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Abstract

Summary Volumetric bone density (vBMD) and trabecular microarchitecture measured by high-resolution peripheral quan-
titative computed tomography (HR-pQCT) can discriminate the patients with high risk of asymptomatic vertebral fracture
(VF) in postmenopausal Chinese women. These findings suggested that HR-pQCT could provide additional information on
bone quality of the patients with asymptomatic VF.

Introduction Although there were several studies using HR-pQCT to investigate asymptomatic VF, it remains uncertain if
HR-pQCT parameters can discriminate asymptomatic VF patients, especially in Chinese population. The purpose of this
study was to investigate whether bone quality measured by HR-pQCT could discriminate asymptomatic VF independent of
hip areal bone mineral density (aBMD) measured by dual-energy x-ray absorptiometry (DXA) and fracture risks evaluated
using built-in Fracture Risk Assessment Tool (FRAXguvp)-

Methods This is a nested case—control study. One hundred seventy-five ambulatory Chinese postmenopausal women aged
60-79 years were retrieved from Normative Reference Standards (NRS) cohort in Hong Kong. DXA was used to identify VF
from lateral spine images (VFA) using Genant’s semi-quantitative method. Major osteoporotic fracture risk was calculated
using FRAX tool. HR-pQCT was used to assess vBMD, microarchitecture, and estimated strength at both distal radius and
tibia. Comparison of HR-pQCT parameters between asymptomatic VF and control was performed using covariance analysis.
Logistic regression analysis was performed for calculating the adjusted odds ratio (OR) with 95% confidence intervals (CI)
of fracture status as per SD decrease in HR-pQCT parameters.

Results Women with asymptomatic VF were older than those of the control in our NRS cohort. Nevertheless, after adjusted
for covariance, asymptomatic VF showed significantly lower trabecular vBMD (Tb.vBMD) at radius but higher SMI at
tibia as compared with those of the control. Tb.vBMD at radius yielded the highest value of area under the curve (AUC) as
compared with total hip aBMD and FRAX.p. However, no significant difference was found among each other.
Conclusion Tb.vBMD at the radius and SMI at the tibia provided by HR-pQCT can discriminate asymptomatic VF inde-
pendent of hip aBMD and FRAX),; by DXA in postmenopausal women.
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Introduction

Osteoporotic fracture is a serious health problem affect-
ing aging population worldwide. Its complications may
lead to the risk of mobility reduction, increased cost of
care, and even mortality [1]. Vertebral fracture (VF) is the
most common type of osteoporotic fractures, especially in
women with primary osteoporosis. Majority of patients
with VF are asymptomatic, and therefore, early detec-
tion or diagnosis of VF is of great clinical significance.
Dual-energy x-ray absorptiometry (DXA), conventional
radiography, computed tomography (CT), and magnetic
resonance imaging (MRI) can all be used to assess VF.
CT and MRI techniques are still the major research tools
for evaluating metabolic bone dysfunction, while the
application of DXA can be extended beyond bone density
measurement to assess VF and predict the 10-year fracture
risk using FRAX [2]. Due to low costs and radiation dose,
vertebral fracture assessment (VFA) using DXA becomes
the most widely employed technique for diagnostic and
serial monitoring of VF. VF can be identified by defin-
ing the morphology of vertebrae from thoracic to lumbar
region of the spine (T4 to L4) semi-quantitatively in the
VFA images [3].

Bone mineral density (BMD) measured by DXA can
be used to predict VF. Previous studies showed that using
areal BMD (aBMD) measured by DXA alone, only 41% of
VF patient had T-score of BMD below —2.5 [4]. Recently,
FRAX score, derived from femoral neck BMD (FRAXg\p)
by DXA and clinical risk factors, has been used to predict
10-year risk of major osteoporotic and hip fractures [5].
However, it still underestimates the risk of osteoporotic
fractures [6]. On the other hand, both the decrease of BMD
and deterioration of bone microstructure attribute to the
increase of bone fragility [7]; hence, bone quality such
as cortical and trabecular architecture may also play an
important role in fracture risk prediction [8, 9].

High-resolution peripheral quantitative computed
tomography (HR-pQCT) is a non-invasive 3D imaging
technology that enables quantitative measurement of vol-
umetric BMD (vBMD) and trabecular microarchitecture,
with high precision and relatively low-dose radiation. Fur-
thermore, the HR-pQCT images can be used to estimate
bone strength using finite element analysis (FEA) [10].
Bone microarchitecture has been shown to be an impor-
tant parameter which reflects the mechanical properties
of vertebral bodies [11]. In previous prospective studies,
deterioration of trabecular and cortical bone and decrease
in bone strength measured by HR-pQCT improve the pre-
diction of low trauma or different kinds of fracture beyond
aBMD or FRAX alone [12, 13], yet very few studies focus
on asymptomatic VF. Asymptomatic VF is regarded the
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earliest osteoporotic fracture; early diagnosis and interven-
tion of asymptomatic VF may prevent hip fractures that
seriously affect the patients’ independence. Few studies
report that there is a significant correlation between HR-
pQCT parameters and the prevalence of asymptomatic
VF in postmenopausal women [14]. Although it has been
shown that bone microstructure parameters can predict
the risk of osteoporosis and fracture independently of
aBMD, it remains uncertain if HR-pQCT parameters can
distinguish asymptomatic VF [15], particularly in Chinese
population. In this nested case-control study, we aimed (1)
to investigate the bone quality at distal radius and tibia in
the patients with asymptomatic VF using HR-pQCT and
(2) to examine whether HR-pQCT parameters could dis-
criminate asymptomatic VF from the controls in Chinese
postmenopausal women.

