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Abstract
Mice may be useful for studies of skeletal aging, but there are limited data on changes in bone
structure and strength over their lifespan. We obtained bones from female and male BALB/c mice
at ages 2, 4, 7, 12 and 20 months and evaluated their structural, densitometric and mechanical
properties. MicroCT of the mid-diaphysis of the femur and radius indicated that during skeletal
growth (2–7 months) bone cross-sectional size (area, moment of inertia) increased rapidly; during
aging (7–20 months) cortical area was maintained while moment of inertia continued to increase.
Bones from females were smaller than males at young ages, but not at later ages. Changes in whole-
bone stiffness and strength reflected the changes in bone size, with a rapid increase from 2–7 months
followed by little or no change. In contrast, energy-to-fracture declined with aging. Cortical tissue
mineral density (TMD) increased during growth and was maintained with aging. MicroCT of
trabecular bone revealed age-related changes that were site-dependent. The proximal tibia showed
a clear pattern of age-related decline in trabecular BV/TV, with progressive decreases after 4 months
in both sexes; lumbar (L5) vertebra had more modest age-related declines; in contrast, caudal (Ca7)
vertebra had increasing BV/TV with aging. Overall, we found no evidence that females had more
pronounced age-related deterioration than males. We conclude that bones from aging female and
male BALB/c mice exhibit many of the changes seen in humans, and are therefore a clinically relevant
model for studies of skeletal aging.
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Introduction
With aging, there are deleterious changes in the structure and strength of the human skeleton.
Some of these changes affect women more than men. For example, endosteal and periosteal
expansion occurs in both women and men [1–5]. But at some sites the rate of endosteal
expansion is greater in women [6], and at other sites periosteal expansion is not observed in
women [4,7]. The net effect of these age-related changes in long bone morphology is that
moment of inertia (a geometric measure of resistance to bending and torsion) may not increase
in women as much as it does in men. At the material level, the strength of cortical bone declines
with aging [8–11], with some evidence that this is worse in women [9]. Lastly, trabecular bone
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density and strength decrease dramatically from 20 to 80 years [12–13], leading to loss of bone
strength at sites rich in trabecular bone [14–15]. Recent evidence suggests that declines in
trabecular bone density after age 50 may be limited to women [16].

There are few descriptions of age-related changes in the structure and strength of mouse bones.
Laboratory mice have an average lifespan of approximately 2 years [17], and mice aged 18–
24 months are considered “old” [18]. Studies of mice in their first year of life indicate that bone
structure develops rapidly from 0–2 months, while peak measures of bone mineral density
(BMD) and cortical size are attained by 3–6 months [19–23]. There are few reports describing
the skeletal changes that occur in the latter half of the mouse lifespan, especially with respect
to mechanical properties. Glatt et al. [23] reported that trabecular bone volume peaks near 2
months in C57Bl/6 mice, followed by decreases throughout life that are more pronounced in
females than males. Buie et al. [21] likewise reported an early peak in trabecular bone volume
in female mice from three inbred strains (C57Bl/6, BALB/c, C3H/He), with evidence of decline
after 6–8 months of age. Neither study examined mechanical properties. Ferguson et al. [22]
reported that femoral periosteal size increases throughout life in male C57Bl/6 mice, yet
stiffness and energy-to-fracture decrease after 1 year of age. There are no data on age-related
changes in mechanical properties in female mice. In summary, although there is evidence of
age-related skeletal deterioration in mice, analogous to changes in humans, additional data are
needed to better describe age- and sex-dependent changes in bone structure and strength.

Our objective was to further evaluate the relevance of using mice for studies of age-related
osteoporosis, with a focus on bone structure and strength. We evaluated structural,
densitometric and mechanical properties of bones from female and male BALB/c mice aged
2 to 20 months.

Materials and Methods
Virgin female and male BALB/c mice were obtained at age 2, 4, 7, 12 and 20 months (102
total; n=8–11/group; National Institutes of Aging). With approval from our Animal Studies
Committee, mice were euthanized upon arrival by CO2 asphyxiation. We dissected femora,
tibiae, radii, humeri, fifth lumbar (L5) and seventh caudal (Ca7) vertebrae (Table 1). Bones
were wrapped in gauze soaked with phosphate buffered saline (PBS) and stored at −20°C until
use.

