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Abstract Previous studies found adolescent idiopathic

scoliosis (AIS) is associated with low bone mineral density

(BMD) and abnormal bone quality, whilst the association

between AIS and their bone strength is unknown. From

high-resolution peripheral quantitative computed tomog-

raphy-generated images, bone mechanical properties can

be evaluated with finite element analysis (FEA), and tra-

becular rod-plate configuration related to trabecular bone

strength can be quantified by structure model index (SMI).

This study aimed to compare trabecular configuration and

bone mechanical properties between AIS and the controls.

95 AIS girls aged 12–14 years and 97 age- and gender-

matched normal controls were recruited. Bilateral femoral

necks and non-dominant distal radius were scanned by

dual-energy X-ray absorptiometry for areal BMD and HR-

pQCT for SMI and FEA, respectively. Subjects were fur-

ther classified into osteopenic and non-osteopenic group

based on their areal BMD. Bone mechanical properties

(stiffness, failure load and apparent modulus) were calcu-

lated using FEA. Linear regression model was used for

controlling age, physical activity and calcium intake. AIS

was associated with lower failure load and apparent mod-

ulus after adjusting for age, whereas AIS was associated

with lower apparent modulus after adjusting for all con-

founders. Osteopenic AIS was associated with more rod-

like trabeculae when compared with non-osteopenic AIS,

whereas no difference was detected between osteopenic

and non-osteopenic controls. This might be the result of

abnormal regulation and modulation of bone metabolism

and bone modelling and remodelling in AIS which will

warrant future studies with a longitudinal design to deter-

mine the significance of micro-architectural abnormalities

in AIS.
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Introduction

Adolescent idiopathic scoliosis (AIS) is a complex 3-di-

mensional (3D) spinal deformity with unknown aetiology.

It affects predominantly children aged 10–16 years old

with a prevalence of 1–3 % [1]. AIS was associated with

increased risk of osteopenia [2, 3]. In previous studies,

osteopenia was found in up to 38 % in AIS girls with

reference to a normative dataset of local ethnic girls [4–6]

and it could persist in 86 % of subjects even after skeletal

maturity [6]. Hung et al. reported that low bone mineral

density (BMD) was one of the independent prognostic

factors for curve progression in AIS [4].

Areal BMD (aBMD) measured by dual-energy X-ray

absorptiometry (DXA) is currently the gold standard for the
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diagnosis of osteoporosis. The two-dimensional (2D) pro-

jectional images obtained from DXA provide limited

insight into the compartmental 3D micro-structure of the

bone, which is critical in the understanding of osteoporosis

[7]. Based on conventional peripheral quantitative com-

puted tomography (pQCT), high-resolution pQCT (HR-

pQCT) has been developed as an advanced non-invasive

modality capable of providing not only compartmental

volumetric BMD (vBMD) but also micro-structural fea-

tures of cortical and trabecular bone at peripheral skeleton

with an isotropic resolution of 82 lm [8, 9]. Using HR-

pQCT, we have previously reported in a case–control study

that AIS patients have poorer bone quality at the distal

radius after adjusted for age, physical activity level and

dietary calcium intake, manifested as significantly lower

cortical vBMD, lower trabecular number and greater tra-

becular separation [10]. Such observations are more pro-

nounced in osteopenic AIS compared with non-osteopenic

AIS [11].

Trabecular compartment consists of mixed plate and rod

structures. Apart from trabecular number and separation, the

rod-plate configuration contributes significantly to the ulti-

mate strength of trabecular bone. Plate-like trabeculae can

withstand higher load and deform in higher strain, whereas

rod-like trabeculae deform at the beginning of compression

[12]. With the high-resolution images provided by HR-

pQCT, the rod-plate configuration of trabeculae can be

quantified by structure model index (SMI). SMI lies between

0 and 3,with 0 representing an ideal plate-like structure and 3

representing an ideal rod-like structure.Moreover, the image

dataset obtained from HR-pQCT can be subjected to micro-

finite element (lFE) analyses to estimate the biomechanical

properties of bone, including stiffness, failure load and

apparent modulus. These bone biomechanical properties

have shown to be associated with risk of fracture in post-

menopausal women independent of aBMD [13].

