertebrae and discs
will be provided. Finally biomechanical models will be considered, together with
their use for AIS analysis.

Scoliosis is associated with three-dimensional global and local changes of the
spine including lateral and axial deviations and rotations. However, for a long time,
the routine imaging assessment for AIS analysis was a single frontal X-ray (and this
is still the case in many hospitals). The most used clinical parameter for diagnosis
and decision making (brace or surgical treatment) is the Cobb angle, which is mea-
sured between the limits of a given curve and it quantifies the curve magnitude in a
quasi-coronal plane. Nonnegligible biases are related to X-ray projections, as illus-
trated in Fig. 4.1: when a virtual scoliotic spine is rotated around a vertical axis, the
projected angle may differ greatly from the real one. In severe scoliosis, apparent
values of Cobb angle may change by more than 15° just due to the different point of
view for the projection.

As scoliosis is a disorder that develops in three dimensions, three-dimensional
analysis is essential. Lateral X-rays provide information on lordosis and kyphosis,
again with projection bias. Axial rotation of the apical vertebra is also a parameter
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Fig. 4.1 When the spine is rotated along a vertical axis, the 3D Cobb angle (in blue) does not
change, while 2D angle based on frontal plane projection (in red) varies greatly

of primary interest. Its semiquantitative assessment can be performed on the frontal
X-ray based on pedicles’ projection asymmetry.

CT scan provides useful data for 3D analysis; however, the major issue lies in the
high radiation dose [5]. Moreover, as the exam is in supine position, it does not
allow taking into account the effect of gravity in functional standing position, and
the quantitative analysis of rotations is biased due to the orientation of the CT
images [6]. MRI is a noninvasive technology of particular interest for quantitative
soft tissue analysis, such as intervertebral discs and muscles. However it is also
generally performed in supine position. Moreover, bone signal is much less infor-
mative than in CT scan imaging; thus getting 3D reconstruction is still a time-
consuming and challenging task. The cost of the MRI exam also is a limitation for
use in clinical routine.

Low-dose biplanar X-ray represents a new imaging technique that allows a head
to feet exploration of the skeleton, together with accurate model-based 3D recon-
struction, thus providing a new insight in scoliosis quantitative analysis. The system
itself and the modeling methods are widely described elsewhere [7-10], and they
are briefly explained hereafter.

4.1.1 Principles of 3D Reconstruction from Biplanar X-rays

The 3D reconstruction method aims at getting the external surface shape of a given
bone or structure (e.g., a vertebra) and its position in space. First, an a priori model is
considered; then a smart deformation of this model is applied in order to make its
theoretical biplanar X-rays as close as possible to the real patient’s pair of X-rays. This
method assumes an a priori knowledge of the bones under consideration to build a
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Fig. 4.2 Example of model retroprojection on the real X-rays: (a) the virtual contours (in red) of
the initial virtual model does not perfectly match the real contours, (b) final model after
adjustments

reference object (such as vertebra, pelvis, or rib or global spine, ribcage, or trunk).
This reference object is modeled first using a combination of simple geometric
primitives (such as spheres, segments, ellipses) and their associated descriptive
parameters (such as radius, length, orientation angle). The 3D reconstruction is then
performed in two steps: first a set of landmarks are identified from the X-rays, allow-
ing for quantitative assessment of a set of parameters. Using databases of such objects,
together with statistical relationships and template transformation techniques, an ini-
tial model estimate is computed and projected to be superimposed on the real X-rays.
In a second step, adjustments are performed allowing for matching between virtual
and real X-rays, thus yielding the subject-specific accurate model (Fig. 4.2). The pro-
cess is currently robust, and uncertainty in various situations has been assessed
[11-15]. Very active work is in progress for full automatization of the 3D reconstruc-
tion process using mathematical modeling and image processing.

4.1.2 Clinical Relevance of 3D Reconstruction
Jrom Biplanar X-rays

Once the 3D reconstruction is completed, automatic computation of a wide set of
3D parameters can be performed, such as unbiased values of Cobb angle, lordosis,
kyphosis, incidence, pelvic tilt, and sacral slope. Particularly, access to horizontal
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Fig. 4.3 Frontal, lateral, and top view of the 3D model after three-dimensional reconstruction
from biplanar X-rays. The spheres represent the femoral heads

plane provides essential information: vertebral axial rotations can be computed and,
more qualitatively, the top view of the 3D reconstruction allows to visualize both the
spine malalignment and the global torsion within the deformed spine (Fig. 4.3). The
simplified vector-based visualization proposed by Illes et al. [16] helps in this global
qualitative view.

The very high potential of such quantification and transverse plane analysis is
related to the possibility to quantify a geometric phenotype of AIS spine, taking into
account deformity in the transverse plane. Datasets of 3D reconstructions were
collected for asymptomatic spines, spines with severe scoliosis requiring orthopedic
or surgical treatment, and mild scoliosis. The main curve of a severe scoliotic spine
can be characterized by several parameters, in complement to the Cobb angle;
hypokyphosis at the apical level, when considered in its local plane; axial rotation
of the apical vertebra; intervertebral rotations at the junction (which means that the
junctional vertebra is rotated with regard to the adjacent one); and torsion index
[17], describing the continuous torsion within the curve. Indeed vertebral rotation
increases from a junction to the apex and then decreases from the apex to the other
junction.

It appeared that seeds of such pattern were also found in mild scoliosis, indepen-
dently from the main curve location [18]. A specific mathematical method was then
used to assess, for each mild scoliotic curve at a very early stage, its “similarity”
either to severe or to asymptomatic curves. A severity index quantified this similar-
ity. The validation of this severity index required a long follow-up from the first
exam when it was calculated to the end of growth or decision of treatment by brace.
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Fig. 4.4 Three-dimensional reconstruction of a scoliotic spine with a Cobb angle of 17° and an
axial rotation of the apical vertebra of 13°. Left panel shows a front view, with the junctional ver-
tebrae colored in red and the apical vertebra in green. Top right panel shows a top view of the
whole spine, while bottom right panel shows a top view of the apical vertebra, to appreciate its
rotation. Red and blue spheres represent the left and right condyles, respectively

On the first 65 patients that were followed until progression status was known, the
severity index, set in double blind at the first exam, was in agreement with the real
final outcome in more than 80% of the cases [19]. Among the cases where the spine
was predicted as progressive, 89% indeed progressed. Figure 4.4 shows a mild sco-
liosis (17° Cobb angle), for which the top view clearly shows the initiation of the
torsion responsible for the scoliosis progression.

3D reconstruction is also essential to quantitatively assess the brace effect. In
preliminary studies considering various braces [20, 21], the lordosis reduction was
observed in the majority of the cases, which may be unfavorable for sagittal posture.
Quantification of the correction in the horizontal plane showed that horizontal plane
parameters were corrected only in 30% of the cases and could even be worsened in
some cases. Further investigation of the effects of given braces, such as in [22],
together with extensive longitudinal studies, should progressively allow better
understanding of those parameters that are essential to correct for a successful
outcome.

Various studies also propose quantitative analysis of surgery effects [23], which
is particularly important to get a better understanding of the mechanisms of correc-
tion and to follow the evolution of the levels that remain free after surgery. When the
3D reconstruction is performed both for the spine and the thorax, complementary
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parameters can be calculated such as the ribcage volume and the spinal penetration
index [23, 24]. Research is in progress to assess relationship between ribcage vol-
ume and pulmonary function [25].

Another essential issue is the head to feet 3D analysis of the skeleton. Recent
research have focused on the position of the head with regard to the hip axis (HA),
defined as the vertical line passing through the center point between the femoral
heads. Two anatomic landmarks detected on X-rays are close to the head’s center of
gravity, namely, the center of both acoustic meatus (CAM) and the summit of
odontoid (OD). Sixty-nine asymptomatic volunteers younger than 40 years old and
forty-four asymptomatic volunteers older than 49 years (up to 76 years old) were
considered [26]. The orientation of the lines joining CAM to HA and OD to HA
appeared quasi-invariant with a mean angle of 3° with regard to the hip axis and a
standard deviation of 2°. Alterations of spine alignment were observed in approxi-
matively one third of the older subjects; however mechanisms of compensation
appeared to maintain the head upon the pelvis (mainly from increase of pelvic tilt
and cervical lordosis). Recent investigations on 52 AIS patients pre and 3—6 months
post brace demonstrated similar quasi-invariance of CAM-HA and OD-HA axes
(unpublished data), while in an investigation of CAM-HA on adult patients with
severe spine deformities, such invariance was not always preserved [27]. This head
to feet analysis with longitudinal follow-up of AIS patients should provide new
insights in the mechanisms of progression of a scoliosis curve and the associated
mechanisms of compensation.

This global analysis raises the issue of adaptation of the subject to keep an erect
posture when a local disorder appears, and maintaining the head upon the pelvis is
associated to maintaining the body center of gravity within the support polygon
delimitated by the feet. Recent approaches allow getting an accurate body envelope
from EOS biplanar X-rays [28, 29]. When associated to improved density models,
assessment of the location of the global center of gravity can be obtained only from
biplanar X-rays, without requiring an additional force plate [30]. Such new investi-
gation allows large-scale transversal and longitudinal barycentremetry studies, i.e.,
location of the 3D center of mass of each body segment (Fig. 4.5), which should
provide a new insight in the compensation mechanisms that occur in AIS with the
progression of the disease.

In synthesis, recent advances in 3D reconstruction from biplanar X-rays allowed
drastic progress in the investigation means for AIS patients. Large-scale multicen-
tric studies are still to come, allowing for extensive analysis. While such pooling of
multicentric data is facilitated by the fact that the images are already in a digital
format, adhering to a common patient positioning during acquisition is essential.
We strongly recommend the free-standing position as described by Faro et al. [31]
following the SRS recommendation, or a slight modification to place the fingers on
the zygomatic arch in order to let full visibility to the cervical spine. Such large-
scale analysis should yield new paradigms in investigating scoliosis development
understanding, together with improved diagnosis and more focused and efficient
treatments. However, geometry is not the only element, and further analysis using
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Fig. 4.5 From the biplanar X-rays, (a) longitudinal skeleton, (b) 3D reconstruction of the external
envelope and barycentremetry allowing estimation of the gravity line, passing through the global
center of mass of the subject. Center of mass of various body segments, such as the head, thorax,
or abdomen, can be computed

biomechanical models requires taking into account mechanical properties of spine
components, particularly vertebrae and intervertebral discs.
4.2 Focus on Vertebrae and Intervertebral Discs

4.2.1 Vertebrae

Vertebrae are constituted of an outer shell of cortical bone and inner spongy compo-
nent. AIS is characterized by local vertebral deformities that were first described
qualitatively and then quantitatively.
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Anterior overgrowth of the vertebral body with regard to the posterior spine
could play a role in the rotational phenomena that characterize spinal curvatures
[32, 33]). Vertebral wedging progressively appears with the development of the
deformity [34, 35]. Intravertebral torsion is also described [36]. Pedicle asymmetry
is observed particularly at the apical level, with smaller and shorter pedicles on the
concave side [37]. The mechanisms of such deformation are not yet fully under-
stood and are probably multifactorial: among the observations on AIS bone, bone
mineral density (BMD) may be lower than that of healthy subjects [38, 39], which
means greater bone deformability as BMD is directly correlated to material proper-
ties [40]. Bone undergoes physiological changes during growth; together with the
Hueter-Volkmann law, which relates bone formation-resorption to the mechanical
stress, these changes could explain the asymmetrical vertebral shape modifications
that appear in AIS. However, such vertebral deformity is probably a secondary phe-
nomenon, and disc alteration probably plays a major role in curve progression.

4.2.2 Intervertebral Discs

Intervertebral discs are highly specialized structures that sit between adjacent verte-
brae and constitute six degrees of freedom links between vertebral bodies, allowing
three displacements (axial, posteroanterior, and lateral) and three rotations (sagittal,
lateral, axial), in relation with the six load components, forces (compression/trac-
tion, anteroposterior, and lateral shear) and moments (flexion/extension, lateral
bending, and axial torsion). Because of the geometry of the vertebrae, their liga-
ments, and posterior joints, the disc usually undergoes complex coupling of loads in
different planes. In everyday activities, the disc is subjected to high and repeated
loads, while absorbing shocks and giving spine its flexibility. The loading curve of
a functional unit in a given direction shows a nonlinear behavior that is characteristic
of biological samples (Fig. 4.6). The curve also shows hysteresis, which is
characteristic of the dissipative/viscoelastic behavior of the disc.

4.2.2.1 Normal Intervertebral Discs

Each disc consists of two regions: a strong fibrous ring of tissue, the annulus fibro-
sus, retaining a gel-like core, the nucleus pulposus. Although the two regions have
a very different structure and composition, the transition between them is not well
defined, but it is more of a gradual change. The disc is almost entirely avascular,
apart from fine capillaries that radially penetrate the periphery of the disc [41], and
it exchanges nutrition and metabolic by-products through the adjacent vertebral end
plates. Its main components are collagen, proteoglycans, and water, making up
90-95% of the disc’s extracellular matrix.

The mechanical role of the nucleus is to resist compressive loads while exerting
a hydrostatic pressure against the annulus that is therefore loaded radially [42, 43].
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Fig. 4.6 Typical 27
mechanical test of a L4/L5
human intervertebral disc
loaded in axial rotation
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Fig. 4.7 Collagen
arrangement of bovine tail
intervertebral disc. Two
lamellae with different
collagen orientations are
visible, as well as the
crimping of the fibers.
Image obtained by second
harmonic generation
microscopy (size bar
represents 100 pm)

At higher loads, the annulus is actively engaged in bearing the load, being directly
compressed between the two adjacent end plates.

The annulus is formed by a series of concentric lamellae which do not continu-
ously encircle the disc: they are incomplete curved sheets [44, 45]. Collagen fibers
have a repeating oblique arrangement within a lamella, with different angles in adja-
cent lamellae (Fig. 4.7). Collagen fibers are crimped in healthy disc [46], and they are
organized in tightly packed bundles. These bundles are surrounded by a highly orga-
nized elastic fiber network that is spread throughout the annulus. Elastic fibers are
aligned to the collagen bundles and encircle them, penetrating in the bundles them-
selves to integrate the two structures [47]. Translamellar radial bridges span multiple
lamellae, passing between collagen bundles and thus maintaining interlamellar cohe-
sion [48]. These bridges contain both elastin and type IV collagen [49]; the latter gives
strength to the interlamellar bond [50], but it is also capable of interacting with hyal-
uronan, which could facilitate the lubrication of collagen bundles.

Micromechanical testing showed complex pattern of deformation within the annu-
lus. When loaded, lamellae tend to skew, but no sliding occurs at the interlamellar
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junction [51]. The main mechanism of strain seems to lie in the sliding that occurs
between bundles of fibers, which also limits the strain within the bundle itself [52, 53].

4.2.2.2 Disc Alterations in Scoliosis

Discs in the scoliotic curve undergo biochemical, metabolic, and morphological
changes. Collagen and water content can be lower in the annulus of wedged discs,
compared to healthy subjects, while glycosaminoglycan content can be higher.
Collagen can also be asymmetrically distributed in the annulus fibrosus, with a
decreased concentration in the concave aspect of the curve [54], although this asym-
metry was not confirmed by more recent studies [55]. Annulus in scoliotic spine
also presents a sparse network of elastic fibers, with a loss of lamellar structure and
a different fiber arrangement [56, 57].

Nucleus in the scoliotic disc is characterized by a reduced content of glycosaminogly-
cans, which is accompanied by a dehydration of the tissue. A large number of apoptotic
cells have also been reported in the nucleus, in particular of the apex disc [58].

Extended abnormal calcification of the vertebral end plate was observed in sco-
liotic specimens, which is likely to affect growth because of the altered nutrient
supply to the disc [56, 59]. This could be a part of the “vicious cycle,” which was
described as the mechanism of deformity progression [60]: once a small lateral
curvature is present, vertebral and disc growth can be affected by the asymmetrical
loading on the vertebral end plates, leading to vertebral and disc wedging, which
further increases the spinal curve and therefore the asymmetry of the load (Fig. 4.8).

The progression of AIS is strongly related to growth, as shown by the rapid pro-
gression of spinal deformity during peaks of skeletal growth velocity. The above-
mentioned geometric phenotype early associated to progressive scoliosis
demonstrates specific characteristic concerning the intervertebral rotations in the
transverse plane at the junctional area, suggesting that the disc is involved in the
initial onset of the deformity. The cause of this early disc alteration, however, is still

_ Spinal
Wedging curvature

Fig. 4.8 Vicious cycle Asymmetrical Asymmetrical

leading to spinal scoliotic

deformity growth loading
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unknown. In vivo characterization of the intervertebral discs is essential to progres-
sively assess changes that may occur in intervertebral discs.

4.2.2.3 Intervertebral Disc Characterization In Vivo

The most diffused means of investigation of the disc in vivo is magnetic resonance
imaging (MRI). Different imaging modalities allow quantifying disc morphology (its
overall volume, the volume occupied by the annulus and nucleus, disc height, etc.)
and its changes (for instance, physiological circadian changes or following corrective
surgery), disc composition (water content and its diffusivity, proteoglycan concentra-
tion), and the presence of defects, such as tears or calcification [61-64].

In scoliosis, MRI was utilized to compare disc morphology before and after cor-
rective surgery [64], which allowed quantifying the recovery of intervertebral space.
MRI signal intensity of the disc is widely used to characterize disc degeneration, but
more recently, it was suggested that MRI signal could also be a potential biomarker
of early adolescent idiopathic scoliosis [65].

Radiography does not allow direct observation of the disc, although disc height
can be inferred from the intervertebral space. Flexibility tests, fulcrum bending, and
suspension have been used, in combination with radiographic imaging, to extrapo-
late spine stiffness and the distribution of disc mechanical properties along the spine
[66-68]. This information can be used to plan corrective surgery, for instance, to
appropriately select the vertebral levels to be fused in order to maximize postopera-
tive mobility and restoration of trunk height.

Ultrasound is underexploited for the analysis of the intervertebral disc, although
it would be a noninvasive simple method to characterize the disc in a standing posi-
tion. Very preliminary work has been carried out to show the feasibility of ultra-
sound imaging for the characterization of disc structure [69, 70], while ultrasound
elastography was used to noninvasively measure disc mechanical properties [71].
Measurements in the lumbar region of the scoliotic spine have been proven feasible
and reliable, and work is in progress to evaluate clinical relevance of the technique
to assess possible alterations in scoliotic spines.

Biomechanical models can help in understanding the impact of geometric and
structural changes on the global mechanical behavior of the scoliotic construct.

4.3 Biomechanical Modeling and AIS

4.3.1 Spine Biomechanical Models

A biomechanical model is a simplified mathematical representation taking into
account the geometry and the material properties of the structure of interest. It
allows to virtually apply loads in order to investigate the mechanical response in
terms of displacements, stress, and strains. The so-called finite element models
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allow taking into account the heterogeneity of the structure and its complex
shape and are widely used in the general field of structural mechanics. Associated
numerical simulation is more and more used in a wide range of applications and
particularly in biomechanics. Spine models can be built at various scales, from
very global models of the whole body to macroscopic or mesoscopic models for
a more or less extended spine segment. Microscopic models aim to establish
relationship between microarchitecture and macroscopic structural behavior
[44, 72].

Figure 4.9 shows that the level of detail can vary a lot in the representation of
the components, particularly vertebrae and intervertebral disc: in order to
perform accurate disc stress analysis (e.g., to explore adjacent disc degeneration),
intervertebral discs can be represented by a great number of elements including
disc fibers with different material properties from the outer to inner annulus
(Fig 4.9b). When modeling the whole spine to investigate realignment after
bracing or surgical instrumentation, gross representation can be more cost-
effective with vertebrae modeled as a series of stiff beams with contact surfaces
at facet joints and discs as deformable beams with a torsional spring to represent
the role of disc fibers (Fig 4.9d).

Since a model is a simplification of the real complex phenomena, it requires
strong validation to determine its clinical relevance. Therefore, modeling is
closely linked to experimental analysis, particularly checking through in vitro
experiments that the virtual behavior consistently renders the experimentally
observed one. Once the model is validated, it constitutes a powerful means of
investigation: indeed, although building a validated finite element model
represents a huge research effort, it opens a wide range of possibilities because
changing the load conditions or numerical values of a given parameter is
straightforward. Therefore, all other things remaining equal, the sensitivity of
each parameter can be investigated. Such models can be built to provide the
generic geometry of a spinal segment, allowing for conceptual analysis. Spine
FEM has been developing for more than 30 years, and very detailed models of
lumbar or cervical spine are used particularly for a better understanding of the
intact and instrumented spines [73, 74].

4.3.2 Clinical Relevance of Spine Biomechanical Models

As for AIS, biomechanical models can be used in relation with various clinical
issues. However, as each patient is unique, subject-specific modeling is essential.
Getting subject-specific properties of tissues is still a challenge, although recent
imaging techniques, such as ultrasound elastography or MRI, open new perspec-
tives. However subject-specific geometry can now be routinely obtained using 3D
reconstruction from low-dose biplanar X-rays, which allow a wide range of applica-
tions that will be illustrated hereafter.
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Fig. 4.9 Example of the spine, pelvis, and ribcage finite element models: (a, b) model with
detailed representation of vertebrae and discs, including nucleus differentiation and disc fibers
architecture and allowing for stress analysis; (¢, d) model with gross representation of discs and
vertebrae for numerical simulation of brace or surgery with reasonable numerical cost
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4.3.2.1 Mechanism of Curve Progression

Because of the possibility to change a wide range of parameters, modeling can be
used to explore mechanisms of progression of the curve [75—77]. The hypothesis is
that 3D subject-specific biomechanical modeling should provide further under-
standing of the biomechanical cascade.

