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Abstract

Disuse (i.e. inactivity) causes bone loss, and a recovery period that is 2-3 times longer than the inactive period is
usually required to recover lost bone. However, black bears experience annual disuse (hibernation) and remobili-
zation periods that are approximately equal in length, yet bears maintain or increase cortical bone material prop-
erties and whole bone mechanical properties with age. In this study, we investigated the architectural properties
of bear femurs to determine whether cortical structure is preserved with age in bears. We showed that cross-
sectional geometric properties increase with age, but porosity and resorption cavity density do not change with age
in skeletally immature male and female bears. These findings suggest that structural properties substantially con-
tribute to increasing whole bone strength with age in bears, particularly during skeletal maturation. Porosity was
not different between skeletally immature and mature bears, and showed minimal regional variations between
anatomical quadrants and radial positions that were similar in pattern and magnitude between skeletally imma-
ture and mature bears. We also found gender dimorphisms in bear cortical bone properties: females have smaller,
less porous bones than males. Our results provide further support for the idea that black bears possess a biological
mechanism to prevent disuse osteoporosis.
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unbalanced relative increases in resorption and forma-
tion, and possibly because of an abnormally long lag time
between resorption and formation (Li et al. 2005a,b).

Introduction

Decreased skeletal loading, which occurs during bed-

rest, spaceflight and limb immobilization (e.g. in patients
with stroke or spinal cord injury), alters normal bone
remodelling processes (Bikle et al. 2003). Bone lost dur-
ing disuse in small animals such as rats and mice can be
the result of decreased bone formation alone (Wronski
et al. 1987; Turner et al. 1995), or both increased bone
resorption and decreased bone formation (Weinreb et al.
1989; Rantakokko et al. 1999). Immobilization of canine
forelimbs increases both resorption and formation, but
bone loss occurs because of increased remodelling space,
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Thus, in all of these scenarios, disuse causes unbalanced
bone remodelling, which leads to net bone loss and
increased fracture risk (Vico et al. 1987; Collet et al.
1997; de Bruin et al. 2000; Kanis et al. 2001; Modlesky
et al. 2005). Disuse-induced bone loss affects bones on
both the microstructural (e.g. porosity) and the macro-
structural (e.g. cross-sectional area) level. Common
changes in long bones during unloading include multi-
fold increases in porous area and porous cavity size, loss
of cortical area, and reductions in moments of inertia
(Gross & Rubin, 1995; Rubin et al. 1996; de Bruin et al.
2000; Garber et al. 2000; Li et al. 2005a).

Previous studies have shown that a remobilization
period of approximately 2-3 times the length of the
unloading period is usually required to recover com-
pletely bone lost during disuse (Kaneps etal. 1997;
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Weinreb et al. 1997). For example, canine humeri that
had been immobilized for 16 weeks required 32 weeks
of remobilization, half of which included treadmill
exercise, to match control values for ultimate stress
(Kaneps et al. 1997). This requisite time span for remo-
bilization would seemingly create problems for black
bears (Ursus americanus); bears in northern climates
experience annual periods of disuse (hibernation) and
activity that are each approximately 6 months in length.
Because bears do not have a remobilization period of
the relative length (2-3 times longer than the disuse
period) that other animals require for complete bone
recovery, it would be expected that their bones would
lose mechanical properties with age due to the annual
deficit in recovered bone. However, bears retain their
material and whole-bone mechanical properties with
age (Harvey & Donahue, 2004; Harvey et al. 2005;
Donahue et al. 2006b; McGee et al. 2006c¢). Additionally,
bears maintain balanced bone formation and resorp-
tion during hibernation (Donahue et al. 2006a). Bears
increase serum type | collagen crosslinked carboxy-
terminal telopeptide (ICTP, a marker of bone resorption)
approximately 160% during hibernation relative to
prehibernation levels, but also increase serum osteo-
calcin (a marker of bone formation) approximately 320%
during hibernation compared with prehibernation
(Donahue et al. 2006a). This can be contrasted with human
bedrest, in which serum ICTP levels increase by approxim-
ately 20-30% and serum osteocalcin levels do not
change (Zerwekh et al. 1998), and human spaceflight,
in which serum CTX (another marker of bone resorption)
levels increase by 40% and serum osteocalcin levels
decrease by approximately 7% (Caillot-Augusseau et al.
2000). Taken together, these findings suggest that bears
possess a unique mechanism for avoiding the detri-
mental consequences of disuse by favouring a positive
bone balance despite increased turnover.

