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Abstract

Summary Significant correlations for bone mineral density and bone microstructure between spinal and non-spinal skeletal sites
(distal radius and proximal femur) in adolescent idiopathic scoliosis (AIS) patients were observed, indicating that proximal
femoral DXA and distal radial HR-pQCT could provide valid clinical assessments in patients with AIS.

Purpose Low bone mass is an important feature of adolescent idiopathic scoliosis (AIS), which is a complex 3D spinal deformity
that affects girls during puberty. However, no clinical imaging modality is suitable for regular monitoring on their spinal bone
qualities in rapid growth period. Therefore, we investigated whether bone mineral density (BMD) and bone microstructure at
non-spinal sites correlated with BMD and mechanical property in the spine in AIS patients.

Methods Thirty-two AIS girls (16.7 = 3.5 years old with mean Cobb angle of 67 £ 11°) who underwent pre-operative spine CT
examination for navigation surgery were recruited. Volumetric BMD (vBMD) of lumbar spine (LS) was measured by quantita-
tive computed tomography (QCT), vBMD and bone microstructure of distal radius (DR) by high-resolution peripheral QCT
(HR-pQCT) and areal BMDs of total hip (TH) and femoral necks (FN) by dual-energy X-ray absorptiometry (DXA).
Biomechanical properties of the DR and LS were estimated by finite element analysis (FEA). Pearson correlation was performed
to study the correlation between bone parameters at these three sites.

Results LS vBMD correlated significantly with both FN and TH aBMD (R = 0.663-0.725, both p < 0.01) and with DR micro-
structural parameters (R = 0.380-0.576, all p <0.05). Mechanical properties of LS and DR were also correlated (R =0.398, p =
0.039).

Conclusions Bone measurement at proximal femur and distal radius could provide an additional predictive power in estimating
the bone changes at spine, which is the primary site of deformity in AIS patients. Our result indicated that DXA and HR-pQCT
could provide a valid surrogate for spine bone measurements in AIS patients.

Keywords Adolescent idiopathic scoliosis - Bone microstructure - Bone mechanical property - Quantitative computed
tomography - Spine - Finite element analysis
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Introduction

Adolescent idiopathic scoliosis (AIS) is a complex three-
dimensional spinal deformity, which mainly affects girls dur-
ing the peripubertal period [1, 2]. AIS can be a serious condi-
tion with significant morbidity, especially for patients with
severe curves. Low bone mineral density (BMD) is an inde-
pendent and significant prognostic indicator for curve progres-
sion, suggesting that abnormal bone metabolism may be an
etiologic factor for AIS [2—4]. Assessment of the bone in the
spine is therefore important when investigating the
etiopathogenesis of AIS. Dual-energy X-ray absorptiometry
(DXA) is the current gold standard for areal BMD (aBMD)
measurement. However, spine aBMD measurement with
DXA is not suitable for patients with scoliosis since aBMD
measurement by two-dimensional DXA is not accurate when
axial rotation of the spine is greater than 8° [5, 6]. Three-
dimensional scanning with quantitative computed tomogra-
phy (QCT) can provide accurate volumetric BMD (vBMD)
measurement of the spine though its routine use in AIS is
limited due to radiation concerns.

Given the limited use of QCT of the spine in AIS, previous
studies have focused on aBMD, volumetric BMD (vBMD),
bone microstructure and bone mechanical property of non-
spinal skeletal sites, such as the distal and mid-shaft radius,
distal tibia, calcaneus and femoral neck [7—11]. These studies
indicated that AIS patients had low BMD and impaired bone
qualities compared with age- and sex-matched controls [7—11].
Femoral neck aBMD on the concave side of the major curve
measured by DXA [3] and stiffness index of non-dominant
calcaneus measured by quantitative ultrasound (QUS) were
shown to be significant and independent prognostic factors
for curve progression [12]. Cortical vBMD of distal radius
measured at the first scoliosis clinical visit was found to im-
prove sensitivity in predicting curve progression [4].

