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ABSTRACT How reliable are reconstructions of body
mass and joint function based on articular surface areas?
While the dynamic relationship between mechanical load-
ing and cross-sectional geometry in long bones is well-
established, the effect of loading on the subchondral artic-
ular surface area of epiphyses (hereafter, articular surface
area, or ASA) has not been experimentally tested. The
degree to which ASA can change in size and shape is
important, because articular dimensions are frequently
used to estimate body mass and positional behavior in
fossil species. This study tests the hypothesis that me-
chanical loading influences ASA by comparing epiphyses
of exercised and sedentary sheep from three age catego-
ries: juvenile, subadult, and adult (n = 44). ASA was
measured on latex molds of subchondral articular surfaces

Wolff’s law, that bone macrostructure and micro-
structure adapt to their mechanical environments,
is a long-held yet sometimes controversial principle
of bone biology (reviews in Currey, 1984; Lanyon
and Rubin, 1985; Martin and Burr, 1989; Bertram
and Swartz, 1991; Lieberman and Crompton, 1998;
Martin et al., 1998). Osteogenic responses to me-
chanical loading have mostly been documented in
compact bone in diaphyseal cross sections and in
trabecular bone in epiphyses (e.g., Pauwels, 1976;
Radin et al., 1982; Currey, 1984; Lanyon and Rubin,
1985; Martin and Burr, 1989; Hou et al., 1990; Gross
et al. 1997; Lieberman and Crompton, 1998; Martin
et al., 1998). Little is known, however, about the
degree of phenotypic plasticity that characterizes
the subchondral articular surface area of epiphyses
(hereafter referred to as articular surface area, or
ASA) during ontogeny in response to mechanical
stimuli (Ruff, 1988).

We examine here subchondral ASA responses to
loading, which we compare to data on midshaft di-
aphyseal responses to loading. While ASA plasticity
in response to loading must be mediated in part
through changes in chondral growth (reviews in
Frost, 1979; Carter and Wong, 1988; Herring, 1993;
Martin et al., 1998), we examine ASA rather than
chondral responses to loading for several reasons.
First, most of the primate skeletal biology and pale-
ontology literature on epiphyses in relation to body
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of 10 epiphyses from each sheep. Areas were standardized
by body mass, and compared to diaphyseal cross-sectional
geometrical data. Nonparametric statistical comparisons
of exercised and control individuals found no increases in
ASA in response to mechanical loading in any age group.
In contrast, significant differences in diaphyseal cross-
sectional geometry were detected between exercised and
control groups, but mostly in juveniles. The conservatism
of ASA supports the hypothesis that ASA is ontogeneti-
cally constrained, and related to locomotor behavior at the
species level and to body mass at the individual level,
while variations in diaphyseal cross-sectional geometry
are more appropriate proxies for individual variations in
activity level. Am J Phys Anthropol 116:266-277, 2001.
© 2001 Wiley-Liss, Inc.

mass and loading focuses on ASA, and not on chon-
dral surfaces, largely because cartilage does not fos-
silize or preserve. Changes in ASA in response to
exercise are therefore of interest, regardless of how
imposed loads affect the cartilagenous growth that
influences the size of the subchondral bone in the
joints. Second, ASA plasticity in response to loading
is biomechanically important because it is well-es-
tablished that joints undergo considerable loading,
which can result in osteoarthritis and other forms of
deterioration, not only in the chondral surface of the
joint (Mankin et al., 1986; Jurmain, 1999), but also
in the subchondral bone of the epiphysis (Bridges,
1991; Spector et al., 1996; Jurmain, 1999).

Despite the importance of mechanical loading in
joints, most researchers assume that ASA and sub-
chondral surface morphologies are fairly conserva-
tive, either because they are highly genetically can-
alized, and/or because they are functionally
constrained by the need to fit precisely with one
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another (Pauwels, 1976; Ruff and Runestad, 1992;
Ruff et al., 1993). Support for the hypothesis that
articular surfaces are not phenotypically plastic in
response to loading comes from several studies, most
of which examine correlations between femoral head
size and body mass (Jungers, 1988; Ruff, 1988, 1990;
Godfrey et al., 1991). In a study of age-related
changes in ASA and diaphyseal cross sections in
humans from Pecos Pueblo, Ruff (1988) found that
while the cross-sectional area of the femoral mid-
shaft increased significantly over time, the size of
the femoral head did not. Ruff et al. (1991) also
demonstrated that femoral head size in adult Amer-
icans (mean age, 52) correlates most strongly with
body mass at age 18 (the approximate age of skeletal
maturity), while femoral shaft cross-sectional areas
correlate best with body mass at the time of the
study. Ruff et al. (1991), however, had no data to
correct for the potential effects of different activity
levels, and used uniplanar (radiographic) measure-
ments of femoral head and shaft size.

Despite these indications of phenotypic stability,
there is reason to ask if ASA evinces some degree of
phenotypic plasticity in response to mechanical
loading, especially to stresses applied during ontog-
eny, before epiphyses have reached their final adult
size. Articular stress is primarily a function of the
force applied to a joint relative to its surface area.
One would therefore predict a close relationship be-
tween loading and joint size in order to avoid the
generation of high stress concentrations, which can
damage not only articular cartilage but also osseous
components of the epiphysis, diminish function
through loss of congruence, and lead to various types
of joint disease (Radin et al., 1982; Currey, 1984;
Jungers, 1988; Kamibayashi et al., 1995). Alexander
(1980) reasoned that maximum joint stresses should
be constant regardless of body mass, suggesting that
articular surface areas should scale with geometric
similarity to body mass (to the 0.67 power). Compar-
ative analyses have largely supported this predic-
tion (e.g., Godfrey et al., 1995), but with some inter-
esting exceptions. Although interspecific studies
among primates have shown that joint surface area
tends to scale isometrically with body mass (Ruff,
1988), the pattern of variation is complex. Godfrey et
al. (1991) showed that joint surface dimensions in
primates scale for the most part with geometric sim-
ilarity in hindlimbs and with positive allometry in
forelimbs. In addition, joint surfaces of mammals
who leap habitually tend to have high positive re-
siduals with respect to the general scaling relation-
ship among mammals against body mass (Godfrey et
al., 1995; Runestad, 1997; Runestad Connour et al.,
2000), and this scaling relationship is positively al-
lometric in bipedal hominids whose hindlimb joint
dimensions are significantly larger than those pre-
dicted by interspecific primate allometries (Jungers,
1988, 1991; Ruff, 1988, 1990; Ruff and Runestad,
1992). From an interspecific perspective, the me-
chanical effect of loading on any given joint is likely
to be complex and influenced by variations in the
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shape of the joint and the range of excursion through
which the joint is loaded (Ruff and Runestad, 1992;
Rafferty and Ruff, 1994; Runestad, 1997). However,
a likely explanation for these observations is that
larger joint surface areas are an adaptation for re-
sisting larger loads, so it follows that, within a single
species, such adaptations may occur in vivo to some
extent.

