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This study tested the hypothesis that talar trabecular microarchitecture reflects the loading patterns in
the primate ankle joint, to determine whether talar trabecular morphology might be useful for inferring
locomotor behavior in fossil hominins. Trabecular microarchitecture was quantified in the anteromedial,
anterolateral, posteromedial, and posterolateral quadrants of the talar body in humans and non-human
primates using micro-computed tomography. Trabecular bone parameters, including bone volume

Keywords: fraction, trabecular number and thickness, and degree of anisotropy differed between primates, but not
?;:g:cular bone in a manner entirely consistent with hypotheses derived from locomotor kinematics. Humans have
Wolffs Law highly organized trabecular struts across the entirety of the talus, consistent with the compressive loads
Hominin incurred during bipedal walking. Chimpanzees possess a high bone volume fraction, consisting of plate-

like trabecular struts. Orangutan tali are filled with a high number of thin, connected trabeculae,
particularly in the anterior portion of the talus. Gorillas and baboons have strikingly similar internal
architecture of the talus. Intraspecific analyses revealed no regional differences in trabecular architecture
unique to bipedal humans. Of the 22 statistically significant regional differences in the human talus, all
can also be found in other primates. Trabecular thickness, number, spacing, and connectivity density had
the same regional relationship in the talus of humans, chimpanzees, gorillas, and baboons, suggesting
a deeply conserved architecture in the primate talus. Australopithecus tali are human-like in most
respects, differing most notably in having more oriented struts in the posteromedial quadrant of the
body compared with the posterolateral quadrant. Though this result could mean that australopiths
loaded their ankles in a unique manner during bipedal gait, the regional variation in degree of anisotropy
was similar in humans, chimpanzees, and gorillas. These results collectively suggest that the micro-
architecture of the talus does not simply reflect the loading environment, limiting its utility in recon-
structing locomotion in fossil primates.

Micro-computed tomography

© 2012 Elsevier Ltd. All rights reserved.

Introduction

The external morphology of the primate talus has received
considerable attention, including studies of comparative and
functional morphology (Le Gros Clark and Leakey, 1951; Preuschoft,
1970; Lisowski et al., 1974; Fleagle, 1977; Lewis, 1980; Harrison,
1982, 1989; Conroy and Rose, 1983; Langdon, 1986; Gebo and
Simons, 1987; Fleagle and Meldrum, 1988; Strasser, 1988; Gebo,
1993; Seiffert and Simons, 2001; DeSilva, 2008; Kanamoto et al.,
2010; Marivaux et al., 2010). These numerous studies have been
used to identify skeletal correlates of leaping, arboreal quad-
rupedalism, terrestrial quadrupedalism, and vertical climbing in
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the primate talus. Similarly, many studies have attempted to
identify bipedal signals in the early hominid talus (Wood, 1974;
Stern and Susman, 1983; Latimer et al., 1987; Harcourt-Smith,
2002; Gebo and Schwartz, 2006; DeSilva, 2009). As with other
assessments of early hominid locomotion, these studies have yiel-
ded inconsistent conclusions, with some finding evidence for
modern human-like bipedal locomotion in early hominin genera
like Australopithecus (e.g., Latimer et al., 1987), and others sug-
gesting that australopiths not only walked in a kinematically
different manner than modern humans, but that they also spent
a considerable amount of time in the trees (e.g., Stern and Susman,
1983). Perhaps one reason for these different interpretations is the
remarkable variation found in the modern human talus (Lovejoy,
1978). These divergent interpretations of the hominin fossil
record could be resolved if the trabecular bone of the talus
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produced a more sensitive signal of loading environment that can
be used to reconstruct postural and locomotor behavior.

However, few published studies have attempted to characterize
the internal trabecular architecture of the talus. Even in humans,
the trabecular pattern of the talus has been poorly studied. von
Meyer (1867) was the first to remark on the pattern of trabecular
bone in a human talus. More recent studies focused on the internal
architecture of the ankle joint (Takechi et al., 1982), all of the tarsals
(Sinha, 1985), and specifically the talus (Pal and Routal, 1998;
Ebraheim et al., 1999; Schiff et al., 2007; Athavale et al., 2008). The
approach in each of these studies involved manual cross-sectioning
of dry tali, followed by two-dimensional qualitative assessment of
trabecular architecture. Furthermore, in each case the authors
assumed that the orientations of the trabecular struts and plates
faithfully follow Wolff’s Law, such that the internal architecture of
the talus provides a reliable signature for how forces are trans-
mitted through the bone. Though these previous studies provide
a foundation for studying talar trabecular microarchitecture, they
are insufficient in several ways. First, three-dimensional quantita-
tive techniques, such as microcomputed tomography (nCT), are
more informative about trabecular microarchitecture as compared
to traditional qualitative, two-dimensional measurements (Fajardo
et al., 2002). Second, the use of Wolff's Law to explain the internal
architecture of the talus is a circular argument. The relationship
between the external loading environment and internal bony
anatomy is complex, and trabecular morphology does not neces-
sarily reflect load orientation within a joint. While experimental
data from sheep (Barak et al., 2011) and guinea fowl (Pontzer et al.,
2006) support the hypothesis that trabecular bone is sensitive to
loading orientation, data from mice are less conclusive (Carlson
et al, 2008). In primates, multiple studies report evidence for
functional locomotor signals in the capitate and metacarpals (e.g.,
Kivell et al., 2011; Lazenby et al., 2011), metatarsals (e.g., Griffin
et al, 2010), ilium and proximal femur (e.g., MacLatchy and
Miiller, 2002; Ryan and Ketcham, 2005; Volpato et al., 2008), and
tibia, talus, and calcaneus (e.g., Maga et al., 2006; Su, 2009, 2010; Su
et al., 2012). However, a recent review by Shaw and Ryan (2011)
suggests that trabecular bone parameters in several joints in
several different primates poorly reflect the inferred loading envi-
ronment. Thus, in the current study, we consider the relationship
between trabecular orientation and loading orientation as
a hypothesis to be tested, rather than presumed.

