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a b s t r a c t

Reconstructing function from hominin fossils is complicated by disagreements over how to
interpret primitively inherited, ape-like morphology. This has led to considerable research
on aspects of skeletal morphology that may be sensitive to activity levels during life. We
quantify trabecular bone morphology in three volumes of interest (dorsal, central, and pal-
mar) in the third metacarpal heads of extant primates that differ in hand function: Pan
troglodytes, Pongo pygmaeus, Papio anubis, and Homo sapiens. Results show that bone vol-
ume within third metacarpal heads generally matches expectations based on differences
in function, providing quantitative support to previous studies. Pongo shows significantly
low bone volume in the dorsal region of the metacarpal head. Humans show a similar pat-
tern, as manipulative tasks mostly involve flexed and neutral metacarpo-phalangeal joint
postures. In contrast, Pan and Papio have relatively high bone volume in dorsal and palmar
regions, which are loaded during knuckle-walking/digitigrady and climbing, respectively.
Regional variation in degree of anisotropy did not match predictions. Although trabecular
morphology may improve behavioral inferences from fossils, more sophisticated quantita-
tive strategies are needed to explore trabecular spatial distributions and their relationships
to hand function.

© 2016 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
ots clés :
s trabéculaire
V/TV
egré d’anisotropie
onction de la main
olume osseux

r é s u m é

Reconstruire la fonction à partir de fossiles homininés est une tâche compliquée par les
désaccords concernant l’interprétation de la morphologie primitive des grands singes. Ceci
a conduit à de nombreuses recherches sur différents aspects de la morphologie du squelette,
qui pourraient être sensibles aux niveaux d’activité durant la vie d’un individu. Nous quan-
tifions ici la morphologie de l’os trabéculaire selon trois volumes d’intérêt (dorsal, central
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et palmaire) mesurés dans les têtes de métacarpiens de primates actuels qui diffèrent par
la fonction de leurs mains : Pan troglodytes, Pongo pygmaeus, Papio anubis et Homo sapiens.
Les résultats montrent que le volume osseux dans les têtes des troisièmes métacarpiens
correspond généralement aux prévisions basées sur les différences de fonction, étayant
de manière quantitative les précédentes études. Pongo montre un volume osseux sig-
nificativement faible dans la région dorsale de la tête des métacarpiens. Les humains
montrent un patron similaire, compatible avec le fait que les tâches de manipulation
impliquent principalement les positions fléchies et neutres des articulations métacarpo-
phalangiennes. À l’inverse, Pan et Papio ont un volume osseux relativement élevé dans les
régions dorsale et palmaire, qui sont soumises à des contraintes lors de la locomotion sur
les phalanges/digitigradie et de l’escalade. La variation régionale du degré d’anisotropie ne
correspond pas à nos attentes. Bien que la morphologie trabéculaire puisse aider à améliorer
les reconstructions comportementales des fossiles, des stratégies quantitatives plus sophis-
tiquées sont nécessaires pour explorer la distribution spatiale trabéculaire et sa relation
avec la fonction de la main.

émie d
© 2016 Acad

The reconstruction of postural and locomotor modes
from skeletal remains is among the major topics of the
paleoanthropological research, notably in the case of the
earliest representatives of the hominin lineage whose
behaviour is still a matter of discussion.

Puymerail, 2013, p. 224

1. Introduction

Reconstructing behavior in early hominins has proven
to be particularly challenging because of disagreements
over how to interpret primitive morphology retained from
earlier ancestors. For example, debate persists over when
early hominins ceased arboreal behavior while still retain-
ing some of the morphology associated with arboreality.
Based on available data and methods, some researchers
have interpreted the coexistence of primitive and derived
characters in early hominins to indicate that they not
only were bipeds on the ground, but also climbed trees
(e.g., Deloison, 1985, 1997; Duncan et al., 1994; Green
and Alemseged, 2012; Green et al., 2007; Jungers, 1982;
Richmond, 2003; Richmond and Hatala, 2013; Schmitt,
2003; Spoor et al., 1994; Stern, 2000; Stern and Susman,
1983; Susman et al., 1984). The other interpretation is that
derived morphologies indicate that arboreal climbing was
severely compromised and the retention of primitive char-
acters was unrelated to their behavior (e.g., Haile-Selassie
et al., 2010; Latimer, 1991; Latimer and Lovejoy, 1990;
Ward, 2002; Ward et al., 2011).

Difficulties in reconstructing function are not limited
to issues concerning primitive and derived morphology.
Many fossil taxa have morphology that is not present
in any living species, making it difficult to examine the
morphology’s functional significance because it is not pos-
sible to experimentally examine the functional anatomy in
living taxa (Lauder, 1995). For example, stone tool repli-
cation experiments by human subjects cannot fully take

into account the mosaic and unique morphology in early
hominin taxa (Susman, 1998).