Phenotypic plasticity in ASA has been suggested
by a number of researchers, but has proven difficult
to study. One reason for hypothesizing ASA lability
is that cartilage, which covers much of the overlying
chondral portions of joints, has been shown to be
highly responsive to compressive loading (Meikle,
1975; Hall, 1978; Amprino, 1985; Frost, 1986; Her-
ring, 1993). The mandibular condyle, for example,
which is loaded under compression in mammals
(Hylander, 1979, 1985; Demes, 1985; Thomason et
al., 1990; Liu and Herring, 2000), has been shown to
grow significantly wider and longer (P < 0.01) in
growing rats fed hard diets compared to controls fed
on soft foods (Bouvier and Zimny, 1987). With re-
spect to ASA, Ruff et al. (1994), in a reanalysis of
data from Jones et al. (1977), showed that bilateral
asymmetry in radial head breadth (a good linear
approximation of the size of the articular surface) in
professional tennis players averaged 5.6% (P <
0.001). Measurements of distal humeral articular
breadth in Neanderthals reveal a similar degree
(less than 5%) of bilateral asymmetry (Trinkaus et
al., 1994), substantially less than the high degree of
asymmetry measured in the humeral diaphysis of
these groups. In addition, clinical studies have
shown that other aspects of subchondral epiphysis
morphology, including subchondral bone thickness,
Haversian remodeling, trabecular connectivity, tra-
becular thickness, and trabecular orientation, are
responsive to exercise (Radin et al., 1982; Parfitt et
al., 1983; Hou et al., 1990; Teng et al., 1997).

The degree to which ASAs are phenotypically
plastic adaptations to their mechanical environment
merits further testing for both clinical and biological
reasons. Because bone presumably grows and
changes in response to the loading it experiences,
changes in ASA during growth may be important for
assessing the effects of behavioral variations on
load-induced degeneration of the joints (Bridges,
1991; Spector et al., 1996; Kerrigan et al., 1998).
From a paleontological perspective, articular sur-
face area and size, and typically femoral head size,
are frequently used to estimate body mass in fossils
(e.g., Jungers, 1988; McHenry, 1991, 1992; Grine et
al., 1995; Ruff et al., 1997). Therefore, if ASA is
phenotypically plastic in response to mechanical
loading, differences in loading unrelated to body
mass, such as variation in activity levels, have the
potential to bias body-mass estimates based on ar-
ticular and/or epiphyseal dimensions (Jungers,
1988; Ruff, 1990; McHenry, 1991, 1992). Interspe-
cific differences in ASA relative to body size have
been used to make contrasting inferences about lo-
comotor behavior in hominids, especially australo-
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TABLE 1. Experiments reported

Experiment Age (days) N (control/treatment) Duration Treatment’

Juvenile 40 11 (5/6) 89 days a = 0.5, 60 min/day
Subadult 270 10 (4/6) 90 days 0 = 0.5, 60 min/day
Adult 400-430 16 (8/8) 90 days 4 = 0.5, 60 min/day

14 = Froude speed, v * g°° + h, where v = speed (m/s), g = acceleration constant, and h = hindlimb length (cm) (Alexander, 1977).

pithecines (e.g., Jungers, 1988; Ruff, 1988), and in
other primates (Godfrey et al. 1995). Finally, if ASA
is highly conservative and genetically canalized,
then variations in ASA and possibly articular sur-
face shape have the potential to be useful morpho-
logical characters for phylogenetic analysis (Lieber-
man, 1997).

HYPOTHESES TO BE TESTED

This paper uses an explicitly experimental ap-
proach to test several hypotheses about ASA
changes in response to mechanical loading. As noted
above, we focus solely on subchondral ASA, and not
on chondral or articular surface shape responses to
loading. The general hypothesis is that animals
which experience higher levels of load-bearing activ-
ity are predicted to have larger ASAs relative to
body mass, tested against the null hypothesis that
ASAs are conservative and do not exhibit any sub-
stantial degree of phenotypic plasticity. This general
hypothesis, however, is broken down into two more
specific hypotheses that examine potential addi-
tional sources of variation due to intraskeletal loca-
tion and ontogenetic variation. First, within a skel-
eton, one might expect a higher degree of phenotypic
plasticity in response to mechanical loads in certain
epiphyses. In static loading (without acceleration),
muscles crossing a joint contribute to a large propor-
tion of compressive forces in the joint, leading one to
predict that higher forces act on more muscled joints
(Pauwels, 1980). However, during dynamic loading,
accelerations of body mass generate very high com-
pressive forces in a joint (proportional to the product
of body mass times acceleration) that can act on
large moment arms, and which have to be countered
by muscles and other connective tissues (review in
LeVeau, 1992). Since joint surface areas tend to be
smaller in distal elements in most mammals, it is
reasonable to hypothesize that articular surfaces of
distal elements must counteract more compressive
stress (force per unit area) than those of more prox-
imal elements. In sheep, for example, the surface
area of the proximal femur is 19% larger than that of
the proximal tibia, which is 63% larger than that of
the proximal metatarsal (see below). Consequently,
smaller ASAs relative to body mass might be ex-
pected to be more phenotypically plastic than larger
ASAs in response to dynamic mechanical loads. In a
similar fashion, stresses are expected to be higher on
the smaller of two paired joints (e.g., the glenoid
fossa compared to the proximal humerus).

A second source of variation examined here is
ontogenetic. Osteogenic responses to loading (mostly
measured in vivo as bone mineral density) are

known to be much greater in juveniles than in
adults (Kannus et al., 1995; Haapasalo et al., 1996,
1998; Vuori, 1996), in large part because osteopro-
genitor cells senesce dramatically after adolescence
(Nishida et al., 1999). In addition, ASA is likely to be
related to osteogenic activity in secondary growth
centers, which fuse during adolescence. Although
cartilage above the subchondral bone surface can
grow interstitially and apositionally throughout life
(Williams et al., 1985), one might expect mechanical
loading to exert a greater effect on ASA relative to
body mass in juveniles than in skeletally mature
adults.

This paper investigates these issues by examining
measurements of joint surface areas. It is also pos-
sible that joints may respond to loading by growth
and remodeling which alter their shapes. However,
an investigation of shape changes in response to
differences in loading lies beyond the scope of this
paper, and the data presented here pertain to the
issue of changes in gross size alone.

