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The human thumb is specialized for manual tasks as it is no longer typically involved in locomotion. However, mem-
bers of the genus Pan — the closest extant relatives of modern humans — also have a highly mobile thumb, which
allows complex manual tasks such as tool-crafting and use. Here, we investigate the thumb kinematics of bonobos
(Pan paniscus) in relation to the morphology of their trapeziometacarpal joint using unembalmed bonobo specimens
and compare that with the human condition. We use computed tomography-based models of skeletal elements of the
thumb during positions of maximum abduction/adduction and flexion/extension to determine the kinematics of the
first metacarpal in bonobos and healthy human volunteers. In addition, the 3D geometry of the trapeziometacarpal
joint is quantified and, together with an assessment of the ligaments surrounding the joint, is related to the obtained
kinematics of the first metacarpal. Our results show a similar trapezial 3D morphology and similar kinematics of the
first metacarpal in bonobos and humans, with a markedly higher extension of the first metacarpal in humans. This
study provides an integrated analysis of thumb anatomy and kinematics in a unique sample of bonobo specimens.

ADDITIONAL KEYWORDS: Pan paniscus — primate anatomy — thumb, thumb ligaments, trapeziometcarpal joint.

INTRODUCTION extant relatives of humans, express a range of com-
plex grip types, such as forceful power grips, in-hand
manipulations and dextrous precision grips, as well as
thumb opposition, similar to humans (Marzke, 1997;
Butterworth & Itakura, 1998; Christel et al., 1998;
Pouydebat et al., 2009; Feix et al., 2015; Bardo et al.,
2016). Moreover, like humans, bonobos (Pan paniscus)
and chimpanzees (Pan troglodytes) are capable of tool
use, a feature that requires relatively complex thumb
utilization (Jordan, 1982; Toth et al., 1993; Takeshita
& Walraven, 1996; Ingmanson, 1998; Neufuss et al.,
2017). Yet, unlike humans, bonobos and chimpanzees
also use their hands during both arboreal and terres-
trial locomotion. During terrestrial knuckle-walking,
however, the thumb is not typically engaged with the
substrate because of its relatively short length (Tuttle,
1967; Wunderlich & Jungers, 2009). How bonobos and
chimpanzees use their thumb during arboreal loco-
*Corresponding author. E-mail: timo.vanleeuwen@kuleuven.be motion is not well documented. Recently, behavioural

Due to its frequent interaction with the environment,
the structure of the hand reflects adaptations related
to its use and the level of dexterity of the animal. The
thumb is a key component of the hand, with a less
mobile thumb having more stability to withstand
forces associated with locomotion, whereas a more
mobile thumb allows better manipulation and grasp-
ing skills (Marzke et al., 2010). The human thumb is
a prime example of a highly mobile structure capa-
ble of excellent manual dexterity, but several non-
human primate species possess a similarly mobile
thumb and display advanced manipulative capabili-
ties (Christel, 1993; Colell et al., 1995; Christel et al.,
1998; Spinozzi et al., 2004; Breuer et al., 2005; Gumert
et al., 2011). Members of the genus Pan, the closest
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observations by Neufuss et al. (2017) showed that the
thumb is important during vertical climbing in wild
chimpanzees (and mountain gorillas) but lab-based
pressure measurements during vertical climbing in
captive bonobos indicated that the pressure beneath
the thumb is minimal (Samuel et al., 2018). Such use
patterns indicate that the bonobo (and chimpanzee)
thumb may be used more for manipulation than previ-
ously thought, and might therefore show adaptive sig-
nals towards thumb mobility converging to that of the
human thumb (Marzke et al., 2015).

The mobility of the thumb and the degree to which
it can serve as a prehensile organ is determined by a
set of morphological parameters: the position of the tra-
pezium in the carpal complex (which determines the
orientation of the distal trapezial joint facet and thus
the orientation of the thumb relative to the fingers),
the length of the thumb (relative to finger length), the
thumb musculature, the trapeziometacarpal joint liga-
ments, the 3D geometry of the metacarpophalangeal
(MCP), interphalangeal (IP) and, in particular, the tra-
peziometacarpal (TMC) joint (Napier, 1952, 1955, 1960;
Rose, 1992). The morphology of the TMC or basal thumb
joint has been associated with the range of motion of
the thumb and, as a result, with grip capability in dif-
ferent primate species (Rose, 1992). In hominids, the
TMC joint is saddle-shaped (Marzke, 1971; Lewis,
1977; Tocheri et al., 2003, 2005; Marzke et al., 2010),
the physiological equivalent of a universal joint with
two degrees of freedom (Cooney & Chao, 1977). The
majority of movement is guided along the two principal
directions of movement of the thumb, namely abduc-
tion—adduction and flexion—extension, and is passively
constrained particularly by the ligaments crossing the
TMC joint, stabilizing the first metacarpal (MC1).