However, this does not diminish the importance of
replication experiments. They allow us to examine the
es sciences. Publié par Elsevier Masson SAS. Tous droits réservés.

biomechanical factors involved in particular functions,
such as muscle recruitment involved in various grips and
activities (Hamrick et al., 1998; Marzke et al., 1998), and
the roles of anatomical regions in a particular function,
such as thumb and finger positions and pressures during
tool making (Marzke, 1997; Williams et al., 2012). Exper-
imentation can also take advantage of natural variation
to examine its effects on a function, such as digit length
on muscle force during grip (Rolian et al., 2011). Addi-
tionally, anatomy can also be experimentally manipulated
to examine its effects, such as the role of wrist mobility
in generating force and accuracy during stone tool mak-
ing (Williams et al., 2014) and the role of arm mobility in
throwing force and accuracy (Roach and Lieberman, 2014;
Roach et al., 2013). Most importantly, experimental and
comparative studies generate more informed hypotheses
about functional morphology and the behavior of extinct
taxa.

So how can hypotheses about behavior in extinct taxa be
tested? The best evidence comes from direct indications of
past behavior, such as trace fossils (e.g., Hatala et al., 2016a,
b), dietary traces (e.g., Henry et al., 2012), and skeletal
anatomy that is sensitive to activity during life (e.g., Kivell,
2016; Ruff et al., 2006). The last approach is particularly
relevant to examining postcranial functional morphology.

The relationship between mechanical loading and bone
morphology (in both cortical and trabecular bone) is com-
plex. There have been many studies investigating this
relationship in long bone diaphyses (e.g., Demes and
Jungers, 1993; Ruff et al., 1993, 2015; Runestad, 1997;
Stock and Pfeiffer, 2001; Shaw and Stock, 2009; Trinkaus
and Ruff, 1989a, b). Improved imaging technology has led
to more intensive research on the morphology of trabe-
cular bone (e.g., Barak et al., 2013; Chirchir et al., 2015;
Desilva and Devlin, 2012; Griffin et al., 2010a; Maga et al.,
2006; Matarazzo, 2015; Ryan and Ketcham, 2002; Ryan and
Walker, 2010; Scherf and Tilgner, 2009; Skinner et al., 2015)
which provides information on joint loading that is distinct
from and compliments data on diaphyseal loading.
Experimental studies have shown that trabecular bone
volume fraction (BV/TV = bone volume/total volume) and
thickness increase in response to elevated loading regimes,
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hile decreased loading results in reduced trabecular
V/TV and thickness (e.g., Barak et al., 2011; Hou et al.,
990; Iwamoto et al., 1999; Mosley and Lanyon, 1998;
akata et al., 1999). Additionally, changes in load direction
r joint angle induce changes in trabecular orientation (e.g.,
ontzer et al., 2006). Similarly, some comparative stud-
es of primates with stereotypical locomotor behaviors or
oint postures tend to show predictable trabecular orien-
ations, and regional bone mineral density or BV/TV (e.g.,
yan and Ketcham, 2002, 2005; Saparin et al., 2011; Tsegai
t al., 2013; Zeininger et al., 2011). However, insignificant
elationships between predicted loading and trabecular
orphology (e.g., BV/TV, DA, bone mineral density) have

een found among some taxa in some anatomical regions
e.g., Carlson et al., 2008; Chirchir, 2016; Fajardo et al.,
007; Groll et al., 1999; Ryan and Walker, 2010; Shaw and
yan, 2012), suggesting that the relationship between pre-
icted loading and morphology is complex.

A few studies have focused on interpreting locomotor
ehavior in the fossil record based on interpretation of tra-
ecular architecture in a number of specific elements (e.g.
arak et al., 2013; Desilva and Devlin, 2012; Skinner et al.,
015; Su et al., 2013; Zeininger et al., 2016). These stud-

es have identified some trabecular bone properties that
istinguish the fossil taxa, which have been attributed to
ifferences in locomotor repertoire or tool use, albeit in a

imited number of elements and taxa. Therefore, investigat-
ng trabecular architecture provides a promising method
or interpreting function from morphology (Kivell, 2016).