The talus appears to be an ideal bone for studying the rela-
tionship between internal bony architecture and the loading
environment. Previous work has shown that the trabeculae in the
body of the talus in humans are almost entirely vertical, presum-
ably to deal with the compressive forces on the ankle joint during
bipedal walking (Kelikian, 2011). Horizontal plates run through the
neck of the talus and into the head, perhaps reflecting the trans-
mission of loads to the midfoot, or even reflecting the tensile forces
moving through an arched foot (Takechi et al., 1982). Thus,
preliminary work on the talus has shown that the trabecular
patterns are relatively simple and superficially appear to be
consistent with the inferred loading in the human ankle joint (Pal
and Routal, 1998; Schiff et al., 2007; Athavale et al., 2008).
Furthermore, the talus is the only bone in the foot that is entirely
devoid of muscle, tendon, or aponeurosis attachments (Kelikian,
2011), so it may be a relatively simple model for how bone adapts
to a restricted set of forces, free of the tensile forces produced by
tendons and aponeuroses. Although several prominent ligaments
anchor to the talus, these likely have lesser impacts on loading
regime compared with muscles or tendons.

Here we report an explicit test of the hypothesis that talar
trabecular bone parameters correlate with loading patterns in the
primate ankle joint, and use these data to interpret fossil hominin

tali. The loading environment of the human ankle joint has been
reasonably well studied (e.g., Calhoun et al., 1994; Driscoll et al.,
1994; Michelson et al., 2001; Corazza et al, 2005; Wan et al,,
2006, 2008). Further, Schiff et al. (2007) have suggested that the
trabeculae in the talus are quite sensitive to changes in loading and
may reorient to deal with cartilage degeneration. Based on these
studies, we have generated a predictive biomechanical model for
talar mechanical loading during locomotion in humans that is
independent of trabecular microarchitecture. Using information
derived from kinematic studies on non-human primates, we also
constructed predictive models for talar mechanical loading in non-
human apes, and in semiplantigrade cercopithecoid monkeys. We
then tested these models using pCT-derived three-dimensional
trabecular microarchitecture from tali of extant primates. These
data are used to interpret trabecular microarchitecture quantified
from scans of seven tali from South African hominins recovered
from the Plio-Pleistocene (1.5—2.6 Ma [millions of years ago]) cave
localities of Sterkfontein, Swartkrans, and Kromdraii.

Model

Trabecular parameters measured in this study included bone
volume fraction (BV/TV, %), trabecular thickness (Tb. Th., um),
trabecular separation (Tb. Sp., um), trabecular number (Tb. #, 1/
mm), connectivity density (Conn. D., 1/mm3), structural model
index (SMI), and degree of anisotropy (DA) (Genant and Jiang,
2006) (Table 1). It should be noted that higher BV/TV incorpo-
rates higher Tb. # and/or higher Tbh. Th. SMI reflects the average
shape of the trabecular struts and plates, with values ranging from
3 for rods to O for plates; concave trabecular plates can actually
have negative SMI values (Hildebrand and Riiegsegger, 1997).
Degree of anisotropy indicates the extent to which trabeculae have
no predominant orientation (isotropy, or DA = 1), with values >1
indicating progressively more oriented bone.

To compare the sensitivity of trabecular bone response to
mechanical loading in differentially loaded portions of the talus, our
model divides the talar body into four quadrants: anteromedial,
anterolateral, posterolateral, and posteromedial (see Materials and
methods for more details) (Fig. 1). Other divisions, such as anterior
versus posterior or medial versus lateral, are possible, but might
obscure gait-related regional morphologies. For example, an
anterior—posterior division would make it difficult to detect
trabecular signals of inversion/eversion, while a medial—lateral
division would not reveal signals of plantarflexion/dorsiflexion.
Thus, to assess both anteroposterior and mediolateral patterns of
trabecular morphology, here we divide the talus into four quadrants.

Homo
While walking bipedally, forces are the highest on the ankle
during heel strike and just prior to toe-off, producing a double-

Table 1
Trabecular bone parameters (Parfitt et al., 1987; Bouxsein et al., 2010).

BV/TV (%) Bone volume fraction, or bone
volume per total volume

Tb. # (/mm) Mean trabecular number per millimeter

Tb. Th. (mm) Mean trabecular thickness

Tb. Sp. (/mm) Mean distance between trabeculae

Conn. D. (/mm?) Connectivity density; higher values indicate

more connected struts

SMI Structural model index; SMI = 0 for trabecular
plates and 3 for trabecular rods; negative values
correspond to concave trabecular plates

DA Degree of anisotropy; DA = 1 for isotropic bone, >1

for progressively more oriented trabecular bone
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Figure 1. A human talus in dorsal view. The talus has been equally divided into four
quadrants: anteromedial, anterolateral, posteromedial, and posterolateral. In this
study, we divided each talus into these quadrants to test whether the underlying
trabecular bone reflects the loading patterns experienced in these quadrants by
different primates.

humped force curve (Kelikian, 2011). At heel-strike, the tibiotalar
joint is loaded posterolaterally (Wan et al., 2006) as heel-strike
generally occurs on a foot that is slightly plantarflexed and inver-
ted relative to the long axis of the tibia (Kelikian, 2011). As stance
phase progresses, the tibia internally rotates and dorsiflexes across
the talar surface, such that the anterior region is loaded during
much of stance phase (Wan et al., 2006). During the propulsive
heel-lift and toe-off phases of walking, the foot again plantarflexes
at the ankle joint, and the posterior and lateral aspect of the talus is
loaded (Wan et al., 2006). Thus, our overall hypothesis is that
trabecular orientation will be most anisotropic, or most oriented, in
the posterolateral talar quadrant, reflecting greater trabecular
alignment with the forces incurred during bipedal locomotion.

Considerable progress has been made studying the locomotor
kinematics of non-human primates in both terrestrial and arboreal
settings (e.g., Hirasaki et al., 1993; D’Aolit et al., 2002; Vereecke
et al., 2003; Isler, 2005; D’Aoiit and Vereecke, 2010; Ogihara
et al., 2010), though there remain no in vivo data on the loading
environment of the talus during walking and climbing in the
different primates used in this study. We therefore attempted to
apply what is currently known about the kinematics of the ankle in
non-human apes and baboons to infer the loading environment.
We suggest the following:

Papio

Cercopithecoids walk on a semiplantigrade foot (Gebo, 1992),
such that the heel is raised above the substrate. During climbing
bouts, cercopithecoids flex at the midfoot and experience consid-
erably less dorsiflexion (Hirasaki et al., 1993) than what is practiced
by the climbing hominoids (DeSilva, 2009). However, like the
hominoids, cercopithecoids possess a foot that is in a supinated, or
inverted, set. We therefore infer that the posteromedial quadrant
experiences the highest loads, and the anterolateral quadrant
would experience the lowest loads.

