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ABSTRACT: During the remodeling phase of fracture healing in mice, the callus gradually transforms into a double cortex, which thereafter
merges into one cortex. In large animals, a double cortex normally does not form. We investigated whether these patterns of remodeling of the
fracture callus in mice can be explained by mechanical loading. Morphologies of fractures after 21, 28, and 42 days of healing were determined
from an in vivo mid-diaphyseal femoral osteotomy healing experiment in mice. Bone density distributions from microCT at 21 days were
converted into adaptive finite element models. To assess the effect of loading mode on bone remodeling, a well-established remodeling
algorithm was used to examine the effect of axial force or bending moment on bone structure. All simulations predicted that under axial
loading, the callus remodeled to form a single cortex. When a bending moment was applied, dual concentric cortices developed in all
simulations, corresponding well to the progression of remodeling observed experimentally and resulting in quantitatively comparable callus
areas of woven and lamellar bone. Effects of biological differences between species or other reasons cannot be excluded, but this study
demonstrates how a difference in loading mode could explain the differences between the remodeling phase in small rodents and larger
mammals. � 2008 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 27:664–672, 2009
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Bone fracture repair is a complex process divided into
inflammatory, soft and hard callus reparative, and
remodeling phases.1,2 Most current research focuses
on the reparative phase, during which bone stiffness is
restored.3,4 Hardly any studies have characterized the
remodeling phase, although in this phase full strength
returns and the chance of refracture decreases.5

Remodeling is replacement of woven bone, rapidly laid
down in the reparative phase, by lamellar bone.4 Callus
is slowly resorbed until the original bone shape is
restored.6,7 Endosteal callus resorption also coincides
with reestablishment of the intramedullary canal and
the original blood supply.8 Fluid shear stresses in bone
are thought to modulate these activities.9

Animal models, particularly mice, are frequently
used to study fracture repair.10–15 The availability of
knockout mice and the elucidation of the murine genome
have extended the importance of murine models.2,16,17

Inflammatory and reparative phases of fracture
healing are similar to those in larger mammals. How-
ever, the remodeling phase has not been thoroughly
investigated.

During analysis of a murine model of fracture repair, a
phenomenon was noted that differs from that in large
mammals.18,19 At the end of the reparative phase, an
external large callus had developed, similar to that in
large animals, and periosteal and endosteal bony bridg-
ing was achieved. However, during remodeling, the
callus gradually transformed into double, concentric
cortices. Later, the two cortices, equally thick and dense,
merged through remodeling. This behavior has not been
described in literature, but seems to occur in fracture
remodeling in rodents undergoing secondary healing

with relative stability.20 Why do mice respond differently
than larger mammals during bone fracture remodeling?
The difference might be due to biological differences
between species or to distinct mechanical loading
patterns. It is important to identify if it is the former,
since often results in mice are related to what would be
expected in humans.

This study describes the remodeling phase in mice and
aims to provide a plausible explanation for the differ-
ences between rodents and larger mammals.18,19 During
murine gait, the knee and ankle are always flexed,
whereas in human gait, the knee and ankle are more
extended. We hypothesized that differences in bone
geometry during the remodeling phase of fracture
healing in mice compared to larger mammals is due to
differences in mechanical loading. An established bone
remodeling theory was used,21,22 in which adaptation of
bone mass and geometry over time were modulated
through osteocyte mechano-sensing and signaling. The
predicted bone distributions for various loading cases
were then compared to the remodeling behavior observed
in an in vivo murine fracture healing model.

MATERIALS AND METHODS
Fracture Healing Model
The in vivo experiment was part of a larger study, character-
izing fracture healing with rigid and flexible plate fixation.18,19

Part of that experiment (late time points with flexible plates)
was reanalyzed and used to determine fracture healing callus
morphology during the remodeling phase. Briefly, a flexible
plate was attached to the anterior aspect of the mid-femur
through a lateral approach23 (Fig. 1a) to stabilize a 0.45-mm
mid-diaphyseal gap osteotomy in female C57BL/6 mice, 20–
25 weeks old (Fig. 1b). All procedures were approved by the
Animal Experimentation Commission of the Veterinary Office
of the Canton of Grisons.