As the prime site of pathoanatomical change in AIS is at the
spine, a better understanding of the correlation between bone
status of the spine and that of non-spinal skeletal sites should
help justify assessment of these non-spinal skeletal sites as
valid surrogates for spinal bone measurements. Previous stud-
ies on bone loss with aging [13], osteoporotic fracture [14, 15]
and rheumatoid arthritis [16] have reported an association in
bone density measured at multiple bone sites. These studies
involved mainly adults and elderly subjects. Similar studies in
young patients diagnosed with AIS are not available in the
literature. We hypothesized that BMD and biomechanical
property at spine could be estimated by measuring the non-
spinal sites for regular monitoring in AIS. This study investi-
gates the correlation between aBMD of femoral neck and total
hip measured by DXA, vBMD, bone microstructure and bone
mechanical property of distal radius measured by HR-pQCT
and vBMD and bone mechanical property of lumbar spine
measured by QCT in AIS patients.
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Methodology

Subjects, anthropometric, maturity and curve severity
measurement

Thirty-two AIS girls at or below 30 years old undergoing
corrective spinal surgery were recruited at the Chinese
University of Hong Kong. Multidetector CT of the
thoracolumbar spine as part of pre-operative preparation for
image-guided navigation surgery was performed on all pa-
tients. Patients with any disorder affecting bone metabolism,
such as genetic disease, chromosomal defect, congenital de-
formity, neuromuscular disease, autoimmune disorder, endo-
crine disturbance or previous history of insufficiency fracture,
were excluded.

Anthropometric parameters, including body height, body
weight, sitting height and arm span, were measured using
standard stadiometric techniques [17]. As body height was
lost due to spinal deformity, arm span was used to calculate
body mass index.

Age of menarche corrected to the nearest month was re-
corded for each patient. Pubertal maturity was assessed using
a self-reported Tanner staging supervised by an experienced
technical staff equipped with a Tanner stage pictorial essay
[18, 19].

Skeletal maturity was assessed radiologically by an expe-
rienced orthopaedic surgeon. Risser sign (range 0-5),
reflecting ossification of iliac apophysis on pelvis [20], and
recently developed thumb ossification composite index
(TOCI) (range 1-8), a simplified staging system based on
the ossification pattern of the 2 thumb epiphyses and the ad-
ductor sesamoid bone [21], in a hand radiographs were report-
ed. Recent longitudinal study indicated that TOCI could pre-
dict the peak height velocity in AIS girls [21], with majority
AIS girls attaining their peak height velocity at TOCI stage 5
[21].

Standard standing postero-anterior radiograph of the whole
spine was taken prior to surgery for the assessment of curve
severity according to the Cobb method [22]. If the subject’s
spine had more than one curve, Cobb angle of the largest
curve was recorded.

QCT measurement of lumbar spine vBMD and FE
analysis

Pre-operative CT examination (LightSpeed VCT; GE
Healthcare, UK) of the thoracolumbar spine was performed.
Machine calibration was performed with the standard phan-
tom before patient scanning. Reconstructed image voxel size
was 0.31 x 0.31 x 0.63 mm°. To minimize the radiation dose,
two slices of QCT images with a 3-sample phantom were
scanned at the mid-point of second, third and fourth lumbar
(L2, L3 and L4) vertebrae. Vertebra was segmented from the
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soft tissue semi-automatically with ITK-SNAP 2.2.0 [23].
Total, cortical and trabecular vBMD (mg/cm3) of second to
fourth lumbar (L2—4) vertebrac were measured by in-house
Matlab program from the Department of Imaging and
Interventional Radiology at the Chinese University of Hong
Kong.