Pan and Gorilla

While gorillas are not simply scaled up chimpanzees, in the
absence of detailed kinematic data on walking and climbing in the
African apes, we rely on very limited kinematic data showing that
chimpanzees and gorillas use their ankles in similar ways during

walking and climbing. During walking, Pan heel-strikes simulta-
neously on the heel and lateral midfoot (Elftman and Manter, 1935;
Gebo, 1992; Vereecke et al., 2003), and pushes-off a highly dorsi-
flexed ankle (D’Aofit et al., 2002). Furthermore, DeSilva (2009) has
found that chimpanzees and gorillas dorsiflex to approximately 45°
during vertical climbing bouts. Because these apes also walk and
climb on a supinated foot (Wunderlich, 1999; Vereecke et al., 2003;
DeSilva, 2009), we would suggest that the highest loading on the
African ape ankle would be anteromedial, and the lowest
posteriorly.

Pongo

DeSilva (2008) found that, as in the African apes, Pongo hyper-
dorsiflexes the foot during vertical climbing bouts, a locomotion
engaged in quite often by wild orangutans (Thorpe and Crompton,
2006). Unlike the African apes, however, Pongo is rarely terrestrial,
and therefore may be loading its ankle in a wider range of positions,
including plantarflexion (Tuttle and Cortright, 1988; Thorpe and
Crompton, 2006). Orangutans also have a highly supinated foot.
We therefore predict that loading would be highest medially, and
lowest laterally.

Hypotheses

Intraspecific trabecular architecture

HO. The null hypothesis is that there are no differences in
trabecular bone parameters among the different quadrants in each
primate species. This hypothesis allows an initial test of whether
talar trabecular bone reflects its locomotor environment. If so, then
measures of trabecular microarchitecture, including bone volume
fraction, trabecular number, and/or trabecular thickness, should be
greater in the quadrants that experience higher mechanical loads,
and trabeculae should be more oriented in these quadrants.

H1. The primary hypothesis is that there are significant differ-
ences in trabecular bone parameters between the different quad-
rants, and these differences are functionally related to the loading
regimes inferred for each primate species.

H2. An alternative hypothesis is that there are significant differ-
ences in trabecular bone parameters between the different quad-
rants, but these differences have no functional relationship to
differences in loading regime in different regions of the talus.
Given the models presented above, we predict that in humans,
the posterolateral talar quadrant experiences the highest loads, and
would therefore have the highest BV/TV and most oriented
trabecular bone. In baboons, we infer that the posteromedial
quadrant experiences the highest loads, so it should have the
highest BV/TV and most oriented trabecular bone, and that the
anterolateral quadrant would experience the lowest loads, such
that we expect lower BV/TV and less oriented bone. For gorillas and
chimpanzees, we predict that the highest loading and highest BV/
TV would be anteromedial, and the lowest loading and lowest BV/
TV would be posterolateral. Finally, for orangutans, we predict the
highest loading and highest BV/TV medially, and the lowest loading
and lowest BV/TV laterally. Alternatively, if H, is correct, then we
might observe significant intraspecific differences in trabecular
morphology that do not correspond to locomotor behavior.

Interspecific trabecular architecture

HO. The null hypothesis is that there are no differences in
trabecular bone parameters among the different primates.
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H1. The primary hypothesis is that there are significant differ-
ences in trabecular bone parameters among the different primates,
and these differences are functionally related to the different
locomotor strategies practiced by these primates.

H2. An alternative hypothesis is that there are significant differ-
ences in trabecular bone parameters among the different primates,
but these differences have no functional relationship to locomotor
behaviors.

Our predictions from H; are that patterns of trabecular micro-
architecture will reflect locomotor behavior across taxa. Thus, we
predict the highest loads in the posterolateral quadrant will be
found in bipedal humans, and will be reflected by higher postero-
lateral BV/TV and DA in humans versus other taxa. The highest
anteromedial loads are predicted to occur in chimpanzees, gorillas,
and orangutans, and the highest posteromedial loads in baboons, so
we expect trabecular BV/TV and DA to correspond to these patterns.
Alternatively, if Hy is correct, then we might observe significant
interspecific differences in trabecular morphology that do not
correspond to locomotor behavior.

Materials and methods
Trabecular bone morphology by uCT

Assessment of bone morphology and microarchitecture was
performed with microcomputed tomography. Tali of humans and
non-human primates (wild shot) from the collection of the
Anthropological Institute and Museum of the University of Ziirich
were scanned in 2008 with a Scanco puCT 80 at the same facility
(Table 2). The bones were positioned using foam to produce sagittal
slices of the talar body. Tali were scanned at 70 kV, with an inte-
gration time of 450 ms, and a 37 pum isotropic voxel size. Fossil tali
were scanned in 2007 using medical CT scanners. Fossils (TM 1517
and SKX 42695) from the Ditsong National Museum of Natural
History (formerly the Transvaal Museum) in Pretoria were scanned
with a Somatom Sensation 16 at the Little Company of Mary
Hospital. These scans were done with an X-ray energy of 120 keV,
with a slice thickness of 1T mm. TM 1517 is regarded by most as
belonging to Paranthropus robustus, while SKX 42695 was found in
deposits that contain both P. robustus and Homo erectus and cannot
be confidently assigned to either (Susman et al., 2001). Five Aus-
tralopithecus tali listed in Table 2 were scanned with a Philips
scanner at the Helen Joseph Hospital in Johannesburg, South Africa.
The scans were done with the same parameters (120 keV; 1 mm
thickness). These five tali were all discovered in Member 4 of the
Sterkfontein cave system (Kuman and Clarke, 2000), and Austral-
opithecus africanus is currently the only named hominin found in
these 2.0—2.6 Ma deposits of the cave (Pickering and Kramers,
2010). Fossils are illustrated in dorsal view in Fig. 2.