Methods
Participants and eligibility

This was a nested case—control study. All subjects in this
study had participated in the Normative Reference Study
(NRS), including 1072 ambulatory Chinese men (n=>544)
and women (n=528) aged 20 to 79 years in Hong Kong, a
cohort study of the HR-pQCT normative reference dataset
[16]. In the present study, all female participants aged over
60 were included (n=175). This was a secondary analysis of
NRS cohort data where all the assessments, including DXA
and HR-pQCT measurements described below, have been
conducted in the NRS cohort. All the study procedures and
methods were approved by the Joint Chinese University of
Hong Kong-New Territories East Cluster Clinical Research
Ethics Committee (Ref: CRE.2014.310), and written con-
sents were provided by all subjects. All subjects were able
to walk independently. The same exclusion criteria were
adopted as specified in the previous NRS cohort study [16].

aBMD and vertebral fracture assessment

aBMD measurement at the proximal femur (i.e., femoral
neck, trochanter, and total hip) and posterior-anterior lumbar
spine (L1 to L4) was performed using DXA (Horizon; Hol-
ogic, Bedford, MA, USA). Standard operation procedure for
scanning and analysis was performed by well-trained techni-
cians to ensure the quality of the scans. Left hip was used
for scanning unless there was a fracture, implant, or other
conditions that could affect the accuracy of BMD evalua-
tion. The coefficient of variation (CV) was used to express
the short-term precision error of the measurement of aBMD
by DXA, which was 1.36% for the femoral neck, 1.19% for
the total hip, and 1.01% for the lumbar spine in our center.
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According to the World Health Organization (WHO) diag-
nostic criteria, osteoporosis was defined as T-score < — 2.5,
osteopenia— 2.5 < T-score < — 1, and normal T-score > — 1.
All subjects were classified according to the lowest T-score
of the lumbar spine, femur neck, or total femur. FRAX gy
score was also calculated using FRAX tool available in the
DXA system using femoral neck aBMD for comparison.

VFA images were obtained by lateral spine scanning at
T4-L4. Genant’s semi-quantitative (GSQ) assessment and
morphologic analysis were used to classify VFA as follows:
each VFA image was visually checked by a clinician (Zhu
Y) to determine whether it contained any visualized verte-
bral fractures and was assigned a grade according to GSQ
scale [17], where a reduction in vertebral height of 20-25%
is classified as grade I (mild), a reduction of 25-40% as
grade II (moderate), and a reduction of over 40% as grade
III (severe). Identification of vertebrae was performed auto-
matically by a built-in MXApro software. Only when the
software could not correctly identify vertebral heights, an
experienced radiologist was invited to adjust the positions of
the six morphometry points manually. Participants who had
grade I or above fractures, without symptoms such as back
pain affecting the performance of daily activities or previ-
ous fragility fracture, were classified as the asymptomatic
VF group, while those free of fractures were classified and
assigned into the control group.

Measurement of HR-pQCT

vBMD and microarchitecture of non-dominant distal radius
and tibia were assessed by HR-pQCT (XtremeCT I, Scanco
Medical AG, Switzerland). If the subject had a previous
fracture at the scanning region, the non-fractured side was
used for scanning and analysis. The standard scanning mode
(60 kVp, 900 pA, 100 ms integration time, isotropic voxel
size 82 pm) was used [18]. Subject’s forearm or leg was fas-
tened in a carbon fiber casting in the scanner gantry. Refer-
ence line was set, and the scan was conducted 9.5 mm (distal
radius) and 22.5 mm (distal tibia) proximal to the reference
line. Motion artifact might occur during the image acqui-
sition. In order to have good image quality for analysis, a
visual grading system proposed by Pialat et al. was adopted.
Image quality was divided into 5 levels: grade 1 (without
motion artifact) to grade 5 (extreme motion artifacts) [19].
Images of grades 4 and 5 were excluded and not used for
data analysis. All images were graded by a single operator
after excluding motion artifact, where a total of 38 image
datasets (26 radius and 12 tibia) were excluded from analysis
in this study. Therefore, a total of 149 radius and 163 tibia
images were finally used for statistical analysis.

The volume of interest (VOI) was automatically divided
into cortical and trabecular components using a fully auto-
mated cortical compartment segmentation technique [20].

From the standard analysis, we obtained total and trabecular
vBMD (Tot.vBMD and Tb.vBMD) in mg hydroxyapatite
(HA/cm3). Trabecular number (Tb.N, mm™') was deter-
mined using ridge-extraction method as the inverse mean
spacing of the 3D ridges. Trabecular thickness (Tb.Th,
mm) and trabecular separation (Tb.Sp, mm) were derived
according to standard histomorphometrical methods. A
fully automatic cortical compartment segmentation tech-
nique adapted from the method described by Burghardt et al.
was used for the assessment of cortical compartment [20].
In this analysis, cortical vBMD (Ct.vBMD, mg HA/cm?)
and cortical thickness (Ct.Th, mm) were obtained. Ct.Th
was measured directly by removing the intracortical pores
from the binary cortex image and using a distance trans-
form. In addition, structure model index (SMI) and con-
nectivity density (Conn.D, 1/mm?) were evaluated for each
trabecular bone image [21]. SMI estimated the plate versus
rod characteristics of trabecular bone [21], while Conn.D
quantified trabecular connectivity by calculating the number
of handles or closed loops in a trabecular network [22]. In
our center, the short-term precision error (CV) of vBMD
measurement (total, cortical, trabecular) was 0.38—-1.03%,
and that for all non-densitometric microstructural parameters
was 0.80-3.73% [18].

Estimated bone strength by micro-finite element
analyses (UFEA)

pPFEA analysis on the 3D images of the distal radius and
tibia was performed using a built-in finite element solver
software. A special stripping algorithm that specified a
minimum Ct thickness of 6 voxels was used to recognize
cortical and trabecular bone tissue. pPFEA was performed
by converting binary image data into isotropic brick element
grid [23]. For all elements, a Poisson’s ratio of 0.3 and a
Young’s modulus of 10 GPa were specified. The variables of
FEA were stiffness (kN/mm) and the estimated failure load
(Est.F.load, N). A uniaxial compression test with a 1000 N
load was carried out. The apparent bone strength was esti-
mated by stiffness (kN/mm). An estimate of failure load was
calculated based on the assumption that bone failure would
occur if more than 2% of the elements were strained beyond
0.7% strain [20].