Mechanical properties of the L2—4 vertebra were estimated
by finite element (FE) analysis. A schematic for the FE anal-
ysis is shown in Fig. 1. The L2—4 vertebrae were extracted by
manual segmentation. For each patient, the whole spine CT
data was registered to QCT data of the L2, L3 and L4 verte-
brae respectively. The CT voxel linear attenuation coefficient
values (uct) were plotted against the corresponding mineral
density values of the QCT data (BMDgcr, obtained from cal-
ibration phantom), and the slope and intercepts were used to
convert the picr values to BMDgcr values. A separate con-
version relationship was used for each patient. Each segment-
ed vertebral body was then converted to a FE model using a
direct voxel-to-element approach. Vertebral bone tissue was
assumed to be anisotropic and elastic [24, 25] with each ele-
ment assigned heterogeneous tissue properties which is based
on previously published density-to-modulus relationship for
BMDgcr [26]. Poisson’s modulus of bone tissue was assigned
as 0.3. In the simulation, a thin layer of PMMA (2.5-5-mm
thick, Young’s modulus =2.5 GPa, and Poisson’s ratio = 0.3)
was added on upper endplate of the vertebra for uniform dis-
placement boundary conditions [24, 25]. The central axis of
each vertebra was determined to ensure the applied loading
acted along this central axis to mimic vertical load transmis-
sion. A uniaxial compression displacement boundary

Fig. 1 Schematic for procedures
of the FE analysis

Whole spine CT

condition was applied to each model [16]. Stiffness as the
overall mechanical property of vertebra was determined by
FE model with Abaqus 6.7 (SIMULIA, Providence, Rhode
Island).

DXA measurement of total hip and femoral neck
aBMD

Areal bone mineral density (aBMD; g/cm?) of bilateral total
hip and femoral neck was measured by DXA (Horizon,
Hologic, Bedford, MA). Standardized scanning procedure
provided by the manufacturer was followed to ensure unified
and comparable measurement. Quality assurance was per-
formed by daily calibration against the standard phantoms
provided by the manufacturer. The short-term in vivo preci-
sion error of aBMD of total hip and femoral neck expressed as
coefficient of variation was 2.01 and 0.78% respectively. The
spinal aBMD was not measured because this value can be
confounded by the rotation the spine in AIS patients, a typical
characteristic of scoliosis [6].

HR-pQCT measurement of distal radius vBMD,
microstructural and FE analysis

Bone density and microstructure of the non-dominant distal
radius were assessed by HR-pQCT (XtremeCT I, Scanco
Medical, Briittisellen, Switzerland). For patients with unfused
distal radial growth plates, the scan plane extended 9.02 mm
starting 5 mm proximal to a reference line placed at the most
proximal aspect limit of the radial growth plate. For patients

qCT slices through L2, L3, and L4

Calibration phantoms

(mg HA/cc)
Image 0 75 150
registration
R =
image Her=a(BMDcr)+b +—> E,=-34.7+3230 (BMDy)

segmentation

-

Assign heterogeneous
tissue property
e

Cap with PMMA layer

Crawford et al., 2003

uCT=a(E,+34.7)/3230+b

FEA analysis

@ Springer



70  Page 4 of 10

Arch Osteoporos (2019) 14:70

with fused distal radial growth plates, the scan plane started
9.5 cm proximal the hump of wrist joint space of the radius
[27]. A Gaussian filter was used to remove image noise [28].
An automated threshold-based algorithm was used to separate
bone from background soft tissue and cortical bone from tra-
becular bone [28]. The threshold for the latter was set as one-
third of apparent cortical bone density [29]. Total, cortical and
trabecular vBMD (mg HA/cm®) were calculated from the
whole bone envelope, cortical bone and trabecular bone
respectively.

Total bone area, cortical area and trabecular area (mm?) were
measured directly. Cortical thickness (mm) was calculated as
the mean cortical volume divided by the outer cortical surface
area [30]. Trabecular bone volume fraction (BV/TV) was de-
rived from trabecular vVBMD assuming fully mineralized bone
equivalent of 1200 mg hydroxyapatite. Due to partial volume
effects, trabecular thickness was calculated by a mid-axis trans-
formation method [31]. Trabecular number (/mm) was defined
as the inverse of the mean spacing of trabecular ridges [32].
Trabecular thickness (mm) and trabecular separation (mm)
were derived from BV/TV and trabecular number. The short-
term in vivo precision errors of densities, areas and microstruc-
tural parameters expressed as coefficient of variation were
0.38-1.03%, 0.28—1.86% and 0.80—3.73% respectively.