In Drevelle et al., a previously validated subject-specific spine model was used to
simulate the spine of 18 adolescents, 12 with mild thoracolumbar scoliosis and 6
asymptomatic. Accurate 3D reconstructions were the basis of each model; then a
large set of conditions were simulated in order to reproduce curve progression in
relation with gravity loads, disc stiffness, and posteroanterior asymmetric vertebral
growth. For some of the mild scoliosis curves, numerical simulation was able to
mimic progression to severe scoliosis, with large rotations and torsion, thus provid-
ing possible explanations to the biomechanical cascade. Surprisingly, simulations
never resulted in such scoliosis-like deformity for asymptomatic spines, clearly
indicating that this biomechanical cascade is a secondary factor that can take place
only once a specific deformation pattern is already there. Indeed, this conceptual
analysis was an essential step in searching for such pattern at an early stage, thus
yielding the definition of the severity index. This research also underlined the role
of the intervertebral discs, which then was the driver for further basic research
focused on in vivo assessment of intervertebral discs, particularly using ultrasound
elastography. All these approaches are complementary and progressively converge
to assess possible biomechanical pathomechanisms and key factors that could help
for early detection of progression risk in mild scoliosis and for the assessment of
treatment strategies.

4.3.2.2 Modeling of Brace Correction

Various models were proposed for brace simulation with first attempts to go toward
clinical use of such models [21, 78—-81]. Such models require the subject-specific
modeling of trunk components including the spine, ribcage, costovertebral and cos-
totransverse junction, pelvis, and associated soft tissues. However, since the model
represents a simplification of the real complex mechanical properties of the bone
and the soft tissues, model validation is an essential step for such models to assess
their clinical relevance. The validation process has to consider the ability of the
models to render not only the 2D Cobb angle change but also the full 3D behavior,
particularly considering the effect of brace on the lordosis, kyphosis, transverse
plane parameters, and rib hump. A framework for model validation from pre and
post bracing has been recently proposed [82], and this framework has been used
with promising results on 42 patients’ data [71], Fig. 4.10. Biplanar X-rays and
associated 3D reconstruction allowed getting subject-specific geometries in clinical
routine. As ribs are essential components to transmit loads from the external trunk
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Fig.4.10 Example of model evaluation for brace simulation: comparison of frontal body lines and
clinical indices: real brace correction, computed from 3D reconstruction, vs simulated correction
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Real Pre- Real Predicted
brace Post-brace Post-brace:
From 3D From 3D From simulation

reconstruction reconstruction

T1/T12

kyphosis 20 30 31
L1/L5 Lordosis -55 -53 -54
Cobb angle -33 -23 -25
Apical Axial

rotation -11 -8 -11
Torsion index 12 11 11
Max Rib hump 14 11 13

Fig. 4.10 (continued)

to the spine, their material properties were adapted taking into account age-based
mechanical properties. Post brace data were used to control the relevance of the
model’s prediction for the abovementioned clinical indices, and 87% of them were
within measurement uncertainty. Although still preliminary and requiring both
improvements and extensive validation, such models progressively get mature
enough to be used in a routine clinical environment.

4.3.2.3 Modeling of Surgical Correction

Like brace modeling, numerical simulation can also be of paramount importance for
surgery planning. Indeed, defining the appropriate strategy for a given patient is still
a challenge, and being able to provide a computer-assisted surgery planning using a
subject-specific validated model would represent a definite progress to lower
mechanical complications.

This topic represents a very active field of research, either for understanding
basic phenomena [83], for conceptual thorough investigation of implant behavior
[84], or for surgery planning. Subject-specific geometry can now be routinely
obtained from preoperative biplanar X-rays, and model thorough validation can be
performed by comparing the numerical prediction to the real effect of surgery, not
only for the Cobb angle but on all the relevant clinical indices, inside and outside the
fused area. As for brace simulation, extensive evaluation is essential before using
such models in a routine environment. Because of local alterations of disc stiffness
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in severe preoperative scoliosis, getting subject-specific disc stiffness is necessary.
Indirect techniques using bending tests quantitative analysis are used for preopera-
tive estimation of disc stiffness: once the model is built, the bending test motion is
simulated, and an optimization process is performed to change the disc stiffness at
various levels until the model is able to properly render the material properties [85—
86]. Simulating the correction gesture requires an in-depth dialogue between clini-
cian and engineers, and first proofs of concept of providing reliable predictive
models have been proposed, both for rotation techniques [87] and for in situ con-
touring technique [85]. Such models allow detailed analysis of each step of the
surgical gesture, which can improve the understanding of the main mechanisms
involved in the scoliosis surgical correction.

Such examples show the potential of subject-specific biomechanical models
for scoliosis. All those approaches are still currently in clinical research, and rou-
tine clinical use still requires extensive validation and improvement of numerical
procedures and software so that processing time is decreased and robust friendly
used process is proposed. However drastic progress occurred in the last 10 years.
All these approaches are complementary and progressively converge to assess
possible pathomechanisms and key factors that could help for early detection of
progression risk in mild scoliosis and for the assessment of strategies for improv-
ing treatment.

4.4 Conclusion

Adolescent idiopathic scoliosis is the result of complex multifactorial phenomena,
and biomechanical analysis may help in better understanding mechanisms of pro-
gression and principles of correction. To that aim, quantitative measurements are
essential, and head to feet accurate 3D reconstruction from low-dose biplanar
X-rays now allows routine thorough exploration of the scoliotic spine. Such explo-
ration already opens promising perspectives in early detection of progressive scolio-
sis which can be of paramount importance for diagnosis and early therapeutic
management. It also allows objective assessment of the effects of orthopedic or
surgical treatment, thus promising future improvement in the practice, together with
better understanding of the key parameters in relation with clinical outcome. Head
to feet investigation also should help our basic understanding of the compensation
mechanisms that occur during progression of the curve. While such 3D analysis can
already be already used in clinical routine, other fields of research are very active,
both for noninvasive characterization of material properties of soft tissues, particu-
larly intervertebral discs, and for building reliable predictive models for a computer-
aided planning of correction strategy. Such research is conducted in very close
collaboration between clinicians and engineers, and the quality of the pluridisciplinary
dialogue is the key for future translation of such models for use in AIS management
based on biomechanical principles.
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Chapter 5 )
Biochemistry of Idiopathic Scoliosis: b
From Discovery to Diagnostic

Biomarkers

Dina Nada and Alain Moreau

5.1 Introduction

Idiopathic scoliosis (IS) is a deformation of the spine, with an unknown cause or
etiology [1]. Scoliosis has been predominantly observed in females during puberty
and affects 1 to 4% of children. Nearly 80% of idiopathic scoliosis is in the form of
adolescent idiopathic scoliosis (AIS) [1, 2]. Research into the causes of IS have
unearthed evidence for potential biomarkers [1]. Until now, the diagnosis of IS
relies solely on the measurement of the Cobb angle of the spinal curvature. A scolio-
sis diagnosis is given, when the value of the Cobb angle is >10°. However, physi-
cians arrive at this diagnosis only after ruling out all other possible disorders [3].
Prior to the progression of the spinal curvature, it would be useful to identify mark-
ers in the body that could indicate the future onset or the progression of IS. In this
chapter, we will cover the current research data on the biochemical factors
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associated with IS. We have classified the biomarkers into four main groups: hor-
mones, systemic factors, hematological factors, and bone metabolism factors.
Studies that cover all the key aspects of these factors have been included. Hence,
gene association studies, protein function analyses, and protein interactions have
been recorded. We will discuss the validity of the studies as well as the contradic-
tory data for each factor. Through this process, we will understand the potential role
of each factor in the pathogenesis of IS. We will also elaborate on the hypotheses
associated with the biochemical factors and their potential relevance in the patho-
genesis of IS.

5.2 Biochemical Factors

5.2.1 Hormonal Factors
5.2.1.1 Growth Hormone

The vast majority of IS cases occur during adolescence as the pubertal growth spurt
occurs. The association of abnormal growth patterns with the development of scoli-
otic curves is well known [4]. A number of studies have confirmed that adolescent
idiopathic scoliosis (AIS) patients are generally taller than age-matched controls [5,
6]. A study that involved 598 IS patients compared their growth patterns as well as
other anthropometric parameters to those of normal controls at both the prepubertal
and the postpubertal stages [7]. Prior to puberty, the length of the different body
segments was significantly shorter in the IS patients compared with the normal con-
trols. In contrast, following puberty, the length of the different body segments was
significantly longer in the IS patients, and all the anthropometric parameters were
greatly associated with the severity of the curve. This indicated that the abnormality
in the growth rate of IS patients is specifically associated with the pubertal stage.
The abnormal growth pattern in IS patients was further confirmed by another study
that included 611 IS girls and 296 age-matched controls [8]. The study observed
that the severe cases of spinal curve progression displayed late menarche and higher
skeletal growth rates between the ages of 12 and 16 years.

Growth hormone (GH) is the hormone responsible for growth stimulation. The
correlation of GH with IS has been studied since the 1970s, where Willner et al.
observed significantly higher plasma levels of GH in IS girls compared with age-
matched controls [9]. It has been shown that treatment with GHs could lead to sco-
liosis [10]. However, this observation was contradicted by other studies [11], and
the results of other stimulating tests were inconclusive [9]. Later, Willner’s group
reported an increase in the morning fasting levels of the growth hormone in IS girls
compared with the healthy controls [12]. Another study that compared the GH pro-
file of scoliotic girls with matched controls over a 24-h period showed that only
scoliotic girls exhibited higher levels of the hormone in the early stages of puberty,
suggesting an early growth spurt in IS girls [13].
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A genetic study that involved 30 IS patients and 30 matched controls identified a
single nucleotide polymorphism (SNP) in the GH receptor gene as a predisposing
factor to IS [14]. This was, however, contradicted by a large study of 510 IS patients
and 363 controls, which investigated the GH receptor and found no association of
GH receptor variants with IS [15].

Growth hormone itself is very variable and hard to assess, but its activity is cor-
related with insulin-like growth factor-1 (IGF-1), which in turn is associated with
puberty [16, 17]. Insulin-like growth factor is known to play an important role in
bone growth. One study suggested increased levels of IGF-1 and estrogen in IS
patients after they achieved a growth spurt and recorded the maximum growth rate
[18]. Another study demonstrated that IGF-1 and IGF binding protein-3 (IGFBP-
3) were significantly associated with an accelerated rate of spinal curve progres-
sion in females with IS [19]. Yeung et al. studied two SNPs (rs5742612 and
rs2288377) in the IGF-1 promoter in a Chinese cohort of 506 IS girls and 227
healthy girls. They observed that the two SNPs affected the progression of the
spinal curve but did not initiate or predispose individuals to IS [20]. Similarly, a
Korean study reported an association between a SNP upstream of IGF-I,
rs5742612, and the onset and progression of IS [21]. However, other studies failed
to find any association between IGF-1 and IS. One study observed that SNPs found
in the GH receptor and /GF-1 were not associated with IS in a Han Chinese popu-
lation [22]. This was confirmed by another report that failed to find an association
between IGF-1 and IS in a Japanese population [23]. Liu et al. reported in a study
of 200 patients and 200 controls that SNPs in /GF-IR were not associated with
either IS susceptibility or the severity of curve progression [24]. This conflict
between different reports may warrant additional large-scale genetic studies that
have sufficient statistical power, in different populations to validate the involve-
ment of /GF-1 and its receptor genes in IS.

5.2.1.2 Estrogens

The occurrence of scoliosis in females is almost double that of males, and this ratio
reaches 10:1 for Cobb angles >30° [25]. Considering the high prevalence of this
disorder in females and the concurrent onset of scoliosis with sexual maturation, it
is plausible to hypothesize the involvement of estrogen and/or its receptors in the
pathophysiology of the disease. Indeed, some studies report that estrogens and
estrogen antagonists have a direct effect on the onset of scoliosis [26, 27]. Estrogen
is critical for puberty [28]. Some researchers have studied blood estrogen levels in
IS, but their results are inconclusive. Kulis et al. reported a reduction of plasma
estrogen levels in females with scoliosis [29]. This was supported by another study
that demonstrated lower average estrogen and progesterone levels in IS females
compared with healthy controls of the same age [30]. It was also reported that low
levels of estrogen increase the susceptibility of ballet dancers to scoliosis [31]. It
was suggested that the effect of estrogen on IS was not due to its concentration but
due to its interaction with target cells [32], specifically bone cells [33]. Interestingly,
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one study reported that there were elevated levels of testosterone in IS girls relative
to age-matched controls [34].

As mentioned earlier, most IS cases occur at puberty. This stage involves signifi-
cant bone remodeling [35]. The involvement of estrogen in bone remodeling is well
known [36]. Estrogen plays a role in the formation of bones; it enhances the activity
of alkaline phosphatase, the synthesis of collagen, and the deposition of calcium in
the extracellular matrix [37]. It also affects bone growth, maturation, and turnover.
Reduced estrogen levels lead to a reduced differentiation of osteoblasts, which
affects both bone mineralization and its mechanical properties [32]. Estrogen plays
arole in bone metabolism by affecting both bone cell types: osteoblasts and osteo-
clasts [38]. Additionally, estrogen affects the secretion of cytokines needed for the
formation of osteoclasts [39] and inhibits IL-6 cytokine, which enhances bone
resorption and activates osteoclasts [32].

The association between osteopenia and IS is widely recognized [40], but it has
been mainly demonstrated in different Asian pediatric populations. It has been
reported by many researchers that osteopenia occurs at a high frequency in IS [41, 42].
Moreover, osteopenia or osteoporosis has been shown to be involved in the progres-
sion of the spinal curvature [42]. A persistent lower bone mineral density was reported
in IS patients compared with healthy controls [43]. The severity of scoliosis has been
inversely correlated with bone mineral density and bone mineral content [44]. Defects
in estrogen function or reduced estrogen levels should be taken into account as driving
factors for osteopenia and reduced bone mineralization in IS girls [32].

Letellier et al. demonstrated the important role of estrogen in the functioning of
osteoblasts. The interaction between estrogen and melatonin hormones and their sub-
sequent effect on osteoblasts were established [33]. The involvement of melatonin in
the pathogenesis of IS has been thoroughly investigated and will be discussed in detail
later. Briefly, melatonin exerts its functions through Gi protein-coupled receptors with
the subsequent inhibition of cAMP. The occurrence of a differential melatonin signal-
ing dysfunction in the osteoblasts isolated from IS patients resulted in an intracellular
elevation of cAMP levels [45]. In a certain subset of IS patients, this effect was due to
a switch in the coupling of melatonin receptors from Gi to Gs [33]. Interestingly,
osteoblasts obtained from this IS subgroup and treated with 17B-estradiol together
with melatonin resulted in a significant reduction of cAMP levels compared with
melatonin treatment alone. These results can be explained by the fact that Gi proteins
are also known to be regulated by estrogen activity [46]. Indeed, exposure to
17B-estradiol is known to decrease Gi, Gs and Gq alpha subunit expression.

The interaction of estrogen with the melatonin signaling pathway was supported
by the works from Acaroglu’s group [47]. In this study, they treated melatonin-
deficient mice models that were rendered bipedal, with both tamoxifen and raloxi-
fene, which are selective estrogen receptor modulators (SERM) and have estrogen
agonistic effects. Treatment of mice with tamoxifen or raloxifene did not prevent
the occurrence of scoliosis but interfered with the aggravation of the scoliotic
curves. Previous studies have shown the effectiveness of tamoxifen in reducing the
severity of scoliotic curves in experimental mice models [48]. However, it is unclear
whether tamoxifen’s effects were solely due to its role as estrogen agonist or through
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off-target effects, since tamoxifen also acts as a nonspecific calmodulin inhibitor
[49], where calmodulin was previously implicated in scoliosis severity [50, 51].

Estrogen stimulates the maturation of the physis, which leads to a linear growth
spurt [28, 52, 53]. This action is mediated through its receptors, estrogen receptor o
(ERw) and estrogen receptor 3 (ERf), which are expressed in the growth plate [54].
At low levels, estrogen stimulates growth by enhancing the secretion of GH, while
at high levels, estrogen interferes with GH secretion and subsequently terminates
longitudinal growth [32]. This interplay with GH could affect patients with IS, who
are known to be taller than healthy subjects of the same age.

Polymorphisms in the gene encoding ERa (ESRI) were shown to be associated
with bone mineral density, a factor which is known to be abnormal in many IS cases
[55]. Skeletal abnormalities have been shown to be associated with mutations in
both ESRI and CYP19 [56, 57]. The CYP19 encodes the aromatase enzyme involved
in estrogen synthesis. During the last decade, there has been extensive research on
the polymorphisms of genes encoding estrogen receptors, in an effort to detect a
genetic correlation between these receptors and IS. However, there is a high dis-
crepancy among published studies, and this genetic correlation remains debated. A

summary of these studies is presented in Table 5.1.

Table 5.1 Summary of the genetic studies performed on ERs and their correlation to IS

Reference

Study

Conclusions

Inoue et al. [59]

SNPs Pvull and Xbal in ERa
were studied in 304 IS girls

An association between the SNP
Xbal and curve progression was
observed

Wu et al. [60]

The polymorphism Xbal in ERa
was studied in 202 IS patients and
174 controls

This SNP was shown to be
correlated with IS susceptibility

Tang et al. [61]

SNPs Pvull and Xbal in ERa were
studied in a Chinese cohort of 540
IS patients and 260 controls

The two SNPs did not show any
correlation with IS or its severity

Zhang et al. [62]

Polymorphism in the exon @K of
ERf was studied in 218 IS patients
and 140 controls

The studied polymorphism
appeared to be correlated with IS
predisposition and severity of the
curves

Esposito et al. [30]

Detected four SNPs in the exons
that encode the steroid-binding
domain and two SNPs in the exons
that encode the transactivation
domain of ERax

Association with clinical
manifestations of IS patients

Zhao et al. [63]

1s2234693 (Pvull) and rs9340799
(Xbal) in ERa were studied in 67
Chinese IS patients and 100 controls

1$2234693 (Pvull) was found to be
associated with the double curve
pattern, the thoracic curve, and the
severity of IS

Takahashi et al. [64]

rs9340799 and rs1256120 in the
estrogen receptor genes were
studied in a Japanese cohort of 798
IS patients and 637 controls

Neither of the two SNPs was found
to be associated with either
susceptibility or progression of IS

(continued)
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Reference

Study

Conclusions

Xu et al. [65]

SNPs in the ERa and ERf together
with other genes were tested as to
whether they can be used as markers
for predicting the outcome of brace
treatment. This study included 312
IS patients

1s9340799 in ERa appeared to play
arole in predicting the efficiency
of brace treatment

Peng et al. [66]

16 SNPs in the G protein-coupled
estrogen receptor 1 (GPERI) were
studied in a total of 389 IS patients
and 338 controls

Three SNPs (rs3808351,
rs10269151, and rs426655s3) were
found to be associated with curve
progression in IS patients

Ogura et al. [67]

rs3808351, rs10269151, and
rs4266553 in the G protein-coupled
estrogen receptor (GPER) were
studied in a Japanese cohort of 2117
IS patients

No association was observed
between the studied SNPs and
curve progression severity

Janusz et al. [68]

rs9340799 (Xbal) and rs2234693
(Pvull) in the ERa were studied in
287 Caucasian IS females and 182
controls

No association was found between
either of the studied SNPs and
severity of IS

Yang et al. [69]

This meta-analysis includes the
results of six previous articles that
studied the polymorphisms Xbal
and Pvull in ERa

No association between the studied
SNPs and IS

Chen et al. [70]

This meta-analysis included the
results of four previous studies that
studied the SNP rs9340799 of ERa

No association between the studied
SNP and predisposition to IS

Kotwicki et al. [71]

11256120, rs4986938, and
rs1256049 in ERp were studied in
248 Caucasian IS females and 243
controls

None of the studied SNPs showed
association with IS susceptibility

Janusz et al. [72]

1$9340799 (Xbal) and rs2234693
(Pvull) in ERa and rs4986938
(Alul) and rs1256049 (Rasl) in ERf
were studied in 208 IS Caucasian
females to test their association with
age at menarche

None of the studied SNPs showed
any association with age at
menarche

There has been an extended effort by Fendri et al. to uncover the role of estrogen
in IS. Osteoblasts from IS patients were treated with estrogen, and studied by micro-
array analysis. Fendri et al. identified a list of genes that were differentially expressed
in IS cells compared to healthy control cells. Some of the genes are regulated by
estrogen [58]. In general, it has been suggested that estrogens may not be involved
in the etiology of IS but may play an important role in the progression or even the
repression of the disease [32]. This is due to the interaction of estrogen with many
factors that are involved in the etiopathogenesis of IS, bone modeling and remodel-
ing, osteopenia, growth factors, the melatonin signaling pathway, and platelet regu-
latory factors (e.g., calmodulin that is discussed below) [32].
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5.2.1.3 Leptin

Leptin is a hormone produced by adipose cells and plays a role in regulating the
energy balance. Leptin also plays an important function in bone metabolism. Due to
its role in the cross talk between energy and bone metabolism, it was hypothesized
that it is most likely involved in the pathogenesis of scoliosis. Reduced leptin serum
levels in IS patients are reported in many studies and are associated with a reduced
bone mass [73-75], reduced bone strength [76], and abnormal growth parameters
[75]. Moreover, the levels of sOB-R (soluble leptin receptor) are shown to be ele-
vated in IS patients compared with controls [73, 74], which reflects an abnormal
bioavailability of leptin and leptin signaling malfunction. This abnormal signaling
was also described in a report where the osteoblasts of IS patients were significantly
less responsive to leptin when compared with those of controls [77]. It was sug-
gested that reduced serum leptin levels may be a result of the reduced ability of
adipogenesis in IS [78].

