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Abstract We have developed an improved mechanobio-
logical model of bone morphogenesis and functional
adaptation that includes the influences of periosteum ten-
sion and pressure on bone formation and resorption. Previous
models assumed that periosteal and endosteal bone depo-
sition and resorption rates are governed only by the local
intracortical daily stress or strain stimulus caused by cyclic
loading. The new model incorporates experimental findings
that pressures on periosteal surfaces can impede bone for-
mation or induce bone resorption, whereas periosteal ten-
sile strains perpendicular to bone surfaces can impede bone
resorption or induce bone formation. We propose that these
effects can produce flattened or concave bone surfaces in
regions of periosteal pressure and bone ridges in regions of
periosteal tension. The model was implemented with com-
puter simulations to illustrate the role of adjacent muscles
on the development of the triangular cross-sectional geom-
etry of the rat tibia. The results suggest that intracortical
stresses dictate bone size, whereas periosteal pressures may
work in combination with intracortical stresses and other
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1 Introduction

Although it is widely accepted that mechanical loading can
affect skeletal morphology, it is unclear whether similari-
ties and differences in bone cross-sectional structure can
be used to make inferences about bone function. Georges
Cuvier’s concept of a “correlation of parts” proposed that
anatomy reflects function and that the structure of each indi-
vidual organ within an animal is related to those of all other
organs (Rudwick 1997). In the context of skeletal mechano-
biology, Cuvier’s views are applicable to the effects of the
mechanical environment on the processes of bone develop-
ment and functional adaptation. In particular the structures
directly adjacent to periosteal bone surfaces may affect bone
cross-sectional morphology by modifying local bone mod-
eling rates. Due to the effects of periosteal loads on bone
morphology, anatomical and functional information about
the structures surrounding bones may be necessary in order
to fully understand the relationship between bone form and
function.

Comparative anatomy can provide many insights into the
relationships between different species. Consider, for exam-
ple, the triangular cross-sectional morphology at the mid-
diaphysis of the tibia. In mice, rats, cats, dogs, humans,
and even elephants, the diaphysis of the tibia has a dis-
tinctly triangular shape, with flattened, slightly convex, or
slightly concave periosteal surfaces at locations adjacent to
the muscles of the lower leg (Sikes 1971; McClure et al. 1973;
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Fig. 1 Cross-sectional CT
images of the triangular
diaphysis of a buffalo, elk, polar
bear, giraffe, rhinoceros, and
mammoth tibia. Each image is
oriented with the anterior/cranial
and medial directions indicated
on the buffalo image. Note that
the mammoth image contains a
plaster shell visible on the
posterior side

Evans and Christensen 1979; Lanyon 1980; Martens et al.
1981). Many different extant and extinct species share this
feature (Fig. 1). Given the large differences in size, anatomy,
and biomechanics of locomotion that exist among a wide
variety of animals, it may seem surprising that their tibiae all
have similar cross-sectional shapes.

Previous studies have shown that normal muscle func-
tion during development is necessary in order to produce the
normal triangular morphology of the tibial shaft in rats and
in humans (Ráliš et al. 1976; Lanyon 1980). Therefore, the
triangular shape of the tibia cannot be wholly attributed to
genetic positional information. The relative anatomic loca-
tions of muscle bellies and overlying soft tissues adjacent to
the tibial diaphysis may in fact produce a periosteal loading
environment that is consistent among many terrestrial mam-
mals, and the mechanobiological effects of this environment
may be a crucial component of the process by which the trian-
gular cross-sectional shape of the tibia develops (Fig. 2). This
concept resonates with Lanyon’s hypothesis of bone accom-
modation, which stated that bone morphology is often modi-
fied in order to accommodate adjacent structures (Lanyon
1980). Flattened bone surfaces often correspond to areas
where muscle bellies contract and bulge out against the adja-
cent bone. The flattened lateral surface of the tibial shaft lies
adjacent to the tibialis anterior muscle, which dorsiflexes the
foot, and the flattened posterior surface of the tibial shaft lies
adjacent to the soleus muscle, which produces plantar flexion.
Conversely, raised crests or ridges appear at locations where
muscles, ligaments, and membranes attach to bone surfaces.

The anterior crest of the tibia and the interosseus crest on the
lateral surface of the tibial shaft are two examples.

The surfaces of bones are surrounded by the cambium
layer of the periosteum, which consists of multipotent cells
that play a key role in bone morphogenesis and functional
adaptation. The periosteal fibrous layer surrounds the
cambium layer and lies adjacent to neighboring bones,
muscles, blood vessels, tendons, ligaments, and skin. These
surrounding structures can exert pressures and tensile strains
on the periosteum in a direction perpendicular to the bone
surface. Quasi-static, pulsatile, and intermittent surface pres-
sures have been reported in the literature to lead to bone
resorption or a decrease in bone formation in many different
skeletal locations, including the vertebrae, ribs, phalanges,
maxilla, middle ear, tibia, and cranial vault (Feik et al. 1987;
Gooding et al. 1969; Hall and Watt 1986; King et al. 1991;
Orisek and Chole 1987; Sato et al. 1998; Skripitz and Aspen-
berg 2000; von Böhl et al. 2004; Voyvodic et al. 1992; Wang
and Hodges 1994). In contrast to the osteoclastic or reduced
osteoblastic response to surface pressures, quasi-static ten-
sile strains applied in a direction perpendicular to a bone sur-
face due to bending of rat vertebrae, bending of early bone
rudiments, brain growth, orthodontic force, periosteal dis-
traction, and tumor growth have been shown to lead to bone
apposition (Feik et al. 1987; Amprino 1985; Henderson et al.
2004; King et al. 1991; von Böhl et al. 2004; Schmidt et al.
2002; Yochum and Rowe 2005). Together, these studies sug-
gest that, in addition to the intracortical stresses and strains
arising due to axial, bending, and torsional loads applied
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The mechanobiological effects of periosteal surface loads 229

Fig. 2 Cross-sectional sketches of a canine hindlimb and a human leg.
Muscles and other surrounding soft tissues are indicated by the grey
zones. In both cases the tibia has a distinctly triangular shape, with
dorsiflexor and toe extensor muscles adjacent to the lateral side and

plantar flexor and toe flexor muscles adjacent to the posterior side.
Canine sketch based on anatomical information from Evans and Chris-
tensen (1979); human sketch based on anatomical information from
Agur and Lee (1991)

Fig. 3 The far-field loads applied to the femur shown on the left pro-
duce the intracortical stress distribution in the femoral shaft section
illustrated on the right. Local loads applied directly onto the surface of
the fibrous layer of the periosteum produce a distribution of periosteal
surface pressures and normal tensile strains in the cell-rich cambium
layer

relatively far from a given diaphyseal cross-section, bone
modeling may also be affected by relatively small surface
pressures and tensile strains applied in a direction perpen-
dicular to the bone surface (Fig. 3).

