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M.W. Hamrick1, J.G. Skedros2, C. Pennington1, P.L. McNeil1
1

Department of Cellular Biology and Anatomy, Medical College of Georgia, Augusta, GA, USA;
2
Department of Orthopaedics, University of Utah, Salt Lake City, Utah, USA

Abstract
Recent experimental data suggest that the anabolic response of bone to changes in physical activity and mechanical loading
may vary among different skeletal elements, and even within different regions of the same bone. In order to better understand
site-specific variation in bone modeling we used an experimental protocol in which locomotor activity was increased in laboratory mice with regular treadmill exercise for only 30 min/day. We predicted that the regular muscle contractions that occur during exercise would significantly increase cortical bone formation in these animals, and that the increase in cortical bone mass
would vary between metaphyseal and diaphyseal regions. Cortical bone mass, density, and bone geometry were compared
between these two regions using pQCT technology. Results indicate that exercise increases bone mineral content (BMC) in the
mid-diaphysis by approximately 20%, whereas bone mass in the metaphyseal region is increased by approximately 35%.
Endosteal and periosteal circumference at the midshaft are increased with exercise, whereas increased periosteal circumference
is accompanied by marked endosteal contraction at the metaphysis, resulting in an increase in cortical area of more than 50%.
These findings suggest that the osteogenic response of cortical bone to exercise varies significantly along the length of a bone,
and more distal regions appear most likely to exhibit morphologic changes when loading conditions are altered.
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Introduction
The magnitude of peak stresses and strains developed in
the limb skeleton during locomotion is an important consideration from the perspective of bone adaptation because
strain magnitude is the principal transducing mechanism to
which bone modeling is assigned in the "mechanostat" model1-3.
We define bone modeling here as a gain in skeletal mass during growth via the addition and accretion of new tissue (after
Skedros et al.)4, as opposed to remodeling which involves the
coupling of tissue resorption, formation, and reorganization
(i.e., secondary osteon formation). Recent studies suggest that
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considerable heterogeneity exists in the response of bone to
mechanical stimuli, not only among different skeletal elements but also among different regions within the same bone.
In a recent study using the isolated rat ulna-loading model,
Hsieh et al.5 showed that the strain-related threshold for bone
modeling differed significantly between three diaphyseal
regions, even though these neighboring regions were only 3
mm apart (6 mm from proximal to distal). For example, the
strain threshold varied from 1,343 microstrain proximally to
2,284 microstrain at mid-shaft to 3,074 microstrain distally.
The strain threshold for bone modeling was largest distally,
where locomotor bone strains are typically higher and smallest proximally where locomotor bone strains are lower. Other
studies provide additional evidence for regional variation in
the response of bone to both anabolic and catabolic stimuli.
Iwamoto et al.6 demonstrated that treadmill exercise in young
rats produced a greater increase in cancellous bone mass at
the distal tibia than at the proximal tibia, and the increase at
the proximal tibia was greater than at the spine. Likewise,
forelimb unloading in dogs produced greater bone loss in the
third metacarpal than in the radius, and bone loss in the radius
was greater than in the humerus7.
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Figure 1. Norland Stratec pQCT scout view showing a mouse femur
and the locations of two pQCT scans taken on each specimen, one
at the midshaft (MID) and one across the distal metaphysis (MET).

Figure 3. ÌCT images from the distal femur of a sedentary mouse
(top) and exercised mouse (bottom) showing three-dimensional
architecture of the metaphysis (left column), along with coronal
(middle) and sagittal (right) sections through the same specimen.
Note the thick cortical bone on the posterior aspect of the distal
femur in the exercised mouse (arrow, bottom right) compared to
the sedentary mouse (arrow, top right).

vascularity but also the lacuno-canalicular geometries that
are deemed important in mediating mechanotransduction in
bone tissue10-12. Thus, differences in the genetic regulation of
growth and development, in addition to different epigenetic
influences (e.g., tissue interactions involved in positional
information), are likely to yield differences in mechanosensitivity between regions of a single bone13-15. We tested this
prediction using an experimental design in which locomotor
activity was increased in laboratory mice using treadmill
exercise. We examined bone mineral content (BMC), bone
mineral density (BMD), and bone geometry at two sites: the
femur midshaft and distal femoral metaphysis.
Figure 2. Faxitron radiographs of the proximal femur from exercised mice (top row) and sedentary mice (bottom row). Note the
larger, more rounded femoral head in the exercised mice compared
to the sedentary group, in which the superior aspect of the head is
poorly developed (white arrows). Note also the more well-developed intertrochanteric crest in the exercised mice (black arrows).

