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Abstract

The relationships between whole-bone trabecular structure and mechanical loading
have been well-documented in the human calcaneus. In contrast, these relationships
have not been thoroughly investigated in most nonhuman primates. A recent analy-
sis of gorillas found that calcaneal trabecular architecture varies among species gen-
erally along locomotor and ecological lines. Gorillas are the most terrestrial of the
nonhuman great apes, however, which limits our comparative context to understand
trabecular bone functional adaptation in both the human foot and that of closely
related extant and extinct taxa. Here we analyze whole-bone calcaneal trabecular
variation among a sample of both Pan (n=16) and Gorilla (n=22) to continue explor-
ing the factors governing trabecular bone adaptation in the foot, as the two genera
differ in both degree of arboreality and adopt variable foot postures during locomo-
tion. Calcaneal trabecular architecture was quantified from micro-CT scans. An initial
three-dimensional geometric morphometric sliding semilandmark analysis was run to
position 150 volumes of interest within each bone. Trabecular thickness (Tb.Th), tra-
becular spacing (Tb.Sp), and bone volume fraction (BV/TV) were calculated in Image)
and MATLAB for each VOI. Parameter distributions were summarized using principal
component analysis and visualized using color maps. Non-parametric MANOVAs de-
signed for high-dimensional data were run to test for significant differences in each
parameter between genera. Pan and Gorilla significantly differ in whole-bone Th.Th,
Tb.Sp, and BV/TV (p<0.001 for all analyses). Both African apes exhibit relatively
higher Tb.Th and BV/TV in the anterior half of the calcaneus relative to the posterior
half; however, the anteroposterior difference is exaggerated in Gorilla. This likely re-
flects a more consistent loading pattern in Gorilla as a consequence of their relatively
more frequent use of terrestrial behaviors. Pan exhibits relatively higher Tb.Th and
BV/TV in the calcaneal tuberosity compared to Gorilla, which may be indicative of a
higher magnitude and frequency of forces from the triceps surae muscle complex for

vertical climbing in Pan.
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1 | INTRODUCTION

Much of comparative functional morphology research on the pri-
mate postcranial skeleton is driven by the theory of bone functional
adaptation, or the broader idea that bone responds to mechani-
cal loads (e.g., Pearson & Lieberman, 2004; Ruff et al., 2006; Ruff
& Runestad, 1992; Wolff, 1892). Although much of this work has
historically been carried out on cortical bone (e.g., Canington
et al., 2018; Carlson, 2005; Marchi et al., 2019; Patel, 2024; Ruff
et al., 2018; Sarringhaus et al., 2005; Syeda et al., 2024), studies in-
vestigating trabecular bone functional adaptation have recently be-
come more common (e.g., Barak et al., 2011; Chirchir et al., 2017,
Dunmore et al.,, 2019; Kivell, 2016; Ryan & Shaw, 2012; Saers
et al., 2019a, 2021; Sorrentino et al., 2021; Sorrentino et al., 2022;
Sylvester & Terhune, 2017). Trabecular bone is of great interest to
functional morphologists because it is thought to be more metaboli-
cally active and have higher remodeling rates than cortical bone, and
thus may be more responsive to the mechanical loads experienced
in an individual's life (Currey, 2013; Eriksen et al., 1985; Eriksen &
Glerup, 2000; Huiskes et al., 2000; Jacobs, 2000; Kivell, 2016;
Sylvester & Terhune, 2017). Despite the ever-increasing number of
studies investigating the relationships between trabecular architec-
ture and locomotion, a straightforward picture of trabecular bone
functional relationships has been elusive. This is likely, in part, be-
cause trabecular bone is not solely impacted by mechanical loads,
but is also influenced by other factors including hormones, metabo-
lism, and age (Boskey & Imbert, 2017; Colombo et al., 2019; Figus
et al., 2022; Figus et al., 2023; Figus et al., 2025; Glatt et al., 2007;
Kirchhoff et al., 2012; Lanham-New, 2008; Majumdar et al., 1997;
Saers et al., 2022; Zioupos & Currey, 1998).