MATERIALS AND METHODS
Subjects and exercise training

We report here the result of three experiments,
summarized in Table 1, using male sheep (Ovis ar-
ies; Dorset). These experiments compared exercise
and control animals at three different ages: juve-
niles, who were 40 days old at the start of the ex-
periment and experiencing rapid skeletal growth;
subadults, who were between 265-275 days old at
the start of the experiment; and skeletally mature,
castrated adults®’ who were between 400—430 days
old at the start of the experiment. All treatment
periods lasted 90 days. For 1 week prior to treat-
ment, the exercise-group animals were habituated
to running in an enclosed box on a Marquette 1800
treadmill. During the treatment period, exercise
group animals ran every day at a horizontal inclina-
tion for 60 min at a Froude speed, 14, of 0.5 (approx-
imately 4 Kph), which resulted in approximately
6,000 loading cycles per day per limb. At this speed,

1On the basis of laboratory studies of animals, the decreased level of
androgens that result from castration is likely to cause increased bone
turnover, loss of trabecular and cortical bone, and decreased prolifer-
ation of osteoprogenitor cells (reviewed in Ousler et al., 1996). In
humans, castration, decreased testicular function, and hypogonadism
are all associated with an increased risk of osteoporosis (Ousler et al.,
1996; Dequeker and Guesens, 1985). It is therefore possible that
castrated adult sheep might be less capable of producing a pro-
nounced osteogenic response to exercise than uncastrated adult rams.
As we argue in the Discussion, however, the effect of castration on
bone modeling in adult sheep is apparently small and mirrors the
pattern present in uncastrated subadult animals.
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which is well below maximum running speed, the
sheep’s gait is at a moderate trot. At all other times,
loading activity was restricted to minor locomotor
activity and sedentary weight support by housing
the animals in raised 1-m? cages. All animals were
fed the same quantity of food per day and water ad
libitum. Body mass was measured each week on a
digital scale.

Measurements

At the end of the experiment, the animals were
euthanized, and their limb bones removed and de-
fleshed. The two articulating surfaces in a joint are
expected to be closely correlated in size. Thus for
most joints, only 1 of the 2 articulating epiphyseal
surfaces was measured in order to reduce redun-
dancy within data. Subchondral ASAs of the follow-
ing joints were measured: distal scapula, distal hu-
merus, proximal femur, proximal tibia, anterior
astragalus, posterior astragalus, proximal metacar-
pal, distal metacarpal, proximal metatarsal, and
distal metatarsal. Some metacarpals were not avail-
able in the juvenile sample. ASAs were measured
using a latex cast method, modified after Godfrey et
al. (1995). The subchondral bone of each articular
surface was first outlined in pencil. The surface was
then dusted with talcum powder, and two coats of
Poly Latex 60 (Polytek, Easton, PA) were applied
with a small brush, with 3 hr of drying after each
coat. The dried molds were removed from the joints,
and the edges trimmed with a scalpel following the
pencil outline of the subchondral articular surface,
which transfers onto the latex. To ensure flatness
during measurement, the molds were scored and/or
cut into multiple sections. The latex, which is natu-
rally beige in color, was blackened using a perma-
nent marker to enhance contrast.

The latex molds were flattened on the glass of an
Arcus II transparency scanner (AGFA, Inc.) and
scanned at 1,800 dpi. Mold areas were measured
using the thresholding function in NIH Image 1.62.
The replicability of the molding technique was as-
sessed by making four molds of one flat joint, the
proximal metacarpal, and four molds of one very
irregularly shaped joint, the distal metacarpal. Mea-
surement error (expressed as the area difference
between the smallest mold and each of the other
three) in the proximal metacarpal ranged from
2.76—-3.34% (mean, 3.10%), while error in the distal
metacarpal was between 1.03—4.35% (mean, 2.36%).
A correction factor to compensate for shrinkage in
the latex was calculated by making several models
of a coin of known diameter and comparing this
diameter with the mold diameters. The resulting
average linear shrinkage was 3.54%, corresponding
to an average shrinkage in area of 6.4%. Therefore,
each measurement of latex mold area was multi-
plied by 1.064 to obtain the corrected area.

We also include data on diaphyseal cross-sectional
properties for all hindlimb bones, with the exception
of the astragalus. Cross-sectional measurements
were obtained by cutting 2-cm sections from the
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midshaft of the left femur, tibia, and metatarsal.
The proximal 1 cm of each section was fixed and
dehydrated in 100% ethanol. Samples were embed-
ded in Poly-methyl methacrylate (Osteobed™, Poly-
sciences, Inc., Warrington, PA). Two sections were
cut from each sample using an Isomet™ 1000 low-
speed saw (Buehler Ltd., Lake Bluff, IL), affixed to
glass slides using Epotek™ 301 epoxy (Epoxy Tech-
nology, Inc., Billerica, MA), ground to a thickness of
100 pm with a Hillquist™ 1005 thin-section ma-
chine (Hillquist, Inc., Fall City, WA), polished on a
Hillquist™ 900 grinder, and coverslipped.

The midshaft cross sections were analyzed using
an Olympus™ SZH 10 stereozoom microscope
(Olympus America, Melville, NY). Images were cap-
tured using a SPOT 1.3.0 digital camera (Diagnostic
Instruments, Sterling Heights, MI). Cortical area,
maximum and minimum second moments of area
(I.x and I ; ), and the polar second moment of area
(J) were calculated using NIH Image, version 1.61,
running a macro written by M. Warfel (Cornell Uni-
versity). Measurements were averaged from both
sections of each midshaft.

Since diaphyseal cross-sectional second moments
of area need to be standardized to element length
and body mass (Ruff, 2000), the length of each bone
was measured using digital calipers (accurate to
0.01 mm). Femoral length was measured from the
most proximal point on the femoral head to the line
connecting the two distal condyles; tibial length was
measured from the center of the lateral condylar
surface to the center of the distal articular surface;
and metatarsal length was measured from the cen-
ter of the proximal articular surface to the most
distal point of the distal articular surface.

Analysis

All statistical analysis was performed using Stat-
view 4.5 (Abacus Concepts, Berkeley, CA). ASA was
standardized in two ways. First, ASA was standard-
ized by body mass, following the expectation that
compressive stresses during locomotion are mostly
proportional to body mass (see above); however,
since ASA may scale isometrically with body mass
(Alexander, 1980), ASA was also standardized by
body mass®®?. Second moments of area were stan-
dardized by the product of element length and mean
body mass (see Polk et al., 2000). In all cases, mean
body mass was averaged for the final 3 weeks of
treatment. Because of small sample sizes, and to
avoid assuming normal distribution of the data, all
tests of significance between elements and between
groups were calculated using nonparametric meth-
ods (in most cases, Mann-Whitney U test).