In the metaphysis, trabeculae that develop via endochondral bone formation near the periphery of the growth plate
coalesce and are incorporated into the cortical shell8-9. In
contrast, cortical bone in the diaphysis develops primarily by
intramembranous ossification. These developmental differences between metaphyseal and diaphyseal cortical bone
may account for histologic differences that not only reflect

Methods
Sample, exercise treatment and morphometry
Twenty-four female CD-1 mice were obtained from
Charles River Laboratories (Wilmington, MA) at the age of
8 weeks and then habituated for one month in the animal
housing facility at the Medical College of Georgia. Mice
were randomly assigned to two treatment groups at 12 weeks
of age: one group of 12 female mice began an exercise regimen that involved 30 minutes of treadmill exercise 5 days a
week for 4 weeks, and another group was a sedentary cagecontrol group. Mice were exercised on a Columbus Instruments Exer-3/6 treadmill at a rate of 12 m/min. Exercised
mice and sedentary control mice were sacrificed at the age of
four months by CO2 overdose as approved by the Medical
259
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Parameter
Body mass (g)
Femur length (mm)
Femoral head diameter (a-p; mm)
Third trochanter diameter (m-l; mm)
Bicondylar diameter (mm)
Iliopsoas mass (g)
Quadriceps mass (g)
Triceps surae mass (g)

Control
(n=12)

Exercise
(n=12)

P

31.5 (2.2)
18.5 (.30)
1.59 (.04)
1.98 (.10)
2.97 (.12)
0.12 (.01)
0.22 (.02)
0.16 (.01)

30.0 (2.3)
18.5 (.50)
1.64 (.06)
2.08 (.12)
2.90 (.11)
0.11 (.02)
0.23 (.03)
0.16 (.01)

ns
ns
<.05
<.05
ns
ns
ns
ns

Table 1. Body mass, femoral dimensions, and hindimb muscle masses for the sedentary and exercised mice included for study. Means are
shown with standard deviations in parentheses.

College of Georgia IACUC. Animals were collected at the
age of four months because studies on inbred mouse strains
indicate that mice reach peak bone density at this time16.
Mice were weighed and the following muscles dissected free
and weighed to the nearest .01 g: iliopsoas, quadriceps
femoris, and triceps surae. Femora were dissected free, fixed
in 10% formalin, and then stored in 70% ETOH for densitometry. Femur length, femoral head diameter, and transverse diameter across the third trochanter were measured
using dial calipers.

urements were calculated from the distal metaphyseal crosssection. Finally, we employed micro-computed tomography
(ÌCT) in order to visualize the morphology of the trabecular
network in the metaphyseal region of the femur. The specimens were scanned on a Scanco Medical CT40 system. For
each specimen a length of approximately 5 mm was scanned
at an isotropic voxel resolution of 12 microns. Images were
acquired using cone-beam acquisition with an in-plane
matrix size of 1,024 x 1,024 pixels and 1,000 projections over
360 degrees.

Radiography and densitometry

Statistical analysis

Prior to densitometry, radiographs were taken of all femora at 3.0 kVP and 2.5 mA for 15s using a Faxitron X-ray cabinet. DEXA densitometry (PIXImus system) was used to
measure whole-femur bone mineral content (BMC) and
mineral density (BMD) from right femora. The PIXImus
dual-energy X-ray absorptiometry system allows accurate
measurement of bone mineral content and density from
small lab animals using a relatively low X-ray energy (80/35
kVp) and high resolution (0.18 x 0.18 mm pixel size) to
achieve contrast in low-density mouse bone. Replicability
data indicate an excellent correlation (.99) between PIXImus BMC and total ashed weight. We used peripheral quantitative computed tomography (pQCT, Norland Stratec
XCT-Research pQCT system) to analyze densitometric
parameters from the femur midshaft and distal metaphysis
(Figure 1). The pQCT technique is known to be a very useful and reliable approach for measuring trabecular and cortical bone area, mineral content, mineral density, and crosssectional geometry in small rodent bones17-20. Cross-sections
1 mm thick were scanned at 4 mm/sec with a voxel size of 70
Ìm and a threshold value of 524.0 mg/cm3 used to distinguish
trabecular from (sub)cortical bone. Measurements collected
from the midshaft cross-section include periosteal circumference, endosteal circumference, cortical area, total bone
mineral content (BMC), total bone mineral density (BMD),
and the polar area moment of inertia (J). The same meas-