Morphology, Density and Composition
The lengths of the right femora and radii were measured using calipers. These bones were then
scanned by micro-computed tomography (CT) to assess diaphyseal morphology and density.
CT slices transverse to the long axis were obtained along the central 3 mm of each diaphysis
and results were averaged over these slices (Scanco µCT 40; 16 µm voxel size, medium
resolution, 70 kV, 114 mA, 100 ms integration time). Tissue mineral density (TMD, calibrated
to hydroxyapatite [HA]) of cortical bone was determined using the manufacturer’s 3D analysis
tools. Images were imported into ImageJ (NIH), rotated to align the x-axis with the subsequent
bending axis, and binarized using a threshold midway between the median grayscale values
for bone and background. From the coordinates of the bone pixels we computed bone area
(B.Ar), bone moment of inertia (B.Ixx) and average cortical thickness (Ct.Th).

Left tibiae, L5 vertebrae and Ca7 vertebrae were scanned by microCT (as above) to assess
trabecular bone morphology. For tibiae, total volume (TV) for analysis was a 480 µm (30 slice)
region of the proximal metaphysis, distal to the growth plate, including all tissue inside the
endosteal margin. The vertebral TV was the centrum of the vertebral body, from endplate to
endplate and inside the endosteal margin. Using the manufacturer’s 3D analysis tools (direct
method), we determined volumetric bone mineral density (vBMD) of the TV, bone volume
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fraction (BV/TV), trabecular thickness (Tb.Th), number (Tb.N) and separation (Tb.Sp). Age
appropriate thresholds of 300 (2 mo), 340 (4 mo), and 355 (7–20 mo) were applied to segment
bone from background. (Threshold values [0–1000 scale] were selected after analysis of scans
from four L5 vertebra of each age. Scans were segmented manually to determine bone area.
The average threshold that produced the best match to the manual values was determined.) The
morphology and density of the left femoral neck was assessed based on transverse microCT
scans of a 320 µm (20 slice) region at the center of the neck (21 µm voxel size, medium
resolution, 70 kV, 57 µA, 300 ms integration time). A threshold of 330 was used for all samples.
We determined total area (T.Ar), bone area (B.Ar), and vBMD of the total area.

Water, organic and ash contents of the right humeral diaphysis were determined gravimetrically
as described [24]. After removal of marrow, bone wet weight, dry weight and ash weights were
measured. Water content, organic content and ash content were computed.

Mechanical Testing
Load-to-failure tests were performed to evaluate whole-bone mechanical properties at sites
comprised of cortical bone only (femoral and radial diaphyses) and at cortico-trabecular sites
(L5 vertebra, femoral neck). Tests were conducted at room temperature on hydrated specimens
using a materials testing machine (Instron 8841). Force (F) and displacement (d) data were
collected at 60 Hz (Labview, National Instruments).

Left femora and radii were tested in three-point bending. Each bone was placed on two supports
(span, L = 7 mm [femur] or 8 mm [radius]) and a transverse force was applied at the mid-
diaphysis under displacement control (0.03 mm/s). Force-displacement data were converted
to moment (M = FL/4) and normalized displacement (d’=12d/L2) and analyzed to determine
rigidity, yield moment, ultimate moment, post-yield displacement and energy-to-fracture
[24]. We then used beam theory equations to estimate material properties (modulus, yield
stress, ultimate stress) for the radius, which is the long bone best suited for material property
estimation due to its relatively high length:width ratio (~11:1) [25].

L5 vertebral bodies were tested in axial compression. Prior to testing, endplates were ground
to remove cartilage and establish parallel transverse surfaces. As described [26], the lower
(caudal) endplate was glued to a fixed aluminum platen using cyanoacrylate, while the upper
(cephalad) endplate was contacted by a platen that displaced downward at 0.05 mm/s. Stiffness,
yield and ultimate force were determined from force-displacement curves.