Our previous report has shown the difference in primary

HR-pQCT parameters between AIS and controls [10, 11].

To further evaluate the differences in bone biomechanical

properties, this case–control study was carried out with the

objectives of using HR-pQCT to characterize the rod-plate

configuration of trabecular bone using SMI and the bone

biomechanical properties of distal radius using lFE anal-

ysis in AIS girls and to compare them with normal healthy

controls. Regression models were used to control con-

founding from age, physical activity level and dietary

calcium intake. As reported in our previous paper, variation

in profiles of primary HR-pQCT parameters from non-

osteopenia to osteopenia is different between AIS and

controls [11]. We, therefore, further investigated these

features by subdividing the cohort into osteopenic and non-

osteopenic group.

Materials and Methods

Subjects

In this case–control study, 95 AIS girls between 12 and

14 years of age were recruited. All AIS girls had maximum

Cobb angle greater than 10 degrees without prior treatment

with bracing. 97 age-matched healthy girls were recruited

randomly from local secondary schools as the control

group. All healthy controls were assessed by an experi-

enced orthopaedic surgeon to rule out any spinal deformity.

Subjects who had any disorders affecting bone metabolism,

such as, congenital deformities, neuromuscular diseases,

genetic diseases, chromosomal defects, autoimmune dis-

orders, endocrine disturbances or medical conditions that

affect bone metabolism, were excluded from this study. For

both the AIS and control group, subjects with a previous

history of fracture were excluded. All subjects and their

parents provided written informed consent. The study was

approved by The Joint Chinese University of Hong Kong—

New Territories East Cluster Clinical Research Ethics

Committee (CREC-2009.020).

Anthropometry, Pubertal Assessment and Curve

Severity

Anthropometry assessment included body weight, standing

height, sitting height and arm span. Body weight was

measured by an electric balance and subjects were

instructed to wear light clothes. Standing height without

shoes was measured by a wall-mounted stadiometer. Sit-

ting height was recorded with subjects on a Harpenden

sitting height table. Arm span was measured with arms

fully stretched horizontally [14]. Due to the spinal defor-

mity, the standing height cannot reflect the true body height

for AIS subjects [15]. Body mass index (BMI) was first

calculated as body weight (kg)/standing height2 (m2) and

then as body weight (kg)/arm span2 (m2). Age of menarche

corrected to the nearest month and Tanner staging for the

assessment of pubertal maturity were reported by each

subject. For AIS subjects, standard standing anteroposterior

radiograph of the whole spine was taken for the assessment

of severity of the curvature using the Cobb method. In case

of more than one curve, Cobb angle of the largest curve

was recorded.

Physical Activity Level and Dietary Calcium Intake

The Chinese version of the Modified Baecke Questionnaire

as adapted from Pols et al. [16] and validated by Lau with

pregnant women in Hong Kong [17] was used to assess the

physical activity level for the past 12 months. Total score
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was calculated from the indices of work, sport and leisure

to represent the overall physical activity level of subjects.

Modified food frequency questionnaire (FFQ) was used to

determine the dietary calcium intake. The FFQ is based on

data obtained from Hong Kong Adult Dietary Survey in

1995 and had been validated with the basal metabolic rate

calculation and the 24-h sodium/creatinine and potassium/

creatinine analysis [18, 19]. Subjects were asked to provide

details on usual consumption and frequency in the past

12 months from the food list. Dietary nutrient intake was

calculated by the Food Processor Nutrition Analysis and

Fitness software version 7.9 (Esha Research, Salem, OR,

USA), with addition of composition of some local foods

based on food composition table from China (Institute of

Nutrition and Food Safety, 2002) [20].

aBMD Measurement

aBMD of bilateral femoral neck (g/cm2) was measured by

DXA (DXA, XR-46; Norland Medical Systems, Fort

Atkinson, Wisconsin, USA). The detail of DXA measure-

ment was presented in our previous study [5, 21]. Short-

term precision error of aBMD of femoral neck expressed as

coefficient of variation was 1.5 % [4]. Z-score was calcu-

lated with reference to a normative dataset of local ethnic

Chinese girls. Subjects were classified as osteopenic if

Z-score B -1 and subjects with Z-score[-1 were clas-

sified as normal [11]. As reported previously, aBMD of the

spine as measured by DXA should not be used in AIS

because of the bias with axial vertebral rotation that is

always present in AIS [22], hence spine was not measured

with DXA in this study.

