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Abstract

Primates live in very diverse environments and, as a consequence, show an equally
diverse locomotor behaviour. During locomotion, the primate hand interacts with the
superstrate and/or substrate and will therefore probably show adaptive signals linked
with this locomotor behaviour. Whereas the morphology of the forearm and hand
bones have been studied extensively, the functional adaptations in the hand muscu-
lature have been documented only scarcely. To evaluate whether there are potential
adaptations in forelimb musculature to locomotor behaviour, we investigated the
forearm and hand musculature of the highly arboreal gibbons (including Hylobates lar,
Hylobates pileatus, Nomascus leucogenys, Nomascus concolor, Symphalangus syndacty-
lus) and compared this with the musculature of the semi-terrestrial rhesus macaques
(Macaca mulatta) by performing complete and detailed dissections on a sample of
15 unembalmed specimens. We found that the overall configuration of the upper
arm and hand musculature is highly comparable between arboreal gibbons and semi-
terrestrial macaques, and follows the general primate condition. Most of the identi-
fied differences in muscle configuration are located in the forearm. In macaques, a
prominent m. epitrochleoanconeus is present, which potentially helps to extend the
forearm and/or stabilize the elbow joint during quadrupedal walking. The m. flexor
carpi radialis shows a more radial insertion in gibbons, which might be advantageous
during brachiation, as it can aid radial deviation. The fingers of macaques are con-
trolled in pairs by the m. extensor digiti secondi et tertii proprius and the m. extensor
digiti quarti et quinti proprius—a similar organization can also be found in their flexors—
which might aid in efficient positioning of the hand and fingers on uneven substrates
during quadrupedal walking. In contrast, extension of the little finger in gibbons is
controlled by a separate m. extensor digiti minimi, whereas digits 2 to 4 are extended
by the m. extensor digitorum brevis, suggesting that simultaneous extension of digits
2-4 in gibbons might be important when reaching or grasping an overhead support
during brachiation. In conclusion, the overall configuration of the forelimb and hand

musculature is very similar in gibbons and macaques, with some peculiarities which
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1 | INTRODUCTION

The primate hand displays a large variety of phenotypes which re-
flects an equally diverse functional repertoire (Horn, 1972; Vereecke,
D’Aolt and Aerts, 2006; Marzke, 2009; Williams, 2010; Almécija,
Smaers and Jungers, 2015; Liu, Xiong and Hu, 2016; Thompson et al.,
2018). Understanding how these phenotypes correlate to different
locomotor behaviours of distinct primate taxa may facilitate the in-
terpretation of hand function from primate fossil remains. Nonhuman
primates use their hands for manipulation as well as for locomotion,
and adaptive signals to these specific functions in the morphology
of the forearm and hand bones have been studied extensively. For
example, gibbons have a large wrist mobility in all directions as a po-
tential adaptation to suspensory locomotion (Richmond, 2001), which
is associated with a ball-and-socket configuration of the midcarpal
joint (Lemelin and Schmitt, 1998; Orr et al., 2010; McMahon, Zijl and
Gilad, 2015; Prime and Ford, 2016; Orr, 2017; 2018). In macaques,
the articular surface of the basal manual phalanges is proximodor-
sally excavated to enable hyperextension, which is a specialization
for digitigrade locomotion (Hayama, Chatani and Nakatsukasa, 1994;
Lemelin and Schmitt, 1998). In addition, macaques have a broad mid-
carpal joint morphology which is interpreted as being advantageous
for loading during quadrupedal walking (Lewis, 1985; Lemelin and
Schmitt, 1998; Richmond, 2001; Daver, Berillon and Grimaud-Hervé,
2012). These previous studies focused on adaptations in skeletal mor-
phology, while functional adaptations in the hand musculature have
been documented only scarcely. Detailed descriptions of forelimb
musculature in different primate taxa, as well as comparative analyses
between those taxa, are limited in the current literature (Tuttle, 1967;
1969; Lemelin and Diogo, 2016). In 2009, Michilsens et al. conducted
a study on the functional anatomy of the gibbon forelimb, with a de-
tailed account on the upper and lower arm musculature in four differ-
ent gibbon species (Hylobates lar, Hylobates pileatus, Hylobates moloch,
Symphalangus syndactylus; n = 11; Michilsens et al., 2009). Here, we
extend this dataset with eight additional gibbon specimens of five
different species (H. lar, H. pileatus, Nomascus concolor, N. leucogenys,
S. syndactylus) and also include detailed information on intrinsic hand
musculature. In addition, we compare the forelimb muscle config-
uration of the highly arboreal gibbons with that of the semi-terres-
trial macaques (Fam. Cercopithecidae) to evaluate whether there are
specific adaptations in forelimb musculature that could be related to
locomotor behaviour. A full quantification of the forelimb and hand
musculature in both primate taxa will be presented as Part 2 of this

