
xxx–xxx

+ model

BON-07518; No. of pages: 6; 4C:

www.elsevier.com/locate/bone

ARTICLE IN PRESS
Bone xx (2006)
Proximal femoral density and geometry measurements by quantitative
computed tomography: Association with hip fracture

X. Cheng a, J. Li b, Y. Lu b, J. Keyak c, T. Lang b,⁎

a Department of Radiology, Beijing Ji Shui Tan Hospital, Beijing, China
b Department of Radiology, University of California San Francisco, 185 Berry Street, Suite 350, San Francisco, CA 94143-0946, USA

c Department of Orthopaedic Surgery, University of California, Irvine, CA, USA

Received 5 April 2006; revised 8 June 2006; accepted 29 June 2006
Abstract

Introduction: Bone mineral density and geometry measurements by volumetric quantitative computed tomography (vQCT) have been utilized in
clinical research studies of aging, pharmacologic intervention and mechanical unloading, but there is relatively little information about the
association of these measures with hip fracture. To address this issue, we have carried out a study comparing vQCT parameters in elderly Chinese
women with hip fractures with measurements in age-matched controls.
Materials and methods: Forty-five women (mean age 74.71±5.94) with hip fractures were compared to 66 age-matched control subjects (mean
age 70.70±4.66). vQCT was employed to characterize the volumetric bone mineral density in cortical, trabecular, and integral volumes of interest
in the proximal femur. In addition to the volume of interest measurements, we computed the cross-sectional areas of the femoral neck and
intertrochanteric planes, the femoral neck axis length, indices of femoral neck bending and compressive strength, and measures of femoral neck
cortical geometry. To determine if cortical geometry measures were associated with hip fracture independently of trabecular vBMD, we carried out
multi-variate analyses including these parameters in a logistic regression model.
Results and conclusions: All vQCT measurements discriminated between fractured subjects and age-matched controls. There was no significant
difference in predictive strength between volumetric and areal representations of BMD and trabecular and integral vBMD showed comparable
discriminatory power, although both of these measures were more correlated to fracture status than cortical vBMD. We found that fractured
subjects had larger femoral neck cross-sectional areas, consistent with adaptation to lower BMD in these osteoporotic subjects. The larger neck
cross-sectional areas resulted in bending strength indices in the fractured subjects that were comparable or larger than those of the control subjects.
In multi-variate analyses, reduced femoral neck cortical thickness and buckling ratio indices were associated with fracture status independently of
trabecular vBMD.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Areal bone mineral density (aBMD) measured by dual X-ray
absorptiometry is strongly associated with hip fracture both
cross-sectionally [1] and prospectively [11,23], but is limited in
the information it provides on the pathophysiology of hip
fracture because it is a hybrid measure combining bone density
and size [10], which may be independently related to hip
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fracture risk. Volumetric quantitative computed tomography
(vQCT), on the other hand, provides measures of trabecular and
cortical volumetric BMD (vBMD) as well as measures of bone
size such as tissue volume and cross-sectional area [5,7,17,18].
vQCT has become an increasingly important clinical research
tool in analyzing the effect of age [22], drug therapy [3,4],
mechanical unloading [16], and other phenomena on the density
and geometry of bone. The density, geometry, and strength
measures derived from vQCT images have been correlated to
bone strength [6,8,14,17], thereby providing a theoretical link to
fracture risk. However, there is little direct information
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regarding their association with hip fracture, the key clinical
endpoint in osteoporosis.

The paucity of data relating vQCT measures to hip fracture is
due to the fact that hip vQCT measures have only recently been
included as primary measurements in large population studies
and because metallic artifacts and cohort effects complicate
retrospective studies. An alternative, but logistically challen-
ging approach is to image individuals immediately after their
fracture and prior to surgery. In the only published case–control
study of this type, Cody et al. compared DXA and hip vQCT
measurements in elderly male and female African- and
Caucasian-American subjects with femoral neck fractures to
age-, gender-, and ethnicity-matched controls [7,9]. They found
that in men, cervical fractures were associated with lower bone
density throughout the hip, but that in women they were
associated with reduced femoral neck cancellous BMD, with
reduced cortical BMD in the greater trochanter and with
increased femoral head width.