In this paper we present a mechanobiological model that
accounts for the effects of relatively small loads applied
directly to periosteal surfaces of bones. This class of mechan-
ical loads has previously been absent from mathematical

models of bone development and adaptation. Our model,
which is based upon experimental evidence obtained in a
variety of animal and cell models, incorporates the findings
that pressures applied directly to the periosteal surfaces of
bones can impede bone formation or induce bone resorption.
Conversely, tensile strains applied in a direction perpendic-
ular to periosteal surfaces have been shown to impede bone
resorption and, if high enough, induce bone formation. Com-
puter simulations that implement this model help to explain
how structures adjacent to bone diaphyseal surfaces affect
bone cross-sectional morphology during development and
throughout life.

2 Methods

2.1 Model development

The computational modeling framework presented below
is built upon previous models that were used to simulate
bone cross-sectional development and adaptation at the mid-
diaphyses of long bones under the influence of axial,
bending, and torsional loads applied relatively far from the
cross-section of interest (Cowin 1984; Hart et al. 1984;
Huiskes et al. 1987; van der Meulen et al. 1993; Levenston
et al. 1998). These loads induce a distribution of intracor-
tical stresses and strains throughout the section, and mod-
eling rates corresponding to the local mechanical stimulus
are determined using a modeling rate relationship. The same
methods used in previous studies are presented here, but
the modeling rate relationship has been modified in order to
incorporate experimentally determined modeling rates
(Fig. 4). The new model includes the effects of periosteal
surface loads as described subsequently.
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Fig. 4 Relationship between the daily stress stimulus (� ) and bone
apposition or resorption rate (ṙ ). Positive values of ṙ indicate bone
apposition, while negative values indicate bone resorption. The attrac-
tor state stimulus (�AS) is set at 50 MPa, and the five lettered points used
to define the curve are listed to the right. References for these values
are provided in the text

2.1.1 Intracortical stresses

A stress invariant called the energy effective stress (σ̄ ), which
is derived from the local strain energy density, can be used to
summarize the stress state at any point within a bone (Fyhrie
and Carter 1986). The energy stress does not differentiate
between the tensile, compressive, and shear components of
the stress tensor with respect to the local bone organization,
but instead it provides a measure of the local magnitude of
the strain energy stored at each point in the bone (Carter and
Beaupré 2001). In the model the intracortical stress state at
a point in a bone section with transversely isotropic material
properties is summarized using σ̄ , which is computed using

σ̄ =
√

σ 2
zz +

(
E

G

)
τ 2 MPa, (1)

where σzz is the longitudinal normal stress, E is the elastic
modulus of bone tissue in the longitudinal direction, G is the
shear modulus of bone tissue for torsion about the shaft, and
τ is the magnitude of the shear stress (Levenston et al. 1998).
The surface modeling rate (ṙp on the periosteal surface; ṙe on
the endosteal surface) is determined at each periosteal and
endosteal location of a bone section based on the local value
of the daily stress stimulus (�), which is defined as

� =
⎛
⎝∑

day

ni σ̄
m
i

⎞
⎠

1/m

MPa/day, (2)

where ni is the number of daily cycles of load type i, σ̄i is
the tissue level effective stress due to load type i , and m
is an empirical exponent (Carter et al. 1987; Beaupré et al.
1990a,b). The value of � provides a measure of the cumula-
tive modeling stimulus caused by intracortical stresses that

the bone experiences in a given day. To obtain the local value
of ṙp or ṙe, the value of � is compared to an attractor state
stimulus (�AS), which is the optimal level of stimulus for
bone maintenance. The local modeling error (e = � −�AS)
drives the bone modeling simulation. Alternatively, a daily
strain stimulus can be computed based on applied cyclic
strains (Mikic and Carter 1995). For simplicity the stress-
based approach is used in the description of the modeling
framework that follows.

The local values of ṙp and ṙe dictate whether bone tissue is
to be added or removed at each surface location. These local
surface apposition and resorption rates are determined using
the relationship shown in Fig. 4. Following earlier studies,
the attractor state stimulus �AS is set at 50 MPa/day, and a
“lazy zone”, in which bone is relatively insensitive to changes
in loading, is set for a range of 100±20% of �AS (Beaupré
et al. 1990a,b; van der Meulen et al. 1993; Levenston et al.
1998). Based on a study of continued periosteal expansion
of the adult femur, the modeling rates at the edges of the
lazy zone (defined by points “b” and “c” in Fig. 3) are set at
−0.08µm/day for resorption and 0.08µm/day for apposition
(Ruff and Hayes 1982). The resorption rate for �= 0 (point
“a” in Fig. 3) is set at −5.4µm/day, which was the maxi-
mum endosteal resorption rate that occurred in the immobi-
lized forelimbs of old beagles (Jaworski et al. 1980; Cowin
et al. 1985). Yielding (irreversible damage) begins to occur in
cortical bone for stresses higher than 153 MPa in compres-
sion, 84 MPa in tension, and 56 MPa in shear (Jepsen and
Davy 1997; Kaneko et al. 2003). To account for the rapid
rate of bone apposition following the healing response to this
damage, the rate of bone apposition is assumed to increase
sharply for values of � greater than 120 MPa/day. The mod-
eling rate for �= 120 MPa/day is set at 24µm/day (point “d”
in Fig. 3), which was the maximum rate of bone apposition
reported during normal growth in rats (Sontag 1992). The
maximum bone apposition rate for a healing response is set
at 260µm/day, which was the maximum rate reported in a
study of distraction osteogenesis of the rat mandible (Loboa
et al. 2004). The apposition rate is assumed to reach this level
for a value of � = 130 MPa/day (point “e” in Fig. 3), resulting
in the sharp upward increase between 120 and 130 MPa/day.

2.1.2 Periosteal pressures and tensile strains

The local modeling rate determined using Fig. 4 is assumed to
be induced by the intracortical stress within a bone’s diaphy-
seal cortex. In addition to the effects of intracortical stress,
our new model assumes that the bone modeling rate on the
periosteal surface is then modified by pressures or tensile
strains applied in a direction perpendicular to the periosteal
surface. The effects of periosteal surface loads, which are
described below, can be used to develop a mathematical
model that takes into account the magnitude of the periosteal
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The mechanobiological effects of periosteal surface loads 231

surface pressure or tensile strain as well as the duration of
load application.