Patient demographics

Demographics including age, height, weight, a history of
previous fracture and parent fracture hip, glucocorticoids,
current smoking, rheumatoid arthritis, secondary osteo-
porosis, and alcohol consumption were recorded. Before
DXA measurement, a wall-mounted stadiometer (SECA
240, Hamburg, Germany) was used to measure the standing
height to closest 0.1 cm, and body weight was measured by
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a digital scale to nearest 0.1 kg. Body mass index (BMI)
was calculated by dividing weight in kilograms by height
in meters squared. Self-reported age at menopause was also
recorded.

Statistical analysis

SPSS (version 25.0, IBM, NY, USA) and MedCalc 19.1.3
(Ostend, Belgium) were used for statistical analysis.
Mean + SD was used to present all the continuous variables.
Subjects were stratified into asymptomatic VF and control
groups. According to the data type or the normal distribution
test, Student’s t-test, Chi-square test, or non-parametric test
was used to analyze differences between groups. HR-pQCT
parameters and different severities of VF were compared by
ANCOVA or Kruskal-Wallis test. Logistic regression mod-
els were performed to investigate which factors were inde-
pendently associated with asymptomatic VF. Adjustment for
age, BMI, total hip aBMD, or FRAXgy\p Was performed
in different models. These adjustments were used to exam-
ine whether the contribution of vBMD, microstructure, or
strength parameters to fracture odds was independent of total
hip aBMD and/or FRAXg\p. In the univariate analysis, the
variables significantly (p <0.05) associated with asympto-
matic VF were included in the final logistic regression. The
MedCalc 19.1.3 was employed for areas under the receiver-
operating characteristic (ROC) curve analyses. The overall

discriminative values of different risk scores were calcu-
lated. ROC curve analyses were performed to determine the
optimal cutoff scores of HR-pQCT and DXA parameters for
discriminating asymptomatic VF. The comparison of AUC
between HR-pQCT and DXA parameters were performed
with statistical significance set at p-value < 0.05.

Results
Characteristics of participants

In this nested case—control study, all 175 postmenopausal
ambulatory Chinese women aged 60—79 years were included
from NRS cohort. Table 1 represents the characteristics of
study subjects. One hundred two subjects (58.3%) were
defined as asymptomatic VF group using VFA. Among the
asymptomatic VF patients, 61 (59.8%) had grade I fractures,
and 41 (40.2%) were grade II or III fractures in at least one
of the vertebrae. Seventy-three subjects (41.7%) with-
out any vertebral fractures belonged to the control group.
Both age and years since menopause in asymptomatic VF
group were significantly higher than those of the control
group (all p <0.001). DXA results showed that in asympto-
matic VF group, 19 (18.6%) women had normal BMD, 44
(43.1%) osteopenia, and 39 (38.2%) osteoporosis. Twenty-
two (30.1%) women with normal BMD, 36 (49.3%) with

Table 1 Demographic
characteristics of study subjects

Variables Control (n=73) Asymptomatic VF p value
(n=102)
Basic characteristics
Age (years)* 66.66 +5.04 69.72+5.09 0.001
Body weight (kg)* 56.24+1.07 55.72+0.89 0.713
Body height (m)* 1.53+0.01 1.53+0.01 0.977
Body mass index (kg/m?)? 23.95+0.43 23.79+0.36 0.786
Years since menopause® 16.04 +7.23 19.55+7.09 0.001
DXA parameters
T-score at femoral neck® —-1.17+0.13 —-1.46+0.11 0.099
T-score at total hip? —-0.07+0.13 -0.39+0.11 0.055
T-score at lumbar spine® —-1.00+0.19 —-1.42+0.16 0.110
Osteoporosis (%)° 15 (20.5%) 39 (38.2%)
Osteopenia (%)° 36 (49.3%) 44 (43.1%)
Normal BMD (%)° 22 (30.1%) 19 (18.6%)
aBMD at femoral neck (g/cm?)? 0.66+0.01 0.63+0.11 0.098
aBMD at total hip (g/cm?)?* 0.88+0.01 0.84 +0.01 0.038*
aBMD at spine (g/cm?)* 0.88+0.0.02 0.83+0.01 0.074
FRAXg\p (%)? 8.53+0.67 10.50+0.57 0.030*

Data as adjusted mean + SD
“p <0.05 after adjustment for age
“Independent t-test

Chi-square test

@ Springer



Archives of Osteoporosis (2021) 16: 125

Page50f12 125

osteopenia, and 15 (20.5%) with osteoporosis were in the
control group. After adjustment for age, aBMD at femo-
ral neck, total hip, and spine were generally lower in VF
group, but only total hip and FRAXg\, reached statistical
significance as compared with the control group (p <0.05).
However, the other parameters, including body weight, body
height, BMI, T-score at femoral neck, total hip, and lumbar
spine, showed no significant difference between groups after
adjustment for age (Table 1).

Lumbar spine T-score in patients with different
severity of vertebral fracture

The distribution of T-score in patients with the sever-
ity of vertebral fracture is shown in Fig. 1. The origi-
nal spine T-score for grade 0, grade I, and grade II+1II
was —0.959, — 1.308, and — 1.656, respectively (Fig. 1a).
There was no statistical difference in T-score between groups
(p=0.086). This might be explained that aBMD falsely
increased in the fractured vertebrae. In order to eliminate
the influence of false-positive aBMD value in patients with
vertebral fractures, the fractured vertebrae in L1-L4 were
excluded, and the T-score was recalculated after the GSQ
analysis (Fig. 1b). After excluding fractured vertebrae, how-
ever, the recalculated spine T-score remained similar to the
original T-score in different VF gradings (Fig. 1b). Although
the spine T-score declined with the vertebral grade deterio-
ration, there was no significant difference found between
two groups. Moreover, the recalculated spine T-score did not
affect the number of patients with osteoporosis, osteopenia,
or normal BMD.

