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Abstract
A group of 48 men (22 aged 65–75 years, 26 aged 80–90 years) and 59 women (32 aged 65–75
years, 27 aged 80–90 years) were enrolled in the Age, Gene/Environment Susceptibility-
Reykjavik study and imaged with in-vivo volumetric Quantitative Computed Tomography (QCT)
to investigate the effects of age and sex on femoral neck structure and strength. Femoral neck
cross-sectional moment of inertia for bending directions near those of standing and walking (IAP),
bending strength (My), and axial compressive strength (Fy) were computed at the location of
minimum cross-sectional area (minCSA). Local cortical thickness was computed in the inferior
femoral neck based on density profiles extending through the cortex of the minCSA femoral neck
section. Multivariate models accounting for height, weight, and age group (younger or older)
showed that men had a 46% higher My and a 23% higher Fy than women, while women had a
13% thicker inferior cortex than men. Cortical thickness in the inferoposterior region of the
femoral neck was significantly related to bending and axial strength after adjusting for overall
volumetric bone mineral density. Both minCSA and IAP were higher in the older, gender-pooled
age group, but Fy and My did not differ between the two age groups. The results suggest that age-
related expansion of the femoral neck primarily occurs in the superior and inferior directions and
helps maintain homeostasis of femoral neck stiffness and strength. The higher bending strength of
the male femoral neck may partly explain why elderly men have a lower risk of hip fracture than
elderly women.
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1. Introduction
Approximately half of all osteoporotic hip fractures occur at the femoral neck [1]. The
structure of the femoral neck, including its size and geometry, partly determines its physical
strength and whether a neck fracture will occur under mechanical loads of sufficient
magnitude. To better understand the differential effects of age and sex on the structure of the
proximal femur in an aging population, our research group has previously employed
quantitative computed tomography (QCT) to analyze the volumetric bone mineral density
(vBMD), cortical thickness, bending strength, and compressive strength of the femoral neck
and shaft in women [2] and in men and women enrolled in the Age, Gene/Environment
Susceptibility-Reykjavik (AGES-REYKJAVIK) study [3]. These previous results revealed
important sex-based differences in femoral neck structure and suggested that the increase in
cross-sectional area of the femoral neck that occurs with age may have the effect of
maintaining homeostasis of femoral neck stiffness as trabecular bone is lost.

The structure of the femoral neck is known to change with age [3–8]. Current understanding
of bone functional adaptation suggests that age-related changes in the density and cross-
sectional area of the femoral neck are in fact closely related. A loss of trabecular bone with
age causes femoral neck stiffness to decrease, leading to elevated strains at the periosteal
surface during habitual activities such as walking. Bone cells respond to these increased
strains by adding new bone tissue at the periosteal surface, maintaining homeostasis of
femoral neck stiffness. The result is an ongoing increase in femoral neck size with declining
trabecular vBMD. It is unproven whether periosteal expansion occurs equally around the
perimeter of the femoral neck or if bone is added in such a way that strains are reduced for a
limited number of loading directions. We hypothesize that bone is primarily added at the
superior and inferior femoral neck, where stimulating strains are expected to be highest
during habitual activities like standing and walking.

Femoral neck structure also differs between men and women. Elderly male femoral necks
have a larger cross-sectional area than those in elderly women, and these disparities increase
with age [3,7]. Body mass and height account for a large part of these sex-based differences,
but male bones appear to be larger and stronger for a given body mass or muscle size [9,10].
Measurements of cortical thickness made using digitized histological samples have also
suggested differences between the femoral necks of males and females. In a study of 9 male
and 10 female femoral necks, the cortex in the inferior region of the femoral neck was
slightly thicker in females than in males, while the cortex in the superior region of the
femoral neck was slightly thicker in males than in females [11]. These differences were not
statistically significant, most likely because of the small sample size. If the spatial
distribution of cortical thickness around the perimeter of the femoral neck does in fact differ
between males and females, this fact may have important implications in understanding the
different effects of falling direction on femoral neck strength in men and women.