As the modern human’s closest extant relatives, mem-
bers of the genus Pan are essential for interpreting the
fossil record and have thus been incorporated in many
studies of fossil hominin and hominoid morphology
(Rafferty, 1990; Tocheri et al., 2008; Marzke et al., 2010;
Almécija et al., 2012; Feix et al., 2015; Skinner et al.,
2015; Marchi et al., 2017). However, relatively little is
known about the morphology and functional capacity
of the thumb in either chimpanzees and, in particular,
bonobos. In a recent study (van Leeuwen et al., 2018), we
used a series of bonobo cadavers to document and quan-
tify extrinsic and intrinsic hand musculature. The ana-
tomical data indicated a similar muscle configuration
and force-generating capacity at the level of the TMC
joint in bonobos and humans, but TMC ligament config-
uration and 3D joint geometry were not included in the
study. The human TMC joint ligament configuration has
been studied in detail and comprises a dorsal ligament
complex [dorsal radial ligament (DRL), dorsal central
ligament (DCL) and posterior oblique ligament (POL)]
that reinforces the TMC against dorsal subluxing forces

that are associated with power grips and pinches, volar
ligaments [anterior oblique ligament (AOL) and ulnar
collateral ligament (UCL)] that stabilize the thumb
during extension and prevent palmar subluxation, and
ulnar ligaments [intermetacarpal ligament (IML) and
deep intermetacarpal ligament (DIML)] that stabi-
lize the MC1 (Bettinger et al., 1999; Ladd et al., 2012;
D’Agostino et al., 2014; Komatsu & Lubahn, 2018). In
comparison, relatively little is known about non-human
primate thumb ligament structures [but see Lewis
(1977) and Shrewsbury (2003)] and configurations in
different primates need to be further studied.

Here, we investigate both the functional capabili-
ties and the morphology of the bonobo TMC joint in
comparison with that of humans. The study primarily
investigates the kinematics of the bonobo first metacar-
pal during the principal movements of the thumb, the
geometry of the trapezial articular surface that facili-
tates movement of the thumb, and the surrounding lig-
aments that passively restrain the TMC joint. These are
subsequently compared to the kinematics and morphol-
ogy of the human thumb and are related to the manual
capabilities of the two species. We hypothesize that the
bonobo thumb has a large range of motion in both planes
(flexion—extension, abduction—-adduction), approaching
the level of mobility of the human thumb, to allow for
the dextrous manual abilities described in the litera-
ture (Marzke, 1997; Christel et al., 1998; Butterworth &
Itakura, 1998; Pouydebat et al., 2009; Feix et al., 2015;
Bardo et al., 2016). We expect to see this reflected in the
geometry of the joint (a saddle-shaped joint comparable
to that of humans), as well as in the ligaments, which
should be sufficiently developed to provide passive ten-
sion when required but which do not impede heavily on
the mobility of the thumb.

MATERIAL AND METHODS
SPECIMEN ACQUISITION

Cadaver specimens of five adult bonobos were obtained
in collaboration with various European zoos (Table 1).
One cadaveric human specimen, obtained via the Human
Body Donation Program of the University of Leuven,
Belgium, was included for comparison of the anatomical
features between bonobo and human. The specimens
included the entire forearm and hand and were stored
at —18 °C. The bonobo and human specimens have been
included in a previous study focusing on extrinsic and
intrinsic hand musculature (van Leeuwen et al., 2018).
All individuals died of natural causes.

CT SCANNING AND IMAGE SEGMENTATION

The specimens were scanned by computed tomography
(CT) using a 64-slice Discovery HD 750 CT scanner [GE
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Table 1. Cadaveric specimen details

Code  Previous Subject Sex  Age (years) Sample  Origin Analysis
code* identifier

Pp1 Pp2 Zorbat M Adult 35 Wilhelma Zoo, Stuttgart, Anatomy/kinematics
8365526 Germany

Pp2 Pp5 Jasiri F Subadult 8 Royal Zoological Society Anatomy/kinematics
15295295 Antwerp, Belgium

Pp3 Pp7 Ludwig M Adult 32 Zoo Frankfurt, Germany Anatomy/kinematics
MIG12-

29882197

Pp4 Pp8 Kirembo M Adult 24 La Vallée des Singes, Le Anatomy/kinematics
SB:177 Gureau, France

Pp5 Pp9 Hermient F Adult 39 Wilhelma Zoo, Stuttgart, Anatomy/kinematics
27641621 Germany

Hs1 Hs1 692 M Adult 60 University of Leuven, Anatomy

Kortrijk, Belgium

Pp: Pan paniscus, Hs: Homo sapiens, F: female, M: male, L: left arm + hand, R: right arm + hand.