The necks of the right femora were tested by application of a transverse force at the femoral
head intended to mimic physiological loading. The distal ends of the bones were embedded in
PMMA to the level of the lesser trochanter and clamped so that the neck axis was oriented
horizontally. A downward vertical force was applied on the femoral head at 0.1 mm/s. Stiffness,
yield and ultimate force, post-yield displacement and fracture energy were determined from
force-displacement curves.

Data Analysis
Two-way analysis of variance (ANOVA, Statview, SAS Institute) was used to determine the
effects of age and sex on each outcome. Significance was defined as p < 0.05. If the two-way
ANOVA indicated a significant age effect, but no sex effect or age-sex interaction, then post
hoc analysis (Fisher’s Protect Least Significant Differences test) of the two-way ANOVA was
used to determine differences between each age (male and female pooled). If the two-way
ANOVA indicated a significant age effect and either a sex effect or age-sex interaction, then
one-way ANOVAs were used: a) to assess the effect of age on each sex separately, followed
by post hoc testing if the age effect was significant; and b) to assess the effect of sex at each
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age. Linear regression analysis was used to examine relationships between trabecular
parameters. Results are presented as mean ± SD.

Results
Diaphyseal (Cortical) Morphology

Femoral and radial size at the mid-diaphysis increased with age. Bone area and moment of
inertia reached peaks between age 7–20 months with no age-related decline (Fig. 1; Table 2).
There was a significant age-sex interaction (by two-way ANOVA) for most diaphyseal
measures, indicating that females and males aged somewhat differently. Generally, female
bones were smaller than male bones at 2 and 4 months, but gained more size thereafter so that
they were as large or larger than male bones at 20 months. For example, the moment of inertia
of female bones increased progressively from 2 to 20 months, with total increases of 170%
(femur) and 75% (radius). By contrast, the moment of inertia of the male femur increased by
60% from 2 to 20 months and the moment of inertia of the male radius did not increase with
time (p = 0.09, one-way ANOVA). Cortical thickness also changed in a sex-dependent manner.
In females, peak cortical thickness was attained at 12 months, followed by a small decrease
from 12 to 20 months. In males, peak thickness was attained at 4 or 7 months and did not
change thereafter.

Cortical Density and Composition
Cortical mineral density and ash fraction of increased progressively with age in both sexes,
while water and organic contents decreased with age (Table 3). Tissue mineral density at the
mid-diaphysis of the femur and radius increased by ~12% from 2 to 20 months, with the greatest
changes from 2 to 4 months (Fig. 2). Ash fraction of the humerus increased by ~6% from 2 to
20 months. Water and organic contents were greatest at 2 or 4 months followed by a decline.

Diaphyseal (Cortical) Mechanical Properties
Consistent with changes in bone size, the bending stiffness (rigidity) and strength (yield and
ultimate moments) of the femur and radius increased with age, reaching peaks at 7–20 months.
During the 2–20 month interval, femoral stiffness and strength increased by ~100% in both
females and males, while radial properties increased by ~50% (Fig. 3A, 3B; Table 4). The only
evidence of an age-related decline was a modest (~15%) decrease from 12 to 20 months in
yield and ultimate moment of the femur. Overall, stiffness and strength were lower in female
bones compared to males (rigidity and yield moment, p < 0.05 by two-way ANOVA), although
these differences were modest (< 20%). Female bones were less stiff than male bones at nearly
all ages, while they were less strong than male bones at younger ages only (2–7 months).

Energy-to-fracture, which is viewed as a measure of overall fracture resistance, showed clear
evidence of age-related decline in both femora and radii. The age for peak energy-to-fracture
was not consistent, ranging from 2–12 months across groups (female, male) and bones (femur,
radius). However, the lowest value for energy-to-fracture was always at 20 months, and was
significantly lower by an average of 40% than the peak value (Fig. 3C, 3D; Table 4).

