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The bicondylar angle is the angle between the diaphysis of
the femur and a line perpendicular to the infracondylar
plane. The presence of a femoral bicondylar anglein Austra-
lopithecus afarensis indicates that these 3.5-million-year-old
hominids wer e bipedal. Many studies have linked the forma-
tion of the femoral bicondylar angle with bipedality, but the
mechanism for the formation of the angle is poorly under-
stood. Mechanical factors, such as stresses and strains, influ-
encethe growth process. In particular, previous studies have
demonstrated that hydrostatic compressive stress inhibits
growth and ossification, and octahedral shear stress pro-
motes growth and ossification. In this study we implemented
these mechanobiological principles in a three-dimensional
finite-element model of the distal femur. We applied loading
conditionsto the model to simulate loading during the single-
leg stance phase of bipedal gait. The stresses in the physis of
the distal femur that result from bipedal loading conditions
promote growth and ossification more on the medial side
than on the lateral side of the femur, forming the bicondylar
angle. This model explains the presence of the bicondylar
angle in hominid bipedalism and also the ontogenetic devel-
opment of the bicondylar angle in growing children. The
mechanobiological relationship between endochondral ossifi-
cation and mechanical loading provides valuable insight into
bone development and mor phology. (Bone 30:765-770; 2002)
© 2002 by Elsevier Science Inc. All rights reserved.
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Introduction

The earliest known bipedal human ancestors are the australo-
pithecines from about 4.2 million years ago.'®° The bicondylar
angle of the femur of australopithecines is often used as a marker
of bipedality, and is therefore an indicator of the human lineage.*
The bicondylar angle is the angle between an axis through the
shaft of the femur and a line perpendicular to the infracondylar
plane (Figure 1). In modern humans, this angle ranges from
8°-11°.222° |n australopithecines, this angle is slightly larger,
between 12° and 15°, and may be related to the short stature,
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Figure 1. The bicondylar angle in (a) modern humans is 8°-11°, in (b)
australopithecines is 14°-15°, and in (c) chimpanzees is 1°-2°. All
skeletons have been scaled to the same size for comparison. Reprinted
with permission.*®

broad pelvis, and long femoral neck of early hominids.!? In
contrast, quadrupedal apes have small bicondylar angles: approx-
imately 5° in orangutans; 1° in chimpanzees; and 2° in gorillas.°
What appears to be a bicondylar angle in some primate femora,
particularly orangutans, is the result of a different growth process
than that occurring in humans. In orangutans, differential growth
occurs in the epiphysis in which the medial condyle becomes
superioinferiorly longer than the lateral condyle. This should not
be confused with a bicondylar angle due to metaphyseal growth
such as in the human femur. 3

The bicondylar angle is a particularly intriguing morpholog-
ical structure because its development in ontogeny (development
of an individual) has significant implications for its appearance
in phylogeny (development throughout evolution). Ontogeneti-
cally, the bicondylar angle forms while the femur grows in early

8756-3282/02/$22.00
Pll S8756-3282(02)00700-7



766 S. J. Shefelbine et al.
Development of the bicondylar angle

Figure 2. Femora diaphysis with the proximal and distal epiphyses
removed. The angle shown is with reference to the metaphyseal growth
front. From left to right, the femora are at ages 7 years, 5 years, 3 years,
7 months, and a 7 month fetus. Reprinted with permission.?®

childhood. When a child is born, the axis of the shaft is perpen-
dicular to the metaphyseal growth front (Figure 2). When a
1-year-old child first starts to walk, the medial side of the distal
metaphysis grows faster than the lateral side, resulting in the
bicondylar angle. The angle reaches a stable value of 8°-10° by
the age of 8 years.2® In bedridden children, children with neu-
romuscular disorders, and paraplegic children who do not walk
during the early stages of childhood development, the bicondylar
angle does not form.3! Therefore, the formation of the bicondylar
angle is clearly an epigenetic phenomenon, in which growth of
the distal femur is influenced by the mechanical loading envi-
ronment. Although there is a clear link between the bicondylar
angle and bipedalism, little work has been done to demonstrate
the mechanism by which bipedalism results in the bicondylar
angle.