*Specimen code in van Leeuwen et al. (2018).
FWild born.

Healthcare, Little Chalfont, UK; display field of view
(DFOV): 250 mm; slice thickness: 0.625 mm; voxel size:
0.15 mm?; 100 kV; 180 mA; image size: 512 x 512 pix-
els). Each specimen was scanned in a set of static func-
tional positions including thumb abduction, adduction,
flexion and extension, using a custom-designed radio-
lucent rig according to a protocol adapted from Crisco
et al. (2015) and D’Agostino et al. (2017a).

The CT scans were segmented manually using
Mimics 19.0 (Mimics for Research 19.0, Materialise,
Leuven, Belgium) and the bone elements involved in
thumb motion (i.e. the radius, scaphoid, trapezium and
MC1) were reconstructed into 3D surface models for
each position.

HUMAN VOLUNTEERS

CT scan data from five healthy human volunteers
from a previous study on human thumb kinematics
(Kerkhofet al.,2018) were used in our analysis for com-
parison. Subject details are provided in Table 2. Static
CT scans of the functional positions mentioned above
were collected using the same radiolucent rig and with
a similar protocol as used to collect the bonobo data.
CT-scan segmentation and reconstruction followed the
same protocol as used for the bonobo scans.

KINEMATIC ANALYSIS AND 3D JOINT GEOMETRY

We used custom Matlab (Mathworks, Natick, MA, USA)
scripts to register the bonobo and human 3D bone mod-
els from each static functional position onto their coun-
terpart (i.e. flexion—extension, abduction—adduction) to
determine the kinematics of the bone elements involved

Table 2. Human volunteer details

Code Subject Sex Age Sample Analysis

identifier (years)
Hs2  Patient 10 F 30 R Kinematics
Hs3 Patient 11 F 25 L Kinematics
Hs4 Patient 12 F 37 R Kinematics
Hs5 Patient 18 F 55 R Kinematics
Hs6 Patient 19 M 26 R Kinematics

F: female, M: male, R: right arm + hand, L: left arm + hand.

during thumb flexion and abduction. An iterative clos-
est point (ICP) algorithm was applied to calculate the
transformation matrix (i.e. rotation and translation)
between the bone models of each investigated thumb
motion by minimizing the squared distances between
model vertices (Bergstrom et al., 2011; Bergstrom &
Edlund, 2017; D’Agostino et al., 2017a). Movements of
the MC1 during thumb motion are expressed in a local
coordinate system, relative to the trapezium, while
the movements of the scaphoid and trapezium are
expressed in a radius-based coordinate system.

The local coordinate system is represented by the
principal axes of the TMC joint (Fig. 1). As the tra-
pezium articulates with the MC1 through a saddle-
shaped joint surface, the two principal directions of the
saddle represent the two principal movements of the
thumb, adduction—abduction and flexion—extension.
A fifth-degree polynomial was fitted to the joint sur-
face of the trapezium to determine the saddle point (i.e.
where the slope in both principal directions is zero, see
below) and the principal directions of curvature, which
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4 T. VAN LEEUWEN ET AL.

Figure 1. The trapezium coordinate system depicted on a bonobo left hand trapezium, where R, U, D and V are the trape-
zium’s radial, ulnar, dorsal and volar sides, respectively. The local coordinate system is defined by DV, the dorsal-volar, N,
the proximal-distal, and RU, the radial-ulnar axis. Rotation along DV results in thumb abduction or adduction, along RU in
flexion or extension, and along N in rotation of the MC1. Joint surface curvature is quantified as the radius that describes
the circles DV and RU that describe the curvature in each of the trapezium’s principal directions of movement. N is defined
by the saddle point’s normal, its relative deviation to the radial coordinate system, here defined by x (radial-ulnar), y (proxi-
mal—distal) and z (dorsal-volar), and describes the orientation of the trapezium’s distal facet. This deviation is a product of
the radial deviation, defined by the azimuth (o), and the volar deviation, defined by the elevation (f3).

