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Abstract

In this case-cohort study, we used data-driven computational anatomy approaches to assess within
and between sex spatial differences in proximal femoral bone characteristics in relation to incident
hip fracture. One hundred male and 234 female incident hip fracture cases, and 1047 randomly
selected noncase subcohort participants (562 female) were chosen from the population-based
AGES-Reykjavik study (mean age of 77 years). The baseline —i.e. before hip fracture— hip
quantitative computed tomography scans of these subjects were analyzed using voxel-based
morphometry, tensor-based morphometry, and surface-based statistical parametric mapping to
assess the spatial distribution of volumetric bone mineral density (vBMD), internal structure, and
cortical bone properties (thickness, vBMD and trabecular vBMD adjacent to the endosteal surface)
of the proximal femur, respectively, in relation to incident hip fracture. Results showed that in both
men and women: 1) the superior aspect of the femoral neck and the trochanteric region (except for
cortical bone thickness) were consistently identified as being associated with incident hip fracture,
and 2) differences in bone properties between noncases and incident hip fracture cases followed
similar trends, were located at compatible regions, and manifested heterogeneity in the spatial
distribution of their magnitude with focal regions showing larger differences. With respect to sex
differences, most of the regions with a significant interaction between fracture group and sex
showed: 1) differences of greater magnitude in men between noncases and incident hip fracture
cases with different spatial distributions for all bone properties with the exception of cortical bone
thickness, and 2) that while most of these regions showed better bone quality in male cases than in
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female cases, female cases showed higher vBMD in the principal compressive group and higher
endotrabecular vBMD at several regions including the anterior, posterior, and lateral aspects of the
proximal femur. These findings indicate the value of these image analysis techniques by providing
unique information about the specific patterns of bone deterioration associated with incident hip
fracture and their sex differences, highlighting the importance of looking to men and women
separately in the assessment of hip fracture risk.

Keywords

Bone; Quantitative computed tomography (QCT); Bone mineral density (BMD); Cortical bone
thickness; Voxel-based morphometry (VBM); Statistical parametric mapping (SPM); Tensor-based
morphometry (TBM)

1. Introduction

Bone mechanical competence is determined by its size and shape and by the spatial
distribution, organization and intrinsic properties of bone tissue [1,2]. Prior in vivo proximal
femur computational anatomy studies have been performed with quantitative computed
tomography (QCT) to understand focal differences in bone properties in relation to many
factors, including the etiology of fracture risk [3-8], osteoporosis treatment [9-11], the
effects of age [4,5], and exercise [12,13]. However, to further understand the structural basis
of hip fracture risk and its differences between men and women, more in-depth analyses are
needed.

Although focal and structural weaknesses have recently been linked to hip fracture [5,8,14—
16], focal variations in bone structure have not yet been described across gender. Previous
computational anatomy approaches have utilized data gathered mostly from cohorts
composed only of women [4-8]. So far, only two studies investigated older men, using case-
cohort samples selected from the MrQOS study [3,17]. No comparisons across gender have
been published.

To address this gap in knowledge, we used QCT scans of the proximal femur of older men
and women from the well-described population-based AGES-Reykjavik study. The spatial
distribution of bone was analyzed using three image-based computational anatomy
approaches: (i) voxel-based morphometry (VBM) to assess volumetric bone mineral density
(vBMD) maps, (ii) tensor-based morphometry (TBM) to assess structure, and (ii) statistical
parametric mapping (SPM) to assess cortical bone feature maps.

Specifically, we aimed to compare at baseline noncases versus incident hip fracture cases

within each sex, and to examine if the effect of fracture group on the spatial distribution of
vBMD, internal structure, and cortical bone thickness, cortical bone vBMD, and trabecular
vBMD in a layer adjacent to the endosteal surface (endotrabecular vBMD) differed by sex.

In this case-cohort study, bone properties were compared between 485 male noncases and
100 male incident hip fracture cases, and between 562 female noncases and 234 female
incident hip fracture cases. Previous case-control studies within gender were limited to a

Bone. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Marques et al.