SMI and Micro-FE Analysis

The distal radius of non-dominant forearm of subjects was

scanned using HR-pQCT (XtremeCT; Scanco Medical AG,

Brüttisellen, Switzerland). The X-ray tube potential is

60 kVp and size of matrix is 1536 9 1536. The voxel size

is 82 9 82 9 82 lm3. A dorsal-palmar projection image

was obtained to define the region of interest. Scans started

5 mm proximal from the reference line, which was placed

manually at the most proximal limit of the inner aspect of

the epiphyseal growth plate of the radius, and spanned

proximally for 9.02 mm, equivalent to 110 slices [10].

Measurements were repeated in case of severe motion

artefact. A Gaussian filter was used to remove the noise

signal and a threshold-based algorithm was used to sepa-

rate the bone from background and cortical from trabecular

bone. The threshold was set to one-third of apparent cor-

tical bone density [23, 24].

SMI was used to quantify the trabecular bone into ‘‘rod-

like’’ or ‘‘plate-like’’ by calculating the means of three-

dimensional image under a differential analysis of the tri-

angulated bone surface [25]. The equation of SMI is

12 (e ? e2)/[1 ? 4 (e ? e2)], where e is the rod-to-plate

volume ratio. SMI lies between 0 and 3. Smaller SMI

indicates more plate-like trabecular structure whereas

greater SMI indicates more rod-like trabecular structure.

The subject-specific micro-FE model of the bone was

converted from the images. The model contained eight-node

brick elements with element size of 82 9 82 9 82 lm3. It is

assumed that bone tissue is an isotropic and linear material

with Young’s modulus as 10 GPa and a Poisson’s ratio as 0.3

[26]. In this linear finite element model, uniaxial compres-

sion test with 1 % strain along the axial direction was per-

formed using software provided by manufacturer (lFE
Element Analysis Solver v.1.15; Scanco Medical, Switzer-

land) [26]. Stiffness, failure load and apparent modulus were

calculated in simulation. Failure load was determined when

1 mm3 elements in the model had an effective strain greater

than 7000 microstrain [27].

Statistical Analysis

Statistical analyses were performed using the SPSS statistic

software (version 20; SPSS Inc., Chicago, IL, USA). Data

were first tested for normality. Normally distributed data

were expressed as mean ± SD and compared between two

groups (AIS and control groups) using Student’s t test.

Skewed data were expressed as median and inter-quartile

range and compared between two groups using Mann–

Whitney U test. In order to adjust for potential con-

founders, multivariate linear regression analysis was used

to test the difference in SMI and biomechanical properties

between AIS subjects and controls. Age was adjusted in

regression model 1, while age, calcium intake and total

score of physical activity level were adjusted in regression

model 2. Body weight was not included in the model as

distal radius is a non-weight-bearing bone, its collinearity

with age may inflate Type II error and that mechanical

loading has been partially accounted for by inserting the

physical activity level [10]. Subjects were further classified

into osteopenic and non-osteopenic groups. One-way

ANOVA with Bonferroni adjustment was performed to

compare the subgroups (osteopenic AIS, non-osteopenic

AIS, osteopenic controls and non-osteopenic controls).

Two-way ANOVA was performed to investigate the

interaction between groups (AIS vs. control) and the

presence of osteopenia (osteopenic vs. non-osteopenic). An

interactive p value\ 0.05 by two-way ANOVA indicated

that the difference between osteopenic AIS subject and

osteopenic control differed significantly from that between

non-osteopenic AIS subject and non-osteopenic control.

All analyses were two-tailed and p value\0.05 was con-

sidered statistically significant.
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Results

Characteristics of the Study Cohort

Demographic, anthropometric characteristics and aBMD of

the study cohort are shown in Table 1. There was no sig-

nificant difference between AIS subjects and controls in

age, Tanner stage, standing height, sitting height and arm

span. Compared with the controls, AIS subjects had sig-

nificantly later onset of pubertal development, lower body

weight and lower BMI. The mean ± SD of Cobb angle for

AIS subjects was 21.2� ± 5.9�. Physical activities and

nutrient levels were comparable between AIS subjects and

the controls except that AIS subjects had significantly

lower sport index. aBMD of bilateral femoral necks was on

average -4.29 to -5.29 % significantly lower in AIS

subjects than the controls. Z-scores were also lower in AIS

subjects with significant difference in left femoral neck.