Table 2
Tali scanned in this study.
Species Male Female Unknown Total (n)
(n) (n) sex (1)
Papio sp. 1 4 0 5
Pongo pygmaeus 2 0 3 5
Gorilla gorilla 3 4 0 7
Pan troglodytes 3 5 0 8
Homo sapiens 2 1 4 7
Australopithecus 0 0 5 5 (Stw 88; StW 102;
africanus StW 347; StW 363; StW 486)
Paranthropus 0 0 1 1(TM 1517)
robustus
Homo erectus? 0 0 1 1 (SKX 42695)

Following acquisition, scans were imported into Scanco soft-
ware (Scanco Medical, Briittisellen, Switzerland) for assessment of
trabecular microarchitecture. Fossil scans in DICOM format were
converted to the Scanco system by reading each DICOM file into the
Image Processing Language program (IPL), writing it out as an ISQ
file, and finally importing it into the database (Fig. 3).

Analysis of the trabecular structure involved a segmentation of
the talar body into four quadrants: anteromedial, anterolateral,
posterolateral, and posteromedial (Fig. 1). This was done for two
reasons. First, comparison of parameters among these quadrants
would allow for a test of the sensitivity of bony response to loading
in different parts of the talus in different primates. Second, the
fossil and extant tali could not be compared directly because they
were scanned with different CT scanners. Thus, the relative
trabecular architecture in the four quadrants could be compared to
test if the pattern was broadly similar between the australopithe-
cine tali and the talus of any living primate. This issue can, and
should, be revisited with the newly acquired uCT scanner at the
Institute for Human Evolution (University of the Witwatersrand) in
Johannesburg, South Africa.

The volumes of interest (VOIs) were contoured using the
following protocol. Contouring of sagittal scans began on the first
image in which the cortical bone or secondary spongiosum
underlying the fibular facet was no longer visible. This slice and the
slices that followed were sectioned in the coronal plane so that they
contained equally divided anterior and posterior sections. Contours
were manually drawn around the trabecular bone in the anterior
section of the talar body for all slices. Contours were drawn such
that the region of interest neared, but did not contact, the cortical
shell of the talar body. Contours were copied and pasted every ten
slices, and the intervening slices were contoured using the iteration
tool. Each slice was then examined to be sure that the region of
interest contained only trabecular bone. Slices were contoured in
this manner until the cortical bone on the medial side of the talus
was reached. The lateral half of these contoured slices was then
evaluated at the anterolateral quadrant. The medial half of these
slices was evaluated as the anteromedial quadrant. The same
procedure was repeated for the posterior section of the talus.

In addition to examining the trabecular bone of the talar body,
we also quantified the bone of the talar head. The head was sub-
divided into medial and lateral halves following the same protocol
described above for the talar body.

An adaptive iterative threshold (AIT) was used to segment
trabecular bone (for details see Ridler and Calvard, 1978; Trussell,
1979; Ryan and Ketcham, 2002; Maga et al., 2006; Fajardo et al.,
2007). The strength of this method is that it determines the most
appropriate threshold for each specimen. However, AIT may
minimize real morphological differences among specimens or taxa
if thresholds are widely divergent. In this case, mean AIT values
determined by the software were statistically identical for humans,
orangutans, and gorillas. However, both chimpanzees and baboons
had significantly higher mean thresholds compared with the other
taxa. We therefore re-ran the analysis with a fixed threshold set at
the mean of the human and chimpanzee values. This approach did
not significantly change the main results in our study. However,
some relationships did lose statistical significance when evaluated
with a fixed threshold. We therefore report values that were
statistically significant using both the AIT and fixed threshold
approach.

Trabecular parameters in the four different quadrants were
compared among all of the species using nonparametric statistics. A
Shapiro—Wilk test of normality was performed on the data and
several parameters were not normally distributed. A
Kruskal—Wallis test was used to test for significance between
species, after which a Mann—Whitney U test was used to test for
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StW 486

Figure 2. Fossils used in this study shown in dorsal view. StW 88, 102, 347, 363, and 486 are from Sterkfontein Member 4 and thought to be from Australopithecus africanus. SKX
42695 is from Swartkrans and may be from either Paranthropus robustus or Homo erectus. The TM 1517 talus from Kromdraii is most likely from a P. robustus. Scale bar: 1 cm.

pairwise significance. Additionally, the trabecular patterns in the
four different quadrants were compared with one another within
each species using a paired sample Wilcoxon test.

Results
Intraspecific results

Bone volume fraction (BV/TV, %) is consistent throughout the
human talus (Fig. 4). The same is true of the orangutan talus. In the
chimpanzee, posterolateral (PL) BV/TV is higher than any other
quadrant. The anterolateral (AL) quadrant has a higher BV/TV than
the posteromedial (PM) quadrant in the gorilla. In the baboon,
anteromedial (AM) BV/TV is statistically lower than the other three
quadrants, and the PL exceeds the PM.

In humans, the PL quadrant has the highest degree of anisotropy
(DA), and therefore more oriented trabecular struts, but statistically
higher only versus the PM quadrant (Fig. 5). The AM quadrant is

Homo sapiens

Pan troglodytes

slightly higher than the PM as well (p = 0.03). PL DA is also higher
than PM in chimpanzees. In orangutans, AM DA is higher than any
of the other three quadrants, while in gorillas, AL DA is higher than
PM. In the baboon, PL DA is higher than AM, the opposite of what is
found in orangutans.

There are no significant differences in SMI throughout the
human or orangutan talus. In the chimpanzee, PL SMI is the lowest,
with negative values indicating concave trabecular plates. In the
gorilla, the PM quadrant is the most positive (rod-shaped)
compared with the other three quadrants. In baboons, the AM
quadrant has higher SMI than either posterior quadrant.