It has been clearly demonstrated that the mechanical
properties of bear cortical bone are not compromised
by annual periods of disuse (i.e. ageing) (Harvey &
Donahue, 2004; Harvey et al. 2005; Donahue et al. 2006b;
McGee et al. 2006¢), but it is unknown how bear corti-
cal bone structural properties are affected by ageing.
Therefore, we quantified the porosity, resorption cavity
density, and cross-sectional properties of black bear
femurs from a wide age range of bears (1-20 years old)
to determine whether they are affected by annual
periods of disuse. We hypothesized that cortical bone
properties would be preserved with age because bone
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formation remains balanced with resorption in bears
during disuse (hibernation) (Donahue et al. 2006a).

Methods

Twenty-seven femurs were obtained from black bears
that were hunter-killed or that had died a natural
death in Utah and Alaska. Twelve were from female
bears (age range 2-20 years, mean 8.8 years) and 15
were from male bears (age range 1-17 years, mean
4.1 years). Epiphyseal fusion occurs in bears between 6
and 8 years of age (Westwood, 1996); for the purposes
of this study, skeletal maturity was defined as 8 years of
age. Thus, five of the female bears and two of the male
bears were skeletally mature (i.e. 8 years of age or
older). The length of each bone was measured (males:
302 + 30 mm, females: 291 £ 10 mm) and midshaft was
defined as half total bone length.

Cross-sectional properties

A 15-mm section immediately proximal to midshaft
was removed from the diaphysis, and the midshaft
cross-section was imaged with a digital camera. Cross-
sectional properties including the periosteal area
(Ps.Ar), cortical area (Ct.Ar), endosteal area (Es.Ar),
endosteal area fraction (Es.Ar/PsAr), section modulus
(SM), maximum moment of inertia (l,,,,), mediolateral
moment of inertia (I, ) and anteroposterior moment of
inertia (1,p) were determined using measurement tools
and a custom macro in Scion Image (Frederick, MD,
USA) (Fig. 1). As the bending axes of long bones during
gait can vary from the anatomical and principal axes
(Demes et al. 2001), moments of inertia at 45° to the
anatomical axes (Iay.p and Iy we) (Fig. 1) were also
calculated to characterize better the response of the
cross-section to annual unloading periods. Cortical
thickness (Ct.Th), the average perpendicular distance
between the endosteal and periosteal borders, was
measured in 1-mm intervals around the entire cortex
and averaged for each sample using image analysis
software (BIOQUANT OSTEO, Nashville, TN, USA).

Porosity and resorption cavity density

The bone segments were cleaned of marrow, dehy-
drated for 48 h in 70% ethanol, and embedded in
methylmethacrylate. Thin sections were removed using
a diamond saw (Isomet 1000, Buehler, Lake Bluff, IL,
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Fig. 1 Femoral cross-section designating the anatomical axes
and axes at 45° to the anatomical axes, thus dividing each
cross-section into octants. Moments of inertia were calculated
about each axis and section modulus was calculated about the
mediolateral axis. Periosteal area is inside the periosteal border,
endosteal area is inside the endosteal border, and cortical area
is between the two borders. Cortical thickness is the average
perpendicular distance between the periosteal and endosteal
borders. Porosity was quantified by anatomical quadrant (e.g.
shaded area for lateral quadrant), as well as for the entire
cross-section. Porosity was also quantified at three radial
locations (designated by white squares: Ps, periosteal; Mid,
midcortical; Es, endosteal) along each octant line. The inset
images show basic fuchsin-stained sections of bone at 40x
magnification that were used to calculate porosity digitally.