Long bones, such as the distal femur, grow in length through
the process of endochondral ossification. In this process, carti-
lage cells proliferate, mature, and hypertrophy (expanding par-
ticularly in the longitudinal direction). These distinct stages of
cellular differentiation are seen in the columns of cartilage cells
that align perpendicularly to the growth front. As the cells
hypertrophy and die, the matrix surrounding the cells cacifies,
and the cartilage is eventualy replaced by well-vascularized
bone. This process is regulated by: (1) biological factors, such as
hormones, growth factors, and other systemic chemical agents;
and (2) mechanical factors, such as joint loading and muscle
contractions, which impose stresses and strains on the developing
bone. It is these mechanical influences that are the focus of this
research.

Mechanobiology is the regulation of biological processes by
mechanical factors. Previous studies have proposed that the
endochondral ossification process is modulated by stresses and
gtrains in the differentiating cartilage.®"2%32 In other words,
certain loading conditions create stress states that may accelerate
or decelerate the rate of endochondral growth and ossification.
Pauwels hypothesized that “unegual pressure in the epiphyseal
cartilage, provided it is not above a certain threshold, leads to
unequal growth in length.” 2 Pauwels reasoned that higher com-
pression on one side of the growth front would accelerate growth
until the compression was equal across the growth front.
Preuschoft and Tardieu have applied this hypothesis to the
phylogenetic appearance of the bicondylar angle in early bipedal
hominids.?* This hypothesis explains only the simplified loading
case in which the stress is assumed to be uniaxial. In an actua
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Figure 3. lllustration of the principal stresses (o,, o, and o3) and
deformations (solid lines) that are associated with pure hydrostatic stress
and pure octahedral shear stress. A general multiaxial stress state will
have both hydrostatic and octahedral shear stress components.

joint during bipedal gait, the stresses are complex and multiaxial.
Therefore, it is necessary to elaborate on Pauwels' hypothesis to
more general, multiaxial stress conditions.

Previous studies by Carter et al.® used a multiaxial approach
to understand the influence of stresses in endochondral growth
and ossification. In this approach the multiaxial stresses are
represented by the scalar stress invariants, hydrostatic stress and
octahedral shear stress. Stress invariants are independent of
reference frame and are therefore useful in describing multiaxial
loading conditions. Hydrostatic compressive stress results in a
change in volume with no change in shape, if the material is
compressible. Octahedral shear stressresultsin achange in shape
with no change in volume (Figure 3). In general, a given state of
stress will consist of both hydrostatic and octahedral shear stress.
It has been proposed that endochondral growth and ossification is
inhibited by intermittent hydrostatic compressive stress and ac-
celerated by intermittent octahedral shear stress. This mechano-
biological theory has been used to explain and predict the
ossification patterns of long bones®33* and the sternum,3 the
shapes of the secondary ossific nuclei,® the shape changes that
occur at the bone ends during development,*© the thickness of
cartilage in a developed joint,*®2” and the patterns of degener-
ative change in the femoral articular cartilage.* Although this
theory was used previously to predict locations of bone forma-
tion, it can be extended to predict tissue growth and the mor-
phological changes that occur during growth of long bones. The
objective of this study is to predict the development of the
bicondylar angle by applying these mechanobiological concepts
to a three-dimensional finite-element model of the distal femur.

Methods

A finite-element model is a mathematical representation of a
structure for which the stresses and strains can be determined at
any point within the structure. To determine the effects of
stresses during bipedal gait on growth of the distal femur and
formation of the bicondylar angle, we developed a three-dimen-
siona (3D) finite-element model of the distal femur.

Model Geometry

A 3D finite-element model was generated to represent a simpli-
fied, idealized geometry of the distal femur. The diameter of the
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diaphysis was 20 mm, the mediolateral dimension of the epiph-
ysis was 50 mm, and the total length of the model was 100 mm.
The dimensions were chosen to represent the distal femur of a
1-year-old child and were confirmed to first approximation using
magnetic resonance imaging (MRI) scans of the distal femur of
a 2-year-old child. The bicondylar angle was 0° in the initia
model.