Page 3

smaller number of participants and bone features. We hypothesized that fracture cases and
noncases would diverge in their spatial distribution of vBMD, structure and cortical bone
properties and that these patterns would be different for men and women. By using the data-
driven multi-parametric bone assessments mentioned above we will be able to perform a
bias-free identification and visualization of differences associated with incident hip fracture
throughout the proximal femur, in contrast with the conventional averaging of tissue features
over predefined regions of interest [4-8,17]. From the point of view of hip fracture treatment
and prevention, gender differences in these parametric maps between noncases and cases
might lead to differences in how to monitor bone or target bone strength interventions with a
focus on different spatial regions.

2. Methods

2.1. Study design and participants

Individuals were participants in the Age, Gene/Environment Susceptibility (AGES) -
Reykjavik Study, a single-center prospective population study of Icelandic men and women.
Design and recruitment have been previously described in detail [18]. Our analytical sample
included a final subcohort of 1047 noncase subjects and 334 incident hip fracture cases. A
complete description of the number of participants (supplemental Fig. 1), criteria for
inclusion in this case-cohort study, and assessments of covariates are reported in
Supplemental Data. Written informed consent was obtained from all participants, and the
study was approved by the Icelandic National Bioethics Committee (VSN: 00-063), the
Institutional Review Board of the Intramural Research Program of the National Institute of
Aging, and the participating Universities.

2.2. Image acquisition

Bilateral hip QCT images of all subjects were acquired at baseline before incidence of hip
fracture using a four-detector CT system (Sensation, Siemens Medical Systems, Erlangen,
Germany) and a solid QCT calibration phantom (Image Analysis, Inc., Columbia, KY, USA)
containing cells of 0, 75, and 150 mg/cm? equivalent concentrations of calcium
hydroxyapatite. The scans extended from 10mm superior to the superior aspect of the
femoral head to 5mm inferior to the inferior aspect of the lesser trochanter of the hips.
Images were reconstructed to an in-plane voxel size of 0.98 x 0.98 mm? and a slice
thickness of 1mm.

2.3. Image processing

QCT images were de-identified, and CT Hounsfield Units were converted to equivalent
concentrations of calcium hydroxyapatite using the calibration phantom. Images were then
processed using the automatic pipeline described by Carballido-Gamio et al. [19]. The
pipeline automatically segmented the left proximal femora and yielded voxel-based maps of
vBMD, and surface-based maps of cortical bone thickness, cortical vBMD, and
endotrabecular vBMD. The quality of the segmentations was visually assessed on a subject-
by-subject basis and manually corrected if necessary.
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Calibrated images were prepared for VBM as previously described [4]. Briefly, voxel-based
maps of vBMD were spatially normalized to a common femoral template based on affine
and nonlinear registrations of the segmented femora, thus bringing corresponding
anatomical regions across the population into alignment. Gaussian smoothing was then
applied to the spatially-normalized vBMD maps yielding them suitable for voxel-wise
comparisons with VBM.

To perform TBM, images were spatially normalized to the femoral template also using
affine and nonlinear registrations. However, as previously described by Carballido-Gamio et
al. [5], registrations were based on both femoral segmentations and actual gray-level values
within the proximal femur. The logs of the voxel-based representations of local contractions
and expansions (determinants of the Jacobian matrices of the deformations) that were
needed to match the structure of the template to that of each subject in the population were
then smoothed with a Gaussian filter before voxel-wise comparisons.

The VBM registrations were also used to spatially normalize the surface-based maps of
cortical bone properties to the triangulated surface of the femoral template. As with VBM
and TBM, maps of cortical bone thickness, cortical vBMD, and endotrabecular vBMD were
smoothed before vertex-wise comparisons with SPM.

2.4, Statistical analysis

2.4.1. Study population and compartmental vBMD and cortical bone
thickness—Mean + standard deviation (SD) or percentages for categorical variables were
used to summarize the characteristics of the participants, and comparisons between cases
and noncases within sex were assessed by the Mann-Whitney Utest for continuous variables
and by the chi-squared test for categorical data. The main effect of sex and fracture status,
and the combined effect of sex and fracture status (interaction term) on four integral vBMD
(cortical and trabecular) measures (total hip, head, neck and trochanter) and two measures of
cortical bone thickness (neck and trochanter) were evaluated using multivariate linear
regression. Age, height, weight, and use of bone-altering medications were included as
covariates. Estimated marginal means + standard errors (SE) were calculated using the
General Linear Model procedure. Significance testing was two-sided and based on a 5%
probability level. Statistical analyses were conducted using SPSS software, version 22.0
(IBM, USA).

