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ABSTRACT
Femoral neck areal bonemineral density (FN aBMD) is a key determinant of fracture risk in older adults; however, the majority of indi-
viduals who have a hip fracture are not considered osteoporotic according to their FN aBMD. This study uses novel tools to investigate
the characteristics of bone microarchitecture that underpin bone fragility. Recent hip fracture patients (n = 108, 77% female) were
compared with sex- and age-matched controls (n = 216) using high-resolution peripheral quantitative computed tomography
(HR-pQCT) imaging of the distal radius and tibia. Standard morphological analysis of bone microarchitecture, micro-finite element
analysis, and recently developed techniques to identify void spaces in bone microarchitecture were performed to evaluate differ-
ences between hip fracture patients and controls. In addition, a new approach for phenotyping bone microarchitecture was imple-
mented to evaluate whether hip fractures in males and females occur more often in certain bone phenotypes. Overall, hip fracture
patients had notable deterioration of bone microarchitecture and reduced bone mineral density compared with controls, especially
at weight-bearing sites (tibia and femoral neck). Hip fracture patients were more likely to have void spaces present at either site and
had void spaces that were two to four times larger on average when compared with non-fractured controls (p < 0.01). Finally, bone
phenotyping revealed that hip fractures were significantly associated with the low density phenotype (p < 0.01), with the majority of
patients classified in this phenotype (69%). However, female andmale hip fracture populations were distributed differently across the
bone phenotype continuum. These findings highlight how HR-pQCT can provide insight into the underlying mechanisms of bone
fragility by using information about bone phenotypes and identification of microarchitectural defects (void spaces). The added infor-
mation suggests that HR-pQCT can have a beneficial role in assessing the severity of structural deterioration in bone that is associated
with osteoporotic hip fractures. © 2022 The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals LLC on
behalf of American Society for Bone and Mineral Research (ASBMR).
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Introduction

Hip fractures have a devastating impact on patients. The
quality of life after a hip fracture is often greatly

reduced,(1-3) and approximately one-quarter of patients die
within a year.(4,5) In addition, hip fractures place a disproportion-
ate burden on health care systems as they account for nearly half
of all acute-care costs related to osteoporosis.(6) Defined as a
major osteoporotic fracture, hip fractures are a result of
advanced decline in bone strength, but identifying who is at risk
remains a challenge. Current clinical diagnosis of osteoporosis

typically relies on femoral neck areal bone mineral density (FN
aBMD) measured using dual-energy X-ray absorptiometry
(DXA), where individuals with a FN aBMD ≤2.5 standard devia-
tions (SD) below a young female reference population are con-
sidered osteoporotic.(7) However, the majority of individuals
who suffer hip fractures do not have a FN aBMD below this diag-
nostic threshold.(8-10) The suboptimal sensitivity of FN aBMD has
led to the development of clinical tools, such as the Fracture Risk
Assessment Tool (FRAX), that use clinical risk factors to account
for information about bone health that is not captured by FN
aBMD.(11,12) However, clinical risk factors are indirect approach
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to capturing bone quality, so even with tools like FRAX, stratifica-
tion of fracture risk remains a challenge.

High-resolution peripheral quantitative computed tomogra-
phy (HR-pQCT) is a promising alternative to identify individuals
at risk of fracture by providing information about volumetric
bone mineral density (BMD), microarchitecture, and biomechan-
ical properties.(13,14) A recent meta-analysis and a prospective
multicenter study have established a strong relationship
between outcome measures of bone properties obtained from
HR-pQCT with fragility fracture risk.(15,16) However, in these ana-
lyses, fracture sites were pooled and the proportion of hip frac-
ture patients was relatively small, limiting the ability to identify
bone characteristics intrinsic to hip fracture risk, a primary out-
come of interest when determining whether clinical intervention
is appropriate. Previous studies using HR-pQCT to investigate
bone microarchitecture in hip fracture patients independent of
other fracture types have been limited in sample size (n = 24–
62) and only included females.(17-19) In addition, recent advances
in image resolution available with the second-generation HR-
pQCT,(20) alongside newly introduced analytical techniques of
void space analysis(21) and bone phenotyping,(22) present a
unique opportunity to investigate bone characteristics of osteo-
porosis to improve identifying people at high risk of hip fracture.