The percentage differences in spine aBMD at L1-L2
for grade O to grade 11+ 11T were 3.32%, 2.72% and 1.43%,
respectively. The spine aBMD difference of L2-L3 and
L3-L4 for grade I and grade II +III was higher than that
of grade 0. In contrast, its difference was lower in L1-L2.
The highest aBMD difference was found in L2-L3 in both
groups (Fig. 2).

Differences in vBMD, microarchitecture,
and estimated bone strength

Considering the age difference between asymptomatic VF
and the control group, adjustment of age was performed.
The differences of vBMD, microarchitecture, and the esti-
mated bone strength are presented in Table 2. Women with
asymptomatic VF had significantly lower Tb.vBMD, Tb.N,
Tb.Th, Conn.D, stiffness, and Est. F. load but higher Tb.Sp
and SMI at distal radius (all p <0.01). At distal tibia, women
with asymptomatic VF had significantly lower Tot.vBMD,
Tb.vBMD, Tb.N, Conn.D, stiffness, and Est.F. load but
higher SMI, as compared with control group (all p <0.05).

Original Spine T-score
1_

T-score

Recalculated spine T-score
1_

T-score

41—

Fig.1 a Original BMD T-score trend in VFA vertebral grade. b
Recalculated (excluding the lumbar spine fracture vertebrac) BMD
T-score trend in VFA vertebral grade

The comparison of bone quality among different
severities of vertebral fractures is summarized in Table 3.
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Percentage difference in spine aBMD
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Fig.2 Percentage difference of the adjacent vertebrae in spine aBMD
among asymptomatic VF grading

Significantly lower vBMD, deterioration of microarchitec-
ture, and strength parameters were observed in the patients
with asymptomatic VF at both radius and tibia. This was
similar to the changes seen in the total cohort of both grade
I and grade I1+1II as compared to grade O (Table 3), except
Conn.D (p=0.065), SMI (p =0.096), stiffness (p=0.077),
and Est. F. load (p =0.077) in the radius between grade
II+11II and grade 0, as well as Conn.D (p=0.187) at the tibia
between grade I and grade 0. However, there was significant
differences found in Tb.N, Tb.Sp, and Conn.D in the tibia
between grade 11+ III and grade I in the subgroup analysis.

Logistic regression and odds ratios (ORs)

Logistic regression results demonstrated that Tot.vBMD,
Tb.vBMD, Tb.N, Tb.Sp, Conn.D, stiffness, Est. F.load, and
SMI at both distal radius and tibia were associated with
higher odds ratio of asymptomatic VF (Table 4).

In model 1 (adjusted for age and BMI), Tb.vBMD,
Tb.N, Tb.Th, Conn.D, and SMI at the distal radius and
Tot. vBMD, Tb.vBMD, Tb.N, Conn.D, SMI, stiffness,
and Est. F. load at the distal tibia remained significantly
associated with higher odds ratio of VF (all p < 0.05). Fur-
ther adjustment for age, BMI, and total hip aBMD (model
2), Tb.vBMD (OR 1.64, p=0.016) at the distal radius and
SMI (OR 0.56, p=0.025) at the distal tibia remained sig-
nificant in discriminating asymptomatic VF. Also, adjust-
ment of FRAXy\p alone in model 3, Tb.vBMD (OR 1.68,
p=0.007), Tb.Th (OR 1.35, p=0.032), and SMI (OR
0.67, p=0.026) at the distal radius and Tb.vBMD (OR
1.83, p=0.045) and SMI (OR 0.57, p=0.021) at the dis-
tal tibia were significantly associated with asymptomatic
VF (Table 4). Furthermore, all these HR-pQCT variables
at both radius and tibia after adjustment in model 3 were
included in the final logistic regressions. Of all the sig-
nificant variables, Tb.vBMD (OR 2.02, 95% CI 1.18 to
3.35, p=0.010) at the distal radius showed the strongest
association with asymptomatic VF.

Table 2 Differences in volumetric bone mineral density (vBMD), bone microarchitecture, and estimated bone strength between women with

asymptomatic vertebral fracture and the controls, with age as covariate

HR-pQCT variables Distal radius Distal tibia
Control Asymptomatic VF p value Control Asymptomatic VF p value
(n=65) (n=84) (n=068) (n=95)
Tot.vBMD, mgHA/cm®  296.07 +7.86* 227.45 +6.88* 0.082% 252.22+5.67* 23379 +4.63* 0.016?
Tb.vBMD, mgHA/cm®  123.48 +4.32% 104.77 +£3.78* 0.002* 143.30+3.86* 126.99 +3.24* 0.002 2
Ct.vBMD, mgHA/cm®  841.10 (813.00, 844.35 (812.78, 0.595° 786.85+6.32% 782.82+5.31% 0.633 2
898.25) 891.50)
Tb.N, 1/mm 1.43 (1.29, 1.69) 1.31(1.11, 1.53) 0.004% 1.47(1.34,1.62) 1.34 (1.15, 1.53) 0.002°
Tb.Th, mm 0.07 (0.06, 0.08) 0.06 (0.05, 0.07) 0.006° 0.08+0.01%* 0.07+£0.01* 0.095 %
Tb.Sp, mm 0.63 (0.52,0.71) 0.69 (0.59, 0.84) 0.002"° 0.59 (0.55, 0.67) 0.66 (0.58, 0.78) 0.085°
Ct.Th, mm 0.71£0.02%* 0.69+0.02* 0.498* 0.93+0.03* 0.89+£0.03* 0.295%
Conn.D, 1/mm’ 2.59+10.11* 2.15+0.10% 0.005% 2.74 (2.26, 3.18) 2.38(1.93,2.88) 0.001°
SMI 2.09+0.04* 2.24+0.03* 0.004* 1.65+0.04* 1.81+£0.03* 0.004 #
Stiffness, kKN/mm 57.59 (48.14, 63.22) 49.99 (45.02, 58.50) 0.007° 151.48 (138.51, 142.61 (129.53, 0.001°
173.99) 158.45)
Est. F. load, N 2866.01 (2455.32, 2529.53 (2283.28, 0.009° 7648.65 (7039.28, 7166.45 (6571.12, 0.001°