study.
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can be linked to differences in forelimb function and which might be related to the

specific locomotor behaviour of each group.

adaptation, anatomy, hylobatids, locomotion, macaques, primates

2 | METHODS
2.1 | Specimen collection

As multiple species of the hylobatid family are included in this
study, they are further referred to as ‘gibbons’. The forearm and
hand of eight (sub)adult gibbons were obtained via collaborations
with different European Zoos and institutes: the National Museum
of Scotland (Edinburgh, UK), Ghent University (campus Merelbeke,
Belgium), the Zoological and Botanical Park of Mulhouse (France),
Pakawi Park (Belgium). The forearm and hand of seven adult rhesus
macaques were obtained via collaboration with the Ghent University
(campus Merelbeke, Belgium) and KU Leuven (campus Gasthuisberg,
Belgium). All specimens were collected opportunistically, no animals
were sacrificed for this study. The forelimbs were disarticulated at
level of the shoulder in all specimens. Full specimen details are pro-
vided in Table 1.

2.2 | Dissection procedure

The specimens were stored at -18°C and were thawed at room tem-
perature 24 hr prior to the dissections. A complete dissection of the
left or right forearm and hand was performed for all specimens (uni-
lateral sampling). All muscles were isolated one by one and their ori-
gins and insertions were documented and compared with previous
studies (Tuttle, 1969; Gibbs, Collard and Wood, 2002; Michilsens
etal., 2009; Diogo and Wood, 2012a; Aversi-Ferreira et al., 2016; van
Leeuwen et al., 2018). Presence or absence of muscles or abnormali-
ties was also noted. The dissections were documented extensively
using a dedicated photography setup. Some specimens were skinned
prior to transport to the university, which caused damage to the the-
nar and hypothenar muscles, and/or the tendons of the extrinsic
muscles in some specimens (see Table 1).

3 | RESULTS

The description of the extrinsic and intrinsic hand muscles dis-
cussed below are based on detailed dissections of a macaque (n = 7)
and gibbon (n = 8) sample. As some specimens were damaged, due
to either skinning or the dislocation at the level of the shoulder, the
number of included specimens varies for each muscle. The exact

number of specimens is shown each time between parentheses.
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Code
HI1

HI2

HI3

Hp1l

Nc1

NI1?

Ss1

Ss2

Mm1

Mm2

Mm3

Mm4

Mm5

Mmé

Mm7

Subject
identifier

SR192.17

GH161.17

Gentl

SR100.18

2007BE404

M09103

M7139

SR93.17

Gentl

Gent2

Gent3

Gent4

Gent5

Gent6é

Leuvenl

Sex

Age
$

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Injury
X, +

X, +

DP 4

PIP 3 joint

IP2and 3
joints

Sample

L
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SOCIETY

Collection

NMS, Edinburgh,
UK

NMS, Edinburgh,
UK

Ghent University,
campus
Merelbeke,
Belgium

NMS, Edinburgh,
UK

Pakawi Park,
Belgium

Zoological and
Botanical Park
of Mulhouse,
France

NMS, Edinburgh,
UK

NMS, Edinburgh,
UK

Ghent University,
campus
Merelbeke,
Belgium

Ghent University,
campus
Merelbeke,
Belgium

Ghent University,
campus
Merelbeke,
Belgium

Ghent University,
campus
Merelbeke,
Belgium

Ghent University,
campus
Merelbeke,
Belgium

Ghent University,
campus
Merelbeke,
Belgium

KU Leuven,
campus
Gasthuisberg,
Belgium

HI: Hylobates lar, Hp: Hylobates pileatus, Nc: Nomascus concolor, NI: Nomascus leucogenys, Ss:

Symphalangus syndactylus, Mm: Macaca mulatta.

