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Abstract The axial and appendicular skeleton of Japanese macaques (Macacca fuscata) trained to
adopt bipedal posture and locomotion display a number of functionally related external and internal
macro- and micromorphological changes, including site-specific cortical and trabecular bone adapta‐
tions. In this study we use high-resolution microtomography scanning to analyse the three-dimensional
distribution of the trabecular architecture of the proximal femur and proximal tibia of Sansuke, a male
individual trained in bipedal performances for eight years, as well as five wild individuals. The distri‐
bution and architecture of trabecular bone in the femoral head of Sansuke is distinct from that found in
wild M. fuscata individuals, with a unique bone reinforcement around the region of the fovea capitis.
Conversely, wild individuals exhibit two pillar-like, high-density structures (converging in an inverted
cone) that reach distinct regions of the posterior and anterior surfaces of the femoral head. For Sansuke’s
proximal tibia, contrary to previous observations from the corticotrabecular complex distribution at the
plateau, our results do not show a more asymmetric distribution between medial and lateral condyles
with a medial reinforcement. Additionally, relative bone volume in this region is not significantly high‐
er in Sansuke. However, we observed a slightly more medially placed bone reinforcement in the lateral
condyle compared with the wild individuals as well as a slightly higher trabecular bone anisotropy in
the medial than in the lateral condyle not observed in the wild individuals. These analyses provide new
evidence about the nature and extent of functionally related adaptive arrangements of the trabecular
network at the coxofemoral and the knee joints in individuals recurrently experiencing atypical load.
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Introduction
Background

According to the saru-mawashi tradition, juvenile male
Japanese macaques (Macaca fuscata) are trained to acquire
a bipedal posture and, when they can stand stably, are
trained to walk for 2–3 km daily (~30–60 minutes in dura‐
tion) while they spend the remaining time running and
climbing similarly to other wild monkeys (Hayama, 1986;
Preuschoft et al., 1988). Kinematics, biomechanics, and
skeletal morphology in bipedal performing Japanese
macaques have been previously investigated, and this
forced transition from solely quadrupedal locomotion to the
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inclusion of bouts of bipedal posture has been regarded as a
potentially useful analogue for the evolution of human
bipedalism (Hayama et al., 1992; Nakatsukasa, 2004;
Hirasaki et al., 2006; Ogihara et al., 2010).

Locomotor kinematics (Hirasaki et al., 2004; Nakajima
et al., 2004; Ogihara et al., 2005, 2007, 2018) and energet‐
ics (Nakatsukasa, 2004; Nakatsukasa et al., 2006) in saru-
mawashi monkeys have been studied to assess the unique
dynamics associated with bipedal walking, and the neuro‐
physiology of the mechanisms of locomotor control (Mori
et al., 2001, 2004, 2006; Nakajima et al., 2004). During
bipedal walking an increased load bearing is acting on
trunk and hindlimbs and there is a higher instability of the
centre of mass. The hip and knee joints of trained macaques
are partially flexed, abducted, and laterally rotated (Okada,
1985; Nakajima et al., 2004). Additionally, proximal joint
angles measured in the parasagittal plane (e.g. trunk and
hip angles) differ between quadrupedal and bipedal gaits,
whereas more distal joints (e.g. knee and ankle angles
along the parasagittal plane) exhibit smaller differences.
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For bipedally trained macaques (trained for 2–5 years to
walk quadrupedally or bipedally on a motor-driven tread‐
mill), a bipedal gait requires higher but non-uniform elec‐
tromyographic activity and more coactivation of proximal
and distal muscles than during their quadrupedal gait
(Higurashi et al., 2018). The duty factor (measured as the
stance phase duration on the total step cycle duration) also
increases from a quadrupedal to bipedal gait, and the rela‐
tive duration of the hindlimb double-support phase in‐
creases even more (by ~20%). Proportionally longer stance
and double-stance phases are consistent with optimal tem‐
poral and spatial distribution of increased hindlimb load
(Higurashi et al., 2018).

In the hip, during bipedal walking of trained Japanese
macaques, important compressive loads are dissipated
through the sacroiliac toward the coxofemoral joint, related
to the alignment between the gravitational force and the
greater length of the ilium (Nakatsukasa et al., 1995). The
hip is generally more extended (by ~30°), and its excursion
measured on a parasagittal plane is smaller (by ~20°) dur‐
ing a bipedal versus quadrupedal gait (Higurashi et al.,
2018). Smaller hip excursion favours stability by limiting
the pitch of the upright trunk. In bipedal standing, the fe‐
mur is abducted and the hip joint flexed. Because of the
flexed hip joint, the centre of gravity is located in front of
the joint, resulting in a load shift from the caudal to the cra‐
nial part of the acetabulum as well as a flexing torque of the
trunk about the hip. The abducted femur is balanced by ad‐
ducting muscles, the m. gluteus medius, whose activity is
necessary for the extension of the hip and produces an ab‐
ducting moment. Major muscles that act against the abduct‐
ing moment are the adductors, m. gracilis, and hamstrings,
as well as the m. biceps femoris, which are all involved in
the maintenance of equilibrium (Nakatsukasa et al., 1995).