represent the two orthogonal axes of the joint surface
that define the coordinate system (Halilaj et al., 2013).
The radii of curvature of a 25-point grid in a 2.25-mm
radius around the saddle point were averaged in each
principal direction of the coordinate system, corre-
sponding to the functional axes of the trapezium, to
represent joint surface curvature of each direction.
Movements of the trapezium and scaphoid are
expressed relative to a radius-based coordinate sys-
tem, which is defined using manual point registration
at the radiocarpal joint using the radial styloid pro-
cess and ulnar notch as landmarks (Orr et al., 2010;
D’Agostino et al., 2017a). The coordinate system is in
line with the International Society of Biomechanics
convention (Wu & Cavanagh, 1995; Wu et al., 2005),
with dorso-ventral being the x-axis, proximo-distal the
y-axis and radio-ulnar the z-axis. Each bone element
is fitted onto its counterpart within the same princi-
pal motion of the thumb using the ICP algorithm as
described above. By using the radius as an anchor
point, the rotation and translation of each bone ele-
ment relative to the radius are determined for thumb
flexion and abduction. Subsequently, by subtracting
the movements of the previous element in the chain

(radius—scaphoid—-trapezium-MC1), movements of
each element with respect to the previous element are
calculated.

In addition, the trapezium-based coordinate system
was used relative to the radius-based coordinate system
to determine the orientation of the trapezium within the
hand. The saddle point of the trapezium is determined
within the radius-based coordinate system, standard-
ized to the radial styloid, to represent the location of the
trapezium. The trapezium-based coordinate system’s
normal, perpendicular to the distal trapezial articular
surface, and the proximodistal axis of the radius were
aligned. The trapezium’s offset from the proximodistal
axis was determined and described as angles in both
the mediolateral plane, azimuth, and the dorsoventral
plane, elevation (Fig. 1). Given the small sample size,
we evaluated potential differences between bonobos
and humans visually using scatter-dot plots.

DISSECTION OF THE TMC JOINT LIGAMENTS

After removal of the muscle tissue (van Leeuwen
et al., 2018), the TMC ligament structure was dis-
sected according to the technique of Berger (2001),
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MOBILITY AND RESTRICTION OF THE BONOBO THUMB 5

and ligament origin and insertion were identified and
photographed in situ. Subsequently, the individual
ligaments were extracted and documented using a
remote-controlled digital camera set-up.

RESULTS

KINEMATICS OF THE FIRST METACARPAL DURING
THUMB ABDUCTION AND FLEXION

Kinematic analysis of the MC1 range of motion with
respect to the trapezium during thumb abduction and
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flexion indicates that bonobos are capable of simi-
lar ranges of MC1 motion as humans during thumb
abduction, while the human range of MC1 motion dur-
ing thumb flexion far exceeds that of bonobos, with the
exception of one individual (Fig. 2). The mean range of
motion of the MC1 in bonobos about the dorsoventral
(x) axis during thumb abduction is 31.4 + 6.5°, similar
to the observed human range of motion of 33.0 + 4.5°.
In contrast, during thumb flexion, the range of motion
of the MC1 about the mediolateral (z) axis in bono-
bos is 9.5 + 2.9° (after exclusion of outlier Pp2 with a
range of MC1 motion of 53.0°) while that of humans is

Human (n=5)
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Figure 2. Thumb range of motion represented by rotational angles about the principal axes of the trapezium (x = dorsal—
volar, y = proximal—distal, and z = radial-ulnar), during thumb abduction (A, B) and thumb flexion—extension (C, D), in
bonobos (N = 5) (A, C) and humans (N = 5) (B, D). Positive rotations about x reflect MC1 abduction, positive rotations about
y reflect MC1 exo-rotation, and positive rotations about z reflect MC1 flexion.
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38.7 + 3.9°. Visual evaluation of the maximum thumb
positions indicates that the substantial difference in
flexion—extension range of motion between bonobos
and humans is due by the higher extension capability
of the human MC1 (Fig. 3). Furthermore, the analysis
shows that in addition to MC1 rotation about the prin-
cipal axis during either thumb abduction or flexion,
rotation along the other two axes occurs as well. That
is, during thumb flexion, MC1 flexion is combined with
abduction and external rotation of MC1, while during
thumb abduction, rotation about the other two axes is
more variable, such that either MC1 flexion or exten-
sion may occur with either internal or external rota-
tion of the MC1 (Fig. 2).