Stiffness of the distal radius was calculated using FE anal-
ysis of HR-pQCT data. A patient-specific micro-FE model of
bone was used. The model contained eight-node brick ele-
ments of element size 82 x 82 x 82 pm°. Bone tissue was
assumed to be isotropic and linear with a Young’s modulus
of 10 GPa and a Poisson’s ratio of 0.3 [26]. Uniaxial compres-
sion testing with 1% strain was performed using manufacturer
provided software (LFE Element Analysis Solver v.1.15;
Scanco Medical, Switzerland) [26].

Statistical analysis

The required sample size is 31 with the assumption that the
correlation coefficient of H1 = 0.55 and HO = 0, an alpha value
of 0.05 and a power of 0.95 (G*Power, version 3.1.9.4,
Universitat Kiel, Germany). All bone parameters were tested
for normality with Shapiro—Wilk test and all p values were >
0.05. Data were expressed as mean + standard deviation.
Pearson’s correlation and scatter plots were used to analyse
the correlation between lumbar spine vBMD, mechanical
property, and stiffness, femoral neck aBMD and distal radial
vBMD, bone microstructure and mechanical property.
Hierarchical linear regression analysis was used to determine
how femoral neck and distal radius bone parameters explain
the variance in total vBMD and mechanical property at the
lumbar spine. The limited spatial resolution of lumbar spine
QCT data does not permit bone quality measurements, so no
correlation between bone microstructure of the lumbar spine
and distal radius was performed. All analyses were two-tailed
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and a p value < 0.05 was considered statistically significant. P
values were adjusted by false discovery rate proposed by
Benjamini and Hochberg in 1995 [33] to control of multiple
comparison effects on the correlations between bone parame-
ters at lumbar spine measured by QCT and those at proximal
femur by DXA and at distal radius by HR-pQCT. SPSS (ver-
sion 25; SPSS Inc., Chicago, IL) was used for statistical
analysis.

Results

Demographic data, lumbar spine vBMD and bone mechanical
property, total hip and femoral neck aBMD and distal radial
vBMD, bone microstructure and mechanical property are
shown in Table 1. Patients had a mean age of 16.7 +3.5 years
old with a mean maximum Cobb angle of 67°+11°. All pa-
tients attained their peak height velocity (TOCI stage =7.9),
and 91% of them had Risser sign 4/5.

Mean total, cortical and trabecular vBMD of the lumbar
spine was 260.7, 376.1 and 187.7 mg/cm® respectively.
Mean aBMD of the left and right femoral necks were 0.700
and 0.705 g/cm” respectively. Mean total, cortical and trabec-
ular vBMD of the distal radius were 311.9, 802.8 and
139.2 mg/em® respectively. The correlations between BMD
of lumbar spine, femoral necks and distal radius are shown
in Table 2.

Correlation between lumbar spine vBMD and total hip
and femoral neck aBMD

aBMDs of both femoral necks and total hip have moderate
positive correlation with total and cortical vBMD of the lum-
bar spine (femoral neck: R ranged 0.603—0.725, total hip: R
ranged 0.545-0.711, all p <0.01) (Table 2). Figure 2a is the
scatter plot of lumbar spine total vBMD and right femoral
neck aBMD.

Correlation between lumbar spine vBMD and distal
radius vBMD

The correlation between total, cortical and trabecular vBMD
of the distal radius and the lumbar spine was low to moderate
(R=0.526, 0.449 and 0.437, p =0.004, 0.016 and 0.019 re-
spectively) (Table 2; Fig. 2d). Figure 2b—d shows the scatter
plots of total, cortical and trabecular vVBMD between lumbar
spine and distal radius.

Correlation between lumbar spine vBMD and distal
radial bone microstructure and mechanical property