During bipedal locomotion of trained Japanese
macaques, the knee is more extended and laterally rotated
on the femur with a valgus position, resulting in more load
being directed towards the medial compared with the lateral
condyle (Hirasaki et al., 2004; Ogihara et al., 2009;
Mazurier et al., 2010). Additionally, more extended knee
joints and inverted pendulum-like motion during a bipedal
gait creates anterior loading of the tibial plateau (Hirasaki
et al., 2004; Mazurier et al., 2010). The knee angle shifts
only marginally (<10°) and its excursion in the parasagittal
plane remains similar (~70°) during a bipedal gait. How‐
ever, its cycle-averaged kinematic profile changes with
maximal extension occurring just before touchdown, while
the knee extension seen before toe-off in a quadrupedal gait
is absent during a bipedal gait (Higurashi et al., 2018).

Several morphological and biomechanical studies have
investigated the degree to which different skeletal sites
adapt to withstand the joint loads and stresses associated
with enforced bipedal standing and walking (Nakatsukasa
et al., 1995; Nakatsukasa and Hayama, 2003). Functionally
related external skeletal changes include the appearance of
lumbar lordosis, increased size of the sacroiliac and hip
joints, and larger auricular surfaces (Hayama et al., 1992;
Preuschoft et al., 1988; Nakatsukasa et al., 1995). In the
hindlimb, changes include posteroproximal extension of the
femoral head surface, a longer axial diameter of the femoral

neck relative to the head–neck length, larger knee-joint
surfaces, and retroflexion and accentuated concavity of the
tibial medial condyle (review in Nakatsukasa et al., 1995).
As a whole, these features reflect the causal relationships
between function and adaptation of skeletal morphology
(e.g. Skerry, 2000; Pearson and Lieberman, 2004; Ruff
et al., 2006).

One of the most well-studied bipedally trained M. fuscata
is a male specimen called Sansuke. Over a period of eight
years he regularly engaged in bipedal performances of 30–
60 minutes that resulted in bipedal walking for 2–3 km per
day and spent the remaining time running and climbing
similarly to other wild monkeys (Nakatsukasa and Hayama,
2003). Given the modelling response of cortical and tra‐
becular bony tissues to site-specific loading environments
(Allen and Burr, 2014; Kivell, 2016; Barak, 2020), a num‐
ber of studies have compared the bone structure of Sansuke
to the typical condition of wild Japanese macaques
(Macchiarelli et al., 2001; Richmond et al., 2005; Volpato
et al., 2008; Mazurier et al., 2010). Based on two-
dimensional (2D) planar radiographic imaging of the ilium,
Sansuke shows an expanded dorsal bundle and a denser,
more anisotropic trabecular network of the iliac body as a
whole, as well as a thicker, vertically oriented pillar-like
and ventral bundle (Macchiarelli et al., 2001; Volpato et al.,
2008). These results have been interpreted as an adaptive
response to more compressive loads dissipated through the
sacroiliac joint towards the coxofemoral joint, related to the
alignment between the gravitational force and the greater
length of the ilium (Nakatsukasa et al., 1995; Volpato et al.,
2008). Less distinct morphostructural changes have been
found in Sansuke’s proximal femur (Volpato et al., 2008),
with only minor modifications affecting the vertical bundle
running from the upper head towards the neck (strength‐
ened in Sansuke) and the area surrounding the trochanteric
fossa (extended in Sansuke; Macchiarelli et al., 2001).
Finally, a microtomographic investigation of the distal
femur found an increase in the degree of trabecular aniso‐
tropy in the medial condyle (with a more sagittal orientation),
probably reflecting the stereotypical loading that has been
observed in Sansuke compared to the wild macaque condi‐
tion (Richmond et al., 2005).

Such evidence from the distal femur is also supported by
a microtomographic study of the proximal tibia, which re‐
vealed an absolutely and relatively thicker corticotrabecular
complex in Sansuke’s articular plateau (Mazurier et al.,
2010). Indeed, while the corticotrabecular complex of the
medial plateau of the proximal tibia is thicker than the lat‐
eral one in both Sansuke and wild macaques, the topo‐
graphic contrast in the trained individual is much greater,
with marked thickening measured at the level of the ante‐
rior portion of the articular surface (Mazurier et al., 2010).
Also, Sansuke’s lateral tibial condyle shows a relatively
more homogeneous corticotrabecular distribution and a
slight anteroposterior thinning of the cortex. This indicates
greater loads acting on the medial condyle, probably result‐
ing from more laterally rotated hip and knee joints
(Hirasaki et al., 2004, Ogihara et al., 2009). Biomechani‐
cally, an anterior reinforcement of the tibial plateau proba‐
bly plays an important role in the absorption and
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dissipation of loads related to more extended hip and knee
joints and the use of inverted pendulum-like gait mechanics
during bipedal locomotion (Hirasaki et al., 2004). In this
study, we expand on previous analyses of Sansuke’s skele‐
ton with a whole-epiphysis microtomographic analysis of
the femoral head and proximal tibia.