CURVATURE OF THE DISTAL ARTICULAR FACET OF THE
TRAPEZIUM

The curvature of the distal articular facet of the tra-
pezium (Fig. 4) is similar between humans and bono-
bos in the dorsoventral plane, with a convex radius of
curvature of 4.1 + 1.2 mm in bonobos and 4.3 + 0.8 mm
in humans. However, visual inspection of the curvature
along the entire facet shows that the radius of curva-
ture at the level of the saddle point does not describe
the curvature of the entire distal facet in the direction
of thumb flexion/extension. Instead, the dorsoventral
profile of the trapezium’s joint surface appears to level
off at the most dorsal and most volar aspects of the
facet in both bonobos and humans, causing its profile
to resemble more of a bell curve than a circle. In con-
trast, the joint surface curvature of the entire facet in
the mediolateral plane is shown to be well represented
by the radius of curvature at the saddle point, in
both bonobos and humans. In this direction of thumb
abduction/adduction, we do see a difference in curva-
ture between bonobos and humans, where the former

Bonobo

has a concave radius of curvature of 7.1 £ 1.5 mm and
the latter 11.1 + 1.0 mm.

ORIENTATION AND POSITION OF THE TRAPEZIUM
RELATIVE TO THE RADIAL STYLOID

No clear distinction can made in orientation and/
or position of the trapezium in the carpal complex
between bonobos and humans (Fig. 5). The saddle
point of the bonobo trapezium is located 11.2 + 5.7 mm
lateral, 19.5 + 4.1 mm distal and 6.7 + 2.2 mm volar
relative to the radial styloid process. Similarly, the
human’s trapezial saddle point is located 8.7 + 4.3 mm
lateral, 17.7 = 1.4 mm distal and 6.7 + 2.4 mm volar
to the styloid. Likewise, the orientation of both spe-
cies’ trapezial articular surfaces is similar, with the
normal to the trapezial saddle point facing volarly
and radially. Radial deviation from the proximodistal
axis of the forearm (azimuth) is 33.9 + 9.2° in bonobos
and 39.4 + 1.3° in humans, while deviation towards
the volar side of the hand (elevation) is 26.0 + 22.3° in
bonobos and 20.5 + 13.2° in humans.

FUNCTIONAL ANATOMY OF THE TMC JOINT
LIGAMENTS

From our observations on the TMC ligament config-
urations (Fig. 6), we conclude that our single human
specimen does conform to the standard descriptions of
the TMC ligaments (Bettinger et al., 1999; D’Agostino
et al.,2014). We observe a prominent DRL, originating
from the trapezium’s dorso-radial tubercle and insert-
ing on the dorsal edge of the MC1 base. The POL origi-
nates just medially of the DRL, from the dorso-ulnar
aspect of the trapezium and inserts onto the dorso-
ulnar side of MC1 and towards the palmar—ulnar tuber-
cle. As reported in the literature, the AOL originates

Human

Figure 3. Example of maximal MC1 extension in one bonobo specimen (Pp5) and a human volunteer (Hs4). Note the mark-

edly larger MC1 extension in the human subject.

© 2018 The Linnean Society of London, Biological Journal of the Linnean Society, 2018, XX, 1-13

8102 J8QWIBAON ZZ U0 Jasn saueiqi] uaana NM Aq 5016 1.5/29 L Ajg/ueeuulioig/s60 | 0 | /10p/10B1Sqe-a[o1e-80UBAPE/UBSUUII0IG/WO9 dNoolwapeoe//:sdily Woll papeojumod



MOBILITY AND RESTRICTION OF THE BONOBO THUMB 7

Dorsal-Volar Radial-Ulnar _

<

-
e

A

Y
o

{,
.

Radius of curvature (mm)

Bonobo Human

15
B
|
|
. | |
10 | |
®
@
—_—
®
5 ¢

Bonobo Human
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tions of movement, flexion (A) and abduction (B), in both bonobos and humans. A larger radius describes a larger circle, and
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from the volar tubercle of the trapezium and inserts
onto the volar beak of MC1. The AOL in our specimen
is translucent, frail and under-developed compared to
the dorsal ligaments, which is consistent with previous
reports (Bettinger et al., 1999; D’Agostino et al., 2014).
The IML, which that stabilizes the MC1, runs from the
base of MC2 to the base of MC1, corresponding to the
descriptions in the literature (Bettinger et al., 1999;
D’Agostino et al., 2014).

In bonobos, the DRL is thin compared to the human
DRL, but with a similar origin and insertion. The DRL
is characterized by the clearly distinguishable direction
of its collagen fibre; in bonobos, however, these fibres
are more widely spaced than in humans, adding to its
thin appearance. The POL configuration in bonobos is
similar to that of humans but relatively well developed
when compared to the adjacent DRL. In contrast to
the human configuration, the AOL is more prominent
in bonobos, compared to the other TMC ligaments and
compared to the human AOL. Its origin and insertion
are the same as in humans, but it is a thick, non-trans-
lucent structure. The IML in bonobos is similar to that
of humans in its origin, insertion and dimensions.