Our study aims to build on this body of research by
nvestigating trabecular bone architecture in the third

etacarpal heads of catarrhines in order to understand
he relationship between habitual hand postures and
rabecular bone morphology. Previous research on homi-
oid metacarpals has found results that warrant further

nvestigation. Zeininger et al. (2011) examined histologi-
al sections of third metacarpal heads in sagittal profile.
hey found that a measure of bone mineral density var-
ed in predictable ways; for example, mineral density was
ignificantly lower in the dorsal and palmar regions of
himpanzee metacarpal heads where joint stresses would
e greatest during knuckle-walking and climbing hand
ostures. Orangutan and human metacarpal heads showed
ignificantly different patterns. Using the same biome-
hanical models, Tsegai et al. (2013) examined trabecular
tructure in hominoid third metacarpal heads. Their results
how that throughout the metacarpal heads BV/TV (bone
olume/total volume), DA (degree of anisotropy), and tra-
ecular thickness varied significantly among some taxa,
ut many comparisons did not show the expected signif-

cant differences (e.g., DA between Pongo and most of the
frican apes, contrary to predictions between suspensory
nd knuckle-walking behaviors). Visual comparisons sug-
est that suspensory and knuckle-walking taxa differ in
he locations of greatest BV/TV and stiffness, but statistical
omparisons were not available.

In this study, we aim to independently test Zeininger

t al.’s (2011) and Tsegai et al.’s (2013) hypotheses that
rabecular structure varies in predictable ways across
egions of the metacarpal head, and that those patterns
iffer between taxa with different locomotor strategies.
l 16 (2017) 533–544 535

Expanding upon Tsegai et al.’s (2013) analysis based on
selecting a single volume of interest in the center of the
third metacarpal head, we selected three regions of the
metacarpal head in the mid-sagittal plane – dorsal, cen-
tral, and palmar regions – to examine whether they vary in
a predictable manner with hand postures during locomo-
tion in extant hominoids and baboons. We hypothesize that
BV/TV and DA will reflect degree and direction of mechan-
ical loading based on hand use. BV/TV has been shown to
respond to the magnitude of loading, with increased mag-
nitude associated with a high BV/TV (e.g., Courteix et al.,
1998; Rubin and Lanyon, 1982). DA is a material prop-
erty that represents the overall directionality of trabecular
struts. Stereotypical loading patterns are associated with a
relatively high DA (e.g., Fajardo and Müller, 2001; Huiskes
et al., 2000; Ryan and Ketcham, 2005). As such, DA and
BV/TV have been demonstrated to be good predictors of
mechanical loading (e.g., Ding et al., 2002).

1.1. Predictions of trabecular bone morphology based on
hand function in three regions of the third metacarpal
head

The frequencies of various positional behaviors and the
precise hand kinematics during locomotion, especially in
the wild, among primate taxa are not well characterized
and need further research. However, based on major dif-
ferences in hand kinematics, we make several predictions
of the regions of the metacarpo-phalangeal (MP) joint that
habitually experience the greatest joint reaction forces
(Tsegai et al., 2013; Zeininger et al., 2011).

Prediction 1. During knuckle-walking, chimpanzees use
their digits in a flexed position to support body weight
while the metacarpals are extended at the metacarpo-
phalangeal joints (Jenkins and Fleagle, 1975; Tuttle, 1967)
and the dorsal surface of the intermediate phalanges
make contact with the substrate (Wunderlich and Jungers,
2009). Joint reaction forces are transmitted to the dor-
sal region of the metacarpal head during knuckle-walking
(Fig. 1a), being highest in the 3rd and 4th metacarpals
which absorb high compressive forces (Wunderlich and
Jungers, 2009). This increased loading dorsally is thought to
explain the mediolaterally expanded dorsal articular sur-
face of the metacarpal head as a way to mediate joint
reaction forces (Whitehead, 1993). Furthermore, chim-
panzee third metacarpals have a dorsal ridge related to the
degree of loading at the MP joint (Inouye, 1990). In addition
to knuckle-walking, during arboreal locomotion, chim-
panzees employ the suspensory transverse hook grip and
the suspensory diagonal hook grip (Marzke and Wullstein,
1996), which involves variable flexion of MP joints (Fig. 1b).
In this position, the palmar and palmar-distal surfaces of
the metacarpal head experience the greatest joint loads.
Thus, we predict that in chimpanzees, BV/TV and DA will
be relatively similar in the dorsal and palmar regions of the
third metacarpal head, both of which are predicted to be
greater than in the central region due to greater loading

during knuckle-walking and climbing.