The objective of this study was to determine the characteris-
tics of bone microarchitecture that underpin fragility by investi-
gating differences between patients with a recent hip fracture
and healthy controls. The association between hip fracture status
with bone phenotype, void spaces, and conventional morpho-
logical bone properties was assessed.

Materials and Methods

Participants

Females and males with a recent hip fragility fracture were
recruited through the Fracture Liaison Services (FLS) program
in Calgary, Canada, between June 2017 and February 2021. Par-
ticipants were screened within 1 week of their fracture by an
FLS nurse. Hip fracture patients were eligible if they were aged
55 years or older, at least 5 years post-menopause in the case
of females, and had sustained the fracture due to a low-energy
fall from 5 feet or less. Fractures were not included if they were
pathologic, atypical, peri-prosthetic, or if the patient had already
experienced any prior hip fracture. Patients were also ineligible if
they had an active malignancy, primary hyperparathyroidism,
Paget’s disease, renal disease, or were being treated with stron-
tium ranelate. Finally, patients were screened for factors that
were not directly related to bone health but would impact their
ability to participate in the study, including dementia or other
cognitive impairments, declining health, immobility, movement
disorders, travel distance, and prior fractures or surgical history
that would limit the ability to acquire medical imaging. Eligible
patients were invited to participate, and study visits were sched-
uled within 6 months of the fracture date.

A subset of participants from a previously reported popula-
tion-based normative cohort were used as controls.(23) The nor-
mative population consists of 1236 adults between the ages of
18 and 95 years old and was recruited from the general popula-
tion through posters, social media promotion, and snowball
recruiting. Participants from the normative cohort who met the
same health screening criteria as hip fracture patients were iden-
tified and controls were selected using random sampling, strati-
fied by sex and age, to obtain a 1:2 case/control ratio.

All participants provided written informed consent before
involvement in the study, and study approval was obtained from
the Conjoint Health Research Ethics Board at the University of
Calgary (REB16-1606).

Anthropometric measurements and study visit
questionnaires

Participants had their height and weight measured to the near-
est 0.1 cm and 0.1 kg, respectively. Participant health history,
medication use, and fracture history were captured using
detailed questionnaires. Hip fracture patients completed an
additional questionnaire providing the cause of their hip frac-
ture, and pre- and post-fracture mobility score on a scale from
0 (no restrictions in walking or need of walking aid) to 9 (bed-
bound) to capture changes in mobility due to the fracture.(24)

Medical imaging

Femoral neck aBMD was measured using iDXA (GE Lunar Holo-
gic, GE Healthcare, Madison, WI, USA; encore v16). The left femo-
ral neck of controls was scanned, and in the case of patients with
a left hip fracture, the non-fractured side was used.

Participants were scanned at the distal radius and tibia using
second-generation HR-pQCT (XtremeCT II, Scanco Medical AG,
Brütisellen, Switzerland) following the standard in
vivo protocol.(20,25) The non-dominant radius and left tibia were
scanned for all control participants. In the case of hip fracture
patients, the non-dominant radius was comparably scanned;
however, the tibia on the hip fracture side was selected, in align-
ment with previously reported protocol.(19) If there was prior
fracture, surgery, or implant at the HR-pQCT scan site, the contra-
lateral side was scanned. A subset of hip fracture patients were
additionally scanned at the tibia on the non-fracture side to
determine if asymmetrical bone loss occurs due to unloading
of the fracture side during recovery. The scan reference line
was placed at the endplate of the distal radius or tibia, and scan
acquisition began at a fixed-offset proximal from the reference
line of 9.5 and 22.5 mm, for the radius and tibia, respectively.
Each scan consisted of 168 slices (10.2 mm) with a nominal iso-
tropic resolution of 61 μm. Scans were graded for motion arti-
facts from a scale of 1 (no motion) to 5 (significant blurring and
discontinuities), and scores of 4 or higher were excluded from
analysis.(26)