3139.50)

2951.44)

8707.74)

7874.39)

Tot total; vBMD, volumetric bone mineral density; HA, hydroxyapatite; 7b, trabecular; Ct, cortical; Conn.D, connectivity density; SMI, structure

model index

“Data as adjusted mean + SD

“Independent t-test

"Mann-Whitney U test. p <0.05
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Table 3 Differences in volumetric bone mineral density (vBMD), bone microarchitecture, and estimated bone strength between women in differ-

ent Grade of VF

HR-pQCT variables Grade 0 Grade I Grade IT+11I p value
Radius (n=149) N=65 N=51 N=33

Tot.vBMD,mgHA/cm?*? 295.82+7.88 273.62+8.69 283.85+11.24 0.171
Tb.vBMD, mgHA/cm?® 127.20 (99.45, 148.10) 106.00 (80.00, 129.60)* 87.00 (76.20, 128.80) * 0.001
Ct.vBMD, mgHA/cm?® 841.10 (813.00, 898.25) 841.50 (809.60, 890.50) 853.30 (813.75, 892.90) 0.792
Tb.N, 1/mm"® 1.43 (1.29, 1.69) 1.39 (1.15, 1.53) * 1.26 (1.09, 1.50) * 0.008
Tb.Th, mm * 0.07+0.01 0.06+0.01 0.06+0.01 0.100
Tb.Sp, mm"® 0.63 (0.52,0.71) 0.67 (0.57,0.81) * 0.72 (0.59, 0.86) * 0.004
Ct.Th, mm?* 0.71+0.02 0.68+0.02 0.73+0.03 0.295
Conn.D, 1/mm>? 2.59+0.12 2.17+0.13% 2.12+0.17 0.019
SMI* 2.09+0.04 2.24+0.04% 2.24+0.05 0.017
Stiffness, kKN/mm® 57.59 (48.14, 63.22) 50.29 (45.17,58.11) * 49.36 (44.80, 61.06) 0.024
Est. F. load, N 2866 (2445, 3139) 2546 (2293, 2546) * 2478 (2277, 3115) 0.034
Tibia (n=163) N=68 N=57 N=38

Tot.vBMD, mgHA/cm?? 252.29+5.69 234.67+6.06 232.37+7.75 0.053
Tb.vBMD, mgHA/cm?? 143.55+3.85 130.16 +£4.10* 121.81+5.23%* 0.004
Ct.vBMD, mgHA/cm?? 786.89 +6.35 783.39+6.76 781.88 +8.64 0.884
Tb.N, 1/mm"® 1.47 (1.34, 1.62) 1.38 (1.25, 1.64) 1.31 (1.14, 1.41) ** 0.001
Tb.Th, mm?* 0.08+0.01 0.07+0.01 0.07+0.02 0.249
Tb.Sp, mm"® 0.59 (0.55, 0.67) 0.64 (0.54,0.73) 0.69 (0.63, 0.82) ** 0.001
Ct.Th, mm?* 0.93+0.03 0.87+0.03 0.90+0.04 0.504
Conn.D, 1/mm*® 2.74 (2.26, 3.18) 246 (2.02,3.14) 225 (1.73, 2.61) ** 0.003
SMIP 1.64 (1.45, 1.87) 1.89 (1.66, 2.04) * 1.78 (1.59, 2.08) * 0.005
Stiffness, kN/mm® 151.48 (138.51, 173.99) 144.54 (129.91, 159.61) * 140.52 (126.76, 152.09) * 0.003
Est. F. load, N® 7648 (7039, 8707) 7267 (6660, 8048) * 7143 (6481, 7715) * 0.003

Tot, total; vBMD, volumetric bone mineral density; HA, hydroxyapatite; 7b, trabecular; Ct, cortical; Conn.D, connectivity density; SMI, structure

model index

*p<0.05 compared with patients without VF (grade 0)

#p <0.05 compared with patients with VF (grade I)
*ANCOVA (with Bonferroni correction for multiple testing)
®Kruskal-Wallis Test. p <0.05

Area under ROC curve

Table 5 summarized the cutoff value and results of the
ROC curve. Tb.vBMD at the radius showed the highest
AUC (0.684) than total hip aBMD and FRAXg\p. The
sensitivity of Tb.vBMD at radius, total hip aBMD, and
FRAXpup were 86.2%, 69.9%, and 76.7% respectively,
while the specificity of the three ROC curve was ranged
from 42.65 to 60.8% (Table 5). However, there was no
statistical significance in AUC of Tb.vBMD at radius,
total hip aBMD, and FRAXgyp (all p>0.05).

Discussion

In this study, HR-pQCT parameters were shown to be able
to discriminate asymptomatic VF independent of total hip
aBMD and FRAXg\p in Chinese postmenopausal women.