DISCUSSION

Our results show that the anatomy and kinematics
of the bonobo thumb display many similarities to the

human thumb, as expected given the close phylogen-
etic relationship between the two species. However, we
observe differences in mechanical capabilities, articu-
lar surface geometry and ligament configuration,
which might be related to dissimilar daily use of the
thumb and overall dexterity.

The kinematic analysis shows that bonobos display
a smaller range of MC1 motion during thumb flexion
than during thumb abduction. Moreover, the range of
motion of the MC1 during thumb flexion is markedly
lower than observed in humans, displaying a limita-
tion of close to 30°, which may lead to more restricted
thumb mobility. Evaluation of the positions of max-
imum flexion and extension in both species indicates
that the larger range of motion of the human MC1 in
the dorsoventral plane can be attributed to humans’
capacity to further extend the MC1 compared to bono-
bos (Fig. 3). The orientation of the trapezium does not
explain this higher extension potential of the human
MCI1 given that the position and orientation of the
trapezium in the carpal complex is similar between
bonobos and humans. Also, surface curvature analysis
shows no specific differences between bonobos and
humans that could explain a larger range of motion
of the MC1 during thumb flexion (i.e. the dorsoven-
tral radius of curvature is similar in the bonobo and
human trapezium). However, dissections of the liga-
ments surrounding the TMC joint do show relatively
well-developed volar ligaments in bonobos. The human
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is along the arm. Its deviation can be defined using two angles, one in the radialulnar plane, or azimuth (A), and the other
in the dorsal-volar plane, elevation (B). The position of the trapezium saddle point is defined relative to the radial styloid,
described in a 3D, radius-based, coordinate system with the styloid defined as origin. The trapezium saddle point is subse-
quently found a distance more radial (C), more distal (D) and more volar (E) to this point.

configuration mostly displays a prominent DRL
that plays a significant role in TMC joint stability
(Bettinger et al., 1999; D’Agostino et al., 2014) espe-
cially relative to the less prominent and weaker AOL.
During thumb extension in bonobos, the relatively
prominent volar AOL may restrict the range of motion
compared to in humans where the relatively weak
AOL cannot provide such restraint. Conversely, dur-
ing flexion, the relatively weak dorso-radial ligament
found in bonobos may not result in the same increase
in range of motion due to additional restriction from
the interaction of the first metacarpal’s volar beak
with the trapezium joint surface. Quantification of the
3D geometry of the distal trapezial facet shows that
the TMC joint in both bonobos and humans is not a
true saddle joint, as the dorsoventral aspect is not fully
convex. Instead, the surface in this direction resembles
more of a bell curve; it levels off near the periphery
on both sides of the facet. Here, the distal trapezial
surface captures the volar or dorsal protuberances of

the first metacarpal, restricting the range of motion
during flexion and extension. This restricted range of
motion is seen foremost at the volar base of the facet
due to the explicitly protruding volar beak of the MC1
in bonobos and humans. The triangular-shaped human
volar beak is particularly interesting due to its impli-
cations for combined movements of the thumb. The
apex of the volar beak limits MC1 flexion because it
interacts with the volar aspect of the trapezium. At the
same time, the triangular shape of the volar beak will
facilitate mediolateral motions (abduction and adduc-
tion) during thumb flexion, allowing thumb opposition.
In contrast, the bonobo’s rounded volar beak would
impede such combined motion, as noted previously in
the literature (Marzke, 1992; Tocheri et al., 2003), a
phenomenon that also occurs during MC1 extension in
Pan and Gorilla (Rafferty, 1990).

In the mediolateral plane, the human distal trape-
zial articular surface has a larger radius of curvature
than in bonobos, but nevertheless, the range of motion
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Figure 6. Pictures and illustrations of TMC joint ligament configurations in bonobos (A, C) compared to that of humans (B,
D). Dorsally (A, B) we see the DRL and POL, and on the volar side (C, D) we see the AOL.