Based on an increasing number of studies demonstrating
trabecular bone modelling in response to biomechanical
loading during an individual’s lifetime (e.g. Tsegai et al.,
2013, 2018; Cazenave et al., 2017, 2019, 2021; Su and
Carlson, 2017; Georgiou et al., 2018, 2019, 2020; Dunmore
et al., 2019; 2020a, 2020b; Sukhdeo et al., 2020; Bird et al.,
2021, 2022; see Kivell, 2016 and references therein), the
last two decades have seen several important conceptual
and technological advances in the high-resolution three-
dimensional (3D) imaging, quantification, and statistical
comparison of the internal bone structural variation (e.g.
Pahr and Zysset, 2009; Bondioli et al., 2010; Puymerail,
2013; Sylvester and Terhune, 2017; DeMars et al., 2021;
Profico et al., 2021; Veneziano et al., 2021; Bachmann et
al., 2022). However, “the confidence with which internal
bone structures can be used to retrodict behaviour in fossil
species remains a work in progress” (Almécija et al., 2021).
Therefore, quantitative analyses of the internal bone struc‐
ture of joints in individuals of known behaviour can en‐
hance our understanding of the links between trabecular
modelling and mechanical function, and allow stronger in‐
ferences on the behaviour of fossil taxa (Biewener et al.,
1996; Guldberg et al., 1997; Robling et al., 2002; Mittra et
al., 2005; Pontzer et al., 2006; Ruff et al., 2006; Polk et al.,
2008; Barak et al., 2011; Harrison et al., 2011; Christen et
al., 2014). In this respect, the case of bipedally trained
Japanese macaques, such as Sansuke, is of particular value.
By using X-ray microCT and cutting-edge 3D imaging
techniques, we extend previous studies on Sansuke’s en‐
dostructural bony adaptations (Macchiarelli et al., 2001;
Richmond et al., 2005; Volpato et al., 2008; Mazurier et al.,
2010) by comparatively assessing its trabecular architecture
in the proximal femur and proximal tibia.

Predictions
Based on the evidence of a higher and more compressive

load vertically oriented in the caudal region of the acetabu‐
lum during bipedal posture and gait in trained macaques,
and on the assumption that the trabecular bone of the
femoral head is sensitive enough to model according to the
loading conditions during the bipedal posture and locomo‐
tion in Sansuke (which only represent a short amount of
time in his daily life) as seen in the pelvic bone (Volpato et
al., 2008), we predict finding in Sansuke’s femoral head a
pattern of trabecular architecture distinct from that found in
wild M. fuscata. Specifically, we expect this to be charac‐
terized by an approximately superoinferiorly oriented bone
reinforcement resulting from more vertical loading at the
proximal femoral head during bipedal locomotion. This
will be associated with higher relative bone volume, thicker
trabeculae, and a higher degree of anisotropy in Sansuke
(Nakatsukasa et al., 1995, Volpato et al., 2008).

Based on the evidence of a more pronounced medial
loading in the tibial articular surface compared with the lat‐

eral plateau resulting from the more laterally rotated tibia
on the femur (Hirasaki et al., 2004, Ogihara et al., 2009), as
well as anterior loading related to a more extended
hindlimb joint and the use of an inverted pendulum-like
motion during bipedal locomotion (Hirasaki et al., 2004),
compared to the typical condition of wild individuals, in
Sansuke we expect to find: (i) a more asymmetric distribu‐
tion in relative bone volume between the medial and the
lateral condyles that is associated with an increase in the
anterior region of the medial condyle; and (ii) greater bone
volume fraction associated with a higher degree of
anisotropy. This expectation is based on the assumption
that the trabecular bone of the proximal tibia is sensitive
enough to model according to the loading conditions during
the bipedal posture and locomotion in Sansuke as seen in
the corticotrabecular complex of the tibial plateau
(Mazurier et al., 2010).

Materials and Methods
We investigated the left and right proximal femora and

tibiae of Sansuke, a 10-kg male M. fuscata engaged in
bipedal performances lasting 30–60 minutes/day (Hayama,
1986; Preuschoft et al., 1988) from the age of 2 years until
his death at the age of 10 years (Nakatsukasa and Hayama,
2003). The comparative sample consists of five right proxi‐
mal femora (from four likely male and one likely female in‐
dividuals, based on skeletal size) and five right proximal
tibiae (all likely male, based on skeletal size) from non-
bipedally trained wild individuals of the same taxon. Four of
the five femora and tibiae are associated. All specimens lack
macroscopic evidence of alteration or pathological changes,
and are housed at the Laboratory of Physical Anthropology,
Kyoto University (Japan). Details on the composition of the
sample are provided in Supplementary Table S1.

Sansuke’s femora and tibiae and one femur and two tib‐
iae from wild individuals were scanned in 2005 by syn‐
chrotron radiation microtomography (SR-μCT) at the
European Synchrotron Radiation Facility (ESRF) medical
beam line ID17, Grenoble (details in Mazurier et al., 2010).
The voxel size of the reconstructed volume is 45.5 ×
45.5 × 43.6 μm3. The remaining samples (four femora
and three tibiae) were scanned in 2022 at the Laboratory
of Physical Anthropology, Kyoto University, using a
ScanXmate A080s (Comscan Co.) with an isotropic voxel
size of 41.9 μm, for the proximal femora, and ranging from
54.6 μm to 59.0 μm, for the proximal tibiae (Supplementary
Table S1).

All specimens were virtually reoriented in Avizo v. 9.0
software (Visualization Sciences Group Inc., Bordeaux) us‐
ing a landmarking-based automatic alignment. The proxi‐
mal femora were then virtually cut at the head–neck
junction, and the tibia were cut at the level of the tuberosity
perpendicular to the main axis of the proximal portion of
the shaft.

All oriented bones were segmented using MIA-
Clustering segmentation (Dunmore et al., 2018) to automat‐
ically isolate bone from air and then processed with
Medtool 4.6 (http://www.dr-pahr.at). In Medtool 4.6, we
followed the procedure detailed in Gross et al. (2014) and
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Tsegai et al. (2018). First, the whole bone was segmented
by a ‘fill’ operation that casts rays from the outer cortical
shell at multiple angles followed by a morphological clos‐
ing step. A series of morphological filters were then applied
to identify and remove the cortical shell, thus isolating the
trabecular structure. A 3D background grid with node spac‐
ing of 2.5 mm was superimposed on the isolated trabecular
volume, and overlapping spherical volumes of interest
(VOI), 5 mm in diameter, were centred at each of its nodes.
Trabecular bone volume fraction (BV/TV), trabecular
thickness (Tb.Th.), trabecular spacing (Tb.Sp.), and degree
of anisotropy (DA) were measured in each VOI and the
values interpolated on the centroids of a 3D tetrahedral
mesh of the trabecular volume created with the Computa‐
tional Geometry Algorithms Library. Morphometric maps
of the distribution of each parameter can then be visualized
(additional technical details in Tsegai et al., 2018).