A double neuro-osseous theory was proposed to explain the role of leptin in the
pathogenesis of scoliosis [79]. This theory states that there is a distinct contribution
of the autonomic as well as the somatic nervous systems to the development of IS.
In the autonomic nervous system, due to the enhanced sensitivity of the hypothala-
mus to circulating leptin levels, the sympathetic nervous system causes a dissym-
metry of the axial skeleton during growth, affecting the width of the trunk. That
effect is enforced by the somatotropic (IGF/growth hormone) axis. In the somatic
nervous system, spinal deformities may also be induced by a dysfunction in the
postural mechanism. The postural mechanisms of the trunk and the spine are
affected by the somatic nervous system [79].

On the other hand, other researchers suggest that the reduced levels of circulating
leptin may result from a larger metabolic defect. It has been shown that melatonin
signaling can lead to a reduction in the levels of leptin [80], where another study
showed that the levels of leptin are reduced in pinealectomized rats and are elevated
with melatonin administration [81]. It has also been shown that cytosolic cAMP
inhibits leptin synthesis [82]. This finding is further strengthened by the fact that
there is a generalized Gi signaling dysfunction in IS patients, which leads to the
accumulation of cAMP [45, 83, 84]. Together these findings can help explain the
reduced circulating levels of leptin that are observed in IS patients.

5.2.1.4 Ghrelin

Ghrelin is another hormone that plays a role in regulating energy as well as hun-
ger. The ghrelin hormone is secreted by the ghrelin cells in the gastrointestinal
tract [85]. Ghrelin also plays a role in bone metabolism [86]. The involvement of
ghrelin in the pathogenesis of IS has recently been suggested. A study reported
high circulating levels of ghrelin in IS patients compared with healthy subjects.
The data of the study hypothesized the involvement of ghrelin in the pathophysi-
ology of IS [87].
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5.2.1.5 Melatonin

Melatonin is a hormone produced mostly by the pineal gland. It mainly functions in
the regulation of the circadian rhythm and in the treatment of some sleep disorders.
It plays a role in reproduction, aging, some cancers, and bone metabolism. It is also
a potent antioxidant that helps in the protection of DNA. Melatonin is produced as a
response to darkness and is inhibited by light. Upon the onset of darkness, the recep-
tors of the retina secrete norepinephrine that increases the number of adrenergic
receptors of the pineal gland. This stimulates the activity of the enzyme arylalkyl-
amine N-acetyltransferase (AANAT), the key regulator of melatonin synthesis from
tryptophan [88, 89]. Melatonin is mainly metabolized in the liver producing 6-sulfa-
toxymelatonin that is excreted in the urine. The level of 6-sulfatoxymelatonin in the
urine correlates with serum melatonin levels [89]. Melatonin has two groups of
receptors: melatonin receptor 1 (ML1) (high affinity) and melatonin receptor 2
(ML2) (low affinity) [90]. There are two subtypes of ML1 receptors known as mela-
tonin receptor 1A (MTNR1A) and melatonin receptor 1B (MTNR1B) [91, 92]. Both
receptors are Gi protein-coupled receptors that inhibit adenylate cyclase activity [89].

Pinealectomized animal models have been proposed as good models to study
IS. In the late 1950s and early 1960s, Thillard et al. were the first to provide evi-
dence on the development of deformities in the vertebral column in chickens by
pinealectomy [93]. This was followed by the work of Dubousset et al. in the early
1980s, where scoliosis was induced in young chickens by provoking pineal and
diencephalic damage [94]. This field of research was strongly supported thereafter
by the work of Machida et al. The group of Machida et al. showed that if pinealec-
tomy is performed shortly after hatching, chickens will consistently develop scolio-
sis similar to that in human IS. Moreover, these researchers showed that scoliosis
could be prevented by intramuscular implantation of the pineal body in pinealecto-
mized chickens [95]. They suggested that melatonin deficiency plays a role in the
abnormal development of the asymmetry of the proprioceptive system, including
the spine and the paraspinal muscles [96]. They then demonstrated that treating
pinealectomized chickens with serotonin, the precursor of melatonin, leads to the
development of scoliosis in 73.3% of the chickens, while treatment with melatonin
leads to the development of scoliosis in only 20% of the chickens [96]. The
ineffectiveness of serotonin to prevent scoliosis could be explained by the fact that
serotonin is unable to cross the blood-brain barrier [97]. Thus, a precursor of sero-
tonin, 5-hydroxytryptophan, which has the ability to cross the blood-brain barrier,
was found to be more effective in scoliosis prevention in the chickens [98]. Machida
et al. were also able to reinforce their findings by demonstrating that not only chick-
ens, but bipedal pinealectomized rats developed scoliosis as well [99]. Moreover,
the same group was able to demonstrate scoliosis in C57BL/6 mice (a strain of mice
genetically deficient in melatonin), that were rendered bipedal [100]. Machida et al.
also suggested that a melatonin deficiency has an effect on the prognosis of IS [101].
Bagnall et al. reinforced the observations of Machida et al. by demonstrating that
the development of scoliosis in pinealectomized chickens is not a consequence of
the surgical procedure [102].
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However, the work of Machida et al. was later contradicted by data of other
research groups [103—107]. The development of scoliosis in all pinealectomized
chickens could not be reproduced in subsequent studies. Instead, the frequency of
scoliosis was found to range from 50% to 60% [103, 104, 107]. Consistently, simi-
lar results were obtained in C57BL/6 mice and rat studies [48, 108]. The results then
failed to be reproduced in primates, in a 2-year study using 18 pinealectomized
monkeys, where none of the primated developed scoliosis, in the absence of circu-
lating melatonin [109]. This raised the question of the appropriateness of using
avian species and rodents as models for human idiopathic scoliosis. Furthermore,
experiments that attempted to administer melatonin or transplant the pineal gland to
inhibit the occurrence of scoliosis in chickens were unsuccessful [105, 106]. This
conflict of data extended to human studies, where researchers disagreed with
Machida’s group [110, 111]. One of the studies observed elevated serum melatonin
levels in IS patients in the early stage of the disease when compared with matched
controls [111]. Additionally, the only way to mimic pinealectomized animal studies
in humans was to examine patients who have pineal gland dysfunction, such as
tumors or lesions [112]. In a study that included children with pineal lesions, only 2
out of 48 had scoliosis [113].

As a result, the hypothesis that melatonin deficiency produces scoliosis is not
convincing. Yet, it is still accepted that melatonin does have a significant role in the
pathogenesis of IS.

Qiu et al. studied the mRNA expression of melatonin receptors MTNRIA and
MTNRI1B in the paravertebral muscles of patients with IS, congenital scoliosis, and
controls. They observed higher expression of MTNR1B mRNA on the concave side
of the paravertebral muscle than on the convex side in IS patients, wheras no differ-
ence in expression of MTNRI1A between both sides was observed [114]. They
explained this asymmetry as a secondary effect. The expression of melatonin recep-
tors in the osteoblasts of IS patients was also studied [115]. There was a reduced
expression of MTNR1B receptors at the mRNA level and the protein level in those
patients when compared with controls. This abnormal expression was associated
with an abnormally long arm span.

The genetic regulation of melatonin synthesis and receptors in IS was also stud-
ied. Genetic association studies have been conducted on TPHI (tryptophan
hydroxylase-1) and AANAT (arylalkylamine N-acetyltransferase), the two main
enzymes involved in the biosynthesis of melatonin. Only polymorphisms in 7PH1
were found to be associated with the incidence of IS [116]. Qiu et al. studied the
genetic association of the two melatonin receptors: MTNRIA and MTNRIB. They
observed that a polymorphism in the promoter of MTNRIB is associated with IS
[117], while no association was detected for MTNRI1A [118]. However, these results
were contradicted thereafter, by another meta-analysis study that reanalyzed
MTNRIB polymorphisms and their correlation to IS in the collective data of 5 stud-
ies, consisting of 2395 IS cases and 3645 controls. They found no association in
both the Asian and Caucasian populations [119].

Moreau et al. suggested the possibility of the involvement of a defect in the mela-
tonin signaling pathway in the pathogenesis of scoliosis [45]. This will be discussed
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in detail in the following section on Gi proteins. The hypothesis of the presence of
an abnormal melatonin signaling pathway was confirmed by the work of Wang et al.
This group demonstrated that there was no effect of melatonin on the proliferation
and differentiation of growth plate chondrocytes of IS patients as opposed to normal
cells, indicating a melatonin signaling impairment [120]. This effect was suggested
to be correlated with a defect in endochondral ossification in IS patients.

5.2.2 Systemic Factors
5.2.2.1 G Inhibitory Proteins

G proteins are a family of guanine nucleotide-binding proteins that play a role in
signal transduction of another big family of membrane receptors known as GPCRs
(G protein-coupled receptors). They act as molecular switches that help transmit sig-
nals from external stimuli to cells. G proteins are classified as monomeric small
GTPases and heterotrimeric G proteins. The latter consist of three subunits: alpha (o),
beta (p), and gamma (y) [121]. The heterotrimeric G proteins are classified according
to their subunits, Gai/o (Gi), Gas, Gaq, and Gal2/13. The G inhibitory (Gi) proteins
have three different isoforms Gil, Gi2, and Gi3. When an external stimulus interacts
with one of the GPCRs, G proteins are activated and initiate a series of signaling
events that ends with an altered cellular function. Cyclic adenosine monophosphate
(cAMP) is a second messenger involved in these signaling events. When Gi proteins
are activated, the formation of cAMP is normally inhibited. Gi proteins inhibit ade-
nylate cyclases (AC) that catalyze the conversion of ATP (adenosine triphosphate) to
cAMP and thus inhibit the intracellular accumulation of cAMP [122].

We previously mentioned that Moreau et al. suggested the role of a defect in the
melatonin signaling pathway in the pathogenesis of IS. This group studied the effect
of melatonin on osteoblasts isolated from IS patients. Owing to the fact that melato-
nin receptors are GPCRs that are preferentially conjugated to Gi proteins, they
should be able to naturally prevent the accumulation of cAMP. In this study, it was
demonstrated that melatonin failed to inhibit the accumulation of cAMP in all the
osteoblasts isolated from IS patients compared with controls [45]. It is hypothesized
that there is a defect in the downstream melatonin signaling pathway that may
involve posttranslational modifications of Gi proteins. In another study that focused
on Gi proteins, Azeddine et al. suggested an increased phosphorylation of serine
residues in the Gi proteins in IS cells. This pointed to distinct protein-protein inter-
actions that include those between MTNR1B melatonin receptors and PKC delta
(protein kinase C delta) or the receptor for activated protein C kinase 1 and PKC
delta [83]. In addition, this group was able to classify IS patients into three distinct
groups based on their cellular response to melatonin [45, 83]. The same authors
confirmed their findings by performing a cell-based screening test using the cellular
dielectric spectroscopy technique which allows to measure the cellular response to
Gi protein stimulation directly [123]. In their study, they confirmed their previous
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findings by obtaining the same patterns of reduced responses of IS cells to both
melatonin and its derivative iodomelatonin. This indicates that Gi protein hypofunc-
tionality is the key factor causing the observed defect in the melatonin signal trans-
duction pathway [84]. The evidence to classify IS patients into three functional
groups according to their differential responses to melatonin was also verified [84].

The same group further reported similar responses in different cell types isolated
from IS patients, as observed with melatonin. They used osteoblasts, skeletal myo-
blasts, and PBMCs (peripheral blood mononuclear cells) from the same set of IS
patients and controls. They concluded that the Gi protein hypofunctionality was not
restricted to downstream melatonin receptors, but was in fact a generalized and sys-
temic impairment of Gi protein-mediated receptor signaling. All IS cells showed a
reduction in Gi-coupled receptor signaling, but to three different extents, which
confirmed their previous classification into three functional groups or biological
endophenotypes (FG1, FG2, and FG3) [84, 124]. They further studied the cause of
this differential hypofunctionality and found distinctive phosphorylation patterns
occurring at the serine residues of the Gi protein isoforms. Unlike the phenotypic
variations that are observed in the measurement and site of the spinal curve in sco-
liotic patients, endophenotypes represent a conserved heritable trait. These endo-
phenotypes can be used to stratify patients and serve as clinical prognostic indicators,
which can be associated with the molecular signatures of a condition [125]. It has
been observed that severe cases of IS individuals account for 60% of the FG2 endo-
phenotype in the French-Canadian population, indicating an association with high
risk of severe scoliosis in such individuals. In contrast, only 13% and 27% of IS
individuals with the FG1 and FG3 endophenotypes respectively, have severe scolio-
sis [125].

Owing to the fact that Gi proteins are spread throughout the body in many differ-
ent types of tissues, and act as an adaptor for different stimuli, molecules, hor-
mones, and peptides to perform their function, Gi protein hypofunctionality
thus represents a systemic defect, that would explain the larger picture of metabolic
abnormalities in IS, rather than restricting them to a few molecules. For example,
Alonso-Vale et al. showed that cAMP was able to inhibit leptin synthesis [82].
Therefore, the diminution of leptin, which has been documented in IS, may be cor-
related with the previously reported Gi signaling abnormality [45, 83, 84].

Additionally, the biggest challenge in studying IS is the complex nature of the
disease and the high level of genotypic and phenotypic heterogeneity. The use of
endophenotypes improves the stratification of IS patients at a molecular level since
molecular signatures may be utilized to predict the risk of development of the con-
dition or any associated symptoms.

5.2.2.2 Osteopontin

Osteopontin (OPN) is a multifunctional glycoprotein expressed by many different
cell types and occurs throughout most of the biological systems in the body. OPN
can exist either as a cytokine, which is expressed in all body fluids or as an
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extracellular matrix protein in mineralized tissues [126]. It has a wide variety of
biological functions in both normal and pathological conditions [127-130].

Moreau’s group previously reported high circulating plasma levels of OPN in
patients with IS, which was associated with curve severity [131]. They further ana-
lyzed the role of OPN in scoliosis. They used C57BL/6 mice, a well-established
model for studying scoliosis, which normally develop spinal deformities at a rate of
approximately 60% following 40 weeks of bipedal ambulation, as previously men-
tioned [132]. They observed that the genetic depletion of OPN prevented spinal
deformation in these mice [131] and enhanced the response to GiPCR stimulation
in their osteoblasts [124].

The involvement of OPN in the pathogenesis of scoliosis was further supported
by Yadav et al. who showed that OPN plasma levels were increased and the expres-
sion was enhanced in the vertebrae of Phosphol KO (knockout) mice. Increased
levels of OPN were associated with scoliosis and other skeletal abnormalities [133].
Furthermore, when OPN was genetically depleted from these mice, an improve-
ment in their skeletal phenotype was observed. More evidence was provided by a
recent study that investigated the involvement of OPN in the susceptibility and pro-
gression of scoliosis [134]. They used a new mouse model C3H/HeJ with elevated
levels of OPN. The mice were divided into three groups: the first group was ren-
dered bipedal and was treated with OPN; the second group was also rendered
bipedal but treated with saline; and the third group was kept quadrupedal and treated
with saline to serve as a control. 92.5% of the first group developed scoliosis with
an average Cobb angle of 29.8°, 52.5% of the second group developed scoliosis
with an average Cobb angle of 20.9°, while in the third group, 12% developed sco-
liosis with an average Cobb angle of 17.5°. Hence, we can conclude that there is
consistent evidence for the potential involvement of OPN in the onset and progres-
sion of scoliosis.

5.2.3 Hematological factors (Platelet Regulatory Factors)
5.23.1 Calmodulin

Calmodulin (CaM—calcium modulated) is a protein that binds to calcium and acts
as a messenger that transmits calcium signals and hence regulates the function of
different enzymes [135, 136]. It plays a role in the contraction of muscles and plate-
lets through calcium that regulates the interaction of actin and myosin. Since the
early 1980s, a number of anomalies in platelets, calmodulin, and Ca transport in IS
have been documented in the literature.

Elevated levels of intracellular phosphorus and calcium in platelets together with
a defective structure of myosin chains [137, 138], reduction in the ATPase activity
in the cytosol suggesting a dysfunctional calcium transport system [137], reduction
in the functionality of the contractile system inside the cell [139], as well as a reduc-
tion in the aggregation of platelets [140] in IS patients have been reported. Another
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report demonstrated aberrant platelet maturation in IS patients and found differen-
tial expression of various Ca** ATPases in different groups of patients with different
curve patterns [141]. These findings were challenged by two reports that demon-
strated normal platelet behavior with respect to the different parameters that were
previously studied [142, 143].

Platelet calmodulin levels were elevated in association to curve progression,
while calmodulin levels in stabilized moderate curves and controls were similar
[50]. These results were confirmed by another longitudinal study that followed
calmodulin levels over time and demonstrated that there were elevated calmodulin
levels in cases of curve progression, while levels did not change in stable cases [51].
Moreover, double-curved and severe cases showed higher levels of calmodulin than
moderate cases. These levels were reduced in most cases following brace treatment
or surgical intervention, which suggested calmodulin to be a potential biomarker for
curve progression [51]. A Chinese group measured the protein expression levels of
calmodulin in the paravertebral muscles of the curve apex of IS patients and observed
significantly lower expression on the convex side compared with the concave side or
normal muscles [144]. The asymmetric distribution of calmodulin in paravertebral
muscles was also shown. However, in contrast, when the protein levels on the convex
side were higher than the concave side of the scoliotic curve, there was no difference
in the concentration of calmodulin in the platelets compared with the controls [145].

During the past few years, many genetic studies were performed to detect a
genetic association between CALM (the gene encoding for calmodulin) and IS. A
study that involved 30 IS Chinese patients and 30 matched controls suggested a
genetic correlation of a SNP in the promoter of CALM1 and a predisposition to IS
[14]. Another study that included 100 Chinese IS patients and 100 matched controls
showed that different SNPs in CALM I may be correlated with different curve pat-
terns. For example, CALM rs12885713 was associated with double curves and
lumbar curves, while rs5871 was associated with thoracic curves [146]. These
findings were supported by another Chinese study involving 67 IS patients and 100
matched controls, where they confirmed the association of rs12885713 with double-
curved cases and the association of rs5871with thoracic curve cases [63]. Recently,
a Chinese study on 146 IS patients and 146 controls reported an association between
three SNPs in CALM I (rs2300496, rs2300500, and rs3231718) and IS susceptibility
[147]. None of the 12 studied SNPs were correlated with the severity of curve
progression.

Akel et al. analyzed the effect of calmodulin antagonists, tamoxifen and trifluo-
perazine, on the onset and progression of scoliosis in experimental animal models.
In the first study performed on pinealectomized chickens, both compounds were
effective in preventing the deformity; tamoxifen was also effective in reducing the
progression of the curve [49]. In the second study, C57BL/6 mice were used to
confirm the efficiency of calmodulin antagonists in preventing scoliotic deformities
[48]. It should be mentioned here that tamoxifen has an estrogen agonistic effect as
well, and its action may be due to that effect.

As we previously mentioned, melatonin’s involvement in IS is widely accepted
since most of the pinealectomized and bipedal animal models develop scoliosis due
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to fluctuations in melatonin levels or a dysfunction in its signaling pathway. The
interplay between melatonin and calmodulin is quite complex. It has been suggested
that calmodulin is involved in regulating melatonin synthesis through adenylyl
cyclases [148]. Melatonin also affects the activity of calmodulin by inhibiting
calmodulin kinase II [149]. Moreover, downstream melatonin PKCa (protein kinase
Ca) is activated, which induces calmodulin phosphorylation and subsequent inhibi-
tion [149]. Melatonin and calmodulin directly interact with each other, and melato-
nin exerts most of its effects through this interaction [149, 150]. As
previously mentioned, calmodulin plays a role in regulating the contractile system
in muscles and platelets. It was suggested that calmodulin may be involved in regu-
lating the contractile proteins of the spinal cord as well, thus affecting the growth of
neural cells [151]. This may correlate with the hypothesis that there is an imbalance
in the growth of the spinal cord and the vertebrae, which may lead to the deformity
observed in scoliosis [151]. The role of melatonin as a free radical scavenger is
important in this hypothesis. If melatonin fails to combat the free radicals produced
during stretching, damage to neural cells is probable, and consequently growth of
the spinal cord will be affected [37, 151].

In summary, calmodulin is a potential modifying factor in IS. Calmodulin is not
only involved in a cross talk with melatonin, but also plays a regulatory role in the
contractile system of muscles and consequently the paraspinal muscle tone and spi-
nal cord contractile system. This is in addition to the regulation of Ca** transport. It
has been hypothesized that there may be a generalized defect in the calcium pump
of scoliotic patients [151].

5.2.4 Bone Metabolism Factors
5.2.4.1 Receptor Activator of Nuclear Factor Kappa-B Ligand (RANKL)

Receptor activator of nuclear factor kappa-B ligand (RANKL) is also known as
osteoprotegerin ligand (OPGL) or osteoclast differentiation factor (ODF). The pro-
tein RANKL is a member of the tumor necrosis factor (TNF) superfamily. It is well
known that RANKL plays an important role in controlling bone resorption and
remodeling [152]. The RANKL/RANK interaction induces the formation of osteo-
clasts from their precursor cells, maintains their survival, and helps in the activation
of osteoclasts. Osteoprotegerin (OPG) hinders bone resorption by binding to
RANKL and thus inhibiting its binding to RANK. Hence, the RANKL/OPG ratio is
an important parameter which reflects bone quality [152].

The presence of osteopenia and reduced bone mass in the axial and peripheral
skeleton of IS patients have been consistently reported. A number of researchers
have thus studied the interrelationship between low bone mineral density (BMD)
and its determinants in IS [153—-155]. Suh et al. [153] reported an elevation of serum
RANKL and the RANKL/OPG ratio, along with reduced BMD in 72 IS patients
compared with 64 matched controls. This was later confirmed by a study which
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demonstrated higher levels of RANKL in both pre- and post-menarcheal girls with
IS, when compared with corresponding control groups [156]. Another study involv-
ing 15 IS patients and 8 matched controls reported a significant elevation in the
levels of RANKL and an imbalance in the RANKL/OPG ratio, suggesting that this
imbalance plays a role in bone remodeling [157]. In agreement with these findings,
Zhou et al. showed an elevation of both mRNA and protein levels of RANKL and
an increased RANKL/OPG ratio in osteoblasts from 20 IS patients with low BMD,
compared with 8 age-matched controls [155]. An association between a polymor-
phism in the OPG gene and LSBMD (lumbar spine BMD) in IS girls was also
reported [154]. Lu et al. suggested that anti-osteoporotic treatments could effec-
tively restore bone strength as well as the balance of the OPG/RANK/RANKL sys-
tem [158].