of the MC1 during thumb abduction is similar in both
species. A larger radius of curvature does, however,
provide a more suitable facet for combined movements
(e.g. thumb opposition by the combined efforts of MC1
flexion, adduction and internal rotation), divergent
from the principal axes of the trapezium, which are
required to facilitate thumb opposition. The rela-
tively ‘flat’ articular surface of the human trapezium
has been associated with facilitating thumb oppo-
sition before (Marzke, 1992). However, a flat facet
is more vulnerable to subluxation and non-human
primates may, in order to stabilize the TMC against
relatively high pressures involved in locomotion,
require stronger ligaments, or, as described in many

non-human primates, a deeper trapezial facet (Marzke
et al., 2010). In our bonobo specimens, we could only
discern four TMC joint ligaments (i.e. AOL, DRL, POL,
IML), similar to descriptions for chimpanzees (Lewis,
1977). In humans, additional ligaments crossing the
TMC joint have been described (e.g. UCL, DIML:
Imaeda et al., 1993; Bettinger et al., 1999; Cardoso
et al.,2009), which might suggest that the human TMC
joint requires more extrinsic stabilization (e.g. due to
flatter articular surfaces and/or higher joint loading).
In humans, the proximal articular facet of the MC1
has a smaller radius of curvature than the distal artic-
ular facet of the trapezium, which together mean that
the mediolateral plane of the TMC joint is incongruent

© 2018 The Linnean Society of London, Biological Journal of the Linnean Society, 2018, XX, 1-13

8102 J8QWIBAON ZZ U0 Jasn saueiqi] uaana NM Aq 5016 1.5/29 L Ajg/ueeuulioig/s60 | 0 | /10p/10B1Sqe-a[o1e-80UBAPE/UBSUUII0IG/WO9 dNoolwapeoe//:sdily Woll papeojumod



10 T VAN LEEUWEN ET AL.

in a neutral position (Napier, 1955; D’Agostino et al.,
2017b). During either abduction or adduction, however,
the proximal facet on the MC1 is rotated and aligned
with the distal facet on the trapezium to ensure rela-
tive congruency at the end of the movement (Napier,
1955; Rafferty, 1990). In bonobos, the more curved
distal trapezial articular surface could achieve such
a congruency earlier, which would limit the range of
abduction—adduction of the MC1, but this was not
observed in our study. Perhaps the more curved distal
trapezial facet is met with a sufficiently curved MC1
articular surface that allows for the similar range of
MC1 abduction—adduction as in humans. The MC1
range of motion is, however, determined not only by the
radius of curvature of the articular facets, but also by
the 3D geometry and surrounding soft tissue (i.e. liga-
ments, tendons and muscles). In addition to the TMC
joint ligaments discussed above, the joint is also rein-
forced radially by the tendon of the abductor pollicis
longus muscle, which is positioned adjacent to the DRL.
This tendon (or tendons, as multiple parallel tendons
occur in humans) inserts on the base of the MC1, but
the muscle typically has a second tendon that inserts
on the trapezium both in bonobos and in humans (van
Oudenaarde, 1991; van Leeuwen et al., 2018). The sec-
ond APL insertion on the trapezium is variable, and
additional tendon slips spanning (and reinforcing) the
TMC joint can occur (van Oudenaarde, 1991).
Comparison of our results with other studies is dif-
ficult, given that this is the first study that quanti-
fies the kinematics of the MC1 using intact cadaveric
bonobo specimens. For example, Tocheri et al. (2003)
investigated the orientation of trapezial articular
surfaces in extant primates and fossil hominins by
studying the bony morphology of the trapezium in
isolation, while our study uses in situ cadaveric speci-
mens. Furthermore, Tocheri et al. (2003) did not quan-
tify the curvature of the distal metacarpal facet of the
trapezium. Rafferty (1990) investigated the functional
morphology of the TMC joint in a large skeletal sam-
ple of extant primates, including Pan and humans,
by tracing the articular facets of both the trapezium
and MC1. Her results did not include any quantifi-
cation of curvature but did show joint incongruity in
both Pan and humans, and increased joint congruency
during MC1 extension in Pan only. The single study
we know of that quantified the MC1 range of motion
in bonobos is the study by Rose (1992) who used dry
skeletal museum specimens that were put in positions
of maximum flexion—extension and abduction—adduc-
tion. The range of MC1 motion obtained during thumb
abduction corresponds well for bonobos [31.4 + 6.5°
vs. Rose’s (1992) 34.9 + 4.5°], but less so for humans
(33.0 £ 4.5° vs. 46.3 = 4.9°). While the range of MC1
motion during thumb flexion corresponds well for