Prediction 2. Orangutans engage in a considerable
amount of suspensory postures and locomotion, and they
rarely engage in behaviors that involve extended MP joints
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Fig. 1. Illustrations adapted from Richmond and Strait (2000) and Zeininger et al. (2011). a: diagram depicting direction of joint reaction force in an
extended chimpanzee metacarpo-phalangeal joint with greater strain on the dorsal region; b: illustration of a flexed metacarpo-phalangeal joint posture
(power grip) used by chimpanzees and orangutans during climbing as well as by humans during manipulation and carrying; c: direction of force in a
metacarpo-phalangeal joint in orangutans with greater strain on the central regions; d: depiction of joint reaction force in a baboon during a digitigrade
posture with most strain on the dorsal and central region.
Fig. 1. Illustrations adaptées d’après Richmond et Strait (2000) et Zeininger et al. (2011). a : diagramme illustrant la direction de la force de réaction de
l’articulation dans une articulation métacarpo-phalangienne de chimpanzé en extension, avec une plus grande pression au niveau de la région dorsale ; b :

(prise d
tion de l
tion de
le.
illustration d’une articulation métacarpo-phalangienne en position fléchie
ainsi que chez l’homme pendant la manipulation et le transport ; c : direc
avec une plus grande tension dans les régions centrales ; d : représenta
digitigrade, avec la plupart des tensions dans les régions dorsale et centra

(e.g., Cant, 1985; Thorpe and Crompton, 2006; Tuttle, 1967;
Whitehead, 1993). They employ various hook grips and
flexed finger postures during suspension and climbing. As
the digits support body weight the palmar and central
regions of the metacarpal head are thought to experience
high joint forces (Fig. 1c). Therefore, we predict that in
orangutans, the palmar and central regions will have rela-
tively high BV/TV and DA compared to the dorsal region.

Prediction 3. Baboons walk on the ground using a dig-
itigrade hand posture, with body weight supported by
the metacarpal heads and phalanges (Hildebrand, 1988;
Patel, 2010; Whitehead, 1993). During digitigrady, the dis-
tal region of the metacarpal head experiences substrate

reaction forces while the dorsal region of the metacarpal
head experiences MP joint reaction forces (Fig. 1d). How-
ever, at faster speeds, baboons adopt more palmigrade
hand postures (Patel, 2010; Patel and Wunderlich, 2010);
e force) chez le chimpanzé et l’orang-outan durant les phases d’escalade,
a force dans une articulation métacarpo-phalangienne d’un orang-outan,
la force de réaction de l’articulation chez un babouin lors de la posture

as the hands shift from digitigrade to palmigrade, the MP
joint reaction force moves from the dorsal to the central
region, and the substrate reaction force moves from central
to palmar. Joint reaction forces at the MP joint are typically
much higher than the substrate reaction forces (Cooney
and Chao, 1977; Preuschoft, 1973; Richmond, 2007). Con-
sequently, in baboons, we predict that there will be greater
BV/TV and DA in the central and dorsal regions compared
to the palmar regions of the metacarpal head.

Prediction 4. Humans use their hands in a variety of
non-stereotypical ways, with actions ranging from very
fine finger manipulations (e.g., precision grip) such as
knitting to more generalized use such as holding tools

(e.g., power grip; Fig. 1b). Some of these hand postures
involve MP joint flexion while others do not (Marzke, 1997;
Napier, 1993). Therefore, we predict that compared to all
other taxa, humans will show the lowest DA because of
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Table 1
Categories of hand function in the taxa investigated.
Tableau 1
Catégories des fonctions de la main chez les taxons étudiés.

Taxon Sample size
(n)

Hand
function/locomotor
behavior

Pan troglodytes 10 Knuckle-walking,
vertical climbing

Pongo pygmaeus 10 Suspension, climbing
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Papio anubis 9 Digitigrady,
palmigrady

Homo sapiens 10 Manipulation

enerally non-stereotypical hand use, and will have rela-
ively similar and lower BV/TV throughout all regions than
een in other primates as has been reported elsewhere
Chirchir et al., 2015; Tsegai et al., 2013; Zeininger et al.,
011).

. Materials and methods

We investigated a sample of 39 third metacarpal heads
f four higher primate taxa: Homo sapiens (n = 10), Pan
roglodytes (n = 10), Pongo pygmaeus (n = 10), and Papio anu-
is (n = 9) (Table 1). The non-human samples are wild
ollected and the modern humans were drawn from the
erry collection (late 19th century and early 20th cen-
ury working class Americans). All specimens are housed
t the National Museum of Natural History (NMNH),
mithsonian Institution, Washington. Following previous
tudies (Tsegai et al., 2013; Zeininger et al., 2011), third
etacarpals were selected because their central position in

he hand buffers them from mediolaterally-directed forces
nd consistently involves them in bearing weight during
ocomotion (e.g., Patel and Wunderlich, 2010; Wunderlich
nd Jungers, 2009). The sample consists of adult male and
emale individuals. However, sexually variable factors that

ay impact bone growth and development are not con-
idered in this study and consequently data from both
exes are pooled. Specimens were scanned at two facilities.
etacarpals of three chimpanzees and three orangutans
ere scanned at the University of Texas at Austin’s High-

esolution X-ray CT (HRXCT) facility at 25 �m resolution
hile the remainder of the samples were scanned at the
MNH using a Stratec XCT Research SA CT (pQCT) scan-
er, at a 50-�m resolution. Although the two instruments
re not the same, both were scanned at relatively high
esolution and previous research using different scanning
quipment has shown a good relationship between differ-
nt scanning equipment (e.g., Chirchir et al., 2015). Lazenby
t al. (2008) reported bilateral asymmetry in trabecular
V/TV in the hand. Here, we selected bones from the right
and when available (P. troglodytes all right side, H. sapi-
ns; lefts = 1 and rights = 9; P. pygmaeus; lefts = 2, rights = 8;
. anubis; lefts = 1, rights = 8).