Experimental results indicate that directly applied surface
pressures of relatively small magnitude encourage osteoclast
activity and differentiation in a load- and time-dependent
manner. In an in vitro study, Kanzaki et al. (2002) applied
direct pressures of approximately 0.05 and 0.28 kPa to cul-
tured primary human PDL cells for a period of 6 or 24 h.
After the load was removed, the PDL cells were cocultured
with peripheral blood monocytes for a period of 4 weeks.
Coculture with previously loaded PDL cells resulted in
increased osteoclastic differentiation. Both higher load mag-
nitude and load duration produced an increased amount of
osteoclast differentiation, suggesting that applied pressure
can affect ostoclastogenesis in both a load- and a time-
dependent manner. In a study of intermittent and continu-
ous pressure applied to the rat hard palate, an intermittent
load of 19.6 kPa produced a significant increase in osteoclast
activity, whereas a continuous load of only 6.86 kPa produced
similar effects (Sato et al. 1998). Iwasaki et al. (2004) applied
a range of orthodontic stresses ranging from 4 to 52 kPa and
observed tooth migration in every case, and the velocity of
tooth migration was higher for higher levels of applied stress.
In order for a tooth to migrate through the jaw, bone must
be resorbed in front of the tooth, where the PDL is under
direct pressure. Therefore the rate of bone resorption was
shown in this study to have a dose-dependent response to the
magnitude of the applied orthodontic stress.

The periosteal response to directly applied pressure may
consist of two types: a response to direct deformation due
to small surface pressures and a response to impeded blood
flow due to larger surface pressures. The study by Kanzaki
et al. (2002) discussed above presents evidence for the effects
of direct cellular deformation on osteoclastogenesis. In that
study the direct deformation of PDL cells in culture resulted
in an upregulation of receptor activator of nuclear factor κB
ligand (RANKL), an essential factor for osteoclastogenesis.
The results of the study showed that very small surface pres-
sures may lead to osteoclastic differentiation in the PDL, and
a similar response can be expected in the biologically similar
periosteum.

Higher levels of applied surface pressure may interfere
with normal blood flow and elicit a second type of mechanob-
iologic response. The range of stresses (4 to 52 kPa) applied
in the Iwasaki et al. (2004) study of orthodontic tooth move-
ment translates into a range of 30 to 390 mmHg. In a study
of human skin blood perfusion, directly applied pressures of
11 to 50 mmHg were sufficient to stop blood flow (Ek et al.
1987). Pressures of a similar magnitude would likely have
similar effects within the compliant tissue of the periosteum.
The quasi-static stresses applied in the study of Iwasaki et al.
would be sufficient to halt or at least interfere with the local
blood supply. The bulging of the temporalis muscle during

mastication in pigs has been shown to exert pressures ranging
from 24.4 kPa (183 mmHg) to 122.7 kPa (920 mmHg) onto
adjacent bone surfaces (Teng and Herring 1998). Although
the pressures produced by muscle contractions are intermit-
tent, they have the ability to affect the relatively constant
capillary blood flow in the adjacent periosteum.

Impeded blood flow can lead to hypoxic or even anoxic
conditions, and these conditions have been shown to promote
bone resorption and inhibit osteogenesis. Hypoxic levels of
5 and 2% O2 have been shown to lead to increased size and
number of osteoclasts in cultures of osteoclast precursors
from mice (Arnett et al. 2003). In this same study, hypoxic
levels of 12, 5, and 2% O2 led to 4-, 9-, and 21-fold increases,
respectively, in bone resorption on ivory (dentine) wafers.
The authors of this study state that some leakage of oxygen
into the hypoxic cultures occurred during the 7-day culture
period, indicating that even transient levels of hypoxia can
lead to increases in osteoclast size, number, and activity. In
addition to its effects on osteoclastogenesis, impeded blood
flow may also affect osteoblast differentiation and activity.
Anoxia (<0.02% O2) for periods of 12 and 24 h has been
shown to downregulate Runx2, a transcription factor neces-
sary and sufficient for osteoblast differentiation, and to inhibit
bone nodule formation in cultures of primary calvarial os-
teoblasts from mice and in the osteoblast-like immortalized
MC3T3-E1 cell line (Salim et al. 2004).

The biological responses of bone cells and bone cell
precursors to applied tensile strains have been explored in
several experimental studies. When primary murine calvar-
ial osteoblasts were subjected to a 10% static, equibiaxial
tensile strain, proliferating cell nuclear antigen (a marker
of cell proliferation) increased by three-fold after 24 h and
six-fold after 48 h (Fong et al. 2003). In addition to the
increase in osteoblast proliferation observed in this study,
expression of FGF-2 and TGF-β1 (osteogenic growth fac-
tors), transcription of collagen I (the primary organic con-
stituent of bone), and expression of VEGF (an angiogenic
factor expressed by osteoblasts during bone growth) were
all increased in osteoblast cultures subjected to static tensile
strains. Similar results were found by Kanno et al. (2005)
in cultures of human periosteal cells subjected to relatively
slow (1/20 Hz) cyclic tensile strains of 12%. In this study
FGF-2, TGF-β1, VEGF, and procollagen I (soluble precur-
sor to collagen I) all increased as a result of applied tensile
strains. In addition to tests performed on cells in culture,
the ostegenic effects of tensile strain have also been shown
in intact cranial sutures. Quasi-static tensile strains exerted
by torsional springs were shown to increase production of
BMP-4 (a bone morphogenic protein) and Cbfa1 (an
osteoblast-specific transcription factor, also called Runx2)
in the cranial sutures of mice in organ culture (Ikegame
et al. 2001). The many similarities between cranial sutures,
the PDL, and the periosteum suggest that the response of
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Fig. 5 Flow chart of bone
modeling simulations
accounting for both intracortical
stresses and direct periosteal
loads. The outer loop accounts
for the effects of intracortical
stresses, and the inner loop
accounts for the effects of
periosteal surface loads

these fibrous tissues to mechanical loads may be governed
by the same general set of mechanobiological principles
(Henderson and Carter 2002).

