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Abstract

Proximal femoral (hip) strength computed by subject-specific CT scan-based finite element (FE)
models has been explored as an improved measure for identifying subjects at risk of hip fracture.
However, to our knowledge, no published study has reported the effect of loading condition on the
association between incident hip fracture and hip strength. In the present study, we performed a
nested age- and sex-matched case-control study in the Age Gene/Environment Susceptibility
(AGES) Reykjavik cohort. Baseline (pre-fracture) quantitative CT (QCT) scans of 5500 older
male and female subjects were obtained. During 4-7 years follow-up, 51 men and 77 women
sustained hip fractures. Ninety-seven men and 152 women were randomly selected as controls
from a pool of age- and sex-matched subjects. From the QCT data, FE models employing
nonlinear material properties computed FE-strength of the left hip of each subject in loading from
a fall onto the posterolateral (Fp. ), posterior (Fp) and lateral (F| ) aspects of the greater trochanter.
For comparison, FE strength in stance loading (Fstance) and total femur areal bone mineral density
(aBMD) were also computed. For all loading conditions, the reductions in strength associated with
fracture in men were more than twice those in women (p<0.01). For fall loading specifically,
posterolateral loading in men and posterior loading in women were most strongly associated with
incident hip fracture. After adjusting for aBBMD, the association between Fp and fracture in women
fell short of statistical significance (p=0.08), indicating that FE strength provides little advantage
over aBMD for identifying female hip fracture subjects. However, in men, after controlling for
aBMD, Fp_was 424 N (11%) less in subjects with fractures than in controls (p=0.003). Thus, in
men, FE models of posterolateral loading include information about incident hip fracture beyond
that in aBMD.
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Introduction

Proximal femoral fragility fractures represent the devastating clinical consequence of age-
related bone loss. Bone loss results in compartment-specific changes in bone mass,
heterogenous changes in bone mineral distribution, and changes in proximal femoral
geometry. All of these factors ultimately contribute to loss of bone strength and increased
propensity to fracture when the hip is subjected to the loads from a fall.

The risk of hip fracture in an individual depends on the structural integrity of the proximal
femur and the likelihood of experiencing forces that exceed this strength. By definition, the
strength of a structure is the magnitude of the force required to break the structure. However,
the strength (fracture load) of the proximal femur varies depending on the specific force
configuration, i.e. the force direction(s) and point(s) of application, which may include
forces on the femoral head, greater trochanter, and/or distal aspect of the proximal femur.
Thus, the force configuration during normal, physiologic activities such as walking, running,
or sitting, is dramatically different than that during a fall onto the greater trochanter. Further,
during physiologic activities or impact from a fall, the force magnitudes and directions can
be influenced by muscle contraction, subject weight, the height from which a fall occurs
(which is often a function of subject height), soft tissue thickness at the impact site,
compliance of the impact surface, the degree to which the arm was used to break the fall,
and other aspects of fall biomechanics. When evaluating hip fracture risk we may consider
the effects of these factors on the magnitudes and directions of the applied forces. However,
proximal femoral strength also varies with the directions of the applied forces [1-4], thus
complicating the assessment of fracture risk.

Finite element (FE) modeling, which can account for variations in bone strength with force
direction, has been studied previously as a method for improved assessment of hip fracture
risk [5-6]. However, limited effort has been directed at determining whether the specific
force configurations and force directions may provide better fracture risk assessment than
others. Previously, using quantitative computed tomographic (QCT) scan-based FE
modeling, Orwoll et al. [6] analyzed a lateral fall onto the greater trochanter, but Keyak et
al. [5] modeled a posterolateral fall onto the greater trochanter as well as single-limb stance
loading on the femoral head to evaluate proximal femoral strength as predictors of hip
fracture. Further, the posterolateral fall condition that Keyak et al. studied employed linear
FE modeling because a nonlinear method analogous to that for single-limb stance loading
had not yet been developed. Thus, due to the different FE methodologies and cohorts of
these studies, comparison of the results for multiple loading conditions has not been
possible.

To address these inconsistencies in study design, and to evaluate the relationship between
bone strength and incident hip fracture across multiple loading conditions, we have carried
out the present study. We employed QCT-based FE models with nonlinear material
properties to evaluate the proximal femoral strengths in four loading conditions in older
male and female hip fracture and control subjects. These strength values included those for
loading from a fall onto the posterolateral (Fp| ), posterior (Fp) and lateral (F| ) aspects of the
greater trochanter and, for comparison purposes, the strength for loading in the single-limb
stance condition (Fstance) €valuated previously [5]. The objectives were (1) to determine the
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extent to which the proximal femoral strength in each loading condition is associated with
hip fracture; (2) to determine if these associations differ for men and women; and (3) to
determine if each of the proximal femoral strength measures continues to be associated with
hip fracture after accounting for areal bone mineral density (aBMD, g/cm?), which would
indicate whether proximal femoral strength includes more information about incident hip
fracture than aBMD.