Mice were able to freely weight-bear postoperatively. They
were euthanized after 21, 28, or 42 days of healing (n¼ 10 per
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healing duration). After excision, four-point bending stiffness
of the osteotomized femur was determined as a percentage of
the stiffness of the contralateral femur by nondestructive
mechanical testing. The femora were then fixed in methanol for
10 days. Thereafter, mCT imaging of the healing bones was
performed (mCT 40, Scanco Medical, Bassersdorf, Switzerland),
with an isotropic voxel resolution of 12 mm. Three-dimensional
segmented reconstructions were used for qualitative evalua-
tion of sub-volumes of the bone. A thresholding algorithm
protocol was used to segment tissue into three attenuation
types, i.e., soft tissue (<145), newly formed woven bone (low
mineralization, 145–360), and lamellar bone (high mineraliza-
tion, >360, in per mille of maximal image gray values).24

For histological analysis, femora of eight mice per time point
were embedded in methylmethacrylate, and serially sectioned
on a circular saw. The mid-longitudinal section of each femur
was stained with 1% Toluidine blue (Fluka) for 15 min and
blot dried after washing in deionized water. Sections in the
region between the outer screw holes were examined with a
macrofluoroscope at �64 magnification (MacroFluo,TM Leica
Microsystems, Heerbrugg, Switzerland). A custom macro
(AxioVision, KS400, Zeiss) was used to measure the area of
woven bone, lamellar bone, cartilage, and total callus.

Bone Remodeling
Bone remodeling was simulated based on a well-established
theory.21,22 It assumes that osteocytes sense local strain-
energy-density (SED) and send a corresponding signal to the
bone surface, which either activates osteoblasts or inhibits
osteoclasts. The signals are assumed to decay exponentially
with distance, so only osteocytes within a distance (d(x,xk))
smaller than the decay distance D are included when calculat-
ing the total stimulus P, given by the sum of all signals within
the influence distance of location x:

Pðx; tÞ ¼
Xn

k¼1

exp
�dðx; xkÞ

D

� �
� mUK

� �
ð1Þ

where n¼ the number of osteocytes within the influence
volume, m¼ the osteocyte mechanosensitivity, and Uk¼ the
SED-rate sensed by osteocyte k. Bone is resorbed when P< the
resorption threshold Ctr or by random microcracks formed in
the bone.21 The resorption probability is:

presorb ¼ Rmax �
Rmax

Ctr
Pðx; tÞ; ð2Þ

where Rmax is the maximal chance of resorption. Osteoclasts
are assumed to resorb a fixed amount of bone, so the change in

bone volume due to resorption at any time point (dVr/dt) is:

dVrðx; tÞ
dt

¼ Vcl; ð3Þ

where Vcl is the amount of bone resorbed by one osteoclast.
When the local stimulus > the formation threshold ktr, bone
formation will occur. The amount of bone formed (dVf /dt) is:

dVf ðx; tÞ
dt

¼ tðPðx; t � ktrÞÞ; ð4Þ

where t is a material constant (the proportionality factor). The
change in bone volume is the sum of the resorbed and
deposited bone volumes; the total amount of bone in each
integration point is then updated. Based on the local amount of
bone, local bone volume density r is calculated, which allows
the homogenized stiffness of the volume to be updated:

E ¼ Emax�ðx; tÞg; ð5Þ

where Emax is the maximal bone stiffness and g a material
constant.25,26 The remodeling theory was implemented into
ABAQUS v. 6.5 (Simulia, Dassault Systemés). The osteocytes
were positioned at random locations. The reference volume
was chosen as ¼ of the elemental volume (integration-point
volume). The number of osteocytes per integration point
volume Vip was:

nosteo ¼ Viprosteo; ð6Þ

where rosteo is the osteocyte density. When more bone was to be
formed than the free volume available within the integration
point volume, the rest of the bone volume formed was
distributed over the surrounding integration point volumes.
The same was done for over resorption, when more bone was
resorbed than what was present. All the parameters employed
by the remodeling theory are given in Table 1.