Model Materials

Each element in a finite-element model has material properties
that determine how the material deforms in response to stress.
The modulus of elasticity (E) is a measure of the stiffness of the
material and expresses units of pressure (MPa). A soft material,
such as cartilage, has alow modulus of elasticity, whereas a hard
material, such as bone, generally has a high modulus of elasticity.
Poisson’s ratio (v) is a measure of the volume change during
compression of a material and can range from 0 to 0.5. A
material that has a large volume change, such as porous cancel-
lous bone, has a relatively low Poisson’s ratio. The high water
content of cartilage, on the other hand, makes it nearly incom-
pressible. Therefore, the volume does not change much under
compression, and the Poisson’s ratio is 0.49.

All materials in the model were approximated to be single
phase, linear elastic, isotropic, and homogeneous. The shaft of
the distal femur in the model was composed of newly mineral-
ized cancellous bone with a modulus of easticity of 500 MPa
and a Poisson’sratio of 0.2.5 The epiphysis consisted of cartilage
elements with a shear modulus of 2 MPa and a Poisson’ s ratio of
0.49, simulating the near incompressibility of cartilage for load-
ing rates comparable to those experienced during walking.?® The
elastic modulus, calculated from the shear modulus and Pois-
son’s ratio, was 6 MPa. The transition zone between the epiph-
ysis and the metaphysis had material properties between those of
cartilage and bone (E = 50 MPa, v = 0.3) (Figure4). Theregion
of interest in the model was the cartilage adjacent to the meta-
physeal growth front. We assumed the “growth region” to be the
five rows of cartilage elements distal to the metaphyseal growth
front, representing the cartilage that has started differentiating.
The stresses in these elements determined how the growth front
progressed.

Loading Conditions

Numerous gait studies and mathematicall models have deter-
mined the presence of an adducting moment at the knee in adults
during walking.%131421.26 The net result of the adduction mo-
ment is to move the center of pressure of the knee medially so
that more of the load is supported by the medial condyle relative
to the lateral condyle. Although few gait studies have been
performed on children when they first start walking, it is reason-
able to assume that a similar, if not proportionally greater,
adduction moment is present in children. During the early stages
of bone growth, the medial side of the femur grows more than
lateral side at the same time that the neck-shaft angle decreases.
Both of these morphologica changes move the knee closer to the
center of gravity, decreasing the moment about the knee. In
addition, supporting structures, such as the tensor fasciae latae,
iliotibial tract, and collateral ligaments, develop to resist the
adduction moment.

When a child first begins to walk around the age of 1 year, the
neck-shaft angle is large (140°),%" the bicondylar angle is 0°,%°
and the kneejoint islateral to the center of gravity (Figure5). To
maintain equilibrium during the single-leg stance phase of gait,
there must be amoment, or torque, about the knee. This moment
is roughly equal to the body weight multiplied by the lateral
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Figure 4. Finite-element model of the distal femur illustrating loading
conditions and material properties. The applied pressures are maximum
in the center of the condyles and decrease across the condyle. Pressures
also decrease anteroposteriorly as shown. The diaphysis of the femur is
constrained from moving at the proximal end.

distance to the center of the knee joint. The knee moment is
balanced internally by muscle contractions, ligament forces, and
asymmetric pressure distributions on the media and latera

Bipedal free body diagram
(1 year old)

BW (body weight)

Ry=BW

SF, = -BW + Ry =0
IMjnee = -BW x d

Figure 5. Bipedal gait results in a moment about the knee because the
kneeislateral to the center of mass (represented by body weight, BW) in
single-leg stance phase of gait. The ground reaction force, R, is equal to
body weight.
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condyles. For afirst approximation, all moment balancing mus-
cle forces have been lumped together and ligament forces are
assumed negligible in this analysis. In contrast to bipeds, most
quadrupeds have two feet (usually opposite limbs) on the ground
a atime. The center of gravity lies between the two support
limbs. This creates a stable structure and there is no moment at
the knee in static equilibrium.