2.4.2. VBM, TBM, and SPM—VBM, TBM, and SPM of cortical bone properties
followed a similar plan of statistical comparisons: 1) noncases vs. cases in men, 2) noncases
vs. cases in women, and 3) combined effect (interaction) of gender (men, women) and
fracture status (control, case). The aim of the first two analyses was the identification of
significant spatial differences in bone properties between noncases and cases within each
gender, while the aim of the third analysis was to investigate significant sex differences in
the spatial distribution of differences in bone properties between noncases and cases. For the
within gender comparisons, voxel/vertex-wise general linear models were evaluated where at
each voxel/vertex the bone feature (vBMD, structure, cortical bone thickness, cortical
vBMD, or endotrabecular vBMD) was used as the dependent variable, group membership
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(control or case) as the independent variable, and age, height, weight, use of bone
medications (yes or no) and the first 5 principal scores of shape [17,20] as covariates. In the
third analysis, voxel/vertex-wise general linear models were evaluated where at each voxel/
vertex the bone feature was used as the dependent variable, and the model included terms for
fracture status (control or case), age, height, weight, use of bone medications (yes or no), 5
principal scores of shape, sex (male or female), and sex * fracture status (interaction). False
discovery rate (FDR) [21] correction (q=0.05) was used to correct for multiple comparisons
in all analyses, and the femoral head was excluded from all surface-based analyses due to its
thin cortical bone. The voxel/vertex-wise general linear models enabled the generation of
Student's #test statistical maps of the proximal femur indicating the location, strength and
directionality of significant differences in bone properties for each statistical comparison in
this study.

3. Results

3.1. Characteristics of participants

The study population consisted of 1381 older adults, aged 66—92 years (mean age + SD;
77.0 + 5.6 years) and 57.6% were women. Hip fractures occurred in 100 men and 234
women during an average of 4.8 + 2.2 years of follow-up after the QCT measures were
obtained. Overall, fracture cases were older than noncases (79.6 £ 5.3 years vs. 76.1 £ 5.4
years) and had lower BMI than noncases (25.5 kg/m? vs. 27.1 kg/m?2). Similar use of bone-
altering medication was reported in both, cases and noncases, and also between male and
female participants (Table 1).

3.2. Compartmental analysis of vBMD and cortical bone thickness

3.3. VBM

Male participants (both noncases and cases) had significantly higher integral vBMD and
cortical thickness in all regions of interest (ROIls), except for femoral neck vBMD, compared
to females (Table 2). Fracture cases (men and women) had lower vBMD at all ROIs and
lower femoral neck cortical bone thickness compared to noncases. In addition to these
significant main effects, significant interactions between the effect of fracture status and the
effect of sex on all integral vBMD ROIs were observed; meaning that the effect of fracture
status (being a control or an incident case) on these bone parameters was different for men
than it was for women. For men, the difference between noncases and fracture cases was
more accentuated than in women; thus, the vBMD differences between male noncases and
female noncases were significantly larger than the differences between male cases and
female cases.

When examining the Student's #test statistical maps, which we will refer as T-maps, of the
voxel-wise vBMD comparisons (Fig. 1), large regions of significantly higher vBMD
(positive T-values) were evident for both male noncases and female noncases compared to
fracture cases. In men (Fig. 1a), the main regions were located at the femoral head, superior
and inferior aspects of the femoral neck, intertrochanteric region, and inferior regions of the
lesser trochanter. In women (Fig. 1b), differences were more evident in the superolateral
region of the femoral head, superior and inferior aspects of the femoral neck, and in the
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intertrochanteric region (yellow-red regions). Interactions between fracture status and sex
(Fig. 1c) were more evident at the femoral head, superior aspect of the femoral neck,
intertrochanteric region, and at a small patch in the inferior region of the lesser trochanter.
Significant regions in Fig. 1c consistently indicated larger vBMD differences between male
noncases and male cases than between female noncases and female cases (negative T-
values).