This was a nested age- and sex-matched case-control study from the Age Gene/Environment
Susceptibility (AGES) Reykjavik cohort [7]. The AGES-Reykjavik study is an ongoing
population-based study of men and women nested in the Reykjavik Study [8-9], and both
phases of this study have been described in detail. Baseline QCT scans of 5500 subjects
from this cohort who had no metal implants at the level of the hip, but who were otherwise
not screened for medical history or medications, were obtained between 2002 and 2006,
along with subject age, height, and weight. Although data also included history of
medications that might induce changes in bone mineral density (e.g. hormone replacement
therapy, bisphosphonates or glucocorticoids), these data were not presented here because
they were found not to have a statistically significant effect on the results of our previous [5]
and current FE studies. Subjects were followed for 4 to 7 years, through November 15,
2009. Subjects with hip fractures during this period, but without documented hip fracture
prior to baseline, were identified through the AGES-Reykjavik Fracture Registry for
inclusion in this study [10]. Approximately two controls for each hip fracture subject were
randomly selected from a pool of age- and sex-matched subjects in this study. Informed
consent was obtained from all participants in the study, which was approved (VSN 00-063)
by the National Bioethics Committee in Iceland as well as the Institutional Review Board of
the Intramural Research Program of the National Institute on Aging.

QCT measurements were performed in the hip using a 4-detector CT system (Sensation 4,
Siemens Medical Systems, Erlangen, Germany). A helical study of the hip (120 kVp, 140
mAs, 1-mm slice thickness, pitch = 1, coarsened to 3-mm slice thickness) encompassed the
left proximal femur from a point 1 cm superior to the acetabulum to a point 3 to 5 mm
inferior to the lesser trochanter (Figure 1a). To enable calibration of the CT Hounsfield units
for each voxel to the equivalent calcium hydroxyapatite density (in g/cm3), all subjects were
positioned supine on top of a calibration phantom (Image Analysis, Columbia, KY, USA),
which extended from superior to the L1 vertebral body to the mid-femoral shaft (Figures 1a
and 1b). The phantom contained calibration cells of 0, 75 and 150 mg/cm3 of calcium
hydroxyapatite. Inclusion of this phantom in the image with the subject is necessary to
correct for the effects of variable subject size and composition, and other factors that can
influence the CT Hounsfield units.

Finite Element Modeling

From the baseline (pre-fracture) QCT data, we computed the strength of the left hip of each
subject in the fracture and control groups using our FE modeling method [11-14], with some
modifications to allow nonlinear material modeling for all loading conditions. Four loading
conditions were studied, one representing single-limb stance loading [12-14], and three
simulating loading from falls onto the posterolateral (PL), posterior (P) and lateral (L)
aspects of the greater trochanter [11, 14] (Figures 2a, 2b, and 2c). The models included the
entire imaged portion of the proximal femurs.
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For single-limb stance loading, heterogeneous linear elastic and nonlinear post-yield
material properties computed from QCT-measured bone mineral density (reported
previously) were used to describe the stress-strain relationship for each 3-mm cube of bone
that was represented by a linear hexahedral finite element measuring 3 mm on a side
[13-16]. To maximize precision for fall loading, nonlinear material modeling was used for
analysis of fall loading as well. The underlying principles for fall loading were similar to
those for our nonlinear FE models of single-limb stance loading [13]. These FE models were
designed to compute force values on the femoral head that initially increase, reach a peak
value (the proximal femoral strength), and then decrease as displacement is incrementally
applied to the femoral head. To achieve this mechanical behavior, the FE models employed
heterogeneous isotropic elastic moduli, yield strengths and post-yield properties that were
computed from QCT-measured bone mineral density. These material properties were
previously measured in the preferred direction of the bone (e.g. in the longitudinal direction
for cortical bone). For single-limb stance loading, the elastic modulus, yield strength and
plastic modulus values were reduced by 9% to produce FE models that computed accurate
proximal femoral strength values [13]. This reduction in properties may account for the
effect of material anisotropy, i.e. lower mechanical properties in the non-preferred
directions, on the proximal femoral strength. The remaining post-yield parameters did not
demonstrate directional dependence, so they were not similarly modified.

Development of the nonlinear FE modeling method for posterolateral fall loading used the
same approach as described for single-limb stance loading and was performed on a training
set of 8 cadaveric femora that were randomly selected from our previous study of
posterolateral fall loading [11]. Initially, the FE models of fall loading used the same
isotropic mechanical properties as our models of stance loading so that comparisons
between loading conditions could be easily made. However, when posterolateral
displacement was incrementally applied to the femoral head to represent posterolateral fall
loading, the FE models computed a femoral head force that continually increased, which is
inconsistent with fracture of the proximal femur. Noting that the these models employed the
von Mises stress failure criterion, the yield stress and post-yield properties were modified
until the models exhibited the required mechanical behavior, i.e. computing force values that
reached a maximum and then decreased as displacement was applied to the femoral head.
The choice of modifications was guided by knowledge that local bone material exhibits
reduced strength when stressed in nonphysiologic, sub-optimal directions, which is the case
during fall loading. Once the required model behavior was achieved, the final set of yield
and post-yield mechanical properties was optimized by iteratively modifying each property
until the correlation between the measured and computed proximal femoral strength was
maximized. The result of this development procedure was then evaluated on the remaining 9
cadaveric femora (the test set) from the previous study [11].