HR-pQCT analysis

Image analysis followed the manufacturer’s standard patient
evaluation protocol.(20,25) The periosteal and endocortical con-
tours were automatically generated using a dual-threshold tech-
nique.(27) Contours were inspected and manually corrected
where necessary, following previously reported recommenda-
tions,(28) and the resulting BMD and morphological parameters
were obtained: volumetric BMD of the total, cortical, and trabec-
ular regions (Tt.BMD, Ct.BMD, and Tb.BMD, respectively); mean
total, cortical, and trabecular cross-sectional areas (Tt.Ar, Ct.Ar,
and Tb.Ar, respectively); trabecular bone volume fraction (Tb.
BV/TV), thickness (Tb.Th), separation (Tb.Sp), number (Tb.N),
and inhomogeneity (Tb.1/N.SD); and cortical thickness (Ct.Th)
and porosity (Ct.Po). Void space analysis was performed on all
HR-pQCT images in the trabecular bone network using a fully
automated protocol(21) to determine void space-to-total volume
ratio (VS/TV).

Journal of Bone and Mineral Researchn 1964 WHITTIER ET AL.



Failure load was estimated using linear micro-finite element
(μFE) analysis on the segmented HR-pQCT images. A tissue mod-
ulus of 8748 GPa and Poisson ratio of 0.3 were used, and a linear
axial compression test with 1% compressive strain was
applied.(29) Failure load was estimated using the yield criterion
of 2% critical volume and 0.7% critical strain,(30) and μFE models
were solved using a conjugate gradient approach with a conver-
gence criteria of 1 � 10�6 (FAIM v8.0, Numerics88 Solutions Ltd,

Calgary, Canada) on the University of Calgary’s High Perfor-
mance Computing cluster.

Bone phenotyping

The bone microarchitecture phenotypes of all participants were
estimated using a clustering model we recently established with
the BoneMicroarchitecture International Consortium (BoMIC).(22)

Fig. 1. Hip fracture patient eligibility and screening summary.

Table 1. Descriptive Statistics of Hip Fracture Patients and Matched Controls

Hip fractures (n = 108) Controls (n = 216) Adjusted p valuea

Age (years) 72.7 � 8.7 72.1 � 8.3 1.00
Sex (female, %) 83 (77%) 166 (77%) 1.00
Ethnicity (White, %) 101 (93.5%) 203 (94.0%) 1.00
Height (cm) 164.5 � 9.0 163.9 � 8.4 1.00
Weight (kg) 69.1 � 15.6 73.4 � 14.4 0.20
Prior fragility fracture (yes, %) 41 (38%) 49 (23%) 0.10
Osteoporosis medication >6 months (yes, %) 24 (22%) 26 (12%) 0.31

Continuous variables are presented as mean � standard deviation, and categorical variables as frequency and ratio (%).
aThe p values were adjusted for multiple comparisons using the Holm-Bonferroni method.
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The algorithm was developed using bone parameters obtained
on the first-generation HR-pQCT (XtremeCT, Scanco Medical),
so consequently the second-generation data from this study
could not be directly input. To account for differences between

first- and second-generation HR-pQCT systems, all HR-pQCT
scans from hip fracture and control scans were cropped to 110
slices and downscaled from 61 μm to 82 μm to match the equiv-
alent scan region and resolution obtained by first-generation HR-