Women with asymptomatic VF had significantly lower
Tb.vBMD, Tb.N, Tb.Th, and Conn.D but higher SMI at
distal radius than those of the controls. Lower Tot.vBMD,
Tb.vBMD, Tb.N, Conn.D, stiffness, and Est.F.load but
higher SMI at distal tibia were also found in asymptomatic
VF group. Lower in Tb.vBMD at the radius and higher
SMI at the tibia remained significant after adjustment
for age, BMI, and total-hip aBMD. Tb.vBMD at radius
yielded the highest value of AUC as compared with total
hip aBMD and FRAXg\p. Our results illustrated that bone
microarchitecture parameters measured by HR-pQCT were
useful in discriminating the patients with asymptomatic
VF, independent of DXA-derived total hip aBMD and
FRAXpmp.

vBMD, microarchitecture, and mechanical properties
of bone measured by HR-pQCT play important roles in
discriminating the patients with asymptomatic VF. DXA
assesses aBMD on the lumbar vertebra, yet its 2D nature is
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Table 4 Crude and adjusted odds ratio (95% confidence interval) for per SD decrease of parameters

(vBMD), bone microarchitecture, and estimated bone strength (unless otherwise stipulated)

of volumetric bone mineral density

Variables Crude Model 1 Model 2 Model 3
OR (95%CI) p value  OR (95%CI) p value  OR (95%CI) p value OR (95%CI) p value

Distal radius (n=149)
Tot.vBMD, mgHA/cm®  1.41(1.02,1.94) 0.033*  1.25(0.89, 1.75) 0.203 1.10(0.77,1.57) 0.604  1.18 (0.83,1.66) 0.359
Tb.vBMD, mgHA/cm®  1.95 (1.36,2.79) 0.001** 1.82(1.26,2.63) 0.002** 1.64 (1.10,2.45) 0.016* 1.68(1.15,2.45) 0.007%*
Ct.vBMD, mgHA/cm®  1.21(0.88, 1.67) 0.240 1.02 (0.71, 1.45) 0.935 0.92 (0.64, 1.33) 0.655 1.02 (0.72, 1.44) 1.02
Tb.N, 1/mm 1.54 (1.10,2.17) 0.013*  1.40 (0.98, 2.00) 0.063 1.24 (0.85,1.80) 0.258  1.28 (0.89,1.85) 0.180
Tb.Th, um 1.35(1.04, 1.75) 0.024*  1.37(1.05,1.79) 0.022* 1.30(0.98,1.71) 0.066  1.35(1.03,1.77) 0.032*
Tb.Sp, mm 0.71 (0.49, 1.02) 0.065 0.78 (0.53,1.14) 0.193 0.90 (0.61,1.31) 0.569  0.86 (0.59, 1.26) 0.427
Ct.Th, pm 1.28 (0.94,1.74) 0.118 1.12 (0.79, 1.56) 0.524 0.98 (0.69, 1.40) 0.928  1.08 (0.78, 1.50) 0.652
Conn.D, 1/mm? 1.55(1.13,2.13) 0.007** 1.43(1.02,1.99) 0.036* 1.29(0.92,1.82) 0.141 1.33(0.95, 1.85) 0.095
SMI 0.64 (0.46,0.89) 0.008** 0.66 (0.47,0.93) 0.016* 0.71(0.50,1.01) 0.058  0.67 (0.48,0.95) 0.026*
Stiffness, kN/mm 1.47(1.07,2.02) 0.018* 1.26 (0.88, 1.80) 0.205 1.05 (0.71, 1.57) 0.806  1.18(0.83,1.68) 0.360
F.load, N 1.39(1.01,1.92) 0.047* 1.18(0.82,1.70) 0.387 0.97 (0.64,1.46) 0.877 1.10(0.76,1.57) 0.632

Distal tibia (n=163)
Tot.vBMD, mgHA/cm®  1.52 (1.11,2.07) 0.008** 1.30 (0.92, 1.84) 0.134 1.12 (0.76, 1.66) 0.554  1.18(0.82,1.69) 0.378
Tb.vBMD, mgHA/cm®  2.18 (1.26,3.78) 0.005%* 2.05 (1.15,3.66) 0.015* 1.73(0.93,3.21) 0.082  1.83(1.01,3.31) 0.045%
Ct.vBMD, mgHA/cm®  1.33 (0.98, 1.80) 0.070 1.14 (0.82, 1.58) 0.449 1.06 (0.75, 1.49) 0.761 1.12 (0.81, 1.55) 0.490
Tb.N, 1/mm 1.49 (1.07,2.06) 0.018* 1.32(0.93,1.86) 0.121 1.14 (0.77, 1.68) 0.513 1.14 (0.79, 1.64) 0.480
Tb.Th, um 1.17 (0.95, 1.45) 0.150 1.19 (0.94, 1.49) 0.144 1.16 (0.91, 1.46) 0.229  1.18(0.93,1.49) 0.179
Tb.Sp, mm 0.62 (0.39,0.96) 0.034*  0.72 (0.46, 1.12) 0.140 0.84 (0.53,1.32) 0.448  0.86 (0.55,1.35) 0.509
Ct.Th, pm 1.35(0.99, 1.83) 0.061 1.19 (0.85, 1.66) 0.320 1.09 (0.77,1.54) 0.642  1.11(0.79, 1.56) 0.551
Conn.D, 1/mm? 1.47 (1.08,2.00) 0.016*  1.36 (0.98, 1.89) 0.066 1.22(0.85,1.74) 0.274  1.21(0.87,1.69) 0.247
SMI 0.56 (0.36,0.88) 0.012*  0.53(0.32,0.86) 0.011* 0.56 (0.34,0.93) 0.025* 0.57(0.36,0.92) 0.021*
Stiffness, kKN/mm 1.63 (1.18,2.25) 0.003** 1.43(0.99, 2.05) 0.051 1.23 (0.79, 1.90) 0.363 1.24 (0.84,1.81) 0.277
F.load, N 1.71(1.23,2.38) 0.001*%* 1.48(1.02,2.16) 0.041* 1.27(0.80,2.02) 0.320  1.30(0.88,1.93) 0.180

