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Background: Osteoporotic hip fractures are associated with low bone strength, which is usually
explained by low bone mineral density (BMD). However, even though type 2 diabetes mellitus (T2DM)
participants have an increased incidence of osteoporotic hip fractures, paradoxically, there is increasing
evidence indicating that T2DM patients have higher BMD than those without T2DM. The detection of
focal osteoporosis could help us understand the bone quality of the proximal femur in participants with and
without T2DM. This study aims to investigate whether focal bone defects are associated with hip fracture in
those with and without T2DM by using statistical atlases.

Methods: Four hundred and nineteen low-energy acute hip fracture cases and 288 controls with hip
computed tomography (CT) scans were included in the case-control study. Differences in the spatial
distributions of volumetric bone mineral density (vBMD), cortical bone thickness, cortical vBMD, and
vBMD in a layer adjacent to the endosteal surface were investigated using voxel-based morphometry (VBM)
and surface-based statistical parametric mapping (SPM).

Results: For both with and without T2DM groups, there is a clear bone defect at the femoral neck and
intertrochanteric region in cortical thickness variables for cases. The endocortical trabecular bone mineral
density (ECTD) and vBMD distributions show quite dramatic differences between fractures and controls

in both with and without T2DM groups. In particular, in the women’s comparison results, the significantly
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different region between cases and controls in the T2DM cohort was larger than that in the without T2DM

cohort. After adjustment for the covariates of age, height, and weight, the risk of hip fracture among people

with diabetes was higher overall than among participants without diabetes, in both men and women.

The spatial distribution of trabecular vBMD and focal areas of endocortical bone defect both result in an

increased risk of hip fracture in T2DM patients.

Conclusions: The spatial distribution of trabecular vBMD and focal areas of endocortical bone defect

both result in increased risk of hip fracture in T2DM patients.

Keywords: Acute hip fracture; voxel-based morphometry (VBM); statistical parametric mapping (SPM); bone

mineral density (BMD); type 2 diabetes mellitus (T2DM)
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Introduction

In ageing societies, type 2 diabetes mellitus (T2DM)
and osteoporosis are common metabolic diseases whose
prevalence is increasing throughout the world (1,2). The
complications of diabetes affect multiple organ systems,
including bone. Osteoporotic fractures are associated
with low bone strength, which is usually explained by low
bone mineral density (BMD). However, there is increasing
evidence from recent studies consistently indicating that
T2DM patients have higher or equivalent BMD compared
to those without T2DM. The increase in BMD was more
prominent in the presence of higher body mass index
(BMI) in T2DM patients and obesity, as a strong risk
factor for T2DM, would protect against osteoporosis
(3-7). Paradoxically, T2DM prevalence has been linked
to increased fracture risk and an increased incidence
of osteoporotic fractures (3,8,9). This contradiction
may be caused by damage to bone microstructure or
an accumulation of microcracks that reflect sustained
impairment of bone repair (10,11).

Hip fractures are the most severe osteoporotic fractures
in the elderly, with a high degree of morbidity, mortality,
and disability. Due to the complications of diabetes
mellitus, T2DM participants with hip fractures are expected
to have higher mortality and disability than hip fracture
patients without T2DM. Advanced imaging techniques
to assess bone quality have only recently started to be
applied in clinical practice. Further, the assumption of
poor bone quality in T2DM patients might not apply to
the proximal femur as most studies have been limited to
appendicular bones assessed by high-resolution peripheral
quantitative computed tomography (HR-pQCT) (12-14).

© AME Publishing Company.

Computational anatomy techniques such as surface-
based statistical parametric mapping (SPM) and voxel-
based morphometry (VBM) enable local multiparametric
assessments of the spatial distribution of volumetric
bone mineral density (vBMD) and structural features
of the proximal femur to be derived from quantitative
computed tomography (QCT) imaging of sufficiently
large populations. SPM was a methodology that has its
roots in neuroimaging and has been used to identify focal
osteoporosis affecting trabecular and cortical bone of the
proximal femur in hip fractures (15). Carballido-Gamio
et al. applied VBM to identify femoral regions where
bone deterioration has been associated with incident hip
fracture (16). Treece et 4i. also demonstrated the application
and validation of the method (17). The detection of focal
osteoporosis by SPM and VBM could help us understand
the bone quality of the proximal femur in participants with
and without T2DM. To the best of our knowledge, no
study has used statistical atlases to identify differences of
the proximal femur between hip fracture patients with and
without T2DM, as well as between controls without hip
fractures with T2DM and without T2DM.