5.2.4.2 Osteocalcin (OC)

Osteocalcin (OC, or bone gamma-carboxyglutamic acid protein, BGLAP) is a non-
collagenous protein present in mineralized tissues. It is a hormone that is secreted
by osteoblasts, odontoblasts and hypertrophic chondrocytes [159]. Osteocalcin is an
important biochemical marker for bone formation in the case of uncoupled bone
formation and resorption. In addition, osteocalcin is a marker for bone turnover in
cases of high rates of bone resorption and formation [159]. It was observed that
there was a significant elevation of osteocalcin levels in patients with IS compared
with matched controls [156, 157]. This elevation reflects the high rate of bone
remodeling and abnormal bone metabolism.

5.2.4.3 Matrilin-1 (MATN1)

Matrilin-1 or MATNI is a protein known as cartilage matrix protein, which is
encoded by MATNI. The MATNI protein is a member of a family of matrix proteins
that forms filamentous structures in the matrices of cartilage and many other types
of tissues [160]. MATNI1 helps in the organization of the extracellular matrix
(ECM). The ECM is an important structure that supports the spinal column, and it
has been hypothesized that a defect in the ECM could be involved in the pathogen-
esis of scoliosis [161]. A number of reports have studied the genetic association
between IS and MATNI. However, the results of the reports are inconsistent.
Montanaro et al. studied 81 IS trios (parents and their child with IS) and reported
that microsatellite polymorphisms in MATNI were associated with familial IS
[162]. Chen et al. studied a Chinese cohort involving a total of 419 IS cases and 750
controls and reported a significant association between a polymorphism in the pro-
moter region of MATNI and the incidence and progression of scoliosis [163]. In
another study that included a Korean cohort comprising 166 IS cases and 126 con-
trols, a polymorphism in MATNI was found to be associated with a double major
curve pattern [164].
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Conversely, other studies have failed to reproduce the association of MATNI
gene polymorphisms with IS susceptibility and/or curve progression [23, 165]. As a
result of this discrepancy between different studies, a meta-analysis was recently con-
ducted to assess the association of the rs1149048 SNP in MATNI with IS among
different ethnic backgrounds [166]. This analysis included many studies consisting
of a total of 1436 AIS patients and 1879 controls. It was shown that the association
of this SNP in MATNI was restricted to the Asian cohort, as it was not observed in
the Caucasian cohort.

Furthermore, Wang et al. reported a significant reduction in the plasma levels of
MATNI1 in IS patients compared to controls. This study involved 25 IS patients and
25 controls. The plasma MATNI levels were significantly lower in cases of severe
curve progression compared with non-severe cases, suggesting MATN1 as a poten-
tial biomarker for IS [167].

Single nucleotide polymorphisms as well as reduced expression levels of MATN
have thus been found to be associated with the progression of IS. Besides being a
potential biomarker, MATN1 also appears to be a selective marker for IS based on
ethnic background.

5.2.4.4 Cartilage Oligomeric Matrix Protein (COMP)

Cartilage oligomeric matrix protein (COMP) is an extracellular matrix protein whose
exact function is yet to be determined. It is present in the cartilage, ligament, tendon
[168], bone, synovium [169], intervertebral discs [170] and in the growth plate [171].
At the cellular level, COMP is found in chondrocytes and osteoblasts [171]. It has
been suggested that COMP interacts with ECM1 (extracellular matrix protein 1),
another protein in the extracellular matrix of the growth plate. This interaction may
affect endochondral ossification [172]. The expression of COMP is elevated during
the development of the skeleton and the growth of long bones [173]. It has been
reported that mutations in COMP are associated with two skeletal disorders: pseu-
doachondroplasia (PSACH) and multiple epiphyseal dysplasia (MED) [174, 175].

One of the clinical features of PSACH is the development of scoliosis [175].
Defective COMP protein was found to accumulate inside chondrocytes and failed to
be transported outside the cells, leading to the early cell death and interference with
the normal bone growth [176]. Serum COMP levels were observed to be correlated
with the growth rate in juvenile idiopathic arthritic patients [177]. In a microarray
analysis that was performed on osteoblasts from IS patients, it was reported that
COMP is one of the most downregulated genes in IS osteoblasts, where the expres-
sion of COMP is fourfold lower than that in the controls [58].

These findings were further supported by a recent study that involved 105 IS
patients and 103 age-matched healthy controls [178]. The COMP serum levels were
found to be significantly lower in IS cases. They also reported that COMP levels
were associated with the speed of growth in IS patients. Hence, COMP is a potential
biomarker that needs to be further investigated for its usefulness in the diagnostic
screening of scoliosis.
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5.3 Conclusion

Identifying potential biomarkers is an essential exercise in improving the diagnostic
efficiency of a condition. It has been a challenge to identify significant biomarkers
for idiopathic scoliosis. Considerable research has been conducted in different
aspects of cell physiology to detect and confirm these biomarkers. In this book
chapter, we consolidated the relevant studies for each molecule and provided a per-
spective on the potential role of these factors in diagnosing IS.

What is interesting is the cross talk between some of the candidate biomarkers.
For example, the previously discussed cross talk between calmodulin and melato-
nin, and between Gi proteins and osteopontin, which provide multiple clues to
detect IS. Given the scarcity of confirmed biomarkers for IS, identifying a connec-
tion between some of the candidate factors is an affirmation of the direction in
which IS research is headed.

Although IS is observed in first-degree relatives, the genetic aspect of the condi-
tion has not been clearly understood. In such a scenario, it has been useful to iden-
tify single nucleotide polymorphisms (SNPs) in calmodulin and MATN1, which
influence the incidence of the spinal curve. Microsatellite polymorphisms in the
MATNI gene have been shown to be associated with familial IS, while the SNP
rs1149048 is associated with IS in the Asian population. Similarly, different SNPs
in the calmodulin gene appear to regulate the development of curves in different
sections of the spine (thoracic, lumbar).

The influence of hormones on the spinal curve progression has provided interest-
ing candidates, one of which is melatonin. Pinealectomized animals develop scolio-
sis due to either a defect in the signaling pathway or variation in the concentration
of melatonin. The role of melatonin is diverse as it interacts and inhibits the action
of calmodulin on platelets and muscle cells. Melatonin also acts on reactive oxygen
species preventing their damaging action on neural cells. Downregulation of this
hormone may cause neural cell damage and subsequently the potential development
of IS.

Several diagnostic candidates are involved in bone metabolism. Osteocalcin,
RANKL, COMP, and MATNI have been identified as potential diagnostic biomark-
ers of IS. While increased levels of osteopontin were associated with IS, reduced
concentrations of MATN1 and COMP were implicated in IS.

It is clear that some studies are in their preliminary stages and additional research
is required to confirm the status of these candidates as diagnostic biomarkers. The
data on growth hormones and estrogen have been inconclusive. While these hor-
mones appear to be relevant due to their effects on growth at puberty, growth hor-
mones and estrogen have to be validated and confirmed as potential diagnostic
biomarkers with a number of large-scale clinical studies.

Identifying these factors is only half the job. There are multiple facets to each
factor that have to be considered. For example, calmodulin is a potential diagnostic
marker for many reasons. It is upregulated in IS patients, and thus appears to be an
indicator of spinal curve progression. There are single nucleotide polymorphisms
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within the calmodulin gene that appear to be correlated with different patterns of
spinal curvature. And in addition, calmodulin regulates the synthesis of melatonin.
In separate studies, melatonin has been identified as a potential diagnostic candidate
of IS. Melatonin, in turn, interacts with the hormone leptin that is a diagnostic can-
didate for IS. It is interesting to observe that the data of independent research studies
have provided candidates that are interconnected with each other, much like the
pieces of a puzzle.
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Chapter 6
Bone Metabolism in AIS

Jack C.Y. Cheng, Wayne Y. W. Lee, Elisa M. S. Tam, and T. P. Lam

6.1 Skeletal Growth and Bone Metabolism

6.1.1 Overview of Adolescent Skeletal Growth

Adolescence is a period of rapid skeletal growth; the skeletal mass nearly doubles at
the end of adolescence [1]. During puberty the process of bone formation predomi-
nates, resulting in a steady increase of bone mass. This life stage represents an
important opportunity for influencing peak bone mass and thus reducing the risk of
osteoporotic fractures occurring later in life. Peak bone mass occurs from ages as
early as 16—18 years at the lumbar spine, femoral neck, and midshaft, to as late as
35 years at the radius, skull, and whole body [2]. During puberty, a transient period
of bone fragility at metaphysis was reported [3]. Previous studies on growth pattern
showed asynchrony in bone mass accretion and growth, resulting in a transient
decline in bone mineral density (BMD) and cortical weakness [4, 5].
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Bone mass is the net result of the bone modeling and remodeling processes
which are affected by complex hormonal changes that are programmed by genetics
and also interact with nutritional and environmental factors. Endocrine factors that
may influence bone mass during adolescence include insulin-like growth factor-1
(IGF-1), which stimulates systemic body growth; growth hormone, which promotes
growth and cell reproduction and regeneration; gonadotropic hormones, which pro-
mote epiphyseal maturation; and sex hormones, which mediate calcium accretion,
decrease bone resorption with estrogen, and increase bone thickness and periosteal
bone formation with testosterone [6]. The gender differences in bone mass and
geometry are noted during puberty. In general, boys have larger cortical cross-
sectional areas and higher trabecular bone volume ratios, while girls have higher
cortical density and less cortical porosity [7].

6.1.2 Bone Modeling and Remodeling

Bone is a metabolically active tissue undergoing modeling and remodeling which
are highly coordinated by osteoblasts, osteoclasts, and osteocytes. Bone modeling is
bone gain without previous bone resorption resulting in changes in size and shape
of the bone. Bone remodeling is a structural replacement or repair to maintain bone
integrity and strength in response to mechanical stimulation and damage. Bone
remodeling takes place in basic multicellular unit (BMU) encased with a canopy of
cells within an anatomical structure known as bone remodeling compartment (BRC)
[8]. In normal bone remodeling, the amount of resorbed bone is often completely
replaced by newly formed bone. Osteopenia and osteoporosis are the result of net
bone loss, while in osteopetrosis, bone formation dominates.

Osteoblasts arise from the differentiation of mesenchymal stem cells. Runt-
related transcription factor 2 (Runx2) is a critical transcription factor regulating
osteogenic differentiation and encoding genes for the synthesis of bone matrix and
mineralization [9]. Mature osteoblasts commit its function by laying down organic
osteoid followed by mineralization and extracellular matrix formation. Along this
process, some osteoblasts further differentiate into osteocytes or become lining cells
or undergo apoptotic cell death. Osteoclasts are terminally differentiated myeloid
cells from either adjacent bone marrow in trabecular bone or vasculature in cortical
bone. The RANKL/RANK/NF-«xB pathway is the main signaling pathway regulat-
ing osteoclasts differentiation. RANKL (receptor activator of NF-xB ligand) from
osteoblasts binds to RANK expressing osteoclast precursor cells. Osteoprotegerin
(OPQG), released by osteoblasts, is a soluble decoy receptor for RANKL which plays
as a physiological negative feedback regulation of bone resorption [10]. The
RANKL/OPG ratio has been suggested to indicate the extent of osteoclasts differ-
entiation and activation [11]. Osteocytes are the most abundant cell type (over 90%)
in bone, and its death is suggested to initiate the formation of BRC wherein resorp-
tion and formation are activated [12]. Recent evidence suggests the modulatory
roles of osteocytes in bone remodeling through the release of sclerostin, RANKL,
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and OPG. Sclerostin is a potent inhibitor of bone formation through the binding to
low-density lipoprotein receptor-related protein 5/6 (LRPS/LRP6) and thus abolish-
ing canonical Wnt/B-catenin signaling [13]. The Wnt signaling is the prime target
for many bone anabolic drugs through the inhibition of Wnt antagonists such as
sclerostin and dickkopf WNT signaling pathway inhibitor 1 (Dkk1).

6.1.3 Bone Mineralization

Bone is a bioceramic composite consisting of intimate organization of organic sub-
stances (collagenous proteins and non-collagenous proteins), minerals (mainly calcium
phosphate of apatite structure), and water. The complex bone structure can be divided
into seven hierarchical levels of organization [14] which is speculated to provide optimal
strength and toughness [15]. Bone formation is composed of two main stages known as
primary and secondary osteogenesis resulting in the formation of woven and lamellar
bone, respectively [16]. The mineralization in woven bone is relatively rapid and unor-
ganized and serves as a transient stage during endochondral ossification. The woven
bone is remodeled into lamellar bone which in human is organized into osteons for the
construction of cortical bone or cancellous bone. During lamellar bone formation, osteo-
blasts secrete collagen fibrils assembled in a highly organized, close-packed lamellar
structure. The organization of crystals is directed along the collagen fibrils leading to
intrafibrillar crystallization. Osteoblasts also secrete non-collagenous proteins, such as
osteonectin, osteopontin, osteocalcin, and bone sialoprotein, which are enriched with
acidic amino acids and promote mineral nucleation in collagen fibrils [17].

6.2 Abnormal Skeletal Growth and Maturation in AIS

AIS occurs in children during their pubertal growth spurt. Rapid growth is associ-
ated with the development and progression of scoliotic curves, with the curves sta-
bilized at skeletal maturity [18]. These observations have led researchers to
investigate growth and growth-related endocrine factors and their possible contribu-
tion to the etiopathogenesis of AIS.

6.2.1 Body Height and Proportion

Patients with AIS were found to be taller and leaner [19, 20]. Some studies reported
that the tall stature returns to normal by skeletal maturity [21], while others have
shown it to persist into adulthood [22]. Cheung et al. reported that girls with AIS were
shorter before menarche but caught up and became taller, with higher sitting height
and longer arm span and leg length during growth spurt when compared with control
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subjects [20]. To calculate the height loss due to the spinal deformity, different equa-
tions have been suggested, and it appeared that no formula can fit every curve of dif-
ferent severities [23]. In another study, linear correlation between arm span and
standing height in healthy children and adolescents was found to be very high
(r* = 0.99) [24]. Therefore, the use of arm span as a surrogate for body height might
be a better solution in the estimation of height loss due to the scoliosis.

In addition to abnormal lengths, asymmetries in the limb length and segmental length
were also reported [25, 26]. While the asymmetry in arm length was not found in patients
with lumbar curves, asymmetry in iliac height and leg length inequality were reported
instead [27, 28]. Researchers have interpreted these findings to be (a) secondary to the
scoliosis curve, (b) nonspecific manifestations of developmental instability due to natu-
ral left-right asymmetry in humans [29], and (c) sentinels in paired bones of vertebral
growth plate asymmetries implying putative pathogenic significance [30].

6.2.2 Growth Pattern and Skeletal Maturity

In a large cross-sectional study with 598 AIS girls and 307 healthy control girls
stratified by chronological age and pubertal stage, abnormal growth was observed in
scoliotic girls from ages 12 to 15 years or older and in all pubertal stages [20]. At
prepubertal spurt, AIS girls were significantly shorter and leaner when compared
with maturity-matched normal controls. After the onset of puberty, corrected height
and sitting height were significantly greater in scoliotic girls than in controls.
Segmental lengths, namely, arm span and leg length, were also significantly longer
in AIS girls. These observations indicated that the abnormal development in the pat-
tern of growth and anthropometric parameters coincided with the onset and prog-
ress of pubertal development during adolescence.

The age at onset of menarche is a widely used maturity indicator reflecting the
growth potential in girls and is closely related to curve progression. Previous studies
reported that risk of curve progression was markedly higher before the onset of men-
arche than after menarche has already started [31]. In addition, the age at onset of
menarche was also reported to be associated with the incidence of AIS [32]. The age
at the onset of menarche has been reported to be earlier, normal, and delayed in AIS
girls [21, 33-35]. A large cross-sectional study conducted by Mao et al. reported
delayed onset of menarche occurred more frequently in AIS girls with Chinese ethnic-
ity [34], while Grivas et al. and Goldberg et al. reported no difference and earlier age
at onset of menarche in Mediterranean and Irish girls with AIS, respectively [21, 35].

6.2.3 Body Composition

Apart from abnormal skeletal growth, many- studies have also reported lower body
weight and lower body mass index (BMI) in patients with AIS [20-22]. The differ-
ences in height, weight, and BMI were found to be correlated with the curve
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severity [19]. The earlier studies on the body composition of AIS patients reported
conflicting findings and were limited by their small sample sizes [36, 37]. Studies
from different centers have all shown that the lower body weight and BMI in AIS
girls were attributed to decrease in both body fat and fat-free mass [36-38]. The
association of altered body composition with the occurrence of AIS was substanti-
ated by a large population-based prospective cohort study which utilized the sub-
jects recruited in the Avon Longitudinal Study of Parents and Children (ALSPAC)
[39]. This important study have investigated the association between fat and lean
mass at age 10 years as assessed by DXA, with the presence of scoliosis at age
15 years. 5299 children were included, of which 184 had developed scoliosis (Cobb
angle >10°) at age 15. The study demonstrated that after adjustment for confound-
ers, per SD decrease in lean mass at age 10 was associated with a 20% higher risk
of scoliosis and per SD decrease in fat mass with a 13% higher risk.

Muscle mass was found to be closely and linearly correlated with bone mass
particularly during growth and development [40]. In addition, muscle strength as
assessed by grip strength was found to be strongly correlated with vBMD, cortical
area, cortical thickness, and bone strength index assessed using pQCT [41-43].
Mechanical stimuli linked to body weight have been thought to underlie differences
in bone mass [44]. The hypothesis that the bone adapts to mechanical forces was
first postulated by Wolff [45]. Experiments have demonstrated that dynamic loads
resulting from the use of the muscle could promote bone formation and that the
response of the bone is governed by the amplitude and frequency of these stimuli
which can greatly exceed the static gravitational loads resulting from body weight
[44, 46]. In AIS, the reduced lean and fat mass might affect the mechanical stimuli
and result in reduced bone formation and lower bone mass.

6.3 Abnormal Bone Mineral Density in AIS

The general goals of bone densitometry in adults are to identify patients at greatest
risk of skeletal fragility fractures, to guide decisions regarding treatment, and to
monitor responses to therapy. The bone health of an individual could be assessed
quantitatively by the following approaches.

6.3.1 Bone Densitometry in Pediatric Patients
6.3.1.1 Dual-Energy X-Ray Absorptiometry (DXA)

DXA uses low-dose X-ray source with two different energy peaks. One energy peak
is absorbed more by the soft tissue, while the other is absorbed more by the bone,
and then the soft tissue component is subtracted to determine the BMD. DXA can
be used to scan both central and peripheral skeletal sites. Due to its low radiation,
high precision, and accessibility, DXA is widely used for BMD assessment
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Fig. 6.1 Whole-body less head (a) and hip (b) DXA scans of an AIS patient

nowadays and is regarded as the gold standard for clinical assessment of osteoporo-
sis by World Health Organization, and for the evaluation and management of adult
bone diseases [47]. Bone densitometry assessments have been recommended for
children with recurrent fractures, bone pain, bone deformities, osteopenia on stan-
dard radiographs, or to monitor therapy [48]. Examples of whole-body less head
and hip DXA scans of an AIS patient are shown in Fig. 6.1. The projectional nature
of the areal BMD (aBMD) measurement by DXA was confounded by bone sizes
and bone geometry [49]; when DXA is being used for the study of pediatric bone
health, adjustments for the smaller size of children must be made, and caution must
be taken as the bones of the children change markedly in size and shape as they
grow, especially during puberty. Researchers have attempted to account for the
effect of bone size on the DXA result and minimize the effect of growing skeleton
on the BMD value using various methods of size adjustment [50]. On the other
hand, because of its reproducibility and lack of areal density-related errors, the total
body bone mineral content (BMC) is sometimes preferred for the assessment of
bone mineral status by some researchers [51].
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6.3.1.2 Quantitative Computed Tomography (QCT)

Although not as widely utilized as DXA, QCT allows separate measurements of
cortical and trabecular bone compartments; provides volumetric, as opposed to
areal BMD measurement, thus avoiding the problems associated with changes in
bone size; and allows measurement of geometric and structural parameters which
contribute to bone strength [52]. The term central QCT is used when the technique
is being applied to the spine and proximal femur, while pQCT is the application of
QCT to peripheral skeletal sites. High-resolution peripheral quantitative computed
tomography (HR-pQCT) is also a pQCT method but has resolution high enough to
allow the quantification of trabecular micro-architecture and cortical porosity [53,
54]. Central QCT can be used in children, however, it is largely limited to research
use because of limited reference databases being available for the spine and femur
and higher dose of ionizing radiation involved [52].

6.3.1.3 Peripheral Quantitative Computed Tomography (pQCT)

pQCT evaluates the bone geometry and true volumetric BMD (vBMD) for the corti-
cal and trabecular bone compartments separately in peripheral sites such as radius
and tibia. It is used more widely than central QCT in growing children and adoles-
cents, largely because of the significantly lower dose of ionizing radiation, and
availability and easy access of pQCT scanners in centers dedicated to research and
clinical care of children with bone disorders [52, 53]. However, pQCT is not as
widely available compared with DXA and is used primarily for research purposes
only. It was noted that meaningful and effective use of pQCT for assessing BMD
and overall bone health in all age groups will require better defined normative data
derived with common measuring techniques, equipment, and analytical approaches.