The program Quant3D (Ryan and Ketcham, 2002) was
sed to analyze trabecular bone structure. This program

uantifies 3D properties of interest, including BV/TV and
A. The program allows the user to specify the size and

ocation of a spherical volume of interest (VOI) within
hich trabecular properties are quantified.
l 16 (2017) 533–544 537

In order to compare trabecular properties in the
metacarpal head, we partitioned it into three regions: dor-
sal, central, and palmar VOIs (Fig. 2). We used spherical
VOIs because the corners of cubic VOIs may bias the mea-
surement of directionality (Ketcham and Ryan, 2004). VOIs
were placed along the midline of the dorso-palmar axis of
the joint surface. Utmost care was taken to avoid samp-
ling the surrounding cortical bone at the joint surface. We
selected a VOI size that was as large as possible without
intersecting any cortical bone in any of the three regions
in any of the samples. VOI size was determined to be the
largest diameter that could fit within all three regions in
a given bone. VOI size remained constant across regions
within a specimen, so the smallest region determined the
maximum size limit. While there are legitimate questions
concerning how to best scale VOIs in studies comparing
different species (Fajardo and Müller, 2001; Griffin et al.,
2010a; Kivell et al., 2011; Lazenby et al., 2011), these issues
have little impact in this study because the main compar-
isons are made within, rather than between, species.

Although our regional sampling strategy resulted in
some overlap in VOIs, the spherical shape of the VOIs
restricted overlap to very small proportions of the total
volume. Slight overlap is preferable to making the VOIs so
small that they do not adequately represent the structure
of the joint regions. Within each VOI, bone was segmented
using the FWHM (Full width/half maximum) threshold
method (Trussell, 1979).

DA was measured using star volume distribution, which
measures trabecular bone orientation by repeatedly samp-
ling bone within the VOI and recording the lengths in all
directions from the selected points within the bone to the
bone-air interface (Ryan and Ketcham, 2002; Ryan and
Krovitz, 2006). This was measured 2049 times, at 2000 ran-
dom points as programmed in Quant3D. Eigenvalues were
calculated based on the resulting orientation distributions.
DA is calculated as the ratio of the primary eigenvalue over
the tertiary eigenvalue, as a measure of the strength of ori-
entation in the primary direction of the strength in the
weakest perpendicular plane (Ryan and Ketcham, 2002).
We performed Kruskal–Wallis tests with Nemenyi tests
using R v.3.2.4 (2016) to test for significance across VOIs
for each trabecular bone property within a taxon.

3. Results

Means and standard deviations of BV/TV and DA in
each taxon and VOI are reported in Table 2. Within chim-
panzee third metacarpal heads, although the central VOI
exhibited the greatest mean BV/TV (Table 2), none of
the VOIs were significantly different from one another
(Table 3, Fig. 3a). Similarly, DA also did not differ sig-
nificantly across the three VOIs in chimpanzees (Table 3,
Fig. 3b). Orangutan third metacarpal heads exhibited sig-
nificantly greater BV/TV in the palmar VOI than in the dorsal
VOI, and significantly greater BV/TV in the central than the
dorsal VOI (P < 0.05; Table 3, Fig. 4a). DA in the orangutan

third metacarpal heads did not differ significantly among
regions (Table 3, Fig. 4b).

In the baboon metacarpal heads, the observed BV/TV
was not significantly different across the three VOIs (Fig. 5a,
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Fig. 2. Mid-sagittal cross-section of an orangutan third metacarpal head showing VOIs sampled (a) dorsal, (b) central, (c) palmar.

Fig. 2. Coupe transversale dans le plan sagittal médian de la tête d’un troisième métacarpien montrant les VOIs échantillonnés (a) dorsal, (b) central, (c)
palmaire.

Table 2
Summary of means and standard deviations of BV/TV and DA in all species and all regions investigated.
Tableau 2
Résumé des moyennes et écarts-types de BV/TV et DA pour toutes les espèces et toutes les régions étudiées.