Table 2. Summary of Bone Parameters of the Fracture and Control Group

Hip fractures Controls Difference Adjusted p valuea

DXA n = 106 n = 200
Femoral neck areal BMD (g/cm2) 0.74 � 0.09 0.88 � 0.14 -16% <0.01
Normal BMD: T-score > �1.0 (yes, %) 7 (7%) 78 (39%) - <0.01
Low bone mass: �2.5 < T-score < �1.0 (yes, %) 66 (62%) 107 (54%) - 1.00
Osteoporotic: T-score < �2.5 (yes, %) 33 (31%) 15 (8%) - <0.01
HR-pQCT—Multi-site parameters n = 100 n = 209
Low density phenotype (yes, %) 69 (69%) 84 (40%) - <0.01
Low volume phenotype (yes, %) 14 (14%) 64 (31%) - 0.33
Healthy bone phenotype (yes, %) 17 (17%) 60 (29%) - 0.03
Low density phenotype membership 0.47 � 0.16 0.36 � 0.19 31% <0.01
Low volume phenotype membership 0.31 � 0.10 0.35 � 0.14 �11% 0.74
Healthy bone phenotype membership 0.22 � 0.16 0.29 � 0.21 �25% 0.54
Void space at both sites (yes, %) 48 (48%) 48 (24%) - <0.01
HR-pQCT—Radius n = 102 n = 209
Void space present (yes, %) 61 (60%) 82 (39%) - 0.01
VS/TV (%) 6.8 � 9.8 2.4 � 5.8 183% <0.01
Tt.BMD (mg HA/cm3) 244.8 � 60.1 282.8 � 65.8 �13% <0.01
Ct.BMD (mg HA/cm3) 806.9 � 80.4 844 � 74.0 �4% <0.01
Tb.BMD (mg HA/cm3) 112.3 � 44.1 137.3 � 43.6 �18% <0.01
Tb.BV/TV(%) 15.7 � 5.5 19.1 � 5.9 �18% <0.01
Tb.N (mm�1) 1.083 � 0.330 1.264 � 0.27 �14% <0.01
Tb.Th (mm) 0.226 � 0.018 0.228 � 0.015 �1% 0.74
Tb.Sp (mm) 1.051 � 0.517 0.829 � 0.378 27% <0.01
Tb.1/N.SD (mm) 0.572 � 0.497 0.378 � 0.364 51% <0.01
Ct.Th (mm) 0.922 � 0.198 0.988 � 0.219 �7% 0.13
Ct.Po (%) 1.5 � 0.9 1.4 � 0.1 6% 1.00
Tt.Ar (mm2) 284.9 � 72.7 276.9 � 66.1 3% 1.00
Ct.Ar (mm2) 55.0 � 14.4 57.6 � 16.2 �4% 1.00
Tb.Ar (mm2) 233.7 � 65.6 223.0 � 58.0 5% 1.00
Failure load (N) 2259 � 703 2668 � 984 �15% 0.02
HR-pQCT—Tibia n = 106 n = 216
Void space present (yes, %) 73 (69%) 100 (46%) - <0.01
VS/TV (%) 5.5 � 7.9 1.4 � 3.0 293% <0.01
Tt.BMD (mg HA/cm3) 209.5 � 54.8 270.7 � 59.0 �23% <0.01
Ct.BMD (mg HA/cm3) 698.2 � 88.4 794 � 87.4 �12% <0.01
Tb.BMD (mg HA/cm3) 122.8 � 44.9 159.2 � 40.7 �23% <0.01
Tb.BV/TV (%) 18.5 � 5.7 23.4 � 5.4 �21% <0.01
Tb.N (mm�1) 1.085 � 0.31 1.267 � 0.224 �14% <0.01
Tb.Th (mm) 0.245 � 0.019 0.258 � 0.024 �5% <0.01
Tb.Sp (mm) 1.066 � 0.683 0.798 � 0.182 34% <0.01
Tb.1/N.SD (mm) 0.633 � 0.795 0.350 � 0.185 81% <0.01
Ct.Th (mm) 1.262 � 0.329 1.402 � 0.323 �10% <0.01
Ct.Po (%) 4.5 � 1.9 3.8 � 1.9 18% 0.02
Tt.Ar (mm2) 742.6 � 139.4 709.6 � 141.0 5% 0.49
Ct.Ar (mm2) 113.1 � 30.9 123.9 � 33.2 �9% 0.16
Tb.Ar (mm2) 635.0 � 132.5 591.1 � 131.2 7% 0.07
Failure load (N) 5697 � 1879 7536 � 2319 �24% <0.01

