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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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