The ensuing method for calculating the nonlinear mechanical properties of each finite
element in FE models of posterolateral fall loading was as follows. The calibrated QCT
density (pcpa, 9/cm3) of each voxel in the element was used to compute the ash density
(Pash, 9/cm3) from a linear relationship reported previously (pash = 0.0633 + 0.887 pcra)
[13], and ash density was then used to compute mechanical properties that describe a
simplified nonlinear stress-strain curve for each voxel (Figure 3, Table 1) [17]. The
mechanical properties of the element, which defined the nonlinear stress-strain curve for the
element, were then computed by averaging the values of each mechanical property over all
voxels in the element, while accounting for partial volume effects by scaling by the volume
fraction of each voxel within the element. These FE-computed proximal femoral strength
values predicted strength values that were experimentally measured during mechanical
testing of cadaveric femora in posterolateral fall loading (training set, r?=0.92; test set,
r2=0.81 [18]).
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These nonlinear mechanical properties were developed for posterolateral fall loading
because QCT scan data from cadaveric femora that were mechanically tested in this loading
condition already existed for model development and evaluation [11]. For this initial study
of multiple loading conditions, these same material properties were employed for posterior
and lateral fall loading conditions as well, although ideally, properties specific to each
loading condition would be used.

Displacement was applied incrementally to the femoral head, and the reaction force on the
femoral head was computed at each increment as the distal end of the model was fully
constrained. For the fall models, the surface of the greater trochanter opposite the loaded
surface of the femoral head was constrained in the direction of the displacements while
allowing motion transversely. The FE-computed bone strength was defined as the maximum
force on the femoral head.

Areal Bone Mineral Density

The baseline QCT data for the left hip of each subject in the fracture and control groups,
which were calibrated in terms of g/cm3 equivalent calcium hydroxyapatite density, were
also used to compute the aBBMD (g/cm?) in a region of interest comparable to the total femur
region of DXA that is used clinically to evaluate osteoporotic hip fracture risk. In a previous
study, we reported a strong correlation between the aBMD from QCT and that from DXA
aBMD (r=0.935) [5].

Statistical Analysis

The data for men and women were first analyzed separately (R http://www.r-project.org/)
using descriptive statistics, and Student’s t-tests were used to compare the demographic
data, Fpi, Fp, F|, Fstance, and aBMD in the hip fracture and age- and sex-matched control
groups. To test for sex differences and to identify the most important determinants of
fracture risk, the data for men and women were analyzed together in a single model and
multiple regression analysis was performed with each FE-computed bone strength measure
serving as the dependent variable. Thus, the coefficient of determination (R2) indicated the
variability in proximal femoral strength that was accounted for by the regression model. We
did not evaluate additional strength-related dependent variables, such as an estimated factor
of safety (proximal femur strength divided by the applied force) for each loading condition
because we found previously (in unpublished work) that parameters normalized by body
weight, height or combinations thereof did not affect the findings. Fracture status (yes or no)
and demographic parameters, age, height, weight, and sex, were considered as candidate
independent variables. Interactions between fracture status and the demographic parameters
were also considered. We started with an inclusive model containing the pre-mentioned
variables. In refining the model, variables/interactions were tested one at a time and retained
only if they were significant at the alpha=0.1 level. If an interaction was retained, the
individual variables making up that interaction were also retained, regardless of alpha level,
so that the regression would not be forced through zero for those variables. However, results
are only reported as significant for p<0.05. To determine if each of the proximal femoral
strength values were related to fracture status after accounting for aBMD, this procedure
was repeated while including as independent variables aBMD and the interactions of aBMD
with gender and fracture status. This procedure was then repeated in multiple regression
analyses applied separately to men and women. Finally, for comparison purposes, multiple
regression analyses with aBMD as the dependent variable were performed separately for
men and women, using analogous procedures for the candidate independent variables. In all
of these analyses, Fp|, Fp, F|, and Fgiance, aBMD, age, height, and weight were
standardized by subtracting the mean and dividing by the standard deviation (SD) of the
pooled data. No corrections were made for multiple comparisons. However, because only a
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single outcome was studied, multiple comparisons only occurred in the context of the search
for the optimal predictive set of variables. The final p-values should therefore be interpreted
in this context.

Fifty-one men and 77 women suffered hip fractures during the follow-up period. Ninety-
seven men and 152 women were selected as control subjects. Of these subjects, 45 male and
72 female hip fracture subjects and 94 male and 145 female control subjects had CT scans
suitable for FE analysis. Within each sex, the fracture and control groups were not
significantly different with respect to age, height, and weight at the time of the CT scan
(Table 2). However, Fp, Fp, F(, Fstance: and aBMD were significantly lower in each
fracture group than in the respective control group (F_ in women, p=0.012; all others,
p<0.001) (Table 2).

Using multiple regression analysis of data for men and women together, while controlling
for demographic variables and interactions, revealed that FE strength in all four loading
conditions was associated with hip fracture (0.51<R2<0.55; Tables 3-5) and that FE strength
was more strongly associated with fracture in men than in women (p<0.01). In fact, the
mean reductions in strength associated with hip fracture in men (stance, 2377 N or 22%; PL
fall, 484 N or 13%; P fall, 483 N or 15%; L fall, 574 N or 13%) were more than twice those
in women (stance, 975 N or 14%; PL fall, 206 N or 7%; P fall, not significant; L fall, 180 N
or 6%). Although the association between Fp and fracture in women was not significant
when men and women were examined together, separate analyses for men and women
showed that, in women, Fp was the measure most strongly associated with fracture, with a
mean strength difference between fracture and control subjects of 184 N (7%). However,
when men were analyzed separately, Fp was least associated with fracture, Fstance Was most
associated with fracture, and Fp|_ was the fall loading condition most associated with
fracture, with mean strength differences between fracture and control subjects of 305 N
(9%), 2325 N (22%), and 523 N (14%), respectively. Although FE strength in male subjects
did not significantly change with age regardless of loading condition or fracture status
(p>0.09) (Figure 4, Table 4), FE strength for female control subjects in stance, posterolateral
fall, posterior fall and lateral fall loading decreased with age (p<0.01) by 125 N/yr, 26.2 N/
yr, 13.9 N/yr and 21.4 N/yr, respectively (1.7%/yr, 0.9%/yr, 0.5 %/yr, 0.7 %lyr,
respectively, for an average female control subject) (Figure 4, Table 5). In female fracture
subjects, reductions in strength with age were similar to those in control subjects for lateral
fall loading (p>0.10) but were significantly or nearly significantly smaller in stance
(p=0.032), posterolateral fall (p=0.072) and posterior fall (p=0.049) loading (Figure 4, Table
5).