Micro-CT Imaging and Conversion
Fracture calluses after 21 days of healing were assumed to be
starting points for the remodeling phase. Eight of nine calluses
showed comparable morphology; five representative bones
were chosen for the simulations. Using the mCT images, bone
tissue was segmented from soft tissue, and the full range of
output bone density data was converted to mineral content and
bone density. Two-dimensional mid-sagittal sections were
converted to 2D finite element meshes, where each voxel
provided initial bone density for one integration point (Fig. 1c).
Each linear four-node plain strain element was 24� 24 mm.
Bone was modeled as a homogenous linear isotropic material
with a Poisson’s ratio of 0.3 and a maximum Young’s modulus

Figure 1. (a) Flexible locked bridging pate
used in the experimental study18,19,23;
(b) postoperative radiograph; (c) FE mesh
created from a mid-sagittal section of the
microCT reconstruction after 21 days healing.
This was assumed to be the starting point for
remodeling.
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of 5 GPa.27 Elements with no bone were assumed to be marrow
and were modeled with the same Poisson’s ratio but with a
Young’s modulus of 1 MPa. Areas were classified as woven or
lamellar, according to the same thresholds as employed
experimentally, and were used to quantitatively compare
experimental and computational results.

Determination of Loading Conditions
In large mammals, loading is well defined both in direction and
magnitude, whereas in mice the loading is mostly unknown. To
investigate if direction of loading could explain bone remodel-
ing differences observed between mice and larger mammals,
we assumed two loading modes, an axial force or a bending

moment. The force was tied to all nodes on the proximal
cortical ends, while the distal ends were rigidly fixed, and was
applied either in the y-direction (axial) or around the z-axis,
resulting in a bending moment (Fig. 2a). The load magnitudes
in mice are unknown, so they were estimated by running the
remodeling simulation with various loads on an unfractured
cortex, applied both axially and as a moment. The magnitudes
were from 0.20 N, 0.5 N, 0.75 N, 1 N, 2N, 3 N, and 5 N. The
magnitudes that resulted in steady-state cortical geometry
similar to intact femora were selected (Fig. 2b), and used for
simulations of the experimentally collected 21 day calluses.
Predictions from day 21 onward were compared with the
experimental results after 28 and 42 days.

Table 1. Parameters and Constants Used for the Bone Remodeling Theory

Variable Symbol Unit Value

Osteocyte density n mm�3 96,00050

Osteocyte mechanosensitivity m mol mm J�1 s�1 day�1 1.0
Osteocyte influence distance D mm 5051

Formation threshold ktr mol mm�2 day�1 2.0� 10�4

Proportionality factor t mm5 mol�1 5.0� 10�4

Resorption amount per cavity R mm3 1.5� 10�3 52

Maximum elastic modulus bone Emax GPa 5.027

Poisons ratio n 0.3
Exponent gamma g 3.025,26

Figure 2. (a) A force was applied with varying magnitudes axially (y) or around the bending axis (z); (b) 0.75 N was chosen since it resulted
in steady state cortical thicknesses that were close to those measured experimentally. The resulting moment at the fracture site was
1.8 Nmm; (c, d) steady state diameters recorded (c) axially and (d) under bending with loads of 0.25 N, 0.75 N, and 5.0 N.
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RESULTS
Experimental Callus Remodeling
One of 10 animals in the 21- and 28-day groups and 4 of
10 in the 42-day group were excluded due to malunion or
technical problems during plate removal. At 21 days,
radiographs exhibited abundant callus; callus size
peaked around 21 days then decreased to day 42.
Between 21 and 42 days, the stiffnesses of the femora
increased from 50% to 74% of that in the contralateral
intact femora (Table 2).18 Quantitative microCT showed
that the amount of newly formed woven bone was
greater at day 21 compared to later time points, while
the amount of lamellar bone was greater at days 28 and
42 (Table 2). Callus remodeling began around day 21,
when woven bone was evenly distributed in the callus
(Fig. 3a, b). After 28 days, most the woven bone within
the periosteal callus was resorbed, while the periosteal
part of the callus and the direct cortical gap continued to
densify (Fig. 3c, d). A dual cortex developed in six of nine
mice and was under development in the remaining

three. Some endosteal callus remained, with mainly
new woven bone in the gap and in the outer cortex. By
42 days, most endosteal callus had resorbed. The double
cortices, visible in all mice, were equally thick and the
bone directly bridging the gap and the bone in the outer
double cortex was mostly highly mineralized lamellar
bone. The callus diameters and the distances between
the cortices were smaller at 42 days than at 28.
Histomorphometry confirmed that the amount of woven
bone decreased between day 21 and day 42, while the
amount of lamellar bone increased (Table 2). The double
cortex formation was also visible histologically (Fig. 4).
It developed between 21 and 28 days and was smaller
but still present at 42 days.