Four regions of mostly significant higher expansions of the template to match the cases
compared to the expansions needed to match the noncases (Fig. 2a—b; positive T-values; hot
colors) were evident for both men and women. These were located at the superolateral
region of the femoral head, trabecular bone compartment in the femoral neck, trabecular
bone compartment in the greater trochanter, and at the trabecular bone compartment in the
proximal shaft. The TBM T-maps maps of Fig. 2a—b also indicate several regions of mostly
significant higher contractions of the template to match the cases (negative T-values; cool
colors) across the principal compressive group, the inferior and superior aspects of the
femoral neck (cortical bone compartment), and at the proximal shaft (cortical bone); while
the TBM T-map of Fig. 2c shows significant regions for fracture status and sex interaction at
the femoral head, superiorly at the cortical bone in the femoral head-neck junction, at the
cortical bone in the superior aspect of the femoral neck, and at the trabecular bone
compartment in the trochanter and proximal shaft. Significant positive T-values in Fig. 2c
indicate that template contraction differences between cases and noncases were larger in
males than in females, while the significant negative T-values indicate that template
expansion differences between cases and noncases were larger in males than in females, i.e.
structural differences were larger between noncases and cases in men.

cortical vBMD

In general, Fig. 3a—b show cortical vBMD differences that were of greater magnitude for
males compared to females. Focal regions of higher magnitude differences were evident at
the anterior femoral head-neck junction and at the lateral aspect of the greater trochanter for
both men and women (red patches). The main findings from the T-maps in Fig. 3c—d were
the generalized significant differences in cortical vBMD between male noncases and fracture
cases (Fig. 3c), and the focal significant differences observed at the supero-anterior and -
posterior aspects of the femoral neck, lateral aspect of the greater trochanter, and at a region
medial and superior to the lesser trochanter between noncases and fracture cases in women
(Fig. 3d). The T-Map of the interaction term (fracture group by sex) showed generalized
differences, although more pronounced at the anterior femoral neck, and along the posterior
intertrochanteric crest towards the lesser trochanter (Fig. 3e). Significant regions in the T-
Map of Fig. 3e consistently indicated larger cortical vBMD differences between male
noncases and male cases than between female noncases and female cases (negative T-
values).

cortical bone thickness

A generalized thicker cortex across most of the proximal femur can be observed in both
control men (Fig. 4a) and control women (Fig. 4b) with respect to cases (positive values; hot
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colors). However, when examining the T-maps of Fig. 4c and d, only small patches with
significant cortical bone thickness differences between noncases and cases were evident in
both men and women. A common focal region of thicker cortical bone (positive T-values;
hot colors) was observed at the superoanterior aspect of the femoral neck in noncases
compared to fracture cases in both males and females. In addition, only in men, significant
focal differences were also evident at the inferoposterior region of the femoral neck and at a
region medial to the lesser trochanter. These focal regions also denoted thicker cortical bone
in noncases compared to fracture cases. There were no regions indicating a significant
interaction between fracture group and sex.

endotrabecular vBMD

Both endotrabecular vBMD difference maps and T-maps of Fig. 5 show in general similar
results for male (Fig. 5a and c¢) and female (Fig. 5b and d) comparison groups. The main
findings were two patches of significant higher endotrabecular vBMD located at the
superoanterior aspect of the femoral neck and towards the anterior part of the greater
trochanter in noncases compared to fracture cases, particularly in women. The T-map of the
interaction term (fracture status by sex; Fig. 5e) shows significant regions that were spread
across the proximal femur where endotrabecular vBMD differences between noncases and
cases were larger in men than in women (negative T-values).

3.8. Interaction of fracture group with sex

Although the interaction term maps of Figs 1c, 2c, 3e and 5e indicate that the differences in
bone properties are larger between noncases and cases in men than between noncases and
cases in women, they do not provide insight into differences in bone properties between
male noncases and female noncases, and more importantly between male cases and female
cases. Fig. 6 shows proximal femoral maps indicating the spatial distribution of the direction
of the significant differences in bone properties between male noncases and female
noncases, and between male cases and female cases for vBMD, structure, cortical vBMD,
and endotrabecular vBMD. Fig. 6a clearly indicates that in most of the significant
interactions yielded by VBM between fracture group and sex, male cases had significantly
higher vBMD than female cases (blue region), however, the principal compressive group and
sub-regions in the superior aspect of the femoral neck showed significantly higher vBMD in
female cases than in male cases (yellow and red regions). Regarding TBM (Fig. 6b), female
cases showed less favorable structure than male cases in the principal compressive group
(larger template contractions; magenta regions), while male cases showed less favorable
structure than female cases in a small cortical patch at the superior aspect of the femoral
neck (larger template contractions; blue regions). Female cases also showed less favorable
structure than male cases medially and laterally in the femoral head, at the trochanteric
region, and in the proximal shaft (larger template expansions; red regions). With respect to
cortical vBMD, in general, male cases showed higher cortical vBMD than female cases (Fig.
6¢; blue regions). Endotrabecular vBMD, on the other hand, showed a more complicated
pattern with large regions for both scenarios, male cases with higher endotrabecular vBMD
than female cases (blue regions), and female cases with higher endotrabecular vBMD than
male cases (yellow and red regions). The latter was mostly observed anteriorly and
posteriorly in the femoral neck region.
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4. Discussion