Tot, total; vBMD, volumetric bone mineral density; OR, odds ratio; CI, confidence interval; HA, hydroxyapatite; 7b, trabecular; Ct, cortical;

Conn.D, connectivity density; SMI, structure model index

Model 1, adjusted for age + BMI; model 2, adjusted for age + BMI + total-hip aBMD; model 3, adjusted for FRAXg\ alone

*p<0.05, #p<0.01

not able to measure cortical and trabecular bone separately.
The resolution of DXA scan only allows the measurement
of the integral aBMD, but does not offer sufficient resolu-
tion for delineate microarchitecture of trabecular bone [8].
Central QCT provides quantitative volumetric measurement

Table 5 Results of the cutoff value and ROC curve

at spine. However, its cost and radiation dose are relatively
high [24]. Hence, using central QCT to identify the patients
with asymptomatic VF is not common in clinical practice.
HR-pQCT is a peripheral device which provides high res-
olution images up to 61-82 um with low radiation dose.

Cutoffs Sensitivity (%) Specificity (%) AUC 95% CI AUC difference (p value)
Tb.vBMD_R (mgHA/cm?) 89.65 86.2 42.9 0.684 0.603-0.758 0.031 (0.526)*
total hip aBMD (g/cm?) 0.85 69.9 60.8 0.653 0.571-0.729 0.014 (0.733)°
FRAXg\p (%) 9.25 76.7 52.0 0.667 0.585-0.742 0.017 (0.730)°

#Compared with total hip aBBMD

®Compared with FRAX gy

“Compared with Tb.vBMD_R (all p with Bonferroni correction)
Tb.vBMD_R: Tb.vBMD at radius, SMI_T: SMI at tibia
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HR-pQCT can also assess microarchitecture of bone and
its estimated bone strength in addition to vBMD [25]. In
previous prospective studies, deterioration of trabecular and
cortical bone, and decrease of bone strength quantified by
HR-pQCT improve the prediction power of incident fragil-
ity fractures as compared with aBMD alone by DXA [12,
13]. Our results showed that postmenopausal women with
asymptomatic VF had lower Tb.vBMD at the radius but
higher SMI at the tibia, as compared with the controls, after
adjustment of age, BMI, and total-hip aBMD. Meanwhile,
lower Tb.vBMD but higher SMI at both the radius and the
tibia, and lower Tb.Th at the radius were found to be inde-
pendent variables in discriminating asymptomatic VF as
compared with the controls, after adjustment of FRAXp\p-
Interestingly, trabecular density parameters showed strong
association with asymptomatic VF, but not cortical parame-
ters. It could be postulated that trabecular bone deterioration
might contribute largely to the asymptomatic VF [26]. How-
ever, our results showed there were no significant differences
in spine or femoral neck aBMD between asymptomatic VF
patients and the controls.

To the best of our knowledge, there were few previous
studies focused on using HR-pQCT for discriminating
asymptomatic VF in Chinese women, although reports on
using DXA to measure aBMD for predicting fracture risk
were available [27]. Consistent with an early study [28], our
findings showed that the subjects with VF had lower vBMD
of radius and tibia. However, most of the previous studies
focused on different types of fragility fracture in Caucasian
women [12, 29, 30], including wrist [31], hip [32], and
symptomatic vertebral fractures, but not asymptomatic ones
in Chinese population [28, 30, 33]. Deterioration of trabecu-
lar and cortical bone microarchitecture at the distal radius
and tibia was found in fractured patients when compared
with non-fractures controls, after adjustment of aBMD in the
hip or spine [33, 34], where for example, Vranken and co-
workers [33] studied on Caucasian women aged 50-90 years
old with a recent non-vertebral fracture and revealed the
association of bone microarchitecture and bone strength with
prevalent VF. This indicated that women with at least one
prevalent vertebral fracture had significantly deteriorated
total and trabecular vBMD at both tibia and radius.

In our study, Tb.vBMD at the distal radius and SMI at
the distal tibia were found to be associated with higher
odds ratio in asymptomatic VF, but not for Tot.vBMD and
Ct.vBMD. The discrepancy of performance between tra-
beculae and cortical parameters might be explained by the
fact that all of our subjects had asymptomatic VF, which was
different from the previous studies on patients with symp-
tomatic or prevalent VF. Pathologically, asymptomatic VF
occurs in the early stages of osteoporosis. This period is
mainly attributed to the degradation of trabeculae instead of
cortical bone [35]. Furthermore, the previous studies with

VF did not adjust for FRAXy\p [28, 33]. In our current
cohort, lower Tb.vBMD and higher SMI at both the radius
and tibia, and lower Tb.Th at the radius were associated
with increased VF odds ratio after adjusted for FRAXgyp-
These findings were different from our previous study
which studied on a group of older patients with hip frac-
ture, where a significant loss of vBMD in trabecular bone
became insignificant after adjustment of T-score at the femo-
ral neck [32]. Zhu et al. reported that the peak incidence of
hip fracture occurred at old age (75-80 years), at which there
was already a remarkable bone loss. The measurement of
decreased bone mass was well reflected by significant dete-
rioration of bone microarchitecture, indicating bone fragility
to a great extent. Hence, the added value of measuring the
deterioration of bone microarchitecture would become very
limited in old population, leading to inability to improve
the prediction of fragility fractures [36]. In contrast, VF has
two peaks of incidence: 55-60 and 70-75 years old [16]. In
our current cohort, the mean age of asymptomatic VF was
69.7 + 5.1 years; therefore, the changes in Tb.vBMD could
be prominent after adjustment of hip aBMD and FRAX g\ p.