27 (28.4 %) AIS subjects and 18 (18.6 %) controls had

osteopenia (Table 2). Cobb angle did not differ between

osteopenic and non-osteopenic AIS subjects. In either AIS

subjects or the controls, subjects with osteopenia had sig-

nificantly later onset of menarche, lower Tanner stage,

body weight, standing height, sitting height, arm span,

BMI, aBMD and Z-scores compared with their counter-

parts (all p\ 0.05 or p\ 0.01).

SMI and Biomechanical Properties

Table 3 and Fig. 1 show the comparisons in SMI and

biomechanical properties between AIS subjects and the

controls. SMI was on average 3.98 % higher in AIS subjects

Table 1 Characteristics of the

study cohort
Variables AIS (n = 95) Controls (n = 97) p value

Basic characteristics

Age (years) 13.01 ± 0.72 13.08 ± 0.57 0.101

Max Cobb (�) 21.20 ± 5.91 – –

Pubertal stage

Age of menarche (years) 12.15 ± 1.18 11.72 ± 0.89 0.013*

Tanner stage (breast) 3.13 ± 0.79 3.18 ± 0.79 0.668

Tanner stage (pubic hair) 2.51 ± 0.77 2.48 ± 0.89 0.863

Anthropometric data

Body weight (kg) 42.58 ± 7.45 45.19 ± 8.92 0.029*

Standing height (cm) 155.15 ± 5.71 154.87 ± 7.18 0.766

Arm span (cm) 154.06 ± 6.51 153.35 ± 7.60 0.485

Sitting height (cm) 82.54 ± 3.38 82.48 ± 4.23 0.908

Body mass index (kg/m2) 17.64 ± 2.56 18.70 ± 2.70 0.006**

Body mass index (kg/m2) by arm span 17.91 ± 2.68 19.10 ± 2.88 0.003**

aBMD (g/cm2)

Left femoral neck 0.72 ± 0.10 0.76 ± 0.11 0.007**

Right femoral neck 0.73 ± 0.10 0.77 ± 0.11 0.030*

Z-scores

Left femoral neck -0.33 ± 0.97 -0.01 ± 1.07 0.029*

Right femoral neck -0.28 ± 1.00 -0.04 ± 1.04 0.102

Physical activities level

Working index 2.44 ± 0.35 2.43 ± 0.32 0.810

Sport index 2.36 ± 0.63 2.55 ± 0.60 0.026*

Leisure index 2.40 ± 0.40 2.46 ± 0.35 0.299

Total score 7.20 ± 0.88 7.40 ± 1.02 0.143

Nutrient level

Calcium intake (mg/day) 586.35 (413.41, 842.54) 639.26 (365.37, 835.45) 0.904

Results are expressed as mean ± SD or median (inter-quartile range)

AIS adolescent idiopathic scoliosis, aBMD areal bone mineral density

* p\ 0.05; ** p\ 0.01
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than in controls but this difference did not reach significant

level (p = 0.073). Stiffness, failure load and apparent

modulus were on average 7.19 to 9.09 % significantly lower

in AIS subjects (p = 0.035, 0.018 and 0.005, respectively).

Table 4 shows the results from the multivariate linear

regression analyses. SMI and stiffness did not differ

between AIS subjects and controls after adjusted for age

(model 1) or after adjusted for age, level of physical

activity and calcium intake (model 2). Between-group

difference in failure load remained significant after adjus-

ted for age (p = 0.042) but became insignificant after

adjusted for age, level of physical activity and calcium

intake (p = 0.072). Apparent modulus remained signifi-

cantly lower in AIS subjects in both regression models

(p = 0.013 and 0.024). The adjusted means and standard

error of means on SMI and biomechanical properties for

both AIS subjects and controls in model 1 and 2 are

depicted in Table 5.

