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Whole bone morphology, cortical geometry, and tissue material properties modulate skeletal stresses
and strains that in turn influence skeletal physiology and remodeling. Understanding how bone
stiffness, the relationship between applied load and tissue strain, is regulated by developmental
Keywords: changes in bone structure and tissue material properties is important in implementing biophysical
Mouse strategies for promoting healthy bone growth and preventing bone loss. The goal of this study was to
Tibia relate developmental patterns of in vivo whole bone stiffness to whole bone morphology, cross-
Applied load sectional geometry, and tissue properties using a mouse axial loading model. We measured in vivo
Stiffness tibial stiffness in three age groups (6, 10, 16 wk old) of female C57Bl/6 mice during cyclic tibial
Bone curvature compression. Tibial stiffness was then related to cortical geometry, longitudinal bone curvature, and
tissue mineral density using microcomputed tomography (microCT). Tibial stiffness and the stresses
induced by axial compression were generally maintained from 6 to 16 wks of age. Growth-related
increases in cortical cross-sectional geometry and longitudinal bone curvature had counteracting
effects on induced bone stresses and, therefore, maintained tibial stiffness similarly with growth. Tissue
mineral density increased slightly from 6 to 16 wks of age, and although the effects of this increase on
tibial stiffness were not directly measured, its role in the modulation of whole bone stiffness was likely
minor over the age range examined. Thus, whole bone morphology, as characterized by longitudinal
curvature, along with cortical geometry, plays an important role in modulating bone stiffness during
development and should be considered when evaluating and designing in vivo loading studies and
biophysical skeletal therapies.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction mode. Rat tibial stiffness measured in four point bending was

similar in 9 and 19 month (mo) old rats (Turner et al., 1994, 1995).

Bone stiffness, the relationship between applied load and
induced tissue strain, is modulated by bone morphology and
tissue material properties. Because tissue-level strain is a critical
regulator of bone growth and remodeling (Carter, 1982; Frost,
1983; Lanyon, 1987), understanding how stiffness is regulated by
bone morphology and material properties during development is
important for designing biophysical stimuli to promote healthy
bone growth and prevent bone loss.

Long bone stiffness increases during development at the whole
bone and tissue levels in traditional material tests (Brear et al.,
1990; Carrier, 1983; Carrier and Leon, 1990; Currey and Butler,
1975; Currey and Pond, 1989; Ferguson et al., 2003; Torzilli et al.,
1981; Zioupos and Currey, 1998). Age-related changes in rodent
long bone stiffness measured in situ or calculated using
engineering beam theory are dependent on the applied loading
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Similar results were reported for mouse tibiae loaded in cantilever
bending at 10 weeks (wks) and 21 mos of age (Gross et al., 2002;
Srinivasan et al., 2003). In contrast, rat ulnar stiffness measured
during axial loading doubled from 5 wks to 8 mos of age (Hsieh
et al., 2001; Warden et al., 2007). However, the primary focus of
these previous studies was the adaptive response of the skeleton
to load and did not consider how tissue and structural properties
modulated in vivo whole bone stiffness during development.
Whole bone morphology is an important determinant of
skeletal mechanics during locomotion and in applied loading
models. Developmental changes in bone morphology, including
longitudinal curvature, alter the moments acting on the skeleton
and consequently, the induced stresses and strains (Carrier, 1983;
Carrier and Leon, 1990; Main and Biewener, 2004, 2007). In vivo
axial loading models of long bones use the natural curvature to
produce a physiological combination of axial and bending loads.
Thus, bone curvature was likely important in the age-related
increases in bone stiffness in previous axial loading models (Hsieh
et al., 2001; Warden et al., 2007). However, measures of curvature
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were not reported in these studies, so the effects of develop-
mental changes in whole bone morphology on bone stiffness
cannot be assessed. To determine how in vivo bone stiffness is
modulated during development, age-related changes in whole
bone structure, cross-sectional geometry, and tissue material
properties must be considered together.