RESULTS
Articular surface area

Table 2 presents mean articular surface areas,
standardized for body mass, of exercised and control
sheep in the juvenile, subadult, and adult age
groups. There were no significant differences in body
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Fig. 1. Forelimb articular surface areas (mm?), standardized by body mass (kg). Shaded bars represent exercised animals, and
clear bars represent control animals. Box and whiskers represent +1 SD and =2 standard deviations around the mean, respectively;
circles represent total range. None of the differences between exercised and controls groups are statistically significant, based on a
Mann-Whitney U-test. For the metacarpal bone in the juvenile group, n = 1.

mass between runners and controls within each age
group. Juvenile runners weighed 0.70% more (P =
0.58) than controls, subadult runners weighed
1.94% less (P = 0.67) than controls, and adult run-
ners weighed 9.29% less than controls (P = 0.13).

In the forelimb, which includes the articular sur-
faces of the glenoid fossa, distal humerus, and prox-
imal and distal metacarpal, there are no significant
differences in articular surface area between exer-
cised and control individuals in any age group (Fig.
1). In the juvenile sample, the articular surfaces of
exercised animals are modestly larger than those of
the controls, although never significantly (Table 2).
ASAs are 3—-11% larger in runners than controls for
all bones except the metacarpal, which may reflect
the small sample size for this element (control N =
1, runner N = 4). In the subadult sample, the artic-
ular surface areas of exercised animals are 1.5-7%
smaller than those of controls in the forelimb (Fig. 1,
Table 2). In skeletally mature adults, the articular
surfaces of exercised animals are 2—7% larger than
those of controls, but none of the increases are sta-
tistically significant (Fig. 1, Table 2).

Comparisons of articular surfaces in the hindlimb
between treatment groups are similar to those for
the forelimb. The articular surface areas of exercised

juveniles and skeletally mature adults are 3—-13%
larger than those of controls, but these differences
are not statistically significant (Fig. 2, Table 2). In
subadults, the articular surfaces of exercised ani-
mals are 0.5-7.5% smaller than those of controls,
with the exception of the tibia. The difference in
ASA of one joint, the subadult proximal femur, does
approach significance (P = 0.055; Fig. 2, Table 2).
However, the surface area of the femur is 8%
smaller, not larger, in the exercised group.

When ASAs are scaled by body mass®%”, however,
several differences between the exercised and con-
trol groups approach statistical significance. In ju-
veniles, the ASA of the glenoid fossa is 11.5% larger
in the exercised group (P = 0.07). In subadults, the
distal humerus is 7.0% smaller (P = 0.055), the
femoral head is 7.6% smaller (P = 0.055), and the
posterior surface of the astragalus is 7.3% smaller
(P = 0.055) in the exercised group than in the con-
trol group.

While there are no significant within-group differ-
ences between runners and controls for comparisons
of articular surface area, there are some significant
differences in body mass and ASA between sheep of
different age categories (pooled runners and con-
trols). The subadults weighed 12.9% more (P =
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Fig. 2. Hindlimb articular surface areas (mm?), standardized by body mass (kg). Shaded bars represent exercised animals, and
clear bars represent control animals. Box and whiskers represent +1 SD and =2 standard deviations around the mean, respectively;
circles represent total range. None of the differences between exercised and controls groups are statistically significant, based on a

Mann-Whitney U-test.

0.012) than the juveniles. Six of the 10 ASAs exam-
ined were significantly larger in subadults than in
juveniles (P < 0.05), when standardized by body
mass: the proximal metatarsal, the glenoid fossa of
the scapula, the femoral head, the proximal tibia,
and the anterior and posterior surfaces of the astra-
galus. The skeletally mature adults weighed 55.8%
more than the juveniles (P < 0.0001), and 38.0%
more than the subadults (P = 0.0002). However,

perhaps because of their larger body mass relative to
the younger sheep, the articular surfaces of adults
are actually 9-26% smaller relative to body mass
than the articular surfaces of juveniles, and this
difference is highly significant for all joints but the
distal metacarpal, in which there is not a significant
difference, and the glenoid fossa and the proximal
femur, in which the adults have significantly larger
ASAs relative to mass than the juveniles do (Table 3).



TABLE 3. Ontogenetic differences in articular surface areas scaled by body mass and body mass®®”

Adult-subadult Juvenile-adult
P-value® % difference® P-value® % difference* P-value®

Subadult-juvenile
% difference®

Adults (n = 16)
Mean SD

Mean SD

Subadults (n = 10)

Mean SD

Juveniles (n = 11)

<0.0001
0.0007
<0.0001
<0.0001
<0.0001
0.0182
0.1564
0.0588
0.9247
0.0204
0.4592
0.0016
0.6930
0.0001
<0.0001
<0.0001
<0.0001
0.0057
0.5537
0.0009
0.0651

55.8
26.3
45.5
-18.8
—48.6
-21.0
—-8.2
-12.1
2.0
-8.7
5.0
-14.3
-1.3
30.2
49.7
-37.1
-27.5
-16.9
—4.4
—20.6
-8.6

0.0002
0.0153
<0.0001
<0.0001
<0.0001
0.0019
0.0917
0.0003
0.0084
0.0002
0.0022
0.0002
0.0006
0.0084
0.0001
<0.0001
<0.0001
0.0002
0.0016
0.0002
0.0002

38.0
154
27.6
-21.8
-52.4
-18.5
-9.9
-18.6
-10.2
-18.2
-9.7
—-254
-17.6
16.0
28.1
—43.8
-37.9
—28.3
-20.9
—27.2
-19.7

0.0012
0.0411
0.0039
0.3242
0.0242
0.4795
0.7773
0.2579
0.0897
0.0290
0.0031
0.0242
0.0019
0.0060
0.0015
0.0486
0.0112
0.0137
0.0012
0.0696
0.0191

12.9
9.4
14.1
3.8
8.1
-3.1
1.9
8.1
13.6
11.5
16.2
149
19.8
12.2
16.9
12.1
16.9
159
20.8
9.0
13.8

6.8 +1.14

26.14 = 3.57
6.28 * 1.42

53.05 + 10.07
63.96 = 10.20
24.1 = 4.57
14.86 + 3.26

23.32 = 4.01
89.49 = 11.00

60.32 = 7.82
16.85 + 2.96
64.77 = 9.41
25.07 = 4.96
16.67 + 3.45
17.67 = 2.80
67.91 = 7.98
25.07 = 4.96
96.24 = 14.88
10.38 + 1.64
39.89 = 4.90
56.99 * 9.81