Correlations between lumbar spine BMD and distal radial
bone geometry, trabecular microstructure and bone
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Table 1  Physical characteristics and all bone measurements by DXA,
HR-pQCT and QCT in surgical AIS patients
Mean + SD Range
Sample size 32
Physical characteristics
Age (years) 16.7+3.5 12.8-253
Body weight (kg) 46.3+6.3 36.6-60.4
Body height (cm) 156.7+6.7 142.2-170.6
Arm span (cm) 159.0+7.9 146.0-177.0
BMI by arm span (kg/m?) 183+24 14.2-22.5
Max Cobb (°) 67.1+10.9 42-87
Maturity
Menarche age 124+0.9 10.1-14.2
Tanner stage (breast) 38+1.0 1-5
Tanner stage (pubic hair) 3.6+1.1 2-5
Risser sign 42+1.1 0-5
TOCI 7.9+0.5 6-8
Lumbar spine by QCT
Total VBMD (mg/cm’®) 260.7+33.5 166.2-322.9
Cortical vVBMD (mg/cm3) 376.1+43.5 249.6-457.6
Trabecular vVBMD (mg/cm3) 187.7+31.8 98.7-253.3
Stiffness by FEA (kN/mm) 21.87+5.24 12.72-35.00
Proximal femur by DXA
Left femoral neck aBMD (g/cmz) 0.700+0.106 0.527-0.956
Right femoral neck aBMD (g/cm?) 0.705 +£0.097 0.550-0.916
Left total hip aBMD (g/cm?) 0.824 +0.021 0.597-1.037
Right total hip aBMD (g/cm?) 0.819+0.022 0.580-1.039
Distal radius by HR-pQCT
Total vBMD (mg/cm’) 311.9+£74.7 150.2-498.3
Cortical vBMD (mg/cm’®) 802.8+107.7 577.2-963 .4
Trabecular vBMD (mg/cm’) 139.2+30.3 83.6-219.7
Total area (mm?) 184.7+33.0 129.7-288.1
Cortical area (mm?) 41.0+15.2 11.0-63.5
Trabecular area (mm?) 139.9+32.8 86.0-251.5
Cortical thickness (mm) 0.73+0.27 0.20-1.20
BV/TV 0.116+£0.025 0.070-0.183
Tb.N (/mm) 1.541+0.234 1.13-2.02
Tb.Th (mm) 0.075+0.010  0.057-0.105
Tb.Sp (mm) 0.589+0.103 0.422-0.819
Stiffness by FEA (kN/mm) 59.58 £13.02 33.65-83.92

aBMD areal bone mineral density, vBMD volumetric bone mineral den-
sity, BV/TV bone volume fraction, 7h.N trabecular number, 7b. Th trabec-
ular thickness, 75.Sp trabecular separation

mechanical property and stiffness are shown in Tables 3 and 4.
Both cortical bone morphometry and trabecular
microarchitecture at the distal radius significantly correlated
with spinal total vVBMD. Cortical and trabecular structures of
the distal radius also correlated with spinal cortical and trabec-
ular vBMD respectively. Of the distal radial parameters, cor-
tical area had the highest correlation with spinal cortical

Table 2  Pearson’s correlation between bone mineral densities (BMD)
measured at the lumbar spine, femoral neck, total hip, and distal radius
Lumbar spine vBMD by QCT
Whole bone Cortical bone
Lumbar spine vBMD by QCT
Cortical bone R 0.907**
p value <0.001
Trabecular bone R 0.935%* 0.787**
p value <0.001 <0.001
Femoral neck aBMD by DXA
Left R 0.694 0.607*
p value <0.001 0.001
Right R 0.725%* 0.603*
p value <0.001 0.001
Total hip aBMD by DXA
Left R 0.663** 0.545*
p value <0.001 0.003
Right R 0.711%%* 0.572%
p value <0.001 0.002
Distal radius vBMD by HR-pQCT
Whole bone R 0.526* 0.458*
p value 0.004 0.015
Cortical bone R 0.395% 0.449*
p value 0.034 0.016
Trabecular bone R 0.408* 0.156
p value 0.029 0.429

Significant correlation are italicized

P values were adjusted by Benjamini—-Hochberg false discovery rate
procedure

aBMD areal bone mineral density, vBMD volumetric bone mineral
density

vBMD (R =0.576, p = 0.002). Significant but low correlation
(R=10.452 and 0.470 respectively) was found between distal
radial cortical thickness and total and cortical spinal vBMD
and between radial trabecular bone volume fraction and tra-
becular thickness and total and trabecular spinal vBMD (R
ranged 0.409-0.515, all p <0.05). Distal radial stiffness cor-
related moderately (R ranged 0.553-0.652, all p <0.01) with
vBMD of the lumbar spine.