6.3.1.4 High-Resolution Peripheral Quantitative Computed
Tomography (HR-pQCT)

The resolution of HR-pQCT is high enough that when computer-based finite ele-
ment analysis (FEA) is being used to assess bone strength, the structure can be
represented directly by the elements in the model. FE models based on HR-pQCT
images have been validated against micro-CT models [55] and mechanical testing
[56]. It is important to recognize that HR-pQCT only assesses the distal radius and
distal tibia typically, and there is a concern whether measurements at these sites
could reflect the bone mineral status and bone strength at the hip and spine. The few
studies that have examined the relationship between HR-pQCT measurements of
the peripheral skeleton have shown a moderate correlation (r = 0.56-0.70) to the
axial skeleton [57, 58].
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6.3.2 Low Bone Mass (Osteopenia) in AIS

Special attention is required when performing DXA scan on patients with scoliosis,
because the measured aBMD in the spine is likely to be affected by any deformity
or axial rotation of the vertebrae, which commonly occurs in scoliosis subjects [59].
In addition, patients with scoliosis cannot be positioned with the spine straight on
the DXA table, and in those with severe scoliosis, degenerative changes can lead to
invalid spine measurement [60].

Many previous studies had reported the association between AIS and low BMD.
Burner et al. was the first to report the relationship between osteoporosis and
acquired back deformity in 1982 [61]. Healey and Lane reported a higher preva-
lence of scoliosis in biopsy-proven osteoporotic women (48%) [62]. Cook et al.
noted that AIS subjects had significantly lower lumbar spine and proximal femur
BMD when compared with age-matched control subjects [63]. Cheng et al. investi-
gated a large cohort of AIS and reported 36-38% of cases had generalized osteope-
nia (Z-score < —1) [59]. In a cross-sectional study on 919 girls with AIS, Lee et al.
reported an inverse relationship between curve severity and BMD [64]. Lower
vBMD has also been reported in AIS patients with pQCT study [65]. In general, the
average BMD value of AIS girls was 4.5% lower than the age- and sex-matched
controls [59, 66]. Previous studies have reported that osteopenia in AIS girls is sys-
temic in nature and could affect the whole body including the spine, hip, distal
radius, distal tibia, and calcaneus [22, 59, 63, 67]. This systemic low bone mass is
also likely to associate with lower bone strength and peak bone mass [63], which
might contribute to osteoporosis, osteoporotic fracture, progression of scoliosis, and
other associated complications in late adulthood.

6.3.3 Is Osteopenia a Transient or Persistent Problem?

A few researchers have continued further and questioned whether this osteopenic
status could persist into skeletal maturity, thus affecting the acquisition of peak bone
mass. Thomas et al. have conducted a follow-up study of the BMD of 22 AIS girls
with an average age of 11.5 years for an average follow-up period of 30.8 months
[68]. Compared to the initial scans, at the follow-up evaluation, the prevalence of
BMD below two SDs in the AIS group increased from 38% to 60% for the BMD
measured from different standard sites. Cheng et al. have conducted a longitudinal
follow-up study on the aBMD of bilateral proximal femurs in 14 AIS girls with
significant osteopenia with more than two SDs below the mean normal value and 70
healthy control subjects using DXA for an average follow-up period of 29 months
[66]. The study has found that the follow-up aBMD decreased from the initial evalu-
ation of —2.96 to —3.84 SD in the follow-up visit. The same group of researchers
have subsequently conducted a larger longitudinal 2-year follow-up study on the
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Fig. 6.2 Mean volumetric BMD of distal tibia of AIS (moderate and severe curve severity) and
controls by age. *p < 0.05 comparison between AIS and control by #-test; *p < 0.05 comparison
among AIS moderate, severe, and control by one-way ANOVA; post hoc Bonferroni multiple com-
parison: p < 0.05 (control vs. moderate), °p < 0.05 (control vs. severe), p < 0.05 (moderate vs.
severe) [33]

aBMD of proximal neck of femur and lumbar spinal BMC using DXA, and the
vBMD of distal tibia using pQCT in 196 AIS girls and 122 healthy girls aged
12—15 years [33]. The vBMD of distal tibia in AIS group was persistently and sig-
nificantly lower than the controls from 13 to 16 years (Fig. 6.2). Similarly, lumbar
spinal BMC and femoral neck aBMD were persistently and significantly lower
among AIS (moderate and severe severity) than the controls from age 13 to 17 years.
This study indicated that both axial and peripheral BMD of AIS were persistently
lower than the healthy girls throughout age 12—17 years.

Could the lower rate of increase of BMD in the AIS group a result of bracing
during the follow-up period? Snyder et al. have conducted a follow-up study on 52
AIS girls with brace treatment and found the annual rate of bone density accumula-
tion was similar to the reported normal values [69]. Summarizing the evidence, the
osteopenic condition found in AIS girls appeared to be a persistent rather than a
transient phenomenon. It is likely that the persistent osteopenia in AIS girls could
lead to significantly lower peak bone mass and manifest with complications of
osteoporosis in adult life.
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6.3.4 Clinical Relevance: BMD as a Prognostic Factor
of Curve Progression in AIS

One recurrent important clinical question in the management of AIS is whether one
can predict and prognosticate which curves will deteriorate so that appropriate and
timely treatment can be started [18]. The widely accepted prognostic factors include
chronologic age, menarchal status, Risser sign, degree of curvatures at presentation,
and the curve pattern [18, 70]. The widely reported association between osteopenia
and AIS has led researchers to investigate the prognostic value of BMD and bone
quality in the prediction of curve progression in girls with AIS.

Hung et al. followed a cohort of 324 AIS girls until skeletal maturity or until
the curve had progressed >6°. Osteopenia with a Z-score < —1 in the femoral
neck of the hip on the side of the concavity was identified as a significant prognos-
tic factor for curve progression with an adjusted odds ratio of 2.3 [71]. A predic-
tive model was established in the study, and the area under the receiver operating
characteristic (ROC) curve of the model was 0.80. Subsequently, Lam et al. have
conducted a prospective cohort study with 294 AIS girls being followed beyond
skeletal maturity in order to investigate the use of quantitative ultrasound in pre-
dicting curve progression. The study has reported stiffness index (SI) was a sig-
nificant and independent prognostic factor for curve progression with an odds
ratio of 2.0 after adjustment for age, puberty, and curve severity [72]. The area
under the ROC curve was reported to be 0.831. Recently, the same group has con-
ducted a longitudinal cohort study of 513 newly diagnosed AIS girls to validate
the prognostic value of osteopenia on the risk of curve progression to surgical
threshold defined as Cobb angle >45° and/or undergone surgery. The results
showed that osteopenic patients had significantly higher risk of surgery with a
hazard ratio of 2.25 after adjustment for confounders [73]. Despite the fact that
osteopenia represents a promising new prognostic factor for curve progression in
clinical management, its use has not been popularized, probably due to the lack of
multicenters validation study, availability and cost of DXA, and other bone densi-
tometry machines in scoliosis clinics.

6.3.5 Factors Contributing to Low BMD in AIS
6.3.5.1 Environmental Lifestyle: Physical Activities

The importance of physical activity and mechanical loading on bone mass accrual
has been well documented, particularly in children and adolescents. Slemenda et al.
found that the weight bearing activity level was positively correlated to BMD of the
radius and hip in children and adolescents between 5 and 14 years old [74]. Besides,
Rubin et al. found a positive correlation between physical activity and lumbar spine
BMD [75]. Lee et al. in a large-scale cross-sectional study have found lower physi-
cal activity level in AIS during the pubertal period, which was also significantly
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correlated with both the aBMD and vBMD at various sites as measured by DXA
and pQCT, respectively [76]. Yu et al. studied 214 AIS girls and 187 healthy girls
aged 11-13 years old and have also found lower physical activity level in the AIS
group [77]. Physical activity level was found to be positively and independently
associated with greater cortical area and total vBMD with multivariate analysis.

6.3.5.2 Calcium and Vitamin D

Calcium is required for normal growth and development as well as maintenance
of the skeleton. During adolescence, there is nearly a doubling of body mineral
stores due to increase in the size of the skeleton, with minor changes in volumetric
BMD [78]. This increase in demand must be met through dietary intake for the
optimum bone mineral accretion. Vitamin D is essential for intestinal calcium
absorption and plays a central role in maintaining calcium homeostasis and skel-
etal integrity. Vitamin D insufficiency and deficiency are highly prevalent among
children and adolescents worldwide, and calcium intake often falls below recom-
mended levels [48].

It was suggested that the osteopenia in AIS could be a result of suboptimal bone
mineralization both qualitatively and quantitatively, and thus fails to catch up with
abnormally escalated bone growth during the peri-pubertal period. Lee et al. studied
596 AIS girls and 302 healthy control girls aged 11-16 years old and found that the
mean calcium intake of both AIS and control groups have reached only 36% and
32% of the Chinese calcium Dietary Reference Intake (DRI) of 1000 mg/day,
respectively [79], and there was no difference between the AIS and controls [76]. Yu
et al. have reported slightly higher calcium intake in a case-control study of 214 AIS
and 187 healthy girls aged 11-13 years old [77]. The median calcium intake was
found to be 571.9 mg/day in the AIS group and 587.9 mg/day in the control group,
with no difference between the two groups.

Despite the importance of vitamin D in bone mineralization, there was only
one study reporting the dietary vitamin D intake in AIS patients and with small
sample size. Akseer et al. have studied the daily dietary vitamin D intake includ-
ing supplement in 15 women with AIS who had no treatment, 15 women with
AIS who had brace treatment, and 19 healthy controls [80], and reported no dif-
ferences between the three groups. Our recent longitudinal study revealed a sig-
nificant improvement of BMD in AIS with supplementary calcium and vitamin
D. The result is discussed further in Sect. 6. With the rising interest in the involve-
ment of vitamin D deficiency in various diseases, researchers have also looked
into the serum levels of 25-hydroxyvitamin D (25(OH)Vit-D, the main circulat-
ing form of Vit-D) in patients with AIS [81, 82]. A study from Poland by
Gozdzialska et al. have compared the serum 25(OH)Vit-D levels in four groups
of 50 girls aged 11-14. The groups were premenarchal and postmenarchal girls
with AIS vs. matched controls. The study reported significantly lower serum
25(0OH)Vit-D levels in both groups of AIS patients when compared with controls
of matched menarchal status, with levels reaching the status of deficiency [81].
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Balioglu et al. have compared the serum 25(OH)Vit-D levels in 229 AIS patients
aged 10-22 years old and 389 age-matched comparison group of athletes without
scoliosis. The results indicated significantly lower serum 25(OH)Vit-D levels in
AIS patients, and the vitamin D level was correlated negatively (R = —0.147)
with Cobb angle, which suggested a possible role of vitamin D in the etiopatho-
genesis of AIS [82].

6.3.5.3 Genetics

Twin and family studies have consistently shown that peak bone mass, ultrasound
properties of the bone, skeletal geometry, bone turnover, and fracture are heritable
[83]. Candidate gene association studies have been widely used in investigating the
genetic factors associated with variations in BMD and osteoporosis. About 150 can-
didate genes related to osteoporosis have currently been identified [84]. The most
widely studied among these genes include type I collagen, vitamin D receptor,
estrogen receptor, androgen receptor, aromatase, LRP5 and LRP6, sclerostin, trans-
forming growth factor B1, interleukin-6, and insulin growth factor-1. These factors
act by inhibiting osteoblast activation and/or increasing osteoclast function, leading
to osteoporosis. However, findings from a large consortium of five population-based
studies involving 19,195 participants suggested that most of the previously studied
candidate genes were not replicated in a well-powered study with standardized phe-
notyping and genotyping [85, 86]. Subsequent genome-wide association studies
(GWAS:s) have identified 62 loci that are genome-wide significant for BMD at either
the lumbar spine or the femoral neck [86].

6.4 Abnormal Bone Quality and Bone Strength in AIS

The critical role of bone quality in determination of bone strength has been well
recognized, and bone quality has been taken as one of the key elements in the clini-
cal definition of osteoporosis. Since then a large number of evidence have been
published, supporting the theory that bone quality is of paramount importance for
bone strength. Previous investigations with detailed bone geometry and micro-
architecture parameters had enhanced predictive power for osteoporotic fracture
and could better explain the mechanism underlying fragility fractures [87]. Bone
geometry such as cortical thickness has been established as crucial factors for deter-
mining bone strength [88]. Recent studies have also suggested the importance of
trabecular bone micro-architecture in the determination of bone quality and bone
strength [87, 89]. In 2001, the NIH reinforced the theory that bone strength reflects
both bone quality and BMD by defining osteoporosis as “A skeletal disorder char-
acterized by compromised bone strength predisposing to an increased rate of frac-
ture. Bone strength reflects the integration of two main features: bone density and
bone quality” [90].
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6.4.1 Studies on Bone Quality in AIS

At the time of writing, there were only a few studies which have reported the bone
quality of AIS patients. It was speculated that the low bone mass and deranged bone
quality could lead to mechanically weakened spinal column in the osteopenic
patients, who might be more susceptible to the development of scoliosis and curve
progression during the rapid growth in peri-pubertal period.

6.4.1.1 Bone Geometry

Yu et al. performed HR-pQCT assessment in the non-dominant distal radius of 214
newly diagnosed AIS girls between the age of 11 and 13 and 187 healthy age- and
gender-matched controls [77]. The trabecular area, cortical area, cortical perimeter,
and mean cortical thickness were measured. AIS girls were found to have lower cor-
tical area (% difference = —8.88%) and cortical thickness (% difference = —8.53%)
(Table 6.1). Cortical area remained significantly lower after adjustment for age, but
not after adjustment for age, calcium intake, and physical activity level (Table 6.2).

Table 6.1 Comparison of bone geometry, volumetric bone mineral density, and trabecular bone
micro-architecture between AIS and control girls

AIS,N=214 Control, N=187 | % Difference| p Value
Bone geometry | Ct.Area 255+11.6 279125 —8.88% 0.043
(mm?)
Ct.Th (mm) |0.512+0.226 0.690 + 0.221 —8.53% 0.053
Ct.Pm (mm) |55.0+4.32 54.6 +4.40 0.64% 0.363
Trab.Area 148.7 £ 28.5 146.3 +28.2 1.68% 0.342
(mm?)
vBMD Dy (mg HA/ |256.0 +54.2 266.6 +51.8 -3.97% 0.042
cm?)
Do (mg 689.3 +76.6 708.1 £73.7 —2.65% 0.014
HA/cm?)
Dy, (mg 148.9 +27.6 1522 +253 —2.14% 0.181
HA/cm?)
Trabecular bone | BV/TV 0.124 + 0.023 0.127 + 0.021 —2.14% 0.181
micro- Tb.N 1.71+0.22 1.77 +0.22 -3.50% 0.004
architecture (mm-—")
Tb.Sp (mm) | 0.524 = 0.090 0.502 +0.075 4.26% 0.008
Tb.Th (mm) |0.072 +0.009 0.072 £ 0.008 1.25% 0.325

Two-tailed Student’s 7-test was performed. Data was expressed as mean + SD

Ct.Area cortical area, Ct.Th cortical thickness, Ct. Pm cortical perimeter, Trab.Area trabecular area,
D,, total vBMD, D, cortical bone vBMD, D,,, trabecular bone vBMD, BV/TV trabecular bone-
volume-to-tissue-volume ratio, 7h.N trabecular number, 7h.Sp trabecular separation, 7h.Th tra-
becular thickness
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Table 6.3 Bone mineral status measured with SEM/EDX in AIS and controls

Parameters AIS,N=9 Control, N=5 Difference% p Value
Reap 1.55 £ 0.0542 1.56 = 0.041 —0.64% 0.947
Reac 0.77 £0.13 1.05 0.1 —26.67% 0.006

Independent t-test was used in the comparisons; difference % = (AIS value — control value)/(con-
trol value) %

6.4.1.2 Abnormal Bone Mineralization

Yu et al. have also assessed the total vBMD, cortical bone vBMD, and trabecu-
lar bone vBMD in their HR-pQCT study of 214 AIS girls and 187 healthy age-
and gender-matched controls [77]. Total vBMD and cortical bone vBMD were
significantly lower in the AIS group with mean difference of —3.97% and
—2.65%, respectively (Table 6.1). No significant difference was found in the
trabecular vBMD between AIS and control groups. Multivariate regression
analysis indicated that AIS was associated with lower total vBMD and cortical
bone vBMD after adjustment for age; cortical bone vBMD remained signifi-
cantly lower after adjustment for age, calcium intake, and physical activity level
(Table 6.2).

Due to the lack of good animal model that could mimic the 3D pathoanatomy
of the spinal deformity in AIS, the mechanisms underlying abnormal bone min-
eralization remain unclear. A recent study by Wang et al. reported for the first
time a comprehensive comparative study using SEM/EDX on iliac crest bone
tissues collected from AIS and non-AlIS controls undergoing bony fusion surgery
[91]. Scanning electron microscopy coupled with energy-dispersive X-ray spec-
troscopy (SEM/EDX) is a sensitive tool to detect small difference in calcium
content which is not distinguishable with conventional DXA and micro-CT.
Previous studies suggested that the amount of carbon could be regarded as
organic components and the ratio of calcium to carbon (R¢,c) was proportional
to the BMD [92], while the ratio of carbon to phosphorus (R¢,p) could reflect the
status of bone mineralization [92, 93]. The lower R¢,c in AIS suggested decreased
mineralization in AIS which was in agreement with the increased osteoid volume
and width in the same study (Table 6.3).

6.4.1.3 Bone Micro-architecture

Quantitative ultrasound (QUS) offers a radiation-free and portable modality of
investigation and can provide indirect assessment on material properties and
micro-architecture of bone. Using QUS, Lam et al. reported significantly lower
broadband ultrasound attenuation (BUA) and stiffness index (SI) at the non-dom-
inant calcaneus of 635 AIS girls when compared to 269 controls [67], suggesting
possibility of altered bone micro-architecture in AIS. The latest HR-pQCT can
offer noninvasive measurement of trabecular bone micro-architecture, without
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Fig. 6.3 Representative 3D reconstructions of trabecular and cortical bone of distal radius, as
measured by HR-pQCT for (a) non-osteopenic AIS and (b) osteopenic AIS. Alterations of trabecu-
lar bone micro-architecture could be visualized in osteopenic AIS as shown in b

being confounded by bone size. Using this technique, Yu et al. assessed the tra-
becular bone micro-architecture in the non-dominant distal radius of 214 young
AIS girls between the age of 11 and 13 and 187 healthy age- and gender-matched
controls and have found lower trabecular number and higher trabecular separa-
tion in the AIS group after adjustment for age, calcium intake, and physical activ-
ity level (Table 6.2) [77]. In another study by Yu et al., where the bone qualities
of osteopenic AIS girls, non-osteopenic AIS girls, osteopenic controls, and non-
osteopenic controls were assessed with HR-pQCT, the osteopenic AIS girls had
additional abnormal trabecular vBMD and micro-architecture that were not
found in the osteopenic control girls [94]. This finding suggested the osteopenia
is different between osteopenic AIS and osteopenic control girls, and that pre-
dominant changes of osteopenia in AIS girls occurred in the trabecular bone
compartment (Fig. 6.3).

The measurements with HR-pQCT on distal radius dominated by cortical
bone might underestimate particularly the changes in trabecular bone compart-
ment. The micro-structure of plate and rod trabeculae is also critical in deter-
mining the bone strength and is associated with changes in BMD, which can be
delineated with individual trabeculae segmentation (ITS) [95, 96]. Our current
study on iliac crest bone biopsies with micro-CT40 and ITS analysis showed
that AIS had significantly lower rod thickness (rTbTh) and number (rTbN) when
compared with controls. Subsequent FEA also revealed significantly lower bone
strength than controls (Table 6.4, [91]).
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Table 6.4 Comparisons of trabeculae micro-architecture measured with ITS* in AIS and controls

Parameters AIS, N=14 Control, N=5 Difference% | p Value
pBV/TV 0.16 £ 0.03 0.17 £ 0.03 -5.88 0.517
rBV/TV 0.021 = 0.008 0.026 = 0.014 —19.23 0.459
P-R ratio 7.93+1.93 7.31+£2.31 8.48 0.781
pTb.N (mm™") 4.10+0.27 4.38 +0.39 -6.39 0.139
rTb.N (mm™") 2.90 +0.32 326 +£0.72 —11.04 0.229
pTb.Th (mm) 0.087 = 0.003 0.082 +0.003 6.1 0.012
rTb.Th (mm) 0.065 = 0.003 0.062 = 0.004 4.84 0.052
pTb.S (mm?) 0.026 = 0.002 0.024 + 0.003 8.33 0.165
rTb.L (mm) 0.215+0.012 0.211 +=0.004 1.9 0.926
R-R Junc.D (mm™) 7.84 +2.57 18.19 = 18.77 -56.9 0.033
R-P Junc.D (mm™) 76.82 +24.62 103.82 + 56.03 -26 0.267
P-P Junc.D (mm~) 71.34 + 18.53 94.57 +40.34 —24.56 0.229

Independent #-test was used; difference % = (AIS value — control value)/(control value) %
‘Individual trabeculae segmentation (ITS) is a rigorous model-independent 3D morphological
analysis that is capable of segmenting trabecular bone microstructure into individual trabecular
plates and rods. Based on measurements of each individual trabecula, ITS-based morphological
analyses enable separate assessments of trabecular plate and rod microstructure and have been
used to elucidate the important but distinct roles of trabecular plates and rods in determining
mechanical properties and failure mechanisms of trabecular bone

pBV/TV plate bone volume fraction, rBV/TV rod bone volume fraction, P-R ratio ratio of plate bone
tissue to rod bone tissue, pTh.N plate trabeculae number density, »7h.N rod trabeculae number
density, pTb.Th mean trabecular plate thickness, #7h.Th mean trabecular rod thickness, p7b.S mean
trabecular plate surface area, r7b.L mean trabecular rod length, R-R Junc.D rod-rod junction den-
sity, P-R Junc.D plate-rod junction density, P-P Junc.D plate-plate junction density

6.5 Abnormal Bone Turnover and Hormonal Changes

6.5.1 Bone Turnover Markers

A previous study has shown serum bone-specific alkaline phosphatase (bALP) in
AIS was 38.6% higher than that of controls [97]. Additionally, Suh et al. [98]
reported higher serum-soluble RANKL levels and RANKL-to-OPG ratios in
AIS. A recent study by Ishida et al. assessed the BMD and TRAPS5b in 49 AIS girls
aged 10-19. Sixty percent of AIS girls had osteopenia or osteoporosis at the femo-
ral site, and 59% of AIS girls had high values of TRAP5b with >1.88 SDs. The AIS
girls with high values of TRAP5b had lower Z scores, younger age, and lower BMI
than those with normal values of TRAP5b. TRAP5b was also found to be posi-
tively correlated with Cobb angle. Apart from serological study, our recent study
on iliac crest bone biopsies showed higher expression level of genes regulating
bone formation markers, including collagen type I (COLI), osteocalcin (BGLAP)
and osteopontin (SPPI), and bone resorption markers, including tartrate-resistant
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Fig. 6.4 Relative mRNA expression to GAPDH of bone formation and resorption genes in iliac
crest bone biopsies collected from AIS (white bars; N = 14) and control (black bars; N = 5). Data
is presented as mean + SEM *p < 0.05

acid phosphatase (TRAP) and cathepsin K (CTSK), in AIS (Fig. 6.4). Taking these
together, concurrent abnormal bone turnover in AIS might play a role in the etio-
pathogenesis of AIS.