The goal of this study was to relate in vivo bone stiffness to
whole bone morphology, cross-sectional geometry, and tissue
composition during development. We measured in vivo tibial
stiffness in three age groups of female mice using an established
axial tibial loading protocol (Fritton et al., 2005, 2008) and related
tibial stiffness to measures of whole bone and cortical geometry
and tissue mineral density from microcomputed tomography. We
hypothesized that tibial stiffness would increase with age due to
increased cross-sectional bone geometry and tissue material
properties. The increased stiffness would, however, be mitigated
by larger bending moments and stresses in the tibiae of older
mice caused by increased tibial curvature with age, similar to the
increased bone curvature reported during growth in other
vertebrates (Biewener and Bertram, 1994; Main and Biewener,
2004, 2007).

2. Materials and methods
2.1. Tibial stiffness measurements

Tibial stiffness was measured in three groups of female C57BI/6 mice at 6, 10,
and 16 wks of age (N=4, 4, and 5, respectively, Jackson Laboratory). The mice
weighed 16.4+0.9¢g, 18.8+ 1.2 g, and 20.2 + 0.6 g at these ages, respectively. The
6 wk old mice were rapidly growing post-pubescent mice (Richman et al., 2001;
Sheng et al., 1999; Somerville et al., 2004) whose tibiae were just large enough to
provide a flat surface to accommodate the strain gauges to measure bone stiffness.
At 16 wks of age, female C57Bl/6 mice are sexually mature, active growth has
decreased, and peak bone mass is achieved (Beamer et al., 1996; Sheng et al., 1999;
Somerville et al., 2004). The 10 wk group was an intermediate age, similar to mice
used in our previous loading experiments (Fritton et al., 2005, 2008). All mice were
housed 4-5 per cage and maintained on a 12:12 light-dark cycle with ad libitum
access to commercial rodent diet and water.

A single element strain gauge was attached to the surface of the medial mid-
diaphysis of the left tibia in each mouse. The medial mid-diaphysis is easily
accessible, has a flat surface for gauge attachment, and did not require significant
disruption of muscle attachments. Additionally, the tensile loading environment
induced by axial compression on the medial surface of the tibia has been well
described both experimentally and computationally (Fritton et al., 2005;
Stadelmann et al., 2009; Sugiyama et al., 2008). Each animal was anesthetized
(2% isoflurane, 1.0 L/min O,) and an incision made over the medial surface of the
tibia. Overlying skin and soft tissues were retracted, the tibia lightly scraped with a
periosteal elevator, and cleaned and degreased using methyl ethyl ketone (Sigma
Chemical). A single element strain gauge (EA-06-015LA-120, prepared dimen-
sions: 0.6 mm x 2.3 mm, Micromeasurements) was aligned to the long axis of the
bone and bonded just proximal to the medial midshaft and just distal to the
anterior tibial crest (Fig. 1) using self-catalyzing cyanoacrylate adhesive (Duro,
Henkel Loctite Corp.). Strain gauges were trimmed and prepared following
previous methods (Biewener, 1992). Following gauge application, the incision
remained open with the gauge wires freely exiting. The strain gauge was
connected to quarter-bridge completion and analog input modules (NI9944 and
NI9237, National Instruments), and calibrated and zeroed using software supplied
by the manufacturer.

While anesthetized, dynamic compressive loads were applied to the tibia with
a custom- built loading device (Fig. 1, Fritton et al., 2005) and controlled using a
feedback loop to maintain consistent load magnitudes (Labview, v.8.5, National
Instruments). Applied loads were measured with a load cell (ELFS-T3E-20L,
Measurement Specialties, Inc.) in series with the tibia and actuator. Triangle
waveform loads were applied at 4 Hz and characterized by 0.15 sec of symmetric
active loading/unloading with a 0.10 sec rest insertion between load cycles
(Fig. 2A). A pre-load of —1.5 N was maintained during the ‘rest’ phase. Four load
levels were applied to each tibia (—3.8, —6.3, —8.6, —11.3 N) and the load and
strain data recorded simultaneously at 2.5 kHz. The duration of each load trial was
dependent upon the time to reach repeatable peak strains (typically <30s).
Following data collection, the lead wires to the gauge were cut and the gauge left
intact on the bone. Mice were euthanized by carbon dioxide inhalation, and the
tibiae dissected free of soft tissue and stored in 70% ethanol at room temperature.
All experimental procedures were approved by Cornell University’s IACUC.