Predictive value of femoral neck and distal radial
bone parameters for estimating lumbar spine vBMD
and stiffness

Table 5 shows the change in R of three-layer hierarchical
linear regressions in estimating the total vBMD and stiffness
at lumbar spine. Basic patient information, including Cobb
angle, age, year since menarche, arm span and body weight,
explains 18.5% and 27.7% of the variance in total vBMD and

@ Springer
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Fig. 2 Scatter plots of bone
parameters at lumbar spine,
femoral neck, and distal radius. a
aBMD at right femoral neck by
DXA vs. vBMD by QCT at
lumbar spine. b Total vVBMD at
distal radius by HR-pQCT vs. that
at lumbar spine by QCT. ¢
Cortical vBMD at distal radius by
HR-pQCT vs. that at lumbar
spine by QCT. d Trabecular
vBMD at distal radius by HR-
pQCT vs. that at lumbar spine by
QCT. e Stiffness at distal radius
by HR-pQCT vs. that at lumbar
spine by QCT. P values were ad-
justed by Benjamini—Hochberg
false discovery rate procedure

—_
Q
—

Femoral Neck: Right aBMD (g/cm2)

Distal Radius: Cort vBMD (mg HA/cm3) o

1.09

87

67

A

.27

R=0.725, p<0.001

R Linear = 0.507

o

T T T T
100 200 300 400

Lumbar Spine: Total vBMD (mg/cm3)

10007

800

600

4004

2007

R=0.449, p=0.016

R? Linear = 0.202

T T T T
200 300 400 500

Lumbar Spine: Cort vBMD (mg/cm3)

T
100

—
O
-
o
=]
=]
|

400

300

200 -

100

Distal Radius: Total vBMD (mg HA/cm3)

o
1

R=0.526, p=0.004 o

R? Linear = 0.276

T T T T T
0 100 200 300 400

Lumbar Spine: Total vBMD (mg/cm3)

2507

200+

1507

100+

507

Distal Radius: Trab vBMD (mg HA/cm3) @

R=0.437, p=0.019

R Linear = 0.191

T T T
200 250 300

Lumbar Spine: Trab vBMD (mg/cm3)

T T T
0 50 100 150

—_
D
—
o
=]
1

201

Distal Radius: Stiffness (kN/mm)

R=0.398, p=0.039

R? Linear =0.158

T

T

stiffness at spine. Femoral neck aBMD explains an additional
43.3% (i.e. 61.8% of total) and 12.9% (i.e. 40.6% of total) of
variance. Adding distal radial bone parameters, the model
explained 88.1% and 66.7% of the lumbar spine vBMD and
stiffness variance respectively.
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Discussion

In this study, we investigated the correlation between vBMD
and bone mechanical property of the lumbar spine, aBMD of
the femoral neck and total hip and vBMD, bone
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Table 3 Pearson’s correlation between lumbar spine vBMD and distal
radius bone geometry and stiffness
Bone geometry Lumbar spine vBMD by QCT
Distal radius by HR-pQCT
Whole bone Cortical bone

Total area R 0.105 0.218

p value 0.598 0.274
Cortical area R 0.528% 0.576%*

p value 0.004 0.002
Trabecular area R —0.049 0.036

p value 0.810 0.843
Cortical thickness R 0.452* 0.470*

p value 0.016 0.013
Stiffness R 0.6527% 0.638%**

p value <0.001 <0.001

Significant correlation are italicized

microstructure and bone mechanical property of the distal ra-
dius in AIS girls. To the best of our knowledge, this is the first
study investigating their inter-relationship. Total vBMD of the
lumbar spine correlated moderately with both femoral neck
and total hip aBMD and low to moderately with distal radial
vBMD. Lumbar spine vBMD correlated low to moderately
with distal radial bone microstructure, including cortical area,
cortical thickness, trabecular bone volume fraction and trabec-
ular thickness and stiffness. These results indicate how BMDs
of different skeletal sites correlate with each other in AIS
patients. Our result showed that, by hierarchical linear

Table 4  Pearson’s correlation between lumbar spine vBMD and distal
radius trabecular microstructure and stiffness