To provide a more detailed understanding of the effects of age and sex on femoral neck size,
cortical thickness, bending strength, and axial compressive strength in the elderly
population, in the current study we used in vivo QCT imaging of the hip in a sample of men
and women enrolled in the AGES-REYKJAVIK study. We sought to determine the
magnitude of age and sex-based differences in explicit estimates of femoral neck strength, as
opposed to surrogates for bone strength such as BMD or section modulus. The effects of
different loading directions on femoral neck bending strength were included in the analysis,
and we also examined the effects of age-related periosteal expansion on the bending
resistance of the femoral neck in different planes of bending.
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2. Material and Methods
2.1 Subjects

A subset of 107 men and women enrolled in the AGES-REYKJAVIK study, an ongoing
population-based study of Icelandic men and women [3], were included in the current study.
Informed consent was obtained from all participants in the study, which was approved (VSN
00-063) by the National Bioethics Committee in Iceland, the Institutional Review Board of
the Intramural Research Program of the National Institute on Aging, and the Committee on
Human Research at the University of California, San Francisco. Subjects were randomly
selected from the overall AGES-REYKJAVIK cohort to fall within two decadal age groups
at the youngest and oldest margins: 65–75 years old and 80–90 years old. The younger
group was composed of 26 men and 32 women and the older group composed of 22 men
and 27 women. Subjects were selected to exclude those who were currently using
medications known to affect bone mineral status, including estrogen replacement therapy,
tibolonum, antiepileptics, systemic glucocorticoids and agents for the treatment of
osteoporosis (raloxifen, calcitonin or bisphosphonates). No subjects had a history of hip
fracture. Subject characteristics are listed in Table 1.

2.2 Imaging
Images of both hips of each subject were obtained on a 4-detector CT system (Sensation,
Siemens Medical Systems, Erlangen, Germany). A region extending from a point 1 cm
superior to the acetabulum to 3–5 mm distal to the lesser trochanter was imaged using a
scanning field of view of 50 cm, 120 kVp, 140 mAs, 1-mm slice thickness, pitch = 1. A
solid calcium hydroxyapatite QCT calibration phantom (Image Analysis, Inc., Columbia,
KY, USA) was scanned along with each subject and appeared in each image slice. A
standard resolution image (0.98-mm in-plane voxel size, 1-mm slice thickness) was
reconstructed using the standard kernel with a 50-cm reconstruction field of view (RFOV),
and a magnified image (0.39-mm in-plane voxel size, 1-mm slice thickness) centered on the
left hip was reconstructed using the standard kernel with a 20-cm RFOV (Figure 1).

2.3 Image Analysis
The neck axis of the left femur in each standard-resolution image was defined in the axial
and coronal planes using AVS5 image processing software (AVS, Waltham, MA, USA),
and the image was then digitally rotated and resliced to obtain cross-sectional slices of the
left femoral neck with 0.98-mm isometric voxels [12]. The corresponding magnified image
was reformatted using the same set of rotations calculated for the standard resolution image,
producing a set of femoral neck cross-sectional slices with 0.39-mm isometric voxels. The
proximal femur in both images was segmented from the surrounding tissue using a
threshold-driven region growing algorithm. Density and structure measurements were then
made using both the standard resolution image and the magnified image.

The cross-sectional area (CSA) of each section was computed by summing the area of all
voxels contained within the periosteal margin, and the section of minimum cross-sectional
area (minCSA) was isolated for analysis. Voxels containing a large proportion of fatty
marrow have negative equivalent hydroxyapatite concentration, and these voxels were
excluded from further analyses. The mean vBMD of each minCSA slice was computed by
summing the bone mineral content (BMC, equivalent hydroxyapatite concentration
multiplied by voxel volume) of each voxel with a positive hydroxyapatite concentration and
then dividing by the total volume of those voxels. The vBMD measurement therefore
included both trabecular and cortical bone. The cross-sectional moment of inertia about the
anterior-posterior axis (IAP) and the cross-sectional moment of inertia about the inferior-
superior axis (IIS) were also computed using these voxels [13].
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To compute the equivalent compressive strength and bending strength of the minCSA
section, first each voxel’s hydroxyapatite concentration was used to compute the equivalent
Young’s modulus (material stiffness) using a series of conversions:

(1)

(2)

(3)

and

(4)

where ρHA,L = equivalent liquid K2HPO4 concentration, ρHA,S = solid calcium
hydroxyapatite concentration, ρ = apparent density, and E = Young’s modulus [14–16].
Using engineering composite beam theory, the yield moment (My, the pure bending moment
that would induce irreversible damage in either compression or tension) was computed for
360 different bending directions based on the spatial distribution of E values about the
effective centroid of the minCSA section [13]. The average (My,avg), maximum (My,max),
and minimum (My,min) values of My over the range of different bending directions were
recorded. The compressive yield force (Fy, the magnitude of a force applied to the femoral
head along the femoral neck axis that would induce irreversible compressive damage) was
computed by multiplying the section’s axial rigidity [13] by 0.0085, the compressive yield
strength of trabecular bone in the femoral neck [17].

Cortical thickness at 180 different locations around the inferior aspect of the femoral neck
cortex was computed using a method based on that of Prevrhal et al. [18] and Yang et al.
[19]. We focused our measurements on the inferior aspect of the femoral neck, where the
cortical thickness spans a minimum of approximately 3 voxels. Each cortical thickness
measurement was made based on the profile of ρHA,S values along a ray extending from the
area centroid of the minCSA section through the cortex and into the surrounding tissue
(Figure 2a). The periosteal margin of the cortex was identified as the point on the profile
halfway between the peak ρHA,S value and the mean ρHA,S value in the soft tissue outside
the bone. The cortical thickness was then estimated by doubling the distance between the
peak and the periosteal margin (Figure 2b). This measurement assumes that, due to partial
volume effects at the periosteal and endosteal surfaces, the peak ρHA,S in the profile will be
approximately at the midpoint of the profile extending through the cortex. To summarize the
thickness measurements, the inferior half of the minCSA section was divided into 4 sectors
evenly spaced within the principal axes of the section, and the mean thickness (t1, t2, t3, and
t4) of the 45 measurements in each sector was recorded (Figure 2c).

2.4 Statistical Analysis
Statistical analysis was performed using SAS version 9.2 (SAS Institute, Cary, NC). Least-
squares mean values of each measured parameter (vBMD, minCSA, IAP, IIS, My,avg,
My,max, My,min, Fy, and t1—t4) were compared between age groups and between men and
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women using generalized linear models with adjustment of height, weight, age, sex and
adjustment of intrasubject correlation between thickness measurements in different sectors
using the random effect of subjects. To examine the effect of age group on measured
parameters, men and women were grouped together, and the linear model was corrected for
sex. To examine the effect of sex on measured parameters, the older and younger age groups
were combined, and the generalized linear model was corrected for age. Tukey-Kramer p-
values were used to adjust for multiple comparisons. To further investigate the possibility of
different effects of cortical thickness in men and women, multiple linear regression models
were used to test the effects of vBMD and t1–t8 on My,avg, My,max, My,min, and Fy. A
stepwise selection determined the final least parsimonious model. To evaluate the precision
of the measurements used in the study, a set of 10 paired repeat QCT hip images obtained in
a previous study in our laboratory [20] were analyzed. The short-term precision error of
repeat measures was calculated as the root-mean-square average of the standard deviations
of the repeat measures, and the coefficients of variation were also calculated as
recommended by Glüer et al. [21].