In order to derive more comprehensive information regard-
ing the association of vQCT bone density and hip geometry
measures with hip fracture, we have carried out a case–control
study comparing elderly Chinese women imaged within 48 h of
their hip fracture to age-matched controls. We utilized a vQCT
image analysis program that has been widely employed in a
range of clinical research studies [3,4,16,17]. In this study, we
examined the associations of volumetric bone density measures,
areal bone density measures, geometry measures and indices of
strength, and cortical thickness with fractures of the proximal
femur.

Materials and methods

Study subjects

Forty-five women with atraumatic hip fractures (34 cervical, 11 trochan-
teric), aged 65 or older were recruited from the emergency room, Department of
Traumatology and Orthopedic Surgery, Beijing Ji Shui Tan hospital. Atraumatic
fracture was defined as resulting from a low-energy fall from standing or sitting
height. In order to minimize changes in BMD due to the fracture, only those
subjects whose fractures had occurred within the last 48 h were accepted into the
study. Potential hip fracture subjects were referred to the ER CTscanning service
and to the study by their orthopedic surgeons. If the patient was female and over
65 years old, then the radiologist explained the study to the subject and asked the
Fig. 1. Regions of interest for bone density and geometry measures. (Center) Corona
region of interest is within green boundary. Red line is boundary between trochanteri
neck minimum area cross-section (left) and intertrochanteric maximum area cross-se
sections is the femoral neck axis length. (For interpretation of the references to colo
subject if she was willing to participate in the study. If the subject agreed to
participate, she was asked to sign the consent form, fill out a questionnaire about
the circumstances of the fall and other information regarding metabolic bone
disease. The questionnaire permitted exclusion of those subjects with known
health conditions affecting the bone mineral status of the hip, including
metabolic bone disease or previous fractures of the hip. In addition to the
subjects, 66 women over 65 years old in good health and with no conditions
affecting bone metabolism (established from the same questionnaire) were
invited from the surrounding community to participate in the study. The study
was reviewed and approved by the Internal Review Boards of the Beijing Ji Shui
Tan hospital and the University of California, San Francisco. Informed Consents
were obtained for all study participants.

vQCT acquisitions

All QCT acquisitions utilized a GE CT Pro FII CT scanner (GE Medical
Systems, Beijing China). Subjects were positioned supine on the CT table. An
Image Analysis QCTcalibration phantom (Image Analysis, Columbia KY, USA)
was placed under the subject between the hips. The superior aspect of the helical
scanwas 5mm above the acetabulum and the inferior limit 5 mmbelow the lesser
trochanter. Scan parameters were 3 mm section thickness (pitch=1), 120 kVp,
200mAs,with an in-plane pixel size of 0.88mm.TheCT imageswere archived to
DICOMCDand forwarded toUniversityofCalifornia,SanFrancisco for analysis.

vQCT image analysis

Image analysis
A previously described image analysis program [16,17] was employed to

analyze the QCTscans. For subjects with hip fractures, the software analyzed the
contralateral proximal femur. For control subjects, the left hip was analyzed. The
software defined the periosteal boundaries of the hip, and defined measurement
regions encompassing the greater and lesser trochanters, the femoral neck, and
the entire hip. Within each region, the program characterized the volumetric
bone mineral density (vBMD), volume (VOL), and bone mineral content (BMC)
of the total tissue envelope, the cortical bone, and the trabecular bone. Because
DXA measurements of the hip were not available for the subjects with hip
fractures, we computed areal bone mineral density (aBMD) from each of the
regions by projecting each region into the anteroposterior plane and dividing the
projected region area into the total BMC of that region. The program searched
along the femoral neck axis between the lateral aspect of the femoral head and
the lateral edge of the proximal femur and computed the cross-sectional area
within the periosteal boundary as a function of position along the neck axis. The
minimum of this function occurred at the femoral neck (MNCS) and the
maximum is the plane between the lesser and greater trochanters (MXCS). In
addition to the cross-sectional area measures, the program also calculated a
femoral neck axis length as the distance between the MNCS and MXCS
locations. The tissue volumes and cross sections quantified by our analysis
program are displayed in Fig. 1. According to methods recently described [16],
we computed a femoral neck bending/torsional strength index (NBSI), which
l mid-section through hip. White pixels are cortical region of interest. Trabecular
c and femoral neck sub-regions of total femur. Black lines correspond to femoral
ction (right). The distance along the femoral neck axis between these two cross-
ur in this figure legend, the reader is referred to the web version of this article.)



