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he lack of predictive tools to assess the relative risk of stress fracture injury has posed
a great challenge for military readiness and competitive athletic training. This article pres-
ents a methodology of assessing such risks using computational models and biomechanical
stress analysis in a human femur. Preliminary results have demonstrated the capability
of our methodology in studying the effect of risk factors as independent variables, which
would be very difficult, if not impossible, to accomplish by any other means. We have
shown that certain geometric features are significant risk factors for femoral neck stress
fracture. Further development of our methodology will enable more accurate prediction
of stress fracture risk and will help in the design of optimal training regimens to minimize

the risk of injury.

INTRODUCTION

Stress fracture is a type of biomechanical failure of
bones caused by repetitive skeletal loads during intense
physical training. Also known as fatigue fracture, it has
been a well-recognized problem for athletes and military
personnel. Depending on the source of the data and the
method used for diagnosis, the incidence rate for stress
fracture during training can range from 1 to 20%.1-
Aside from the obvious impact on soldiers’ health, this
problem imposes a significant financial burden on the
military and affects our combat readiness. The incidence
of stress fractures in female recruits during Army basic
training is more than twice that reported for males.60-8

Stress fracture occurs mostly in the weight-bearing
bones of the lower leg and foot, with fewer occurrences
in the femur, pelvis, and lumbar spine.® Although less
common than in the lower leg, stress fractures of the

femoral neck (Fig. 1) are particularly serious and diffi-
cult to diagnose, requiring relatively expensive imaging
modalities such as magnetic resonance imaging (MRI)
and bone scans.1%-1¢ Delays in diagnosis can cause a fairly
minor stress fracture to become a complete femoral neck
fracture, which is a catastrophic event for a young soldier.
Even with emergency surgery, the hip joint will often
suffer from osteonecrosis, or cell death, of the femoral
head as a consequence of lack of blood supply.l°~1¢ Such
an outcome not only precludes the soldier from returning
to military training but also results in a medical discharge
with lifelong disability and liability.

Stress fractures of the femoral neck can be classi-
fied as compression or tension fractures. A compres-
sion stress fracture occurs at the inferior surface of the
femoral neck. It is generally stable and requires only rest
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Figure 1. Anatomy of the human proximal femur (upper third of
the human femur bone), which includes the femoral head, femoral
neck, greater trochanter, and upper portion of the femoral stem.
The femoral neck is the narrowed region directly below the femo-
ral head. Cortical bone is the outer (hard) shell of a bone having
higher material density. Trabecular bone is the relatively soft,
sponge-like bone residing inside the hard cortical shell.

(no surgical intervention is needed). A tension stress
fracture, on the other hand, initiates at the superior sur-
face of the femoral neck and often progresses to a trans-
verse fracture across the neck. It is generally unstable
and requires immediate surgical intervention.!! Identi-
fying the risk factors in the femur of individuals who
are more prone to a tension, rather than a compression,
stress fracture of the femoral neck can help in the early
diagnosis of this injury and prevent more catastrophic
disability.

The fact that only a fraction of competitive athletes
and military trainees suffer stress fractures suggests that
certain people possess specific factors that increase their
susceptibility. Increased susceptibility may be due to
deficient material properties that fatigue more easily or
to structural configurations that increase stress magni-
tudes.!™ 19 Although the material properties of bones,
such as bone density, may differ among individuals of
any population, the difference would likely be smaller
among competitive athletes and young military train-
ees. Hence it is likely that bone geometry plays a more
important role in different levels of stress fracture risk in
the young adult population.?°

Numerous epidemiological and experimental studies
have reported that geometric parameters, such as length
and neck-shaft angle of the femoral neck, are correlated

with fracture risk.2172 This correlation, however, has
been shown to be relatively weak, probably because,
in their effects on femoral bone strength, these factors
are often related to each other and to other geometric
parameters such as bone size. For example, a femur with
a long neck is often accompanied by a bigger bone size.
It is very difficult, therefore, to study the effect of these
geometric factors as independent variables in a real
human bone. The objective of this study is to investi-
gate the biomechanical effects of individual geometric
parameters in the femoral neck as independent variables
through computational modeling and simulation using
virtual bones (computer models).