DXA = dual-energy X-ray absorptiometry; BMD = bone mineral density; VS/TV = void space-to-total volume ratio; Tt.BMD = total BMD; Ct.
BMD = cortical BMD; Tb.BMD = trabecular BMD; Tb.BV/TV = trabecular bone volume fraction; Tb.N = trabecular number; Tb.Th = trabecular thickness;
Tb.Sp = trabecular separation; Tb.1/N.SD = trabecular inhomogeneity; Ct.Th = cortical thickness; Ct.Po = cortical porosity; Tt.Ar = total cross-sectional
area; Ct.Ar = cortical cross-sectional area; Tb.Ar = trabecular cross-sectional area.
Continuous variables are in mean � standard deviation, and categorical in frequency and ratio (%). Differences are relative to the control group, and

significant differences are bolded.
aThe p values were adjusted for multiple comparisons using the Holm-Bonferroni method.
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pQCT (specifications provided in Supplemental Table S1 and
Supplemental Fig. S1). The standard analysis for first-generation
HR-pQCT was performed on the downscaled images, and using
the previously developed phenotyping algorithm,(22) each par-
ticipant was assigned a membership strength from 0 (no associ-
ation) to 1 (complete association) with each of the three bone
microarchitecture phenotypes, termed low density, low volume,
and healthy bone phenotypes. Participants were classified into
the phenotype with which they had the highest membership
strength.

Statistical analysis

Descriptive statistics were reported using mean and standard
deviations (SD). Differences between hip fracture and control

groups for continuous parameters were compared using inde-
pendent t test or Wilcoxon rank sum test depending on the data
distribution, and differences in categorical parameters were
assessed using the Fisher exact test. Bilateral comparisons of
HR-pQCT tibia parameters were tested for significance using
paired-samples t tests or Wilcoxon signed-rank test depending
on the data distribution. Correlation between the change in hip
fracture patients’mobility score pre- and post-fracture with bilat-
eral differences in HR-pQCT parameters was tested using a Ken-
dall’s rank correlation test. All descriptive statistics and bilateral
comparisons were adjusted for multiple comparisons using the
Holm-Bonferroni method.

Logistic regression analysis was performed to estimate the
association between fracture status and individual HR-pQCT
bone parameters. The odds ratios (OR) with 95% confidence

Fig. 2. Three-dimensional segmentations of representative tibia and radius HR-pQCT scans of hip fracture patients and healthy controls, with participant
age and phenotype classification provided for each example. The cortical bone is colored in gray and trabecular bone colored in green.
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intervals (CI) were computed per 20-percentile point change in
age- and sex-specific percentile values of HR-pQCT parame-
ters.(23) The ORs were additionally tested with adjustment for
FN aBMD. The scaling of ORs to per 20-percentile change was
selected, rather than reporting in per SD (the conventional
approach), as this is a more appropriate method to standardize

ORs across HR-pQCT parameters, and allows for direct com-
parison of results in future studies that use the same percentile
scale. Age- and sex-specific percentiles are not available for
VS/TV, so ORs were scaled to per 3 percentage-point increase
in VS/TV, which is approximately equivalent to 1 SD change in
tibia VS/TV for this population. All statistical analysis was

Fig. 3. Distribution of hip fractures (red, left) and controls (black, right) across bone microarchitecture phenotypes. The bone phenotype spectrum is
shown as the area in light grey, and white topography lines indicating the typical population distribution across phenotypes. The focal points of the
low density (LD), low volume (LV), and healthy bone phenotype regions are annotated in the top left panel. The red and black topography profiles indicate
the density distribution of hip fracture and control subjects, respectively, across the phenotypes.

Journal of Bone and Mineral Researchn 1968 WHITTIER ET AL.



performed in R (v4.0.2) and significance was set to p < 0.05 for all
statistical tests.

Results

Participant characteristics

A total of 108 hip fracture patients (77% female) with a mean age
of 72.7 � 8.7 years were enrolled in the study. Of the patients
screened through the FLS program, 1986 eligible hip fractures
occurred (Fig. 1). The primary reason for exclusion of patients
with eligible fractures was due to declining physical or cognitive
health (n = 845, 43%). The mean time between the hip fracture
event and study visit was 19.2 � 6.2 weeks. Descriptive charac-
teristics of hip fracture patients and controls are summarized in
Table 1. The two groups did not differ significantly in terms of
ethnicity, height, weight, prior fracture history, or current use of
osteoporosis medications.