Statistical analyses were performed in RStudio v.
1.2.5033 running with R v. 3.4.4 (R Core Team, 2018).
Plots were generated using ggplot2 (Wickham, 2009). Stan‐
dardized measures were calculated for interspecific com‐
parisons, in which for each individual the raw values of
each parameter were divided by the individual mean of all
values of this parameter. For each standardized parameter,
the significance of the two-by-two individual differences
was tested by the non-parametric pairwise Wilcoxon rank
sum tests with a Bonferroni correction as well as two-
sample t-test via Monte Carlo sampling with 1000 permuta‐
tions. Given that for each specimen a set of hundreds of
VOIs is extracted sampling the whole bone, with four vari‐
ables measured in each VOI, pairwise Pearson correlation
tests between the four variables have been conducted for
each specimen. These tests aim to measure, for each speci‐
men, the degree of correlation between the distributions
throughout the bone of the investigated parameters. Follow‐
ing Chan (2003), r > 0.8 shows a high correlation,
0.6 < r < 0.8 shows a moderate correlation and r < 0.6
shows a poor correlation. A significance threshold of 0.05
for the P-values was adopted for all statistical analyses.

Results
Proximal femur

Figure 1 presents morphometric maps in medial view of
the distribution of the four investigated trabecular parame‐
ters (BV/TV, Tb.Th., Tb.Sp., and DA) in Sansuke’s left and
right femoral heads in comparison to those from a wild
macaque. The maps of the remaining wild individuals are
shown in the online Supplementary Figure S1 and the same
results in superior view for all individuals are presented in
Supplementary Figure S2. As predicted, in Sansuke there is
a distinct pattern of bone distribution from that found in the
wild M. fuscata individuals. However, the expectation of an
approximately superoinferiorly oriented bone reinforce‐
ment is not detected. Indeed, in both Sansuke’s femoral
heads, the BV/TV distribution indicates a reinforcement
that is limited to the region of the fovea capitis. Conversely,
in KAS 266 and KAS 276 (Figure 1, Supplementary Fig‐
ure S1, Supplementary Figure S2) two concentrations of
relatively higher BV/TV values forming two converging

pillar-like structures are found in the posterior and anterior
surfaces of the head, respectively. In the other three indi‐
viduals (KAS 269, KAS281 and KAS 284; Supplementary
Figure S1, Supplementary S2), such structures appear as
less discrete units, with a continuous concentration of bone
density spanning in the superior aspect of the femoral head.

In Sansuke, Tb.Th. distribution matches the BV/TV ar‐
rangement, with a concentration of high Tb.Th. values in
the region of the fovea capitis, while in the wild individuals
a high concentration of Tb.Th. tends to be observed in the
posterosuperior surface. However, in this case, for the wild
specimens, there is no concentration of high Tb.Th. at the
level of the anterior BV/TV pillar-like structure, and the
posterosuperior concentration of high Tb.Th. does not ex‐
tend internally but is confined to the subchondral layers
(except for KAS 276, which shows a thin extension of high
Tb.Th. toward the neck in the posterior region of the head).
In both Sansuke and the comparative sample, Tb.Sp. tends
to show lower values on the inferoanterior aspect of the
head, while the highest values of DA tend to be found in
the head–neck junction, even though the signal in Sansuke
is less evident. In some wild individuals, an extension of
the distribution of the highest DA values in the anterior and
posterior surfaces is observed.

Our prediction of overall higher bone density and thicker
struts in Sansuke is not supported by our findings. In
Sansuke’s right femoral head, pairwise Wilcoxon tests show
that both variables differ statistically from those measured
in three wild individuals (KAS 266, KAS 281, KAS 284)
for BV/TV and one wild individual (KAS 266) for Tb.Th.
(Figure 2, Supplementary Table S2). However, in Sansuke’s
left femoral head, no appreciable differences with the wild
sample have been found for BV/TV and Tb.Th. In addition,
the Monte Carlo permutation tests show no differences for
all parameters and all pairwise comparisons. Figure 2 illus‐
trates that the medians of both Sansuke’s femoral head
BV/TV and Tb.Th. are slightly lower than of the wild sam‐
ple. It is nonetheless interesting to note that in this trained
individual we observe the highest absolute BV/TV and rel‐
ative BV/TV and Tb.Th. values in individual VOIs of the
entire sample (Figure 1, Figure 2). These high values are
from the VOIs extracted at the region of the fovea capitis.
No appreciable differences have been found for DA and
Tb.Sp. (Figure 2, Supplementary Table S2).