To quantify the effects of periosteal surface loads on bone
modeling, a new simulation structure was developed (Fig. 5).
Both the periosteal load magnitude and duration are included
in the simulation to account for the load and time dependence
observed in the studies discussed above. In the new model
the magnitudes of the surface loads at a given periosteal loca-
tion, when combined with information on the amount of time
each load is applied in a given day, are used to compute the
surface modeling stimulus,�s, using

�s =

∑
day

λi ti

td
MPa/day (stress) or %/day (strain), (3)

where λi is the magnitude of the local surface pressure or
tensile strain i, ti is the total length of time during which λi

is applied in a day, and td is the total amount of time in a day
(e.g. 24 h or 86,400 s). For periosteal surface tensile strains,
�s has a positive value. For periosteal surface pressures, �s

has a negative value. For example, a static pressure of mag-
nitude λ MPa that is applied throughout an entire day would
yield �s = −λ MPa/day. A cyclic tensile strain of magnitude
λ% applied in 1-s increments 10,000 times per day would
yield �s = +0.116λ %/day. This time averaging method
accounts for the more potent effects of continuously applied
loads measured in the rat hard palate by Sato et al. (1998).

At endosteal locations the local value of ṙe alone dictates
whether bone tissue should be added or removed, and the
geometry of the bone section is modified accordingly. How-
ever, at periosteal surface locations subject to periosteal sur-
face pressures or tensile strains, linear interpolation between
ṙp and the maximum rate of bone resorption or apposition
is used to determine the modeling rates corresponding to
specific combinations of ṙp and �s. The modified periosteal
modeling rate ṙ′p is computed by interpolating between the

modeling rate law in Fig. 4 and maximum modeling rates
measured in experimental studies. The highest possible
apposition rate due to surface tensile strain alone was set at
260µm/day and was assumed to occur for an applied normal
periosteal tensile strain of 10% (Loboa et al. 2004). In a study
of human tooth migration (Iwasaki et al. 2004), the highest
rate of orthodontic tooth movement was 85µm/day. This rate
was used as the maximum rate of bone resorption due to an
applied periosteal surface pressure. Based on a no-intercept
linear curve fit of the Iwasaki data, this resorption rate is
assumed to occur for an applied periosteal surface pressure
of −57.5 kPa. Because no capillary blood flow (and therefore
no bone formation) occurs in soft tissues under an applied
surface pressure of approximately −6.7 kPa or −50 mmHg
(Ek et al. 1987), it is assumed that a transition from bone
apposition to bone resorption occurs at this level of applied
pressure regardless of the size of the intracortical modeling
stimulus.

Periosteal loads in combination with intracortical stresses
cause a shift in the modeling rate relationship (Figs. 6 and 7).
The application of periosteal surface pressure flattens the
curve and moves the curve toward the maximum rate of
resorption. For a pressure-induced �s of −64 kPa/day or
lower, the maximum resorption rate of −85µm/day is
induced. The application of normal periosteal tensile strains
also flattens the curve, but in this case the curve moves toward
the maximum rate of bone apposition. For a tension-induced
�s of 10%/day or higher, the maximum apposition rate of
260µm/day is induced.

To facilitate comparisons with studies of bone modeling
that utilize strain gage measurements to quantify the intracor-
tical strains instead of stresses, a set of curves can be created
using the daily strain stimulus approach of Mikic and Carter
(1995) (Fig. 7). This approach is analogous to the daily stress
stimulus approach discussed previously, with the daily strain
stimulus ξ computed as
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The mechanobiological effects of periosteal surface loads 233

Fig. 6 Relationship between modified bone apposition rate, daily
stress stimulus, and surface modeling stimulus (�s). Positive model-
ing rate values indicate bone apposition, while negative values indicate
bone resorption. Note that curves representing the effects of periosteal
surface pressures are labeled in units of kPa/day, while periosteal tensile
strains are labeled in units of %/day

ξ =
⎛
⎝∑

day

ni ε̄
m
i

⎞
⎠

1/m

µε/day, (4)

where ε̄i is the energy equivalent strain calculated as

ε̄i = σ̄i

E11
, (5)

where E11 is the longitudinal elastic modulus of cortical
bone. In the calculations used to produce Fig. 7, a value of
17 GPa was used for E11 (Reilly and Burstein 1975).

The theoretical framework developed here is the first to
incorporate the mechanobiological effects of both intracor-
tical stresses and local periosteal loads. The result is a more
complete and realistic characterization of the influence of
the mechanical environment on bone surface modeling rates.
The curves provided in Figs. 6 and 7 provide a quantitative
basis for exploring the effects of periosteal surface pressures
and tensile strains on bone morphogenesis. One of the most
evident features of the relationships is that relatively small
surface loads appear to exert a powerful influence on local
periosteal bone modeling rates. In order to determine the
effects of these loads on bone cross-sectional structure, the
modeling framework introduced in this section was used to

Fig. 7 Relationship between modified bone apposition rate, daily
strain stimulus, and surface modeling stimulus (�s). Positive model-
ing rate values indicate bone apposition, while negative values indicate
bone resorption. Note that curves representing the effects of periosteal
surface pressures are labelled in units of kPa/day, while periosteal ten-
sile strains are labelled in units of %/day

drive iterative computational simulations of bone develop-
ment. In the study described subsequently, this approach is
used to examine the effects of periosteal loads on bone cross-
sectional morphology during development of the tibia in rats.

2.2 Rat tibia simulation

In a study of tibial geometry in growing rats, Ráliš et al.
(1976) found that severing the motor nerve to the dorsiflexors
or plantiflexors caused the adjacent bone surface to develop
a fully convex shape as opposed to the normally flattened or
slightly convex shape. Similarly, Lanyon (1980) found that
severing the sciatic nerve, which controls motor function in
the hindlimbs of rats, caused the tibia to develop a distinctly
round shape as opposed to the triangular shape seen in nor-
mal cases (Fig. 8). In addition to the striking difference in
cross-sectional geometry that Lanyon observed, the neurec-
tomized tibiae also had an 11% smaller width (statistically
significant at P < 0.01) in the anterior–posterior direction as
compared to that of the nonoperated limbs.

To recreate Lanyon’s experimental results, the theoretical
framework developed above was used to simulate the effects
of periosteal surface pressures and intracortical stresses on
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Fig. 8 17-month-old tibial
cross-sections from a normally
functioning rat hindlimb (left)
and from the hindlimb of a rat
that received a sciatic
neurectomy at an age of 28 days
(right). Adapted from Lanyon
(1980)