A growing number of studies have begun to use a whole-
structure approach to investigate trabecular functional adaptation
as it provides a more complete picture of the relationships between
trabecular bone and mechanical loading (Bird et al., 2022; DeMars
et al., 2021; Gross et al., 2014; Lukova et al., 2025; Sylvester &
Terhune, 2017). Studies of whole-bone trabecular structure have
been of particular interest in the foot due to its direct contact with
the substrate during the stance phase of gait, and thus close con-
tact with the substrate reaction forces (DeMars et al., 2021; Figus
et al.,, 2022; Figus et al., 2025; Harper & Patel, 2024; Koneru &
Harper, 2024; Reznikov et al., 2022; Sorrentino et al., 2021). The cal-
caneus makes for a particularly important model for investigating
how trabecular bone in the foot varies with respect to differential
loading because it plays a weight-bearing role during locomotion,
has multiple articulations with other tarsal elements, and is pro-
posed to serve as a lever for the triceps surae muscle complex (see
Figure 1 for a simplified depiction of mechanical loads acting on the
calcaneus). Moreover, studies have shown that variation in the ex-
ternal shape of the hominoid calcaneus is correlated with variation
in locomotor behavior (DeSilva et al., 2019; Gebo, 1992; Harper
et al.,, 2021; Kidd, 1999; McNutt et al., 2018; Nozaki et al., 2021,
Prang, 2015, 2016). Therefore, similar relationships should be appar-
ent in calcaneal trabecular structure.
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FIGURE 1 Simplified model of hypothesized mechanical forces
acting on a Pan paniscus calcaneus (Giddings et al., 2000). This
does not include ligamentous forces. Adapted from Harper &
Patel (2024).

Calcaneal trabecular architecture has been relatively well-studied in
modern humans (e.g., Addison & Lieberman, 2020; Athavale et al., 2010;
DeMars et al,, 2021; Figus et al., 2025; Gefen & Seliktar, 2004;
Gierse, 1976; Koneru & Harper, 2024; Saers et al., 2019a, 2019b).
Fewer studies have investigated such relationships among nonhuman
primates. A recent analysis of whole-bone calcaneal trabecular struc-
ture among gorillas found that although there were some differences
among Gorilla beringei beringei, G. b. graueri, and G. g. gorilla relative to
degree of their arboreality and ecology, all gorillas demonstrate a con-
sistent pattern of trabecular thickness (Tb.Th) and bone volume frac-
tion (BV/TV) throughout the calcaneus (Harper & Patel, 2024). More
specifically, all gorillas have relatively higher Tb.Th and BV/TV in the
anterior half of the calcaneus relative to the posterior, which was hy-
pothesized to be related to the relatively higher forces associated with
body mass that are transmitted through the anterior half of the bone
via the subtalar joint, compared to those forces transmitted through
the posterior aspect of the bone from muscle contractions (Harper
& Patel, 2024). While patterns of calcaneal trabecular bone variation
have improved our understanding of foot functional morphology, these
data alone are not sufficient for a full picture of calcaneal functional
adaptation in hominoids, because gorillas are both the largest and most
terrestrial nonhuman primates (e.g., Doran & McNeilage, 1998; Jungers
& Susman, 1984; Smith & Jungers, 1997).

Due to the complexities of the relationships between trabecular
bone and mechanical loading, a fine-grained stepwise approach is
critical for developing a comprehensive understanding of trabecu-
lar adaptation for the nonhuman hominoid calcaneus. As such, an
important next step in determining these relationships is investi-
gating how trabecular bone varies among quadrupedal and climbing
African apes, as the two extant genera vary in their frequency of ar-
boreal behaviors and significantly differ in body mass. For example,
although both Pan (including common chimpanzees and bonobos)
and Gorilla engage in tree climbing, arboreal substrates constitute a
larger proportion of Pan's overall positional and locomotor repertoire.
(Doran, 1996, 1997; Doran & Hunt, 1994; Doran & McNeilage, 1998;
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Doran-Sheehy et al., 2004; Ramos, 2014; Remis, 1997, 1998a, 1998b,
1999; Robbins et al., 2025; Tocheri et al., 2011). Additionally, in both
genera, females are more arboreal than males (Doran & Hunt, 1994;
Remis, 1994; Doran, 1996; Doran & McNeilage, 1998; Remis, 1998a,
1998b; Ramos, 2014). Both genera also adopt terrestrial knuckle-
walking as their most common form of locomotion, especially
when traveling on the ground (e.g., Orr, 2005). In addition, gorillas
are substantially larger in body mass than Pan with an average of
121.05kg compared to an average of 43.95kg, respectively (Jungers
& Susman, 1984; Smith & Jungers, 1997). Therefore, a comparison
among these two genera allows for an investigation of calcaneal tra-
becular bone adaptation, that is, a natural experiment.

Previous studies that have investigated trabecular bone variation
in Pan and Gorilla have focused on few volumes of interest (VOlIs)
and thus only looked at specific regions of the calcaneus (Addison
& Lieberman, 2020; Maga et al., 2006; Zeininger et al., 2016). These
have found that Gorilla exhibits relatively higher BV/TV under the
cuboid facet, Tb.Th, and Tb.Sp under the posterior talar facet, and
Th.Sp in the calcaneal tuberosity compared to Pan (Addison &
Lieberman, 2020; Zeininger et al., 2016). While these studies have
increased our understanding of calcaneal trabecular variation in Pan
and Gorilla, their limited regional approach leaves potentially infor-
mative aspects of calcaneal trabecular architecture unanalyzed.