humans (38.7 + 3.9° vs. Rose’s (1992) 37.6 + 5.3°)
and the bonobo range of MC1 motion deviates mark-
edly from Rose’s (1992) observations (9.5 + 2.9° vs.
32.8 = 5.3°). The lack of correspondence between these
studies is probably the result of methodological dif-
ferences. Rose (1992) determined range of motion by
aligning the articular surfaces of the trapezium and
MC1 from one position to the other using dry skel-
etal material. Our kinematic analysis, however, was
performed using intact cadaver specimens (including
articular cartilage, ligaments, tendons and muscles)
without being based on subjective limitations the
way visual alignment does. As mentioned before, the
well-developed AOL may be responsible for notable
restriction of bonobo thumb extension, possibly caus-
ing overestimation of the range of MC1 motion dur-
ing thumb flexion and extension in the study of Rose
(1992). As Rose (1992) acknowledged, soft tissues will
influence the biomechanics of the TMC joint, although
it is also clear that such influences may vary. Our
study shows kinematic differences between bonobos
and humans that cannot be related to the 3D geometry
of the skeletal elements. This has important implica-
tions for studies of fossil remains, as these differences
are probably related to differences in soft tissue which
are typically lacking in the fossil record. When study-
ing extant apes, where both functional capabilities and
morphology can be studied, it is important to investi-
gate and understand the effects of all types of tissue
in biomechanical analyses of joint systems as this can
contribute to a more accurate interpretation of fossil
remains.

This study provides a quantification of MC1 kine-
matics of bonobos in comparison to humans, and is
important to help our understanding of the functional
abilities of the bonobo thumb and hand. Some limita-
tions should, however, be taken into account, such as
the small sample size and the use of cadaver speci-
mens for the bonobo analysis. Bonobos are an endan-
gered species (Fruth et al., 2016) and specimens are
difficult to obtain because the captive population is
small. The small sample size does not allow us to take
into account intra- and interspecific variations or to
investigate sex or age differences. As such, we cannot
comment on the relatively large variability displayed
by the one subadult specimen. Furthermore, the use
of cadaver specimens might also influence the kine-
matics obtained for the bonobos and might hamper
the comparison with the human data set, which was
obtained from healthy volunteers (active vs. passive
positioning, muscle activity, etc.). This issue is, how-
ever, difficult to circumvent given that acquisition of
CT scans of living bonobos is not possible.

Another limiting factor of the study is that curva-
tures of the distal trapezial facet were determined
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using 3D bone models reconstructed from CT scans,
which excludes information on articular cartilage.
Although little is known about the distribution of
articular cartilage in the bonobo TMC joint, articu-
lar cartilage has been shown to be distributed non-
uniformly in the human TMC joint (Dourthe et al.,
2018). The actual joint curvature might therefore devi-
ate slightly from the curvatures we measured using
the CT-based bone models.

Finally, we used a standardized rig to position the
bonobo and human thumb in maximum flexion—exten-
sion and maximum abduction—adduction. Although this
approach ensures sufficient standardization between
specimens and between humans and bonobos, we can-
not ascertain that we have effectively determined the
maximum range of motion in each plane. For example,
the orientation of the trapezium was quantified in the
position of maximum thumb extension. The amount of
extension varies between specimens, resulting in wide
variation in calculated elevation angle (SD of +22.3°
and+13.2° in bonobos and humans, respectively). The
other parameter, the azimuth, shows much lower vari-
ation as this was defined in the abduction—adduction
plane, which was more constrained.

In our current analysis, we focus on the TMC joint and
movements and mechanics of the MC1, but used proto-
col we used yields information on the entire kinematic
chain of the thumb (i.e. movements of the scaphoid, tra-
pezium and MC1 relative to the radius) and could be fur-
ther expanded to incorporate other areas of the wrist and
hand in future analysis. This study is an example of the
potential of using a combination of anatomical data, for
both hard and soft tissues, and biomechanical analyses.

CONCLUSIONS

The present study uses anatomical and kinematic data
to provide new information on thumb mobility, specif-
ically the trapeziometacarpal complex, of the bonobo, a
hominid with a fully opposable thumb and high dexter-
ity. We show that the anatomy and kinematics of the
bonobo thumb are similar to that of humans, although
we do observe differences in mechanical capabilities,
articular surface geometry and ligament configur-
ation. Most importantly, we find that humans are cap-
able of extending their first metacarpal considerably
more than bonobos, which might be related to their
higher level of dexterity. Furthermore, we find kine-
matic differences between bonobos and humans that
cannot solely be related to the 3D geometry of the skel-
etal elements. It appears that trapeziometacarpal joint
biomechanics are influenced by both the articular sur-
face geometry and its associated soft tissue, and both
should be studied in greater detail when investigating

the functional ability of the TMC joint system or any
other anatomical structure. It is important to investi-
gate and understand the effects of all types of tissue
in biomechanical analyses of joint systems as this can
contribute to a more accurate interpretation of fossil
remains.
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