The study aimed to investigate if there are focal bone
defects of the proximal femur in T2DM and whether focal
bone defects are associated with hip fracture. For this
purpose, we used data from the China Action on Spine
and Hip Status (CASH) study, including controls without
hip fracture. We identified the differences in the spatial
distributions of proximal femoral vBMD and cortical bone
properties across groups of T2DM participants with and
without hip fractures as compared with controls without
T2DM using VBM and SPM. We present this article in
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accordance with the STROBE reporting checklist (available
at https://qims.amegroups.com/article/view/10.21037/
qims-2025-560/rc).

Methods
Study design

The CASH study aims to assess the prevalence of
osteoporotic fracture, osteoporosis, and osteoarthritis
(OA) in a Chinese population using QCT and/or dual
energy X-ray absorptiometry (DXA) (18). The study was
conducted in accordance with the Declaration of Helsinki
and its subsequent amendments. The study was approved by
institutional ethics committee of Beijing Jishuitan Hospital
(No. 201512-02) and informed consent was taken from all
the participants. The present analysis compared computed
tomography (CT) scans of hip fracture patients acquired
immediately after injury with CT images obtained from
controls without hip fractures. In this case control study,
we explored spatial and structural features of the proximal
femur for the discrimination of diabetic hip fracture as
well as non-fracture diabetes and without diabetes mellitus
participants.

Participants

The study enrolled 918 participants with suspected hip
fracture admitted to the Emergency Department of
Orthopedic Trauma in Beijing Jishuitan Hospital between
January 2012 and May 2016. At this institution, CT scans
are performed routinely for participants with suspected or
already confirmed hip fractures. The demographic data,
details of the fall (when, how, where), fracture history, and
medical history were collected after the CT examination.
The inclusion and exclusion criteria of the participants were
previously described by Su and colleagues (19). In brief,
fully ambulatory, community-dwelling Chinese adults with
a hip fracture resulting from a fall from standing or sitting
height were included. Furthermore, CT scans were obtained
within 48 hours of falls to minimise changes in vBMD
and body composition caused by bedrest after fracture.
Participants with prior or bilateral hip fractures were
excluded. Finally, 419 hip fracture cases were considered
eligible for further analysis. Diabetes diagnosis and related
treatment were derived from the medical records, which
also confirmed there were no type 1 diabetics among the
fracture cases.

© AME Publishing Company.
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As controls, 288 community-dwelling participants
without hip fracture and living independently were
recruited from the hospital’s neighborhood. The inclusion
criteria are that participants should be aged over 60 years
old and able to give informed consent. All the participants
underwent QCT scans of the lumbar spine and hip. The
exclusion criteria for the control participants were inability
to sit and stand independently or inability to walk with or
without an assistive device. Further exclusion criteria for
both groups were diseases that limited function, i.e., stroke,
neurologic disorders, rheumatic diseases, heart failure, and
others (20). Diabetes diagnosis and related treatment were
retrieved from the control participants’ medical profiles in
the Xinjiekou Community Health Service Center.

A flowchart containing stepwise inclusion and exclusion
of the participants is shown in Figure 1.

CT acquisition

Spiral CT imaging of the hip was performed for all
participants with two Toshiba Aquilion CT scanners
(Toshiba Medical Systems Division, Tokyo, Japan). The
scan range was from the top of the acetabulum to 3 cm
below the lesser trochanter (TR) and included both legs. A
Mindways calibration phantom (Mindways Software Inc.,
Austin, TX, USA) was placed beneath each participant’s
hips. Measurements were made on the intact contralateral
femur of the participants with hip fracture and the right
proximal femur of the controls. The acquisition parameters
were: 120 kVp, 125 mAs, 50 cm field of view, 512x512
matrix, 1 mm reconstructed slice thickness, and a standard
reconstruction kernel.