The estimated material strength of the radius varied with age (Fig. 4; Table 4) in a pattern
similar to the age-related changes in TMD. Yield and ultimate stress increased by 13 and 9%,
respectively, from 2 to 4 months (p < 0.05, post hoc test) but did not change after 4 months.
Yield stress did not differ significantly between females and males, while ultimate stress was
slightly greater in females (p < 0.05, two-way ANOVA).
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Trabecular Morphology and Volumetric BMD
Trabecular morphology varied with age, but in a site-dependent manner. At the proximal tibia,
bone volume fraction (BV/TV) was highest at 4 months and lowest at 20 months (Table 5; Fig.
5A). The age-related decline in BV/TV was comparable in females (−54% from 4 to 20 months)
and males (−63%). At the L5 vertebra there was a strong age-sex interaction (Fig. 5B). In males,
BV/TV varied with age in a similar pattern to the tibia, although the decline was less (−25%
from 4 to 20 months). Females differed in that BV/TV did not peak until 12 months, followed
by a 25% decline from 12 to 20 months. At the Ca7 vertebra, there was no evidence of an age-
related decline in BV/TV in either sex (Fig. 5C). BV/TV increased progressively from 4 to 20
months. At all sites, age-related changes in vBMD matched those in BV/TV.

Trabecular morphology differed between males and females, also in a site-dependent manner.
At the proximal tibia, BV/TV was greater in females overall (p < 0.001, two-way ANOVA),
and in particular at 7 and 12 months (p < 0.05, post hoc test). Similarly at the L5 vertebra, BV/
TV was greater in females than males overall (p < 0.001, two-way ANOVA) and in particular
at 7, 12 and 20 months (p < 0.05, post hoc test). In contrast, at the Ca7 vertebra BV/TV was
less in females than males overall (p < 0.001, two-way ANOVA) and in particular at 2 months
(p < 0.05, post hoc test).

Age-related changes in trabecular BV/TV correlated with changes in trabecular number and
thickness, although again there were differences at the three sites. Based on linear regression
analysis, tibial BV/TV correlated strongly with trabecular number (r2 = 0.55, p < 0.001) but
weakly with trabecular thickness (r2 = 0.07, p < 0.01). Similarly, BV/TV of the Ca7 vertebral
correlated more strongly with trabecular number (r2 = 0.72, p < 0.001) than trabecular thickness
(r2 = 0.41, p < 0.001). By contrast, at the L5 vertebra BV/TV depended weakly on trabecular
number (r2 = 0.06; p = 0.016) but strongly on trabecular thickness (r2 = 0.58, p < 0.001).

Vertebral Mechanical Properties
The compressive properties of L5 vertebrae varied significantly with age and differed between
sexes (Fig. 5D; Table 6). Stiffness, yield force and ultimate force in females reached peaks at
7–12 months and declined thereafter, while males peaked at 4–7 months and declined
thereafter. For example, ultimate force declined by 23% in females from 12 to 20 months, while
it declined in males by 44% from 7 to 20 months. Overall, females had superior properties to
males, with greater stiffness and strength at 7–20 months. The variations in compressive
properties with age and sex corresponded well with variations in trabecular BV/TV (Fig. 5B).

Femoral Neck Morphology and Mechanical Properties
The femoral neck at its midpoint was mainly comprised of a thick-walled ring of cortical bone,
and its morphology varied significantly with age. In females, bone area and total area were
least at the youngest age examined (2 months) and greatest at the oldest age (20 months), with
an increase of 35% during this interval (Fig. 6A; Table 7). In males, the pattern was different,
with peak values at 7 months followed by a decline of 15%. Because of this decline, males had
significantly less bone area than females at 12 months (p = 0.005, post hoc test) and marginally
less at 20 months (p = 0.070, post hoc test).