14.6 = 0.86

50.77 = 3.15
8.34 + 1.12

29.01 = 4.15
28.5 + 1.92
99.1 + 6.86
23.7 * 2.43
82.4 + 8.29

21.61 = 1.54
75.15 = 5.42

18.48 = 1.78
8.76 = 0.79

43.71 = 2.34
32.05 * 2.04
111.45 = 7.17
20.49 *+ 1.39
71.26 = 5.25
64.28 * 6.26
30.47 = 2.86
20.4 = 1.14
70.97 = 4.46

8.61 * 1.16

28.46 = 3.55
7.56 = 1.07

4451 = 4.67
25.22 = 3.44

38.71 = 2.62
13.34 +1.47
30.88 = 2.65
103.12 + 8.55
18.96 + 2.39
62.72 = 7.43
25.55 = 291
85.26 = 9.22
20.63 *+ 2.54
68.81 = 7.74
19.26 + 1.94
64.28 = 6.01
1649 + 243
54.99 = 7.59
18.72 + 2.58
62.35 = 8.40

3 Calculated as 100%((adult mean — subadult mean)/subadult mean).

2 Calculated as 100%((subadult mean — juvenile mean)/juvenile mean).
4 Calculated as 100%((adult mean — juvenile mean)/juvenile mean).

! Probability from a Mann-Whitney U test.

Proximal metacarpal (mm?kg®®7)

Distal metacarpal (mm?/kg)
Proximal metatarsal (mm?*kg®®7)

Glenoid fossa (mm?kg)

Glenoid fossa (mm?/kg®57)
Distal humerus (mm?kg)

Distal humerus (mm?*kg®¢7)
Proximal metacarpal (mm?%kg)
Distal metacarpal (mm?*kg®5")
Femoral head (mm?%kg)

Femoral head (mm?/kg?®%7)
Proximal tibia (mm?kg)
Proximal tibia (mm?kg®®7)
Posterior astragalus (mm?kg)
Posterior astragalus (mm?kg®57)
Anterior astragalus (mm?¥kg)
Anterior astragalus (mm?%kg®%")
Proximal metatarsal (mmz/kg)
Distal metatarsal (mm?kg)
Distal metatarsal (mm?kg®®7)

Body mass
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When ASA is standardized by mass®®”, different
patterns emerge (Table 3). The difference in scaled
mass diminishes so that the adults have only a
23.9% (P = 0.0002) larger scaled mass than the
subadults and a 34.4% (P < 0.0001) greater scaled
mass than the juveniles. Rather than having
smaller scaled ASAs than juveniles, the adults have
ASAs that range in size from 48.6% (P < 0.0001)
smaller to 49.7% (P < 0.0001) larger than those of
juveniles. As before with standardization by body
mass, when scaled by mass®%7, most of the subadult
ASAs are larger than those of the juveniles (P <
0.05). Likewise, the adults have ASAs scaled by
mass that fall between 52.4% (P < 0.0001) smaller
and 28.1% (P = 0.0001) larger than those of
subadults. These results illustrate the profound
changes in proportions that occur during growth
which greatly alter the size of ASAs relative to the
mechanical demands placed on them by body
weight. For the purposes of this study, it is impor-
tant to note that when viewed against this back-
ground of normal ontogenetic alterations of body
proportions, it is all the more remarkable how little
the mass-adjusted ASA dimensions change within
each age group in response to exercise.

Cross-sectional geometry

Table 4 summarizes the differences in size-stan-
dardized cortical area, I, L, J, and I /T ;.
between exercised and control animals in each age
group. In contrast to the articular surfaces, there
are some significant differences in the cross-sec-
tional geometry of the midshafts between exercised
and control animals, mostly in more distal hindlimb
elements during the juvenile period. In the juvenile
exercised group, I, .. in the tibia is 28.67% higher
(P = 0.02) than in the control group, and I, ., in the
metatarsal is 20.72% higher (P = 0.04) than in the
control group. Also, J in the tibia is 25.49% higher
(P = 0.02), and J in the metatarsal is 21.28% higher
(P = 0.07) in exercised vs. sedentary groups. Among
adult treatment groups, cortical area in the meta-
tarsal is 16.34% greater (P = 0.01), and adjusted
I, in the metatarsal is 16.59% greater (P = 0.04) in
exercised sheep than in sedentary controls. Exercise
also produced a few significant differences in the
distributions of mass (I,,./1,,;,) in long bone cross
sections in subadults and adults, but not in juve-
niles. Among subadults, I ,./I.;, in the tibia is
10.58% lower in the exercised group than in seden-
tary controls (P = 0.02). Among adults, I,,./I,;, in
the femur is 11.32% lower (P = 0.07) than in the
exercised group than in sedentary controls.

DISCUSSION

The results from this study indicate that the ef-
fects of mechanical loading from moderate exercise
are not only complex but also differ substantially in
diaphyses and the subchondral articular surfaces of
epiphyses. Most importantly, the levels of mechani-
cal loading experienced by sheep in this study had
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no statistically significant effect on ASAs in juvenile,
subadult, or adult animals. While the ASAs of run-
ners tended to be slightly larger than those of con-
trols, the size differences were not statistically sig-
nificant in any joint. Consequently, the null
hypothesis that ASAs are conservative and do not
exhibit any substantial degree of phenotypic plastic-
ity in response to mechanical loading is not rejected.
Moreover, this study found no effect of location or
age on ASA responses to loading. There was no trend
for distal ASAs to be any more phenotypically plastic
than proximal ASAs. In addition, ASA differences
between exercise and control groups were not higher
in the juveniles than in subadults or adults.