BMD

Areal BMD (aBMD, g/cm’) and vBMD (mg/cm’) of the
femoral neck (FN), TR, intertrochanter (IT) and total hip
(TH) were calculated by the computed tomography X-ray
absorptiometry technique (CTXA, version 4.2.3, Mindways
Inc.). CTXA is a DXA-equivalent technique and the aBMD
measures obtained by CTXA are in good agreement with
DXA (21). The Femur option of the Medical Image Analysis
Framework software (MIAF Femur Version 7.1.0MRH) was
used to segment the proximal femur from the surrounding
soft tissue as well as the cortical and trabecular bone (22).
The masks generated from MIAF were used for further
imaging process. Based on the calibration phantoms,
Hounsfield units (HU) were converted to equivalent density
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Control group: 316
subjects nearby enrolled in
CASH study

918 subjects with low-
energy hip fractures

Excluded:

* 262 subjects imaged more than 48 hours after hip
fracture;
136 subjects with diseases which may disturb the
bone metabolism;
48 subjects with measurements error;
19 subjects with segmentation/registration errors;
26 male subjects less than 55 years old;
8 female subjects younger than 50 years old

28 subjects
excluded

o o o o

288 controls Complete data set: 419 cases

* 307 women with hip fracture: 81
T2DM subjects

¢ 112 men with hip fracture: 35
T2DM subjects

186 women: 63 T2DM
subjects
102 men: 32 T2DM subjects

* For hip fracture case-control comparisons stratified by sex;
e For with T2DM vs. without T2DM comparisons between subjects with
and without hip fracture stratified by sex

Input as a reference

The surface- The shape-

template template Affine + Nonrigid
registration

Segmentation

Healty participants | —_—
(100 M, 100 F) emplate construction :
.- :

Process for each participant Data mapping

( Registration and measurement of CBM & vBMD)

CBM result VBM result CTh CBMD and ECTD vBMD

SPM analysis Q
'.?

Figure 1 Flow diagram of participants selection and the CBM and VBM technique. All images were segmented and bone properties
(cortical bone properties and vBMD) were calculated. Using the registration method, all scans in the study were spatially normalized to a
standardized template. Surface-based SPM analysis was used to identify spatial differences in bone properties between cases and controls.
CBM, cortical bone mapping; ECTD, endocortical trabecular bone mineral density; SPM, statistical parametric mapping; T2DM, type 2
diabetes mellitus; VBM, voxel-based morphometry; vBMD, volumetric bone mineral density.
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of calcium hydroxyapatite in anonymized scans. Precision
results of endocortical trabecular bone mineral density
(ECTD) and vBMD measurements have been published
earlier (23). Our methods were in accordance with
established protocols from the previous study. To ensure
the repeatability of measurements, all the measurements
were performed by the same observer. To assess variability,
two observers evaluated scans for 20 images 2 weeks later.
Inter- and intra-observer variability were good (intraclass
correlation coefficients >0.80).

Image preprocessing

Standard template construction

In this study, 100 males and 100 females from the healthy
controls were used to construct the corresponding
standard template. The right proximal femur was selected
and segmented for all the healthy controls. Two types of
standard template were constructed to provide a template
appropriate to the population sample, one to represent the
average femur surface (the surface-template), and a second
one to represent the average shape and internal structure
of the proximal femur (the shape-template). The standard
template was previously described by Carballido-Gamio
and colleagues (16).

Stradwin software (http://mi.eng.cam.ac.uk/~rwp/strad-
win) excels at efficiently generating smooth and accurate
surface models from 3D medical images. Thus, we used
it specifically for this strength to construct the surface
template. For the surface-template, Stradwin software was
used to create a regular proximal femoral surface mesh based
on the segmented proximal femur for all the participants
with between 6,000 and 11,000 vertices distributed over the
proximal femoral surface for each participant. A participant
was selected as the initial template. We then registered
this template to each participant, producing 200 nonrigid
transformations (100 males and 100 females). From these,
we computed a mean transformation and warped the
initial image using the mean transformation to produce
a new template. We then registered this new template
to each participant and warped the template using the
corresponding transformation. The resulting image was the
output template for this iteration, which then became the
input for the next iteration. This procedure was repeated
until no further changes were made to the mean template.
In this way, the surface-templates based on the male and
female image data were finally constructed.