Here we investigate whole-bone patterns of Th.Th, Th.Sp,
and BV/TV in Pan and Gorilla. We have chosen to focus on these
three parameters to be consistent with previous work investigating
whole-bone calcaneal trabecular structure among gorillas (Harper
& Patel, 2024). We acknowledge that there is some redundancy in
these three parameters, as BV/TV can be partitioned into Tb.Th and
Th.Sp. However, it is important to look at all three because different
proportions of Th.Th and Tb.Sp can lead to the same BV/TV values.
Thus, investigating these three parameters in combination allows for
a more nuanced picture of trabecular variation across the bone. We
hypothesize that calcaneal trabecular architecture will significantly
differ between the two genera and these differences will reflect
their degree of arboreality as well as variable foot postures. We
predict that trabecular properties will be more evenly distributed
throughout the calcaneus in Pan than in Gorilla due to the likely need
to adopt more variable foot positions as a consequence of greater
arboreality. We additionally predict that Gorilla will have relatively
higher Tb.Th and BV/TV than Pan due to the higher proposed loads
associated with terrestriality and larger body size.

2 | MATERIALS AND METHODS
2.1 | Sample and image acquisition

The sample consists of representatives of Gorilla (n=22) and Pan
(n=16) curated by the American Museum of Natural History (AMNH;
New York, NY), the Harvard University's Museum of Comparative
Zoology (MCZ; Cambridge, MA), the Smithsonian Institution's
National Museum of Natural History (USNM; Washington, D.C.),

naaAnatorny  RAVSINNISEVITSAE

TABLE 1 Sample.

Taxon Males Females Unknown
Gorilla beringei beringei 4 3 -
Gorilla beringei graueri 5 — =
Gorilla gorilla gorilla 5 4 1
Pan paniscus 2 1 —
Pan troglodytes troglodytes 5 2 1
Pan troglodytes schweinfurthii 1 1 —
Pan troglodytes verus 2 1 —

and the Mountain Gorilla Skeletal Project (MGSP; Rwandan
Government) (Table 1; see also Table S1). Although all statistical
analyses are conducted at the genus level (see below), the Gorilla
sample includes individuals representing G. gorilla gorilla, G. beringei
beringei, and G. b. graueri, and the Pan sample consists of individuals
representing P. troglodytes troglodytes, P. t. verus, P. t. schweinfurthii,
and P. paniscus. All specimens are free from obvious skeletal pathol-
ogy and are skeletally adult (i.e., all postcranial elements were fully
fused). It is also important to note that the sample includes substan-
tially more males than females for both genera (Table 1). Other than
two G. b. graueri specimens, all specimens were wild-shot. All gorilla
specimens studied here were included in a previous study by Harper
and Patel (2024) of gorilla trabecular properties, including the same
two captive G. b. graueri specimens. The study found little difference
between captive and wild-shot individuals, thus supporting their in-
clusion in the present study (Harper & Patel, 2024). Right elements
were scanned preferentially, however, when unavailable, left ele-
ments were scanned and digitally mirrored prior to analyses.

Specimens were micro-CT scanned at voxel sizes ranging from
28 to 53 microns (Table S1). The specimens with relatively higher
voxel sizes did not represent outliers in the sample. Specimens
housed at the USNM and the AMNH were scanned using a GE
Phoenix nanotom m system with an acceleration voltage of 100 or
120kV and a tube current of either 80 or 190pA at the University
of Southern California's Molecular Imaging Center. The specimens
housed at the MCZ were scanned using a Nikon HMXST micro-CT
system with an acceleration voltage of 90kV and a tube current of
135 pA at Harvard University's Center for Nanoscale Systems. Scan
data for the MGSP specimens were provided by Drs. A. Zeininger
and S. McFarlin. Scans were reconstructed as either 16-bit TIFF or
DICOM images consisting of isotropic voxels. These images were
segmented into binary image stacks (i.e., bone and surrounding
air were segmented from each other) using the histogram-based
Threshold command in ImageJ (Schneider et al., 2012; Figure 2a,b).
In these binary image stacks bone is represented by white voxels and
air is represented by black voxels (Figure 2b). Surface models were
generated from micro-CT data in Avizo Lite 9.0.1 (FEI Visualization
Sciences Group, 2015) and were cleaned (i.e., non-bone elements re-
moved, and small holes filled) in Geomagic Wrap (3D Systems, 2015).
Using digital calipers, femoral head superoinferior breadth was mea-
sured (when available) for use in body mass estimation (discussed
below).
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FIGURE 2 Micro-CT data processing for a Pan troglodytes
calcaneus. The images are as follows: (a) the original Tiff image, (b)
a binary segmented image (bone represented in white, air in black),
and (c) a bone mask.