6.5.2 Abnormal Hormonal Changes and Abnormal Responses
in Primary Culture

6.5.2.1 Melatonin

Melatonin is a secretory hormone mainly synthesized by pinealocytes in the pineal
gland [99]. Melatonin plays an essential role in the physical health and skeletal
development of the human body. Several animal studies shown that pinealectomy in
chickens [100] and bipedal rats [101] lead to scoliosis, and this has led to the postu-
lation that disturbance of melatonin production can be a potential cause of AIS
[102]. In cellular models, Moreau et al. reported impaired melatonin signaling
transduction in osteoblasts, myoblasts, and lymphocytes of progressive AIS and
have linked the findings to the inactivation of Gi proteins [103, 104]. Man et al.
reported a lack of response to the melatonin’s stimulating effects on proliferation
and differentiation in osteoblast cultures prepared from bone biopsies obtained
intraoperatively during spine surgeries from girls with AIS [105], which could be
partly explained by a low melatonin receptor 1B expression [106, 107]. Melatonin
receptor 1B gene polymorphism was also reported to be associated with AIS [108].
Yim et al. have further linked the abnormal skeletal growth in AIS girls to abnormal
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quantitative expression of melatonin receptor 1B [107]. However, it remains unclear
whether melatonin has a definite role in the etiopathogenesis of AIS.

6.5.2.2 Leptin

Leptin is a relatively new topic in AIS research, the first study related to leptin in AIS
by Qiu et al. showed that the circulating leptin levels were significantly lower in AIS
girls, even after adjustment for age and menstrual status [109]. Liu et al. in a study of
95 AIS girls and 46 healthy matched controls aged 11-16 years found abnormal leptin
bioavailability with increased levels of soluble leptin receptor (sOB-R) and lower free
leptin index (FLI) in AIS girls after adjusting for age and body weight [110]. Significant
correlations were also found between sOB-R, FLI, and curve severity in AIS girls.
Subsequently, Tam et al. showed that this abnormal leptin bioavailability was also
associated with deranged bone quality and lower muscle and fat mass in AIS girls [38,
111]. Burwell et al. formulated an etiologic theory of autonomic nervous system and
leptin-sympathetic nervous system (SNS) concept for AIS and hypothesized an altered
sensitivity to leptin in the hypothalamus of AIS girls, resulted in increased SNS activ-
ity, which contributed to skeletal overgrowth, generalized osteopenia, lower BMI,
asymmetric spinal growth, and other phenotypes of AIS [112].

6.5.2.3 Estrogen and Its Receptor

Several studies have suggested that estrogen and/or estrogen receptors could play an
important role in the pathogenesis and progression of AIS [113]. This hypothesis is
reasonable and appealing as it attempts to explain the increased occurrence of sco-
liosis in girls and also the manifestation of osteopenia in scoliotic individuals.
Studies on the circulating estrogen levels in AIS girls have reported conflicting find-
ings. In in vitro study involving human osteoblasts isolated from AIS and control
patients, Letellier et al. have shown that the increased cAMP levels induced by
melatonin can be corrected by the treatment of the cells with 17-p-estradiol, which
suggested an interaction between 17-f-estradiol and the already defective melatonin
signaling pathway in human AIS osteoblasts. It was also suggested that the melato-
nin receptor MT2, which is normally physiologically coupled with the Gi protein,
could switch to the Gs protein in the osteoblasts of a specific group of AIS patients
when their cells are exposed to 17-p-estradiol [104].

6.6 Potential Clinical Interventions

When managing patients with idiopathic scoliosis, apart from focusing on curve
control, therapeutic measures for achieving good bone health should be considered.
Despite the lack of high level evidence in favor of any particular regimen for
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treating low bone mass in AIS, the general principles of physical stimulation and
nutritional measures for enhancing positive balance in bone metabolism should be
followed. Physical stimulation refers to weight bearing exercise and, more recently,
vibration treatment; and nutritional measures include vitamin D and calcium
supplementation.

6.6.1 Whole-Body Vibration Therapy

While weight bearing exercise can be prescribed and recommended as an integral part
of healthy lifestyles for good bone health, compliance with the advice and high vari-
ability in exercise characteristics can be an issue. On the other hand, a non-
pharmacological and extracorporeal modality recently receiving attention is the
low-magnitude high-frequency whole-body vibration therapy (WBV). Rubin et al.
reported mechanical vibration at a magnitude of 0.3 g and a frequency of 30 Hz could
lead to increased bone mineral content and improved bone quality when applied at the
hind limb of sheep [114]. The effect of WBYV in increasing aBMD of the femur [115,
116] and the spine [115, 116] without adverse outcomes [117] has been reported. Lee
et al. reported low bone mass in AIS was related to inadequate weight bearing physi-
cal activity [76]. Given that mechanical loading is osteogenic especially for children
[118], Lam et al. thus carried out a randomized controlled trial to evaluate whether
WBY, as a form of mechanical loading simulating weight bearing physical activity
[114], could improve low BMD and bone quality for osteopenia associated with
AIS. AIS subjects between 15 and 25 years old and with BMD Z-score < —1 were
recruited. The treatment group received low-magnitude (acceleration = 0.3 g) high-
frequency (32-37 Hz) vibration therapy by standing on the WBV platform 20 min/
day and 5 days/week for 12 months. The control group received observation alone.
Bone parameters were measured at baseline and at the 12-month time-point using
DXA at bilateral femoral necks and the lumbar spine (L2-L4), and HR-pQCT at
bilateral distal tibiae and the non-dominant distal radius. Results showed that at the
12-month time-point, while there was no statistically significant difference on the
changes in HR-pQCT parameters between the treatment and the control group, WBV
was noted to have positive effects on increasing femoral neck aBMD at the convex leg
but less obviously at the concave side [119]. To evaluate if there is other factor that
modulates and enhances the therapeutic effect of WBYV, a nested study was carried out
to analyze the percentage changes in aBMD across the 1-year period for the treatment
and control group through subgroup analysis according to 25-hydroxyvitamin D
(25(OH)Vit-D) levels. Results indicated the presence of factor interaction between
WBY and 25(0OH)Vit-D on increment of aBMD with statistical significance noted at
the concave side (p = 0.027). For the subgroup with 25(OH)Vit-D > 40 nmol/L, not
only were the positive effects of WBYV greater at both sides, the treatment effect was
also more obviously seen at the concave side indicating interaction between mechani-
cal loading and Vit-D on bone metabolism in alignment with results obtained from
previous animal and in vitro studies.
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6.6.2 Supplement Therapy

Apart from physical stimulation, vitamin D physiology in AIS deserves further
attention. It has been reported that the prevalence of vitamin D insufficiency is
higher in areas at high latitude [120]. This latitude dependence in prevalence is also
found in AIS [121]. Lam et al. have reported a case-control study showing that both
the AIS and control group had mean 25(OH)Vit-D levels at the insufficient range.
The findings did not suggest AIS was associated with lower 25(OH)Vit-D level
when compared with controls. On the other hand, the positive correlation between
25(OH)Vit-D and aBMD that was seen in normal controls was not present in AIS
subjects, spelling out the possibility of certain degree of abnormal physiology with
vitamin D being present in AIS [122].

Apart from having synergistic effects with WBV on bone anabolism mentioned
earlier, vitamin D itself may play an important role in optimizing bone status in
AIS. As reported at the 2016 Scoliosis Research Society Annual Meeting, Lam
et al. carried out the first randomized controlled trial evaluating the therapeutic
effects of vitamin D and calcium supplementation on improving bone health and
controlling curve progression in AIS. Three hundred and thirty AIS girls (mean
age: 12.9 £ 0.9 years) with femoral neck aBMD Z-score < 0 and radiological Cobb
angle >15° were randomized to Group 1 (N = 110, placebo), Group 2 (N = 110,
600 mg Ca + 400 IU Vit-D3/day), and Group 3 (N = 110, 600 mg Ca + 800 IU Vit-
D3/day). At baseline and at end of 2-year treatment, serum 25(OH)Vit-D, DXA
of femoral necks, and HR-pQCT at distal radius were performed. Curve progres-
sion was defined as increase in Cobb angle >6°. Results showed that 270 (81.8%)
subjects completed the 2-year treatment (91 in Group 1 and 2, 88 in Group 3). At
baseline, mean serum 25(OH)Vit-D was 41.2 + 14.7 nmol/L, and mean Cobb angle
was 25.9 + 8.4°. Mean increase in serum 25(OH)Vit-D at 2-year was 6.3 + 15.3,
20.4 £19.6, and 28.0 + 23.3 nmol/L for Group 1, 2, and 3, respectively (p < 0.001).
Changes in aBMD, average and trabecular vBMD, and trabecular HR-pQCT
parameters at the end of 2-year treatment showed improvement in bone health with
Ca + Vit-D supplement (p < 0.05). At the latest follow-up for (1) those with initial
Cobb angle <40° and (2) those who were not on brace treatment or never been
braced (N =132), 21.7% in Group 3 and 24.4% in Group 2 had curve progression as
compared with 46.7% in Group 1 (p < 0.05). For those with baseline serum 25(OH)
Vit-D < 50 nmol/L (N = 103), 16.2% had curve progression in Group 3 as compared
with 48.6% in Group 1 (p = 0.003). The study provided evidences that daily 600 mg
Ca +400/800 IU Vit-D3 can improve low bone mass and prevent curve progression
in AIS. Vit-D status and bone density and quality should be assessed for AIS sub-
jects and be followed with Ca + Vit-D supplementation as appropriate. This paper
was well received during the conference and was granted the Russell A. Hibbs
Clinical Research Award (http://www.srs.org/about-srs/news-and-announcements/
winners-of-the-russell-a-hibbs-john-h-moe-louis-a-goldstein-awards).

In brief and as far as low bone mass in AIS is concerned, for those with low
BMD, WBYV and vitamin D and calcium supplementation can be recommended.


http://www.srs.org/about-srs/news-and-announcements/winners-of-the-russell-a-hibbs-john-h-moe-louis-a-goldstein-awards
http://www.srs.org/about-srs/news-and-announcements/winners-of-the-russell-a-hibbs-john-h-moe-louis-a-goldstein-awards
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Further studies are warranted to confirm the roles of vitamin D and calcium
supplementation and WBYV, and their mutual synergistic effect in treating low bone
mass in AIS; and to evaluate whether this anabolic bone effects can help to control
curve progression through its positive effect on BMD [123].

6.7 Future Research Direction

We hypothesize that dysfunctional interaction of specific genetic and multiple envi-
ronmental factors acting through different biochemical pathways could lead to
abnormal regulation and modulation of systemic bone metabolism and growth,
which are phenotypically manifested as abnormal mineralization and structure
affecting bone strength and contributing to the initiation/progression of AIS
(Fig. 6.5). More in-depth studies in collaboration with multidisciplinary experts will
help to understand the underlying mechanisms better.
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Fig. 6.5 Hypothesis on the link of abnormal bone metabolism to etiopathogenesis of AIS
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6.7.1 Osteocytes: The Missing Link in AIS Bone Metabolism?

Osteocytes residing in mineralized matrix canals are interconnected with neighbor-
ing cells via multiple dendritic processes, resulting in a lacuno-canalicular network
(LCN) [124]. Osteocytes regulate bone phosphate metabolism [125], and their via-
bility is closely associated with bone quality [126]. Change in connectivity of the
LCN is reported in diverse skeletal disorders such as osteoporosis, osteoarthritis,
osteomalacia, and osteogenesis imperfecta [127, 128]. We have previously reported
decreased osteocytes number in AIS trabecular bone [129] and have recently identi-
fied abnormal ultrastructure of osteocytes and LCN in severe AIS with SEM and
FITC-Imaris technique [130]. Abnormal clusters of roundish irregular shape osteo-
cytes with short and disorganized canaliculae were found in the AIS bone biopsies
in contrast to the well-organized LCN and osteocytes with clearly spotted spindle-
cell body and longer canaliculi protruded perpendicularly from the cell bodies in
normal controls (Fig. 6.6). Abnormal morphology and function of the osteocyte and
LCN could be a sign of impaired osteocyte functions. Recent evidence indicates that
serum sclerostin level was correlated positively with BMD and micro-architecture
[131]. It is of clinical interest to investigate if such change in serum sclerostin level
is associated with curve severity and abnormal BMD in AIS, and could serve as a
potential quantifiable prognostic factor for curve progression.

6.7.2 Time-Lapse Monitoring of Bone Remodeling in AIS
Patients

The impact of bone remodeling in the etiopathogenesis in AIS remains a debatable
issue because HR-pQCT scan and other measurements like serological biomarkers
and primary osteoblast culture studies are not able to delineate bone formation and
resorption at bone sites directly to unveil how the remodeling is affected in
AIS. Conventional HR-pQCT parameters only depict the overview of bone quality
from three different aspects, including geometry, vBMD, and micro-architecture,
which are the consequences of many complicated cellular events. Recently, a new
approach in image analysis emerges as a feasible solution for time-lapse monitoring
of bone remodeling in human beings [132]. In vivo bone remodeling site quantifica-
tion is done with a series of HR-pQCT images registered to corresponding baseline
images using rigid 3D registration. Bone formation and resorption are determined
using image processing language (IPL, Scanco) after density-based characterization
and noise removal (Fig. 6.7). With this, we started a preliminary study using previ-
ous data on the effect of whole-body vibration on BMD in osteopenic AIS girls
[119]. Although we did not find significant difference in global bone remodeling
between the five treated and three nontreated subjects, it was noted that there were
more endocortical and periosteal apposition and resorption in treatment group,
which might increase mechanical integrity without affecting global bone density or
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Fig. 6.6 Representative acid etched SEM images (2000x) of osteocytes in non-AlS control (a)
and AIS (b) iliac crest bone biopsies. Canaliculi are indicated by red arrows. Confocal images
(600x) of LCN (green) and osteocytes (presented as lacunar volume in yellow) in non-AIS control
(c) and AIS (d) biopsies stained with FITC. Canalicular length and lacunar volume analyzed with
Imaris are presented as mean + SD *p < 0.05 compared with control (e and f, N = 5)
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Fig. 6.7 Cross-sectional
image of the non-dominant
distal radius of an AIS
subject with HR-pQCT
showing bone geometry
(gray transparent), bone
formation (green), and
bone resorption (red).
Courtesy by Dr. Patrik
Christen (ETH Zurich)

microstructural parameters. We admitted that this result should be interpreted with
caution because of small sample size, but this advanced approach provides new
research direction to elucidate how bone remodeling is affected in AIS.
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Chapter 7
Neurological Research in
Idiopathic Scoliosis

Masafumi Machida

7.1 Introduction

Idiopathic scoliosis (IS) is a three-dimensional deformity of the spine with lateral
curvature combined with vertebral rotation. The primary lesion, however, lies in the
sagittal plane, taking the form of lordosis. It was first described by Hippocrates, and
the term “scoliosis” was first coined by Galen (AD 131-201). IS, therefore, refers
to a structural scoliosis with lordosis and vertebral rotation. This is the most com-
mon and clincally important type of idiopathic scoliosis, which affects more offen
in girls. The spine curvature progresses during the growing years, particularly dur-
ing the preadolescent and adolescent growth spurt, and halts as growth ceases.
Although the clinical manifestations of scoliosis have been well described, its etiol-
ogy and pathogenesis of IS have not been clearly elucidated.

IS is a multifactorial disease which involves intrinsic factors such as the growth
of vertebral bodies, abnormal morphometry of the posterior elements, and asym-
metrical growth of the neurocentral cartilage. Other multiple factors have been
proposed such as genetics, extra-spinal left-right asymmetrical body growth and
development, imbalance of muscle structures, dysfunction of the nervous, somato-
sensory and vestibular functions, length discrepancy between spine and spinal
cord, abnormal platelet calmodulin, and abnormality in melatonin metabolism
[1]. Recently, research of IS etiology has focused on the structural elements of the
spine such as musculature and collagenous structures, systemic factors such as
endocrine and central nervous system, and also genetics [2] (Fig. 7.1), but none
has shown convincing evidence for the cause of IS. Results of various animal
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Fig. 7.1 Interrelationships among various factors that have a potential role in the etiology of idio-
pathic scoliosis

experimental models and clinical studies have indicated possible anatomical or
functional components as a cause of IS, but many of these may be epiphenomena
rather than the cause.

This chapter is a review of the neurological causative factors thus far proposed
for IS and a discussion of where the research is heading in order to find the etiology
of IS.

7.2 Erect Posture and Paravertebral Muscles

Bipedalism with an upright posture predisposed humans to a series of three-
dimensional changes in the spine and trunk, affecting the sagittal shape pelvic-spine
rotation/counter-rotation in the horizontal plane, and trunk broadening in the coro-
nary plane. The fully erect posture, which is unique to humans, seems to be a pre-
requisite for the development of IS. From a biomechanical standpoint of view, this
transformation could be economical and functional, but it tends to weaken the spi-
nal column resulting in a form of “backward shear stress (dorsal shear force)” to
which the vertebrae are not accustomed. The effects of dorsal shear force can be
further enhanced by the rotational instability associated with the hypokyphosis or
lordosis caused by the relative anterior spinal overgrowth (RASO) and the axial
spinal movements unique to humans. Consequently, the upright bipedal posture
may contribute to the rotator instability from which scoliosis originates. This has
been confirmed by the experimental rat studies of Machida et al., in which experi-
mental scoliosis developed only in pinealectomized bipedal, but not in quadrupedal, rats
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Fig. 7.2 Resection of the
forelimbs and tail produced
bipedal rats. The standing
position induces
experimental scoliosis

[3, 4]. These results support the notion that the bipedal posture may play an impor-
tant role in the development of scoliosis (Fig. 7.2).

The idea that erector spine asymmetry might be the source of scoliosis is by no
means new; tenotomy of the multifidus muscle had been suggested as far back as the
nineteenth century a treatment for scoliosis [5]. The idea is evidently related to the
high frequency of scoliosis in childhood neuromuscular disease. A few decades
later another connection between scoliosis and muscle function was proposed by
Eulenberg, in which asymmetrical muscle action between the concave and convex
sides contributes to the deformity formation. Objecting to this idea, Adams thought
that the role of the musculature in scoliosis was secondary by the overreaction of the
convex paraspinal muscles attempting to stabilize the spine and prevent aggravation
of the curvature [6]. He described fatty degeneration in the paraspinal muscle of the
concave side of the curve, but focused on a similar pathology in the convex side of
musculature at later stages with advanced deformity. Malgaigne had already sug-
gested that scoliotic deformity was due to weakness of the muscle on the convex
side in association with weak ligaments. Trontelj et al. also demonstrated asym-
metrical muscle tone in the rotators of the spine on the two sides of the curve [7].
Conceivably this could be either due to an altered descending control of the spinal
neurons or to a segmental neurogenic lesion involving one or a few segments that
lead to asymmetric muscle weakness.

During the last century, research was focused on the role of neuromuscular fac-
tors in the causation and progression of IS. Spencer and Eccles were the first to
describe the presence of two types of muscle fibers in the paraspinal muscles of AIS
patients [8]. They differentiated between type-I (slow-twitch) and type-II (fast-
twitch) fibers and noted that the number of type-II fibers was lower in AIS patients,
suggesting a myopathic etiology for IS. Bylund et al. described a normal distribu-
tion of type-I and type-II fibers on the convexity of the curve but a lower frequency
of type-I fibers on the concave side [9]. By studying biopsy samples of the paraspi-
nal muscles in AIS patients, Slager and Hsu confirmed a decrease in the number and
size of type-II fibers with no preference for either the convex or the concave [10]. In
an effort to support a global myopathy, Yarom et al. found similar findings in muscle
from distant sites and concluded that this represented a myopathic process [11, 12].
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The myopathy differs from the known forms of congenital myopathies by its lack of
specific morphology, asymmetry, and mildness.

The first studies using the electromyography (EMG) were reported by Riddles
and Roaf [13]. Surface electrodes overlying the paraspinal muscles at the apex of
the scoliotic curve were studied, although some of their studies including the deeper
layers of the spinal muscles using needle electrodes were performed. They surmised
that the unopposed activity of the deep spinal muscles would give rise to vertebral
rotation as the first stage of developing scoliosis and suggested that weakening the
muscle on the convex side might have stopped curve progression. Henssge studied
the needle EMG potentials of paraspinal muscles in IS patients and concluded that
there was evidence of muscle denervation in the deep layers in certain types of cur-
vature [14]. In contrast, Badger found no evidence of increased EMG activity at the
convex side and suggested the presence of a primary myopathic process [15].
However, Walfe reported that the EMG findings revealed variable degrees of myop-
athy in the deltoids of the concave side [16].