strain gauge

actuator

load cell

Fig. 1. Schematic of the device used to load the mouse hindlimb. Compressive
loads were applied at the footplate by an electromagnetic actuator and
transmitted loads were measured with a load cell at the knee cup. Load was
primarily transmitted to the tibia (in white) through the calcaneus distally and the
femur proximally (in black). A single element strain gauge bonded at the mid-
diaphysis on the medial surface of the tibia measured the strains induced in the
tibia as a function of applied load to determine bone stiffness.

In vivo tibial stiffness was determined for each age group. Stiffness for each
load level was calculated as the change in load (AN) over the change in strain
(Ape) during the loading portion of the waveform and averaged across four
consecutive load cycles (Fig. 2B). Stiffness at each of the four load levels was
averaged to obtain a mean tibial stiffness per mouse. Stiffness and bone geometry
were compared for the left and right tibiae in the 10 wk old mice and did not differ
(paired t-test, p > 0.05). Thus, these measures were only made in the left tibiae for
the 6 and 16 wk old mice.

2.2. Morphometric and stress analyses

Morphometric analyses were conducted by microCT. The solder leads were
removed from the strain gauges and the tibiae scanned in phosphate-buffered
saline (LCT 35, Scanco Medical; 55 kVp, 145 pA, 600 ms integration time, no frame
averaging). A 0.5 mm aluminum filter reduced the effects of beam hardening.
Diaphyseal scans at 15 pm isotropic voxel resolution included the strain gauge and
midshaft. Whole bone scans were made at a voxel resolution of 20 um. A pre-set
hydroxyapatite (HA) calibration was used to convert the linear attenuation for
each voxel to g HA/cm?. No artifact was visible in the scans due to the strain
gauges attached to the bones. All scans were aligned prior to analysis using
anatomical landmarks common to all mice.

Once aligned, a volume of interest was centered at the midpoint of the gauge
in the cortical segment, extending a total of 2.5% of the bone’s length. Age-specific
thresholds were set at one third of the bone peak for the microCT attenuation
histogram. The age-specific thresholds for the 6, 10, and 16 wk old groups were
0.27, 0.30, and 0.31 g HA/cm?>. Cortical outcome variables included cortical area
(Ct.Ar, mm?), the principal moments of inertia (Iyjax, Imin» mm?), and tissue mineral
density (TMD, g HA/cm?).

The anterior-posterior and medial-lateral radii of curvature (Cap and Cy;, mm)
were measured on whole bone scans by adapting previous methods for making
these measurements on radiographs or whole bone specimens (Biewener, 1983a;
Main and Biewener, 2007). Midpoints for the AP and ML bone diameters for each
tibia at its widest proximal and distal epiphyseal dimensions were determined
from transverse microCT slices (Fig. 3). Proximal-distal AP and ML reference lines
were created using these two midpoints. Cap and Gy were measured as the
perpendicular distances between the AP and ML reference lines and the AP and ML
midpoints of the bone at mid-gauge level. The proximal-distal reference lines
represent the orientation of the compressive force vector. Consequently, Cap and
Cye are the moment arms about which this compressive force vector acts to
produce bending moments about the bone’s long axis. Positive values for Cap and
Cwmi represent anterior and medial convexities, respectively. Bone length and AP
and ML bone diameters at the level of the strain gauge were also measured from
the whole bone scans.