Fig. 9 Analysis steps of bone modeling simulations. a VA-Twist ana-
lyzed the inner and outer contours of a bone cross-section and produces
a finite element mesh, a list of sectional properties, and a list of nor-
malized torsional shear stresses for each node in the mesh. b The bone
modeling program computes local surface modeling rates based on the
intracortical stresses induced by far-field bending and torsional loads
and the applied periosteal pressures exerted by the adjacent muscula-

ture. c Based on the local modeling rate, points on the contours are
moved in a direction corresponding to the local surface normal. The
dashed line indicates a segment of the original contour, and the solid
line indicates a segment of the new, modified contour. The modified
periosteal and endosteal contours serve as the starting point for the next
time step

the development of the tibia in rats. Lanyon’s experiment
included a group of control rats and a group of experimental
rats that received a sciatic neurectomy at an age of 4 weeks.
Both groups were then grown in cages for an additional
16 months. At the end of the experiment, the animals were
killed and the microradiographs of the tibial cross-
sections were obtained (Fig. 8). In the computational model

described here, a tibia was “grown” to an age of 28 days,
and then a “control” tibia and a set of “experimental” tibiae
were grown for an additional 16 months using the 28-day-old
geometry as a starting point. A description of the software
used in the study, and the specific geometry and applied loads
used in each simulation are presented in the sections that
follow.
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Fig. 10 Applied torque and bending moment magnitudes used in bone
modeling simulations. The loads were scaled with body mass data from
growing rats Donaldson 1924. Note that a time of 0 months corresponds
to 6 days before birth

Fig. 11 Results of the control and full-load neurectomy simulations.
The initial series at the top of the figure shows the results of the simula-
tion from the start (6 days before birth) to an age of 4 weeks. Age since
birth is listed below each bone section

2.2.1 Computer software

A custom computer program was written in the C program-
ming language and used in conjunction with the public
domain finite element software VA-Twist (Levenston et al.
1998) to perform the bone modeling simulations. Together,
these two programs carry out the iterative processes used to
implement the model (Fig. 9). These two programs utilize
two fundamental files that describe the geometry of a bone
cross-section: “outer.txt,” which contains a list of points
defining the periosteal contour of the bone cross-section,

and “inner.txt,” which contains a list of points defining the
endosteal contour of the bone cross-section. Modifications
to the geometry are made by the custom bone modeling pro-
gram during each time step.

At the beginning of a given simulation time step, VA-Twist
reads the two files specifying the sectional geometry and
produces a finite element mesh containing 1,080 nodes and
960 elements. Using this mesh VA-Twist computes the sec-
tional properties (cross-sectional area, centroid, second area
moments of inertia, and product of inertia) of the cross-
section and solves a linear finite element problem to obtain
the normalized shear stresses throughout the cross-section
due to a unit torsional load. The sectional properties and shear
stresses are saved in external files that are subsequently used
by the bone modeling program.

After VA-Twist completes its computations, the bone mod-
eling program reads the VA-Twist output files specifying the
geometry, sectional properties, and torsional shear stresses.
The program computes the magnitudes of applied far-field
loads based on the simulated age of the organism. Any num-
ber of axial forces directed along the bone’s long axis, bend-
ing moments, and torques can be applied. Applied axial loads
and bending moments are used along with the sectional prop-
erties to compute normal stresses based on engineering beam
theory (Crandall and Dahl 1959), and the shear stresses are
calculated using the torque magnitudes along with the nor-
malized shear stresses calculated by VA-Twist. The effective
energy stress at each point on the endosteal and periosteal sur-
faces is calculated using Eq. (1), and the corresponding daily
stress stimulus is calculated using Eq. (2) along with the user-
specified number of daily loading cycles. Then, using the in-
tracortical modeling relationship (Fig. 4), the local modeling
rates (ṙe and ṙp) are determined at each point on the endosteal
and periosteal contours.

In order to simulate the effects of the adjacent dorsifl-
exor and plantar flexor muscle groups, periosteal surface
pressures were defined along the anterolateral and postero-
lateral portions of the outer contour using quadratic distri-
butions (Fig. 9b). Using these distributions along with the
user-specified daily time of active muscle contraction, the
bone modeling program calculated the local surface model-
ing stimulus. Then, using the daily stress stimulus and the
surface modeling stimulus along with the relationship illus-
trated in Fig. 6, the local modeling rate was obtained at each
periosteal and endosteal location.

Based on the local modeling rate and the temporal length
of the simulation time step, the locations of all points on the
bone surfaces were moved the appropriate distance in a direc-
tion normal to the bone surface. In order to simulate bone
apposition, points were moved away from the bone surface
in the direction of the local outward surface normal. In order
to simulate bone resorption, points were moved away from
the bone surface in the direction of the local inward surface
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Fig. 12 Cross-sections of the
rat tibia at a simulated age of
17 months. Section width is
measured in the
anterior–posterior direction, and
principal angles are measured as
indicated on the axes in the
lower left corner. Note that the
far-field bending moment was
applied about the medial-lateral
axis (θ = 0◦)

normal. The new periosteal and endosteal contours were then
saved in updated versions of “outer.txt” and “inner.txt,” and
the next simulation time step began. The geometries of the
inner and outer contours and the local modeling rates were
saved after each simulated month in order to track changes
in geometry and modeling rates over time. The width of the
tibia in the anterior–posterior direction, cross-sectional area,
principal moments of inertia (I1 and I2), and corresponding
principal directions (θ1 and θ2) was also recorded after each
week of growth.

2.2.2 Model specifics

Initial bone cross-sectional geometry and material properties
were chosen in order to approximate the configuration that
exists at the beginning of tibial ossification in rats. All sim-
ulations began with a circular bone cross-section that had an
inner radius of 0.38 mm and an outer radius of 0.40 mm. This
cross-section represented the primary bone collar that forms
around the midshaft of the rat tibia approximately 6 days
before birth (Donaldson 1924). Cross-sections were assumed
to be composed entirely of cortical bone with a longitudinal
elastic modulus of 17 GPa and a shear modulus of 3.28 GPa,
and these material properties were used throughout the dura-
tion of the simulations (Reilly and Burstein 1975).

A far-field bending moment and torque were applied for
a total of 10,000 loading cycles per day, and a value of m
= 4 was used in Eq. (2) in order to calculate the value of �

at each point on the periosteal and endosteal contours. The
bending moment was applied about the medial-lateral axis
and caused compressive stresses within the caudal/poster-
ior aspect of the bone section and tensile stresses within the
cranial/anterior aspect of the bone section. The torque was
applied about the centroid of the bone section. Both loads
were scaled directly with the body weight (BW) of a growing
rat in order to simulate the increasing loads that result dur-
ing growth as a result of increasing muscle size and muscle
moment arms (Donaldson 1924; van der Meulen et al. 1993).

Scaling factors were chosen in order to produce an overall
cross-sectional size at an age of 17 months of approximately
3 mm × 4.5 mm, which was the tibial size measured in a
group of mature, normal rats (Kay and Condon 1987). Using
this criterion, scaling factors of 5.10 for torque and 7.14 for
bending moment were used to produce an applied torque of
T = (5.10 × BW) N·mm and an applied bending moment
of M = (7.14 × BW) N·mm (Fig. 10).