Computational Predictions
Figure 2c, d shows variations in steady state geometries
with some of the load magnitudes that were inves-
tigated. A force of 0.75 N was chosen and applied either
axially or around the bending axis (Fig. 2b). Under axial

Table 2. Experimental Data Are Mean (� SD) Values from All Analyzed Mice

21 Days 28 Days 42 Days

Mechanical testing
Stiffness % 50% (�15%) 61% (�16%) 74% (�20%)

MicroCT (mm3)
Woven bone 4.5 (�0.7) 2.7 (�0.8) 1.0 (�0.3)
Lamellar bone 2.6 (�0.4) 3.3 (�0.5) 3.1 (�0.3)

MicroCT dual cortex (DC)
DC/total mice 0/9 6/9 6/6

Histomorphometry (mm2)
Woven bone 1.8 (�0.4) 0.5 (�0.3) 0.4 (�0.2)
Lamellar bone 0.3 (�0.1) 1.6 (�0.5) 1.7 (�0.4)
Cartilage 0.06 (�0.09) 0.08 (�0.2) 0.06 (�0.1)

Figure 3. Examples of microCT data at
(a, b) 21, (c, d) 28, and (e, f) 42 days. (a), (c),
and (e) show mid-sagittal sections; and (b), (d),
and (f) transverse sections through the frac-
ture gap.
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load similar evolution of bone distributions was pre-
dicted in all five samples. Remodeling was relatively
fast with subsequent resorption of the periosteal callus
(Fig. 5a). The density close to the cortex and surround-
ing the fracture gap increased. Thereafter, most of the
endosteal callus was resorbed with a further density
increase in the gap. By iteration 30, little endosteal
callus remained. After 50 iterations, the cortex was
nearly restored, and after 100 iterations, no evidence of
the fracture existed (Fig. 5a).

Under bending load, similar evolution of bone distri-
butions was predicted in all five samples. However, the
spatial and temporal distributions differed significantly
from those predicted under axial load (Fig. 5b). Initially,
the external periosteal-callus shell and the cortical gap
became gradually denser, while trabecular bone inside
the periosteal callus was resorbed. Thereafter, resorp-
tion of the endosteal callus initiated, while the gap and
periosteal shell became even denser. After iteration 25, a
dual cortex had developed. Most of the newly developed
cortex had a lower bone density than the original cortex,
but over time, both cortices were of equally high density.
After iteration 50, the dual cortex slowly remodeled
through periosteal resorption and endosteal apposition,
and the original cortex was restored (iteration 150).

Comparison between Experimental and Simulated Results
These was no resemblance between experimental data
at 28 and 42 days and the axial load simulations.
Computationally, the entire callus was resorbed and the
original cortex restored, as evidenced from the SED
distributions (Fig. 6). The SED between days 21 and 28
showed high stimulation at the cortex and the fracture
gap, comparing well with normal healing in larger
mammals. In contrast, simulations loading the callus in
bending corresponded well with bone remodeling
observed in mice with a dual cortex that became denser
and thicker and then merged. Experimentally the
merging of the dual cortex was not observed, but the
distance between cortices at day 42 was less than after
28 days, indicating that they were merging. The SED
distributions after iteration 5 of the bending simula-
tions (Fig. 6) showed the same progression, where both
periosteal callus line and the gap formed bone. The SED
distributions clearly showed differences between

Figure 4. Mid-sagittal histology throughthe gap after (a) 28 days
and (b) 42 days (Toluidine blue, plate position, above). The upper
periosteal area is partly blocked by the plate, and bridging in the
external callus was only possible in the area of the wires. Double
cortex formation is visible at 28 days; at 42 days, the callus size was
reduced as woven bone was remodeled into lamellar bone.