To understand how morphological changes with age affected tibial stiffness,
axial and bending stresses induced by a 9N compressive axial load were
calculated at the level of the strain gauge. A single load was used for all age
groups to directly compare the effects of differences in bone morphology on load-
induced stresses and bone stiffness. The 9 N load level was consistent with other
tibial loading experiments in our lab (Main et al., 2009, 2010). The axial stress (g,x)
induced by the compressive load was calculated as

P
~ CtAr
where P=—9N and CtAr is the bone cross-sectional area at the level of gauge
attachment. AP and ML bending stresses (opap, 0pm) Were calculated as
(PCorx
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Fig. 2. Measurement of tibial stiffness. (A) Sample data from four successively
greater peak loads applied cyclically to the tibia and the corresponding tibial
deformation recorded by the strain gauge. (B) Stiffness was determined as the
change in load (AN) over the change in strain (Au¢) during each load cycle. This
relationship was linear with increasing load. Each point plotted is a mean of four
load cycles. Mean stiffness for each tibia was taken as the average of the four
stiffness values plotted in (B).

where x is the AP or ML plane and C, and ry are the radius of curvature and radius
of the tibia at the mid-gauge level. I,p and Iy, are the moments of inertia about the
ML and AP planes and differed from Iyax and Iy by 2%, respectively. Due to the
typically convex anterior and medial curvatures of the tibiae at the gauge site
(Fig. 3), o, was positive (tensile) on the anterior and medial bone surfaces.

2.3. Statistical analyses

Differences in tibial stiffness, morphology, and stress were determined by
ANOVA with age as the independent variable. The Tukey-Kramer post hoc test was
used to examine specific differences with age (SPSS, v.15.0). When the ANOVA
requirement for equal variance between groups was not satisfied, non-parametric
Kruskall-Wallis tests were used with a post hoc Mann-Whitney U test (Dytham,
2003). All data are presented as mean + 1 SD. Statistical significance is indicated
at p <0.05.

Medial-Lateral
Curvature (Cy)

Anterior-Posterior
Curvature (Cpp)

Proximal
Slice

Reference
Line

Gauge
Slice

Distal
Slice

Posterior <=3 Anterior
MEDIAL VIEW

Lateral <=3 Medial
POSTERIOR VIEW

Fig. 3. Measurement of tibial longitudinal bone curvature. The anterior-posterior
and medial-lateral longitudinal bone curvatures (Cap and Cyy) were measured
using transverse slices from the whole bone microCT scans. A reference line (gray)
was created between the AP and ML midpoints in the proximal and distal slices
(large white circles). The AP and ML midpoints at the mid-gauge slice (small white
circles) were determined and the perpendicular distances between these and the
reference lines measured in the AP and ML directions (Cap and Cyy). This figure
shows the anterior and smaller medial convexities commonly measured for the
mouse tibiae in this study.

3. Results

Morphometric measures and tissue mineral density generally
increased with age (Table 1, Fig. 4). Ct.Ar and Iy increased from 6
to 10 wks of age but were similar at 10 and 16 wks of age. Iyax
also increased from 6 to 16 wks of age, but did not differ
significantly from these two groups in 10wk old mice. Cap
increased with age, where the tibiae of 16 wk old mice had a
significantly greater anterior convex curvature than in 6 wk old
mice. Gy was less than Cap at all ages and showed a trend
(ANOVA, p=0.063) for increasing convex medial curvature with
age. TMD was significantly less in 6 wk old mice than in 10 and
16 wk old mice, but did not differ between the 10 and 16 wk old
groups.

Tibial stiffness and the bending stresses induced by a 9N
compressive load did not vary with age while axial stresses
decreased from 6 wks to 10 and 16 wks of age (Fig. 5). In vivo
stiffness and AP bending stresses (o, 4p) Were remarkably similar
at all ages. ML bending stresses (o, p ) Were more variable at each
time point examined and did not change significantly with age.
Reflecting the increase in cortical area with age, axial stress (gqx)
decreased from 6 to 10 wks of age but did not change from 10 to
16 wks of age.

4. Discussion

In vivo tibial stiffness in female mice remained similar during
development due to the counteracting effects of increased cortical
geometry and bone curvature with age on load-induced tibial
stresses. The age-related increase in cortical area caused a small
decrease in axial stresses in older mice. Greater AP bone curvature
in older mice increased the bending moments induced by the
axial load, counteracting increased bone geometry, such that AP
bending stresses remained remarkably similar with age. The two-
fold increase in ML bone curvature from 6 to 16 wks of age did not
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Table 1
Morphological parameters and bone density for mouse tibiae (mean + SD).