In this prospective case-cohort study of incident fracture, we used data-driven image
analysis techniques, to quantify spatial differences in baseline vBMD and structure (using
VBM and TBM, respectively), and cortical bone properties, including cortical vBMD,
cortical bone thickness and endotrabecular vBMD (using surface-based SPM analyses) of
the proximal femur of older men and women with and without incident hip fracture, and
spatially assess the interaction between fracture group and sex. Our principal findings were:
1) in both men and women, the femoral neck and the trochanteric regions were the most
associated with incident hip fracture; 2) in both men and women, the spatial differences in
bone features between noncases and incident hip fracture cases followed similar trends and
were generally located at similar regions, but were spatially heterogenous, i.e. of focal
nature; 3) differences in bone properties between noncases and cases were larger in men
than in women; and 4) differences in bone quality between male cases and female cases
were spatially heterogeneous. Thus, our results suggest that the effect of incident hip
fracture (having a high fracture risk compared to low risk - noncases) differed for men and
women, as shown in Table 2 and by the significant regions displayed in the color-coded
interaction maps for vBMD (VBM; Figs. 1c and 6a), structure (TBM; Figs. 2c and 6b),
cortical vBMD (surface-based SPM; Figs. 3e and 6¢) and endotrabecular vBMD (surface-
based SPM; Figs. 5e and 6d).

Our VBM analyses showed that (in both men and women) hip fracture was associated with a
global vBMD deficit, however, stronger significant differences between noncases and cases
were observed in the cortical bone at both the superior and inferior aspects of the femoral
neck, and in the trabecular bone at the intertrochanteric region (Fig. 1a-b), in line with
previous observations reported in women [4,6]. While some regions did not show interaction
between fracture group and sex, others showed greater vBMD differences between male
noncases and male cases than between female noncases and cases, specifically at the femoral
head. Similarly, our TBM analyses identified common regions of significant focal higher
expansions and contractions of the template (structural patterns) associated with incident hip
fracture in both male and female groups, and these regions were mostly consistent with
previous data reported only in women [5]. And as with VBM, the femoral head was the main
region showing larger structural differences between male cases and noncases compared to
female cases and noncases. Therefore, our analyses of spatial differences in vBMD (VBM)
and structure (TBM) suggest a potentially important role of sex particularly at the femoral
head, and to a lesser extent, at the superior aspect of the femoral neck and at the
intertrochanteric region (Figs. 1c and 2c).

Further, in agreement with VBM, there was a generalized deficit of cortical vBMD in both
male and female cases compared to noncases as displayed in the cortical vBMD difference
maps and corresponding T-maps of Fig. 3. Also consistent with VBM, these differences
were larger in men (Fig. 3a and c) than in women (Fig. 3b and d). However, significant focal
differences in cortical vBMD between noncases and incident hip fracture cases in both men
and women were identified in the superoanterior aspect of the femoral neck and laterally at
the greater trochanter. These results are, however, in contrast with those of the acute hip
fracture study of Yu et al. [8] where cortical vBMD differences between controls (n=50) and
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neck fracture cases (n=72), and between controls (n=50) and trochanteric fracture cases
(n=21) were basically inexistent in Chinese women. With respect to sex differences, the
interaction term map of Fig. 3e indicated that men showed higher significant differences in
cortical vBMD between noncases and cases than women in most of the regions of the
proximal femur except in the medial compartment. In terms of cortical bone thickness,
results were in partial agreement with those of the acute hip fracture study in women of
Poole et al. [7] where significant differences between controls and neck fracture cases were
observed in the superoanterior aspect of the femoral neck, and between controls and
trochanteric fracture cases in the lateral aspect of the greater trochanter (not observed here)
and in a small patch above the lesser trochanter. Interestingly, there were no vertices with a
significant interaction term of fracture group and sex after FDR correction in the whole
proximal femur for cortical bone thickness.