Table 1
Characteristics of patients and controls a

Controls (N=66) Fracture subjects (N=45) p

Age (years) 70.7 (4.7) 74.7 (5.9) 0.0006 b

Weight (kg) 62.2 (10.2) 58.7 (10.8) NS b

Height (cm) 157.7 (5.2349) 159.2 (5.0541) NSb

BMI 25.0 (3.7) 23.1 (3.9) NS b

a Mean and standard deviation (in parenthesis).
b p values of age, weight, height, and BMI were calculated by Student's t test.
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was calculated as an elastic modulus-weighted effective polar moment of inertia
(Ix+ Iy) of the MNCS cross section divided by the calculated bone width W.

NBSI ¼ Ix þ Iy
W

Ix ¼ 1
eb

X
i

eiTðxi � x̄Þ2TdA

Iy ¼ 1
eb

X
i

eiTðyi � ȳÞ2TdA

W ¼ 2T

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MNCS

p

r

(x̄ , ȳ) are the elastic modulus weighted centroid of the cross-section. The ei is
the elastic modulae, which were determined parametrically from the BMD of
each voxel in the entire MNCS cross-section using relationships developed by
Keyak et al. [15] and eb is the elastic modulus of cortical bone. Femoral neck
and trochanteric compressive strength indices (NCSI and TCSI) were computed
as the square of the integral vBMD (FNiBMD and TriBMD) of each region
multiplied by the cross-sectional area values for those regions (MNCS for
femoral neck, MXCS for trochanteric region).

NCSI ¼ FNiBMD2TMNCS

TCSI ¼ TriBMD2TMXCS

In addition to the femoral neck and trochanteric strength indices, we also
computed indices of femoral neck cortical geometry. We calculated the ratio of
cortical to total tissue volume in the femoral neck. The cortical thickness index
for the femoral neck region of interest was computed as:

iCThi ¼ 0:5T½ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FNvol
FNlength

p

vuuut �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðFNvol� FNcvolÞ

FNlength
p

vuuut �
FNvol is the volume of the integral femoral neck region, FNcvol is the volume
of the femoral neck cortical region of interest, and FN length is the length of the
femoral neck region along the femoral neck axis. The buckling ratio BR was
Table 2
Volumetric BMD (vBMD, g/cm3) and areal BMD (aBMD, g/cm2) mean values and

Controls (N=66) Fracture su

Femoral neck Integral aBMDd 0.518 (0.100) 0.400 (0.0
Integral vBMD 0.248 (0.040) 0.195 (0.0
Trabecular vBMD 0.057 (0.036) 0.027 (0.0
Cortical vBMD 0.508 (0.036 0.477 (0.0

Trochanter Integral aBMDd 0.774 (0.132) 0.585 (0.1
Integral vBMD 0.217 (0.038) 0.166 (0.0
Trabecular vBMD 0.083 (0.030) 0.043 (0.0
Cortical vBMD 0.487 (0.031 0.462 (0.0

Total femur Integral aBMDd 0.777 (0.127 0.600 (0.1
Integral vBMD 0.220 (0.037 0.171 (0.0
Trabecular vBMD 0.081 (0.029) 0.044 (0.0
Cortical vBMD 0.476 (0.028) 0.450 (0.0

a p value was calculated by generalized linear model after adjustment by age, hei
b AUC of ROC curve based on logistic regression equations.
c Age, height, and weight adjusted odds ratio per SD of parameters and 95% con
d Calculated from QCT images.
estimated as BR=(iCThi / iBThi), where the effective bone half-width (iBthi) is
taken as:

iBThi ¼ 0:5T

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FNvol

FNlength
p

vuut

Statistical analysis

All statistical analyses were performed using SAS 9.0 (SAS Institute, Cary,
NC). Means and standard deviations were used to describe the data. Student's t
test was used to compare the characteristics between fractured and controlled
subjects. The discriminant utilities of volumetric bone density and contents
geometric parameters, bone volume, strength indices, cortical thickness, neck
length, etc. were evaluated using a generalized linear model after adjustment of
age, height, and weight of study participants. The area under receiver operating
characteristics curves (AUC) was derived based on the logistic regression
equations and p values of AUC of logistic regression equations were derived
using the bootstrap method. Age, height, and weight-adjusted odds ratios were
normalized to the standard deviations of the parameters and 95% confidence
intervals were reported. To determine whether the properties of the trabecular
and cortical compartments were associated with hip fracture independently, we
computed p values and AUC values for cortical thickness index, cortical
volume/total volume, and BR after addition of femoral neck trabecular vBMD to
the multi-variate model. The level of statistical significance was 5% throughout
the paper.
Results

Descriptive statistics

Controls were not significantly different than subjects in
weight, and height, but were on average 4 years younger than
fracture subjects (p<0.05) (Table 1).

BMD measurements

Results for BMD are summarized in Table 2. Subjects with
fractures had 23–24% lower aBMD (p<0.0001) than age-
matched controls in the femoral neck, trochanteric, and total
femur compartments as well as lower vBMD in all compart-
standard deviations (in parentheses) in controls and in subjects with fractures

bjects (N=45) p a AUCb Adjusted OR (95% CI) c

81) <0.0001 0.84 4.08 (2.15, 8.69)
32) <0.0001 0.87 5.57 (2.73, 13.51)
24) 0.0015 0.80 2.65 (1.50, 5.06)
37) 0.0046 0.80 2.36 (1.34, 4.44)
11) <0.0001 0.86 6.91 (3.27 17.60)
303) <0.0001 0.87 5.39 (2.70, 2.65)
22 <0.0001 0.88 6.77 (3.18, 17.77)
31) 0.0068 0.80 2.09 (1.25, 3.67)
07 <0.0001 0.88 6.93 (3.23, 18.14)
29 <0.0001 0.87 5.63 (2.77, 13.60)
20) <0.0001 0.88 6.84 (3.18, 18.27)
27) 0.0017 0.81 2.48 (1.44, 4.52)

ght, and weight.

fidence interval.



Table 3
Geometric parameter means and standard deviations (in parentheses) in controls and in subjects with fractures

Controls (N=66) Fracture subjects (N=45) p a AUCb Adjusted OR (95% CI) c

Integral tissue volume (cm3) Femoral neck 16.062 (2.647) 16.561 (2.835) ns 0.76 0.90 (0.58, 1.39)
Trochanteric 76.445 (11.135) 74.744 (14.992) ns 0.78 1.42 (0.92, 2.28)
Total femur 101.290 (15.492) 101.280 (19.570) ns 0.78 1.22 (0.78, 1.92)

Cortical tissue volumes (cm3) Femoral neck 6.077 (0.873) 5.236 (1.103) 0.0018 0.82 2.69 (1.52, 5.33)
Trochanteric 21.833 (3.420) 18.191 (4.732) 0.0006 0.82 2.81 (1.63, 5.34)
Total femur 30.664 (4.686) 26.026 (6.458) 0.0011 0.81 2.62 (1.53, 4.94)

Cross-sectional areas (cm2) Minimum (neck) 11.762 (1.471) 12.765 (2.419) 0.0076 0.79 0.50 (0.29, 0.81)
Maximum (troch) 31.652 (3.298) 30.877 (2.506) ns 0.79 1.58 (0.97, 2.67)

Strength indices NBSI (cm3) 0.534 (0.111) 0.538 (0.214) ns 0.76 0.86 (0.53, 1.35)
NCSI (g2/cm4) 0.726 (0.202) 0.491 (0.162) <0.0001 0.84 4.77 (2.38, 10.99)
TCSI (g2/cm4) 1.515 (0.491) 0.882 (0.314) <0.0001 0.89 8.18 (3.63, 22.62)

Neck length Femoral neck axis length (cm) 27.944 (3.151) 27.995 (4.360) ns 0.77 1.17 (0.76, 1.80)
a p value was calculated by generalized linear model after adjustment by age, height, and weight.
b AUC of ROC curve based on logistic regression equations.
c Age, height, and weight adjusted odds ratio per SD of parameters and 95% confidence interval.
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ments and all regions (0.00001<p<0.001). The percentage
difference between the fracture and controls was larger for
trabecular vBMD at both regions (48%–50%) than for integral
vBMD (10%–25%) or cortical vBMD (5–8%).