Trontelj et al. studied segmental spinal reflexes (stretch reflex) in patients with
scoliosis [7]. The proprioceptive responses to the phasic stretch of the paraspinal
muscles were asymmetric in all patients and were higher in the convex side. The
increase in reflex response of the superficial muscles on the convex side can be
attributed to diminished reciprocal inhibition from the weak and deep muscles.
They concluded that a segmental neurogenic disorder predominantly involving the
deep paraspinal muscles of the convex side may be the primary lesion responsible
for the development of scoliosis.

Trontelj later reported the results of evaluation of single-fiber EMG (SFEMG)
studies in IS patients [17]. He found an increase in fiber density, correlating with the
fiber type grouping noted on histomorphometric examinations. There was increased
“jitter” which was defined as abnormal conduction across the terminal axon and end
plate, which is observed in both neurogenic and myopathic muscle pathologies. He
also reported changes in conduction time, which correlate with changes in fiber
size. Fernandez also studied the SFEMG in 51 patients with moderate idiopathic
juvenile scoliosis [18]. A mild but significant neuromuscular transmission abnor-
mality and a moderate prolonged mean of interspike latency were observed in
extensor digitorum communis (EDC) musculus. The paraspinal and intercostal
muscles at the apex of the scoliosis curvature in the same patients showed similar
abnormalities. The study suggested the existence of a subclinical and systemic neu-
romuscular disorder in patients with IS, which might have a pathogenic signifi-
cance. These studies suggested the presence of a systemic neuromuscular conduction
defect may be the cause, rather than the effect, of the deformity. This theory was
further supported in patients with a strong family history of IS who showed unilat-
eral EMG abnormalities as early as 6 months before any radiological signs of sco-
liosis became evident [19]. Based on these studies, there appears to be little doubt
that asymmetric EMG abnormalities exist in the paraspinal muscles of IS patients,
especially in the erect posture.

Whether the EMG asymmetry results from hyperactivity on the convex side or
from reduced activity on the concave side remains elusive, and there is little evidence
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to confirm or deny the primary importance of this EMG asymmetry contributing for
the pathogenesis of IS. Although the abnormality of the paraspinal muscles has long
been considered as a cause of IS, Yarom and Robin found myofilament disarray,
central core formation, fiber splitting, and a marked increase in muscle calcium not
only in spinal muscles but also in distal muscles like the gluteus maximus [20].
High calcium concentration was also found in the tongue muscles of IS patients
with mild curvature. They attributed this to a generalized membrane defect—
namely, an impaired calcium pump. Following this line of thought, low bone quality
has been observed in IS patients, with changes in bone density at sites remote from
the spine.

Biochemical analyses of the muscles in IS patients have found on tissue enzyme
actovity and protein synthesis. Gibson et al. analyzed protein synthesis in paraspinal
muscle biopsy specimens obtained bilaterally from the top, bottom, and apex of the
curve in IS patients using the stable isotope-labeled L-leucine [21] and found no
difference between the two sides of the spine. However, at the apex of the curve,
protein synthesis was higher on the convexity than on the concavity, and muscle
ribonucleic acid activity was lower on the concavity than on the convexity. They
believed that these results were consistent with the effects on muscle protein turn-
over secondary to increased muscle contraction and functional immobilization that
occurs on the concave aspect of the curve.

Although the idea that an abnormality of the paraspinal muscles might be the
cause of IS has been proposed many times throughout the years, there is insufficient
data to back this claim. Morphological changes were most pronounced in the con-
cave paraspinal muscles, but similar changes were found in other muscles such as
the gluteus and deltoid muscles. Whatever the etiology of the myopathy and its
asymmetry, these muscle changes may be more effectual than the causal in the
pathogenesis of IS; most of the abnormalities that have been noted in the muscles
may be more likely secondary to the deformity itself than the cause.

7.3 Calmodulin and Melatonin

There is a close relationship between calcium and muscle contraction with the bind-
ing of calcium to troponin on contractile protein structure being the initiating factor
for contraction. Troponin found by Ebashi and Endo in 1968 inhibits the interaction
of myosin and actin, and the inhibition is removed by Ca* [22]. Since elevated
calcium stimulates ATPase function and leads to contraction, the presence of an
increased sarcoplasmic calcium concentration in IS patients has suggested a possi-
ble true role of calcium-related myopathy in IS pathogenesis.

Calmodulin, another calcium-binding receptor protein, is a critical mediator of
eukaryotic cellular calcium function and a regulator of many important enzymatic
systems. Calmodulin regulates the contractile properties of muscles and platelets
through its interaction with actin and myosin and regulates calcium fluxes from the
sarcoplasmic reticulum. Several studies on platelet abnormalities in IS were
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reported in the 1980s based on the similarity between the cytoskeleton of skeletal
muscle cells and platelet cells. An abnormal platelet aggregation in IS patients with
a large Cobb angle has been confirmed, and increased platelet calmodulin levels
have been shown to be associated with the progression of AIS. Cohen et al. found
a 2.5- to 3-fold increase in the calmodulin activity in platelets of AIS patients [23]
and suggested that the platelet calmodulin levels may be a better predictor for sco-
liosis progression than the Risser sign. Kindsfater et al. showed that platelet
calmodulin levels were significantly higher in patients with a progressive curve
than in patients with stable curvature [24]. Using calmodulin as a systemic media-
tor of contracting tissue, the relationship between platelet calmodulin level changes
and Cobb angle changes in AIS patients suggested that altered paraspinal muscle
activity may be a cause of scoliosis. Asymmetric distribution of calmodulin
reported in another study further supports this hypothesis [25]. Lowe et al. noted
that AIS through bracing or spinal fusion resulted in a decrease of the platelet
calmodulin levels in many patients with AIS [26, 27], but the cause of this decrease
in platelet calmodulin is unknown.

Recent evidence suggests that melatonin which binds to calmodulin with high
affinity and acts as a calmodulin antagonist may modulate calcium-activated
calmodulin. Since melatonin is to be tightly associated with the sleep-wake cycle, it
may diurnally modulate many cellular functions involving calcium transport [28,
29]. Although there were some reports that platelet calmodulin may be related to
muscle disorders, the high levels of calmodulin in the brain suggests that the role of
calmodulin in IS may more likely be related to an abnormality in the central nervous
system rather than abnormal skeletal muscles.

Thillard was the first to report the development of scoliosis in pinealectomized
chickens [30], and her findings were confirmed by Dubousset and Machida [31-35]
(Fig. 7.3). As melatonin is a neuromodulator which is present in the pineal gland,
we put forward the hypothesis that the pathogenic mechanism is associated with a
postural equilibrium induced by melatonin deficiency. We also investigated the
effect of pinealectomy in rats. We performed pinealectomy not only in quadrupedal
rats but also in bipedal rats created by resection of the forearms and tails. It was
found that scoliosis developed in all bipedal rats (Fig. 7.4) but not in quadrupedal
rats. Based upon these results, we postulated that the scoliotic deformity of the
fibroelastic and bony structures of the spine in humans was associated with the
bipedal condition [3]. An inherited disorder of neuromodulators and/or neurohor-
mones affecting melatonin synthesis produces a systemic imbalance that generates
an abnormal force leading to scoliosis. Furthermore, bipedal C57BL/6J mice, which
have in a reduced plasma and pineal melatonin levels due to a natural knockout in a
major enzyme required for melatonin synthesis (NAT gene), developed scoliosis
without resection of the pineal gland [36] (Fig. 7.5). Supplementation of melatonin
or pineal gland transplantation in melatonin-deficient chickens, rats, and mice pre-
vented the development of scoliosis [3, 33, 36]. Later, Chung et al., investigating the
effects of pinealectomy in monkeys, which are much closer to human beings, dem-
onstrated that melatonin deficiency in nonhuman primates did not induce scoliosis
[37]. They concluded that the factors producing scoliosis in lower animals, such as
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Fig. 7.3 The pictures of the thoracic spine in a pinealectomized chicken. The scoliotic deformity
is lordoscoliosis with vertebral rotation. The vertebral body is compressed downward on the con-
cave side leading to a wedge-shaped deformity. The posterior elements of a scoliotic vertebra show
much more complicated deformity

chickens and rats, are different from the etiological factors in nonhuman and human
primates, but we strongly disagree with their conclusion, because monkeys are
mostly of quadrupedal gait, though they are capable of bipedal standing.

Utilizing a ['**TJiodomelatonin-binding assay in the experimental scoliosis model
of melatonin-deficient C57BL/6J mice, we recently found that the responsible site
for scoliosis development was likely to be the melatonin receptor in the paraven-
tricular thalamic nucleus [38] (Fig. 7.6). There are melatonin receptors at the cere-
bral cortex, striatum, hippocampus, thalamus, paraventricular thalamic nucleus,
hypothalamus, midbrain, and cerebellum in the brain. Mice treated with melatonin
had uniformly lower total binding of ['*I]Jiodomelatonin, but mice that did not
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Fig. 7.4 Radiograph of
the scoliotic deformity
with vertebral rotation
in a pinealectomized
bipedal rat

M. Machida




7 Neurological Research in Idiopathic Scoliosis

Fig. 7.5 Helical 3D-CT
image clearly shows a
scoliosis with right
convexity and asymmetry
of the thoracic cage in a
bipedal mouse. There is
rotation of the apical
vertebra toward the
convexity of the curve
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Fig. 7.6 (a, b) Distribution of ['*I]iodomelatonin binding sites in the bipedal C57BL/6J mouse
with and without melatonin treatment. The binding density at the paraventricular thalamic nucleus
(PTN) which was extremely high without melatonin treatment is uniformly lower in mice treated
with melatonin. (¢) An HE stain of the brain level in which the PTN is located. (d) Brain map
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Fig. 7.6 (continued)

receive melatonin treatment had an unproportionately high density of melatonin
receptors in the paraventricular thalamic nucleus compared to other sites of the
brain. In contrast, mice treated with melatonin had a comparable density of melato-
nin receptors throughout the brain.

In agreement with the view that melatonin is deficient in IS patients, decreased
melatonin levels have been observed in adolescent carriers of scoliosis [39-41]. We
also reported that the melatonin concentration throughout a 24-h period was signifi-
cantly lower in patients with progressive scoliosis than in patients with stable curves
and normal controls (Fig. 7.7). Changes in melatonin receptor binding have also
been mentioned as a possible factor in the development of IS [42, 43]. Along with
this line of thought, we studied a group of 40 AIS patients with moderate to severe
scoliosis, and we investigated the correlation between serum melatonin levels and
curve progression and studied the effects of melatonin therapy in patients with
reduced levels of endogenous melatonin. Our findings suggested that transient mel-
atonin deficiency may be associated with deterioration of scoliosis and that melato-
nin levels may serve as a useful predictor for progression of spine curvature in
patients with IS. Our results also suggested that melatonin treatment may provide
some benefit in preventing the progression of scoliosis in melatonin-deficient
patients, if the curves do not exceed 35° [41] (Fig. 7.8). Moreau et al. reported that
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Fig. 7.9 A diagram depicting the potential sites of pineal melatonin action in a model of experi-
mental site

the progression character of scoliosis is associated with a membrane anomaly in the
melatonin receptor [44, 45]. However, recent studies in patients with AIS have
shown that no evidence of mutations in the melatonin gene receptor [42, 43].
Asymmetric expression of melatonin receptor mRNA in the paraspinal muscles and
melatonin signaling dysfunction in osteoblasts have been demonstrated in AIS, but
it is not clear whether these findings are causative or secondary changes [44, 46].
Lowe et al. concluded that IS does not result from a simple absence of melatonin but
rather an alteration in the system of melatonin production with direct or indirect
consequences upon growth mechanisms [2] (Fig. 7.9).

7.4 Nervous System

Scoliosis is seen in various neurological disorders at different levels of the ner-
vous system, from the peripheral nerves up to the central nervous system, but the
abnormalities in the central nervous system have long been thought to play a role
in the pathogenesis of AIS. The studies carried out at Tokushima University in
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Fig. 7.10 Postural reflex pathway. Reprinted from Yamamoto H. A postural disequilibrium as an
etiological factor in idiopathic scoliosis. Pathogenesis of Idiopathic Scoliosis. Edit by Jacobs
RR. Published Scoliosis Research Society 1984. Courtesy from Professor Hiroshi Yamamoto
(Kochi University)

Japan since 1965 were primarily designed to investigate the effect of scoliosis on
postural tone, i.e., a reflex function depending on afferent stimuli from somatic
proprioceptive organs onto the vestibular mechanism of the inner ears and the
visual input from the eyes [47-51] (Fig. 7.10). At the 2000 Scoliosis Research
Society Symposium, Lowe et al. concluded that there is a defect of central control
or processing in the central nervous system affecting the growth of spine; the most
consistent clinical studies point to the pontine and hindbrain regions as the most
likely sites of primary pathology [2].

Relevant studies can be divided into two major groups: neuromorphologic stud-
ies and neurophysiologic studies. Utilizing the high resolution of magnetic resonance
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imaging (MRI) and advanced computer-aided images to compare the central ner-
vous system of AIS patients and normal adolescents, the studies were concluded in
regional brain volumes, the white matter in the corpus callosum and internal capsule
[52], and the vestibular system morphology, particularly in the alignment of the
semicircular canals [53-55]. Apart from the investigation of neuromorphology,
functional studies in AIS subjects have shown varieties of abnormalities in the mul-
tiple systems/functions as follows: postural balance, somatosensory function, equi-
librium [56-59], proprioceptive function [60], oculovestibular function [61], lateral
gaze palsy [62], electromyography [63], somatosensory evoked potentials [64—67],
and even electroencephalography [68]. There were also contradictory findings
regarding vibratory responses [60, 69], transcranial magnetic stimulation [70, 71]
and motor cortex hyperexcitability [72], and gait studies [73-76].

7.4.1 Spinal Cord

Experimentally induced spinal cord scoliosis has been produced in mammals
through microsurgical dorsal rhizotomies [77-79]. All animals in which three or
more roots were transected developed a progressive scoliosis. Histological exami-
nation of the spinal cord in the scoliosis animals showed no evidence of anterior
horn damage, infarct, or ischemic change. Dorsal rhizotomies were believed to lead
to spinal deformity due to the proprioceptive deficit that followed the transection of
the nerve roots. Pincott et al. also reported the development of scoliosis after tran-
section of the dorsal roots in a series of primate animals. They found that the fre-
quency of scoliosis was higher when more roots were transected and that the
addition of transecting a ventral root showed no effect on the production of a spinal
deformity. In all animals, the spinal deformity convexity was on the side of the
experimental lesions [80]. This supported the hypothesis that the scoliosis could be
created by asymmetrical spinal muscle weakness due to loss of proprioception.

In another series of animal experiments, experimental scoliosis was produced in
animals by both anterior and posterior spinal rhizotomies over several levels [81].
Scoliosis also occurred when the posterior horn cells along with the central poste-
rior gray matter and adjacent Clarke columns were damaged on the convex side of
the spinal cord. Injection of attenuated polio virus into the spinal cords of monkeys
also produced scoliosis [82]. Although there was obvious spinal cord damage, sco-
liosis was thought not to be due to poliomyelitis because the anterior horn was not
involved. This experiment provided a useful animal model, but the scoliosis that
developed was similar to a paralytic or neuropathic deformity than IS, since rotation
deformity was not detected.

Segmental destruction of the vascular supply in the spinal cord of rabbits gave
rise to a progressive scoliotic deformity, radiologically similar to IS. In these experi-
ments, the nerve damage was seen mainly in the posterior and lateral columns along
with anterior horn, suggesting that segmental damage to the proprioceptive control
of spinal musculature could have occurred [83]. Barrios et al. also produced scoliotic
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deformity in rabbits by using laser or electrocoagulation to induce focal damage to
the posterior horn of the spinal cord [84]. This preparation produced scoliotic defor-
mity. The areas of neuronal necrosis and/or gliosis were limited entirely to the pos-
terior horn and the contiguous parts of the posterior and lateral columns. The
scoliosis created was always convex on the side of the cord lesion. In a clinical
study, Dubousset et al. reported spinal deformities in all 30 cases that received exci-
sion of spinal cord neuroblastomas, with the spinal curvature always on the convex
side. The ligation or coagulation of the intercostal neurovascular bundle within fora-
men might have resulted in posterior horn damage of the spinal cord [85].

Scoliosis has been induced in animals through selective destruction of the pos-
terior column at the spinal cord level, the brainstem, and the posterior hypothala-
mus. Clinical studies assessing posterior column function have consistently shown
significant differences between scoliotic subjects and controls, and numerous stud-
ies have shown that AIS patients display abnormal postural equilibrium.
Proprioceptive input, a prominent component of postural equilibrium, has been
hypothesized to play a significant role in the etiology of AIS, and multiple clinical
studies have supported this theory. Since proprioceptive and vibratory inputs are
conducted through the posterior column system, reports of significant differences
in somatosensory evoked potentials (SEPs) between AIS and normal controls
imply posterior column dysfunction [86]. However, whether abnormal postural
equilibrium is the primary etiologic factor or whether it is secondary to spinal
deformity cannot be determined. Whitecloud et al. showed deceased sensitivity to
vibration in the lower but not the upper extremities in patients with congenital
scoliosis, demonstrating the presence of a sensory deficit that is secondary to the
congenital curve itself or an associated subclinical spinal cord lesion; they argued
that the sensory deficit is secondary to the spinal deformity rather than a primary
etiologic factor. Furthermore, equilibrium dysfunction was shown to be correlated
with the progression of scoliosis, regardless of whether the curve was idiopathic or
congenital in origin [87] and suggested that equilibrium dysfunction was second-
ary to the curve but not the primary etiological factor. Since no significant asym-
metry in vibration response was found between the concave and convex sides in the
IS patients or the right and left sides in the control subjects, it is unlikely that a
lesion of the posterior column is the primary cause for IS.

The advent of MRI has led to renewed interest in abnormal neuroanatomy seen
in condition such as Chiari malformation or tethered spinal cord, both of which have
been linked to scoliosis. In patients with IS, there is a substantially higher preva-
lence of cervicothoracic syrinxes associated with Chiari type I malformations at the
foramen magnum particularly in those who exhibit a juvenile onset of this disorder
[88-90]. A review of the literature revealed that the prevalence of a syrinx in a com-
parable series of patients with scoliosis ranged from 10% to 47% [90] [91]. The site
and extent of the curve showed no differences from those found in IS without a
syrinx, but there was a greater prevalence of left-sided thoracic deformity in patients
with a syrinx. Neurologic function was normal in most patients, although some
patients showed asymmetrical superficial abdominal reflexes. It is not yet known
whether this is secondary to the syrinx formation as the first sign of syringomyelia
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or whether this asymmetrical reflex might reflect a more proximal hindbrain or mid-
brain lesion. A brain lesion could be linked to or even cause the syrinx, the tonsillar
prolapse, and the scoliosis. Alternatively, the Chiari malformation and the syrinx
could be the result of traction acting upon the medulla distally through the foramen
magnum. It is also possible that growth of the spinal cord is slower in patients with
IS, resulting in a cord that is shorter than the more rapidly growing spinal canal [92].
Reduced growth of the cord may also be due to pineal dysfunction, perhaps involv-
ing a melatonin deficiency, leading to a discrepancy between the lengths of the
spinal column and the spinal cord in the normal spine [93].

In 1968, Roth proposed that shortening of the spinal cord can lead to IS. He
explained the patho-mechanism of IS by a spring-string model and believed that the
disturbed symmetry of nerve tension causes lateral flexion of the spine toward the
side of increased tension [92]. Later, Porter, analyzing the axial lengths of the spinal
column and the spinal canal in normal and IS spines, found no significant difference
between the two groups in the lengths of the spine [94]. He hypothesized that a short
spinal canal could tether the posterior elements, and the continuing growth of the
vertebral bodies would result in buckling and rotation of the spine around the axis
of the spinal cord; he called this the theory of “uncoupled neuro-osseous growth”
[95]. Recently, Chu et al. reported on relative overgrowth of the spinal column in
AIS without a corresponding increase in the length of the spinal cord, postulating
that the fixed spinal cord could act as a functional tether [96]. The role of the spinal
cord itself in the development of AIS, however, remains controversial.

7.4.2 Brainstem

It is conceivable that lateral displacement of the vertebrae requires an altered pos-
tural tone to maintain the balance of the body, which is regulated by a postural reflex
mechanism: this mechanism originates from the proprioceptors, the vestibules of
the internal ears, and the optic organs, ending at the equilibrium center of the brain-
stem. If disturbances occur at any level of the postural reflex circuit system, the
stability of the axis skeleton and spine is at risk and may contribute to development
of scoliosis (Yamamoto [47]) (Fig. 7.11). The imbalance may be in the primary or
secondary afferent systems, but there are also clinical and experimental evidences
that brainstem dysfunction may contribute to the etiology of IS [97].

The spinal column, the main axis of posture, is maintained and dynamically reg-
ulated by a postural reflex mechanism in the gamma system which operates between
the peripheral proprioceptive organs and the brainstem center. Much of the input
concerning postural equilibrium is coordinated with proper motor commands at the
supraspinal center through a continuous integration of the impulses from a different
receptor system.