Periosteal surface pressures due to active muscle contrac-
tions were applied to the anterolateral and posterolateral sur-
faces of the periosteum using quadratic distributions, each of
which had a pressure of 0 kPa at the edges and a peak magni-
tude of 30 kPa at the center (Fig. 9). The pressure distribution
on the anterolateral surface simulated the effects of the bulg-
ing bellies of the tibialis anterior and extensor hallucis longus
muscles, whereas the pressure distribution on the posterolat-
eral surface simulated the effects of the bulging belly of the
tibialis posterior muscle. This peak pressure magnitude cor-
responds to the lower end of the range of pressures measured
by Teng and Herring (1998), who implanted pressure trans-
ducers between contracting muscles and bone surfaces of the
porcine jaw. The two muscle groups were each assumed to
contract for a total of 10,000 s per day. Thus the total surface
modeling stimulus at the location of the peak pressure was

�s = (−30kPa) × (10, 000 s/day)

86, 400 s
= −3.47kPa/day. (6)

Because no data are currently available on the scaling of
periosteal surface pressures with age, the peak surface pres-
sure of −30 kPa was maintained throughout the simulation.
To maintain the spatial arrangement of the simulated mus-
cles, the total number of surface nodes experiencing perio-
steal pressure was kept constant (37 nodes for the tibialis
anterior and extensor hallucis longus; 31 nodes for the tibialis
posterior). The movement of the nodes was controlled solely
by the local apposition or resorption rate computed in
each simulation step. Therefore the total area of pressure
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application was allowed to change along with concurrent
changes in size and shape.

To simulate the last 6 gestational days and first 28 days
of tibial development, the initial geometry was subjected to
the bending moment, torque, and periosteal pressure distri-
butions. At an age of 28 days, the geometry was saved and
used as a starting point for four different simulations: a con-
trol simulation, a full-load neurectomy simulation, a 75%
load neurectomy simulation, and a 50% load neurectomy
simulation. In the control simulation, which corresponded to
the normally functioning limb in Lanyon’s experiment, all
far-field loads and periosteal pressures were applied at their
normal levels throughout the next 16 months of growth. In the
full-load neurectomy simulation, the periosteal surface pres-
sure distributions were removed in order to simulate the effect
of sciatic neurectomy, but the far-field loads were maintained
at their normal levels. Because no nerve impulses reach the
shank muscles in the case of a sciatic neurectomy, the mus-
culature adjacent to the tibia would not be expected to exert
significant levels of periosteal surface pressure. However, it
is unclear how the far-field loads changed in the hindlimbs
of the neurectomized rats in Lanyon’s experiment. Thus the
far-field load magnitudes were maintained in the full-load
neurectomy simulation, and the 75 and 50% load neurectomy
simulations were performed in order to determine the effect
of far-field load magnitude on tibial development after sci-
atic neurectomy. In the 75% load simulation, the bending
moment and torque magnitudes were 75% of those used in
the control and full-load neurectomy simulations, and the
magnitudes used in the 50% load simulation were 50% of
those used in the control and full-load neurectomy simula-
tions. A time step of 1 day was used in all cases, and the
number of daily loading cycles was maintained at 10,000
cycles per day throughout the simulations.

3 Results

From the start of the simulation to an age of 1 week, active
bone formation took place at all points on the endosteal and
periosteal surfaces (Fig. 11). By an age of two weeks, bone
resorption began to occur on the medial side of the endosteal
surface, while bone apposition continued at all other loca-
tions. This pattern remained up to an age of 4 weeks. Then,
once the loading patterns were changed for the neurecto-
my simulation, the modeling patterns and geometries for the
control tibia and neurectomized tibia began to diverge.

In the control tibia, the medial resorption and lateral
apposition pattern on the endosteal surface continued
throughout the remaining simulation, but the periosteal
pattern changed at an age of approximately 5 months. After
5 months of growth, bone resorption began to occur in the
regions experiencing periosteal surface pressures, and this

pattern continued for the remaining simulation. At an age of
17 months, the control tibia had a distinctly triangular cross-
sectional morphology with a slightly concave anterolateral
face and a flattened posterolateral face.

In the neurectomy simulations, removal of the periosteal
surface pressures produced changes in both the endosteal
and periosteal apposition/resorption patterns. By an age of
6 weeks, bone resorption began to occur on the entire
endosteal surface, while bone apposition continued on the
periosteal surface. This pattern continued throughout the
remaining simulation. By an age of 2 months, the tibia
obtained a nearly elliptical cross-sectional shape. Periosteal
apposition and endosteal resorption produced a smooth, ellip-
tical final geometry at an age of 17 months.

All neurectomy simulations produced similar elliptical
cross-sections, and decreased load magnitudes resulted in
smaller overall geometries and sectional properties (Fig. 12).
The full-load neurectomy simulation resulted in a slight
increase in width, cross-sectional area, and maximum
moment of inertia (I1) as compared to the control case,
whereas decreases in far-field load magnitudes resulted in
decreased sectional properties. The principal direction (θ1)
corresponding to I1 corresponded very closely to the direc-
tion (θ = 0◦) of the applied bending moment for the neurec-
tomized tibiae, while the θ1 for the control tibia was offset
from the bending orientation by approximately −3◦.

4 Discussion

The results of the simulations suggest that bone cross-
sectional size is largely determined by the magnitudes of far-
field loads and that bone cross-sectional shape is strongly
affected by local periosteal surface loads. In the full-load
neurectomy simulation, the removal of periosteal pressures
at an age of 4 weeks resulted in a 17-month geometry very
different from that in the control case, and the differences
in shape closely resemble those that occurred in Lanyon’s
experimental study. The overall sizes of the final control and
full-load neurectomy bone sections were very similar: their
widths only differed by 0.9% and their cross-sectional areas
only differed by 3.3%. However, decreases in far-field load
magnitudes resulted in much greater differences in size. In
the 75% loading case, the width was 7.5% smaller than that of
the control, and the cross-sectional area was 16.1% smaller
than that of the control. In the 50% loading case, the width
was 18.7% smaller than that of the control, and the cross-
sectional area was 37.2% smaller than that of the control.
Thus the magnitudes of the far-field loads dictated cross-
sectional size, and this was due to the relationship between
the daily stress stimulus and modeling rate. Recall that, in
Lanyon’s experiment, the tibiae from the neurectomized
limbs attained an average width approximately 11% less than
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that of the functioning limbs. The simulation results sug-
gest that the daily stress stimulus due to far-field loading in
Lanyon’s neurectomized rats was between 50 and 75% of
that in the normal rats.