MATERIALS AND METHODS

We developed a parameterized and dimensionally
scalable finite element model (FEM) of a proximal human
femur based on image data from computed tomogra-
phy (CT). Three additional models were derived from
the original model to represent variation in the three
geometric parameters: cortical bone thickness in the
femoral neck region, femoral neck length, and femoral
neck-shaft angle (Fig. 2). Stress distributions of the four
models under simulated running and jumping condi-
tions were then analyzed to assess relative fracture risk
levels.

Development of a Parameterized
Finite Element Model

The proximal femur of an average male cadaver
was radiographed using a CT scanner. Semi-automatic
custom algorithms were applied to extract the bone’s
outer contours and density information from the CT
image data. An elliptical fit was applied to parameterize
each of the outer contours. The inner contour ellipses
were calculated such that the constraint equations for
cross-sectional area and mass moment of inertia along
the femoral shaft and neck axes were satisfied. A three-
dimensional reconstruction process was used to obtain
the bone volume. Finite element mesh was then created
within that volume. A parametric FEM was developed
in three steps: (1) semi-automatic extraction of bone
density data and outer surface geometry, (2) determi-
nation of the inner boundary of cortical bone, and (3)
generation of hexahedron finite element mesh. The fol-
lowing paragraphs describe these three steps.

The first step was to extract density maps and bone
outer-surface geometry from medical image data (CT
scans, in this case). The technique of extracting bone
density data from a proximal femur was adapted from
the work of Oden et al.’® A computerized algorithm
cropped the CT images to include only the proximal
femur. The bone density values were calculated from
gray-scale values of the bone in the CT image calibrated
using a combination of six phantoms having a known
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Figure 2. Three geometric variables investigated in the pres-
ent study as stress fracture risk factors for the femoral neck, as
marked on an X-ray image of a human hip joint (NCT = neck corti-
cal thickness, NL = neck length, NSA = neck-shaft angle).

material density.’® The horizontal slices were rotated
such that the shaft axis was positioned vertically when
looking at the longitudinal (vertical) slices of the femur.
Next, the algorithm re-sliced images along the axis of
the femur’s shaft and neck. (The transition from shaft
axis to neck axis was defined by a hyperbolic fit.) Edge
extractions were performed for the outer boundaries of
the femur using the re-sliced sections along the femur’s
neck and shaft axes. The outer boundaries of the bone
cross sections were parameterized by applying a nonlin-
ear least-squares fit of an elliptical equation.

In the second step, the inner boundaries of cortical
bone were determined based on mechanical equiva-
lence of the cross-sectional properties. The parameters
of cortical/trabecular and cortical/marrow boundaries
were calculated such that the cross-sectional moment of
inertia (CSMI) and cross-sectional area (CSA) of the
model and the original bone remained equal (both were
calculated from the mass of the cross section). Density
map data for each cross section plus the CSMI and CSA
equations were used to calculate the appropriate ellip-
tical fit for the cortical/trabecular or cortical/marrow
boundaries. This procedure enabled us to define the
inner bone geometry and its material distribution with
a finite number of control points for each cross section.
Applying this process to all of the bone’s cross sections
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created a parameterized inner boundary of the proximal
femur.

The algorithm accounted for the cortical thickness
variations within a cross section of the bone by allow-
ing eccentric inner contours with respect to their cor-
responding outer contours. Coordinates of the center of
inner ellipses x; were found by manipulating equations
for the first moment of inertia as follows:

AO X, —CSA- X,
X = £, (1)
! A,

1

where x_ represents the coordinates of the outer ellipse,
X q Tepresents the coordinates of the centroid of the den-
sity map, A | is the area under the outer elliptical ellipse,
and A, is the area under the inner ellipse.

Tissue porosity u for the trabecular volume enclosed
by the cortical bone varies with each cross section. The
value of the trabecular porosity was defined and adjusted
for each cross section using the following equation:

=1
I‘Lzl_} ’ (2)

where N is the number of pixels in the inner cortex, dj
is the density value for each pixel, and p is the average
tissue density from the CT image.

For the third step, custom-designed software pro-
grams generated macros for [-DEAS software (also
known as program files) that automatically generated
eight-node hexahedron elements for the cortical and
trabecular bone volumes. The volumes inside the inner
boundaries were then filled with a hexahedron element
mesh representing trabecular bone and marrow.

Computational Stress Analysis

An FEM representing the original anatomy of the
proximal human femur (the Normal Model) was con-
structed using the methods just described. The model
contains 15,360 elements with 15,633 nodes (Fig. 3).
Since the model geometry was parameterized, it could
readily be scaled to represent individual geometric
variances in the human population. Three geometric
parameters of the femoral neck were investigated in this
study: cortical bone (cortex) thickness in the femoral
neck region, femoral neck length, and femoral neck-
shaft angle.