Controlling for aBBMD in the regression analyses for men and women together increased the
strength of the regression models (0.53<R2<0.82) and revealed an interaction between
fracture status and sex for posterior and lateral loading (p=0.023 in both cases) (Table 3).
Hip strengths in the posterior and lateral conditions were respectively 9% (307 N) and 6%
(254 N) less in male fracture subjects than in controls, but there were no such differences for
female subjects (p>0.96). When Fp and F|_ for women were analyzed separately, only the
association between Fp and fracture approached statistical significance (p=0.08). For
posterolateral loading, analyzing men and women together while controlling for aBBMD
resulted in a nearly significant interaction between fracture status and sex (p=0.063).
Separate regression analyses for men and women while controlling for aBBMD revealed the
strongest association between FE strength and fracture in men, with Fp; 11% (424 N) less in
fracture subjects compared with controls (p=0.003), but no such association in women. For
single-limb stance loading, the regression analyses for men and women together (R?=0.82)
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supported an association between Fsiance and fracture (p<0.001) and an interaction between
fracture and aBMD (p<0.001), but no interaction between fracture status and sex (Table 3).
We note that this result differs from our previously reported one for the same data (which
included an interaction between fracture and sex) [5]; here, we report the regression result
with the interaction between fracture and aBMD because this interaction appeared in the
regression equations for men and women evaluated separately. In these separate regression
equations, there was no association between fracture and Fgance in either men or women
(p=0.14 and p=0.064, respectively), and there was an interaction between fracture status and
aBMD (p=0.013) in men only, although the interaction in women was only marginally
insignificant (p=.059) (Tables 4-5). The latter finding indicated that, for each 1 SD increase
in aBMD, the difference between Fstance Of fracture and control subjects increased by 8%
(793 N) in men and by 5% (381 N) in women.

Multiple regression analysis with aBMD as the dependent variable revealed that the mean
reductions in aBMD associated with fracture were 0.134 g/cm? (15%) in men and 0.071 g/
cm? (10%) in women (Figure 4, Table 6). In the regression equation for men (R2=0.27),
aBMD was constant with respect to age for both fracture and control subjects (=0.76). For
women (R2=0.41), aBMD decreased by 0.0088 g/cm?2/yr (p<0.001), or 1.3% per year, in
control subjects; however, an interaction between fracture status and age (p=0.08) led to a
net reduction in aBMD of 0.0039 g/cm?/yr, or 0.6% per year, in fracture subjects (Figure 4,
Table 6).

Discussion

This is the first study to report the relationships between incident hip fracture and FE-
computed proximal femoral strength for multiple fall loading conditions representing impact
from falls onto various aspects of the greater trochanter. These relationships revealed that,
for all loading conditions studied, the mean reductions in strength associated with fracture in
men were more than twice those in women. Further, in men, the reductions in FE strength
due to fracture were independent of age for all loading conditions (p>0.10) (Figure 4, Table
4) but, in women, decreased with age in all cases except lateral fall loading (Fstance
p=0.032; Fp., p=0.072; Fp, p=0.049) (Figure 4, Table 5). These differences between FE
results in men and women were similar to those for aBMD (Figure 4, Tables 4-6), implying
that the sex differences in both FE strength and aBMD largely stem from the original QCT
density data (from which the FE strengths and aBMD were computed) and reflect sex
differences in proximal femoral density within the DXA total femur region. Despite these
differences, the FE-computed hip strength in stance loading was most strongly associated
with hip fracture in both men and women. However, stance loading is not directly relevant
to hip fracture from a fall onto the greater trochanter and is therefore not of the greatest
interest. For fall loading specifically, posterolateral loading in men and posterior loading in
women were most strongly associated with incident hip fracture, with regression models
accounting for 31% and 26% of the variance in proximal femoral strength, respectively.
After adjusting for aBBMD, the association between Fp and fracture in women fell short of
statistical significance (p=0.08), indicating that FE strength provides little advantage over
aBMD for distinguishing female hip fracture subjects from female control subjects of the
same age. However, in men, proximal femoral strengths in all fall loading conditions
remained significant even after accounting for aBMD, with Fp|_ 424 N (11%) less in subjects
with fractures than in controls (p=0.003). Thus, of the 523 N (14%) reduction in Fp|_
associated with fracture, just 99 N (523 N minus 424 N, or 3% of the bone strength) were
uniquely accounted for by aBMD and the remaining 424 N (11% of the bone strength) were
due to structural effects that were accounted for by Fp . Finally, although this regression
model accounts for 60% of the variance in proximal femoral strength, almost twice that of
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the model without aBMD, this result reflects the strong correlation between aBMD and
proximal femoral strength rather than an improvement in fracture prediction.