The midshaft diaphyseal responses to loading doc-
umented in this experiment were less exaggerated
than those documented in other studies that mea-
sured effects of longer periods of exercise or which
induced higher levels of loading (reviewed in Martin
et al., 1998). In general, the exercise-induced me-
chanical loading studied here caused significant
changes mostly in the cross-sectional properties of
the distal hindlimb elements (the tibia and metatar-
sal) of the juvenile sheep, but not in the more prox-
imal femur (Fig. 3). In addition, and with few excep-
tions, the most pronounced changes are in juveniles,
with no significant changes in standardized mea-
surements of I .. or J in subadults or adults. One
potential problem with these data is that the adult
sheep were castrated, which can decrease bone
growth through lower levels of circulating andro-
gens (Ousler et al., 1996). However, the similar de-
gree of plasticity in subadults and adults suggests
that any decreased osteogenic effects from castra-
tion were probably negligible in this study. These
data therefore indicate that efforts to reconstruct
loading history from cross-sectional properties may
be more sensitive when derived from distal ele-
ments, and mostly reflect differences that occur
prior to skeletal maturity. We do not have enough
data to determine the extent to which longer dura-
tions and/or higher intensities of exercise cause
changes in diaphyseal cross-sectional properties in
subadults or adults, but previous studies show that
exercise in older individuals mostly influences en-
dosteal rather than periosteal dimensions (Woo et
al., 1981; Ruff et al, 1994). Since second moments of
area are a fourth power function, changes in en-
dosteal shape have generally minor effects on bone
strength in resistance to bending or twisting. In
addition, the larger adjusted I,,. and I ;, in the
lower limb elements of exercised juveniles compared
to controls, in combination with stability in the ratio
of I /L nin, suggests that during locomotion, juve-
nile limb bones are being bent in both anteroposte-
rior and mediolateral directions, and that exercise-
imposed increases in bending stresses remain
proportional in the anteroposterior and mediolateral
planes.

The experimental data reported here therefore
agree with comparative studies that indicate that
ASAs are highly constrained (Ruff, 1988; Ruff et
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al., 1991). In addition, it is reasonable to conclude
that diaphyseal second moments of area are more
labile than ASAs in juveniles, but not in adults.
However, additional experiments are necessary to
test more completely the hypothesis that ASAs
have little or no phenotypic plasticity because of
functional or genetic constraints. It is possible, for
example, that the magnitudes and number of load-
ing events in this study were insufficient to elicit
any appreciable growth response. As noted above,
Ruffet al. (1994) found that radial head breath in
professional tennis players was 5.6% greater in
the racket-holding vs. nonracket-holding arm.
One possibility for the discrepancy between this
study and that of Ruff et al. (1994) is that the
asymmetries in mechanical loading which young
tennis players place on their elbows are far more
extreme in terms of stress magnitude, number of
loading events, and possibly duration of loading
events than measured by this study, as well as by
most experimental and comparative studies. Fur-
ther experimental research is necessary to quan-
tify how much and what kinds of loading are nec-
essary to induce changes in articular surface area.

Although ASA appears to be highly conservative,
it is well-known that bone in epiphyses does respond
to loading through other mechanisms such as
changes in trabecular orientation, trabecular thick-
ness, trabecular connectivity, Haversian remodel-
ing, and subchondral bone thickness (Radin et al.,
1982; Parfitt et al., 1983; Hou et al., 1990; Rafferty
and Ruff, 1994; Kamibayashi et al., 1995; Pidaparti
and Turner, 1997; Teng et al., 1997). For example,
Rafferty and Ruff (1994) showed that, in primate
femoral and humeral heads, trabecular mass corre-
lates with joint reaction forces, whereas subarticu-
lar surface area correlates with variations in joint
mobility. These apparently decoupled subchondral
osseous responses to loading are advantageous from
a functional perspective, because they allow joints to
respond to their mechanical environment without
altering articular morphology and risking loss of
congruence. These various osseous responses, how-
ever, most likely vary in part as a function of artic-
ular surface size. In most mammals, distal elements
tend to be more diminutive than proximal elements
(see Hildebrand, 1985; Myers and Steudel, 1985;
Lieberman and Pearson, 2001). Since total compres-
sive forces during dynamic loading are probably sim-
ilar in proximal and distal joints (see above), then
the stresses experienced by more distal articular
surfaces are likely to be considerably higher than
those experienced by proximal joints. As a result, if
distal and proximal articular surfaces are similarly
conservative in response to mechanical loading,
then one would predict distal joints to be more phe-
notypically plastic in response to mechanical loading
in terms of subchondral bone thickness and trabec-
ular architecture. Further study of these alternative
mechanisms of adaptation is necessary, particularly
in relation to chondral responses to loading, which
must play a key role in subchondral epiphyseal
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growth and shape (see Martin et al., 1998; Frost,
1999).

Finally, the stability of ASA throughout ontogeny,
in contrast to the higher plasticity of diaphyseal
cross-sectional properties, suggests that joint size
and shaft dimensions should not be considered to be
equivalently reliable when making behavioral and
taxonomic inferences from fossils. In terms of esti-
mating body mass at the species level, the results
presented here suggest that, on a priori grounds,
body mass estimates based on articular dimensions
(Jungers, 1988; McHenry, 1992; Hartwig-Scherer,
1994) are likely to be more accurate than estimates
of body mass based on shaft size (i.e., Aiello, 1981;
Rightmire, 1986; McHenry, 1988; Hartwig-Scherer,
1994). As noted above, articular dimensions are not
independent of locomotor modes (Godfrey et al.,
1991), but they are independent of intraspecific vari-
ation in activity levels. In contrast, diaphyseal di-
mensions are not independent of intraspecific vari-
ation in activity levels. This difference may explain
why body mass estimates for australopithecines
based on femoral shaft measurements (e.g., Jungers,
1988; McHenry, 1992) are typically higher than es-
timates based on joint size (McHenry, 1988). This
potential disparity may characterize the upper limb
bones of Australopithecus afarensis, including the
robust and ruggedly modeled ulna A.L. 438-1a, and
humeri A.L. 137-50 and MAK-VP-1/3 (Kimbel et al.,
1994; White et al., 1993). Based on a great ape
model, it would not be surprising if the midshaft
dimensions of these bones predicted higher body
masses than those predicted by their epiphyses
(when present) or their length. However, for more
recent fossil species, joint size and shaft dimensions
produce very similar body mass estimates (Jungers,
1988). In order to make inferences about the behav-
ior and body mass of individuals for a given species,
it may be more appropriate to use diaphyseal area,
which is sensitive to changes in both body mass and
activity level throughout life (Ruff et al., 1991).

ACKNOWLEDGMENTS

We thank R. Bernstein, A'W. Crompton, B.
Demes, M. Okalita, K. Rafferty, L. Tuanquin, M.
Toscano, and F. Weidemann for assistance with ex-
periments and preparation of specimens. Three
anonymous reviewers’ comments helped improve
the manuscript, and we are grateful for their input.
This research was supported by National Science
Foundation grant IBN 96-03833 to D.E.L.

LITERATURE CITED

Aiello LC. 1981. Locomotion in the Miocene Hominoidea. In:
Stringer CB, editor. Aspects of human evolution. London: Tay-
lor and Francis. p 63-97.

Alexander RM. 1977. Terrestrial locomotion. In: Alexander R,
Goldspink G, editors. Mechanics and energetics of animal loco-
motion. London: Chapman and Hall. p 168-203.