VOI Taxon n BV/TV DA

Mean SD Mean SD

Dorsal H. sapiens 10 0.08 0.04 3.09 1.05
P. troglodytes 10 0.24 0.08 3.36 1.01
P. pygmaeus 10 0.14 0.05 3.98 1.03
P. anubis 9 0.23 0.07 5.32 2.15

Central H. sapiens 10 0.13 0.04 2.68 0.58
P. troglodytes 10 0.28 0.08 3.01 0.49
P. pygmaeus 10 0.28 0.06 3.49 0.84
P. anubis 9 0.23 0.06 5.21 2.16

Palmar H. sapiens 10 0.12 0.03 2.72 0.78
P. troglodytes 10 0.24 0.08 3.13 1.07
P. pygmaeus 10 0.29 0.06 3.49 0.34
P. anubis 9 0.22 0.05 4.05 1.62

Fig. 3. Boxplots of (a) BV/TV and (b) DA in chimpanzees in all VOIs. In each boxplot, the central bold line shows the median, the box shows the interquartile
range (25% and 75% values), and the whiskers show the values within 1.5 times the interqaurtile range above and below the box.
Fig. 3. Diagrammes en boîtes à moustaches de (a) BV/TV et (b) DA chez les chimpanzés pour tous les VOIs. Dans chaque graphique, la ligne centrale épaisse
montre la médiane, la boîte délimite les écarts interquartiles (valeurs à 25 % et 75 %) et les moustaches indiquent les valeurs de l’écart interquartile à 1,5
fois au-dessus et au-dessous de la boîte.
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Fig. 4. Boxplots of (a) BV/TV and (b) DA in orangutans in all VOIs. See Fig. 3 for boxplot format details.

Fig. 4. Diagrammes en boîtes à moustaches de (a) BV/TV et (b) DA chez les orangs-outans pour tous les VOIs. Voir la Fig. 3 pour la lecture des graphiques.
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able 3). The pattern was somewhat similar to the chim-
anzee BV/TV (Fig. 5a), with the greatest mean BV/TV in the
entral VOI but not significantly different from the other
OIs. Unlike BV/TV, the DA pattern in the baboon sample
as different from the chimpanzee pattern. Although high
A values are observed in the dorsal region (Fig. 5b), the
ifferences across the VOIs were not statistically significant
Table 3).

Lastly, in humans, the dorsal VOI had significantly lower
V/TV than the central VOI but not the palmar (P < 0.05;
able 3, Fig. 6a). There was no significant difference in
A across the three VOIs (Fig. 6b, Table 3). In compari-
on to other taxa, BV/TV was significantly lower in all VOIs
ompared with other taxa (Table 4), whereas DA was not
ignificantly lower than other taxa except central VOI of
. anubis (P < 0.05).
baboons. See Fig. 3 for boxplot format details.

ouins pour tous les VOIs. Voir la Fig. 3 pour la lecture des graphiques.

4. Discussion

The results show that the distribution of trabecular bone
volume (BV/TV) matches some of the predictions based on
species-specific differences in habitual hand use, whereas
the distribution of degree of anisotropy (DA) does not.
The findings here show that habitual biomechanical load-
ing has an influence on trabecular morphology consistent
with reports by other researchers (e.g., Griffin et al., 2010a;
Pontzer et al., 2006; Rafferty, 1998; Ryan and Ketcham,
2002; Tsegai et al., 2013), albeit not in both trabecular prop-
erties investigated.
The first prediction that chimpanzees have relatively
similar BV/TV and DA in both palmar and dorsal regions
of the third metacarpal head is supported by our find-
ings. Specifically, there is no significant difference in either
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Fig. 6. Boxplots of (a) BV/TV and (b) DA in modern human

Fig. 6. Diagrammes en boites à moustaches de (a) BV/TV et (b) DA chez les hu

Table 3
Kruskal–Wallis test with Nemenyi post-hoc tests across VOIs for each
taxon. Significant differences (P < 0.05) between VOIs are shown in bold
face.
Tableau 3
Tests de Kruskall–Wallis avec des tests post-hoc de Nemenvi entre VOIs
pour chaque taxon. Les différences significatives (p < 0,05) entre les VOIs
sont indiquées en gras.