6 wks 10 wks 16 wks Statistical test
Bone length (mm) 15.78 +0.132 16.99 +0.15° 17.50 +0.12¢ A
AP diameter (mm) 1.13 +0.08 1.22+0.10 1.21 +0.01 KW
ML diameter (mm) 1.06 + 0.042 1.15 + 0.06° 1.13 +0.032> A
Ct.Ar (mm?) 0.50 +0.03? 0.62 + 0.04° 0.65 + 0.02° A
Iyax (mm*) 0.062 +0.010% 0.086 + 0.017*° 0.084 + 0.004° KW
Iyin (mm?) 0.046 + 0.007* 0.064 +0.011° 0.067 + 0.005° A
Cap (mm) 0.63 + 0.09° 0.77 + 0.09*° 0.84 + 0.05° KW
Gy (mm) 0.11+0.10 0.22 +0.08 0.25 +0.05 A
TMD (g HA/cm?) 0.81 +0.04° 0.91 +0.01° 0.93 +0.03" A

AP: anterior-posterior, ML: medial-lateral, Ct.Ar: cortical area, Iyax, Imin: maximum and minimum principal moments of inertia, Cap, G : AP and ML radius of curvature,
TMD: tissue mineral density, HA: hydroxyapatite. Different superscript letters indicate significant differences between age groups at p <0.05. ANOVA (A) with
Tukey-Kramer post hoc test and non-parametric Kruskall-Wallis (KW) and post hoc Mann-Whitney U tests were used to distinguish age-related differences in the

measured parameters.

6wk

ANTERIOR
10wk % E

POSTERIOR
16wk

Posterior «—> Anterior Lateral «—> Medial

MEDIAL VIEW POSTERIOR VIEW

Fig. 4. Tibial morphology during growth and development. Three-dimensional
cross-sectional and whole bone reconstructions from microCT scans illustrate
developmental changes in diaphyseal and whole bone morphology. Medial and
posterior views of the tibiae illustrate representative measures for Cap and Cyy,
respectively, in the three age groups (gray bars). Representative strain gauge
positions on the anterior-medial aspects of the tibial diaphyses are indicated in
black in the medial view. The fibulae were also scanned, but were excluded from
analysis during processing of the microCT scans.

increase bone stresses significantly due to attenuation by
increased bone mass with age and relatively high inter-individual
variation in bone curvature.

The effect of increased tissue mineral density (TMD) from 6 to
16 wks of age on tissue material properties and bone stiffness was
not directly measured in this study. Because stiffness remained
similar across the age groups examined, the effects of growth-
related changes in TMD and morphology on tibial stiffness could
not be determined statistically by linear correlation. However,
maintenance of the calculated stresses, which are independent of
tissue material properties, and tibial stiffness suggest a minor role
for the increase in TMD with age in modulating bone stiffness.
Additionally, continuum-level and solid phase measures of elastic
modulus indicate that modulus does not change significantly
following sexual maturation in female rodents (Busa et al., 2005;
Keller et al., 1986; Miller et al., 2007; Somerville et al., 2004),
which occurs at 4-5 wks of age in female mice (Richman et al.,
2001; Sheng et al., 1999). Specifically, elastic moduli in female
C57BI/6 tibiae did not change over the age range examined here
(Somerville et al., 2004) and bone tissue stiffness in 40 day old
BALB/cBy] mice was not significantly different from mature bone
despite lower TMD and mineralization levels (Miller et al., 2007).
If the longitudinal elastic moduli for the C57BI/6 tibiae examined
in this study followed similar trends as those reported in the
literature, in vivo tibial stiffness was maintained primarily by the
counteracting effects of changes in cross-sectional geometry and
longitudinal curvature, with less modulation due to changes in
tissue material properties.