© AME Publishing Company.
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Matrix Laboratory (MATLAB) provides a powerful and
flexible environment for these matrix-based computations
and custom algorithms. For the shape-template, MATLAB
and the Coherent Point Drift (CPD) algorithm (24)
were used. For the shape-template, MATLAB and the
CPD algorithm (24) were used. Firstly, point clouds for
200 participants were created with between 10,000 and
13,000 points distributed in the proximal femur of each
participant, and one of the point clouds was selected as
the initial template. The CPD algorithm (including an
affine transformation and a nonrigid transformation) was
used to register the remaining point clouds to the initial
template. Then, an iterative procedure similar to the
construction of the surface-template was performed, the
resulting average coordinate space representing the final
shape-template.

Cortical bone mapping (CBM) and VBM
The CBM and VBM pipeline are summarized in Figure 1,
and described in more detail below.

To perform CBM, the first step was to create a regular
proximal femoral surface mesh based on the segmented
proximal femur (17) and obtain CBM measurements for each
vertex of the surface mesh using the Stradwin software. The
CBM measurements included cortical thickness (CTh, mm),
cortical mass surface density (CM, mg/cm?’), cortical bone
mineral density (CBMD, mg/cm’), and ECTD (mg/cm’).
The proximal femoral surface mesh was registered to the
surface-template and the CBM measurements were mapped
to that average surface-template using wxRegSurf (http://
mi.eng.cam.ac.uk/~-ahg/wxRegSurf/).

To perform VBM, the first step was to create a regular
point cloud based on all the segmented proximal femur
image data, and all the point clouds were spatially registered
to the shape-template using the CPD registration
method (25). Then, a 4-mm full-width at half-maximum
(FWHM) Gaussian kernel was used to smooth the spatially
normalized image to ensure that each voxel represented the
average vBMD from its local neighborhood, and the average
vBMDs were mapped to the average shape-template.

Data collection

Demographic and anthropometric variables included age,
gender, and BMI. Health-related data included a history
of hypertension, coronary heart disease, OA, and previous
fractures.
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Statistical analysis

Statistical analysis was conducted using R software (version
3.5.1, https://www.r-project.org/). Participant characteristics
(age, height, weight, aBMD, and vBMD) were compared
and expressed as mean and standard deviation using the
Mann-Whitney U test to determine the significance of any
differences between cases and controls. A P value smaller
than 0.05 was considered statistically significant.

The general linear model (GLM) in SPM was applied
to identify differences in any of the CBM measurements
between cases and controls using the SurfStat package
(http://www.stat.uchicago.edu/~worsley/surfstat/poster.
htm). The co-variables used in GLM were the participant
characteristics and model shape. Only negative residuals
are plotted in the figures, and the small number of positive
residuals caused by statistical noise were ignored. Missing
height and weight values were replaced with group mean
values. In the male populations, there were 11 missing
weight values and 9 missing height values. There were 16
missing weight values and 13 missing height values in the
female populations. The five most significant shape modes
were used to account for any systematic misregistration
during the registration process, and model shape mode 1
(femur size) was not included in the GLM because it would
reduce the fracture-sensitive results (26). A voxel-wise GLM
was performed in VBM analysis to identify differences of
vBMD between cases and controls. The vBMD values at
each voxel location were used as the dependent variable, and
age, height, and weight were included as co-variables in the
vBMD comparisons. The age-matched controls cohort was
designed to reduce the imbalance between fracture cases
and controls without T2DM in the female population.

In addition, patches with significant differences between
cases and controls in CBM and vBMD were identified. To
investigate the effect of T2DM on focal bone, odds ratios
(ORs) were calculated for each variable individually using
binomial logistic regression, including aBMD and vBMD
values, CBM patches, and vBMD patches after adjustment
for the base covariates (age, height, and weight).

Results
Participant characteristics

The participant characteristics including the mean (=
standard deviation) of the age, height, weight, aBMD
and vBMD in male and female populations are listed in
Table 1. Generally, there were significant difference in all

© AME Publishing Company.

characteristics between hip fracture and control cohorts
with or without T2DM (the male or female populations)
except for height and history of previous fractures.
Compared with the control cohorts, fracture cohorts had
lower aBMD and vBMD in male and female populations.

SPM analysis of different bone properties

Figures 2,3 illustrate these comparisons for males and
females, respectively, and the detailed numerical outcomes
for these spatially significant patches were summarized in
Table 2. Significant regional variations in bone characteristics
between the fracture and control groups were found by the
SPM analysis, which was conducted independently with and
without T2DM cohorts.