Loading on the knee from bipedal gait creates an axial force
through the shaft of the femur as well as a moment about the
knee. The combination of these loads results in higher loading on
the medial condyle relative to the lateral condyle.'? We applied
pressure to the condyles of the finite-element model to simulate
loading conditions during bipedal gait. We examined three load-
ing conditions on the condyles of the distal femur. In all cases,
the axial force (inthey direction) was 88 N, to represent the body
weight of a 1-year-old child. The three loading conditions were:
(2) equal pressure on the condyles (no moment); (2) 1.2 timesthe
pressure on the media condyle relative to the lateral condyle
(moment = 76.5 N mm); and (3) 3 times the pressure on the
media condyle relative to the lateral condyle (moment = 383 N
mm). In al cases, the pressure was maximum in the middle of the
condyle and decreased anterioposteriorly and across the condyle
(Figure 4). All loading conditions resulted in <5% maximum
principle strain of the cartilage.

Analysis

The specific growth rate (€) of atissue is equivalent to the strain
rate (the rate of change in length relative to aninitial length). The
specific growth rate consists of a baseline biological growth, €,
which is modulated by local mechanical stresses, €,

eE=¢g,+ & (€

The biologica growth rate represents the growth that occurs due
to intrinsic genetic and hormonal regulation. We used a constant
value for g, of 55 um/(day - L), where L, is the total length of
the growth region. This growth rate is consistent with experi-
mentally determined growth ratesin the femoral growth plates of
2-year-olds.1®

The mechanical contribution, €, can be positive (increasing
the total specific growth rate) or negative (decreasing the total
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Figure 6. Stress distributions in a
corona dlice through the distal fem-
ora cartilage epiphysis. With equal
loading on both condyles, the stress
distribution is symmetric. When the
load on the media condyle is three
times the load on the lateral condyle,
the stresses are greater on the medial
side of the epiphysis.

specific growth rate), and is a function of the octahedral shear
and hydrostatic compressive stress in the growing tissue:

€, = aos + boy, (2

Octahedral shear stress, o, is aways positive and promotes
growth and ossification. Compressive hydrostatic stress, o, is
aways negative and inhibits growth and ossification. The con-
stants a and b determine the relative amounts that octahedral
shear and hydrostatic stress influence growth. We used aratio of
b/a of 0.5 to be consistent with previous studies that have
predicted epiphyseal ossification patterns.>34 Magnitudes of a =
10 and b = 5 were chosen so that the maximum mechanical
contribution to growth was less than half the biological growth.
Experimental studies on chick embryos have shown that para-
lyzed limbs, which experience no mechanical stimulation, grow
to 50%—60% of the normal length.® It should be noted that this
analysis does not depend on the magnitude of the applied load,
but rather on the load distribution across the condyles. The
constants a and b in Equation 2 can be scaled accordingly to give
physiologica growth rates that depend on the load magnitude.

From the finite-element analysis we determined the hydro-
static and octahedral shear stresses in the growth region and
calculated the total specific growth. The model was then grown
using orthonormal expansion of the elements in the longitudinal
(y) direction by an amount given by the specific growth rate. We
predicted the growth of the femur during asingle time interval of
6 months.

Results

A corond slice through the model illustrates the stress distribu-
tion at the center of the cartilaginous epiphysis (Figure 6). With
equal loading on the media and lateral condyles the stress
distribution is symmetric. Compressive hydrostatic stressislarge
at the surface where the load is applied and at the interface with
thetransition zone. It is the stresses in the growth region adjacent
to the transition zone that are of interest because this is the area
of cartilage that will calcify next as the growth front progresses.
Octahedra shear stress is highest in the center of the epiphysis,
which other studies have shown, and predicts the formation of
the secondary center of ossification.® Octahedral shear stress is
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Figure 7. Growth results for the distal femur after 6 months of growth.

dightly higher at the edges of the growth region than in the
center. The asymmetric loading stress contours (Figure 6) indi-
cate stress distributions for the case in which the load on the
medial condyleisthreetimesthe load on the lateral condyle. The
hydrostatic and octahedral stresses are much greater on the
media side of the growth region than on the lateral side.