Stiffness at the medial midshaft surface was measured over a
broad range of loads to induce functional strain levels in the tibia.
The minimum load (—3.8 N) was the lowest applied load for
which repeatable strains could be measured in the tibia during
axial compression. The maximum load (—11.3 N) corresponded to
midshaft tibial deformations of about +1850 g, which are similar
to peak in vivo bone strains measured in rodent ulnae (Mosley
et al., 1997; Lee et al, 2002) and the limb bones of numerous
vertebrate groups (Rubin and Lanyon, 1982; Biewener, 1993). As
the strain environment induced in the tibia by axial compression
is non-uniform (Stadelmann et al., 2009; de Souza et al., 2005),
the measures of bone stiffness made here are specific to the tibia’s
medial midshaft. Although absolute stiffness measurements will
vary at different sites, the developmental modulation of bone
stiffness at the tibia’s medial mid-diaphysis is assumed to be
representative of other diaphyseal sites. Verification of this
hypothesis could be performed using finite element analyses of
representative tibiae during axial compression for the three age
groups examined.

Bone curvature is a critical determinant of bone stress and,
ultimately, stiffness during skeletal loading. Axial components of
the muscle and ground reaction forces act about the longitudinal
bone curvature to induce multi-directional bending moments in
the limb bones. The bending stresses caused by these moments
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Fig. 5. (A) Tibial stiffness (N/ue) measured at the medial mid-diaphysis and (B)
axial stress (o4), (C) anterior-posterior bending stress (o, ap), and (D) medial-
lateral bending stress (o) induced at the mid-diaphysis by a 9 N compressive
load for 6, 10, and 16 wk old mice. Values are mean + 1 SD. Different letters
indicate p < 0.05 by ANOVA and Tukey-Kramer post hoc test.

are often the dominant component of skeletal loading in a wide
range of mammals (Biewener, 1983b, 1991; Biewener et al.,
1983). In vivo axial loading protocols, like that used for the mouse
tibia in this study, take advantage of bone curvature to produce a
physiological combination of axial and multi-directional bending
stresses in the bone. In contrast, three or four point bending
assessments of whole bone stiffness that induce bending about a
single plane (Akhter et al., 1992; Turner et al., 1991) account for
the contributions by cross-sectional geometry and tissue proper-
ties (van der Meulen et al., 2001), but cannot capture the effects of
whole bone morphology on structural mechanical behaviour.
Whole bone morphology, in conjunction with cortical geometry
and tissue material properties, significantly affects functional
bone stiffness and the loading environment engendered in the
tissue (Lanyon, 1987) and should be considered more widely for
assessing the outcome of in vivo loading studies.

Although the group sizes in this study were small, significant
differences were measured and our experimental design is
consistent with the in vivo strain and applied loading literature.
Our group sizes were similar to many previous in vivo bone strain
studies (Biewener and Dial, 1995; Biewener and Taylor, 1986;
Biewener et al.,, 1986; Blob and Biewener, 1999; Butcher et al.,
2008; Goodship et al., 1979; Lanyon et al., 1982; Loitz and
Zernicke, 1992; Rabkin et al., 2001) and greater than the numbers
typically used to calibrate rodent in vivo loading protocols
(de Souza et al., 2005; Fritton et al., 2005; Gross et al., 2002;
Hsieh et al.,, 2001; Lee et al., 2002; Robling and Turner, 2002;
Warden et al., 2007). Based on post hoc power analyses of our
data, the AP and ML bending stresses calculated here would
require > 25 mice per age group to demonstrate significant age-
related differences with 90% confidence, given the level of
variation measured here (Zar, 1999). Similarly, about 180 mice
per group would be necessary to show significant age-related
differences in tibial stiffness. These numbers are well beyond
those used in any study characterizing rodent skeletal structure or
mechanics, providing additional confidence in the stiffness
patterns reported here during skeletal growth in the mouse tibia.

In summary, in vivo tibial stiffness measured under applied
compressive load was maintained similarly in growing and adult
female mice as a result of developmental increases in cortical
geometry and bone curvature. The importance of developmental
changes in whole bone morphology, particularly bone curvature,
in maintaining mouse tibial stiffness under in vivo axial loading,
despite increased cross-sectional geometry with age, reflects its
critical role in skeletal mechanics and physiology during in vivo
loading. Thus, the role of whole bone morphology in modulating
bone stiffness is an important consideration, in addition to
traditional assessments of cross-sectional geometry and material
properties, when planning or evaluating developmental loading
studies or biophysical skeletal therapies.
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