Trabecular number (Tb. #), trabecular thickness (Tb. Th.),
trabecular spacing (Tb. Sp.), and connectivity density (Conn. D.) all
demonstrate significant regional differences (Figs. 6—9). However,
these regional differences are nearly identical in humans, chim-
panzees, gorillas, and baboons. Tb. # is greatest posteriorly, fol-
lowed by AL, and finally AM (p < 0.05 for all) (Fig. 6). Tb. Th. has the
opposite pattern, with the two anterior quadrants having thicker

Australopithecus africanus (StW 102)

Figure 3. A representative human and chimpanzee talus is compared with the fossil StW 102. The specimens have been thresholded so that the trabecular bone is visualized within
the shadow of the cortical shell. Quantification of the trabecular bone is explained in the text. This figure illustrates that the fossil StW 102 preserves trabecular bone, though the use
of a medical scanner reduces the resolution and differing degrees of mineralization of the fossils renders some unquantifiable.
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Figure 4. Relative bone volume fraction values in the four quadrants in humans, non-human primates, and Australopithecus. For this figure and those that follow (Figs. 4—9), the raw
values have been standardized so that each quadrant would have a value of 1.0 if they were of equal value. Values above 1.0 reflect a larger relative value; values below 1.0 reflect
a lower relative value. Columns represent the mean, the error bars are the standard deviation. Below each taxon is a box indicating whether any of these quadrant comparisons are
statistically significant (p < 0.05). Note that for humans, the BV/TV values do not differ from one quadrant to another, making it most similar to orangutans. Australopithecus has

a pattern unseen in the other primates.

struts than the PL and finally PM quadrants (with the exception of
baboons and chimpanzees, in which posterior quadrants are equal)
(Fig. 7). Conn. D. shows the same pattern as Tbh. #
(PM > PL > AL > AM) in chimpanzees, gorillas, baboons, and
humans (Fig. 8). Tb. Sp. is significantly higher in the AM versus AL
quadrant, and these quadrants together have significantly higher
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Figure 5. Relative degree of anisotropy (DA) values in the four quadrants in humans, non-human primates, and Australopithecus. Legend as in Figure 4. Note that humans and
chimpanzees are nearly identical in having all quadrants statistically equal, except for the posterolateral being statistically higher than posteromedial. In humans, the anteromedial
is statistically higher than the posteromedial, though this general trend exists in the other extant primates. Australopithecus has a pattern unseen in the other primates, with the

posteromedial quadrant higher than the others.
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Figure 6. Trabecular number values in the four quadrants in humans, non-human primates, and Australopithecus. Legend as in Figure 4. Note that humans, chimpanzees, gorillas,
baboons, and Australopithecus follow the same general pattern, with the trabecular number highest posteriorly, followed by anterolateral, and least anteromedially. Only orangutans

deviate from this general pattern.

Interspecific results

Bone volume fraction (BV/TV, %) is highest in every quadrant in
the chimpanzee versus other primate tali (Fig. 10). These differ-
ences are significant with humans for all quadrants, and with
baboons in the AM quadrant and in the PL quadrant with orangu-
tans. The baboon also has higher BV/TV in both posterior quadrants
relative to the human (p < 0.05). In absolute terms, BV/TV is
statistically indistinguishable in all four quadrants in humans,
gorillas and orangutans, and in gorillas versus baboons.

The degree of anisotropy (DA) is uniformly high in all four
quadrants of the human talus (Fig. 11). It is significantly higher than
all other primates in this study in both posterior quadrants and the
AL quadrant is higher than all but the orangutan. PL in the orang-
utan has very low DA values, significantly lower than the human,
chimpanzee, and baboon. The DA of the baboon, chimpanzee, and
gorilla is statistically identical in all four quadrants.

The structural model index (SMI) is quite low (indicating
concave, plate-like trabeculae) in the chimpanzee talus (Fig. 12).
The SMI of chimpanzees is significantly lower than all other
primates in all quadrants, except for an equal SMI with the gorilla in
the anterior quadrants. The gorilla also has significantly lower SMI
than the human in both anterior quadrants. The baboon has a low
SMI posteriorly, significantly lower than both the human and the
orangutan in both quadrants. SMI is identical in all four quadrants
in the human and the orangutan.

As noted above, trabecular number (Fig. 13) and thickness
(Fig. 14) are quite similar across the primates sampled here.
Orangutans have higher trabecular number AM versus chimpan-
zees, gorillas, and baboons. Baboons have a higher trabecular
number PL than gorillas. Trabecular thickness mirrors these results.
Orangutans have the lowest thickness AM, lower than all other
primates, except baboons. AL in the orangutan has lower trabecular
thickness than chimpanzees and gorillas. PL, the chimpanzee has
thicker trabeculae than the human and orangutan. In absolute
terms, trabecular number is identical between humans and all
other primates in all four quadrants. Trabecular thickness is

identical in all four quadrants in the human and gorilla, the human
and baboon, chimpanzee and gorilla, chimpanzee and baboon, and
finally the gorilla and baboon.

Trabecular spacing is identical in all of the primates scanned in
the AL and PM quadrants (Fig. 15). In the PL quandrant, the gorilla
has the highest value, significantly higher than baboons. AM,
orangutans have the lowest Tb. Sp., significantly lower than all but
humans. Also, baboons have a higher Tb. Sp. value than humans
AM. Trabecular spacing is identical in all four quadrants of the talus
in humans, chimpanzees, and gorillas. Conn. D. values are statisti-
cally higher in humans versus chimpanzees in all four quadrants
(Fig. 16). Conn. D. values are also quite high in the orangutan,
statistically higher than all but humans AM, and higher than the
chimpanzee AL. Conn. D. values PL are significantly lower in
chimpanzees compared with all but the gorilla. Humans possess
identical Conn. D. values in all four talar quadrants with gorillas,
orangutans, and baboons.

It is informative to see which taxa are identical for all trabecular
parameters in each of the quadrants (Table 3). Chimpanzees and
gorillas are statistically identical in all four quadrants for all
parameters except for the higher SMI values posteriorly in the
gorilla. The gorilla and the baboon are statistically identical in the
AM, AL, and PM quadrants. In fact, the only characters that differ
between a gorilla and baboon talus are trabecular number (higher
in the baboon) and trabecular spacing (higher in the gorilla) in the
PL quadrant. Posteriorly, there are no differences at all between the
gorilla and the orangutan. Even primates that move in very
different ways, such as the baboon and the orangutan, differ in only
minor ways PM (SMI higher in the orangutan). Furthermore, pos-
teriorly, the trabecular architecture parameters are statistically
identical in humans and orangutans, with the exception of DA,
which is higher in both posterior quadrants in the human. Humans
and orangutans are also statistically identical for all parameters AL
and differ AM only in the thicker trabecular struts in humans.