The daily stress stimulus modeling framework produces
a cross-sectional structure that is well-suited for supporting
far-field loads. Bone is added where intracortical stresses
are high and removed where intracortical stresses are low.
Because the daily stress stimulus modeling approach aims to
maintain bone stresses within the range of the “lazy zone,”
increases in periosteal stresses will lead to increased rates of
bone formation on the periosteum and subsequent increases
in bone size. Similarly, decreased levels of loading result
in lower formation rates or even bone resorption, leading
to a smaller cross-sectional size. The periosteal response to
loads applied perpendicular to the bone surface presumably
operates through a separate stimulus-response process and
therefore has the ability to modify the local modeling rate
induced by the far-field loads. The result is a mechaniobio-
logical system in which cross-sectional size is determined by
large-scale mechanical demands, while local cross-sectional
shape is largely determined by the relatively smaller loads
imposed by adjacent structures.

The simulations also suggest that loads applied directly to
the periosteal surface may indirectly affect the bone model-
ing response on the endosteal surface. The periosteal surface
pressures applied in the control simulation caused a reduc-
tion in periosteal bone apposition rate and, after 5 months
of growth, periosteal resorption. These effects led to local
cortical thinning and increased intracortical stresses, which
subsequently led to an appositional response on the adja-
cent endosteal surface. In the converse case, periosteal bone
apposition leads to cortical thickening, decreased intracorti-
cal stresses, and endosteal resorption. The result is the pattern
seen in the control tibia in Fig. 11: regions of endosteal bone
apposition adjacent to regions of periosteal resorption, and
vice versa. It may seem counterintuitive that endosteal mod-
eling rates would be affected by relatively small loads on
the periosteal surface, but the results suggest that changes
in intracortical stresses due to local periosteal modeling can
lead to an indirect coupling between periosteal loading and
endosteal modeling. This interaction may explain the pat-
terns seen in tetracycline studies of growing bones. In a tet-
racycline study of the normal, growing rat tibia, Yeh et al.
(1993) observed endosteal bone apposition in areas adjacent
to regions of periosteal resorption, and vice versa. The “mod-
eling drifts” that occur during the growth of the rat ulna also
demonstrate this relationship (Mosley and Lanyon 1998).

The difference between the orientation of the applied
bending moment and the direction θ1 in the control simulation
also has implications in understanding bone morphogenesis.
Because the periosteal pressures in our simulations resulted
in asymmetric changes in bone morphology, the direction of

the bone’s maximum bending stiffness did not correspond
exactly with the direction of the applied bending moment.
Thus the influence of periosteal surface loads on bone
geometry may explain why some bones do not develop
maximum flexural stiffness to resist bending in directions
corresponding to in vivo surface strain measurements. In
studies of the canine radius and ovine tibia, surface strain
gage measurements obtained during walking and treadmill
running revealed that these bones habitually experienced
bending loads in a direction near to that of the minimum bend-
ing stiffness (Carter et al. 1981; Lieberman et al. 2004). These
findings have led some researchers to question the validity
of the concept that bone morphology reflects bone function
(Pearson and Lieberman 2004; Ruff et al. 2006). However,
our simulation of rat tibia development suggests that perio-
steal surface loads can affect the direction of a bone’s maxi-
mum bending stiffness.

Although our simulation produced a maximum bending
stiffness offset by only 3◦ from the direction of the applied
bending load, other anatomic configurations may produce
much greater discrepancies. If sufficient levels of periosteal
surface pressure are applied to two opposing periosteal sur-
faces, we hypothesize that the mechanobiological effects of
these pressures would prevent the bone apposition needed
to align the direction of maximum bending stiffness with
the direction of the applied bending moment (Fig. 13). In
this case the effects of periosteal surface pressures would
produce a bone shape that has a direction of minimum bend-
ing stiffness aligned with the applied bending moment. In
short, bones do not always obtain an optimal cross-sectional
geometry for resisting applied far-field loads. Instead, the
interaction between the responses to intracortical stresses and
periosteal surface loads leads to a “compromise” between
the drive towards optimal mechanical support and the need
to accommodate adjacent structures.

Initial skeletal patterning occurs under the direction of
positional information controlled by cell-to-cell communi-
cation and the influence of diffusible signaling molecules.
These biological signals may work in combination with
periosteal loads to produce the similarities in bone cross-
sectional shape that exist across a wide variety of species.
Locomotor posture and muscle moment arms change as a
function of animal size, affecting the stress distribution within
bones and bone cross-sectional size (Biewener 1991; Carter
and Beaupré 2001). As a result bone strains during vigor-
ous activities remain relatively constant across a wide range
of animal sizes (Rubin and Lanyon 1984). This suggests
that the mechanobiological response to intracortical stresses
and strains has been conserved through terrestrial vertebrate
evolution, leading to scaling in bone size with body mass
while maintaining a relatively constant bone diameter to
cortical thickness ratio (Currey and Alexander 1985). Differ-
ences in gait and locomotor posture would be expected to lead

123



The mechanobiological effects of periosteal surface loads 239

Fig. 13 Hypothesized effects of diametrically opposed periosteal pres-
sure distributions on bone cross-sectional growth. Left Bending moment
and axial compression applied to a tubular long bone. The section of
interest is indicated at the mid-diaphysis. Right Axial view of the section
of interest. Intracortical stresses due to axial compression and bending
produce the highest strains at locations furthest from the neutral axis.
Because of the superimposed axial compression, intracortical stresses
on the compressive side are higher than those on the tensile side. Perio-
steal pressures prevent bone formation, limiting new bone formation
to regions near the neutral axis, where stresses are relatively low. The
resulting bone cross-section has a minimum bending stiffness closely
corresponding to the direction in which it is habitually bent

to very different spatial strain distribution patterns between
different species, especially between bipedal and quadrupe-
dal animals. Given the similarities in bone modeling response
to intracortical stresses, differences in spatial strain distribu-
tion would be expected to produce large variations in
cross-sectional shape. However, the similar anatomical
arrangement of muscle bellies, muscle attachments, and other
structures surrounding bone surfaces that arises during ini-
tial patterning may produce periosteal loading effects that
lead to similarities in bone shape (Fig. 1). Early develop-
ment of avian bones is also affected by periosteal pressures
and tensile strains (Amprino 1985), suggesting that the gen-
eral periosteal loading/modeling relationships may extend to
an even wider variety of vertebrate species.