The mechanical properties of the femoral neck also varied with age, with some evidence of
age-related decline. Ultimate force increased significantly from 2 to 7 months in both sexes
(~25%), followed by a decline in males (−17% from 7 to 20 months) but not females (Table
7; Fig. 6B). Fracture energy was highest at 4 months, and declined ~50% in both females and
males from 4 to 20 months (Fig. 6C).
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Discussion
Our objective was to describe lifelong changes in skeletal structure, density and strength in
female and male BALB/c mice. Analysis of the femur and radius indicates that cortical area
and moment of inertia increase rapidly during growth (2–7 months) and then are maintained
or continue to increase during aging (7–20 months). Cortical mineralization increases
progressively throughout life. Whole-bone stiffness and strength generally reflect the changes
in area and moment of inertia, with little or no age-related decrease. In contrast, energy-to-
fracture declines with aging. Analysis of trabecular bone structure revealed age-related changes
that were site-dependent. The proximal tibia exhibited an age-related decline in trabecular bone
volume, with progressive decreases after 4 months of age. In contrast, Ca7 vertebra had
increasing trabecular bone volume throughout life. Overall, bones from females were smaller
than males at young ages, but there were no consistent differences between sexes at later ages.
Importantly, we found no evidence that age-related deterioration was more pronounced in
females than males.

The age-related changes in cortical morphology that we observed are similar to changes
reported by others. Femoral cortical area in female and male C57Bl/6 mice increased rapidly
in the first 4 months of life and was maintained thereafter [22–23,27]. Tibial area in male
C57Bl/6 mice [28] and female C57Bl/6, C3H/He and BALB/c mice [21] increased rapidly in
the first 6 months with no appreciable change after that. Similarly, we found that cortical area
of the femur and radius in BALB/c mice increased rapidly up to 7 months, and then increased
only slightly or was constant from 7 to 20 months. Moment of inertia (a geometric measure of
resistance to bending and torsion that is strongly influenced by periosteal diameter) also
increased rapidly from 2 to 7 months, and then continued to increase from 7 to 20 months
(except for the male radius). This is consistent with the continued increase from 1 to 24 months
in femoral total bone area and moment of inertia in male C57Bl/6 mice [22,28]. In summary,
long bones from several inbred mouse strains exhibit rapid increases in cortical area in the first
6 months of life, followed by maintenance of cortical area with continued periosteal expansion
with aging.

The cross-sectional geometry of the adult BALB/c femur is intermediate to other inbred mouse
strains. Price et al [27] characterized femoral morphology in female A/J, C57Bl/6J and C3H/
HeJ mice, and noted that femurs from each strain achieve function through a different
combination of traits. Comparing their data at 6 months of age to our data from females at 7
months, bone area and cortical thickness of the BALB/c femur are greater than C57Bl/6 and
A/J, but less than C3H. Polar moment of inertia of BALB/c (not shown) is greater than A/J,
but less than C57Bl/6 and C3H. Therefore, BALB/c femurs are not at the extreme in any
morphological trait and may be a good choice for studies where and intermediate phenotype
is desired.

We observed age-related increases in mineralization consistent with most previous findings in
mice [20–22,27]. For example, femoral ash fraction in male C57Bl/6 mice increased rapidly
from 1 to 3 months and was maintained through 12 months [22]. Femoral ash fraction in female
A/J, C57Bl/7 and C3H mice increased rapidly in the first 4 months of life but did not change
from 4–12 months [27]. Tibial TMD in female C57Bl/6, C3H/He and BALB/c mice reached
a plateau at approximately 5 months and did not decline through 12 months [21]. One study
reported that femoral and humeral ash fraction in male C57Bl/6 mice decreased by ~5% from
12 to 24 months, which suggests that there is an age-related decline in mineralization [22]. In
slight contrast, our data from several sites in BALB/c mice indicate that mineralization is
maintained or slightly increased through 20 months of age, with no evidence of decline.
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Results of our bending tests indicate that some long bone mechanical properties are maintained
with aging while others decline, consistent with a previous report in C57Bl/6 mice. Femora
from male C57Bl/6 mice attained peak bending stiffness and strength (ultimate force) at 12
months, with no decline through 24 months [22]. Our findings for the BALB/c femur and radius
were similar, with peak values of stiffness and ultimate moment at 7–20 months followed by
no decline (except a 20% decrease in ultimate moment of the female femur). These changes
in whole-bone stiffness and strength are consistent with the patterns of increase in moment of
inertia, mineralization and material properties. In contrast, fracture energy peaks earlier in life
and then declines substantially. In C57Bl/6 males, femoral fracture energy peaked at 4 months
and declined by more than 50% after 15 months [22]. In the current study, the age of peak
fracture energy varied widely (2–12 months depending on sex and bone), but the lowest fracture
energy was always observed at the oldest age we examined (20 months). This age-related
decrease in fracture energy reflects the combined effects of changes in ultimate force (measure
of strength) and post-yield displacement (measure of ductility). Consistent with a previous
study [20], we found that post-yield displacement decreased sharply during growth, with
further declines after 12 months. We attribute this decline to increased mineralization (noted
above), as well as increased collagen crosslinks. Increased collagen crosslinks have been
associated with loss of toughness in aging human bones [10], and in a previous study in mice
we observed age-related increases in crosslinks [29]. In summary, while long-bone stiffness
and strength are largely maintained with aging, fracture energy declines substantially due to a
loss of ductility.