The distribution patterns of trabecular parameters shown
by the morphometric maps are supported by the correlation
tests presented in Table 1. In both Sansuke’s femora and in
the wild male KAS 269, BV/TV and Tb.Th. are highly cor‐
related (r > 0.8; Chan, 2003), which is not the case in the
other comparative specimens that show a moderate correla‐
tion (0.6 < r < 0.8). In Sansuke, a functionally related bone
reinforcement at the region of the fovea capitis seems to be
achieved through thickening the trabecular struts. Addition‐
ally, in Sansuke DA is moderately correlated with BV/TV
and it is highly and moderately correlated with Tb.Th. for
the left and right femora, respectively. All other tests show
poor correlation (r < 0.6). All Pearson correlation coeffi‐
cients are statistically significant (P ≤ 0.05) except for coef‐
ficients ≤0.1 for which interpretation of the results cannot
be certain.
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Proximal tibia
The distribution maps of the four trabecular parameters

assessed in Sansuke’s left and right proximal tibiae are pre‐
sented in Figure 3 and compared to those from a wild
macaque (note that maps of the other four wild individuals
are shown in Supplementary Figure S3). In this case, the re‐
sults do not follow our first prediction. In Sansuke, the
BV/TV distribution does not show a clear asymmetry be‐
tween medial and lateral condyles, or an anterior structural
reinforcement across the whole plate. Indeed, a similar pat‐
tern of BV/TV, Tb.Sp., and DA distribution is found in all
individuals. Specifically, all investigated proximal tibiae
show: (i) a concentration of high BV/TV in the medial area

of the medial condyle and in the central area of the lateral
condyle (even though the bone reinforcement in the lateral
condyle is slightly more medially placed in Sansuke, no‐
tably in the left tibia, than in the wild individuals); (ii) the
lowest Tb.Sp. values in the posterior area of the articular
surface; and (iii) a concentration of high DA values in the
central region of the posterior portion. However, the medial
condyle tends to be more anisotropic (i.e. higher DA) than
the lateral condyle in Sansuke, while no asymmetric distri‐
bution of DA is observed in the wild individuals. Moreover,
no clear trend can be identified for Tb.Th. distribution apart
from highest Tb.Th. values observed in the central inter‐
condylar area and the posterior surface of the proximal dia‐

Figure 1. The upper rows represent the virtual morphometric maps, in medial view, of all trabecular bone volume (BV/TV, %), trabecular
thickness (Tb.Th., mm), degree of anisotropy (DA), and trabecular spacing (Tb.Sp., mm) values in the femoral heads (only the subchondral layer
is therefore visible) of the bipedally trained macaque Sansuke and in the right femur of a wild Macaca fuscata (KAS 266). The lower rows repre‐
sent the deeper portion of the femoral head of the values >80% of the range of variation for the BV/TV, Tb.Th, and DA, and the values <20% of
the range of variation for the Tb.Sp. For each individual, chromatic scale ranges from the minimum value (blue) to the maximum value (red). The
left femur of Sansuke has been mirrored as a right femur.
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physis in Sansuke, KAS 276, and KAS 309. Contrary to
our second prediction, bone volume fraction and degree of
anisotropy are not significantly higher in Sansuke than in
the wild M. fuscata individuals (Figure 4, Supplementary
Table S3). The permutation Monte Carlo tests show no dif‐
ferences for all parameters and all pairwise comparisons.

These qualitative observations are confirmed by the cor‐
relation tests presented in Table 2. In all individuals,
BV/TV is highly negatively correlated with Tb.Sp. (r > 0.8)
except for KAS 269, which shows a moderate correlation
(0.6 < r < 0.8) between the two parameters. BV/TV is
highly correlated with Tb.Th. in the right femur of Sansuke
and KAS 269, and moderately correlated with Tb.Th. in
Sansuke’s left femur and all wild individuals, except KAS
276, which shows a poor correlation (r < 0.6). Finally, in
Sansuke, but not in all wild individuals, Tb.Th. is nega‐
tively moderately or highly correlated with DA. All other
tests show poor correlations. All Pearson correlation coeffi‐
cients are statistically significant (P ≤ 0.05), except for co‐
efficients ≤0.1. Differences in voxel size between the scans
might affect the strength of correlations between Sansuke
and the comparative sample.

Discussion and Conclusions
An increasing number of studies have tested the degree

to which variation in trabecular bone structure at different
skeletal sites reflects differences in locomotor-related load‐
ings in humans and other primates (review in Kivell, 2016).
For instance, although the link between the endostructural
architecture of the proximal femur and load transfer and
dissipation is more complex than assumed by the first me‐
chanical models (e.g. Fajardo et al., 2007; Ryan and
Walker, 2010; Shaw and Ryan, 2012), trabecular bone vari‐
ation in the primate femoral head has provided clear evi‐
dence for structural differences across locomotor groups
(Fajardo and Müller, 2001; MacLatchy and Müller, 2002;
Ryan and Ketcham, 2002a, 2002b, 2005; Ryan and Krovitz,
2006; Saparin et al., 2011; Ryan and Shaw, 2012, 2015;
Raichlen et al., 2015; Ryan et al., 2018; Tsegai et al., 2018;
Georgiou et al., 2019; Cazenave et al., 2021).