Though the focus of the study was on the talar body, we also
quantified the trabecular architecture of the talar head to assess
whether the orientation of the trabeculae reflected load
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Figure 7. Trabecular thickness values in the four quadrants in humans, non-human primates, and Australopithecus. Legend as in Figure 4. Note that humans, chimpanzees, gorillas,
baboons, and Australopithecus follow the same general pattern, with the trabecular thickness highest anteriorly, followed by posterolateral, and least posteromedially. Only

orangutans deviate from this general pattern.

transmission through the talonavicular joint. Though the trabec-
ular struts were more oriented in the body of the human talus
compared with other primates, the head did not show the same
pattern. In fact, the DA was statistically identical between humans
and all other non-human primates. BV/TV and DA were higher
laterally than medially in both humans and all of the non-human
primates studied. The human talar head differed from the non-
human primates only in possessing thicker trabeculae in the
lateral portion of the talar head and more connected trabecular

struts medially. All of the non-human primates possessed
a higher trabecular number laterally, and more trabecular spacing
medially.

Fossil scans
Two fossils are too heavily mineralized to yield any useable

information: TM 1517 and StW 486. Two fossils are fragmentary,
and therefore yield limited information. StW 347 preserves only the
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Figure 8. Connectivity density values in the four quadrants in humans, non-human primates, and Australopithecus. Legend as in Figure 4. Note that humans, chimpanzees, gorillas,
baboons, and Australopithecus follow the same general pattern, with the connectivity density highest posteriorly, followed by anterolateral, and least anteromedially. Only
orangutans deviate slightly from this general pattern. This pattern is almost identical to that observed in Figure 6 (trabecular number), and mirrors that found in Figs. 7 and 9

(trabecular thickness and spacing).
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Figure 9. Trabecular spacing values in the four quadrants in humans, non-human primates, and Australopithecus. Legend as in Figure 4. Note that humans, chimpanzees, gorillas,
baboons, and Australopithecus follow the same general pattern, with the trabecular spacing highest anteriorly and lowest posteriorly. Only orangutans deviate from this general
pattern. This pattern is almost identical to that observed in Figure 7 (trabecular thickness), and mirrors that found in Figs. 6 and 8 (trabecular number and connectivity density).

head and the anterior portion of the talar body. SKX 42695 is
broken such that the head and AM quadrant are missing. Though
the trabecular bone is clearly preserved and quantifiable in these
two fossils, here we focus on those bones that preserve all four
quadrants of the talar body: StW 88, StW 102, and StW 363. To the

BVITV
0.55

extent that StW 347 could be measured, we quantified trabecular
parameters and the results are consistent with those of StW 88,102,
and 363.

Because the fossil tali were scanned in a hospital scanner, and
have differing levels of mineralization, direct comparisons between
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Figure 10. Interspecific comparisons between humans and non-human primates: bone volume fraction (BV/TV). The data are graphed by talar quadrant from left to right:
anteromedial (AM), anterolateral (AL), posteromedial (PM) and posterolateral (PL). The columns represent means, and the error bars are the standard deviations. Below each
quadrant is a box indicating whether any of these quadrant comparisons are statistically significant (p < 0.05). Note that the BV/TV values are highest in the chimpanzee and quite
similar in the other taxa. In fact, BV/TV values in humans are statistically identical in all quadrants to the gorilla, and orangutan.
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Figure 11. Interspecific comparisons between humans and non-human primates: degree of anisotropy (DA). Legend as in Figure 10. Note that the DA values are uniformly high in

the human and quite similar in the other taxa.

the fossils and the extant specimens are not informative. Instead,
we compared the relative values of trabecular parameters in the
fossils and the extant taxa. The trabecular number, thickness,
spacing, and connectivity density in the fossil tali all follow the
same general pattern as that found in modern humans. This is

unsurprising given what appears to be conservation in the pattern
of these parameters across all of the primates in this study, with the
exception of the orangutan. Thus, the AM quadrant is composed of
a small number of thick trabeculae, with little connectivity and
a large value of trabecular spacing. The PM quadrant is composed of
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Figure 12. Interspecific comparisons between humans and non-human primates: structural model index (SMI). Legend as in Figure 10. Note that the SMI values are lowest in the
chimpanzee, indicating that this ape has quite concave, plate-like trabeculae. Humans and orangutans have statistically identical SMI indices (rod-like) in the four quadrants.
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Figure 13. Interspecific comparisons between humans and non-human primates: trabecular number (Tb. #). Legend as in Figure 10. Note that trabecular number is statistically

identical between humans, chimpanzees, and gorillas in all four quadrants.

a large number of thick trabeculae, all well connected, with little
space between them. The other two quadrants also follow the
general primate pattern. The fact that these patterns are found in
the fossil tali, despite being heavily mineralized and scanned at
lower resolution, suggest that the methods used to quantify fossil
trabeculae in this study are sound.

Tb. Th.

In the fossil tali, the BV/TV is highest anteriorly, and lowest PM,
with the PL region occupying an intermediate relative value. In this
respect, the tali are most like those of gorillas. In gorillas, the AL
quadrant has a statistically greater BV/TV than the PM quadrant.
This relationship is unique to gorillas. In humans and chimpanzees,
the BV/TV in these two quadrants is equal. In Australopithecus, the
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Figure 14. Interspecific comparisons between humans and non-human primates: trabecular thickness (Tb. Th.). Legend as in Figure 10. Note that trabecular thickness is statistically
identical between humans and gorillas in all four quadrants. Orangutans have the thinnest trabeculae anteriorly, whereas chimpanzees and gorillas have thickest trabeculae

posteriorly.
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Figure 15. Interspecific comparisons between humans and non-human primates: trabecular spacing (Tb. Sp.). Legend as in Figure 10. Note that trabecular spacing is statistically

identical between humans and both chimpanzees and gorillas in all four quadrants.

BV/TV value in the AL quadrant is clearly higher than the PM.
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In all of the Australopithecus tali, the PM quadrant had the
However, the absolute BV/TV values of humans are identical to not highest DA, which is not an ape-like feature, but instead is a unique
only gorillas, but also to orangutans, making it difficult to make pattern in these fossils. In humans, DA is lowest in the PM versus
functional inferences about these fossil tali based on BV/TV values. the other quadrants, though this relationship is also shared by
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Figure 16. Interspecific comparisons between humans and non-human primates: connectivity density (Conn. D.). Legend as in Figure 10. Note that connectivity density is

statistically identical between humans and orangutans for all four quadrants, and is quite high in these taxa. Conn. D. is low in the African apes.
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Table 3

J.M. DeSilva, MJ. Devlin / Journal of Human Evolution 63 (2012) 536—551

Interspecific similarities in quadrants of the primate talus.