Age-related changes in trabecular morphology depended strongly on site. Our results at the
proximal tibia are consistent with previous reports of age-related decreases in trabecular BV/
TV at long bone metaphyses [21,23,28,30]. Trabecular BV/TV in the proximal tibia of male
C57Bl/6 mice [28] and in the distal femur of female and male C57Bl/6 mice [23] decreased
progressively from 2 to 24 months. In female BALB/c mice, trabecular BV/TV in the proximal
tibia was stable from 4 to 11 months [21], consistent with our findings. A study in male BALB/
c mice reported a 50% decrease in distal femur BV/TV from 4 to 24 months [30], similar to
the 60% decrease we found at the proximal tibia from 4 to 20 months in males and females.
At the lumbar spine the findings are less consistent. There are reports of decreased trabecular
BV/TV in female and male C57Bl/6 mice starting at 2 months (L5) [23] and 7 months (L3)
[21], but no changes in female BALB/c mice (L3) from 3 to 11 months [21]. We found
increases in L5 trabecular BV/TV in females from 4 to 12 months, followed by decreases from
12 to 20 months. In males we found a modest decrease of 25% from 4 to 20 months. Lastly,
in the Ca7 vertebra we previously reported no changes from 4 to 12 months in SAMR1 and
SAMP6 mice [31]. Now we report increasing BV/TV from 4 to 20 months in BALB/c mice.
In summary, trabecular BV/TV at the proximal tibia and distal femur in several mouse strains
peaks at an early age (2–4 months) and then decreases with increasing age. In the spine peak
values of BV/TV occur later, followed by modest bone loss in lumbar vertebrae but no bone
loss in caudal vertebrae.

Most, but not all, of the age-related changes we observed in BALB/c mice mimic changes that
occur in humans. First, our finding that cortical area is maintained while moment of inertia
increases during aging is consistent with endosteal and periosteal expansion noted in human
long bones [1–5]. Second, our finding of decreased trabecular BV/TV with aging at the
proximal tibia and (to a lesser extent) the L5 vertebra corresponds with reports of trabecular
bone loss at multiple sites in humans [12–13,15–16,32]. Notably, our finding of increased BV/
TV with aging in caudal vertebra does not match this general pattern. Because the caudal
vertebrae are non-weight bearing, they may respond differently than weight bearing bones to
the same systemic factors. Regardless, our results suggest that the caudal vertebrae should be
avoided in studies of skeletal aging. Third, we observed significant increases in cortical
mineralization during growth followed by maintenance with aging, consistent with data from
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human cortical bone [9,33]. Fourth, we found that that the strength of long bones was
maintained with aging while fracture energy decreased. This result is consistent with studies
of human cortical bone that found toughness declines more dramatically with aging than
ultimate stress [8–11]. Fifth, we observed a decrease with aging in the compressive strength
of lumbar vertebrae and in femoral neck fracture energy, consistent with human findings
[14–15].