Bilateral differences in hip fracture patients

Bilateral HR-pQCT tibia scans obtained from a subset of hip frac-
ture patients (n = 65) showed that side-to-side differences were
not significant for all parameters except Tt.BMD, Ct.BMD, Ct.Ar,
and failure load, and bilateral differences for these parameters
were small (3% to 6%) and four to six times lower in magnitude

than differences observed between groups (Supplemental
Fig. S2, Supplemental Table S3). Among hip fracture patients,
the median and interquartile range (IQR) of mobility scores
post-fracture was 2.0 (IQR: 1.0–3.0) at the time of study visit,
indicative of occasional use of a walking aid for most patients.
In addition, there were no significant correlations between a
patient’s change in mobility score pre- to post-fracture and bilat-
eral differences in bone parameters at the tibias (Supplemental
Table S2).

Bone microarchitecture and phenotypes

Groupwise comparisons between hip fracture patients and con-
trols for all bone-related parameters are presented in Table 2,
and sex-stratified differences are provided in Supplemental
Tables S3 and S4. Only 31% of hip fracture patients had a FN
aBMD in the osteoporotic range (T-score ≤ �2.5), and the major-
ity (62%) were classified as having low bone mass (�2.5 < T-
score < �1.0). The frequency of people with hip fractures classi-
fied in the low bonemass range and controls did not differ signif-
icantly, but on average hip fracture patients had 16% lower FN
aBMD than controls (p < 0.01).

All HR-pQCT parameters were significantly different between
hip fractures and controls, with the exception of cross-sectional
areas at both skeletal sites and Tb.Th, Ct.Th, and Ct.Po at the
radius. The magnitude of differences between groups was

Fig. 4. Odds ratios and 95% confidence intervals (CI) between hip fracture and individual HR-pQCT parameters. All parameters are per 20-percentile
decrease, except Tb.Sp, Tb.1/N.SD, and Ct.Po, which are per 20-percentile increase, and VS/TV, which is per 3 percentage-point increase. VS/TV = void
space-to-total volume ratio; Tt.BMD = total BMD; Ct.BMD = cortical BMD; Tb.BMD = trabecular BMD; Tb.BV/TV = trabecular bone volume fraction; Tb.
N = trabecular number; Tb.Th = trabecular thickness; Tb.Sp = trabecular separation; Tb.1/N.SD = trabecular inhomogeneity; Ct.Th = cortical thickness;
Ct.Po = cortical porosity; Tt.Ar = total cross-sectional area; Ct.Ar = cortical cross-sectional area; Tb.Ar = trabecular cross-sectional area.
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higher at the tibia than the radius for all parameters (Table 2). The
largest groupwise differences were observed in VS/TV at the tibia
and radius, where void spaces were two to four times larger on
average in hip fracture patients than controls. In addition, hip
fracture patients were significantly more likely to have void
spaces at both HR-pQCT scan sites (Fig. 2).

In terms of phenotypic characteristics, hip fracture patients
were predominantly associated with the low density phenotype
(Fig. 3A, Table 2), with a significantly higher proportion of hip
fracture patients (69%) classified in the low density phenotype
relative to controls (40%). When stratified by sex, distributions
across phenotypes differed; nearly all female hip fracture
patients (78%) were classified in the low density phenotype
(Fig. 3B, Supplemental Table S4), whereas the majority of males
with hip fractures (64%) were classified in the healthy bone phe-
notype (Supplemental Table S5). However, when phenotypes are
treated as continuous parameters (ie, using membership
strengths), males with hip fractures had a significantly
(p < 0.01) higher membership strength to the low density pheno-
type (0.31 � 0.16) when compared with controls (0.19 � 0.12).
This highlights that even if male hip fracture patients are classi-
fied categorically to be in the healthy bone phenotype, their
bone characteristics appear to shift toward the low density group
(Fig. 3C).