Geometric measurements

Results for geometric measurements and strength estimates
are displayed in Table 3. Asmeasured by integral tissue volumes,
fracture and control subjects had roughly similar bone sizes.
However, cortical tissue volumes (Table 3) values (Table 4) were
14–17% smaller in fracture subjects (0.0006< p<0.001).
Femoral neck cross-sectional area was about 8% larger in
subjects with hip fractures, but trochanteric cross-sectional area
was similar in the two groups.

Strength estimates

Strength estimate results are also summarized in Table 3.
The bending strength estimate weighted by elastic modulus
(emBSI) was similar for subjects with hip fractures and
controls. Axial compressive strength was 30–40% smaller in
the fracture subjects, both at the femoral neck and trochanter
(p<0.0001).
Table 4
Femoral neck cortical geometry parameter means and standard deviations (in parent

Controls (N=66) Fracture subj

Cortical volume/total volume 0.3826 (0.0499) 0.3175 (0.048

Cortical thickness index (iCthi) (cm) 0.5778 (0.0732) 0.4771 (0.073

Buckling ratio 0.2149 (0.0318) 0.1744 (0.028

a p value was calculated by generalized linear model after adjustment by age, hei
b Italicized values are p values, AUC values, and odds ratios (OR) for cortical geom

BMD.
c AUC of ROC curve based on logistic regression equations.
d Age, height, and weight adjusted odds ratio per SD of parameters and 95% con
Femoral neck cortical structure indices

Subjects with fractures had lower values of cortical thickness
index, buckling ratio, and cortical/integral volume ratio
(percentage difference 17–19%, p<0.0001 for all compari-
sons). In the multi-variate models designed to test whether
trabecular vBMD and cortical structure indices were indepen-
dently associated with hip fracture status, we found that the
cortical thickness index and Cortical Volume/Integral Volume
ratio, but not the buckling ratio, continued to differ significantly
between fracture subjects and controls after adjustment for
trabecular vBMD ( p<0.05). When data were adjusted for
measures of integral aBMD and vBMD, the femoral neck
cortical structure indices no longer discriminated between
subjects with hip fractures and controls.

Discussion

Although the prospective association of areal BMD
measures with hip fractures is well-known, and the cross-
sectional association of volumetric trabecular and cortical BMD
measures with hip fracture was reported by Cody et al. [7], our
study was novel in its comprehensive analysis of differences in
proximal femoral geometry in subjects with hip fractures and
heses) in controls and in subjects with fractures

ects (N=45) p a, b AUC c,b Adjusted OR (95% CI) d,b

1) <0.0001 0.855 4.637 (2.416, 10.180)
0.0443 0.904 2.212 (1.020, 4.807)

2) <0.0001 0.864 5.575 (2.751, 13.095)
0.0461 0.906 2.386 (1.015, 5.617)

9) <0.0001 0.856 4.706 (2.441, 10.403)
ns 0.901 1.879 (0.907, 3.891)

ght, and weight.
etry indices after adjustment for age, height, weight, and femoral neck trabecular