The superior performance, in men, of the FE strengths in fall loading compared with aBMD
is not surprising. For many years, aBMD has been used as a surrogate for proximal femoral
strength, a key indicator of fracture risk. However, with the emergence of QCT scan-based
FE modeling, better estimates of proximal femoral strength have become possible [19].
These models directly and explicitly account for the complex three-dimensional (3-D)
geometry and variations in material properties of the proximal femur, thereby allowing them
to represent the mechanical response of the bone when forces or displacements are applied.
In contrast, aBMD is the mean density in the total femur region, so density variations within
that region, and the bone density outside that region, do not affect the value of aBMD. The
calculation of aBMD also does not consider forces or displacements, and the 3-D geometry
of the proximal femur only indirectly influences aBMD by causing larger bones to have
greater aBBMD values. Therefore, considering that the FE strengths and aBMD were
computed from the same QCT data, the significant FE results after controlling for aBBMD
must be attributed to differences between the FE and aBMD methodologies. These
differences enabled the FE models to provide more robust estimates of proximal femoral
strength compared with the total femur aBMD, thereby improving the association with
incident hip fracture.

The age-matched design of this study enhanced our ability to explore gender differences in
proximal femoral strength and hip fracture as a function of age. In particular, our cross-
sectional analysis of age-related FE strength loss by gender and fracture status may explain
why proximal femoral strength is strongly associated with incident hip fracture in men but
much less so in women. In the youngest male and female subjects, the reductions in strength
associated with fracture were comparable (Figure 4). However, more rapid decreases in
proximal femoral strength with age in female control subjects compared with those in
female fracture subjects (Figure 4, Table 5) caused the reductions in FE strength associated
with fracture to vanish in the oldest female subjects for all loading conditions except lateral
fall loading. This finding implies that, once the hip bone strengths of all women decrease to
a certain level, the most important determinants of hip fracture are those that influence the
forces applied to the proximal femur, such as the propensity for falling or fall mechanics.
This behavior contrasts dramatically with that of the male subjects whose reductions in bone
strength associated with fracture were independent of age. This finding, in combination with
the greater proximal femoral strengths in younger men compared with younger women
enhanced the age-related differences between men and women. Consistent with previous
findings from the AGES-Reykjavik study which showed that the gender disparity in bone
loss continued to evolve even in very elderly subjects [20], this finding highlights the need
to stratify by age group when evaluating gender differences in fracture prediction.

Although this study was not powered to rigorously compare the regression equations for the
four loading conditions, our results suggest that the greatest benefit of using FE analysis
instead of aBMD to evaluate hip fracture risk in men may be achieved with posterolateral
loading. For this loading condition, after accounting for the effect of aBBMD, the percentage
reduction in hip bone strength associated with fracture was 11% (424 N), about twice that
for posterior loading, 5% (158 N), and lateral loading, 6% (254 N). One might argue that
posterolateral loading produced the strongest results in our study because the FE-computed
load capacity was optimized in only the posterolateral condition (see Appendix). However,
optimization simply maximized the correlation between FE-computed and measured load
capacity, which would not induce systematic changes to the FE-computed load capacities in
the fracture and/or control subjects. Specifically, for posterolateral loading, optimization
caused the FE models to account for about 34% more of the variance in measured load
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capacity (corresponding to a standard deviation of 522 N). This improvement in precision
increased statistical power, but should not have altered the association between load capacity
and fracture status. Similarly, performing additional biomechanical testing and optimizing
FE models for posterior and lateral loading would improve precision and increase statistical
power for these loading conditions, which would be advantageous in future studies.

Based on biomechanical principles, one might expect that the loading condition with the
strongest association between hip bone strength and hip fracture status would most closely
represent the conditions of actual hip fracture. However, we must remember that the three
“fall” loading conditions modeled here cannot possibly replicate the conditions of an actual
fall onto the greater trochanter because our models are relatively simple depictions of the hip
fracture process. To clarify this point, consider that fracture is induced in the models by
applying displacements to the surface of the femoral head. These displacements are intended
to represent the upper body and pelvis, which are initially in motion, pushing against the
femoral head. To oppose this motion, our models include constraints on the greater
trochanter. These constraints crudely represent the effect of the impact surface which halts
motion approximately at the body surface, i.e. at the skin, and then deforms the adjacent soft
tissues, causing energy absorption as well as rapid deceleration of the upper body, pelvis and
proximal femur. Finally, the effect of the distal femur and lower limb on the proximal femur
is represented by fully constraining the distal end of the proximal femur model. However,
this part of the leg is in motion during the fall and therefore must decelerate at some point,
potentially imposing additional forces on the distal end of the proximal femur during the
fracture process. Thus, our models used simple displacements and constraints applied
directly to the proximal femoral bone to represent a complex, dynamic process involving the
entire body. The models neglected the initial motion and inertial characteristics of the upper
body, pelvis and distal limb as well as the distribution, thickness and composition of the soft
tissue. Thus, due to the extent of these simplifications, we cannot assume that the loading
conditions with the strongest association between hip bone strength and fracture status
represent the conditions of actual hip fracture.