Bone properties and fracture association

The logistic regression models, reported as sex- and age-
adjusted ORs, showed that all HR-pQCT parameters were signifi-
cantly associated with fracture risk, with the exception of cross-
sectional areas at the radius and Ct.Po at the radius (Fig. 4, Sup-
plemental Table S5). The ORs for decline in BMD and microarch-
itecture parameters were higher at the tibia (OR = 1.33–2.47)
than the radius (OR = 1.18–1.62), indicating a stronger associa-
tion between hip fracture risk and tibia bone characteristics. Con-
versely, ORs for cross-sectional areas at the tibia showed that a
decrease in Tt.Ar and Tb.Ar was associated with a lower hip frac-
ture risk (OR = 0.79 and 0.74). After adjustment for FN aBMD, all
ORs at the radius were no longer associated with hip fracture, but
at the tibia most parameters remained significantly associated,
including BMD parameters, Tb.BV/TV, Tb.Th, Ct.Po, Tt.Ar, Tb.Ar,
failure load, and VS/TV. Although the trabecular bonemicroarch-
itecture parameters capturing structural bone quality (Tb.Sp, Tb.
N, and Tb.1/N.SD) at the tibia were no longer significant after
adjustment, VS/TV remained significantly associated with
fracture.

Discussion

In this case-control study, we found that hip fracture patients
had notable deterioration of bone microarchitecture and loss
of BMD compared with healthy controls, especially at weight-
bearing sites (tibia and femoral neck). Void spaces were more
prevalent in hip fracture patients and were notably larger in size
when compared with controls, especially at the tibia. Phenotypic
analysis revealed that hip fracture patients were significantly
associatedwith the low density bone phenotypewhen compared
with controls. However, female and male hip fracture patients
had distinctly different distributions across the bone pheno-
types, indicating that sex-specific metrics or thresholds may be
more effective for assessing patient-specific fracture risk. For
instance, the male hip fracture patients were predominantly
found in the healthy bone phenotype when discrete

classifications were considered, but male hip fracture patients
had significantly higher association to the low density phenotype
when compared with sex- and age-matched controls. The term
“healthy bone” phenotype was chosen because of the above-
average characteristics in bone properties observed for this
group but should not be interpreted as all-encompassing in
terms of bone health or fracture risk. The bone phenotypes are
based on information captured by standard HR-pQCT measures,
which provides extensive information on bone characteristics
but is not exhaustive in capturing all attributes that determine
bone health, such as the manifestation of void spaces (a new
HR-pQCT measure), or tissue-level organization of the extracellu-
lar matrix. Although phenotyping may not capture exhaustive
information about bone health, the OR analysis reinforced the
insight gained with bone phenotyping, revealing that BMD
parameters (primarily Tt.BMD and Ct.BMD at the tibia), which
were previously identified as imaging biomarkers of fracture for
the low density phenotype,(22) were of highest importance in dif-
ferentiating hip fractures from controls. These findings suggest
that the combination of bone characteristics associated with
the low density phenotype predispose an individual to higher risk
of hip fracture, and thus stratifying the population based on
bone phenotypes alongside using phenotype-specific imaging
biomarkers could be incorporated into future fracture prediction
models to improve patient-specific assessment of fracture risk.

A strength of this work is the large sample size of patients with
hip fractures that includes both male and female participants.
Our groupwise differences and ORs were comparable to the
reported findings in previous studies investigating female hip
fracture populations,(17-19) and our current analysis adds assess-
ment of μFE analysis, void space analysis, and bone phenotyping.
In comparison to prior meta-analysis and prospective studies
investigating fragility fracture risk (with skeletal sites pooled
together), the overall trend of reduced BMD and deterioration
of bone microarchitecture observed in fracture populations is
consistent.(15,16) However, the association of certain parameters,
such as Ct.Th, cross-sectional areas, and relative importance of
the radius versus tibia in predicting fracture has been conflicting
across several studies.(13,31-34) We expect this is a result of distinct
patterns of bone characteristics, or bone phenotypes, that pre-
dispose individuals to higher risk of certain types of fracture.
For example, in this study, larger Tt.Ar and Tb.Ar were associated
with increased fracture risk, even after adjustment for FN aBMD.
This may be a counterintuitive outcome, as higher cross-sec-
tional areas typically correlate with higher bone strength, theo-
retically leading to lower fracture risk. The large prospective
BoMIC study found that lower cross-sectional area was associ-
ated with higher fracture risk when all fracture sites are consid-
ered,(16) whereas the study by Zhu and colleagues found that a
larger cross-sectional area is associated with increased hip frac-
ture risk in females.(17) These contradictions can be elucidated
when presented in the context of bone phenotypes.(22) The low
volume phenotype has notably smaller cross-sectional area but
thicker and denser cortical bone. In contrast, the low density phe-
notype has a larger cross-sectional area comparable to the
healthy bone phenotype but with reduced overall BMD and thin-
ner cortices. Both the low volume and low density phenotypes
have higher risk of fracture when any site is considered, but in
the present study, only the low density phenotype was associ-
ated with hip fracture risk, resulting in a positive correlation
between cross-sectional area and fracture. The reason for the dif-
ferences in fracture risk between phenotypes requires further
investigation, but it is possible that the thicker, denser cortical