Figure 5. Predicted bone distributions and densities during callus remodeling starting from 21 days. (a) With axial load, periosteal callus
gradually resorbed, followed by endosteal callus. Lamellar bone bridged the fracture gap between iterations 10–25; at 100, the original cortex
was restored. (b) With bending, a dual cortex developed; the external periosteal callus and the gap remodeled into high density lamellar bone
(iteration 25). Thereafter, the dual cortex merged together slowly, and one single cortex was restored after 150 iterations.
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mechanical stimulation axially and under bending.
During the first couple of iterations, the dark areas of
SED predicted a double cortex from bending, while load
transmission from axial stimulation predicted that the
callus would be resorbed. After 100 (axial) or 150
(bending) iterations, a small ‘‘bony bump’’ remained on
the cortex at the former location of the fracture gap. The
SED distributions indicated that this area would be
restored over time.

Quantitative comparison indicated that the total
callus area and areas of newly formed woven and
lamellar bone calculated by the computational model in
bending were similar to those determined histomorpho-
metrically (Fig. 7). However, the time sequence was
slower. Still, all computationally quantified areas
(except the woven bone area at 28 days) were within a
standard deviation of the experimental results.

DISCUSSION
The mechanical loading mode could explain the remod-
eling characteristics of fracture healing in small rodents
compared to larger mammals, including temporary dual
cortex formation during postfracture remodeling in
mice. The progression of healing and remodeling in
mice was monitored experimentally and compared

qualitatively and quantitatively to simulations with
bone remodeling theory under different loading modes.
Simulations on data from five animals were the same.
The simulated callus patterns for loading in bending
matched the experimentally remodeled bone morphol-
ogies in mice after 28 and 42 days. With axial load, no
similarities were found between predictions and actual
mice fracture healing patterns. Instead, bone density
distributions resembled remodeling during fracture
healing in larger mammals. Hence, murine remodeling
could be explained by a difference in mechanical loading
mode, which may result from their skeletal structure or
posture differences during gait.

The experimental model demonstrated formation of a
double cortex during remodeling phase of healing. It
developed around 28 days post fracture (6/9 mice) and
was evident in all animals after 42 days of healing. Most
investigators focused on other aspects of healing12,13,28,29

or ended their experiments prior to remodeling.28,30,31

However, three studies included radiographs after
4 weeks of healing in a rat femur in which a double
cortex can be recognized.29,32,33 Gerstenfeld et al.34

provided a 3D microCT reconstruction of fracture callus
morphogenesis. This study shows signs of double cortex
formation in a rat femur after 35 days of healing. Hence,
this appears to be a general phenomenon in rodents
undergoing secondary fracture healing. Since mouse
models are used in studies of bone healing, the biological
behavior in mice should be comparable to that in humans
if the desire is to extrapolate the results to physiological
and clinical problems encountered in humans. Our study
provides a mechanical explanation for differences in the
remodeling phase, so the formation of a dual cortex does
not have to be seen as a biological difference between
species.

The loading carried by the femoral diaphysis is
determined by joint reactive forces, joint positions and
muscular forces which are unknown in mice. Therefore,
we employed two extremes, axial and bending loads. All
additional muscle forces were neglected. The loading
conditions in humans35,36 and larger mammals such as
sheep37,38 are well described. Large quadrupeds are
commonly used for fracture studies because of their
similarity in long bone loading to humans. All long bones

Figure 6. SED distribu-
tions explain observed differ-
ences in remodeling. Dark
gray displays where bone will
form; light gray where re-
sorption occurs. With axial
load (left), after 5 iterations,
SED is stimulating formation
primarily in the gap, and
external callus resorbs rap-
idly. With bending (right), the
external callus and the cort-
ical gap experience high SED.