2.2 | Sliding Semilandmark analysis and volume of
interest positioning

Volumes of interest (VOIs) were consistently positioned in the same
relative location within each calcaneus based on the outputs of a
three-dimensional geometric morphometric (3D GM) sliding sem-
ilandmark analysis (Gunz et al., 2005; Sylvester & Terhune, 2017). For
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the 3D GM analysis, calcaneal external shape was represented by
1007 sliding semilandmarks following Harper et al., 2021 (Figure S1).
Curve semilandmarks (91 total) were hand-placed on the margins of
the anterior/middle talar, posterior talar, and cuboid articular fac-
ets of each specimen. The 916 surface semilandmarks were manu-
ally placed on a single template specimen and warped to all other
specimens using the thin plate spline (TPS) interpolation function
established using the 91 curve semilandmarks and 15 (unanalyzed)
orientation landmarks. The orientation landmarks were solely used
to position the surface semilandmarks into a starting position for
sliding (see additional details of this methodology in Harper, 2023).
These warped semilandmarks were then projected onto the calca-
neal surface.

Curve semilandmarks were allowed to slide along tangent vec-
tors and surface semilandmarks along tangent planes to minimize
the bending energy of the TPS interpolation function relative to a
reference specimen in MATLAB v. 2022b (Mathworks, Inc., Natick,
MA). As semilandmarks can sometimes slide off the bone during
this process, they were then projected back onto the bony surface
(Gunz et al., 2005). These landmark configurations then underwent
a Generalized Procrustes Analysis (GPA) to remove the effects of
size, location, and orientation (Gower, 1975; Rohlf & Slice, 1990).
The average of the Procrustes coordinates was calculated and used
as the reference specimen in the next round of sliding. This process
of sliding, projecting, and GPA was carried out for three rounds, at
which point the average of the Procrustes coordinates (rounded to
four decimal points) ceased to change.

One hundred forty-six spherical VOIs were positioned using a
3D version of Lloyd's algorithm, also known as a Voronoi iteration,
(Lloyd, 1982) into a single template specimen in MATLAB 2022b
(Mathworks, Inc.; Figure 3). An additional 48 VOIs were manually
positioned in the sustentaculum tali of the template because it was
not possible to place VOIs in this region of the calcaneus using an au-
tomated placement method due to its narrow morphology (Harper &
Patel, 2024). For our initial VOI placement, we began with the same
number of VOIs as used in Harper and Patel (2024). An important
step in the process is to visually inspect all VOlIs to ensure that none
include cortical bone. Any VOlIs that included cortical bone were
excluded from the analysis. There were six VOIs that were orig-
inally included in the gorilla-only analysis (Harper & Patel, 2024)
that had to be removed for this analysis, which we postulate is re-
lated to differences in relative cortical bone thickness between the
taxa. These VOIs were then warped into all other specimens using
the TPS interpolation function based on the 3D GM analysis final
landmark configurations following Sylvester and Terhune (2017).
This approach ensures that the VOIs are in geometrically homolo-
gous locations within each bone and thus the trabecular variation
can be statistically analyzed. To ensure that the VOIs represented
homologous bone volumes across specimens that vary in size, all
VOIs were scaled as a percentage of total bone volume (Fajardo
et al., 2007; Kivell et al., 2011; Lazenby et al., 2011). Total bone
volume was calculated for each calcaneus in Avizo Lite 9.0.1 (FEI

Visualization Sciences Group, 2015). Those VOIs positioned in the

85U8017 SUOWILLOD 3A1T1D) 3|qeo! dde au Aq peuenob ae Ssppiie YO ‘8sn JO S9Nl 10} Aeiq1T 8UIUO A8]1M UO (SUOHIPUOD-PUR-SUBILIO" A3 |IMATRIq Ul |UO//SdNY) SUORIPUOD pue swie | 8y} 88S *[920z/20/S2] Uo AriqiTauliuo A8|iMm * g1 uoiBuiysem JO AisieAlun - jedieH aunsuyd Aq TyTOLeolTTTT 0T/I0pAW0D A8 | im Afelq1jpul|uoy//sdny wo.y papeojumod ‘0 ‘0852697T



HARPER and PATEL

Superior

Medial |

i Anatomy  RANSINNISEVITSAE

Superior

Posterior |

FIGURE 3 The average Pan troglodytes calcaneus with volumes of interest (VOls; represented by the white spheres) positioned in the
bone based on a three-dimensional geometric morphometric sliding semilandmark analysis from a superior (left) and lateral (right) view.
One hundred forty-six VOIs were placed in the calcaneus using a 3D version of Lloyd's algorithm and scaled to 1.5% total bone volume. An
additional 48 VOIs were hand-placed in the sustentaculum tali and scaled to 0.13% total bone volume. To ensure these smaller VOIs did not
play an outsized role in the analysis, they were combined to create four larger VOlIs (color coded by larger VOI assignment). The dashed line
indicates the cutoff between the anterior and posterior halves of the bone for the ratio analyses.

sustentaculum tali were scaled to 0.13% total bone volume (average
radius 2.21 mm), while all other VOIs were scaled to 1.5% total vol-
ume (average radius 4.97 mm) following Harper and Patel (2024). The
VOls in the sustentaculum tali were scaled to a smaller bone per-
centage to ensure that they did not include any cortical bone; when
using 1.5% total bone volume, the sustentaculum tali VOIs projected
outside of the bone. To prevent the sustentaculum tali from playing a
disproportionate role in the analysis, these sustentacular VOIs were
combined to create “larger” VOlIs totaling approximately 1.5% total

bone volume (Figure 3).