From the calculated stresses, the specific growth rate in the
growth region was determined using Equation 1. The growth
results predict the bone growth for the different loading condi-
tions (Figure 7). Without loading, the biological component of
the specific growth rate, €, results in equal growth across the
growth front and a lengthening of the bone by 10 mm. With
symmetric loading on the condyles, the bone grows slightly more
to 14 mm. As the load on the medial condyle increases relative
to the lateral condyle, the bone grows more on the medial side.
The octahedral shear stress promotes growth more than the
hydrostatic stress inhibits growth, resulting in asymmetric
growth. When the load on the medial condyleis 1.2 times greater
than the lateral condyle load, the asymmetric growth resulted in
a bicondylar angle of approximately 0.7°. When the medial load
was three times the lateral load, the growth was even more
asymmetric, resulting in a bicondylar angle of 3.5°.

Discussion

Mechanobiological principles can be used to explain the forma
tion of the bicondylar angle during bipedal gait. Only a small
moment at the knee is necessary for the stress distribution in the
cartilaginous epiphysis to be asymmetric and result in asymmet-
ric growth across the growth front. With a load 20% greater on
the medial condyle, the predicted bicondylar angle was 0.7° after
6 months of growth. Growing at thisrate until the age of 8 years,
when the bicondylar angle becomes stable, would result in a
bicondylar angle of approximately 10°.

This model simplifies the loading conditions on the femur by
assuming a single pressure distribution. In vivo, there are many
muscles, ligaments, and other structures, such as the patella, that
aso impose stresses on the developing cartilage. We combined
the overall effects of these forces into a single pressure distribu-
tion. We chose to examine only the single-leg stance phase of
gait, when the loads on the femur are the highest. A more
accurate loading scheme would incorporate movement of the
tibia over the condyles of the femur during an entire gait cycle.
However previous studies have shown that it is the maximum
octahedral shear stress and minimum hydrostatic stress in a
loading cycle that are likely to have the greatest effect on the
endochondral ossification process.?” Therefore, estimating the
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gait cycle with a single loading condition is accurate to a first
approximation for this application.

This analysis did not account for the presence of the second-
ary center of ossification in the epiphysis. The secondary center
begins to calcify prenatally and expands radially during growth.
Although this bony nodule will affect the local stresses in the
cartilage and local growth front morphology, models that include
the epiphysis have shown that it does not affect the overall
formation of the bicondylar angle. Future studies will examine
how the secondary ossification center affects the local morphol-
ogy of the growth front.

In this model the growth response immediately followed the
stress stimulus. However, in many biological systems there is a
lag timein the response, similar to feedback control systems. The
tibia-femoral angle (which is different from but related to the
bicondylar angle) exhibits a feedback-type response, overshoot-
ing the adult value before it stabilizes.2%> Although there are not
enough data to determine whether the bicondylar angle has a
similar overshoot, incorporation of alag timein the model would
account for the possible overshoot and subsequent correction of
certain growth patterns in bone morphogenesis.

Mechanobiological principles may be useful in explaining
other morphological features in the paleontological record, par-
ticularly those that reflect a change in function or loading
conditions. Using mechanobiological principles to predict how
stresses affect bone growth may have significant clinical impli-
cations as well. For example, in congenital hip displacement the
head of the femur develops outside of the acetabular socket. This
abnormal loading results in abnormal growth front progression.
Similarly, children with cerebral palsy who walk with a crouched
gait have abnormal joint loads and subsequently develop bony
deformities. Understanding how joint loading affects the forma-
tion of these bony deformities may help clinicians treat these
conditions before the deformities develop.

The formation of the bicondylar angle in phylogeny is there-
fore not an intrinsic genetic trait that distinguishes early homin-
ids from apes, but rather a skeletal response to a change in
locomotor activity. Appearance of the bicondylar angle in phy-
logeny reflects developmental mechanics seen in ontogeny and is
indicative of bipedal gait. These mechanobiological concepts
provide a strong basis for future study of bone growth in
response to mechanical loading and can be incorporated into our
understanding of overall bone development and skeletal
morphogenesis.
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