3. Results
Measurements of vBMD in the minCSA femoral neck slice did not differ significantly (p =
0.96) between men and women, but all other sectional properties had significant sex-based
differences (Figure 3). The femoral neck had a larger (p < 0.001) minCSA in men after
correction for height, weight, and age, and the men’s larger femoral necks also had higher
predicted values of Fy (p < 0.05), My,avg (p < 0.001), My,max (p < 0.001), and My,min (p <
0.001). The femoral neck cortex was found to be significantly (p < 0.05) thicker in women
in the inferoanterior (t1) and inferoposterior (t3) compartments (Figure 4).

Measurements of vBMD did not differ significantly (p = 0.32) between the two age groups
(Figure 3). The geometric sectional properties of the femoral neck differed significantly
between the two age groups, with a higher (p < 0.05) minCSA and a higher (p < 0.001) IAP
in the older (80–90 years) age group. No significant difference in IIS was detected between
the two age groups, although there was a trend toward a larger IIS in the older age group (p =
0.07). The larger size (as indicated by minCSA) and location of more bone tissue further
from the AP axis (as indicated by IAP) did not translate into greater strength of the femoral
neck, because no age-related differences in Fy (p = 0.46), My,avg (p = 0.47), My,max (p =
0.60), or My,min (p = 0.40) were detected. No age-related difference in cortical thickness was
detected in any of the sectors.

Multiple linear regression models showed that My,avg and Fy were chiefly determined by
vBMD (Table 3). Cortical thickness in sector 4 (the inferoposterior region) was significantly
and positively related to bending and compressive strength after correction for vBMD
(Table 3). Measurements of vBMD in women were significantly related to t2 (p < 0.0001),
and measurements of vBMD in males were significantly related to t1 (p < 0.02). Results for
the regression models suggested that Fy and My,avg were largely determined by sex, vBMD,
and t4 (Tables 3 and 4).

The short-term CV values of sectional properties ranged from 1.8% (for minCSA) to 7.3%
(for My,max) (Table 2). The CV values for cortical thickness measurements ranged from
7.9% to 15.3%. The precision error for the thickness measurements was 0.2 mm to 0.6 mm,
which amounts to a precision of roughly 1–2 pixels.
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4. Discussion
The results support the view that periosteal expansion occurs at the femoral neck with age,
as demonstrated by increased minCSA and IAP in our older (80–90 years) age group. The
resulting increase in bone size tends to maintain a relatively constant bone stiffness and
strength as opposed to increasing them. The results of this study also confirm that men have
larger and stronger femoral necks than women, even after correcting for the larger male
stature and body mass. However, despite the larger bone size in men, women had thicker
cortices than men in the inferior region of the femoral neck.

Age-related differences in our in vivo measurements of minCSA and IAP shed new light on
the relationship between periosteal expansion and femoral neck strength. The larger
minCSA in the older age group lends further support to the idea suggested in previous
studies in our laboratory and others that periosteal expansion occurs with age [2–5]. This
result was expected, as it was reported previously for a larger sample from the AGES-
REYKJAVIK study [3]. However, when the minCSA and bone material properties were
taken into account, larger femoral neck size did not provide an increase in compressive
strength in the older age group. The value of IAP, which is related to the resistance to
bending about the A-P axis (in the stance phase of gait, for example [22]), was also larger in
the older age group, while the value of IIS, which is related to resistance to bending about
the I-S axis, was not. This result suggests that, during periosteal expansion of the femoral
neck, new bone tissue forms preferentially on the inferior and superior aspects of the
femoral neck, providing more bone tissue far from the neutral axis of bending for common
daily loads like walking and climbing stairs. The addition of new bone in these locations did
not produce an increase in bending strength. Therefore the age-related differences in
minCSA and IAP observed in this study have the effect of maintaining a relatively constant
compressive strength and bending strength in the femoral neck in the older age group.
Without the addition of new bone in these locations, it is likely that the relative strength of
the minCSA cross section would decrease with age.