2.3 | Trabecular bone parameter calculation

For each VOI, trabecular thickness (Tb.Th), trabecular spacing (Th.Sp),
and bone volume fraction (BV/TV) were calculated following Sylvester
and Terhune (2017). The Thickness function in the BonelJ plugin for
ImageJ was used to calculate Tb.Th and Tb.Sp (Doube et al., 2010;
Schneider et al., 2012; Sylvester & Terhune, 2017). For Tb.Th, this
function was applied to the segmented image stack (Sylvester &
Terhune, 2017). For Tb.Sp, however, the Thickness function was
applied to an image stack in which trabecular spaces are represented
by white voxels and both the bone and surrounding air are represented
by black voxels (Sylvester & Terhune, 2017). A new image stack that
mirrors the original is output from the Thickness function in which the
values of the white voxels from the original binary image stacks are
replaced with those representing the local thickness levels of the bone
(or space for Th.Sp; Doube et al., 2010). The values within each VOI
were then extracted from both the thickness and spacing stacks and
the average thickness and spacing values for the respective VOlIs were
calculated. To calculate BV/TV an image stack was first generated in
which the entire internal structure of the calcaneus is represented

by white voxels (i.e., a bone mask; Figure 2c) in MATLAB 2022b
(Mathworks Inc., Sylvester & Terhune, 2017). Bone volume fraction
was then calculated as the ratio of white voxels in each VOI of the
segmented image stack to the number of white voxels in the same
VOI of the bone mask in MATLAB 2022b (Mathworks, Inc.; Sylvester
& Terhune, 2017). We chose not to measure degree of anisotropy,
another widely reported trabecular parameter, due to some of the
complexities of interpreting this measure for the whole-calcaneus
without information on trabecular orientation.

2.4 | Body mass estimation

Body mass was estimated using the African ape regression equa-
tion from Burgess et al. (2018) based on the relationship between
femoral head superoinferior breadth to known body masses from
wild-caught primates. Three specimens were excluded from analy-
ses utilizing estimated body mass (EBM) because femoral head S|
breadth was not available (Table S1).

2.5 | Statistical analyses

For all analyses (unless otherwise stated), the alpha value was set to
0.05. In addition to analyzing raw parameter values, parameter value
z-scores for each VOI were analyzed to investigate patterns of param-
eter distribution throughout the calcaneus without the influence of
magnitude (Sylvester & Terhune, 2017). Whole-bone raw parameter
and z-score variation was summarized using (separate) principal com-
ponent analyses (PCA) in MATLAB 2022b (Mathworks, Inc.). A non-
parametric version of a multivariate analysis of variance (MANOVA)
designed for high-dimensional data (Collyer et al., 2015) was run to
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test for significant differences between Pan and Gorilla in both raw
parameter values and z-scores for all trabecular properties. The non-
parametric MANOVAs were run in the R statistical environment using
the geomorph package (Adams & Otarola-Castillo, 2013; R Core Team,
2021; Collyer et al., 2015). Both raw value and z-score parameter dis-
tributions were visualized using color maps of Pan and Gorilla averages
in Avizo Lite 9.0.1. (FEI Visualization Sciences Group, 2015). Following
Harper & Patel, 2024, ratios of trabecular parameters of the VOIs in
the anterior half of the bone relative to those in the posterior half
(Figure 3) of the bone were calculated to investigate regional varia-
tion among the genera. The most posterior point of the posterior talar
facet was defined as the anterior-posterior dividing line and all VOIs
that were completely (or primarily) located anterior to the line were
considered anterior, while those posterior to the line were considered
posterior (Figure 3). Ratios were analyzed using Wilcoxon rank sum
tests run in MATLAB 2022b and visualized using boxplots.

The role of body size in trabecular variation was evaluated
using reduced major axis (RMA) regressions run in the R statistical
environment using the Imodel2 package (R Core Team, 2021). The
average whole-bone raw parameter value for each specimen was re-
gressed against EBM in natural log-natural log space. Reduced major
axis regressions were used because they assume error in both the x
and y terms and that the variance within these two terms is propor-
tional to that error (Sokal & Rohlf, 1998; Swartz & Biewener, 1992).
For BV/TV, a slope of O was considered isometric, while a slope of
0.33 was considered isometric for Th.Th and Tb.Sp. The relation-
ships between the trabecular parameter of interest and EBM were
considered non-isometric if the 95% confidence interval did not in-
clude isometry. ANCOVAs were performed using the smatr package
in the R statistical environment to test for significant differences in
slope between the genera (Warton et al., 2012).