Subgroup Analysis by the Presence of Osteopenia

18 (18.6 %) of controls had osteopenia. According to the

normal distribution, 16 % of subjects in the general pop-

ulation will have Z-score B -1 [28]. This proportion was

similar to that observed among the recruited controls who

were, therefore, regarded as being representative of the

healthy population. Table 6 shows the results of subgroup

analysis by one-way ANOVA. In either AIS subjects or the

controls, SMI was larger and stiffness, failure load and

apparent modulus were significantly lower in subjects with

Table 2 Characteristics of the study cohort sub-grouped by the presence of osteopenia

Variables AIS (n = 95) Controls (n = 97)

Osteopenic

(n = 27)

Non-osteopenic

(n = 68)

p value Osteopenic

(n = 18)

Non-osteopenic

(n = 79)

p value

Age (years) 13.04 ± 0.65 13.00 ± 0.75 0.894 13.11 ± 0.58 13.08 ± 0.57 0.904

Max Cobb (�) 20.56 ± 6.03 21.46 ± 5.89 0.506 – – –

Age of menarche (years) 12.62 ± 1.26 12.01 ± 1.12 0.048* 12.46 ± 0.81 11.62 ± 0.85 0.007**

Tanner stage (breast) 2.70 ± 0.78 3.29 ± 0.73 0.001** 2.78 ± 0.88 3.27 ± 0.75 0.017*

Tanner stage (pubic hair) 2.19 ± 0.79 2.63 ± 0.73 0.010* 2.06 ± 0.87 2.58 ± 0.87 0.023*

Body weight (kg) 36.27 ± 3.45 45.09 ± 7.13 \0.001*** 38.23 ± 6.76 46.77 ± 8.63 \0.001***

Standing height (cm) 152.02 ± 5.85 156.39 ± 5.18 0.001** 151.09 ± 7.86 155.73 ± 6.78 0.013*

Arm span (cm) 151.09 ± 7.68 155.24 ± 5.62 0.004** 149.77 ± 7.35 154.16 ± 7.47 0.026*

Sitting height (cm) 80.49 ± 2.92 83.36 ± 3.22 \0.001*** 79.74 ± 4.98 83.10 ± 3.80 0.002**

Body mass index (kg/m2) 15.71 ± 1.43 18.40 ± 2.51 \0.001*** 16.62 ± 1.74 19.17 ± 2.67 \0.001***

Body mass index (kg/m2) by arm span 15.95 ± 1.76 18.69 ± 2.59 \0.001*** 16.94 ± 2.05 19.59 ± 2.83 \0.001***

aBMD, left femoral neck (g/cm2) 0.62 ± 0.05 0.77 ± 0.08 \0.001*** 0.62 ± 0.04 0.80 ± 0.09 \0.001***

aBMD, right femoral neck (g/cm2) 0.64 ± 0.06 0.77 ± 0.09 \0.001*** 0.64 ± 0.05 0.80 ± 0.09 \0.001***

Z-score, left femoral neck -1.42 ± 0.46 0.10 ± 0.75 \0.001*** -1.43 ± 0.32 0.32 ± 0.90 \0.001***

Z-score, right femoral neck -1.27 ± 0.57 0.11 ± 0.86 \0.001*** -1.32 ± 0.45 0.25 ± 0.90 \0.001***

Results are expressed as mean ± SD

AIS adolescent idiopathic scoliosis, aBMD areal bone mineral density

* p\ 0.05; ** p\ 0.01; *** p\ 0.001

Table 3 Comparison of SMI

and biomechanical properties

derived from micro-finite

element analysis between AIS

subjects and controls

Variables AIS (n = 95) Controls (n = 97) % difference p value

SMI 2.02 ± 0.30 1.95 ± 0.30 3.98 0.073

Stiffness (kN/mm) 47.37 ± 10.87 51.04 ± 12.95 -7.19 0.035*

Failure load (N) 1987 ± 425 2146 ± 493 -7.41 0.018*

Apparent modulus (MPa) 1753 ± 428 1929 ± 432 -9.09 0.005**

Results are expressed as mean ± SD

AIS adolescent idiopathic scoliosis, SMI structural model index

* p\ 0.05; ** p\ 0.01
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osteopenia than in those with normal aBMD. The majority