Trabecular microstructure Lumbar spine vBMD by QCT
Distal radius by HR-pQCT
Whole bone Trabecular bone

BV/TV R 0.409* 0.437*

p value 0.029 0.019
Tb.N R 0.157 0.192

p value 0.429 0.337
Tb.Th R 0.504% 0.515%

p value 0.007 0.005
Tb.Sp R —0.269 —0.283

p value 0.167 0.148
Stiffness R 0.652% 0.553%

p value <0.001 0.003

Significant correlation are italicized
P values were adjusted by Benjamini—-Hochberg false discovery rate
procedure

vBMD volumetric bone mineral density, BV/TV bone volume fraction,
Th.N trabecular number, 7h.Th trabecular thickness, 7h.Sp trabecular
separation

regressions, proximal femoral and distal radial bone parame-
ters explained an additional 69.6% and 39.0% of variance in
total vBMD and bone mechanical property at the lumbar spine
compared with basic demographic data. The result shows that
the derangement in spinal bone density, microstructure and
mechanical indices known to occur in AIS patients is systemic
in nature.

Compared with the distal radius, aBMD at the femoral neck
and total hip had higher correlation with vBMD of the lumbar
spine (Table 2). This result is comparable to that of previous
studies with significant correlation being found between spine
and proximal femur BMD. For example, aBMD of the lumbar
spine correlated significantly with that of the proximal femur
in both Chinese men and women (R =0.84 and 0.86) [13].
Using QCT, total and trabecular vBMD of L1 was significant-
ly correlated with that of the proximal femur in pre-
menopausal women (R=0.68 and 0.72) [16]. Trabecular
vBMD of the lumbar spine by QCT in postmenopausal wom-
en showed low (R=0.31) correlation with femoral neck
aBMD by DXA [15]. This lower correlation with QCT and
DXA comparisons is understandable since QCT and DXA are
not measuring the same parameters. Our results show that a
greater proportion of variance in the lumbar spine bone pa-
rameters can be accounted for after including femoral neck
aBMD into the regression model. This positive association
between lumbar spine and femoral neck BMD is not surpris-
ing since both regions are central weight bearing parts of the
skeleton.

vBMD and bone microstructure of the distal radius also
positively correlated with that of weight bearing lumbar spine
in AIS patients though to a lesser degree than that of the
proximal femur as expected (Tables 2, 3 and 4). This is in
keeping with the findings of previous studies. All distal radial
vBMD by HR-pQCT had low to modest correlation (R =
0.38-0.56) with lumbar spine aBMD by DXA in rheumatoid
arthritis patients [14]. Total and trabecular vBMD of the distal
radius by HR-pQCT had low to moderate correlation (R =
0.36 and 0.58) with that of L1 measured by cQCT in pre-
menopausal women [16]. The study also reported the correla-
tion between distal radial bone microstructure and L1 verte-
bral stiffness derived from FEA (R =0.38-0.58) [16]. In post-
menopausal women, the BMD correlations were lower (R =
0.18-0.32) [15] when compared to those in our study (R =
0.38-0.65). This suggests that the disparity between the
weight bearing spine and non-weight bearing distal radius is
greater in postmenopausal women, which might be due to
age-dependent differences on the rate of bone loss at different
bone sites [34].

It was interesting to note that, among all bone parameters
measured by HR-pQCT at distal radius, stiffness derived by
FEA has the highest relationship with the lumbar spine vVBMD
(R=0.55-0.65). Stiffness at distal radius correlated with stiff-
ness at lumbar spine as well (R=0.398, p =0.030) in Fig. 2e.

@ Springer



70  Page 8 of 10

Arch Osteoporos (2019) 14:70

Table 5 Hierarchical linear
regression to determine predictive

effect of bone parameters
measured at femoral neck by
DXA and distal radius by HR-
pQCT in estimating total vVBMD
and stiffness of the lumbar spine
by QCT

R’ R? change P value of change in R

Dependent variable: total vVBMD at lumbar spine

Model 1: basic information 0.185 - -

Model 2: aBMD at femoral neck 0.618 0.433 <0.001

Model 3: bone parameters at distal radius 0.881 0.264 0.100
Dependent variable: Stiffness at lumbar spine