Comparing females and males, we found no consistent evidence that female bones had inferior
structure or strength compared to males as aging progressed. This finding is in contrast to
findings from humans [15–16]. We also found no evidence of greater variability within female
groups. The female mice used in our study were group housed and not exposed to males, and
thus it is likely that they did not have estrous cycles [34]. This would eliminate any possible
effects of variations in sex hormones on the skeleton. However, it is unlikely that aged mice
in these conditions can be considered a good model for post-menopausal women.

Our study had some other limitations. First, the oldest age we examined was 20 months, which
is less than the median lifespan for BALB/c mice under laboratory conditions (25 months
[17]). Mice aged 18–24 months are suitable for aging studies [18]. Accordingly, we detected
many age-related changes from 12 to 20 months. In a study of male C57Bl/6 mice, age-related
changes were evident by 18 months of age with few further changes from 18–24 months
[22]. Thus, we conclude that mice 18 months or older can be considered “aged” in terms of
skeletal characteristics. A second limitation is that our study was cross-sectional, and thus “age-
related changes” were inferred from differences between age groups. There has been one
longitudinal study in mice that focused on skeletal development rather than aging [21].
Although the use in vivo microCT enables longitudinal studies of bone structure, bone strength
can not be measured in a longitudinal study.

In summary, we observed changes in bone structure and strength during growth and aging in
BALB/c mice that mimic changes in humans. Diaphyseal sites exhibit periosteal expansion
throughout life, while trabecular sites (proximal tibia and L5 vertebra) exhibit age-related bone
loss. Cortical bone has increased mineralization during growth but little change with aging.
Long bones maintain their stiffness and strength during aging, yet have decreased energy-to-
fracture. Lastly, at the L5 vertebra and femoral neck, two sites prone to fracture in humans,
bone strength and fracture energy are reduced with aging. We conclude that aging BALB/c
mice have clinical relevance as a model of skeletal aging.
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Figure 1.
Cross-sectional morphology of long bones from female and male BALB/c mice versus age.
(A,B) Area and (C,D) moment of inertia were obtained from microCT scans at the mid-
diaphysis of the femur and radius. (*female different from male at same age, p < 0.05)
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Figure 2.
Tissue mineral density (TMD) from female and male BALB/c mice versus age. TMD was
determined from microCT at the mid-diaphysis.
(*female different from male at same age, p < 0.05)
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Figure 3.
Mechanical properties of long bones from female and male BALB/c mice versus age. (A,B)
Ultimate moment (a measure of strength), and (C,D) energy-to-fracture (a measure of overall
fracture resistance) were determined by three-point bending. (*female different from male at
same age, p < 0.05)
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Figure 4.
Material strength of the radius from female and male BALB/c mice. Ultimate tensile stress
was estimated from results of three-point bending tests and from cross-sectional geometry
using beam theory.
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Figure 5.
Trabecular bone volume fraction (BV/TV) and L5 vertebral strength from female and male
BALB/c mice versus age. Trabecular BV/TV was determined from microCT scans at the (A)
proximal tibial metaphysis, (B) the 5th lumbar, and (C) the7th caudal vertebrae. (D) Ultimate
force (a measure of strength) was determined by axial compression of the L5 vertebral body.
(*female different from male at same age, p < 0.05)
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Figure 6.
Morphological and mechanical properties of the femoral neck from female and male BALB/
c mice versus age. (A) Bone area was determined from microCT scans at the mid-neck. (B)
Ultimate force (a measure of strength), and (C) energy-to-fracture (a measure of overall fracture
resistance) were determined by a transverse loading of the femoral head. (*female different
from male at same age, p < 0.05)
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Table 1

List of bones and analysis techniques

Bone Technique

Right Humerus Gravimetric analysis (wet, dry, ash weight)

Left Femur
Femoral neck microCT

Femoral neck mechanical testing

Right Femur
Diaphyseal microCT

Diaphyseal three-point bending

Left Radius
Diaphyseal microCT

Diaphyseal three-point bending

Left Tibia Proximal metaphyseal microCT

5th Lumbar Vertebra (L5)
Vertebral body microCT

Axial compression

7th Caudal Vertebra (Ca7) Vertebral body microCT
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