A single factor ANOVA with treatment (exercise or
sedentary) as the factor was used to test for significant differences in the dependent variables described above. We
also used a two-factor ANOVA with treatment (exercise vs.
sedentary) and region (diaphysis vs. metaphysis) as the two
factors to test for significant treatment*region differences in
the response of bone densitometric and geometric variables
(e.g., BMC, periosteal circumference) to exercise.
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Results
The exercised and sedentary mice show no significant differences in body mass, femur length, or in the mass of individual hindlimb muscles (Table 1). The femoral head diameter is slightly larger in the exercised mice (Table 1), and
radiographs show that the femoral head has a more rounded, globular shape in the exercised animals due to an
expanded superior surface (Figure 2). Transverse diameter
of the proximal femur across the third trochanter is also larger in the exercised mice (Table 1), due to expansion of the
shaft in the direction of the gluteus maximus insertion, and
the intertrochanteric crest is more well-developed (Figure
2). Whole-femur bone mineral content is significantly
greater (20%) in the exercised mice, but whole-femur bone
mineral density does not differ between groups (Table 2).
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Parameter
Whole-femur
BMC (g)
BMD (g/cm2)
Midshaft
BMC (mg/mm)
BMD (mg/cm3)
Distal Metaphysis
BMC (mg/mm)
BMD (mg/cm3)

Sedentary
(n=12)

Exercised
(n=12)

P

0.031 (.003)
0.070 (.007)

0.037 (.003)
0.074 (.004)

<.001
ns

1.28 (.12)
768.8 (49.1)

1.52 (.13)
775.7 (55.4)

<.001
ns

1.92 (.23)
488.4 (50.5)

2.57 (.31)
558.5 (52.7)

<.001
<.01

Table 2. Bone densitometry data for the whole femur, midshaft,
and distal femoral metaphysis. BMC=bone mineral content,
BMD=bone mineral density. Means are shown with standard deviations in parentheses.

Similar results are obtained from pQCT slices taken across
the femur midshaft, in which the exercised mice show
approximately 20% higher BMC than sedentary mice but
BMD does not differ between groups (Table 2).
A different pattern is observed at the metaphysis, where
BMC is over 30% higher in the exercised mice and BMD is
approximately 15% greater in the exercised mice (Table 2).
It should, however, be noted here that pQCT underestimates BMD in cases where the cortical shell is thin, leading
to an overestimation of differences in BMD between specimens that differ in cortical thickness21. Endosteal circumference is actually lower in exercised mice in the metaphyseal
region, whereas the exercised mice have a higher endosteal
circumference at the midshaft (Table 3). This is due to an
increase in cortical area of over 50% at the metaphysis in the
exercised mice, which accounts for the endosteal contraction
(Table 3), whereas at the midshaft cortical area is increased
by only 10% in exercised animals. ÌCT sections from the distal femur show that cortical bone thickness is increased dramatically in the metaphyseal region of the exercised animals
compared to the sedentary mice (Figure 3). Two-factor
ANOVAs reveal significant treatment x region interactions
for endosteal circumference (p<.001), BMC (p<.01), BMD
(p<.05), cortical area (p<.001), and the polar area moment
of inertia (p<.001), confirming that the diaphyseal and
metaphyseal regions differ significantly in their response to
the exercise treatment.

Discussion
Exercise has far greater capacity to add new bone to the
immature skeleton than to the skeleton of adults, and
numerous studies in lab animals ranging from rats to dogs
show that exercise produces little to no increase in bone
mass among older, adult animals22. Our data from subadult
mice are consistent with these earlier studies, and also with

Parameter
Midshaft
Periosteal circumference (mm)
Endosteal circumference (mm)
Cortical area (mm2)
J (mm4)
Metaphysis
Periosteal circumference (mm)
Endosteal circumference (mm)
Cortical area (mm2)
J (mm4)

Control
(n=12)

Exercise
(n=12)

P

4.55 (.17)
2.64 (.20)
1.1 (.09)
0.46 (.07)

4.92 (.18)
2.95 (.24)
1.24 (.10)
0.59 (.07)

<.001
<.001
<.001
<.001

7.0 (.25)
5.36 (.30)
1.61 (.17)
1.72 (.23)

7.61 (.21)
4.99 (.47)
2.60 (.44)
3.33 (.64)