Three individual FEMs were created based on the
original model to represent the three geometric features.
To create the Thickness Model, the thickness of the
superior cortical bone in the original model was reduced
by 2 mm, while that of the inferior cortical bone was
increased by 2 mm in the femoral neck region. A model
representing a longer femoral neck (the Long-Neck
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Figure 3. Finite element model of a human proximal femur with
boundary and loading conditions (the Normal Model).

Model) was created by widening the distance between
the adjacent cross sections in the femoral neck region
with an accumulated total increase of 15 mm. To repre-
sent a smaller neck-shaft angle, the Small-Angle Model
was produced by adjusting the angle between adjacent
cross sections in the region that includes the greater
trochanter and the femoral neck, with an accumulated
total decrease of 15°.

Stress analyses were performed on all four FEMs.
Material properties of the bone were assumed to be iso-
tropic and linear elastic, and were based on similar data
reported in the literature. The modulus of elasticity was
17.0 GPa for cortical bone and 1.5 GPa for trabecular
bone. Poisson’s ratio for the bone tissue was 0.33. Kine-
matic constraints were applied to the most distal part of
the proximal femur. A single distributed vertical force of
2500 N was applied to the superior surface of the femoral
head (Fig. 3). This loading condition was adapted to sim-
ulate the force transmitted through the hip joint when
a person was in the single-leg stance phase of normal
running or jumping. Stress analyses and pre- and post-
processing of the models were all performed using the
[-DEAS software program.

Assessment of Relative Fracture Risks

The distribution of von Mises stress in the four models
was examined to compare the effects of the three geo-
metric parameters. Peak stress values in the superior and
inferior aspects of the femoral neck were then compared

to the cortical bone strength reported in the literature.’!

Since the strength of human cortical bone is weaker in
tension than in compression,’! the peak von Mises stress
in the superior aspect of the femoral neck (in tension)
was compared with the tensile strength, while that in
the inferior aspect (in compression) was compared with
the compressive strength. The magnitude of peak stress
relative to strength then indicated the relative risk level
of bone fracture in a particular region of the femoral
neck in each model. This index was used to evaluate the
effect of the geometric parameters on the fracture risks
of the femoral neck under such a loading condition.

RESULTS

Bone geometry did influence stress distribution in the
proximal femur under the loading condition investigated
(Figs. 4-7). For the Normal Model (Fig. 4), the overall
maximum stress occurred at the inferior root of the fem-
oral neck with a magnitude of 188 MPa. The peak stress
in the superior aspect of the neck was approximately
one-third of that in the inferior aspect. The Thickness
Model (Fig. 5) had a reduced (35%) peak stress in the
inferior cortex of the neck, while the stress in the supe-
rior region was essentially unchanged.
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Figure 4. Distribution of von Mises stress in the Normal Model.
Maximum compressive stress occurred at the inferior root of the
femoral neck (indicated by the arrow).
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Figure 5. Distribution of von Mises stress in the Thickness Model,
in which thickness in the superior aspect of the femoral neck was
reduced by 50%, while that in the inferior aspect was increased
by 50%.
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Figure 6. Distribution of von Mises stress in the Long-Neck
Model, in which the femoral neck length was increased by 15 mm
over that of the Normal Model.
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Figure 7. Distribution of von Mises stress in the Small-Angle
Model, in which the femoral neck-shaft angle was reduced by 15°
from that of the Normal Model.

The Long-Neck Model (Fig. 6) exhibited a signifi-
cantly different stress distribution pattern compared
with that of the Normal Model. The stress magnitude
in the neck region was highest at the inferior root and
second highest at the superior root. The peak stress in
the superior neck cortex increased by approximately 65%
and was only about 16% less than that in the inferior.
The overall maximum stress location, however, shifted
to the inferior lateral corner of the model boundary.

The Small-Angle Model (Fig. 7) had a stress distribu-
tion pattern similar to that of the Long-Neck Model.
Opverall maximum stress occurred at the inferior root of
the neck, with a slight reduction in magnitude compared
with the Normal Model (9%). However, the peak stress
at the superior surface of the neck was approximately
85% higher than that in the Normal Model and was
only 10% less than the overall maximum stress.