In parallel with cortical bone, the anatomic distribution of trabecular bone and subcortical
trabecular bone in the proximal femur are also key determinants of bone strength and
fracture risk [8,16,22,23]. In agreement with two recent works of Poole et al. [16] and Yu et
al. [8], in our study, incident hip fracture cases in both men and women had large focal
trabecular bone defects located within the superior neck (anterior and posterior aspects), and
within the anterior part of the intertrochanteric region compared with noncases. Also,
consistent with the endocortical trabecular density SPM analysis reported by Poole et al.
[16], in our study, the loaded inferior cortex was relatively protected from trabecular bone
loss (small T-values, particularly in women in Fig. 5).

The superior aspect of the femoral neck and the trochanteric region were the areas of the
proximal femur most consistently identified by our image-based computational anatomy
approaches (VBM, TBM, and SPM of cortical bone feature maps) as being associated with
incident hip fracture in both men and women. This finding suggests that the superoanterior
aspect of the femoral neck is an important region for close monitoring in patients with high
risk of fracture. Overall, the existent literature based on QCT images using different
analytical techniques has identified weaker bone structure (i.e. diminished vBMD and
cortical bone thickness) focally located at the superior region of the femoral neck to be
associated with both aging and hip fracture risk [4,6,7,16,17]. Indeed, the femoral neck has a
highly asymmetrical internal structure, with a thin cortical zone in the upper femoral neck
and a thicker inferior cortex [14], but the involvement of these geometrically opposed
locations is distinct, depending on loading conditions and direction. The sideways falls on
the greater trochanter impose the greatest compressive stresses and strains in the thin,
superolateral cortex of the femoral neck, while the lower tensile ones occur in the inferior
region [24-26]. Our in vivo findings agree with the age-related changes at the material level
(bone density and cortical thickness) that have been previously described using in vitro
models [27,28]; these changes are, in part, responsible for triggering hip fracture in a
sideways fall [14,24-26]. From a fracture prevention point of view, gaitrelated stimulus will
only lightly load (tensile stresses) the superolateral cortex, thus the possible protection
against hip fracture with walking-based exercise in old age [29] is not due to a direct
strengthening of this most vulnerable region of the hip. Therefore, some types of physical
activities can be effective in reducing hip fracture incidence mostly by indirect mechanisms
such as improving strength, gait, balance and mood, and lessen the occurrence of falls. With
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respect to the trochanteric region, the greater trochanter is the primary attachment site of the
gluteus medius and gluteus minimus (hip abductor muscles). Based on our findings, that
high fracture risk subjects display lower cortical and trabecular vBMD at the greater
trochanter, simple exercises designed to challenge those muscles, such as squat walks with
external resistance (elastic bands), or side leg raises, can be easily performed by older adults
to stimulate bone formation at that site, as no complex motor skills or high physical fitness
level are required. Thus, computational anatomy studies may help designing better and
specifically targeted exercise interventions to fragile populations.

Thus, the pathogenesis of bone fragility seems to involve mechanisms that can target
specific regions, but their extent varies by feature (thickness vs. density) or compartment
(cortical vs. trabecular). Key candidate mechanisms would include those involving locally
reduced mechanical loading and muscle contraction. Pharmacological approaches may
reduce osteoporotic hip fracture risk [30], and recent studies applying SPM techniques have
shown improvements in cortical thickness after therapy [9,10,31]. However, they are
typically limited to older adults with already signs of bone fragility. In this scenario, exercise
(when loading conditions are favorable) is the most appealing approach for optimizing and
maintaining bone health, particularly during growth and adulthood, as extensively
demonstrated by randomized control trials in diverse age groups [32-35]. Although based on
limited data, maximum isokinetic hip extension, and knee flexion exercises are suggested as
the most effective activities (because they induced the highest peak tensile strain) for
improving the proximal neck cortex [36,37]. Another study demonstrated that 12 months of
very brief (~3 min) hopping exercises performed seven days a week, may have some cortical
mass and endocortical trabecular density benefits on the superolateral aspect of the femoral
neck in older men [12]. Clearly, additional exercise intervention studies combining
musculoskeletal modeling with 3D imaging techniques are needed to quantify which
exercises induce the higher mechanoresponse at the most fracture prone regions.