of these differences were significant except the difference

in SMI between osteopenic and non-osteopenic controls

(2.04 vs. 1.92, p = 0.636) indicating the variation in SMI,

a secondary HR-pQCT parameter, from non-osteopenia to

osteopenia was different between AIS and controls. There

was no significant difference in SMI or biomechanical

properties between osteopenic AIS subjects and osteopenic

controls or between non-osteopenic AIS subjects and non-

osteopenic controls (all p[ 0.05). In two-way ANOVA, all

interactive p values are[0.05, suggesting that the differ-

ence between osteopenic AIS subjects and osteopenic

controls (SMI: 7.21 %, biomechanical properties: -4.98 to

-0.57 %) did not differ from that between non-osteopenic

AIS subjects and non-osteopenic controls (SMI: 1.71 %,

biomechanical properties: -7.85 to -5.88 %).

Discussion

In this case–control study, we investigated the bone

strength and trabecular rod-plate configuration in AIS.

Bone strength was evaluated with FEA presented as bone

mechanical properties including stiffness, failure load and

apparent modulus. Higher bone mechanical properties

mean the bone is stronger and more difficult to be

deformed and broken. Trabecular rod-plate configuration

was calculated by SMI [25]. Greater value means more

rod-like trabeculae are present in trabecular compartment.

Higher SMI was found in AIS which indicates that a rel-

atively fewer plate-like trabeculae were found in AIS as

compared with controls. Previous studies indicated that

plate-like trabeculae can withstand larger force and only

deform in the higher strain compared with rod-like
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trabeculae which is thinner or smaller [12, 29]. There is

strong evidence that AIS was associated with lower

mechanical properties. Carbonare and Giannini stated that

cortical width is one of the main structural parameters for

determining bone strength [30]. Putman et al. found that

higher estimated bone strength is associated with favour-

able values for a variety of cortical and trabecular bone

densitometric and micro-architectural indices even after

adjusting for clinical covariates and aBMD [31]. The

findings from this study are in compliance with our pre-

vious study that AIS was associated with lower cortical

area, cortical vBMD and fewer trabeculae [10].

As noted in our previous report [10], puberty is associ-

ated with higher bone turnover [32]. Maturity is an

important confounding factor for bone density, bone

quality and bone strength [33, 34]. Results of this study

were further analysed with adjustment of age using

regression analysis (model 1). After adjusted for age, AIS

was associated with lower failure load and lower apparent

modulus. This indicates a risk of compromised attainment

of peak bone mass in AIS subjects, which could be trans-

lated into an increased risk of bone fragility in these sub-

jects in their adulthood and late life [6]. Improving the

bone quality and bone structure for the better bone strength

during pubertal growth is essential for AIS.

Calcium supplement and life style with sufficient

physical activity are important determinants of bone

quality [35, 36]. Subjects in this study were evaluated for

their dietary calcium intake and physical activity level in

the past 12 months using validated questionnaires [16, 18,

19]. The study by Lee et al. found that low bone mass in

AIS was associated with inadequate weight-bearing phys-

ical activity level and calcium intake [21]. In our result,

calcium intake and total score for physical activity level

were numerically lower in AIS than in controls although

the difference did not reach statistical significance. On the

other hand, our AIS subjects did have statistically signifi-

cant lower sport index in the physical activity level when

compared with controls. Previous studies have mentioned

physical activity and calcium intake had confounding

effect on bone parameters including cortical area and total

volumetric BMD [10]. Dietary calcium intake and physical

activity level were included in the regression model for

control of their confounding in addition to age (i.e. model

2). After adjusting for age, calcium intake and physical

activity level, AIS remained associated with lower apparent

modulus, suggesting that common risk factors may only

partly explain low bone mass and poor bone quality in AIS.

There may be an intertwined relationship between the

disease course of AIS and the disturbed bone metabolism.