USA) and were ground to 70-90 um. The sections were
stained in four increasing ethanol concentrations of a
1% basic fuchsin stain (70-100% ethanol) for 30 s each,
and were then rinsed in 100% ethanol for 30 s. This
staining method provided good contrast between the
bone and porous spaces (Fig. 1). The sections were
mounted on glass microscope slides, and the anatomi-
cal quadrants and directions were marked on each
sample such that each cross-section was divided into
eight octants (Fig. 1). Slides were imaged at 40x mag-
nification with a digital camera (SPOT Insight QE, Diag-
nostic Instruments, Sterling Heights, MI, USA) and
microscope (Leica LABORLUX S, Leica Microsystems,
Bannockburn, IL, USA). The bone microstructure was
analysed using a semi-automated image analysis soft-
ware package (BIOQUANT OSTEO). Porosity, which
included all porous spaces except osteocyte lacunae
and canaliculi, was determined separately for each
anatomical quadrant (Por,, Por,, Por,, Por,), as porosity
shows regional variation in the femur (Thomas et al.
2005), and increases non-uniformly in long bone cross-
sections during disuse (Gross & Rubin, 1995). The
porous areas (in mm?) from each quadrant in a given

cross-section were added together and divided by cor-
tical area to obtain a measure of total cross-sectional
porosity (Por,.,) for each bone. Porosity was also meas-
ured at three sampling sites [periosteal (Por;,), mid-
cortical (Pory,;s) and endosteal (Porg)] along each octant
line to determine the radial variation in porosity; the
average area analysed at each sampling site was
1.6 £ 0.5 mm? (Fig. 1). Resorption cavities were identi-
fied as porous spaces with a scalloped border without
a surrounding cement line and were quantified at 100x
magnification. Resorption cavity density (Rp.Ca.Dn)
was calculated for the entire cross-section as the
number of resorption cavities divided by cortical area.

Statistics

Bone properties for the skeletally immature bears were
regressed against age (which indicates the number of
annual disuse periods experienced). Males and females
were separated for the regression analyses due to the
potential for synergistic age- and sex-related structural
changes, because many animals (including bears)
display gender-related dimorphism during growth
(Derocher et al. 2005). As the age distribution was
skewed for the immature male and female bears,
Cook’s distance was calculated for each data point to
identify influential samples which would impact the
regression model parameter estimates. Points for which
Cook’s distance was greater than 1 were dropped from
the model and the regression was refit to the remain-
ing samples. Linear regressions were not performed for
the skeletally mature bears due to their small sample
sizes. Instead, the mean values for each bone property
were compared between skeletally immature and
mature bears with one-factor anova. Comparisons
between skeletally immature male and female bears
were made using ANcova, treating age as the covariate.
In order to validate the assumptions of the ancova ana-
lyses, the regression slopes between males and females
were compared by evaluating the significance of the
age x sex interaction term in a two-factor anova. One-
factor anova was used to compare the bone properties
of skeletally mature male and female bears. One-factor
aNova with Fisher’s protected least significant differ-
ence (PLSD) post-hoc test was used to assess the radial
and quadrant-related distribution of porosity in the
bear femurs. Male and female bears, as well as skelet-
ally immature and mature bears, were separated for
these regional and radial porosity analyses.
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Table 1 Summary of femoral cross-sectional properties
linearly regressed against age for skeletally immature male
and female bears

Property P-value r-value

Male
Ps.Ar 0.018 0.643
Ct.Ar 0.015 0.654
Es.Ar 0.134 0.438
Es.Ar/PsAr 0.781 0.090
Ct.Th 0.022 0.625
SM 0.012 0.669
Imax 0.026 0.614
T 0.013 0.663
lap 0.027 0.611
lantp 0.016 0.650
lamp 0.018 0.643

Female
Ps.Ar 0.019 0.837
Ct.Ar 0.010 0.876
Es.Ar 0.298 0.461
Es.Ar/PsAr 0.890 -0.065
Ct.Th 0.090 0.686
SM 0.008 0.884
|nax 0.009 0.877
(W 0.013 0.859
lap 0.009 0.883
lantp 0.005 0.903
IaLp 0.010 0.873

Most properties significantly increased with age in both male and
female bears. See text for explanations of abbreviations.