Differences between male and female femoral neck cross-sectional area are well-
documented [3,23]. It is less well understood how these differences affect bone strength and
fracture risk in the event of a fall. In vitro mechanical testing and QCT imaging of male and
female femora have shown that male femora are stronger than female femora and that
proximal femur strength is related (albeit somewhat weakly) to femoral neck CSA [24].
However, because men are taller and heavier than women on average, the force applied to
the hip during a fall will be higher [25], and therefore the stronger male femoral neck may
not necessarily be protective against fracture. Our in vivo estimates of femoral neck axial
strength and bending strength suggest that, even after correcting for height and weight, men
have stronger femoral necks than women. Therefore the proportionally higher strength of the
femoral neck in men may in fact partly explain why men have a lower risk of hip fracture
than women.

No sex-related difference in vBMD was detected in this study. This result was expected,
because a previous study using a larger sample (807 men and 908 women) from the AGES-
REYKJAVIK cohort also found that integral vBMD of the femoral neck did not differ
between men and women [3]. That study also showed that elderly men had a higher vBMD
in the trabecular bone compartment than elderly women. The current study shifted focus to
the sectional properties and mechanical structure of the femoral neck rather than a detailed
analysis of the vBMD of the different bone compartments. It is notable that, in the current
study, the male femoral neck was estimated to be significantly stronger than the female
femoral neck, even after correction for larger body size, despite their similar vBMD values.
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Contrary to our expectations, our relatively small subset of AGES-REYKJAVIK subjects
also did not reveal an age-related change in vBMD of the minCSA femoral neck cross-
section. The previous, larger study found significant 10-year declines in integral vBMD in
volumetric regions of both male and female femoral necks, rather than the single minCSA
slice analyzed in the current study [3]. Thus the smaller sample size and more limited
analysis region used in the current study likely prevented detection of an age-related decline
in vBMD. We also did not analyze the different contributions of cortical and trabecular bone
to the overall vBMD value, and it is likely that the two different bone compartments change
with age in different ways and at different rates. It is possible that the small sample size also
prevented us from detecting age-related changes in the axial compressive strength and
bending strength of the femoral neck. A power study based on our results suggests that
approximately 250 subjects per age group are needed to detect a difference in Fy with a
power of 0.8. Future studies of femoral neck strength with a larger number of subjects are
therefore warranted. The cross-sectional nature of this study also produces a number of
limitations, including secular differences between the two age groups. Because a
longitudinal study will help to address some of these limitations, the AGES-REYKJAVIK
subjects are being followed over time, and fracture cases are being recorded. Future studies
will therefore be able to test whether our strength and cortical thickness measurements can
discriminate between individuals who have and have not suffered a hip fracture.

Our measurements of cortical thickness in the femoral neck showed that women had thicker
cortices than men in the inferior region of the femoral neck. This result is consistent with
measurements made using histological slides ex vivo [11]. The underlying biological and
biomechanical reasons for the sex-based difference in cortical thickness cannot be
determined from our study. A combination of factors may interact to produce this difference.
Sexual dimorphism in bone size and structure is established early in life, likely due to a
combination of genetic differences and differences in body mass [26–28]. As aging
continues, the smaller size of the female femoral neck combined with sex-based differences
in pelvic and lower limb geometry [29] may require a thicker inferior femoral cortex to
maintain bone stresses and strains within normal physiological levels [30]. Thus the
differences between men and women seen in our study are most likely due to a combination
of processes, including different rates of periosteal expansion and endosteal resorption, that
began early in life and continued into old age. More detailed studies combining gait
analysis, QCT imaging, and finite element models may help to shed some light on this
question.

Estimates of cortical thickness based on dual-energy x-ray absortiometry (DXA), which rely
on assumptions about femoral neck geometry and the relative proportions of cortical and
trabecular bone in the femoral neck, have suggested that males have thicker cortices than
women [9]. Similarly, the “cortical thickness index,” which estimated the average cortical
thickness in the whole femoral neck, was larger in men than in women in a previous QCT
analysis of subjects in the AGES-REYKJAVIK Study [3]. By revealing a thicker inferior
cortex at the minCSA slice in females, our results show the benefit of using 3D QCT to
directly analyze in vivo cortical thickness in multiple locations within a given femoral neck
section.