In 2019, a study of trabecular bone structural distribution
patterns of the extant great ape femoral head, using a whole
epiphysis approach similar to that of the present study, first
revealed that holistic evaluations of the trabecular architec‐

Figure 2. Box and violin plots of relative bone volume (BV/TV), trabecular thickness (Tb.Th.), trabecular spacing (Tb.Sp.), and degree of
anisotropy (DA) of the femoral head of the study sample. Values are standardized by the mean for each individual. Violin plots show the kernel
density distribution (including the minimum and maximum values) while the box and whisker plots show the median and quartiles.
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ture show patterns linked to locomotor behaviour
(Georgiou et al., 2019). More precisely, Pan and Gorilla
demonstrated two concentrations of higher bone density—
one in the posterosuperior aspect and one in the anterior
portion of the femoral head—consistent with hip orienta‐
tion and joint loading during two main locomotor modes:
knuckle-walking and climbing. These two pillar-like struc‐
tures extend and converge internally. In Pongo, these struc‐
tures are less evident as discrete units with bone density
concentrated as a band across the superior aspect of the
femoral head and interpreted as reflecting less discrete and
more homogeenous loading of the hip joint during arboreal
locomotion (Georgiou et al., 2019, 2020). In terms of general
bone density of the femoral head, the five wild M. fuscata
individuals represented in our study show an ape-like
trabecular conformation, but with some variation. Indeed,
two specimens show two very distinct pillars, while the
other three femora display less discrete pillar-like structures
arising from the superior head surface but merged within a
topographically nearly homogeneous network. Such en‐
dostructural arrangement is consistent with the postural and
locomotor modes typical of wild Japanese macaques, which
are quadrupeds terrestrially, but also arboreal, with vertical
climbing and short-distance leaping (Negayama, 1983;
Kimura, 1985; Okada, 1985; Nakano, 1996; Nakano et al.,
1996; Chatani, 2003; Fleagle, 2013). They have developed

Table 1. Results of Pearson correlation tests between the trabecu‐
lar bone density (BV/TV), trabecular thickness (Tb.Th.), trabecular
spacing (Tb.Sp.), and degree of anisotropy (DA) of the femoral head
calculated for the left and right proximal femora of the bipedally
trained macaque Sansuke and for the right femora of five wild Macaca
fuscata.

Specimens Parameters BV/TV Tb.Th. Tb.Sp.

Sansuke left
Tb.Th. 0.96* — —
Tb.Sp. –0.13* 0.10 —

DA –0.76* –0.83* –0.04

Sansuke right
Tb.Th. 0.90* — —
Tb.Sp. –0.58* –0.26* —

DA –0.77* –0.71* 0.35*

KAS 266
Tb.Th. 0.63* — —
Tb.Sp. –0.38* 0.45* —

DA 0.54* 0.35* –0.34*

KAS 269
Tb.Th. 0.88* — —
Tb.Sp. –0.44* 0.00 —

DA 0.04 –0.19* –0.58*

KAS 276
Tb.Th. 0.61* — —
Tb.Sp. –0.44* 0.36* —

DA –0.32* –0.21* –0.07

KAS 281
Tb.Th. 0.76* — —
Tb.Sp. –0.30* 0.37* —

DA 0.10 –0.14* –0.47*

KAS 284
Tb.Th. 0.76* — —
Tb.Sp. –0.10 0.45* —

DA –0.09 –0.45* –0.49*

Strong correlations (r > 0.8) are in bold. *Significant correlations
(P < 0.05).

hamstring muscles which function to extend hip joints to
propel the body forward (Haxton, 1947; Kimura et al.,
1979). Similar to the condition displayed by Pan and
Gorilla, in M. fuscata the hip is flexed during the swing
phase of quadrupedalism, with a maximum flexion angle of
−45° and a mobile (excursion) range of the hip joint of
about −65° during a single step cycle (Nakajima et al.,
2004). This is consistent with high loading of the postero‐
superior region of the femoral head and the relatively
higher bone density found in this region. During the resting
posture, vertical climbing, and leaping, the hip is highly
flexed (Hirasaki et al., 1993; Isler, 2005), which would re‐
sult in the anterior aspect of the head contacting the lunate
surface of the acetabulum. In the wild specimens examined
in our study, while the posterosuperior subchondral bone
reinforcement is accompanied by thicker struts, this is not
the case for an anterior reinforcement. As a whole, these
results indicate that additional investigations are needed
for a better understanding of the functional significance of
the intra-individual topographic variation of the femoral
head trabecular network in extant primates displaying dif‐
ferent locomotor modes, and especially of the direct links
between hypothesized load environment and site-specific
microstructural arrangement. A future area of investiga‐
tion would be finite-element analyses, and in particular
inverse-bone remodelling (Synek et al., 2019) and homoge‐
nized finite elements (Bachmann et al., 2022) that are
sensitive enough to detect differences in external joint
loadings in primates from bone microarchitectures.

In agreement with our first two predictions, Sansuke’s
femoral head does show a global pattern of bone density
and trabecular thickness distribution distinct from the wild
macaque condition. However, contrary to our expectation
based on a previous analysis of the iliac textural character‐
istics (Volpato et al., 2008), Sansuke does not show a de‐
veloped superoinferior bone reinforcement resulting from
more vertical loading at the proximal femoral head occur‐
ring during bipedal performances, and overall BV/TV and
Tb.Th. values do not discriminate Sansuke from the wild
macaques. Given that, like wild macaques, Sansuke’s main
activities were running and climbing, this result questioned
whether the trabecular bone of the femoral head was sensi‐
tive enough to model according to the loading conditions
encountered during bipedal activities, and suggests that the
trabecular bone architecture of the femoral head does not
only reflect the less stereotyped and multiaxial loading con‐
ditions of a wild-like locomotor behaviour. Nonetheless, a
concentration of high bone density along with thick struts is
uniquely found in Sansuke in the region of the fovea capi‐
tis, and this non-articular depression provides attachment to
the ligamentum teres.