Moreover, Tb.vBMD in radius was found to be a unique
HR-pQCT parameter with the highest AUC of 0.684, which
had a high discriminative power in identifying asympto-
matic VF patients from those without fractures. Further-
more, lower Tb.vBMD at the radius in asymptomatic VF
remained significant after adjustment of age, BMI, and total
hip aBMD. Tb.vBMD at radius yielded the highest value
of AUC as compared with total hip aBMD and FRAXg\p-
However, the comparison of AUC among these variables
showed no significant differences. Recent studies indicated
that bone microstructure and the estimated bone strength
were valuable in predicting the risk of fragility fractures
in postmenopausal women, independent of aBMD [12, 30],
which was superior to DXA and FRAX in fracture prediction
[12]. However, longitudinal studies should be planned in the
future to determine whether these parameters are of great
value for VF prediction in asymptomatic patients.

Cortical porosity is associated with bone strength [37],
and previous studies have shown an association between
cortical porosity and prevalent fracture [38]. However, this
study did not include cortical porosity in the analysis because
of a 20% precision error in measuring cortical porosity [39],
where at least a 40% difference was required to achieve a
significant between-group difference. With advancing age,
endocortical bones may gradually undergo trabeculation.
Previous studies demonstrated that the active area of bone
remodeling existed in the transitional zone between the cor-
tical and trabecular bone [40, 41]. In our study, HR-pQCT
(XtremeCT I) with a spatial resolution of 82 pm was used,
where the spatial resolution was not high enough and the
segmentation algorithm of cortical bone might lead to the
inaccuracy in the calculation of cortical porosity. Hence, it
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might underestimate the cortical porosity but overestimating
the trabecular thickness [41].

In our study, DXA T-score and aBMD were similar to a
previous study of Torres et al. who reported that the major-
ity of fragility fractures occurred in the subjects with osteo-
penia rather than osteoporosis as determined by aBMD
using DXA [34]. Our study showed that approximately
38.2% of women with osteoporosis and 43.1% of women
with osteopenia were identified as asymptomatic VF.
Asymptomatic VF group had significantly lower aBMD at
total hip but no significance at lumbar spine. Spine aBMD
measured by DXA could be false positive as confounded by
degeneration of vertebrae or aortic calcification in the older
population. Therefore, the influence of vertebral fractures
on aBMD should also be considered. In our study, after
excluding the fractured vertebrae, the recalculated spine
T-score declined when the vertebral grade deteriorated, yet
such differences remained not significant between groups.
Moreover, there was no difference in spine and femoral
neck aBMD between VF and the controls after adjustment
of age.

Tb.vBMD was associated with the severity of asympto-
matic VF. There was a significant difference in Tb.vBMD
at both radius and tibia measured by HR-pQCT and also in
the subgroup analysis for severity of prevalent VF. Signifi-
cantly lower Tb.vBMD was observed in grade I and grade
II+1III VF at both radius and the tibia than that of grade 0
VF, which confirmed the different sensitivity of HR-pQCT
for different grades. This could be due to the different prin-
ciples of the 2D and 3D techniques. DXA is a 2D scan-
ning technique, which is used for obtaining aBMD during
posteroanterior imaging of the lumbar spine, including the
vertebral posterior elements (i.e., the spinous processes
and pedicles). Lee et al. reported that the posterior ele-
ments accounted for 51.4 +4.2% of the total bone mineral
content of the lumbar spine in DXA scanning [42]. On the
other side, HR-pQCT is a 3D technique that enables the
assessment of trabecular microarchitecture and estimates
the bone strength of cortical bone and trabecular bone
individually. DXA results showed that only 38.2% sub-
jects had osteoporosis, but 43.1% of them had osteopenia
in asymptomatic VF group. By WHO osteoporosis clas-
sification, DXA cannot identify all asymptomatic VF cases
because 40-50% of them are osteopenia only. Therefore,
HR-pQCT becomes an alternative yet advanced modal-
ity in discriminating asymptomatic VF patients. Interest-
ingly, percentage difference in grades 0, I, and II +III of
spine aBMD of the adjacent vertebrae was 3.32%, 2.72%,
and 1.43% in L1-2; 5.85%, 7.04%, and 7.11% in L2-3;
and 3.72%, 5.06%, and 5.04% in L3-4, respectively. This
alerted us to pay attention to the patients when the per-
centage difference of spine aBMD was higher than 7% in
L2-L3 and 5% in L3-L4.

@ Springer

There were a few limitations in this study. Firstly, our
sample size might not be large enough in the current cross-
sectional and nested study; large and follow-up study is
desirable to confirm such predictive value in asympto-
matic VF using HR-pQCT. We have not yet validated the
model described in the current study; hence, future cohort
is needed for model validation as this retrospective study
had a time lag between the occurrence of fracture and bone
measurement. Secondly, the diagnosis of VFs by VFA
might be affected by some subjective factors, especially
in grade I patients, by using Genant’s semi-quantitative
(GSQ) approach and morphologic method for VFA classi-
fication [43]. Thirdly, volunteer nature might be a potential
sampling bias that was controlled by stringent selection
criteria and screening. Fourthly, HR-pQCT was used to
evaluate the microstructure and vBMD of the peripheral
bone rather than the spine. Currently, there is no imaging
technology with high resolution and relatively low radia-
tion available for central bone scanning, while HR-pQCT
is the best imaging peripheral 3D technology to correlate
with aBMD of the spine and hip [44]. Also, the single
racial cohort limits the generalizability of our research,
and caution should be paid to translate our results for other
ethnicities.

In conclusion, the current study demonstrated that
Tb.vBMD at the radius and SMI at the tibia were the most
significant HR-pQCT parameters in discriminating patients
with asymptomatic VF in postmenopausal Chinese women.
Tb.vBMD at the radius was the most significant parameter
associated with asymptomatic VF. HR-pQCT parameters
help to identify asymptomatic VF from the patients who
are at risk of fragility fractures. Future longitudinal study
is warranted to evaluate whether HR-pQCT parameters
could effectively predict osteoporotic fractures in Chinese
population.
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