Anteromedial

Anterolateral

Identical
Gorilla and Baboon
Gorilla and Chimpanzee

One difference

Human and Gorilla
(Human higher SMI)
Human and Orangutan
(Human higher Tb. Th.)
Human and Baboon
(Baboon higher Tb. Sp.)

Identical

Human and Orangutan

Gorilla and Chimpanzee

Gorilla and Baboon

Orangutan and Baboon

One difference

Human and Baboon (Human higher DA)
Chimpanzee and Baboon (Baboon higher SMI)
Gorilla and Orangutan (Gorilla higher Tb. Th.)

Posteromedial

Posterolateral

Identical

Gorilla and Orangutan
Gorilla and Baboon

One difference

Human and Gorilla
(Human higher DA)
Human and Orangutan
(Human higher DA)
Chimpanzee and Gorilla
(Gorilla higher SMI)

Chimpanzee and Orangutan

(Orangutan higher SMI)

Chimpanzee and Baboon

(Baboon higher SMI)
Orangutan and Baboon
(Orangutan higher SMI)

Identical
Gorilla and Orangutan

One difference

Human and Gorilla (Human higher DA)
Human and Orangutan (Human higher DA)
Chimpanzee and Gorilla (Gorilla higher SMI)

chimpanzees, gorillas, and baboons (Table 4). Though fragmentary,
three quadrants of the SKX 42695 talus could be quantified, and as
is found in modern humans, the PM quadrant had the lowest DA.
This similarity to modern human tali suggests that this talus may
belong to H. erectus rather than to a robust australopithecine.

The talar heads of StW 88, StW 102, and SKX 42695 are either
damaged or absent. StW 486 and TM 1517 were too highly miner-
alized to detect internal bone structure. The talar heads of StW 347
and StW 363 are well preserved and contain trabeculae. They are

Table 4
Statistically significant features in human talus, compared with other primates.

both like humans and non-human primates in possessing higher
BV/TV and DA values laterally compared with medially. Like non-
human primates, the trabecular spacing is higher medially,
though like humans, the trabecular thickness is higher laterally.

Discussion

In this study, we used analyses of bone microarchitecture to test
the hypothesis that talar trabecular bone parameters correlate with
loading patterns in the primate ankle joint, both within and
between taxa. We predicted that the strongest, most oriented
trabecular bone in bipedal humans would be found in the
posterolateral (PL) quadrant; in baboons, in the posteromedial (PM)
quadrant; in gorillas and chimpanzees, in the anteromedial (AM)
quadrant; and in orangutans, in the medial two quadrants. These
hypotheses received mixed support at best. Rather, we found
modest interspecific differences and few intraspecific differences,
and these were not informative about locomotor behavior.

Overall, orangutans tend to have the thinnest, most numerous,
and most connected trabeculae, especially in the anterior talar
body. African apes, in contrast, have the thickest, least connected
trabeculae, particularly in the PL talar quadrant. In all of the
primates, except the orangutan, the trabecular number is highest
posteriorly and lowest in the AM quadrant. Fossil Australopithecus
exhibit this trend as well. The trabecular thickness is highest
anteriorly, and lowest PM in all of the primates except orangutans.
Again, Australopithecus fits this trend as well. Likewise, the
connectivity density is highest posteriorly, especially PM, and
lowest anteriorly, especially AM in all of the primates examined.
The trabecular spacing is highest anteriorly, especially AM, and
lowest posteriorly. For these measures, Australopithecus fits the
trend of the other primates, with the exception of orangutans.

There are three results in particular that suggest to us that the
trabecular bone architecture in the talus provides very little infor-
mation regarding positional behavior and locomotor strategies.
First, in absolute terms, gorillas and baboons have statistically
identical BV/TV and DA values in all quadrants of their tali (Table 3).
Baboons are semiplantigrade walkers that do very little flexed
ankle vertical climbing (Rose, 1977). Lowland gorillas are

Parameter Relative relationship Australopithecus

Chimpanzee Gorilla Orangutan Baboon

DA PL > PM
AM > PM
Tb. # PM > AL
PM > AM
PL > AL
PL > AM
AL > AM
AM > PM
AM > PL
AL > PM
AL > PL
PL > PM
PM > PL
PM > AL
PM > AM
PL > AL
PL > AM
Tb. Sp. AM > PM
AM > PL
AM > AL
AL > PM
AL > PL
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# = if same directional trend is observed in the australopithecine tali.

* = if the same directional trend is statistically significant in non-human primates (p < 0.05).
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plantigrade (Gebo, 1992) and engage in frequent (Remis, 1995)
flexed ankle vertical climbing (DeSilva, 2009). Finding that the two
bony parameters, which explain over 80% of the variance of a bone’s
strength (Ulrich et al., 1999), are not just similar, but statistically
identical in primates that locomote so differently implies that
trabecular microarchitecture may not be responding to regional
load differences. Second, humans and orangutans, quite obviously
differently locomoting primates, have statistically identical
trabecular bony parameters in the AL quadrant, and in the posterior
quadrants of the talus differ only because of a higher degree of
anisotropy in the human. In the AM quandrant, humans and
orangutans differ only in humans having thicker trabeculae. Thus,
of the non-human primates studied, humans have trabecular
architecture most similar to that of the arboreal orangutan.
However, the pattern of regional differences within the talus
(Table 4) is similar to that found in African apes, not in orangutans.
The bony parameters measured in this study reveal 22 statistically
significant (p < 0.05) regional differences within the human talus.
Twenty of these 22 differences exist in either the chimpanzee talus
(n =17/22), the gorilla talus (n = 18/22), or both (Table 4). Only the
higher DA in the AM compared with PM quadrant and the thicker
trabeculae AM versus PL is present in the human, but not in either
African ape. However, neither of these relationships was expected
based on kinematic data. Furthermore, African apes also show this
general (though not statistically significant) trend of having more
oriented and thicker bone AM relative to the posterior body of the
talus. Finally, these relationships are not unique to humans, since
orangutans also have higher DA in the AM quadrant relative to the
PM quadrant, and baboons have significantly thicker struts AM
compared with PL. Thus, there is not a single regional relationship
for any of the parameters quantified in this study that is entirely
singular to humans (Table 5). Given the uniqueness of human
bipedal locomotion, we are surprised by these results.