Alexander RM. 1980. Optimum walking techniques for quadru-
peds and bipeds. J Zool Soc Lond 173:549-573.

Amprino R. 1985. The influence of stress and strain in the devel-
opment of shaft bones. Anat Embryol (Berl) 172:49-60.

D.E. LIEBERMAN ET AL.

Bertram JEA, Swartz SM. 1991. The “law of bone transforma-
tion:” a case of crying Wolff? Biol Rev Cambridge Philosophic
Soc 66:245-273.

Bouvier M, Zimny ML. 1987. Effects of mechanical loads on
surface morphology of the condylar cartilage of the mandible in
rats. Acta Anat (Basel) 129:293-300.

Bridges P. 1991. Degenerative joint disease in hunter-gatherers
and agriculturalists from the Southeastern United States.
Am J Phys Anthropol 85:379-391.

Carter DR, Wong M. 1988. The role of mechanical loading histo-
ries in the development of diarthrodial joints. J Orthop Res
6:804-816.

Currey JD. 1984. The mechanical adaptations of bones. Prince-
ton: Princeton University Press.

Demes B. 1985. Biomechanics of the primate skull base. Adv Anat
Embryol Cell Biol 94:1-59.

Dequeker J, Guesens P. 1985. Anabolic steroids and osteoporosis.
Endocrinologica 271:42-52.

Frost HM. 1979. A chondral modeling theory. Calcif Tissue Int
28:181-200.

Frost HM. 1986. Intermediary organization of the skeleton. Boca
Raton: CRC Press.

Frost HM. 1999. Joint anatomy, design, and arthroses: insights of
the Utah paradigm. Anat Rec 255:162-174.

Godfrey L, Sutherland M, Boy D, Gomberg N. 1991. Scaling of
limb joint surface areas in anthropoid primates and other
mammals. J Zool Lond 223:603-625.

Godfrey L, Sutherland M, Paine R, Williams F, Boy D, Vuillaume-
Randriamanantena M. 1995. Limb joint surface areas and their
ratios in Malagasy lemurs and other mammals. Am J Phys
Anthropol 97:11-36.

Grine FE, Jungers WL, Tobias PV, Pearson OM. 1995. Fossil
Homo femur from Berg Aukas, northern Namibia. Am J Phys
Anthropol 97:151-185.

Gross T, Edwards J, McLeod K, Rubin C. 1997. Strain gradients
correlate with sites of periosteal bone formation. J Bone Miner
Res 12:982-988.

Haapasalo H, Sievdnen H, Kannus P, Heionen A, Oja P, Vuori 1.
1996. Dimensions and estimated mechanical characteristics of
the humerus after long-term tennis loading. J Bone Miner Res
11:864—-872.

Haapasalo H, Kannus P, Sievinen H, Pasanen M, Uusi-Rasi K,
Heinonen A, Oja P, Vuori I. 1998. Effect of long-term unilateral
activity on bone mineral density in junior tennis players.
J Bone Miner Res 13:310-319.

Hall BK. 1978. Developmental and cellular skeletal biology. New
York: Academic Press.

Hartwig-Scherer S. 1994. Body weight predictions in fossil Homo.
Cour Forsch Inst Senckenberg 171:267-279.

Herring SW. 1993. Epigenetic and functional influences on skull
growth. In: Hanken J, Hall BK, editors. The skull. Volume 1:
development. Chicago: University of Chicago Press. p 153—-206.

Hildebrand M. 1985. Walking and running. In: Hildebrand M,
Bramble D, Liem K, Wake D, editors. Functional vertebrate
morphology. Cambridge, MA: Harvard University Press. p 38—
57

Hou JCH, Salem GdJ, Zernicke RF, Barnard RJ. 1990. Structural
and mechanical adaptations of immature trabecular bone to
strenuous exercise. J Appl Physiol 69:1309-1314.

Hylander WL. 1979. An experimental analysis of temporoman-
dibular joint reaction force in macaques. Am J Phys Anthropol
51:433-456.

Hylander WL. 1985. Mandibular function and temporomandibu-
lar joint disorders In: Carlson DS, McNamara JA, Ribbens KA,
editors. Developmental aspects of temporomandibular joint dis-
orders. Ann Arbor: Center for Growth and Human Develop-
ment, University of Michigan. p 19-35.

Jones HH, Priest JD, Hayes WC, Tichenor CC, Nagel DA. 1977.
Humeral hypertrophy in response to exercise. J Bone Joint
Surg [Am] 59:204-208.

Jungers WL. 1988. Relative joint size and hominoid locomotor
adaptations with implications for the evolution of hominid bi-
pedalism. J Hum Evol 17:247-265.

Jungers WL. 1991. Scaling of postcranial joint size in hominoid
primates. Hum Evol 6:391-399.



ARTICULAR SURFACE AREA RESPONSES TO LOADING

Jurmain RD. 1999. Stories from the skeleton: behavioral recon-
struction in human osteology. Amsterdam: Gordon and Breach
Publishers.

Kamibayashi L, Wyss UP, Cooke TDV, Zee B. 1995. Changes in
mean trabecular orientation in the medial condyle of the prox-
imal tibia in osteoarthritis. Calcif Tissue Int 57:69—73.

Kannus P, Haapasalo H, Sankelo M, Sievdnen H, Pasanen M,
Heinonen A, Oja P, Vuori 1. 1995. Effect of starting age of
physical activity on bone mass in the dominant arm of tennis
and squash players. Ann Intern Med 123:27-31.

Kerrigan DC, Todd MK, Riley PO. 1998. Knee osteoarthritis and
high-heeled shoes. Lancet 351:1399-1401.

Kimbel WH, Johanson DC, Rak Y. 1994. The first skull and other
new discoveries of Australopithecus afarensis at Hadar, Ethio-
pia. Nature 368:449-451.

Lanyon LE, Rubin CT. 1985. Functional adaptation in skeletal
structures. In: Hildebrand M, Bramble D, Liem K, Wake D,
editors. Functional vertebrate morphology. Cambridge, MA:
Harvard University Press. p 1-25.

LeVeau BF. 1992. Biomechanics of human motion. Philadelphia:
W.B. Saunders.

Lieberman DE. 1997. Making behavioral and phylogenetic infer-
ences from fossils: considering the developmental influence of
mechanical forces. Annu Rev Anthropol 26:185-210.

Lieberman DE, Crompton AW. 1998. Responses of bone to stress.
In: Wiebel E, Taylor C, Bolis L, editors. Principles of biological
design: the optimization and symmorphosis debate. Cam-
bridge, UK: Cambridge University Press. p 78—86.