While the focus of this study was on the effects of perio-
steal surface pressures on the tibia, there are certainly other
mechanobiological factors that may contribute to the devel-
opment of bone cross-sectional geometry. The tensile strains
that exist at tendon insertions likely affect intracortical stress
patterns through their strong connections to bone through
Sharpey’s fibers, and periosteal tension may simultaneously
occur at sites adjacent to tendon insertions. These tensile
strains, which occur as a result of skeletal muscle contrac-
tions, may work in concert with growth-generated tensile
strains in guiding the development of bony ridges
(Hamburger and Waugh 1940; Henderson and Carter 2002).
Transcortical pressure gradients may also affect bone surface

modeling rates through the effects of fluid flow through the
bone matrix and pressurization of the periosteum (Qin et al.
2003; Wang et al. 2003). In addition to directly deforming
cells and possibly affecting the local blood supply, applied
periosteal pressures and tensile strains would also be expected
to affect transcortical pressure gradients. The effects of perio-
steal surface loads on surface modeling rates may be induced
by this stimulus. The rotational shifting of the intracortical
stress distribution during gait and other physical activities
may also affect bone development and functional adapta-
tion (Levenston et al. 1998; Peterman et al. 2001). All of
these factors may act along with the periosteal loading envi-
ronment to produce local variations in bone cross-sectional
shapes.

A number of assumptions and simplifications were applied
in the development of the models used in this study. The
bone cross-sections were assumed to consist entirely of trans-
versely isotropic cortical bone. In reality there is variation in
bone density within different bone sections, and this will
affect the sectional properties and direction of maximum
stiffness. The model also assumes that there is an instan-
taneous modeling response with no coupling between oste-
clastic and osteoblastic activity. In reality there is a time
lag between loading incidents and the local bone modeling
response, and evidence suggests that there is an interaction
between osteoclastic and osteoblastic activities (Roberts and
Chase 1981; King et al. 1991; Martin and Ng 1994; Boppart
et al. 1998; Cullen et al. 2000). The model also assumes that
bone responds in an identical fashion to intracortical tensile
stress and compressive stress. Evidence suggests that bones
that experience bending loads may in fact exhibit differ-
ent modeling responses in areas of longitudinal tension as
opposed to longitudinal compression (Lanyon and Baggott
1976; Skedros et al. 2004; Kotha et al. 2004). Future models
that take into account the difference between compressive
and tensile stresses can be implemented by developing sep-
arate rate modeling curves for intracortical compression and
tension.

Both the far-field loads and periosteal pressure distribu-
tions applied in the simulations were much simpler than
the in vivo loading environment that exists during a rat’s
day-to-day activities. However, the combination of bending
and torsion possibly captures the dominant far-field loading
modes, and the periosteal pressure magnitudes were within
the range measured in experiments (Teng and Herring 1998).
The choice to apply 10,000 load cycles per day was based
upon past simulations performed in our laboratory
(van der Meulen et al. 1993; Levenston et al. 1998). The
load magnitude used in the control and full-load neurectomy
simulations was scaled to produce a final cross-sectional size
similar to that measured in a group of normal, mature rats
(Kay and Condon 1987). Alternatively, fewer loading cycles
with a higher magnitude of applied stress can be used to
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achieve the same daily stress stimulus using Eq. (2). The
loads also did not include any shift in direction, which has
been shown to occur in the human tibia during in vivo mea-
surements and in vitro gait simulations (Lanyon et al. 1975;
Peterman et al. 2001). A shift in loading direction, as opposed
to just a change in load magnitude, would also likely occur
in the event of a sciatic neurectomy in rats. However, with no
information on the direction of the in vivo loads that occurred
in the rat experiment performed by Lanyon (1980), we chose
only to explore the resulting changes in load magnitude and
periosteal pressure relief. The loss of normal muscle function
in Lanyon’s study possibly led to changes in the far-field load
directions, and it is possible that the observed differences in
cross-sectional shape occurred due to resultant changes in
intracortical strain distribution. The peak periosteal pressure
magnitudes used in the control simulations also remained
unchanged throughout the lifetime of the rat, and no areas
of tensile strain perpendicular to the periosteal surface were
included in the analysis. It is likely that the pressures change
over time as the bone surface accommodates the adjacent
musculature, and tensile strains applied at tendon insertions
may also have important effects on bone morphogenesis. As
researchers continue to study bone’s response to different
types of loads, it is likely that more specific information on
the types and directions of applied loads will be made avail-
able for use in models such as the one presented here. Despite
the simplifications that were necessary in order to implement
the models used in this study, the simulations produced tib-
ial cross-sections with sizes and shapes similar to those seen
in experiments. Therefore the results of this study suggest
that this model captures the most important elements of the
system.

Although the model used in this study provides a phe-
nomenological description of the effects of periosteal surface
loads, further studies are needed to elucidate the cellular and
biochemical processes through which these mechanical sig-
nals are translated in to a bone modeling response. Exper-
iments in which different levels of compressive loads are
applied to the periosteum would help to quantify the rela-
tionship between pressure and periosteal blood supply and
the resulting effects on the osteoblasts and osteoblast pre-
cursors in the cambium layer. Cell culture experiments sim-
ilar to those performed by Kanzaki et al. (2002) could be
used to determine the level of applied compression needed
to increase osteoclastogenesis in periosteal cells. Together,
these two sets of experiments would help to determine the
specific biological mechanisms that produce bone modeling
effects with impeded blood flow and direct cellular
deformation. Further experiments on periosteal distraction
osteogenesis (Schmidt et al. 2002) and the effects of tensile
strain on periosteal cells (Kanno et al. 2005) would help
to quantify and explain the bone modeling that occurs in
response to periosteal tension.

The bone modeling simulations performed in this study
provide a mechanobiological explanation of the similarities
in tibial morphology seen across a wide variety of species.
Periosteal surface loads may be an important component of a
group of mechanical stimuli, including intracortical stresses
and transcortical pressure gradients, that influence the devel-
opment of bone cross-sectional shapes. Bone development
and adaptation are achieved via biological processes. How-
ever, the local mechanical environment resulting from the
spatial arrangement of bones and musculature is possibly
an important mechanobiological stimulus. As shown by this
study, the development of the triangular cross-sectional shape
in terrestrial mammals may in fact depend on the mechanobi-
ological relationship between muscle function and local bone
modeling rates. These models, along with the previously dis-
cussed experiments of Ráliš et al. (1976) and Lanyon (1980),
suggest that normal muscle function plays an important role
in the development of the triangular cross-sectional morphol-
ogy of the tibial diaphysis. In concert with Cuvier’s concept
of a correlation of parts and Lanyon’s hypothesis of bone
accommodation, the results of this study suggest that ana-
tomic structures located adjacent to bones are important in
determining skeletal morphology.
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