3 | RESULTS

Summary statistics for all trabecular parameters are presented in
Table 2.

31 | ThTh

Pan and Gorilla significantly differ in whole-bone Tbh.Th raw param-
eter values (p=0.001). When the raw parameter values are exam-
ined, the two genera exhibit some separation across PCs 1-3 (77.93%

of the variance); however, there is more variation in Tb.Th in Gorilla

TABLE 2 Summary statistics of whole-bone raw trabecular
parameters.

Genus Th.Th Th.Sp BV/TV
Gorilla 0.420(0.157) 1.066 (0.256) 0.276 (0.084)
Pan 0.320 (0.094) 0.890 (0.394) 0.316 (0.095)

Note: Means and standard deviations (in parentheses).

HARPER and PATEL

(a) 2 PC1v.PC2-Tb.Th

o
T
L

PC 2-13.92%

Gorilla

_4 1 1 1 1 1 1
-3 -2 -1 0 1 2 3 4

PC 1 -55.85%
(b)

PC2v.PC3-Tb.Th

N
Noo
. .

. .

-
[6)]
T
L

Goirilla |

-
T

I
o
T
.

VA

PC 3-8.16%

1

o

S, =)
T T
. .

Pan p

'
-
T

-2 -1 0 1 2
PC 2 -13.92%

'
N
I(J'I
N
]
&t

©) PC 1 v. PC 2 - Tb.Th Z-scores

Gorilla

4

PC 2-16.89%

6t i

8t i

-10 : : :
5 0 5

PC1-23.41%

FIGURE 4 PC plots of (a-b) whole-bone raw Tb.Th and (c)
Th.Th z-scores. Gorilla is in green, and Pan is in blue. Males are
represented by closed circles, females open circles, and specimens
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(Figure 4a,b). For both genera, trabeculae are relatively thicker in the
anterior half of the bone; however, this anterior to posterior difference
in raw parameter values is significantly greater in Gorilla (p=0.008;
Figures 5a and 6a). There were no significant differences in RMA slope
between Pan and Gorilla when Tb.Th is regressed against EBM. In the
pooled sample, Th.Th is significantly correlated with EBM (p<0.001)
and scales with slight positive allometry; however, the 95% confidence
interval does include isometry (Figure 7a; Table 3).

Pan and Gorilla also significantly differ in whole-bone Th.Th z-
score values based on the non-parametric MANOVA (p=0.003)
and there is clear separation between Pan and Gorilla along PCs 1-2
(40.3% of the variance; Figure 4c). Compared to Gorilla, Pan exhib-
its concentrations of relatively thick trabeculae anteriorly and in the
calcaneal tuberosity (Figure 6b). Gorilla also exhibits thicker trabec-

ulae along the plantar surface (Figure 6b).

3.2 | Tb.Sp

Pan and Gorilla significantly differ in whole-bone Th.Sp raw param-
eter values (p=0.001). When raw parameter values are examined,
the two genera separate from each other along PCs 1-2 (79.24%
of the variance; Figure 8a; PCs 2-3 are illustrated in Figure S2a).
The Pan calcaneus is characterized by less spacing overall than
the Gorilla calcaneus; however, there is significantly more spac-
ing in the anterior half of the bone relative to the posterior in Pan
(Figures 6b and 9a). There were no significant differences in RMA
slope between Pan and Gorilla when regressed against EBM. In the
pooled sample, Th.Sp is significantly related to EBM (p=0.006)
and scales with isometry (Figure 7b; Table 3).

Pan and Gorilla also significantly differ in whole-bone Tb.Sp
z-scores (p=0.003), indicating a different distribution of spacing
throughout the calcaneus. PCA results for Th.Sp z-scores are pre-
sented in Figure S2b. Compared to Gorilla, Pan exhibits a relatively
larger concentration of spacing in the anterior calcaneus, particu-
larly underlying the posterior talar facet (Figure 9b).

3.3 | BV/TV

Pan and Gorilla significantly differ in whole-bone BV/TV raw pa-
rameter values (p<0.001). The two genera separate from each
other along PCs 1-2 (68% of the variance; PCs 2-3 are illustrated
in Figure S3a) when raw parameter values are examined (Figure 8b).
Gorilla exhibits relatively higher BV/TV in the anterior calcaneus
relative to the posterior than Pan (Figures 6c and 10a). This is likely
driven by the relatively higher BV/TV in the calcaneal tuberosity in
Pan (Figure 10a). There was no significant relationship between BV/
TV and EBM (Figure 7c).