Lieberman DE, Pearson OM. 2001. Trade-off between modeling
and remodeling responses to loading in the mammalian limb.
Bull Mus Comp Zool 156:269-282.

Liu ZJ, Herring SW. 2000. Bone surface strains and internal bony
pressures at the jaw joint of the miniature pig during muscle
contraction. Arch Oral Biol 45:95-112.

Mankin HdJ, Brandt KD, Shulman LE. 1986. Workshop on etio-
pathogenesis of osteoarthritis. Proceedings and recommenda-
tions. J Rheumatol 13:1130-1160.

Martin RB, Burr DB. 1989. Structure, function, and adaptation of
compact bone. New York: Raven Press.

Martin RB, Burr DB, Sharkey NA. 1998. Skeletal tissue mechan-
ics. New York: Springer.

McHenry H. 1991. Femoral lengths and stature in Plio-Pleisto-
cene hominids. Am J Phys Anthropol 85:149-158.

McHenry H. 1992. Body size and proportions in early hominids.
Am J Phys Anthropol 87:407—431.

Meikle MC. 1975. The influence of function on chondrogenesis at
the epiphyseal cartilage of a growing long bone. Anat Rec
182:387-400.

Myers Md, Steudel K. 1985. Effect of limb mass and its distribu-
tion on the energetic cost of running. J Exp Biol 116:363-373.

Nishida S, Endo N, Yamagiwa H, Tanizawa T, Takahashi HE.
1999. Number of osteoprogenitor cells in human bone marrow
markedly decreases after skeletal maturation. J Bone Miner
Metab 17:171-177.

Ousler MdJ, Kassem M, Turner R, Riggs BL, Spelsberg TC. 1996.
Regulation of bone cell formation by gonadal steroids. In: Mar-
cus R, Feldman D, Kelsey J, editors. Osteoporosis. San Diego:
Academic Press. p 237-260.

Parfitt AM, Mathews CHE, Villanueva AR, Kleerekoper M,
Frame B, Rao DS. 1983. Relationships between surface, vol-
ume, and thickness of iliac trabecular bone in aging and in
osteoporosis: implications for the microanatomic and cellular
mechanisms of bone loss. J Clin Invest 72:1396-1409.

Pauwels F. 1976. Biomechanics of the normal and diseased hip.
Berlin: Springer-Verlag.

Pauwels F. 1980. Biomechanics of the locomotor aparatus. Berlin:
Springer-Verlag.

277

Pidaparti RMV, Turner CH. 1997. Cancellous bone architecture:
advantages of nonorthogonal trabecular alignment under mul-
tidirectional joint loading. J Biomech 30:979-983.

Polk JD, Demes B, Jungers WL, Biknevicius AR, Heinrich RE,
Runestad JE. 2000. A comparison of primate, carnivoran and
rodent limb bone cross-sectional properties: are primates really
unique? J Hum Evol 39:297-325.

Radin E, Orr R, Kelman J, Paul I, Rose R. 1982. Effect of pro-
longed walking on concrete on the knees of sheep. J Biomech
15:487-492.

Rafferty KL, Ruff CB. 1994. Articular function and structure in
Hylobates, Colobus, and Papio. Am J Phys Anthropol 94:395—
408.

Rightmire GP. 1986. Body size and encephalization in Homo
erectus. Anthropos (Brno) 23:139-149.

Ruff C. 1988. Hindlimb articular surface allometry in Homi-
noidea and Macaca, with comparisons to diaphyseal scaling. J
Hum Evol 17:687-714.

Ruff C. 1990. Body mass and hindlimb bone cross-sectional and
articular dimensions in anthropoid primates. In: Damuth J,
MacFadden B, editors. Body size in mammalian paleobiology:
estimation and biological implications. Cambridge, UK: Cam-
bridge University Press. p 119-149.

Ruff CB. 2000. Body size, body shape, and long bone strength in
modern humans. J Hum Evol 38:269-290.

Ruff CB, Runestad J. 1992. Primate limb bone structural adap-
tations. Ann Rev Anthropol 21:407—-443.

Ruff CB, Scott W, Liu A. 1991. Articular and diaphyseal remod-
eling of the proximal femur with changes in body mass in
adults. Am J Phys Anthropol 86:397—413.

Ruff CB, Trinkaus E, Walker A, Larsen C. 1993. Postcranial
robusticity in Homo. I: temporal trends and mechanical inter-
pretation. Am J Phys Anthropol 91:21-53.

Ruff CB, Walker A, Trinkaus E. 1994. Postcranial robusticity in
Homeo. III: ontogeny. Am J Phys Anthropol 93:35-54.

Ruff CB, Trinkaus E, Holliday TW. 1997 Body mass and enceph-
alisation in Pleistocene Homo. Nature 387:173-176.

Runestad JA. 1997. Postcranial adaptations for climbing in Lori-
dae (Primates). J Zool Lond 242:261-290.

Runestad Connour J, Glander K, Vincent F. 2000. Postcranial
adaptations for leaping in primates. J Zool Lond 251:79-103.

Spector TD, Harris PA, Hart DJ, Cicuttini FM, Nandra D, Ether-
ington J, Wolman R, Doyle D. 1996. Risk of osteoarthritis
associated with long-term weight-bearing sports. Arthritis
Rheum 39:988-995.

Teng S, Choi IW, Herring SW, Rensberger JM. 1997. Stereologi-
cal analysis of bone architecture in the pig zygomatic arch.
Anat Rec 248:205-213.

Thomason JdJ, Russell AP, Morgeli M. 1990. Forces of biting, body
size and masticatory muscle tension in the opossum Didelphis
virginiana. Can J Zool 68:318-324.

Trinkaus E, Churchill SE, Ruff CB. 1994. Postcranial robusticity
in Homo. II: humeral bilateral asymmetry and bone plasticity.
Am J Phys Anthropol 93:1-34.

Vuori I. 1996. Peak bone mass and physical activity: a short
review. Nutr Rev 54:11-14.

White TD, Suwa G, Hart WK, Walter RC, WoldeGabriel G, de
Heinzelin J, Clark JD, Asfaw B, Vrba E. 1993. New discoveries
of Australopithecus at Maka in Ethiopia. Nature 366:261-265.

Williams PL, Dyson M, Bannister LH, Collins P, Berry MM,
Ferguson MWJ, Dussek JE. 1995. Gray’s anatomy, 38th ed.
Edinburgh: Churchill Livingstone.

Woo SLY, Kuei SC, Amiel D, Gomez MA, Hayes WC, White FC,
Akeson WH. 1981. The effect of prolonged physical training on
the properties of long bone: a study of Wolff’s law. J Bone Joint
Surg [Am] 63:780-787.