We were unable to detect age-related changes in cortical thickness, and this result is likely
due to our focus on an older age range (65 to 90 years) in this study. A recent study used
QCT to measure age-related changes in female femoral neck structure in females aged 20 to
89 years [8]. In that study the cortical thickness in the thin superoposterior region of the
cortex in the oldest decadal age group (80–89 years) was 1.4 mm thinner than in the
youngest age group (20–29 years). Limitations in the resolution and precision (8%–15%) of
our cortical thickness measurements may have also prevented observation of an age-related
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difference in the inferior aspect of the cortex in this cross-sectional study. When analyzing
phantom images of a 2.4 mm “cortex” using image resolutions comparable to those in this
study, the error of the cortical thickness measurement ranged from 3% to 8% (unpublished
data). This was the thinnest we were able to machine the cortex, and this appears to
approach the limit of our ability to measure cortical thickness under radiation dose
considerations and due to the image reformatting necessary to obtain cross-sections of the
femoral neck. Our images were reconstructed with an in-plane voxel size of 0.39 mm × 0.39
mm, resulted in blurring of the thin femoral neck cortex, especially in the thin superior
regions. Therefore the voxel intensity peak along a ray extending through the cortex (Figure
2) is wider, resulting in larger estimates of thickness. In this study we therefore focused on
the inferior cortex, where the cortical thickness spans a minimum of approximately 3 voxels.
An alternative method of measuring cortical thickness with QCT is to fit arcs of constant
curvature to the inner and outer edges of the thresholded cortex and to estimate cortical
thickness as the difference between the radii of curvature of the two arcs [8]. This method
has produced thinner estimates of cortical thickness (e.g., 0.5 mm in the superoposterior
femoral neck cortex in elderly women) than that measured in our study. Another method
recently developed by Treece et al. [31], which accounts for the angle between the cortex of
the femoral neck and the axial imaging plane required in whole-body QCT imaging systems,
may help to improve the accuracy of our cortical thickness measurements in future studies.

To further examine the advantage of using a reduced RFOV for examining the femoral neck,
we analyzed the standard resolution images (0.98-mm voxels) using the same methods used
for the enhanced-resolution (0.39-mm voxels) images used in this study. The age-related
difference in minCSA bordered on statistical significance (p = 0.07) for the standard-
resolution images. No sex-based difference in t5 (p = 0.17) was detected using the standard-
resolution images, while the difference in t7 bordered on significance (p = 0.07). Thus the
enhanced-resolution images offered a greater ability to detect subtle differences in femoral
neck size and structure. These results suggest that performing CT image reconstruction with
a reduced RFOV centered on the proximal femur can enhance the ability to detect sex- and
age-related differences in femoral neck minCSA and cortical thickness without increasing
radiation dose to patients.

Our estimates of axial and bending strength were largely determined by vBMD. Because
bone material properties were computed based on vBMD, this result was expected. We also
expected that cortical thickness in the femoral neck would be an independent predictor of
bending and axial strength, and this was the case for t4 in the inferoposterior region of the
femoral neck. Our vBMD and cortical thickness measurements from QCT images were
closely tied, because cortical thickness was computed from the ρHA,S profiles and because a
thicker cortex for a given cross-sectional size will produce a higher vBMD. Our results
showed that, particularly in the thick inferoanterior cortex (t2 in women and t1 in men),
cortical thickness is predictive of vBMD.