In humans, the ligamentum teres mainly carries out a sta‐
bilizing function of the hip joint (Rao et al., 2001;
Philippon et al., 2014; O’Donnell and Arora, 2018), but
also limits hip adduction during a bipedal gait (Kaplan,
1949; Delcamp et al., 1988; Gray and Villar, 1997; Rao et
al., 2001; Demange et al., 2007; Kapandji, 2011; Guanche,
2012; van Arkel et al., 2015; O’Donnell et al., 2018). In
Sansuke, rather than a pillar-like structure superoinferiorly
crossing the femoral head, a bone reinforcement in the re‐
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gion of the insertion of the fovea capitis might represent the
functionally related structural response to the need to stabi‐
lize the hip joint during the bipedal-like trained cycle in re‐
lation to the recurrent instances of adduction (Nakatsukasa
et al., 1995; Ogihara et al., 2009, 2018), and is associated
with the posteroproximal extension of his femoral head sur‐
face (Nakatsukasa et al., 1995).

While locomotor-related variation of the proximal femur

inner architecture has received considerable attention, re‐
search into the endostructural signal of the proximal tibia
has focused on human clinical studies (Ritter et al., 2014;
Burnett, 2017; Roberts et al., 2017; Renault et al., 2020;
Goliath et al., 2022) and remains poorly investigated in
non-human extant primates and fossil hominins
(Ahluwalia, 2000; Mazurier et al., 2010).

Comparative functional anatomy shows that the mam‐

Figure 3. The upper rows represent the virtual morphometric maps, in medial view, of all trabecular bone volume (BV/TV, %), trabecular
thickness (Tb.Th., mm), degree of anisotropy (DA), and trabecular spacing (Tb.Sp., mm) values in the proximal tibiae (only the subchondral layer
is therefore visible) of the bipedally trained macaque Sansuke and in the right proximal tibia of a wild Macaca fuscata (KAS 266). The lower
rows represent the deeper portion of the proximal tibia of the values >80% of the range of variation for the BV/TV, Tb.Th, and DA, and the values
<20% of the range of variation for the Tb.Sp. For each individual, chromatic scale ranges from the minimum value (blue) to the maximum value
(red). The left tibia of Sansuke has been mirrored as a right tibia.
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malian knee is “an alarmingly complex joint” (Lovejoy,
2007). In the primate proximal tibia, variation exists in the
size and shape of the medial and lateral articular surfaces
and the proportions of the intercondylar tubercles of the
plateau (Tardieu, 1983; Lovejoy, 2007), reflecting adapta‐
tions to a wide range of postural and locomotor modes
(Aiello and Dean, 1990). Accordingly, comparative and ex‐
perimental investigations on the endostructural arrange‐
ment of the proximal tibia in extant primate taxa have the
potential to provide a valuable framework for interpreting
the internal bone condition from fossil hominin specimens
(Mazurier et al., 2010).

In Sansuke, none of the expectations based on the evi‐
dence of a thicker corticotrabecular complex heteroge‐
neously distributed beneath the articular surface of the
proximal tibia (Mazurier et al., 2010) are supported by our
analyses. Sansuke does not show an average higher bone
density compared with the wild macaques, nor the highest
bone density values. Additionally, we could not identify a
greater degree of asymmetry in trabecular bone volume dis‐
tribution between the two condyles compared with the wild
individuals, and no trabecular variables are distinct. How‐
ever, in Sansuke’s tibia there is a slightly more medially

placed subtle bone reinforcement in the lateral condyle
compared with the wild individuals, as well as, slightly
higher trabecular bone anisotropy in the medial condyle
that is not observed in the wild individuals. This is consis‐
tent with the more anisotropic medial femoral condyle
compared with the lateral one identified in Sansuke
(Richmond et al., 2005).

Within the current knowledge on metabolic differences
and trade-offs between cortical and trabecular tissues
through life, including during ontogeny, these discrepancies
between the clear adaptations at the proximal tibia observed
in Sansuke’s corticotrabecular complex adjustment
(Mazurier et al., 2010) and the less distinct structural
changes at the underlying trabecular network are unex‐
pected. Under experimental analyses the human tibial shaft
(Erlandson et al., 2012; Weatherholt et al., 2013; Murray
and Erlandson, 2022; for other skeletal elements see also
Kontulainen et al., 2003; Eser et al., 2009; Erlandson et al.,
2012) and mouse tibial shaft (De Souza et al., 2005; Brodt
and Silva, 2010) show that cortical bone primarily reflects
early life behaviour, while epiphyseal trabecular bone mi‐
croarchitecture may primarily reflect adult loading. This is
consistent with a recent study by Saers et al. (2022) show‐

Figure 4. Box and violin plots of relative bone volume (BV/TV), trabecular thickness (Tb.Th.), trabecular spacing (Tb.Sp.), and degree of
anisotropy (DA) of the proximal tibia of the study sample. Values are standardized by the mean for each individual. Violin plots show the kernel
density distribution (including the minimum and maximum values) while the box and whisker plots show the median and quartiles.
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ing an adult-like trabecular structure in the calcaneum of
1.5- to 2-year-old Japanese macaques that recently adopted
an adult-like locomotion (Saers et al., 2022). Noting that
Sansuke started bipedal training at the adult age of 2 years
(Nakatsukasa and Hayama, 2003), we would expect that his
tibial proximal epiphysis cortical bone thickness would re‐
flect early life wild behaviour, and the trabecular structure
would be modelled based on adaptations to bipedal loading.
Therefore, in addition to adding information to the discus‐
sion about trade-offs between cortical and trabecular tissue
throughout life and notably between young and adulthood,
our results raise questions about differences in site-specific
functional adaptations and notably possible differences
between epiphyseal (articular) and diaphyseal cortical
adaptations.