Finally, while all the regions with a significant interaction of fracture group and sex showed
larger differences in bone properties between noncases and cases in men compared to
women, interestingly, differences in bone properties between male cases and female cases
were spatially heterogeneous, with male cases showing better and worse bone properties
than female cases throughout the proximal femur. Our results, therefore, show for the first
time, that men with high risk of hip fracture, display a much lower bone quality compared to
low-risk men, several years before the occurrence of a hip fracture. Further studies are then
needed to investigate if these changes are age-related or due to a different mechanism. On
the other hand, in women, these marked differences between low and high hip fracture risk
subjects, although present, are less evident compared to men, highlighting the difficulty to
reliably predict hip fracture in women.

This prospective case-cohort study has several important strengths. First, our study is the
largest computational anatomy study of the hip in older men and women conducted to date.
Second, QCT-scans were acquired at a single-center, and participants were imaged before
the occurrence of hip fractures, and cases and noncases are part of the same cohort, which
ensures their comparability. Finally, we applied VBM and TBM which incorporate both
trabecular and cortical bone for spatial assessments of vBMD and structure, respectively,
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and surface-based SPM for the spatial assessments of cortical bone properties, thus
providing a comprehensive assessment of the proximal femur associated with sex and hip
fracture risk. However, there are also some limitations in our study. First, hip fracture types
were not differentiated due to reduced statistical power to test differences between groups,
although marked phenotypic difference between the hips of patients sustaining femoral neck
or trochanteric hip fracture are expected [7,8]. Of note, no differences in the distribution of
type of fracture were found between men and women in the present study. Second, the
femoral head was excluded from our SPM analyses due to the thin cortical bone. And third,
our Caucasian with European ancestry cohort limits our ability to generalize our findings to
other non-Caucasian populations, however, the highest fracture rates are observed in white
women [38].

In conclusion, this study identified focal differences in bone properties associated with
incident hip fracture throughout the proximal femur which had an overall common location
in men and women. Thus, in both sexes, the pathogenesis of bone fragility (causing thinner,
less dense and more porous bones) leading to hip fracture might be characterized by focal
areas of bone defects. In addition, results also suggest that sex might play a significant role
in the relationship between spatial bone properties and fracture risk. This was demonstrated
by the combined effect of fracture group and sex, where men showed an accentuated
difference between noncases and cases compared to women. Importantly, these differences
in bone properties associated with incident hip fracture were detected in older men and
women, years before (4.8 + 2.2 years) the hip fracture participants experienced a hip
fracture. Thus, computational anatomy-based studies suggest that focal spatial differences in
bone properties might play a key role in determining fracture risk and might have important
clinical implications for fragility fracture prevention and treatment. Although CT
examinations have some relevant limitations such as the patient's exposure to ionizing
radiation, cannot assess bone microarchitecture, and is more expensive than DXA, the
usefulness of clinical CT imaging is increasing, and it may provide relevant surrogate
measures for future fracture risk detection. CT imaging and image processing using
computational anatomy approaches is a promising area of future research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

M?d-coronal cross-sections of the VBM T-maps of the voxel-wise vVBMD comparisons
between male noncases and hip fracture cases (A); between female noncases and hip
fracture cases (B); and the fracture status by sex interaction (C). Voxels were assigned
transparency according to their T-values with nonsignificant voxels being rendered fully
transparent.
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Fig. 2.
Mid-coronal cross-sections of the T-maps of TBM analyses showing local structural

differences on a voxel-by-voxel basis between male noncases and cases (A); between female
noncases and cases (B); and the fracture status by sex interaction (C). As in Fig. 1, voxels
were also assigned transparency according to their T-values with nonsignificant voxels being
rendered fully transparent.
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Color-coded maps of A) cortical vBMD differences between male noncases and cases, B)
cortical vBMD differences between female noncases and cases, C) T-map of significant
cortical vBMD differences in men, D) T-map of significant cortical vBMD differences in
women, and E) T-map of significant interaction between fracture status and sex. The white
color in the T-maps of panels C-E indicates nonsignificant vertices. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 4.