When z-scores are examined, there are significant (p<0.001)

differences between Pan and Gorilla in whole-bone BV/TV (see
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FIGURE 5 Box plots of ratios of anterior calcaneal raw
parameter values/posterior calcaneal raw parameter values for (a)
Tb.Th, (b) Tb.Sp, and (c) BV/TV.
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FIGURE 6 Color maps of variation in average Tb.Th (a) raw values and (b) z-scores in Pan and Gorilla. Volumes of interest are color coded
based on the parameter or z-score value.

Figure S3b for a plot of PC 1 vs. 2). The Gorilla calcaneus is charac- 4 | DISCUSSION

terized by an anterior-posterior gradient in the distribution of BV/

TV throughout the calcaneus, while Pan BV/TV is more evenly dis- Pan and Gorilla significantly differ in their overall calcaneal trabecu-
tributed with higher concentrations in the calcaneal tuberosity com- lar architecture, consistent with our hypothesis. This morphological
pared to Gorilla (Figure 10b). variation is likely driven by differences in degree of arboreality and
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estimated body mass. Gorilla is in green, and Pan is in blue. Males
are represented by closed circles, females open circles, and
specimens of unknown sex are represented by crosses.
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foot biomechanics between the taxa, rather than strictly body size
differences as all measures investigated here either exhibited an
isometric (Tb.Th, Th.Sp) or non-significant (BV/TV) relationship with
EBM. The lack of significant relationship between BV/TV and EBM
is consistent with trends seen in the modern human calcaneus (Saers
et al.,, 2019a, 2019b). However, this differs from previous findings
of gorilla calcaneal BV/TV scaling, which demonstrated a positive
allometric relationship (Harper & Patel, 2024). The difference in the
scaling results between the studies is likely driven by the addition
of a large number of smaller-bodied apes (i.e., Pan specimens) to
the sample, as well as the relatively higher average BV/TV in Pan
compared to Gorilla. This may reflect the inclusion of Pan paniscus
specimens in the sample, a taxon suggested to exhibit systematically
higher BV/TV (Dunmore et al., 2024). Our results also differ from
findings in the humeral and femoral head of nonhuman primates
(Ryan & Shaw, 2013). Given the variation in findings regarding how
BV/TV varies with body size, it is important to note that the scal-
ing analysis presented here focuses solely on the average parameter
value for each specimen. It is thus possible that there is regional scal-
ing variation or that there may be differences in calcaneal trabecular
architecture related to how forces associated with body mass are
transmitted through the calcaneus. More work needs to be done to
understand how trabecular architecture varies both more broadly
among nonhuman primates and regionally within the foot.

Both Pan and Gorilla exhibit an anteroposterior gradation of
Tb.Th and BV/TV raw values with relatively higher values of both in
the anterior half of the bone. The difference in trabecular parame-
ters between the anterior and posterior calcaneus is exaggerated in
Gorilla. This anteroposterior gradation in Gorilla has previously been
suggested to reflect a relatively consistent pattern of load through
the calcaneus (Harper & Patel, 2024). More specifically, it was pro-
posed that the relatively thicker trabeculae in the anterior part of
the bone are related to potentially higher forces associated with an
anteriorly positioned center of mass (Druelle et al., 2019; Giddings
etal., 2000; Harper & Patel, 2024). Pan exhibits a similarly positioned
center of mass (Druelle et al., 2019), suggesting the less extreme an-
terior to posterior gradation is likely driven by either their relatively
lower body mass (i.e., absolutely lower forces associated with body
mass need to be transmitted through the subtalar joint) or relatively
higher forces acting on the posterior calcaneus (discussed below).
When z-scores are examined, however, there is a large concentra-
tion of relatively higher Tb.Th and BV/TV values in the anterior cal-
caneus. There is also a moderate concentration in the posterior part
of the calcaneal tuberosity in Pan, but this is not as high as is seen in
the anterior calcaneus. This suggests that the forces associated with
body mass transmission are likely higher than muscle forces acting
on the calcaneus, which is consistent with previous conclusions re-
garding the gorilla calcaneus (Harper & Patel, 2024). Empirical data
on the relative forces acting on the African ape calcaneus, however,
are needed to assess these hypotheses.

The relatively higher BV/TV and Th.Th in the posterior aspect
of the Pan calcaneal tuberosity may be indicative of potentially
higher forces acting on the posterior calcaneus as a consequence of
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TABLE 3 Results of RMA regressions of average trabecular parameters relative to estimated body mass.