Model 1: basic information 0.277 - -

Model 2: aBMD at femoral neck 0.406 0.129 0.141

Model 3: bone parameters at distal radius 0.667 0.261 0.760

Independent variables in model 1 include Cobb angle, chronological age, year since menarche, arm span and body

weight

Independent variables in model 2 include those in model 1 and femoral neck aBMD at both left and right side

Independent variables in model 3 include those in model 2 and all bone parameters measured at distal radius by
HR-pQCT, namely, total vVBMD, cortical vBMD, trabecular vBMD, total area, cortical area, trabecular area,
cortical thickness, trabecular number, trabecular thickness, trabecular separation and stiffness

aBMD areal bone mineral density, vBMD volumetric bone mineral density

These results may imply that the stiffness of distal radius de-
rived from FEA based on the HR-pQCT images is a good
indicator of the bone mineral status and the overall mechanical
index of lumbar spine in AIS patients. Bone parameters at
distal radius could provide an additional predictive power in
estimating the lumbar spine bone quality when comparing the
model with basic information and aBMD at femoral neck as
independent variables.

In AIS patients, the main deformity occurs at the spine.
DXA measurement is not suitable for the scoliotic spine due
to bias from vertebral rotation. Routine QCT is limited by
radiation exposure and the general non-availability of body
CT systems for QCT examination. This study supports the
notion that vBMD and mechanical property of the lumbar
spine can be estimated by measuring non-spinal sites such as
the femoral neck by DXA and the distal radius by HR-
pQCT. This observed relationship helps explain why bone
measurements by DXA and HR-pQCT are predictors of dis-
ease progression in AIS. Femoral neck aBMD on the con-
cave side was a significant and independent prognostic fac-
tor for curve progression in AIS [3]. Significant derange-
ment of cortical compartment (cortical area and thickness)
was found in AIS when compared with normal adolescent
girls [9]. Baseline Cobb angle >24° and cortical vBMD
measured at the distal radius <570 mg HA/cm® are associ-
ated with a higher risk of curve progression to the surgical
threshold [4]. Based on the results of the current study, DXA
measurement of femoral neck and HR-pQCT measurement
of distal radius (i.e. vBMD in all compartments, cortical area
and thickness, as well as trabecular bone volume fraction
and trabecular thickness) were used as valid surrogates for
spinal BMD measurement. Bone measurement at appendic-
ular sites, especially the mechanical property and cortical
bone parameters (density and size), was shown to reflect

@ Springer

spinal bone changes and was used for predicting curve
progression.

There are several limitations in this study. Firstly, the pa-
tients recruited in this study all had severe AIS curves. Due to
ethical reasons, QCT for the spine was not done in the normal
growing non-scoliosis adolescent and AIS with mild spinal
deformity for comparison. The bone structural and density
change during the curve progression phase are not known.
Secondly, patients were scanned with two different HR-
pQCT scan protocols depending on growth plate fusion.
Thirdly, different imaging modalities and segmentation
methods were applied in three skeletal sites. It is expected that
parameter under the same nature of measurement should yield
the highest correlation (e.g. vBMD at spine and vBMD at
radius); however, higher correlation between vBMD at spine
and aBMD at femoral neck and that between vBMD at spine
and stiffness at distal radius were observed in this study.
Fourthly, the strategies of FE models in lumbar spine and
distal radius were not identical which might introduce vari-
ability of stiffness measurement between both sides.
Moreover, microstructure and bone mechanical property at
the weight-bearing distal tibia were not investigated in this
study. The sample size of this study was small. Finally,
vBMD measurement of the spine was made at the lumbar
rather than the thoracic spine which was the site of main
deformity.

In conclusion, we found significant and positive correla-
tions between bone measurements at the lumbar spine, femo-
ral neck, total hip and distal radius. Regular monitoring of
BMD and bone mechanical property at spine in AIS patients
can be achieved by routine bone assessment on femoral neck
by DXA, which involves less radiation when compared with
spinal QCT. If HR-pQCT is available, the accuracy can be
increased by adding distal radius measurement. These results
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will be helpful for investigating bone phenotype and its role in
etiopathogenesis of AIS.
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