Meanwhile, the difference in failure load between AIS and

controls disappeared after including physical activity and

calcium intake in the regression model. It reflects that those

interventions can improve bone strength in AIS. Zhang

et al. mentioned that bone mineral accretion in girl hip can

be maximized by taking 1000 mg or more calcium daily

[37]. But the efficacy of calcium supplement for AIS is

unknown. Lam et al. also suggested that vibration therapy

can improve the aBMD in osteopenic AIS, who were

classified by their femoral neck aBMD [38]. Specker and

Table 4 Multivariate linear regression analysis for comparing SMI and biomechanical properties between AIS subjects and controls

Variables SMI Stiffness Failure load Apparent modulus

b p value b p value b p value b p value

Model 1

Constant 1.946 \0.001*** 50,941.2 \0.001*** 2142.20 \0.001*** 1925.57 \0.001***

Status (AIS/control) 0.074 0.091 -3021.4 0.077 -134.13 0.042* -154.73 0.013*

Age (per 1 year) -0.028 0.454 4635.4 0.002** 178.24 0.002** 147.47 0.005**

R2 0.020 0.074 0.079 0.079

Model 2

Constant 1.953 \0.001*** 50,750.1 \0.001*** 2134.65 \0.001*** 1918.58 \0.001***

Status (AIS/Control) 0.060 0.164 -2617.3 0.125 -118.24 0.072 -140.00 0.024*

Age (per 1 year) -0.032 0.376 4821.4 0.001** 184.88 0.001** 153.88 0.003**

Physical activity level (per 1 unit) -0.060 0.008** 1852.5 0.038* 72.08 0.036* 67.11 0.038*

Calcium intake (per 1 g/day) 0.036 0.433 -159.0 0.930 -20.29 0.772 -13.42 0.838

R2 0.058 0.095 0.101 0.100

Model 1 adjusted for age. Model 2 adjusted for age, physical activity level and calcium intake. Status: status of the subject (AIS is assigned a

value of ‘‘1’’ and control subject is assigned a value of ‘‘0’’)

AIS adolescent idiopathic scoliosis, SMI structural model index, R2 coefficient of multiple determination

* p\ 0.05; ** p\ 0.01; *** p\ 0.001
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Binkley conducted a randomized trial of physical activity

and calcium supplementation in young children and found

that calcium could modify the bone response to physical

activity [39]. Further longitudinal or interventional study

should be warranted to investigate the optimization of

calcium intake and physical activity which can improve the

bone strength and bone mass in AIS.

Low bone mass in AIS is multifactorial [21, 40–43].

Previous study found that osteopenia in AIS differed from

osteopenia in normal controls with considering bone

geometry and trabecular micro-architecture [11]. Our result

also indicated that AIS subjects may have poorer trabecular

micro-architecture, manifested as more rod-like trabeculae.

This is supported by the findings that there was a trend

towards greater SMI value in AIS subjects compared with

healthy controls and the SMI value was the highest in AIS

subjects with osteopenia. On the other hand, osteopenic

AIS had the numerically lowest bone mechanical proper-

ties compared with controls and non-osteopenic AIS. The

aetiopathogenesis of AIS is still unknown. A more severe

form of the disease may imply a more severely perturbed

bone metabolism, bone modelling or remodelling, leading

to a more severe micro-architectural abnormality of the

bone, as demonstrated in our study, a more rod-like tra-

becular structure conferring poorer mechanical properties.

It is also possible that poor bone biomechanical properties

might contribute to the curve progression.

Although AIS is a spinal deformity and we only com-

pared their mechanical properties of distal radius instead of

that of spine, Liu et al. suggested that HR-pQCT

mechanical properties of the distal radius can reflect the

mechanical competence of the central skeleton [44]. In our

findings, poor bone mechanical properties of distal radius

were found in both osteopenic subjects who were classified

by their femoral neck BMD, which can further extend that

Table 5 Adjusted means and standard error of means (SEM) on SMI

and biomechanical properties for both AIS subjects and controls in

model 1 and 2

Adjusted

mean

Standard

error of

mean (SEM)