Results
Cross-sectional properties — age-related changes

Only one data point in one regression had to be
excluded based on Cook’s distance (a 7-year-old male
in the endosteal area fraction regression, Cook'’s
distance = 1.05). All cross-sectional properties signific-
antly increased with age in skeletally immature male
bears (P<0.027, r>0.611) except endosteal area
(P=0.134, r=0.438) and endosteal area fraction
(P=0.781, r=0.090) (Table 1). Similarly, all cross-
sectional properties increased with age in immature
female bears (P<0.019, r>0.837) except endosteal
area (P=0.298, r=0.461), endosteal area fraction
(P=0.890, r=-0.065) and cortical thickness (P = 0.089,
r=0.686) (Table 1). A representative plot can be seen
in Fig. 2. Skeletally mature male bears had significantly
greater values (P < 0.033) for each property compared
with immature male bears except for endosteal area
fraction (P = 0.498) and endosteal area, which approached
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Fig. 2 Cortical areaincreased with age for skeletally immature
male and female bears. The male and female regression slopes
were not significantly different (P = 0.735). Similar trends with
age were observed for all other cross-sectional properties in
skeletally immature bears.

significance (P=0.053) (Table 2). Conversely, none of
the cross-sectional properties was different between
skeletally immature and mature female bears (P>
0.254) (Table 2).

Cross-sectional properties — comparison of male and
female bears

The differences between the cross-sectional properties
of skeletally immature male and female bears were not
statistically significant for any properties (0.091 <
P <0.898) although male bears consistently had a
larger mean value for each property (Table 2). The
regression slopes were not significantly different
between skeletally immature male and female bears
(P> 0.675), thus validating the ancova analyses. For the
skeletally mature bears, males had significantly greater
mean values for all properties (0.0002 < P < 0.004)
except endosteal area (P=0.144) and endosteal area
fraction (P =0.209) (Table 2).

Porosity and resorption cavity density — age-related
changes

Total cross-sectional porosity did not change signific-
antly with age for skeletally immature male (P=0.179)
or female (P = 0.798) bears (Fig. 3), and was not differ-
ent between skeletally mature and immature bears
for either males or females (male: P=0.203, female:
P =0.440). Resorption cavity density also did not
change significantly with age for skeletally immature
male (P=0.257) or female (P=0.337) bears, and was
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Table 2 Mean femoral cross-sectional properties for skeletally immature and mature male and female bears

Property Immature male Immature female P-value (M : F) Mature male Mature female P-value (M : F)
Ps.Ar (mm?) *388 365 0.118 579 389 0.001
Ct.Ar (mm?) *268 253 0.131 412 258 0.004
Es.Ar (mm?) 120 112 0.280 167 131 0.144
Es.Ar/PsAr (%) 0.31 0.30 0.898 0.29 0.34 0.209
Ct.Th (mm) *4.64 4.58 0.343 6.02 4.46 0.0003
SM (mm?) *927 844 0.105 1661 904 0.0005
lnax (MmM?) *13711 11 581 0.103 29 262 13 208 0.0003
Iy (MM?) *9635 8353 0.104 20 472 9071 0.0002
Ip (MmM?) *13 608 11527 0.107 29 060 13101 0.0003
Iy (MM?) *11 365 9772 0.091 23923 11532 0.002
lawe (MM?) *12 094 10 448 0.109 26 206 11 058 0.0002

See text for explanations of abbreviations. P-values are for comparisons of male versus female bears within a given age grouping (i.e.

immature or mature). *P < 0.05 comparing the immature male value with its corresponding value in mature male bears.

12 *Male

Total porosity (%)
()

Male
4 r=-0.397
* P=0.179
2 Female
r=0.120
0 P=0.798
0 1 2 3 4 5 6 7 8
Age (years)

Fig. 3 Total cross-sectional porosity did not significantly
change with age for skeletally immature male or female
bears. The male and female regression slopes were not
significantly different (P=0.312).

not different between skeletally immature and mature
male bears (P=0.543). However, the difference in
resorption cavity density between skeletally immature
and mature female bears approached significance
(P =0.054), with mature female bears having a greater
mean value. Porosity did not change with age (0.078
< P <0.981) for any quadrant in skeletally immature
male or female bears. The difference between skele-
tally immature and mature males approached signific-
ance in the posterior quadrant (P=0.058) with the
mature males having a lower mean value. No other
changes in quadrant porosity with respect to skeletal
maturity were significant (P > 0.169). When examined
by radial position, porosity did not change significantly
(P> 0.557) with age for any position in skeletally imma-
ture female bears. Periosteal porosity decreased signi-
ficantly (P=0.027, r=-0.610) with age in skeletally