In males, the T2DM and without T2DM groups had a
distinct patch at the FN and intertrochanteric area in CTh
variables (Figure 24). In CBMD variables, comparison
results showed relatively greater differences compared to
the other CBM variables. In male with T2DM group, the
significant CBMD differences were primarily observed
in the region of the femoral head, the greater TR and
the lesser TR, but CBMD results showed no significant
differences in these regions in male without T2DM group
(Figure 2B).

In females, there is a clear patch at the FN and
intertrochanteric region between T2DM and without
T2DM groups in CTh variables (Figure 3A). The variations
in CBMD distributions in female populations indicate that
the groups with and without T2DM are similar (Figure 3B).
In particular, the significantly different region between
cases and controls in the T2DM cohort was larger than that
in the group without T2DM (Figure 3C,3D).

Figure 4 shows the focal defects in bone are similar to the
outcomes in Figures 2,3.

ORs

Figure 5 displays the ORs for the male and female
populations. In both the male and female groups, the total
risk of hip fracture was greater for participants with T2DM
than for those without the disease, even after controlling for
age, height, and weight.

Discussion

To our knowledge, this is the first study examining spatial
differences in proximal femoral bone density and cortical
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Table 1 Characteristics of participants

Hip fracture patients Controls P values
Characteristics
With T2DM ™ Without T2DM ¥ With T2DM ¥ Without T2DM ¥ []vs. [3] [2] vs. [4]
Male
Sample size 35 77 32 70 - -
Age (years) 75.8+8.1 74.5+9.4 68.6+6.2 67.3+7.5 <0.05 <0.05
Height (cm) 171.2+5.3 171.2+5.7 170.3+5.2 170.7+5.3 0.684 0.802
Weight (kg) 74.0+21.1 66.6+11.0 73.9+11.1 72.9+9.5 0.477 <0.05
BMI (kg/m?) 25.40+8.49 22.71+3.35 25.39+3.02 24.97+2.66 0.248 <0.05
Hypertension 5.71[2] 18.19 [14] - - - -
History of CHD 010] 3.90 [3] - - - -
OA 2.86 [1] 10.39 [8] - - _ _
History of previous fractures 5.71[2] 23.38 [18] 25.00 [8] 10.00 [7] 0.026 0.031
TH aBMD (g/cm?®) 0.7+0.1 0.7+0.1 0.9+0.2 0.9+0.1 <0.05 <0.05
TH BMD (mg/cm®) 218.8+34.6 221.8+42 294.6+50.7 290.5+48.8 <0.05 <0.05
FN aBMD (g/cm?) 0.6+0.1 0.6+0.1 0.7+0.1 0.7+0.1 <0.05 <0.05
FN BMD (mg/cm®) 215.3+43.9 219.7+40.5 290.5+55.3 292.4+58.3 <0.05 <0.05
TR aBMD (g/cm?) 0.5+0.1 0.5+0.1 0.6+0.1 0.6+0.1 <0.05 <0.05
TR BMD (mg/cm?) 140.4+30.1 144.1+31.4 201.3+40.6 197.4+37.4 <0.05 <0.05
IT aBMD (g/cm?) 0.8+0.1 0.8+0.1 1.1+0.2 1.1£0.2 <0.05 <0.05
IT BMD (mg/cm®) 271.1+44.9 270.6+52.4 358.1+60.3 351.5+60.3 <0.05 <0.05
Female
Sample size 81 226 63 123 - -
Age (years) 74.9+8.5 75.0+9.2 68.7+6.0 65.2+6.1 <0.05 <0.05
Height (cm) 158.9+5.0 158.1+5.4 157.9+5.5 158.7+5.3 0.108 0.256
Weight (kg) 61.129.2 58.3+10.2 65.5+9.7 62.9+9.5 <0.05 <0.05
BMI (kg/m?) 23.86+4.43 23.29+3.76 26.18+3.26 24.91+3.17 <0.05 <0.05
Hypertension 17.73 [14] 18.42 [42] - - - -
History of CHD 6.32 [5] 7.01[16] - - - -
OA 6.32 [5] 13.60 [31] - - - -
History of previous fractures 22.78 [18] 18.42 [42] 22.22 [14] 20.32 [25] 0.840 0.693
TH aBMD (g/cm?) 0.6+0.1 0.6+0.1 0.8+0.2 0.7+0.2 <0.05 <0.05
TH BMD (mg/cm®) 213.3+42.4 207.1+41.5 282.5+57.3 272.2+83.8 <0.05 <0.05
FN aBMD (g/cm?) 0.5+0.1 0.5+0.1 0.7+0.1 0.6+0.2 <0.05 <0.05
FN BMD (mg/cm®) 226.7+42.8 217.7+42.5 312.5+70.2 296.7+95.9 <0.05 <0.05
TR aBMD (g/cm?) 0.4+0.1 0.4+0.1 0.5+0.1 0.5+0.2 <0.05 <0.05
TR BMD (mg/cm®) 130.4+29.3 128.6+31 186.3+40 179.9+57.6 <0.05 <0.05
IT aBMD (g/cm?) 0.7+0.1 0.7+0.1 0.9+0.2 0.9+0.3 <0.05 <0.05
IT BMD (mg/cm?) 259.5+54.8 250.9+52.5 342.4+70.7 327.2+101.9 <0.05 <0.05