Taxon Dorsal vs.
central

Palmar
vs. central

Dorsal vs.
palmar

VOI VOI VOI

P. troglodytes
BV/TV 0.53 0.4 0.97
DA 0.74 0.96 0.87

P. pygmaeus
BV/TV 0.001 0.99 0.007
DA 0.56 0.98 0.73

P. anubis
BV/TV 0.96 0.94 1
DA 0.99 0.58 0.54
H. sapiens
BV/TV 0.02 0.71 0.13
DA 0.73 0.99 0.63

BV/TV or DA between the two regions in chimpanzees
(Table 3). However, contrary to predictions, the central
region is not significantly lower in BV/TV than the dor-
sal and palmar regions (Fig. 3a). This might be explained
by the diversity in hand postures and positional behav-
iors among chimpanzees, which result in loading at the
MP joint from a variety of postures. Specifically, knuckle-
walking and flexed-joint hand postures during climbing
could explain the high DA values in the dorsal and palmar
VOIs, respectively. Perhaps the BV/TV in the central region
remains high to keep the entire metacarpal head strong
through the range of regularly used hand postures, includ-
ing partly-flexed MP joints used in a variety of climbing
grips (e.g., Fig. 1b and c). Chimpanzees engage in a variety of

postures and locomotor behaviors in the trees (e.g., Carlson
et al., 2006; Doran, 1993a, b). Predicting joint reaction
forces distribution in the chimpanzee hand is complicated
by factors, such as age changes in locomotion, body mass,
s in all VOIs. See Fig. 3 for boxplot format details.

mains pour tous les VOIs. Voir la Fig. 3 pour la lecture des graphiques.

and type and size of substrate (Doran, 1993a, b, 1997). How-
ever, chimpanzees spend ∼ 84% of the time on the ground;
during knuckle-walking, the MP joints are stereotypically
loaded in extended postures and the second and third
digits experience the greatest stresses (Wunderlich and
Jungers, 2009). If trabecular bone is sensitive to differences
in loading then, despite the highly flexible nature of hand
use during locomotion, habitual behaviors as different as
knuckle-walking and suspension should be detectable. If
not, then it raises serious concerns about using trabecular
structure to make behavioral inferences in the fossil record.

Zeininger et al. (2011) show that patterns of bone
mineral density better match the hypothesis that knuckle-
walking and climbing concentrate mechanically demand-
ing loads on the dorsal and palmar regions. However, in
that study (Zeininger et al., 2011), the lower bone min-
eral density (associated with elevated remodeling levels)
were most pronounced in subchondral bone towards the
margins of the joint. Similarly, Tsegai et al. (2013) report
that the BV/TV values are especially high in the dorsal-
most region and dorsal ridge. The VOIs selected here may
not sample quite the same region (e.g., spherical VOIs can-
not sample much trabecular bone very close to the joint
surface).

Tsegai et al. (2013) also report that, compared to the dor-
sal region, BV/TV values appear to be lower in the palmar
regions of their African ape samples, based on visual inspec-
tion of scaled color maps. Our results contrast slightly, in
that the palmar VOIs in the chimpanzee sample are equiv-
alent to the dorsal VOIs in BV/TV (Table 3, Fig. 3). Similarly,
our results show equivalent DA values in those regions
(i.e. the dorsal and palmar VOIs). The visualization maps
in Tsegai et al. (2013) suggest a pattern of somewhat lower
values in these regions. It would be valuable to follow up
our and Tsegai et al.’s (2013) study with other strategies

to quantify and statistically examine the distributions of
trabecular characteristics. Our understanding of the link
between trabecular morphology and behavior could be
greatly improved with the development of more thorough
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Table 4
P-values from Kruskal–Wallis tests with Nemenyi post-hoc test between H. sapiens and all other taxa (i.e. P. troglodytes, P. pygmaeus, and P. anubis), significant
P-values are shown in bold face.
Tableau 4
Valeurs p des tests de Kruskal–Wallis avec des tests post-hoc de Nemenvi entre H. sapiens et les autres taxons (i.e. P. troglodytes, P. pygmaeus et P. anubis).
Les valeurs de p significatives sont indiquées en gras.

BV/TV DA

VOI P. troglodytes P. pygmaeus P. anubis P. troglodytes P. pygmaeus P. anubis

Dorsal < 0.001 0.03 0.001 0.88 0.055 0.351
Central 0.007 0.06 < 0.001 0.79 0.19 0.004
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Palmar 0.007 0.017 <

uantitative strategies coupled with much more thorough
ocumentation of behavior, such as hand postures used in
atural settings that should be a high priority for future
esearch (Richmond et al., 2016).

The second prediction that orangutans will have greater
V/TV and a high DA in the palmar and central regions
ompared to the dorsal region is partially supported by
he results – the BV/TV values match expectations whereas
he DA results do not. We found that there is significantly
reater BV/TV in the palmar and central VOIs compared
o the dorsal VOI (Fig. 4a, Tables 2 and 3). These results
re consistent with the BV//TV color maps and stiffness
aps reported in a different sample of orangutan third
etacarpals (Tsegai et al., 2013), and with data showing

ower bone mineral density in the palmar-distal regions
Zeininger et al., 2011). These results support the hypoth-
sis that the dorsal portion of the orangutan metacarpal
s not typically subjected to joint forces, as extended MP
oint postures are not usually used during suspension and
limbing. Suspensory taxa instead use highly flexed fingers
hen grasping relatively small supports, and neutral MP

oint postures during hook grips (Cant, 1985; Sarmiento,
988; Fig. 1c). Here, trabecular BV/TV shows a clear pattern
elated to habitual use.