Magnus performed a series of experiments in which he excised one labyrinth in
dogs and found not only that a spinal deviation ensued but also that this deviation
could be corrected by excising the contralateral labyrinth at a later stage [98]. These
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Fig. 7.11 (a) Experimental scoliosis produced by stereotaxic destruction of the brainstem in a
young bipedal rat. (b) Site of lesion (arrow) in the brainstem. Reprinted from Yamamoto H. A
postural disequilibrium as an etiological factor in idiopathic scoliosis. 213. Pathogenesis of
Idiopathic Scoliosis. Edit by Jacobs RR. Published Scoliosis Research Society 1984. Courtesy
from Professor Hiroshi Yamamoto (Kochi University)

experiments were in fact the first demonstration of the effects of conduction
disturbances between the inner ear and spinal posture, although no evidence was
presented as to whether true structural curvatures of the spine were produced or
whether they were only postural deformities. The latter possibility was substanti-
ated by the findings in Xenopus laevis, an amphibian species established previously
as a model for developmental and lesion-induced plasticity of the vestibular reflex
[99, 100]. After unilateral labyrinthectomy at the larval stages, adult Xenopus frogs
exhibited a postural asymmetry and skeletal deformation with many characteristics
reminiscent of human AIS [101]. However, this model resulted in kyphoscoliosis
and not lordoscoliosis, which would cause an asymmetric and tonic contraction of
the bilateral axial muscles and a continuous pull on the mostly cartilaginous skeletal
elements during early ontogeny.

The vestibular system is essential for postural control and intimately interacts
with the visual and proprioceptive systems. Integration of impulses from those dif-
ferent systems takes place mainly at the brainstem level. When vestibular function
is unbalanced, skeletal muscle tone can be influenced reflexively through afferent
tracts, resulting in a deviation and rotation of the body toward the side with lower
muscle tone. The abnormal asymmetric posture demonstrated by the spine in these
circumstances resembles the characteristics of a scoliotic deformity.

Rousie et al. found an abnormal connection between the lymphatic lateral and
posterior semicircular canals (LPCC) in 52/95 (55%) of IS patients. They evaluated
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the functional impact of LPCC by testing the vestibule-ocular reflex (VOR) in the
horizontal and vertical planes and found reproducible abnormal responses. They
found that ampullofugal displacement of the fluid in the posterior canal unexpect-
edly produced an upbeat nystagmus and suggested that it could be due to an abnor-
mal congenital process of ossification of the canal [53].

Shi et al. examined vestibular deficits in AIS. Geometric morphological differ-
ences were detected by vestibular analysis on the left semicircular canals in AIS
patients with a right thoracic curve but not in healthy controls [52]. These morpho-
logical changes are likely to cause subclinical postural, vestibular, and propriocep-
tive dysfunctions. Further longitudinal studies could help to define the link between
morphological and functional dysfunctions, which may have important predictive
and prognostic values on curvature development and progression.

It is difficult to distinguish the cause from effect when a neurological abnormal-
ity is associated with IS. For example, an abnormal sway pattern is one area of
proprioception that can be measured with a “stabilimeter,” which has force trans-
ducers placed at the center of the four sides of a square platform on which the sub-
ject stands. Although sway was originally thought to be a primary abnormality that
causes scoliosis [102], it is now considered to be secondary to scoliosis, i.e., a result
of the spinal deformity [103]. It tends to be more marked when the central nervous
system is still immature [104] and apparently reverts to normal as growth ceases,
despite the residual scoliosis [103]. Therefore, the observed abnormality in equilib-
rium believed to be secondary to scoliosis may actually be a compensatory phenom-
enon of an immature neurologic system.

Sahlstrand et al. found significantly poorer postural control in 57 patients with
AIS compared with normal children [105]. The difference was most pronounced in
tests in which the proprioceptive functions were most important for maintaining the
postural equilibriums, and the greatest abnormality was observed in the subgroup
with small curvatures. They concluded that their results indirectly indicated that
postural disequilibrium is a contributory causative factor for AIS. On the other hand,
Gregoric et al. reported that IS patients showed no significant difference in postural
equilibrium from the control group, although there was a tendency toward increased
oscillations in some patients, especially when recorded with the eyes closed. With
the mean oscillation frequency practically identical to the control subjects, this
study did not support the theory that the pathogenesis of scoliosis is triggered by an
impairment of descending postural control [106]. It is worth noting that visual input
is important for IS patients to improve their postural stability.

Sahlstrand et al. studied the effects of Barany caloric stimulation on postural
sway by comparing IS children and normal controls. They found that stimulation of
the labyrinth on the convex side increased the area of sway, as measured on the
“stabilimeter,” while concave stimulation had much less effect [105]. In general, the
effects of caloric stimulation in the children with scoliosis were much more pro-
nounced than in the normal controls, and the two sides tended to be asymmetric in
IS cases, which is usually symmetric in most control cases. Sahlstrand et al. also
combined caloric stimulation with electronystagmographic examination with vari-
ous positions of the trunk [107]. It was noted that the increase in the degree of the
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spinal curvature was limited to a change from an erect posture that did not affect the
increased caloric response on the convex side of the curvature. This suggested that
the degree of spinal curvature was not the primary reason for the abnormal vestibu-
lar response but rather that the labyrinthine asymmetry might be a basic factor of the
condition. It was difficult, however, to draw a definite conclusion as to whether the
vestibular imbalance was a contributory factor to AIS or whether the vestibular find-
ings were a feedback effect from the deformed spine.

Equilibrium function should develop in pace with the growth of the body and
reach maturity around the time of prepuberty. The developmental retardation of the
postural reflex during the rapid growth of the body induces a risky situation for
stabilizing the juvenile spine. Yamada et al. performed a series of clinical and exper-
imental investigations of postural equilibrium dysfunction in the proprioceptive
and/or the ocular reflex. 119 of 150 patients with IS (79%) showed marked equilib-
rium dysfunction in at least one of the equilibrium function tests while only one of
20 control subjects showed any dysfunction [47]. After cessation of vertebral
growth, the equilibrium dysfunction gradually decreases and finally disappears
when the subject is about 20 years of age, irrespective of degree of the curve. As for
the pattern of the ocular reflex system in IS, equilibrium dysfunction was improved
by changing posture from a standing or sitting to a supine position. These results
demonstrate that disequilibrium in IS is dependent upon the posture, and equilib-
rium disorder may be a dysfunction of the reflex system which operates between the
peripheral proprioceptive organs and the brainstem. Studies uncovered functional
and organic impairments of the brainstem center for the posture equilibrium, sug-
gesting the possibility that progressive scoliosis during the growth stages could be
brought about by dysfunction of the postural reflex control that is derived from a
functional or organic disorder at the brainstem [47].

Using sophisticated equipment, Herman and MacEwen detected a significant dif-
ference in the brainstem function between IS and control cases and between con-
genital scoliosis and healthy children [108]. Hinoki investigated the ocular motor
system and found unstable foveal stabilization in the pursuit movement system
which can be interpreted as a functional impairment of the brainstem [109].
Although a different anatomical location of the brainstem is implicated, many
researchers agree that dysfunction of the brainstem plays a role in the development
of IS. The clinical investigations mentioned previously revealed that most of the
patients with IS showed equilibrium dysfunction in the proprioceptive and/or ocular
reflex system during growth.

The dysfunction initially appeared to be a secondary phenomenon resulting from
a positive feedback mechanism in the postural circuit system. However, the possi-
bility that a brainstem disorder could be a primary etiological factor was implied by
the following studies. In order to clarify the effect of brainstem lesions on develop-
ment scoliosis, Yamamoto and Yamada et al. produced experimental scoliosis in
bipedal rats by microscopic electrocoagulation to create stereotactic lesion in the
brainstem. Histology of the lesions in the bipedal rats, which all developed scolio-
sis, revealed lesions in the periaqueductal gray matter, including Schutz’s longitudi-
nal dorsal bundle, at the level of the midbrain and/or the pons, close to the vestibular



7 Neurological Research in Idiopathic Scoliosis 177

and periocular nuclei (Fig. 7.11). This experiment suggested that equilibrium dys-
function brought out by a disturbance in the interaction between proprioceptors of
the trunk and equilibrium centers within the brainstem caused scoliosis. Yamada
et al. explored further the role of the equilibrium center at the brainstem has on
development of experimental scoliosis by the recording the optokinetic reflex
through electronystagmography. The optokinetic reflex gradually develops in the rat
with growth, but when scoliosis is experimentally produced with semicarbazides,
the development of the optokinetic nystagmus was inhibited. From these results,
they concluded that the scoliosis was caused by a functional disorder of equilibrium
center at the brainstem [103] and proposed that there are two specific groups of
patients with disequilibrium: one is due to functional disturbance and the other is
due to an organic disorder within the brainstem centers. They also stated that the
equilibrium disorders, whether induced by proprioceptor reflexes (functional) or
brainstem lesions (organic), had a distinct relationship to the progress and the degree
of the scoliosis curve. They emphasized that proprioceptors have a positive feed-
back influence to the equilibrium control centers, but no evidence was provided for
this notion [103].

A number of studies have shown an abnormal nystagmus response during
caloric testing in patients with IS, suggesting an oculovestibular abnormality.
Herman et al. proposed that a dysfunction of the motor cortex that controls dis-
turbing the axial posture due to a sensory input deficiency concerning spatial ori-
entation and concluded that this effect probably results from central proprioceptive
sources involving visual and vestibular function [110]. The clinical syndrome of
symmetrical horizontal or lateral gaze palsy is often seen in patients with IS [111].
The site of neurological abnormality in this condition is thought to reside in the
paramedian pontine reticular formation, which links the periocular motor nuclei
and the vestibular nuclei [112].

It has been suggested that brainstem dysfunction may be a cause of IS, but
whether the disturbances are indeed primary or whether they develop secondary to
the existence of a scoliosis remains to be further elucidated. Equilibrium dysfunc-
tion is characteristic in patients with progressive curves, regardless of etiology,
implying that it is secondary to the curve rather than a primary event [113].
Equilibrium dysfunction has been previously reported in numerous scoliosis groups
reporting multifactorial abnormalities such as impaired postural control [47, 105,
106], spontaneous and positional nystagmus [47, 104, 105], abnormal smooth pur-
suit [97, 108], and changes in vestibular-induced nystagmus [104, 108]. The idio-
pathic progressive and congenital progressive patients performed the worst, with
abnormal results on all of the above tests [113]. While the idiopathic nonprogressive
group also demonstrated abnormalities in postural control, spontaneous and posi-
tional nystagmus episodes, and disorders in smooth visual pursuit, the equilibrium
and oculovestibular functions were almost uniformly normal. The message from
these studies is that equilibrium dysfunction correlates with progression of scolio-
sis, irrespective of the curve being either idiopathic or congenital in origin. This in
turn suggests that the dysfunction is secondary to the curve rather than being a pri-
mary event.
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Changes in vestibular-induced nystagmus including impaired quality, decreased
duration of nystagmus, and asymmetric labyrinthine sensitivity have also been asso-
ciated with IS, and such equilibrium dysfunction has been shown to be characteris-
tic of patients with progressive curves. It is also possible that some of the
abnormalities found in IS are related to a delay in maturation of the central nervous
system.

7.4.3 Cerebellum

Recent research supports that the theory that scoliosis is a multifactorial disease
involving abnormalities in postural disequilibrium [114, 115], vestibular dysfunc-
tion [101], and communication between the cerebellum and the vestibular system
[116]. Since the posterior cerebellum and floplease cculonodular lobe have exten-
sive afferent and efferent connections with vestibular nuclei [117, 118], the function
and morphology of the cerebellum should be examined in AIS research studies.

Previous studies mainly looking into the abnormal morphology of the cerebel-
lum in IS patients have suggested that the cerebellar dysfunction may play a role in
AIS development. Shi et al. measured and compared the volume of the cerebellum
between AIS patients and normal controls [119] and reported that the volumes of
four regions, namely, the right VIIa, right VIIb, left X, and right X, were signifi-
cantly increased by approximately 7.43—8.25% in the AIS group when compared to
the control group. The increase in AIS cerebellar volume is mainly observed in the
regions of the prepyramidal/prebiventer and intrabiventer fissures, the intrabiventer
and secondary fissures, and the flocculonodular (X)-posterolateral fissures to the
inferior hemispheric margin. They concluded that the volume differences could be
compensatory consequences of the central nervous system brought out by the
patient’s efforts to maintain body balance an asymmetric spine [119].

Further research is required to better understand the role of anatomic changes in
the cerebellum of AIS cases, and functional imaging studies to examine the correla-
tion between the structural and functional abnormalities are anticipated. There are a
small number of AIS cases reporting the cross-sectional studies, but longitudinal
studies are required to further understand the role of anatomic changes in the cere-
bellum from onset to progression of AIS.

7.4.4 Brain

The brain or cerebrum has been one of the major factors examined in the pathogen-
esis of AIS. To ascertain the relationship between organic brain lesions and the
development of scoliosis, stereotaxic destruction of the hypothalamus using min-
ute electrical charges was performed in the bipedal rats [50, 103]. Marked scoliosis
developed in 16 of 103 bipedal rats, and they showed equilibrium dysfunction
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more frequently than the rats without scoliosis. Histologic examination of the brain
in the rats with scoliosis revealed lesions in the posterior hypothalamus, leading
Kawata to postulate that a lesion in posterior hypothalamus may disturb the reticu-
lar formation of the brainstem and lead to scoliosis in bipedal rats [50]. Machida
et al. produced experimental scoliosis in melatonin-deficient C57BL/6J mice and
investigated the action sites of melatonin in the brain utilizing morphological anal-
yses with [*IJliodomelatonin. Our results suggest that the site in the brain most
responsible for the etiology of scoliosis is likely to be the paraventricular thalamic
nucleus (Fig. 7.6) [50].

Recently, various neuroanatomical studies of the brain have been proposed to
explore the relationship between brain dysfunction and pathogenesis of
AIS. Structural brain MRI analyses, such as region volume [120], cortical thickness
[121], comprehensive morphometry of corpus callosum [122], vestibular morpho-
anatomy [56], and volume-based morphometry [52], have been used to investigate
the morphological changes in the brain of AIS patients. Preliminary analyses of
regional brain volume have indicated an anatomical asymmetry in brain regions
functionally related to somatic motor control and coordination, and Wang et al.
recently reported the thinning of the cerebral cortex in AIS patients and demon-
strated that the “small-world” architecture (Walls and Strongatz 1998) and organi-
zation of the cortical networks in AIS patients was fully preserved, but there is
hemispheric asymmetry in AIS brains. Their results suggested an increased central
role of temporal and occipital cortexes and a decreased central role of limbic cortex
in AIS patients when compared to normal controls. Furthermore, decreased struc-
tural connectivity between the two hemispheres and increased connectivity in
several cortical regions within one hemisphere demonstrate an alteration of cortical
network in the AIS brain [111].

Shi et al. applied MRI volume-based morphometry to test their hypothesis
that there are neuroanatomic changes in patients with AIS [52]. It has been
reported that patients with left thoracic curves have a slightly higher prevalence
of neuroanatomic brain abnormalities than those with right thoracic curves.
White matter attenuation in the corpus callosum and left internal capsule, which
are responsible for interhemispheric communication and acts a conduit for corti-
cothalamic projectional fibers, respectively, were found to be slightly lower in
left thoracic AIS cases when compared to control subjects; however, this was not
evident in right thoracic AIS cases. Lee et al. found no significant difference
between left thoracic AIS and controls [123]. Joly et al. investigated the in vivo
microstructures of the white matter within the corpus callosum in AIS patients
using diffusion magnetic imaging and found that the corpus callosum had signifi-
cantly lower fractional anisotropy in patients with right thoracic AIS than in con-
trols. In particular, the anterior part of the corpus callosum (region II) revealed
significantly lower value in both the voxel- and ROI-based analyses. He hypoth-
esized that defective sensorimotor integration at the cortical level plays a role in
AIS [124]. Confirmation of these findings is required in future research to evalu-
ate the relationship of white matter abnormality with curve laterality, pathogen-
esis, and prognosis in patients with AIS.



180 M. Machida

To better understand the role of neuroanatomic changes in AIS, functional imag-
ing studies that correlate structural changes with functional impairments are needed.
In the past, electroencephalographic (EEG) studies were utilized to localize intrace-
rebral defects in AIS patients. Peterson et al. carried out an EEG investigation in 57
patients with AIS and found that 30% exhibited “increase of low-frequency activ-
ity” only or “paroxysmal activity,” compared to 17% in control cases [68]. On fur-
ther examination, however, it was noted that these abnormalities tended to appear
only at rest, and that there was no statistical difference between the scoliotic and the
normal children if their EEG recordings included “activation procedures” such as
hyperventilation, photic stimulation, or sleep. They concluded that centrally located
subcortical structures are involved in the pathologic process in AIS. They also
pointed out that the previously noted paroxysmal activity was like an age-dependent
phenomenon, and the possibility therefore existed that the “abnormalities” found in
scoliotic children were due to cerebral immaturity. However, frequency analysis of
the EEG recordings, which is a quantitative measure for determining brain maturity,
showed no differences between the scoliotic subjects and the controls (Peterson
et al. [68]). In fact, there was an inverse relationship between the degree of curvature
and the presence of abnormal paroxysmal EEG waves. This inversed activity in the
patients with less advanced deformity was not an age-related phenomenon, since
there was no statistical difference between the age of the patients and degree of
curvatures. They also noted that there was no correlation between the direction of
the curve and any asymmetry of EEG activity.

Data indicating the presence of EEG changes in IS was presented by
Lukeschitsch et al. who compared 115 children with IS with 35 children suffer-
ing from congenital scoliosis. Fifty of the children with IS showed abnormalities
in their EEGs, while the incidence was even greater in the congenital scoliosis
group with 20 out of 35. No relationship was found between EEG abnormalities
and the degree of curvature or the presence of other neurological changes [125].
In contrast, the study by Peterson showed that only a small number of the IS
cases (seven out of 50) were associated with paroxysmal activity. Leonard also
carried out an EEG examination in 57 patients with IS and found that 22 patients
(38%) were considered to have abnormal EEGs. He postulated that the abnor-
mality was emanating from the midline subcortical structures in the brainstem
region [126]. Dretakis et al. also showed an increased frequency of EEG changes
in IS patients when compared to normal controls. The EEG changes were even
more evident after “activation” by sleep, hyperventilation, or photic stimulation.
There were no specific EEG changes in IS, but the data raised the possibility of
minor brain trauma during birth both in the children with IS and those with con-
genital spinal deformity. They also reported that the EEG abnormalities were
related to the location of curve with focal EEG changes observed in the brain
hemisphere opposite the curve direction in the case with lumbar curves, while
EEG changes were observed in the ipsilateral brain hemisphere in cases with
thoracolumbar curves. In cases with thoracic curves, EEG abnormalities sugges-
tive of subcortical changes were found in 50% of the patients with abnormal
EEGs. Bilateral synchronous abnormalities were predominant in children with
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Fig. 7.12 (a) Waveform somatosensory evoked potentials (SEPs) in control chicken after stimula-
tion of the leg consists of an initial positive peak followed by subsequent negative and positive
peaks. The initial positive peak originates in the brainstem, and negative peak arises from the cor-
tex. Note that identical SEP latencies are observed bilaterally. (b) Waveform SEPs in pinealecto-
mized chicken reveal a normal initial positive potential but lacks subsequent negative peak

thoracic scoliosis, whereas focal EEG changes were more frequently seen in
children with other locations of scoliosis. However, there are studies that contra-
dict the presence of EEG abnormalities [127]. Robb et al. performed EEG exami-
nations in 25 children with IS and compared the results with those achieved in 25
age- and sex-matched normal children. All of the IS cases and 24 out of 25 con-
trols had normal EEGs resulting to the view that IS has a central neurologic that
can be assessed by EEG [128]. Although there are numerous studies using EEG
to evaluate IS pathology, it is important to remember that EEG cannot detect
subcortical abnormalities.

Identifying neurologic deficits in IS not only helps in defining possible etiologies
but may also provide useful clinical information. Schneider et al. examined the spi-
nal vertebrae and the spinal cord in eight IS patients that exhibited abnormal
somatosensory evoked potentials (SEPs) and found that six children showed struc-
tural abnormalities in the spine or the spinal cord. Based on these findings, they
recommend SEPs as a screening method for hidden lesions of the central nervous
system [129]. We studied SEPs in 20 chickens with experimentally induced scolio-
sis after pinealectomy and found that SEPs after leg stimulation were significantly
delayed in the scoliosis group compared to the controls (Fig. 7.12). We then com-
pared SEPs taken from 100 patients with AIS and 20 age-matched healthy young-
sters without scoliosis and found that the latency of cortical potential (N37) after
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Fig. 7.13 SEPs from the scalp, neck (Cv7), and thoracic (T12) spine after stimulation of the tibial
nerve. Tibial SEP showed asymmetric latencies between right and left stimulation with delayed
cortical potential (N37) after stimulation of left tibial nerve side

stimulation of the tibial nerve was longer in the scoliosis group than in the control
group (Fig. 7.13). Analysis of individual patients revealed SEPs abnormalities in all
except for three patients. Our findings in both experimental and clinical studies
strongly support the hypothesis that IS results from dysfunction, somewhere within
the central nervous system related to sensory pathway [64].

Hausman et al. also reported an increase in SEPs latencies after stimulation of
the tibial nerve in 68 of 100 patients with AIS [66]. Pathological SEPs are indica-
tive of functional abnormalities with subclinical involvement of the recorded neu-
ronal pathways. Chau et al. suggested that the site of SEP abnormalities in AIS
originates from a level above the cervical spine and is likely to involve distur-
bances along the spinocortical pathway [130]. Other studies involving late reflexes
and SEPs in patients undergoing surgery for AIS have demonstrated abnormal and
asymmetrical latencies, correlating with the side and indeed the progression of the
scoliosis [131]. They concluded that these findings suggested a problem of the
midbrain and/or brainstem, where primary neurological pathogenesis might cause
a functional asymmetry in balance and consequently result in scoliosis [131].
Whether these findings are primary etiological factors or secondary to the spinal
deformity is not known.

In order to find the etiology and pathogenesis of AIS, as shown in this review,
extensive studies have been conducted exploring entire neurological systems, from
peripheral nerve to the brain. Although many possible findings were discovered in
multiple organs and systems, none showed conclusively the true etiology of
AIS. Continued researches to find the true etiology of AIS is imperative in order to
provide appropriate and successful treatment for AIS.
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