Data are expressed as mean + standard deviation, n or % [n]. aBMD, areal bone mineral density; BMI, body mass index; CHD, coronary heart
disease; FN, femoral neck; IT, intertrochanter; OA, osteoarthritis; TH, total hip; T2DM, type 2 diabetes mellitus; TR, trochanter.
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Figure 2 Comparisons of different bone properties between male hip fractures and controls with and without T2DM. The left-hand images

were derived from participants with T2DM and the right-hand images were derived from participants without T2DM. (A) SPM T-maps
from CTh comparisons; (B) SPM T-maps from CBMD comparisons; (C) SPM T-maps from ECTD comparisons; (D) VBM T-maps from

vBMD comparisons. In parts A, B and C of these figures, the P-vertex results (yellow-orange colour map) show P values for vertex peaks,

and the P-cluster results (cyan-blue colour map) show P values of connected clusters that exceed a P value threshold of 0.05. The color

scale in D is based on the dynamic range of Student’s z-values, where nonsignificant voxels have been rendered transparent and significant

voxels assigned a degree of opacity based on its z-value. CBMD, cortical bone mineral density; CTh, cortical thickness; ECTD, endocortical

trabecular bone mineral density; SPM, statistical parametric mapping; T2DM, type 2 diabetes mellitus; VBM, voxel-based morphometry.

bone properties in participants with T2DM in relation
to hip fracture. Our results identified acute hip fracture
related features of T2DM patients using VBM analysis of
vBMD and SPM analysis of cortical bone properties, thus
providing a more comprehensive QCT assessment of the
proximal femur. VBM and SPM results suggest that the

© AME Publishing Company.

spatial distribution of trabecular vBMD, as well as focal
areas of cortical and endocortical bone defects, might play
a significant role in increased hip fracture risk for T2DM
patients.

Although participants with T2DM have an excessive risk
of hip fracture compared with without T2DM group, the
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Statistical comparison between fractures
and controls in female participants
without T2DM
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Figure 3 Comparisons of different bone properties between female hip fractures and controls with and without T2DM. The left-hand

images were derived from participants with T2DM and the right-hand images were derived from participants without T2DM. (A) SPM
T-maps from CTh comparisons; (B) SPM T-maps from CBMD comparisons; (C) SPM T-maps from ECTD comparisons; (D) VBM

T-maps from vBMD comparisons. In parts A, B and C of these figures, the P-vertex results (yellow-orange colour map) show P values for

vertex peaks, and the P-cluster results (cyan-blue colour map) show P values of connected clusters that exceed a P value threshold of 0.05.

The color scale in D is based on the dynamic range of Student’s z-values, where nonsignificant voxels have been rendered transparent and

significant voxels assigned a degree of opacity based on its z-value. CBMD, cortical bone mineral density; CTh, cortical thickness; ECTD,

endocortical trabecular bone mineral density; SPM, statistical parametric mapping; T2DM, type 2 diabetes mellitus; VBM, voxel-based