Peak stress magnitudes in the superior and inferior
aspects of the femoral neck, as well as the overall maxi-
mum stress from the four models, were compared with
cortical bone strength (Fig. 8). In the Normal Model,
the peak stress in the inferior aspect of the neck was
closest to the compressive strength of the cortical bone,
while the peak stress in the superior surface of the
neck was much smaller than its tensile strength. The

Thickness Model had the lowest fracture risk. Both the
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Figure 8. Comparison of peak stresses in the proximal femur with
femoral cortical bone strength in compression and tension, under
the loading of a 2500-N compressive force at the femoral head.
(I-neck and S-neck designate inferior and superior aspects of the
femoral neck; Strength* = ultimate strength of cortical bone in the
human femur, from Ref. 31.)

Long-Neck Model and the Small-Angle Model had
a higher risk for tension fracture in the superior neck.
However, only the peak stress in the superior neck of the
Small-Angle Model exceeded the tensile strength. The
peak stress in the Long-Neck Model was near, but below,
the tensile strength. In all the models, the overall maxi-
mum stress did not exceed the compressive strength of
the cortical bone.

DISCUSSION

The present study developed four parameterized FEMs
of the human proximal femur to represent its average
anatomy and its variance in cortical thickness distribu-
tion, length, and angle in the femoral neck. Biomechan-
ical stress analyses were conducted to investigate the
effects of these geometric factors on relative stress frac-
ture risks under a load condition comparable to that of
running or jumping during a single-leg support phase. In
the average anatomy of the proximal femur, stress con-
centration occurred at the inferior root of the femoral
neck, where the stress mode was compressive. Reducing
the cortical thickness in the superior aspect of the femo-
ral neck by 50% and increasing it in the inferior aspect
did not increase fracture risk (Fig. 8). Increasing the
neck length increased the fracture risk in the superior
femoral neck. Decreasing the femoral neck-shaft angle
by approximately 12%, which makes the femoral neck
more anatomically horizontal, resulted in a considerable
increase (85%) in the magnitude of tensile stress in the
superior aspects of the neck and, therefore, in fracture
risk. This geometric factor would most likely be associ-
ated with a tension type of femoral neck fracture.

These results suggest that a smaller neck-shaft
angle and a longer neck are significant risk factors for
stress fractures of the femoral neck, particularly for the
unstable type of tension fracture that initiates at the
superior cortex. In a normal femur with average geom-
etry, running and jumping produce predominantly high
compressive stresses in the femoral neck area. Those

minor stress fractures produced are often undetected
and heal through bone remodeling without the need for
medical intervention. In agreement with real cases, the
results from the present study have shown that stresses
in the Normal Model under running or jumping loading
conditions are below the level for acute bone fracture
(Fig. 8), which is measured in terms of ultimate bone
strength.

A person whose bones have certain geometric fea-
tures can have significantly different, and sometimes
detrimental, stress reactions to the same loading con-
ditions, as demonstrated here (Fig. 8). Note that the
applied force in the present study represents the load
level of a vigorous running or jumping young adult, while
the ultimate strength value is derived from experimen-
tal testing of relatively older adult human specimens.’!
Nevertheless, it is reasonable to infer from results shown
in Fig. 8 that young adults having a longer femoral neck
and/or a smaller neck-shaft angle have a higher risk of
femoral neck stress fracture, while elderly adults with
such features are likely to sustain an acute femoral neck
fracture when engaging in the same types of running or
jumping activities.

The results of this study demonstrate that neck-shaft
angle might be a very important risk factor for femo-
ral neck stress fracture. They also indicate that a small
decrease in femoral neck geometry (12% of the average
angle for adults of 125°) can drastically increase (up to
85%) the stress magnitude in the critical area for unsta-
ble stress fracture. In other words, the stress in the femo-
ral neck is very sensitive to the change in femoral neck
orientation under the loading condition of jumping or
running activities.

Neck-shaft angle has never been mentioned in the
literature as a risk factor for stress fracture of the femur,
although it has been listed as one of the risk factors for
femoral neck fractures in general based on epidemio-
logical studies.2I=2? Those studies have reported that a
larger neck-shaft angle can increase the femoral neck
fracture risk in an elderly population whose femoral neck
fractures mostly resulted from an impact load to their
greater trochanter during a fall from a standing posi-
tion.2122:24-27 Our computational study using numeri-
cal models provides further biomechanical validation
that neck-shaft angle is a risk factor for femoral neck
fracture under a variety of loading conditions. These
results also provide a quantitative sensitivity analysis of
this geometric factor in its influence on the fracture risk
of the femoral neck. The results also suggest that the
neck-shaft angle could be a key variable in determining
whether the fracture outcome is the stable compressive
type or the unstable tension type in the femoral neck
under such loading conditions.