fidence interval.
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controls. We observed that the cross-sectional area of the
femoral neck was larger in the subjects with hip fracture than in
the controls. The finding of larger cross-sectional bone
dimensions is consistent with the report of Cody et al. [7],
who observed that fractured subjects had a larger femoral head
width. In contrast with the study by Gluer et al., who found that
increased width of the trochanteric region (but not the femoral
neck region) measured from pelvic radiographs was weakly
associated with incident hip fracture in the prospectively
designed Study of Osteoporotic Fracture [12], our QCT-based
study did not observe an association of trochanteric cross-
sectional area with hip fracture, although this may be due to the
many differences between the studies, including the ethnicity of
the subjects and the imaging modality used. The finding of
larger femoral neck cross-sectional area for fracture subjects in
our own study and that of Cody et al. [7] may reflect
compensation for bone loss in the fracture subjects, who had
much lower BMD, cortical volume, and indices of cortical
thickness in all proximal femoral regions. The larger femoral
neck cross-sectional area was consistent with the finding of
comparable or larger bending strength indices measured
between the fracture subjects and controls, despite the lower
trabecular BMD and thinner femoral neck cortex in the former.
These findings indicate that such indices should be interpreted
with care as potential diagnostic measures.

Another novel aspect of our study was the observation of
large differences in proximal femoral cortical structure indices
between subjects with hip fracture and controls, indicating that
the fracture subjects had a weaker and potentially less
mechanically stable cortex. Potentially because the proximal
femoral cortex is a large fraction of the integral bone mass of the
hip, the cortical structure indices did not appear to discriminate
between fracture subjects and controls after adjustment for
measures of integral aBMD and vBMD. However, the apparent
cortical thickness and the ratio of cortical to total volume were
associated with fracture after adjustment of the data for femoral
neck trabecular vBMD, supporting the idea that the density of
trabecular bone and the proportion of bone volume and thickness
occupied by the cortex may be independently correlated to hip
fracture.

This study has several strengths. The recruitment of subjects
within 48 h of their hip fracture allowed for measurements
within the time frame before musculoskeletal changes asso-
ciated with rehabilitation could confound the comparison.
Additionally the bone analysis program used in this study
employed a more comprehensive sampling strategy than that of
Cody et al. [7], which examined small regions of trabecular
bone in the femoral head and trochanteric regions, a core of
cortical bone in the greater trochanter, and the width of the
femoral head. Although it has important strengths, our study
also has limitations. These include the limitation to Chinese
subjects, the cross-sectional design, and the relatively small
number of subjects, which prevented us from being able to
separately characterize intra- and extra-capsular fractures, and
limited the overall statistical significance of the analyses. An
important technical limitation in our study is the effect of partial
volume averaging on our cortical bone measurements [2,13].
Partial volume averaging occurs when the dimensions of the
structure being imaged are smaller than the spatial resolution of
the imaging system. The effect of partial volume averaging on
thin cortices is to lower the apparent BMD and to increase the
apparent cortical thickness. Cortical bone is thought to have a
constant intrinsic BMD of 1.05 g/cm3 [19] but because of the
blurring effect of partial volume averaging, the apparent cortical
volumetric BMD is a function of the cortical thickness and the
cortical porosity. Thinner structures appear to have lower BMD,
with larger errors in apparent thickness and volume. Our hip
cortical region of interest is primarily composed of the
inferomedial cortex of the proximal femur, for which thickness
values exceeding 3–4 mm have been reported in humans, but
also includes the thin superomedial cortex (thickness≈ 0.3 mm)
[21]. Evidence from a study of cadaveric proximal femoral
specimens indicates that the inferior cortex changes little in
thickness with age, but that there is considerable thinning of the
superior cortex [20]. Thus, although our study did show that
subjects with hip fracture had significantly lower apparent
cortical thickness values, and lower ratio of cortical volume and
thickness to total femoral neck volume and thickness, it is
important to take into account the fact that our cortical
parameters principally reflect the thick inferior cortex, which
changes little with age.

In summary, subjects with hip fractures had much lower
values of BMD and apparent cortical thickness, but larger
femoral neck cross-sectional area, than control subjects who
were reasonably well matched in age and body size. The
fracture–control differences in bone density and size support the
idea that larger bone cross-sectional areas represent an
adaptation to the increased bending strains associated with the
greater bone loss in the subjects with hip fracture. In the
moment of inertia-based bending strength indices, the effect of
increased bone size appeared to counteract the effect of reduced
BMD, resulting in calculated bending strength indices that were
equivalent in the subjects with fractures. This potential
adaptation to bending strain did not protect the compressive
strength estimates, which were substantially lower in subjects
with hip fracture.
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