Figure 7. Comparison of computationally calculated tissue
areas and equivalent experimentally measured data at 21, 28, and
42 days postfracture (mean�SD). Dotted lines display standard
deviations from the computational analysis.
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experience significant bending moments, likely to give
them their tubular shape. However, the amount of
bending moments in these mammals relative to the
amount of axial load is low. Unfortunately, for rats and
mice only ground reaction forces are available.39,40 It can
be argued that the differences in joint position in mice
most likely result in a difference in mechanical loading
on the bone. However, to our knowledge there is yet no
evidence of this. In human gait, the effect of flexed hip
and knee positions can be seen by comparing stair
climbing with mid-stance walking. The maximum load is
not too different, but differences exist in the relative
medial–lateral, anterior–posterior and proximal–distal
components.36 Stair climbing results in larger relative
bending moments than walking, so animals with flexed
joints might also have higher amounts of bending
moments in their femora. One study characterized knee
biomechanics in rabbits,41 providing insight in the
differences in relative forces and moments compared to
larger animals. From that study it can be anticipated
that there would be larger bending moments on the
femora in small animals such as mice. Finally, studies
that have characterized mouse gait are consistent, and
reported ground reaction forces corresponding with
those we used.

The proximal and distal ends of the cortex in the
computational model were tied to ensure that their
relative distance remained constant, and that the full 3D
structure of the cortex was mimicked. No out-of-plane
loads were applied. The resulting bone morphology was
therefore only analyzed in the loading plane. Experi-
mentally, double cortices were formed around the entire
femora (Fig. 3e), except at the plate attachment site. For
this phenomenon to be captured by the model in 3D,
bending moments in all directions are necessary. A 2D
model was chosen because a 3D model would be
computationally expensive and would require better
characterized loading conditions. Our 2D model is
therefore only valid in the plane of bending. Never-
theless, a 2D geometry and simplified loading as used in
this study can serve to provide a possible explanation for
why remodeling behavior is different in mice compared to
larger mammals. In addition, the bone remodeling
theory does not account for contributions from cartilage
completely. However, the cartilage remaining after
21 days was small (Table 2), so its contribution to the
callus stiffness was assumed low. Moreover, the flexible
plate was not included in the model. This likely had
only minor influences, since the loads were modulated
with the remodeling algorithm to find the magnitudes
that resulted in normal cortex diameters, and the
microCT data from medial–lateral plane was used, while
the plate was applied on the anterior aspect of the femur.

The parameter values were adopted from Ruimerman
et al.,22 except for when direct data from murine studies
could be found (Table 1). The model assumes a constant
osteocyte density over different bone types and densities
and over time. However, areas of high bone turnover,
such as fracture callus, are characterized by a high

number of cells.42 The osteocyte populations in woven
bone are believed to be larger than in lamellar bone43,44

and to decrease with remodeling until normal levels are
restored. A recent study concluded that densities in the
central callus region are about 100% larger than in
normal lamellar bone45 and that osteocyte density in
woven bone formed during healing through intramem-
branous or endochondral pathways can be different.45

We could implement this by starting the stimulation
with variations in osteocyte densities depending on
initial bone density, and then updating those during
remodeling. However, Mullender et al.46 showed that
osteocyte density in the model only affected remodeling
rate, not the remodeling pattern. Hence, it would not
affect the conclusion of our study.

Computational models of fracture repair have pre-
viously focused on the reparative phase.47,48 Some
models have included simplified conditions for remodel-
ing or resorption of the callus.47,48 The complexity shown
in murine fracture healing during the remodeling phase,
including the double cortex formation, suggests that a
more detailed model such as a bio-physical bone
remodeling theory should be used. The fact that these
contrasting differences in postfracture remodeling
between species was induced by different loading
patterns supports the hypotheses underlying load-based
bone remodeling theories.21

The remodeling algorithm applies to cortical and
trabecular bone remodeling22 and describes osteoporotic
changes.49 However, it has not previously been used or
validated on whole bones or in fracture repair. In this
study, the unifying theory was applied to small animals
for the first time. Although mice bones are different in
many aspects, the study was successful. Equally as
important, the study also showed that the theory21

applies to remodeling during regeneration.
In conclusion, the bone remodelling theory predicts

the distinct remodeling patterns seen in mice, including
dual cortex formation when a bending load is applied.
Despite that other reasons for the observed differences
between mice and humans cannot be excluded, this study
has shown that it could be explained by differences in
mechanical loading. Hence, it does not necessarily arise
from biological differences.
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