Table 3 Male femurs were consistently more porous and had
a higher resorption cavity density than female femurs for
skeletally immature bears

Male Female P-value
Property mean mean (ANCOVA)
POy (%) 5.30 3.34 0.045
Por, (%) 4.86 3.17 0.070
Pory (%) 4.05 2.56 0.141
Por, (%) 6.93 3.39 0.005
Por, (%) 6.41 3.78 0.018
Pore, (%) 6.00 2.69 0.002
Poryig (%) 4.44 3.13 0.016
Pore, (%) 5.75 435 0.136
Rp.Ca.Dn (no. mm™) 0.31 0.13 0.034

See text for explanations of abbreviations.

immature male bears, whereas midcortical and endo-
steal porosity did not change significantly with age
(midcortical: P=0.115, endosteal: P=0.165). The dif-
ference between skeletally immature and mature
males approached significance for the periosteal posi-
tion (P=0.060) with the mature males having a lower
mean value. No other changes in quadrant porosity
with respect to skeletal maturity were significant
(P>0.171).

Porosity and resorption cavity density — comparison of
male and female bears

Total cross-sectional porosity and resorption cavity
density were both greater in skeletally immature male
bears than in immature female bears (P=0.045 and
P =0.034, respectively) (Table 3). Quadrant and radial
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porosities also tended to be greater in immature males,
although not all locations reached statistical signific-
ance (Table 3). The skeletally immature male and
female regression slopes were not significantly differ-
ent (P> 0.221) from each other in any quadrant or for
the entire cross-section. The regression slopes were also
not significantly different for the radial porosities
(P> 0.085). Resorption cavity density and all quadrant,
radial and total porosities were not significantly differ-
ent (P>0.421) between skeletally mature male and
female bears.

Porosity — comparison of anatomical quadrants and
radial positions

Variation in quadrant porosity was significant for
skeletally immature male bears (P = 0.005), but not for
immature female (P =0.085), mature male (P=0.068)
or mature female bears (P = 0.178). The lowest porosi-
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Radial position

ties were consistently found in the medial quadrant,
whereas the highest porosities were in the lateral
quadrant (except for skeletally immature males)
(Fig. 4). Variation in radial porosity was significant for
skeletally immature female bears (P=0.009), but not
for immature male (P = 0.060), mature female (P = 0.084)
or mature male bears (P=0.153). All female bears and
skeletally mature male bears demonstrated a progres-
sive increase in porosity from the periosteal to endosteal
radial positions, whereas high porosity values were
prevalent in both the periosteal and the endosteal
radial positions for the skeletally immature male bears
(Fig. 5). Total cross-sectional porosity and resorption
cavity density were correlated (P < 0.0001, r = 0.858).

Discussion

In most animals, disuse-induced cortical bone loss is
manifest as increased porosity and decreased cross-
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sectional properties. For example, previous studies have
reported three- to five-fold increases in intracortical
porosity, 42% loss of cortical area and 13-37% decreases
in moments of inertia from reduced skeletal loading
(Gross & Rubin, 1995; Rubin et al. 1996; de Bruin et al.
2000; Li et al. 2005a; Modlesky et al. 2005). Without
sufficient remobilization (i.e. an active period that is 2—
3 times longer than the disuse period), this lost bone
cannot be completely recovered (Kaneps et al. 1997;
Jaworski & Uhthoff, 1986). Thus, annual net bone loss
would be expected in black bears, as they experience
annual disuse (hibernation) and active periods that are
approximately equal in length. Instead, our study
showed that bears do not suffer bone loss with ageing;
porosity did not change with age and cross-sectional
properties increased with age in skeletally immature
male and female bears, and porosity was not higher in
skeletally mature bears than in immature bears.