Journal of Bone and Mineral Researchn 1970 WHITTIER ET AL.



bone of the low volume phenotype provides some protection
against fracture at cortical-dominant skeletal sites (ie, femoral
neck), while susceptibility to fracture in general remains high
due to trabecular bone loss. This distinction between pheno-
types could have important clinical implications, as hip fractures
are the primary outcome of concern when determining who
should receive pharmacological treatment for osteoporosis.

Deficits in BMD and bone microarchitecture were found sys-
temically in hip fracture patients, but after adjusting for FN
aBMD, we found that only parameters at the tibia provided inde-
pendent associations with fracture. In particular, Ct.BMD had the
strongest association; however, characteristics that reflected
considerable deterioration of bone microarchitecture, including
VS/TV, Tb.Th, and Ct.Po, also remained significantly associated
with hip fracture. Interestingly, VS/TV was a predictor of hip frac-
ture risk independently of FN aBMD, even though conventional
microarchitectural parameters that are meant to capture struc-
tural heterogeneity did not remain significant after adjustment
(Tb.N, Tb.Sp, and Tb.1/N.SD). This may indicate that VS/TV is more
sensitive in identifying structural deficits in bone microarchitec-
ture that are related to biomechanical instability but are not
entirely detected by global bone microarchitecture properties.

Our study is limited to retrospective assessment of bone char-
acteristics associated with hip fracture. Prospective studies are
optimal to determine truly predictive parameters, but this
approach is not feasible because of the lower prevalence of hip
fractures relative to other fracture sites.(3,6) We were concerned
with this limitation, which is why we investigated whether asym-
metric bone loss occurred at the tibias due to unloading after
fracture. Although some bilateral differences were observed,
these were four to six times lower in magnitude than the differ-
ences observed between hip fracture cases and controls. In addi-
tion, long-term changes in mobility due to fracture were
relatively small in terms of the self-reported mobility scores pro-
vided, and there was no association observed between the mag-
nitude of change in patient mobility and bilateral differences at
the tibia (p = 0.99). This near-full recovery in mobility among
enrolled hip fracture patients highlights the selection bias
toward healthier patients that are more likely to recover. The
majority of eligible patients screened (Fig. 1) were not sufficiently
healthy to participate in the study and likely have reduced bone
quality, suggesting that differences between hip fracture
patients and controls could be far larger than what was captured
in this study. Another factor that is expected to influence bone
measurements was the use of osteoporosis medications.
Although no significant differences were found between hip
fractures and controls in terms of current medication, we cannot
completely exclude the possibility that medications had an
impact on bone.

The recently introduced approach for bone phenotyping was
based on first-generation HR-pQCT, and so we downscaled our
data to convert second-generation to first-generation HR-pQCT,
which likely causes some measurement errors. Although BMD
parameters are resolution-independent, some structural para-
meters such as Ct.Th and Tb.N are less robust to conversion across
generations.(35) These differences may have led to variance in
some individual measurements; however, the impact on pheno-
typing, which relies on numerous measures at both scan sites, is
expected to be minimal. Given the improvements of second-gen-
eration HR-pQCT, there is a need to establish large population-
based prospective cohorts, similar to what has been established
by the BoMIC consortium, but this will take time to establish and
likely requires an internationally coordinated effort.

In summary, comparedwith controls, hip fracture patients had
highly heterogeneous microarchitectural deterioration, as
shown using void space analysis. The added benefit of HR-pQCT
is highlighted by bone phenotyping, where systemic structural
features associated to hip fracture in males and females were
identified, providing insight to the underlying mechanisms of
bone fragility.
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