morphometry; vBMD, volumetric bone mineral density.
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Table 2 Quantitative results of focal patches of bone mapping
Hip fracture patients Controls P values
Variables
With T2DM 1 Without T2DM & With T2DM @ Without T2DM ¥ [1]vs. [3] [2] vs. [4]
Male
CTh_patch (mm) 0.9+0.2 1.0+0.1 1.3+0.2 1.2+0.2 0.0226 0.0147
CBMD_patch (mg/cm®) 1,035.0+95.8 925.4+102.6 1,184.6+97.8 989.4+98.6 0.0250 0.0484
ECTD_patch (mg/cm®) 70.8+25.0 77.8+30.4 141.7+31.3 137.3+33.1 0.0157 0.0126
VBM_patch (mg/cm?) 129.4+26.6 144.8+34.3 187.4+35.8 198.5+35.6 0.0344 0.0286
Female
CTh_patch (mm) 1.6+0.3 0.9+0.2 2.1+0.4 1.2+0.2 0.0141 0.0110
CBMD_patch (mg/cm®) 1,143.4+93.4 1,142.1+61.7 1,262.8+98.4 1,260.0+86.2 0.0082 0.0070
ECTD_patch (mg/cm®) 68.9+30.3 65.6+36.2 137.0+45.3 139.3+38.0 0.0062 0.0133
VBM_patch (mg/cms) 140.6+35.9 139.4+37.8 220.3+55.4 217.8+46.9 0.0211 0.0240

CBMD, cortical bone mineral density; CTh, cortical thickness; ECTD, endocortical trabecular bone mineral density; T2DM, type 2 diabetes

mellitus; VBM, voxel-based morphometry.

underlying mechanisms are still unclear. Plenty of studies
have shown that T2DM patients have higher or equivalent
BMD compared to without T2DM patients, which does not
explain the higher hip fracture risk for T2DM. Schwartz
et al. estimated the sensitivity of Fracture Risk Algorithm
(FRAX) in fracture prediction by analyzing three well-
known study cohorts [Study of Osteoporotic Fractures
(SOF), Osteoporotic Fractures in Men (MrOS), and Health,
Aging, and Body Composition (Health ABC)], and found
that women with T2DM tend to fracture at a higher T
score (3). These findings indicate that DXA measurements
alone do not reflect the complexity of underlying skeletal
abnormalities in diabetes. Thus, it is essential to assess
bone competence impairments by using advanced imaging
methods such as the measurement of CTh and BMD of
the cortical and trabecular compartments. Our results
showed that the loss of ECTD in hip fracture patients with
T2DM is different from the observation of differences
between hip fracture patients and controls without T2DM
(Figures 2,3). These results indicate that defects in average
density in the trabecular compartment close to the cortex in
T2DM patients might play an important role in increasing
hip fracture risk. There is evidence showing that T2DM
suppresses bone formation and is associated with negative
effects on the mechanoenzyme properties of osteocytes
(27-29). At a structural level, the accumulation of advanced
glycation end (AGE) products under diabetic conditions has
been proposed to alter collagen structure and contribute

© AME Publishing Company.

to impaired material properties (30). Interestingly, a
recent study for hip fracture risk identification combining
data from the Czech Republic and the UK found distinct
patterns of ECTD linked to different fracture types, with
focal reductions of around 50% ECTD in cases compared
with controls (15). In another multi-trial analysis, the
effects of Teriparatide (TPTD) over different treatment
periods were confirmed by a statistically significant increase
in ECTD between 18 and 24 months (31). By using HR-
pQCT, a recent study showed that T2DM have poorer
cortical bone values, namely lower cortical vBMD, reduced
CTh, and higher cortical porosity of the radius (32). The
negative effect of T2DM on cortical bone found in this
HR-pQCT study supports our own findings. Thus, reduced
ECTD may be a strong predictor of hip fractures in T2DM
patients, and improving ECTD is therefore a valid target
when considering strategies to reduce hip fractures.

The possible mechanisms include impaired bone
quality (12) and increased fall risk. However, a recent
study showed that T2DM females experienced long-term
porosity increases at a rate similar to without T2DM (33).
One of our main findings was that T2DM patients with
and without hip fractures displayed a discordant proximal
femoral vBMD spatial distribution, similar to the outcomes
of lower integral vBMD at all femoral sites in T2DM
patients with a history of fracture reported in a previous
study (34).