A femur with a longer neck may be at a higher risk
for the tension type of fracture compared with a similar-
sized femur with an average neck. The influence of
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femoral neck length is more difficult to determine
because a longer neck in the human femur is often asso-
ciated with larger bone size, a factor known to be cor-
related with a reduction in fracture risk in the femoral
neck.21-2% This may be partially responsible for the lack
of statistical significance in some reported results and
even conflicting findings in others. Such confounding
effects were avoided in the present computational study
by keeping all other factors constant in a virtual human
anatomic specimen, a condition very difficult to obtain
in a real human anatomic specimen. Like the influence
of the neck-shaft angle, but to a lesser extent, neck
length tends to increase the risk of fracture caused by
tensile stress while tending to reduce the risk of fracture
caused by compressive stress (Fig. 8). The fact that pre-
vious epidemiological studies?!2? did not separate the
compressive and tension type of femoral neck fractures
might have also reduced the power of their statistical
analyses. Such statistical power could be increased if
the tension fracture and compression fracture cases were
separated into two sample groups.

The present study did not include the muscle loads
to the bone. Previous studies have suggested that muscle
fatigue is likely to increase the risk of stress fracture.»?
A fatigued muscle has reduced ability to exert force in
the bone. With less muscle force, stress patterns in the
bone under the same physical activities would certainly
be altered. In the proximal femur, the tensile force from
muscles attached to the greater trochanter may change
the location and magnitude of the stress concentration.
By omitting the muscle force in the model simulation,
the present study assumes a worst-case scenario, when
the muscles attached to the greater trochanter are com-
pletely fatigued and unable to exert any force. Including
muscle action in the computational simulation would
significantly expand the application of our models to
investigate the effects of fatigue and help to determine
optimal training regimens based on fitness levels.

This computational study did not include the process
of bone remodeling. Like fatigue fractures in engineering
materials, stress fracture damage in bones starts at the
submicroscopic level, grows to microscopic cracks, and
progresses to macroscopic fracture. Unlike engineering
materials, though, bone tissue can heal itself at every stage
of damage as a result of biological remodeling processes.
Including such biological processes would expand the
present method into the time domain and significantly
improve its power in predicting stress fracture risks. It
would again help to design an optimal training regimen
where stress fracture risk is kept at a minimum.

Another limitation of the current study is that the
cross-sectional geometry of the models is approximated
by a series of ellipses such that the CSA and area moment
of the model and the real bone are equal. Although the
model geometry is derived from CT images of a real
human femur, the approximation technique used here
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may have significantly altered the absolute thickness of
the cortical shell and, hence, the absolute magnitude of
the stress in response to loading. Therefore, the absolute
stress magnitudes in the present study are not expected
to be accurate. Since the primary objective here was
to investigate the relative effects of geometric factors,
the stress magnitude in one location relative to another
location is still valid. Nevertheless, results reported in
this article should be considered preliminary. Work is
under way to develop a new technique that would more
accurately represent the cross-sectional geometry of the
bone.

CONCLUSION

We have developed a computational method to inves-
tigate three individual geometric factors as independent
variables that may correlate with stress fracture risk to
the human femoral neck. Our results have shown that
both femoral neck length and neck-shaft angle affect
the biomechanical risk of femoral neck stress fracture. A
smaller femoral neck-shaft angle not only can increase
the risk for femoral neck stress fracture but also is a
key risk factor for the unstable tension type of fracture.
Although the present results are preliminary, they dem-
onstrate the power and flexibility of computational mod-
eling and simulation in the biomechanical assessment
of bone stress fracture risks. With improved geometric
accuracy, our future computational models can poten-
tially be used to more quantitatively determine the con-
tribution of individual biomechanical factors and their
combination in fracture risk prediction. Recommended
further work includes adding bone remodeling processes
and muscle function to the computational simulation,
which will enable a more accurate biomechanical pre-
diction of stress fracture injury risks and help in the
design of an optimal training regimen that keeps stress
fracture risk to a minimum.
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