5. Conclusions
The age-related differences in minCSA and IAP observed in this study had the effect of
maintaining a relatively constant compressive strength and bending strength of the femoral
neck in the older age group. The age-based difference in IAP indicates a direction of
periosteal expansion that results in homeostasis of bending resistance in the direction of
habitual loading. The increase in bone size did not produce an increase in bone strength. Our
results also support the view that the decreased hip fracture risk in males as compared to
females is determined in part by higher femoral neck strength for a given body size. Both
axial compressive strength and bending strength at the most narrow region of the femoral
neck were higher in males even after correction for height and weight. Cortical thickness in
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the inferoposterior region was related to femoral neck strength after adjustment for vBMD.
Finally, our results showed that women have a thicker inferoanterior cortex in the femoral
neck than men and that using a reduced RFOV can help to measure this difference without
increasing radiation dose.

Research Highlights

• The cross-sectional area of the femoral neck increases with age.

• New bone is added to the inferior and superior aspects of the femoral neck with
age.

• The age-related increase in femoral neck size does not increase bone strength.

• Women have thicker inferior femoral neck cortices than men.

Abbreviations

QCT quantitative computed tomography

vBMD volumetric bone mineral density (mg/cm3)

RFOV reconstruction field of view (cm)

CSA cross-sectional area (mm2)

minCSA minimum cross-sectional area (mm2)

BMC bone mineral content (mg)

IAP second area moment of inertia about the anterior-posterior axis (mm4)

IIS second area moment of inertia about the inferior-superior axis (mm4)

ρHA,L liquid K2HPO4 concentration (mg/cm3)

ρHA,S solid calcium hydroxyapatite concentration (g/cm3)

ρ apparent density (g/cm3)

E Young’s modulus (MPa)

My yield moment (N·m)

My,avg average yield moment over 360 different bending directions (N·m)

My,max maximum yield moment over 360 different bending directions (N·m)

My,min minimum yield moment over 360 different bending directions (N·m)

Fy compressive yield force (N)

t1–t4 cortical thickness in sectors 1 through 4 (mm)
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Figure 1.
Femoral neck cross-sections at the location of minCSA (indicated by white box on the
coronal image on the left) were analyzed. Images were reconstructed with two different
RFOV: 50 cm, resulting in 0.98-mm voxels (center); and 20 cm, resulting in 0.39-mm
voxels (right).
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Figure 2.
Cortical thickness measurement method. a. The ρHA,S profile along a ray extending from the
area centroid into the surrounding soft tissue was recorded. b. The distance between the
location of the peak ρHA,S value and the location of the half-maximum on the periosteal
margin was doubled to arrive at the cortical thickness measurement. c. A total of 45
measurements were made to compute the mean thickness in each of the sectors in the
inferior half of the femoral neck section. Sectors were spaced in 45-degree increments
starting with the principal axes in the anterior direction. The axes labeled in the figure
correspond to anterior (0°) inferior (90°), and posterior (180°) directions.

Carpenter et al. Page 13

Bone. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Least-squares means and standard errors for femoral neck sectional properties.
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Figure 4.
Cortical thickness measurements in the inferior femoral neck for male/female grouping (top)
and age-based grouping (bottom).
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Table 1

Age, height, and weight of subjects included in the study.

Females
(n = 59)

Males
(n = 48)

65–75 years old
(n=58, 32 females)

80–90 years old
(n = 49, 27 females)

Age (years)   76 ± 7   77 ± 6   71 ± 3   83 ± 2

Height (cm) 162 ± 6 175 ± 7 170 ± 9 165 ± 8

Weight (kg)   71 ± 11   80 ± 15   79 ± 15   70 ± 11
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Table 2

Short-term measurement precision errors and coefficients of variation (CV).

Measurement Precision Error CV (%)

minCSA 17.2 mm2 1.8

vBMD 6.4 mg/cm3 2.2

IAP 4005 mm4 5.0

IIS 2997 mm4 5.0

My,max 0.5 N·m 3.3

My,min 0.6 N·m 7.3

My,avg 0.4 N·m 3.9

t1 0.3 mm 9.6

t2 0.6 mm 13.7

t3 0.5 mm 11.9

t4 0.2 mm 7.9

t5 0.5 mm 15.3

t6 0.4 mm 9.2

t7 0.5 mm 11.5

t8 0.4 mm 12.3
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