Color-coded maps of A) cortical thickness differences between male noncases and cases, B)
cortical thickness differences between female noncases and cases, C) T-map of significant

cortical thickness differences in men, and D) T-map of significant cortical thickness

differences in women. The white color in the T-maps of panels C-D indicates nonsignificant
differences. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Color-coded maps of A) endotrabecular vBMD differences between male noncases and
cases, B) endotrabecular vBMD differences between female noncases and cases, C) T-map
of significant endotrabecular vBMD differences in men, D) T-map of significant
endotrabecular vBMD differences in women, and E) T-map of significant interaction
between fracture status and sex. The white color in the T-maps of panels C-E indicates
nonsignificant vertices. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Male Controls > Female Controls
Male Cases > Female Cases

(Male Controls - Female Controls) >
(Male Cases — Female Cases)

Male Controls > Female Controls
Male Cases < Female Cases

(Male Controls — Female Controls) >
(Male Cases - Female Cases)

Male Controls < Female Controls
Male Cases < Female Cases

(Male Controls — Female Controls) >
(Male Cases — Female Cases)

Male Controls < Female Controls
Male Cases < Female Cases

(Male Controls — Female Controls) >
(Male Cases - Female Cases)

Male Controls < Female Controls
Male Cases > Female Cases

(Male Controls — Female Controls) >
(Male Cases — Female Cases)

Male Controls < Female Controls
Male Cases < Female Cases

(Male Controls — Female Controls) >
(Male Cases — Female Cases)

Femoral maps showing the direction of differences in bone properties between male
noncases and female noncases, and between male cases and female cases for the different
regions showing a significant interaction between fracture group and sex in: A) VBM of
vBMD (mid-coronal cross-section; Fig. 1C), B) TBM (mid-coronal cross-section; Fig. 2C),
C) SPM of cortical vBMD (Fig. 3E), and D) SPM of endotrabecular vBMD (Fig. 5E). The
color-bar to interpret Figs. A, C and D is shown in E, while the color-bar to interpret B is
shown in F. Patterns in the cyan, green and yellow regions in B were not explained due to
their reduced size and for the sake of clarity. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Baseline characteristics of hip fracture cases and noncases by sex.
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Variables Males Females p-VaIue*
Noncases (n=485) Cases(n=100) p-Value Noncases(n=562) Cases(n=234) p-Value

Mean + SD

Age, years 76.3+54 80.3+£5.4 <0.001 76.0+54 79.4+5.2 <0.001 0.85

Height, cm 175.5+6.0 1744 6.9 0.10 161.2+55 159.8 +5.8 0.001 <0.001

Weight, kg 82.8+13.6 789+ 14.4 0.008 71.2+12.6 64.8 +12.9 <0.001 <0.001

BMI, kg/m? 26.8+3.8 259+42 0.041 2714+ 46 25.3+4.6 <0.001 0.65

% (n)

Bone-altering medications ~ 28.7 (139) 23.0 (23) 0.27 51.2 (288) 479 (112) 0.39 <0.001

BMI=body mass index.

*
p values for the differences between males and females.
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Compartmental analysis of integral vBMD and cortical thickness.

Table 2
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ROl  Men Women p-Value(sex) p-Value(FS) p-Value (Int)
Noncases (n=485) Cases(n=100) Noncases (n=562) Cases(n=234)

Integral vBMD (mg/cmd)

TH 252.1+2.6 2094 + 4.8[] 295.6 + 228 2045 + 3.217 <0.001 <0.001 <0.001

FH 233.8+2.6 1910 + 4_7b 2042 +998 186.9 + 3_117 <0.001 <0.001 <0.001

FN 279.6 £3.3 2982 + 5'917 2697 + 2.8a 241.2 + 4.017 0.76 <0.001 0.002

TR 259.7+2.9 218.6 + 5.217 231.7+25% 209.2 + 3‘517 <0.001 <0.001 0.004

Cortical thickness (mm)

FN 1.99+0.01 1.90 £ 0.03 2.07 £0.01 2.01+£0.02 <0.001 <0.001 0.31

TR 2.25+0.01 2.23+0.02 2.18 £0.01 2.18£0.01 <0.001 0.29 0.25

FH=femoral head, FN=femoral neck, FS=fracture status, Int=interaction, ROl=region of interest, TH=total hip, TR=trochanter; values are given as
estimated marginal means + SE adjusted by age, height, weight and bone-altering medications; adjustment for multiple comparisons — Bonferroni;
covariates appearing in the model are evaluated at the following values: age=76.9783, height=166.9449, weight=74.7279, BMD-altering

medications=0.4070.

a.. .. .
Significant differences between male and female noncases.

b, .. .
Significant differences between noncases and cases.
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