95 % CI

lower

bound

95 % CI

upper

bound

SMI

Model 1

Control 1.947 0.030 1.887 2.007

AIS 2.021 0.031 1.960 2.081

Model 2

Control 1.954 0.030 1.895 2.013

AIS 2.014 0.030 1.954 2.074

Stiffness

Model 1

Control 50,721.2 1190.0 48,373.8 53,068.7

AIS 47,699.9 1202.6 45,327.7 50,072.1

Model 2

Control 50,521.3 1186.6 48,180.5 52,862.1

AIS 47,904.0 1199.2 45,538.4 50,269.6

Failure load

Model 1

Control 2133.75 45.83 2043.34 2224.15

AIS 1999.61 46.31 1908.25 2090.97

Model 2

Control 2125.88 45.68 2035.76 2216.00

AIS 2007.64 46.17 1916.56 2098.72

Apparent modulus

Model 1

Control 1918.57 43.02 1833.71 2003.43

AIS 1763.84 43.47 1678.08 1849.60

Model 2

Control 1911.28 42.89 1826.66 1995.90

AIS 1771.28 43.35 1685.77 1856.80

Table 6 Subgroup comparisons in SMI and biomechanical properties

Variables AIS (n = 95) Controls (n = 97)

Osteopenic

(n = 27)

Non-osteopenic

(n = 68)

p value Osteopenic

(n = 27)

Non-osteopenic

(n = 68)

p value

SMI 2.19 ± 0.26 1.96 ± 0.29 0.002** 2.04 ± 0.23 1.92 ± 0.31 0.636

Stiffness (kN/mm) 39.68 ± 9.26 50.43 ± 9.95 \0.001*** 39.91 ± 6.94 53.58 ± 12.67 \0.001***

Failure load (N) 1684 ± 371 2107 ± 385 \0.001*** 1724 ± 279 2242 ± 482 \0.001***

Apparent modulus

(MPa)

1518 ± 421 1847 ± 396 0.003** 1597 ± 190 2004 ± 436 0.001**

Results are expressed as mean ± SD

AIS adolescent idiopathic scoliosis, SMI structural model index

* p\ 0.05; ** p\ 0.01; *** p\ 0.001
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low bone mass in AIS is a systemic disorder [41]. There-

fore, we believe that distal radius findings may reflect

similar changes in spine thus shedding lights on

aetiopathogenesis of AIS from deranged bone quality and

mechanical properties.

Our study had several limitations. Firstly, HR-pQCT

was only performed at the distal radius but not at the distal

tibia. Secondly, bone turnover markers which could

potentially provide valuable information on bone metabo-

lism were not assayed in this study. Thirdly, the physical

activity level and dietary calcium intake analysed in this

study were evaluated with questionnaires which might be

subject to recall bias. In particular, the Modified Baecke

Questionnaire could be more valid in men than in women

and did not take into account the type of physical activity

related to high ground reaction force sport which could

have significant impacts on bone metabolism. Hence the

data from lifestyle questionnaires on dietary intake and

physical activity should be interpreted with caution. In

addition, this is a case–control study with a cross-sectional

design using threshold-based algorithm for differentiating

cortical from trabecular bone and that the FEA analysis

was based on algorithm adopted for the HR-pQCT machine

used in this study. Currey et al. found that the bone

mechanical properties are highly correlated with its mate-

rial composition and structure [45]. Assigning different

mineralizations with different mechanical properties in

non-linear FEA may provide more insight on bone

mechanical properties. Despite these limitations, results on

the association between AIS and lower stiffness, lower

failure load, lower apparent modulus and that osteopenia in

AIS was characterized by higher SMI justify further

prospective studies that longitudinally follow subjects

preferably with physical activity evaluated with an

accelerometer on a daily basis; with bone turnover markers

assayed; and with multi-site HR-pQCT evaluation to be

enhanced with advanced non-linear FEA and segmentation

image analysis [12].

Conclusion

This study showed that as compared with the controls, AIS

girls were associated with deranged trabecular micro-ar-

chitecture and lower bone biomechanical properties. After

adjusting for age, physical activity level and dietary cal-

cium intake, apparent modulus remained significantly

lower in AIS as compared with controls. These results

suggest the presence of abnormal regulation and modula-

tion of bone metabolism as well as bone modelling and

remodelling in AIS. To address the potential correlation

between curve severity and disease progression with

severity of osteopenia or trabecular micro-architecture,

further longitudinal studies are warranted to determine the

significance of such micro-architectural abnormalities in

AIS on curve progression during the course of the disease

and the outcome for these patients with therapeutic inter-

ventions targeted for such.
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