<.001
<.05
<.001
<.001

Table 3. Geometric properties of femora measured using pQCT sections
taken across the midshaft and distal metaphysis. Means are shown with
standard deviations in parentheses. J=polar area moment of inertia.

more recent work showing that jumping and climbing exercise increase bone formation and bone strength in the
mouse hindlimb23-24. In the case of the mouse model used
here, increased physical activity produced a slight but significant increase in the size of the femoral head and diameter of the third trochanter, and more marked increases in
bone mineral content and cortical area at the distal femoral
metaphysis. We recognize that analyses of changes in bone
morphology in response to relatively simple exercise
regimes, such as the experimental design utilized here, have
their limitations. These have been clearly enumerated by
Lovejoy et al.25, and include the possibility that the sedentary animals represent a condition of disuse compared to
the exercised animals, which may be more representative of
the normal condition. However, our goal is to detect regional variation in the response of bone tissue to changes in
physical activity, not to relate these responses to the magnitude of load and/or strain that the tissue experienced. Thus,
we believe that regular exercise treatments are appropriate
for investigating activity-related changes in bone modeling
between different skeletal elements and different sites within the same bone.
Our finding that increased physical activity has a greater
osteogenic effect in the distal femur than at the midshaft is
consistent with previous work demonstrating regional variation in bone mechanosensitivity. It is likely that there are
multiple mechanisms underlying this heterogeneity. Blood
flow to the metaphyseal region of the femur in mice, rats,
and dogs is 50-100% greater than blood flow to the femoral
diaphysis26-28. Interstitial fluid pressure increases from proximal to distal regions of the limb, as does the response of
bone tissue to anabolic and catabolic stimuli29. The extensive surface area provided by the trabecular lattice in metaphyseal regions also provides a greater area for bone-forming and -resorbing cells to attach and activate. As noted in
the Introduction, trabeculae that develop via endochondral
261

M.W. Hamrick et al.: Regional variation in osteogenesis

bone formation near the periphery of the growth plate coalesce and are incorporated into the cortical shell. In contrast, cortical bone in the diaphysis develops primarily by
intramembranous bone formation. Thus, differences in the
genetic regulation of growth and development, in addition
to different epigenetic influences, are likely to yield differences in mechanosensitivity between regions of a single
bone13-15,24.
Additional, important considerations that may also influence the response of metaphyseal bone to changes in physical activity are the biomechanical and metabolic influences
of trabecular bone beneath the relatively thin cortex. Factors
influencing the selective advantage of highly trabecular
metaphyses in weight-bearing bones include the importance
of preventing chondrosis by reducing stress concentrations,
in addition to reducing tissue mass for optimizing locomotor
energy efficiency30. Non-linear effects of functional loading
(e.g., bending) on strain magnitudes and distributions, and
hence interstitial and vascular fluid-flow dynamics, are also
probably more pronounced toward the ends of a bone. This
is supported by data showing that: 1) compared to the relative differences in failure strengths of cortical bone tested in
tension, compression, and shear, trabecular bone is relatively weaker in shear31-33, 2) the trabecular core can exhibit
marked regional anisotropy within the same
metaphyseal/epiphyseal region as the result of local variations in architectural parameters including trabecular orientation, thickness, connectivity, and/or apparent density34-37,
and 3) the relative contributions of cortical and trabecular
bone to load-carrying capacity of a bone region can vary
greatly over short distances within the same
metaphyseal/epiphyseal region38. In turn, geometric crosssectional properties of limb diaphyseal cortices based on
standard engineering formulae (e.g., for calculating crosssectional moments of area), which are commonly used to
estimate strength and other structural properties of the shaft
of a long bone, are highly inaccurate in regions where the
trabecular bone core comprises greater than approximately
40% of the total cross-sectional area39.
In view of the results of the present study, these considerations suggest that the development of site-specific differences in strain-related thresholds for bone modeling activity, especially between metaphyseal and diaphyseal regions,
could be influenced by complex interactions between genetic, epigenetic, and extra-genetic stimuli. In turn, these factors can be variably correlated with the ultimate emergence
of variations in the structural and material organization that
can subsequently influence how the matrix deforms and
fluid flows through different regions of a bone during functional loading. Clearly, the dose-response relationship
between mechanical strains and osteogenesis is anything but
simple40-41. Nevertheless, it is clear that the osteogenic
response of cortical bone to exercise varies along the length
of a bone, and more distal regions appear most likely to
exhibit morphologic changes when loading conditions are
altered.
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