In the present case, discrepancies in the functional signal
between the subchondral corticotrabecular complex and tra‐
becular tissue of the tibial plateau might reflect differences
in sensitivity to the local loading environment during
bipedal performances, where the subchondral layers suffi‐
ciently withstand and counteract the loads occurring at the
knee because of the bipedal training, with no evident im‐
pact on the conformation of the deeper trabecular bone. In‐
deed, in humans it has been demonstrated that the proximal
tibia cartilage (including the menisci) and its supporting
subchondral bone have corresponding mechanical functions
(Lereim et al., 1974; Duncan et al., 1987; Odgaard et al.,

Table 2. Results of Pearson correlation tests between the trabecu‐
lar bone density (BV/TV), trabecular thickness (Tb.Th.), trabecular
spacing (Tb.Sp.), and degree of anisotropy (DA) of the proximal tibia
calculated for the left and right tibiae of the bipedally trained macaque
Sansuke and for the right tibiae of five wild Macaca fuscata.

Specimens Parameters BV/TV Tb.Th. Tb.Sp.

Sansuke left
Tb.Th. 0.74* — —
Tb.Sp. –0.89* –0.41* —

DA –0.39* –0.69* 0.20*

Sansuke right
Tb.Th. 0.81* — —
Tb.Sp. –0.92* –0.58* —

DA –0.52* –0.81* 0.32*

KAS 266
Tb.Th. 0.62* — —
Tb.Sp. –0.86* –0.16* —

DA –0.30* –0.48* –0.02

KAS 269
Tb.Th. 0.87* — —
Tb.Sp. –0.75* –0.38* —

DA 0.22* 0.47* 0.10*

KAS 276
Tb.Th. 0.35* — —
TbSp –0.88* –0.03 —
DA –0.12* 0.22* –0.04

KAS 281
Tb.Th. 0.69* — —
Tb.Sp. –0.85* –0.30* —

DA 0.15* 0.38* –0.11*

KAS 309
Tb.Th. 0.79* — —
Tb.Sp. –0.89* –0.54* —

DA 0.03 0.01 –0.16*

Strong correlations (r > 0.8) are in bold. *Significant correlations
(P < 0.05).

1989; Milz and Putz, 1994; McKinley and Bay, 2001;
Hoemann et al., 2012) and that the subchondral region ex‐
hibits strong architectural response to differences in joint
loading regimes (Pontzer et al., 2006; Goliath et al., 2022).
In the human patella, another component of the knee joint,
a similarly functionally related heterogeneous distribution
of the subchondral bone gradually disappears with depth,
with most of the deeper trabecular network lacking site-
specific structural adaptations (Hoechel et al., 2015). How‐
ever, although studies have revealed variations of the
topographic distribution of the corticotrabecular complex
thickness related to differences in locomotor-related load‐
ing environment at the knee joint between primates
(Ahluwalia, 2000; Mazurier et al., 2010), we still lack
enough comparative evidence about the endostructural con‐
formation of this skeletal site in extant primates to reveal
any possible link between locomotor mode(s) and site-
specific network variation of the trabecular bone beneath
the corticotrabecular complex.

Intraspecific variations in lower limb trabecular bone
between populations experiencing different level of activi‐
ties and various loading modalities have been investigated
in human populations (Stock, 2006; Ryan and Shaw, 2015;
Chirchir et al., 2015, 2017; Saers et al., 2016, 2021;
Doershuk et al., 2018; Mulder et al., 2020). First, localized
response to loading, rather than systemic variation, is the
main driver of these population differences (Chirchir et al.,
2017; Doershuk et al., 2018). In addition, all studies
showed that on the lower limb, high levels of physical ac‐
tivity contribute to increased bone strength achieved
through an increase in bone volume fraction and trabecular
thickness. In the case of the present study, while bipedally
trained macaques experience an increase in vertical loading
at the hip and knee joints during bipedal standing and walk‐
ing, we did not identify a higher bone volume and trabecu‐
lar thickness compared to the condition observed in wild
individuals. It is therefore important to recall here that the
trained macaques spend most of the time running and
climbing similar to other wild monkeys (Nakatsukasa et al.,
1995; Hirasaki et al., 2004), and thus experience postural/
locomotion-related multiaxial loads. In the case of Sansuke,
trained from the age of 2 years, a wild behaviour was
adopted during childhood. Even though morphological
local modifications have been identified in Sansuke’s
outer and inner skeleton in response to bipedally related
constraints (Nakatsukasa et al., 1995; Volpato et al., 2008;
Mazurier et al., 2010), the frequency as well as nature
of loading locally acting on hip and knee joint in Sansuke
during bipedal posture and locomotion against the backdrop
of his entire behavioural profile might not have evoked an
osseous response.

In conclusion, the high-resolution non-invasive analysis
of the postcranial skeleton of a bipedally trained Japanese
macaque, Sansuke, continues to provide direct evidence
about the rheological and adaptive characteristics of
mechanosensitive bony tissues when intermittently facing
atypical load related to relatively short but recurrent
changes in joint loading environment. In this specific case,
the comparative assessment of the functionally related ad‐
justment of the trabecular network at the femoral head
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(coxofemoral joint) and the proximal tibia (knee joint) pro‐
vides new original and partially unexpected results, includ‐
ing on the patterns of network variation characterizing the
wild macaque representatives used for comparison. Our re‐
sults are relevant to attempts to predict and infer locomo‐
tory behaviour in fossil primates, including those such as
hominins that are defined by the adoption of bipedal loco‐
motion.
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