Trabecular parameter Slope Intercept

TbTh 0.434(0.325,0.580) -2.922 (-3.559, -2.445)
Tb.Sp 0.360 (0.263, 0.491) -1.611 (-2.186, -1.189)
BV/TV -0.337(-0.471, 0.241) 0.233(-0.188,0.822)

Note: Both taxa were pooled for these analyses. 95 percent confidence intervals in parentheses.
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FIGURE 8 PC plots of whole-bone raw (a) Th.Sp variation and
(b) BV/TV variation. Gorilla is in green, and Pan is in blue. Males are
represented by closed circles, females open circles, and specimens
of unknown sex are represented by crosses.

being more arboreal. Although both African apes are arboreal, Pan
has been observed to spend significantly more time tree climbing
(Doran, 1996, 1997; Doran & Hunt, 1994; Doran & McNeilage, 1998;
Doran-Sheehy et al., 2004; Ramos, 2014; Remis, 1997, 1998a,
1998b, 1999; Robbins et al., 2025; Tocheri et al., 2011). It is possible
that during vertical climbing the triceps surae muscle complex (i.e.,
gastrocnemius and soleus) exerts a higher magnitude of force, or

possibly just more sustained muscle activity in general during stance
(e.g., Larson, 2025) on the bone than during terrestrial quadrupedal
locomotion. Relatively higher forces on the hindlimb during climbing
compared to horizontal locomotion have been observed in Eulemur
(Hanna & Schmitt, 2011); however, we do not have such data for
the African apes. This hypothesis would be consistent with the
observed trend that more arboreal gorillas, specifically G. g. gorilla
and G. b. graueri, exhibit relatively higher BV/TV in the posterior
calcaneus than G. b. beringei from the Virunga mountains (Harper
& Patel, 2024). It has been previously noted that during vertical
climbing Pan has high levels of ankle dorsiflexion (DeSilva, 2009),
which suggests that this would need to be counteracted by a large
plantarflexor force (via the triceps surae muscle complex) to con-
tinue vertical ascent (i.e., during push-off). There is some support
for this hypothesis, especially from electromyography data in the
chimpanzee gastrocnemius during vertical climbing (see figure 15 in
Larson, 2025). When vertical climbing was compared between G. g.
gorilla and P. paniscus it was found that the two apes used different
limb kinematics such that vertical climbing between the two taxa
was described as being “not functionally equivalent” (Isler, 2005).
Although foot and ankle kinematics of these primates have yet to
be compared during vertical climbing, these findings suggest that
potential kinematic differences between the genera may be driving
some of the variation in calcaneal tuberosity trabecular structure. It
is possible, similar to our hypothesis for Pan, that Gorilla also recruits
the triceps surae muscle complex more during climbing than qua-
drupedal walking (as suggested by Harper & Patel, 2024); however,
the effects on the trabecular structure are more pronounced in Pan
due to the greater frequency of arboreality. Further comparisons to
highly arboreal primates, such as orangutans, may help to further
shed light on these questions.

Overall, the Pan calcaneus exhibits less trabecular spacing (based
on raw parameter values) than is observed in Gorilla, indicating that Pan
trabeculae are more closely packed. This is consistent with findings of a
previous study looking at VOlIs underlying the posterior talar facet and
calcaneal tuberosity (Addison & Lieberman, 2020). The relatively lower
Th.Sp may be reflective of the proposed use of more variable foot pos-
tures in Pan. Due to their relatively greater arboreality, it is likely that
they do not consistently load their foot in the same way due to the less
predictable nature of the trees as a substrate. The higher percentage of
arboreal behavior also leads to the foot utilizing more variable kinemat-
ics. Having more closely packed trabeculae may help to transmit forces
coming from more variable directions. Future investigations of the de-
gree of anisotropy may help provide more insight into calcaneal trabec-
ular architecture and directions of foot loading. Despite the differences
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in overall Th.Sp, both Pan and Gorilla exhibit a relatively large region of
Th.Sp in the anterior calcaneus. This region is substantially larger in the
Pan calcaneus than Gorilla; however, it does not appear to be as large
as the “Ward's neutral triangle” that is observed in the human calca-
neus (Bajraliu et al., 2016; see DeMars et al., 2021 for images). Direct
comparisons of these taxa to humans may provide more insight into
variation in this region of the bone in the hominoid calcaneus.

5 | CONCLUSIONS

Pan and Gorilla calcaneal trabecular architecture varies with respect
to hypothesized loading differences as a consequence of differences
in their use of arboreal behaviors and accompanying foot biome-
chanics. Both taxa exhibit an anteroposterior gradation in BV/TV
and Th.Th, although the anterior-posterior difference is exaggerated
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in Gorilla, likely as an adaptation to a relatively more stereotypical
foot posture. Pan exhibits relatively higher BV/TV and Tb.Th in the
posterior aspect of the calcaneal tuberosity, which may serve as an
adaptation to a relatively higher frequency of forces from the tri-
ceps surae muscle complex due to more time spent vertical climbing.
These robust and consistent findings increase our understanding of

how trabecular bone responds to likely forces acting on the calca-
neus in plantigrade apes. Future analyses of calcaneal trabecular ar-
chitecture should focus on comparisons to humans and orangutans
because these taxa represent extremes in variability of foot biome-
chanics and degree of arboreality, allowing for further investigation
of the trends observed here.
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