Orangutan third metacarpal DA on the other hand, did
ot follow the predicted pattern. This demonstrates the
omplexity of interpreting DA. Experimental research finds
o differences in DA between running and control mice

n the hindlimb (e.g., Carlson et al., 2008). Additionally,
atarazzo (2015) found that when individual trabecular

one properties are examined in phalanges and metacarpal
eads of primates, they do not fully reflect locomotor
ehavior. Thus, we suggest that the bone in the orangutan
orsal metacarpal head remains anisotropic with struts ori-
nted towards the joint surface in order to resist the forces
hat occur, however infrequently.

Thirdly, the prediction that baboons will have the great-
st BV/TV and DA on the dorsal and central regions is not
ell supported by our results because there were no signifi-

ant differences across VOIs in either BV/TV or DA (Tables 3,
ig. 5a and b). The lack of difference suggests that the
P joint posture is not sufficiently stereotypical to leave
distinct trabecular pattern. For example, in human feet,
he metatarsal heads have a striking pattern of increas-
ng BV/TV and DA from plantar to dorsal that contrasts

ith the patterns in great ape metatarsal heads (Griffin
t al., 2010a). Humans, of course, use their feet in far more
0.74 0.084 0.311

stereotypical ways than do great apes, and humans walk
and run with metatarsophalangeal joints that are more
highly extended than those of bonobos, for example (Griffin
et al., 2010b). Baboons use extended MP joints on the
ground but shift to palmigrade postures with neutral MP
joints at higher speeds (Patel, 2010). This, in combination
with varying amounts of tree-climbing activities, such as
sleeping and feeding (Altmann, 1974), which may explain
the fairly consistent distribution of bone throughout the
third metacarpal head.

Lastly, we predicted that modern humans would have
low and relatively uniform BV/TV and low DA in all regions
due to the non-stereotypical hand use and relatively low
(non-locomotor) levels of force. Our results partially sup-
port this prediction. First, BV/TV in the dorsal VOI was
significantly lower than the central but not palmar VOI
(Table 3, Fig. 6a). Like orangutans, human hand functions
typically involve little hyperextension at the MP joints.
Human MP joints are used in neutral and flexed pos-
itions during carrying and manual manipulation (Goldfarb
and Dovan, 2006; Marzke, 1997; Napier, 1993). In all
regions, BV/TV was very low compared with the other
taxa (Table 4, Fig. 6a), adding further support to research
showing that low bone volume throughout the skeleton
appeared very recently in human evolution (Chirchir et al.,
2015), likely after abandoning a hunter-gatherer lifestyle
(Ryan and Shaw, 2015). The low BV/TV throughout the
third metacarpal head observed in this study are consis-
tent with Tsegai et al.’s (2013) findings as well. Human DA
was not significantly different from most taxa, suggesting
that even with low BV/TV, trabecular bone is structured to
resist loads.

In summary, the distribution of BV/TV within the third
metacarpal head reflects species-specific differences in
habitual joint loading. While some species show fewer dif-
ferences among regions than predicted, all of the observed
differences are consistent with hand function. In con-
trast, the spatial pattern of DA did not match predictions,
and remained at similar levels in regions with high and
low bone volume. This suggests that the spatial pattern
of DA may be more informative in situations involving
highly stereotypical loading, such as the distinct pattern of
dorsally-increasing DA in the metatarsal heads of humans

(Griffin et al., 2010a), who habitually hyperextend the toes
during walking and running and do little else demanding
with those joints. We also note that the principal orienta-
tions of anisotropic structure and variations in anisotropic
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structure (e.g., rods, plates) can be informative (e.g., Ryan
and Ketcham, 2002).

5. Conclusions

This study used a simple approach of examining three
distinct regions within the epiphysis of a mobile joint. We
suggest that it would be useful to develop more sophisti-
cated approaches to statistically compare spatial patterns
of trabecular structure. Also needed are data document-
ing function with finer resolution, such as hand postures
used by primates in natural settings. Spatial analytical
approaches together with finer-scale data on behavior
will improve our abilities to understand the form-function
relationship. This in turn will lead to more robust inter-
pretations of the functional behavior of our long-extinct
ancestors and relatives. Indeed with the development of
improved quantification strategies, trabecular bone mor-
phology holds promise of improving behavioral inferences
in the fossil record.
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