Although the biomechanical simplifications of the FE models may obscure the relationship
between modeled and actual loading conditions during hip fracture, FE model
reproducibility also plays an important role in determining which loading conditions are
most strongly associated with hip fracture. Reproducibility of the FE model results depends
on many CT scan and FE model input parameters, such as CT scan resolution,
reproducibility of the derived geometry and femoral shaft and neck axes, which in turn
determine the precision with which the femoral head displacement and greater trochanter
constraint directions are specified and applied. Thus, many factors that are unrelated to the
biomechanics of hip fracture influence the strength of the regression results. For this reason,
we chose to include the posterior fall loading condition even though a posteriorly directed
fall would not result in impact on the posterior aspect of the greater trochanter but would
instead lead to impact on the ischial tuberosity. Thus, we speculated that, despite the
biomechanically weak association between actual hip fracture and hip bone strength in
posterior fall loading, we might obtain a significant statistical association between incident
fracture and hip strength in this loading condition because the simple geometric
configuration would lead to more precisely determined displacement directions and,
consequently, superior reproducibility of the FE-computed load capacity. The significant
associations between incident fracture and hip bone strength for both men and women in this
loading condition supports this approach (Tables 4 and 5). Similarly, the strong association
between incident hip fracture and proximal femur strength in stance loading, which we
obtained despite the fact that most hip fractures occur from falls [21], can be at least partly
explained by exceptional reproducibility. Our stance loading condition is far superior to that
of the fall loading conditions (percent coefficient of variation: stance, 1.6%; PL fall, 4.9%; P
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fall, 5.8%; L fall, 5.4% [unpublished data]). which may be the result of applying the femoral
head displacements within the coronal plane and/or the absence of constraints on the greater
trochanter.

The degree of reproducibility of the FE-computed proximal femoral strength values in both
stance and fall loading can be attributed to use of the load capacity, i.e. the maximum force
that can be supported by the proximal femur, as the “defination” of the hip bone strength.
This study of FE-computed strength and hip fracture incidence is the first to employ the load
capacity for a fall loading condition. Other FE studies of fall loading have defined the
proximal femoral strength as the force at the onset of fracture of the cortex [22], or the force
at which a specific amount of deformation is induced [6]. These alternative approaches were
necessary because the FE modeling techniques used in those studies did not model structural
collapse, a key characteristic of proximal femoral fracture. Instead, the models predicted that
ever-increasing forces and displacements could be applied to the bone, so the load capacity
could not be determined. Use of the load capacity instead of the force at the onset of
fracture, which we defined as the force at which 15 contiguous elements yielded in our
previous study [5], improved the association between FE strength in posterolateral loading
and incident hip fracture in men. Most notably, after adjusting for aBMD, FE-computed load
capacity in posterolateral loading remained strongly associated with incident hip fracture in
men (p=0.003), a key improvement over the non-significant association between the force at
the onset of fracture and incident hip fracture in our previous study of the same subjects [5].

Using this improved FE modeling method, we can compare our results for lateral fall
loading with those of Orwoll et al [6]. Their prospective multicenter study of 3549 male
volunteers (mean age, 74 years), included 40 hip fracture and 210 randomly selected,
unmatched control subjects. After adjusting for age, body mass index (BMI) and study site,
hip bone strength in a lateral fall condition strongly predicted hip fracture even after
controlling for aBMD (hazard ratio per SD change for hip fracture=6.5, 95%CI1=2.3-18.3).
This result is in reasonable agreement with ours, given the different study designs and
subject populations. Further, our mean hip bone strength values for lateral fall loading in
men were about 73% (control) and 97% (fracture) of those reported by Orwoll et al. This
similarity between hip bone strengths in fracture subjects for these two studies, despite
differences in FE methodology, subject population, and loading condition (e.g. 15 degrees of
anteversion in the previous study which did not exist in our study), is remarkable given the
numerous parameters that go into FE modeling of the hip. Further, after adjusting the
strength values from the previous study for age using data from Keaveny et al. [23], the
mean hip bone strength of our male control subjects was 77% of that reported by Orwoll et
al.. However, our mean hip bone strengths for lateral loading in the male and female control
groups were 127% and 134%, respectively, of the strength values reported by Keaveny et al.
[23] for the mean ages of our control groups. Thus, bone strength values for lateral loading
vary considerably and our values fall within the range of those that have been reported
previously.

Our study employed 3-D FE models, which is often the case when computing hip bone
strength and fracture risk [6, 23]. Three-dimensional models can explicitly represent the 3-D
geometry and 3-D distribution of material properties that make each femur structurally and
mechanically unique and are therefore considered more robust than two-dimensional (2-D)
models. When 2-D models of the proximal femur are used, the bone geometry and material
properties are represented as symmetric about the coronal plane, thereby omitting many
anatomical features of the bone. The forces applied to a 2-D model also must be directed
within the coronal plane which limits the types of studies that can be performed. That said,
3-D FE models do have their drawbacks. Analysis of 3-D models requires greater computing
power, data storage and time. More importantly, to construct a 3-D FE model of the
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proximal femur, 3-D geometry and material property data are required and are typically
obtained from a QCT scan. For in vivo studies, such a scan exposes the subject to ionizing
radiation which increases the risk of cancer by an unknown amount. The effective absorbed
radiation dose depends on the particular scanner and on the scanner settings, but typically
ranges from 1000-3000 microSieverts for the type of volumetric scan typically carried out to
generate FE models. Thus, the amount of radiation sustained by a test subject or patient for
one of these QCT scans is comparable to the natural background radiation dose received in
one year, which varies from 2400-3600 microSieverts, depending on geographic location. In
general, it is best to minimize exposure to ionizing radiation, and 2-D FE models make that
possible by requiring only 2-D data, e.g. a calibrated radiograph [24] or a DXA scan [25], to
construct the model. Thus, 2-D and 3-D modeling each have their strengths and weaknesses,
and the best approach for a particular study must be evaluated in the context of the study
objectives. The goal of the present study was to investigate the proximal femoral strength in
several fall loading conditions, two of which involved forces that were directed outside the
coronal plane. The importance of those loading conditions was affirmed because the
resulting FE-computed strengths, specifically Fp|_in men and Fp in women, were the most
strongly associated with incident hip fracture in men and women, respectively. Thus, our
study objectives precluded the use of 2-D FE models and justified the additional radiation
dose to the study participants.