By examining bone properties with age in the skelet-
ally immature bears, there is a possibility of normal
age-related changes in bone structure masking disuse-
related changes. This is particularly a problem with the
cross-sectional properties, as geometrical properties
increase with age in maturing animals (Keller et al.
1986). Thus, a limitation of this experiment is that small
reductions in cross-sectional properties from insuffi-
cient remobilization could be overshadowed by age-
related bone growth. However, disuse typically pre-
vents normal age-related increases in bone geometry
during growth (Abram et al. 1988; Biewener & Bertram,
1994), which does not appear to occur in bears. In
addition, bears did not demonstrate an age-related
increase in porosity (Fig. 3) or resorption cavity density,
and porosity was not higher in skeletally mature com-
pared with immature bears, although previous work
has shown that porosity increases with age in many
animals including humans (Srinivasan et al. 2000; Frank
et al. 2002; Wang & Ni, 2003; Thomas et al. 2005). Thus,
the bear porosity data provide support for the idea
that bears counteract the deleterious effects of disuse
and ageing on bone structure.

Gender-related dimorphism was apparent in the
cross-sectional properties (Table 2). The differences in
cross-sectional properties are probably related to body
size differences between male and female bears, as
bone cross-sectional properties in the femoral diaphysis
are proportional to body weight (Stein et al. 1998),
and male bears generally have a greater body mass
than female bears (Blanchard, 1987; Parkhurst, 1998;

Derocher et al. 2005). Prior work in polar bears has
shown that gender differences in body mass are small
at birth, but diverge further during growth (Derocher
et al. 2005). A similar trend was seen in the cross-
sectional properties investigated in this study (Table 2);
gender-related differences were much larger in the
mature bears than in the immature bears. Age-related
changes in the cross-sectional properties were also
different between male and female bears. Whereas
cross-sectional properties were significantly greater in
mature male bears than in immature male bears, there
were no significant differences between immature and
mature female bears (Table 2). This is in agreement
with different growth patterns in male and female
bears (Derocher et al. 2005); female black bears obtain
peak body mass near 6 years of age (i.e. near skeletal
maturity), whereas male bears can continue to gain
weight until at least 12 years of age (Rogers, 1999).
Because bone cross-sectional properties are propor-
tional to body weight (Stein et al. 1998), these proper-
ties probably continued to increase in response to body
weight in the mature male bears, but did not change
past skeletal maturity in the female bears.

It is noteworthy that female bears had less porous
(Table 3) or equally porous bones compared with male
bears (depending on age). Female bears (3.5 years of
age and older) give birth to 2-3 cubs every other year
and nurse them during winter denning (Nelson, 1973;
Rogers, 1981). Previous studies have shown that increas-
ing parity is positively correlated with porosity, which
consequently leads to a decrease in bone mechanical
properties (McCalden et al. 1993; Hawkins & Stover,
1997). However, the material properties of female bear
cortical bone are not different from those of male
bears (Harvey & Donahue, 2004; Harvey et al. 2005),
and female bears have less or equally porous bones
compared with male bears (Table 3). Thus, the increased
metabolic demand placed on the skeleton of female
bears does not appear to impact negatively on cortical
microstructure or material properties. The maintenance
of porosity in female bears may help to preserve bone
strength during pregnancy and lactation, and may indi-
cate that female bears have a more rigorous compen-
sation mechanism to deal with both the unloading
associated with hibernation and the mineral losses
from cub birth.

Because the femurs in this study were stored in a
dried state, we were unable to obtain mechanical data
to correlate directly bone structural properties to
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mechanical integrity. However, several properties were
calculated that provide good estimates of bone
strength. Section modulus (the cross-sectional moment
of inertia divided by the distance between the neutral
axis and periosteal border) is a good indicator of a
bone’s resistance to bending (i.e. bone strength) (Petit
et al. 2005). Section modulus increased with age in
both male and female skeletally immature bears
(Table 1), suggesting increasing bone strength with
age. Moments of inertia were also quantified about
several different axes, as disuse can cause localized
reductions in femoral cortical wall thickness (Modlesky
et al. 2005), and the true femoral bending axis in bears
during gait is unknown. All moments of inertia increased
with age in skeletally immature bears (Table 1), sug-
gesting that annual hibernation does not preferen-
tially affect bone strength in any direction. We
previously investigated the effect of annual hiberna-
tion on the bending and tensile material properties of
black bear tibia cortical bone (Harvey & Donahue, 2004;
Harvey et al. 2005), and on the whole bone mechanical
properties of black bear femurs (McGee et al. 2006¢).
As black bears in Utah and Michigan experience similar
hibernation durations, it is reasonable to compare the
structural properties investigated in this study with the
mechanical properties determined previously. These
studies suggest that preserving bone porosity and
increasing mineral content, material strength and
cross-sectional properties are responsible for the increase
in whole bone strength with age in bears.