This study illustrates the importance of a comparative phylo-
genetic approach for interpreting locomotor behavior from skeletal
morphology. If we had analyzed humans alone, we might have
been misled into concluding that there is strong support for Wolff's
hypothesis. We predicted that humans would have the highest
relative values associated with trabecular bone strength in the PL
region of the talar body, and indeed, BV/TV and DA are highest in
the PL region of the human talus. This pattern would seem to
support our hypothesis that trabecular bone in the human talus
reflects known loading orientation during bipedal walking. Further,
for these measures, Australopithecus is quite different from modern
humans, with the highest BV/TV anteriorly, in addition to PL, and
the highest DA value in the PM quadrant of the bone, where it is
relatively lowest in the modern human. Compared only with
humans, these data would seem to support the hypothesis that the
Australopithecus and modern human ankle joints were loaded

Table 5
Unique regional relationships of trabecular bone architecture in the primate talus.

Genus Parameter Unique relative relationship
Homo All NONE
Pan BV/TV PL > AL
SMI AL > PL
Tb. Sp. PM > PL
Gorilla BV/TV AL > PM
DA AL > PM
SMI PM > AM
SMI PM > AL
Pongo DA AM > AL AM > PL
Tb. Th. AL > AM
Papio DA PL > AM
SMI AM > PM

differently. This may very well be true, however, the inability of
talar trabecular bone properties to discriminate loading patterns in
semiplantigrade, arboreal, knuckle-walking, and bipedal primates
suggests that the trabecular architecture of the talus may not be
a reliable way to infer locomotor habits in extinct primates.

We predicted that chimpanzees, gorillas, and orangutans would
have the highest BV/TV and DA in the anterior and medial quad-
rants of the talus. This hypothesis is based on apes possessing
a supinated foot, which, during push-off, would load the medial
aspect of the ankle joint, and the fact that they both walk and climb
on a highly dorsiflexed ankle, loading the anterior aspect of the
joint. Contrary to our expectations, BV/TV is highest in the PL region
of the talus in chimpanzees, and the pattern of BV/TV and DA in the
talus in both chimpanzees and gorillas is quite similar to that seen
in the human. The absolute values differ (humans have less, but
more oriented, bone). However, these absolute differences appear
across the entirety of the talar body, and do not appear regionally as
we hypothesized. Orangutans appear to be the exception, pos-
sessing the most oriented bone (highest DA) in the AM quadrant, as
hypothesized. The Australopithecus pattern of high BV/TV anteriorly
and PL is most similar to that of the Gorilla, although no living taxa
share its high PM DA. However, as noted above, BV/TV values are
statistically identical in all quadrants of the talus in such different
locomotors as the human, gorilla, and orangutan. This result alone
should give serious pause to any attempts to infer locomotion in an
extinct taxon based on bone volume fraction in the talus.

There are three ways to interpret these data. 1) BV/TV and DA do
not vary regionally in the talus, perhaps because they are not
particularly sensitive to loading in the ankle joint. 2) Our models of
how African apes load their ankles during walking and climbing are
incorrect or grossly oversimplified. 3) Despite the different modes
of locomotion, force transmission through the ankle may happen in
a very similar way in all primates. Regardless of the reason, the
important result from this study is that regional differences in
trabecular bony architecture do not vary in expected ways between
humans and other primates, and therefore inferring locomotion
from trabecular bone in fossil tali should be done with great
caution. Although the absolute values differ, the patterns of BV/TV,
trabecular number, thickness, connectivity density, and trabecular
spacing are remarkably conserved across the primates studied here.
We conclude from these data that talar trabecular micro-
architecture may vary from one primate to another, but this vari-
ation is over the entire bone and may not be regionally sensitive.
When the relative values are compared, there is remarkable
conservation in the pattern of trabecular number, thickness,
spacing and connectivity density in the different quadrants of the
talus, despite quite different locomotor strategies in these different
primates. Even the fossil taxon Australopithecus fits the general
primate trend. The only exception to this rule is the orangutan,
which exhibits no regional differences in trabecular number or
spacing, and few regional differences in trabecular thickness or
connectivity density. For these measures, it is impossible to deter-
mine whether Australopithecus better ‘fits’ the pattern seen in
humans, chimpanzees, or gorillas, given the fact that the pattern of
these parameters across the talus is highly conserved in the African
apes and humans. We thus conclude that these characters may
change globally across the entire body of the talus, but may not be
regionally sensitive to different loading regimes in the primate
talus, or that despite different locomotor strategies, primates
(except orangutans) are loading their ankle joints in roughly the
same way.

Even if the talus is not particularly sensitive to regional differ-
ences in loading, we still find that there are significant global
differences in the trabecular architecture. Humans have much more
oriented trabeculae across the entirety of the talus than what is
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found in other primates. Additionally, there is a much lower BV/TV
in the human talus than what is found in the other primates, with
the possible exception of the orangutan. Chimpanzees, in contrast,
appear to be unique in having a higher BV/TV, and a much lower
SMI across the entirety of the talus. The negative SMI indicates the
presence of concave trabecular plates in the talar body. Gorillas
have this too, but not to the same degree as what is found in
chimpanzees. We recommend that when fossil tali can be scanned
with a pCT scanner, and not just a hospital medical scanner, that the
absolute DA values may be informative in assessing whether the
australopith talus has attained the human-like pattern of low BV/
TV and high DA.

Conclusions

Given the methods employed in this study, we cannot make
detailed inferences about the loading on the ankle joint in aus-
tralopiths. All significant regional differences in the human talus
can also be found in the ape or baboon talus. Furthermore, we must
conclude that our original hope that the talus may be an ideal bone
to study axial loading was probably incorrect. We wonder whether
the absence of a growth plate may interfere with the trabecular
sensitivity to loading environment observed in other studies (e.g.,
Pontzer et al., 2006; Barak et al., 2011). More detailed studies of the
loading environment in the primate ankle, e.g., cadaver analyses,
and the increasing availability of pCT-derived trabecular micro-
architecture for a wider variety of skeletal elements will shed light
on this question.
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