Although our study has a number of important advantages, such as the age- and sex-matched
case-control prospective design and analysis of three fall loading conditions, ranging from
directly lateral to directly posterior orientations, it has a number of limitations. Some of
these limitations were discussed above, such as the lack of optimized density-property
relationships for posterior and lateral loading, or were presented previously [5], such as the
use of an Icelandic cohort and the underlying simplifications and assumptions of the FE
modeling method. Perhaps the most significant limitation is the small number of subjects,
especially men, which prevented us from identifying the specific loading conditions that are
optimal for assessing fracture risk in men and/or women. However, this limitation did not
prevent us from confirming significant associations between proximal femur strength and
fracture status for multiple loading conditions and significant differences between men and
women. We should also mention as a strength of this study that the direction of the applied
displacement vector was defined on a patient-specific basis to be constant with respect to the
estimated femoral shaft axis and the coronal plane of each femur. However, this
methodology also introduced variability within each category of loading condition to the
extent that individual proximal femoral and pelvic anatomy vary, thereby making the
distinction between loading conditions less precise. Finally, our analysis of the reductions in
strength with age in women with and without fractures was based on the assumption that our
cross-sectional data are representative of changes that would occur in individuals over time.
Validity of this assumption is supported by the agreement between our current results and
those of our previous longitudinal study of age-related changes in proximal femoral strength
in men and women which found that decreases in proximal femoral strength with age are
much greater in women than in men [26].

In conclusion, FE-computed proximal femoral strength is associated with fracture in all
loading conditions that were examined, but the reductions in FE strength associated with
fracture in men were more than twice those in women. FE strength in posterolateral loading
in men and in posterior loading in women were most strongly associated with incident hip
fracture, but only the strength measures in men were associated with hip fracture after
accounting for aBMD. Thus, in men, FE models of posterolateral loading include
information about incident hip fracture beyond that in aBMD. Further, in women but not in
men, in all loading conditions except lateral fall, FE strength decreased with age more
rapidly in control subjects than in fracture subjects. As a result, the youngest female control
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subjects exhibited greater FE strengths than the youngest fracture subjects, but this
difference vanished in the oldest female control and fracture subjects. The significance and
complexity of these findings, particularly with respect to gender and age effects, indicate
that additional studies of FE modeling for fracture risk assessment in men and women are
likely to enhance our understanding of this significant public health problem.
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FE finite element

Fstance finite element analysis-computed proximal femoral strength for loading similar

to that during single-limb stance

FL finite element analysis-computed proximal femoral strength for loading
representing a fall onto the lateral aspect of the greater trochanter.

Fp finite element analysis-computed proximal femoral strength for loading
representing a fall onto the posterior aspect of the greater trochanter.

FpL finite element analysis-computed proximal femoral strength for loading
representing a fall onto the posterolateral aspect of the greater trochanter.
lateral
posterior

PL posterolateral
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Fig 1.

The CT scan of a subject positioned supine on top of the calibration phantom. (a) The
dashed lines in this scout view indicate the extent of the CT scan, from 1 cm superior to the
acetabulum (line labeled “1”) to a point 3 to 5 mm inferior to the lesser trochanter (line
labeled “120”), for a total of 120, 1-mm-thick slices for this particular subject. The
calibration phantom, rectangular in shape, is also apparent, centered beneath the subject and
extending from the lumbar spine to about mid-shaft of the femur. (b) In this CT scan image,
the calibration phantom, with its three calibration cells, is visible beneath the subject.
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Fig 2.

Wireframe plots of contours used to define the proximal femur geometry with the boundary
conditions that were applied to the finite element models. (a) For single-limb stance loading
displacement was applied to nodes on the femoral head and directed at 20 degrees to the
shaft axis in the coronal plane, and the distal end of the proximal femur was fully
constrained. (b) For the fall loading conditions, displacement was applied to nodes on the
femoral head with motion allowed transversely. Constraints (indicated by the heavy black
line) were applied to nodes on the greater trochanter to oppose the applied displacement
while allowing for transverse motion. The distal end of the proximal femur was fully
constrained. In lateral fall loading (left), the applied displacement was directed within the
coronal plane and at 75 degrees to the shaft axis, representing the femoral shaft at 15 degrees
to the ground. For posterolateral loading (center), displacement was applied at 35 degrees to
the coronal plane and at 80 degrees to the shaft axis. For posterior loading (right),
displacement was applied at 65 degrees to the coronal plane and perpendicular to the shaft.
Note that these angles are measured within the plane containing the displacement vector and
the shaft axis which, for posterolateral loading, does not coincide with any anatomic plane.
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Fig 3.