Regional variation in porosity was quantified because
localized increases in porosity can weaken whole bone
strength. Porosity differences between the anatomical
quadrants and radial positions were small (most did
not achieve statistical significance), and were similar in
pattern and magnitude for skeletally immature and
mature bears (Figs 4 and 5), indicating that bears pre-
vent localized porosity increases with age. The differ-
ences in porosity between anatomical quadrants may
be related to structural adaptation to routine loading
or the need to repair microdamage by targeted bone
remodelling, as the local mechanical strains during gait
and microdamage densities both vary between ana-
tomical quadrants of the femur (Manley et al. 1982;
Schaffler et al. 1995; Norman & Wang, 1997). Normal
transcortical variations in porosity were noted in all
female bears and mature male bears (Fig. 5), where
porosity increased from the periosteal to endosteal
borders (Bousson et al. 2001). It is unclear why the
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trends for skeletally immature male transcortical poros-
ities were different, with high porosities found in both
the endosteal and the periosteal radial positions
(Fig. 5). One possible explanation is that because the
majority of male bears in this study were 2-3 years old,
the high periosteal and endosteal porosities may
reflect the rapid apposition of bone on these surfaces
as occurs in other large mammals such as horses (Stover
et al. 1992). In both sexes, we qualitatively observed
that large intracortical pores (i.e. larger than a typical
Haverisan remodelling cavity), which can appear
throughout the cortex during disuse in other animals
(Rubin et al. 1996), were rare. The few that did occur
were mainly located near the endosteal border, which
corresponds with the higher endosteal porosities we
observed in a majority of the bears (Fig. 6). These cavi-
ties are possibly related to marrow cavity expansion,
although expansion appears to occur slowly because it
did not statistically increase with age in male or female
bears. Resorption cavity density was not significantly
different between skeletally immature and mature male
bears. Although resorption cavity density approached
a significant difference between skeletally immature
and mature female bears (P =0.054), endosteal area,
endosteal area fraction, cortical thickness and porosity
were not different between mature and immature
female bears, suggesting that the increased resorption
cavity density was not detrimental to the cortical struc-
ture as a whole.

The age-related trends noted in the cross-sectional
properties and porosity in bear femurs suggest that
either bears lose less bone during disuse or are able to
recover lost bone at a faster rate during remobilization
than other animals. Prior and ongoing work in bears
supports the first possibility. Black bear and grizzly
bear trabecular bone volume is not different before,
during or after hibernation (Pardy et al. 2004; McGee
et al. 2006b), and cortical porosity decreases during
hibernation in grizzly bears (McGee et al. 2006a). Thus,
bears appear to preserve trabecular and cortical bone
mass during hibernation. This may be the result of a
unique bone metabolism process. Unlike most animals,
bears show balanced bone remodelling during disuse
(Floyd et al. 1990; Donahue et al. 2006a). The mecha-
nism by which bears can maintain balanced bone
remodelling during hibernation is not yet known, but
previous work suggests the involvement of the ana-
bolic effects of parathyroid hormone (Donahue et al.
2006a). Parathyroid hormone levels are positively
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correlated with the bone formation marker osteocalcin
in bears, suggesting that the maintenance of bone
formation during hibernation may be regulated in part
by this hormone (Donahue et al. 2006a). It is also pos-
sible that bears have the ability to prevent increases
in cortical osteoclastic resorption during disuse, as
evidenced by the fact that cortical porosity is decreased
in hibernating compared with active grizzly bears
(McGee et al. 2006a) and neither porosity nor endo-
steal area fraction increases with age in black bears.
Further research into the biological mechanisms by
which bears are able to avoid disuse-related loss of
bone strength may form the basis for development of
therapeutic treatments of metabolic bone diseases.
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