"Two previous studies (35,36) indicated that trabecular
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Statistical comparison between hip
fractures with T2DM and controls
without T2DM in female participants
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Figure 4 Comparisons of different bone properties between hip fractures with T2DM and controls without T2DM. (A) SPM T-maps from
CTh comparisons; (B) SPM T-maps from CBMD comparisons; (C) SPM T-maps from ECTD comparisons; (D) VBM T-maps from vBMD
comparisons. CBMD, cortical bone mineral density; CTh, cortical thickness; ECTD, endocortical trabecular bone mineral density; SPM,
statistical parametric mapping; T2DM, type 2 diabetes mellitus; VBM, voxel-based morphometry; vBMD, volumetric bone mineral density.

bone mass and structure are intact and perhaps even
enhanced, whereas the cortex is preferentially compromised
in T2DM. These findings are significant because cortical
bone accounts for 80% of the skeleton and fractures in
diabetes frequently occur in cortical bone-rich areas (37).
However, these observations were made at appendicular

© AME Publishing Company.

sites assessed via HR-pQCT. Our results confirm the
importance of assessments of hip fracture risk in the cortical
bone of the proximal femur in T2DM patients, especially
elderly men [Figure 4; CBMD OR 0.06, 95% confidence
interval (CI): 0.01, 0.27 for T2DM; OR 0.56, 95% CI:
0.37, 0.87 for without T2DM]. Interestingly, compared
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Figure 5 ORs with 95% ClIs between fractures and controls with or without T2DM for different bone properties for hip fracture. The left-
hand results are for the male population, and the right-hand images are for the female population. All ORs were adjusted for age, height and
weight, respectively. P for interaction refers to testing whether ORs for each bone property differed by T2DM status. CBMD, cortical bone
mineral density; CI, confidence interval; CTh, cortical thickness; ECTD, endocortical trabecular bone mineral density; FNBMD, femoral
neck bone mineral density; FNBMDA, femoral neck areal bone mineral density; ITTBMD, intertrochanter bone mineral density; TTBMDA,

intertrochanter areal bone mineral density; OR, odds ratio; T2DM, type 2 diabetes mellitus; THBMD, total hip bone mineral density;
THBMDA, total hip areal bone mineral density; TRBMD, trochanter bone mineral density; TRBMDA, trochanter areal bone mineral

density; VBM, voxel-based morphometry.

to previous reports documenting that the percentage
difference in CBMD is much smaller between hip fracture
cases and controls compared to other SPM variables
(15,38,39), the CBMD might contribute to hip fracture risk
in the male diabetes population. In terms of SPM of CTh,
the thinner cortices in regions in hip fracture patients in
our study were in agreement with those published outcomes
(38-40). Combined with these three studies, our study
confirmed a focal patch of cortical bone thinning in the
superior-anterior aspect of the FN in participants with hip
fracture. These studies have identified spatial bone mapping
a useful tool to build links between focal cortical defects
and fracture risk. Further, CBM could identify the regions
of increased thickness around the load-bearing bones in
response to anti-osteoporosis treatment (41,42).

Previous studies (15,39) using statistical multiparametric

© AME Publishing Company.

mapping for hip fracture risk assessment have indicated the
value of assessments of focal osteoporosis in clinical practice
because hip fracture incidence is not fully explained by the
diagnosis of osteoporosis using BMD measurements, and
the identification of focal defects in bone might resolve this
paradox. Furthermore, the identification of focal defects
might help implement appropriate pharmacological or
lifestyle interventions in clinical practice.

There are several limitations in this study. First, all
measurements were taken after the hip fracture. However,
as CT scans were taken within 48 h after fracture, for
the purpose of this study, it is reasonable to assume
that these participants had a high hip fracture risk.
Thus, the comparisons between fracture cases (post-
fracture) and controls should identify the characteristics
of participants with high risk of hip fracture. Second, we
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had no information about fall risk, which impedes further
explanations of the relationship of hip fracture and diabetes.
Third, clinical CT has poorer spatial resolution than HR-
pQCT. As a result, measurements of CTh will tend to
be overestimated and the range of measurements will be
compressed. Similarly, measurements of cortical vBMD
will be underestimated and the range of measurements
expanded compared with HR-pQCT. However, HR-
pQCT can only be applied to appendicular bones and not
to the proximal femur. Another limitation is the significant
age difference between the fracture cases and controls, as
controls were younger than fracture cases. Age was a strong
and independent predictor of hip fracture risk and the risk
of hip fractures increased more than five times for people
age 75-84 years (43). To address this issue, age was included

as a co-variable in GLM and binomial logistic regression.

Conclusions

In conclusion, the spatial distribution of trabecular vBMD
and focal areas of endocortical bone defect both result in
increased risk of hip fracture in T2DM patients.
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