The stress-strain curve for each finite element includes an elastic region with slope equal to
the elastic modulus, E; yield and ultimate strengths, S, which are assumed to coincide; a
plastic region with negative slope, E,” and a perfectly plastic region with a strees of gpjn.
These parameters are functions of density, as indicated in Table 1.
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Fig 4.

Proximal femur strength and aBMD versus age in men (left) and women (right) for each
loading condition. Data and regression lines for fracture subjects (circles and dashed lines)
and control subjects (crosses and solid lines) are standardized by subtracting the mean and
dividing by the standard deviation to allow for comparison between loading conditions.
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Table 1

Nonlinear material properties used in FE models of fall loading

Parameter Trat_)ecular Bone Co_rtical Bone
Ash density < 0.6037 g/cm®  Ash density > 0.6037 g/cm?3
Elastic modulus (MPa) 14,900 (ash density)*8°
Strength (MPa) 102.0 (ash density)®%0 23.9
E, (MPa)? - 125,000 (ash density)*45 - 60,200
By’ (MPa) E, (MPa) = (3E E,)/(15 E - 12 Ep)b
Omin (MPa) 0.42 x Strength

Page 24

aPrior to specifying the element material properties, Ep was adjusted to account for the smaller size of the finite elements compared with the size of

the specimens in which Ep was originally measured [17].

bThis equation, which was originally developed for trabecular bone [17], was used for both trabecular and cortical bone.
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Table 5

Multiple linear regression results for women, including coefficients of standardized variables, standard errors
in parentheses, and p-values in italics. Fsiance; Fpi, Fp, Fi, @BMD, age, height, and weight were standardized

by subtracting the mean and dividing by the standard deviation of the pooled data.” Fx=Fracture Status=1 for
fracture subjects, 0 for control subjects. NA=Not applicable (variables was not part of the analysis). “~”
indicates that the variable was not included in the model because the p-value would have been greater than
0.10.

Regression Coefficients for Standardized Variables

Dependent (Standard Error) 2
N R
Variable pvalue
Fx Age Weight Height aBMD Fx:Age Fx:aBMD Intercept
Without Adjustment for aBMD
-0.335 -0.243  0.318 0.136 0.177 -0.095
Fstance (0.087) (0.052) (0.051) (0.081) NA (0.082) NA (0.069) 0.41
<0.001 <0.001 <0.001  0.096 0.032 0172
-0.310 -0.214  0.257 0.237 0.161 -0.109
FpL (0.094) (0.055) (0.056) (0.088) NA (0.089) NA (0.075) 0.34
0.001 <0.001 <0.001  0.008 0.072 0.147
-0.346 -0.146  0.218 0.204 0.175 -0.147
Fp (0.095) (0.056) (0.055) (0.088) NA (0.089) NA (0.075)  0.26
<0.001 0010 <0001 0022 0.049 0.052
-0.218 -0.146  0.267 0.178 -0.166
FL (0.095) (0.048)  (0.056) (0.089) NA - NA (0.076)  0.29
0.023 0.002 <0001  0.046 0.030
With Adjustment for aBMD
-0.124 0.119 0.770 -0.132 -0.048
Fstance (0.067) - - (0.043) (0.345) - (0.069) (0.040) 0.79
0.064 0.006  <0.001 0.059 0.226
0.192 0.636 -0.111
FpL - - - (0.061) (0.042) - - (0.050)  0.60
0.002 <0.001 0.026
. ~0.144 0.149 0.515 -0.145
P , - - (0.066) (0.048) - - (0.060) 047
(0.083) 0.084 0025  <0.001 0017
0.177 0.589 -0.129
FL - - - (0.063) (0.044) - - (0.052) 053
0.005 <0.001 0.014

aMeans and standard deviations for each variable (mean+SD): FStance=7976+2885 N; Fp| =3178+685 N; Fp=2815+533; F| =3535+821;
aBMD=0.725+0.174 g/cm2; age=79.5+5.6 years; height=165.4+9.7 cm; weight=72.7+16.0 kg
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Table 6

Multiple linear regression results when aBMD was the dependent variable, including coefficients of
standardized variables, standard errors in parentheses, and p-values in italics. aBMD, age, height, and weight

were standardized by subtracting the mean and dividing by the standard deviation of the pooled data.”
Fx=Fracture Status=1 for fracture subjects, 0 for control subjects. “~" indicates that the variable was not
included in the model because the p-value would have been greater than 0.10.

Regression Coefficients for Standardized Variables

Dependent
; Group (Standard Error) R2
Variable pvalue
Fx Age Weight Height Fx:Age Intercept
-0.772 0.321 0.615
aBMD Men (0.145) - (0.076) - - (0.097) 0.27
<0.001 <0.001 <0.001
-0.409 -0.283 0414 0.158 -0.054
aBMD Women  (0.095) (0.056) (0.052) - (0.091) (0.057) 041
<0.001 <0.001 <0.001 0.084 0.341

aMeans and standard deviations for each variable (mean+SD): aBMD=0.725+0.174 g/cmz;age=79.515.6 years; height=165.4+9.7 cm;
weight=72.7+16.0 kg
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