DP, distal phalanx; F, female; IP, interphalangeal joint; M, male; NMS, National Museum of Scotland;
PIP, proximal interphalangeal joint; RZSA, Royal Zoological Society of Antwerp; +, extrinsic muscles
of tendons damaged due to skinning postmortem; U, unknown; X, thenar muscles damaged due to

skinning postmortem.

2Wild born, $ (Young) subadult based on presence of unfused growth plates.

TABLE 1 Specimen details
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Details on the origin and insertion of all extrinsic and intrinsic mus-
cles are listed in (Table S1). Anatomical data on bonobos and hu-
mans from previous dissections are also added for comparison (van
Leeuwen et al., 2018).

3.1 | Upper arm musculature

The long head of the m. biceps brachii (Bb) originates from the su-
praglenoid tubercle of the scapula (11/11) and inserts onto the
radial tuberosity (14/14) in all macaque and gibbon specimens. In
macaques, the short head originates from the coracoid process of
the scapula, similar to modern humans and most other primates,
and fuses with the muscle belly of the long head (6/6). In gibbons,
however, the short head originates from the crest of the lesser tu-
bercle of the humerus (7/7) and inserts on the bicipital aponeu-
rosis into the deep fascia on the medial forearm (connection with
FDS) (8/8). This supports previous findings that in most primates
both the long head and short head of the Bb cross the shoulder
joint, whereas in gibbons only the long head crosses the shoulder
(Jungers and Stern, 1980; Michilsens et al., 2009). The short head
works as an elbow flexor and forearm supinator, without action at
the shoulder joint. This could imply that the humeral flexion capac-
ity of the Bb is reduced in gibbons compared with macaques and
other primates with a bi-articular configuration of the short head
of the Bb. In gibbons, the short head of the Bb forms a ventral
muscle chain between the m. pectoralis major (PM) and m. flexor
digitorum superficialis (FDS) (see Jungers and Stern, 1980). The fu-
sion between these multiple-joint muscles is thought to conduct
the flexor force of the PM distally across the shoulder, elbow and
wrist joints so that active or passive tension in this muscle results
in automatic flexion of the forearm and fingers without requiring
activity in the distal muscles of the chain. While such ventral mus-
cle chain would indeed be advantageous for brachiating gibbons,
the function of this chain remains debated (Jungers and Stern,
1980; Michilsens et al., 2009).

The m. triceps brachii (Tb) consists of three heads in all speci-
mens (15/15). The Tb originates from the infraglenoid tubercle of
the scapula (long head) (12/12) and the humeral shaft (lateral and
medial head) (14/14), and inserts onto the olecranon (14/14). In most
macaques the long and medial head are completely separate (5/6),
whereas in all gibbons, the three heads are fused at the insertion
(8/8), which is also seen in modern humans. In macaques, the Tb is
an important muscle during quadrupedal walking, as it produces the
torque at the elbow joint during the first three-quarters of the step
(Manter, 1938). During brachiation in gibbons, the Tb will probably
primarily act at the shoulder (Michilsens et al., 2009).

The m. dorso-epitrochlearis (DET) originates in both macaques
and gibbons from the muscle belly of the m. latissimus dorsi (12/12),
yet the insertion is variable. The DET inserts onto the olecranon and
the fascia of Bb and Th in all macaques (6/6) and some gibbons (3/8),
but in most gibbons it inserts via a tendon sheet onto the medial
epicondyle of the humerus (5/8). The DET, clearly present in both
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macaques and gibbons, is rarely seen in humans (Cheng and Scott,
2000) as fewer than 30 cases have been reported over the past
200 years (Natsis et al., 2012). The function of the DET is still de-
bated. It has long been speculated to facilitate force transmission
from the shoulder to the fingertips by acting as a dorsal muscle chain
(Sonntag, 1922; Andrews and Groves, 1976); however, EMG stud-
ies have shown that the DET might only be a morphological con-
sequence of the rearrangement of the origin of the short head of
the Bb (Jungers and Stern, 1980). The DET has also been labelled as
a ‘climbing muscle’ because of its connection with the m. latissimus
dorsi, as fusion of these muscles contributes to increased concerted
contraction (Sonntag, 1922).

The m. brachialis (B) originates from the distal half (13/14) or
complete (1/14) shaft of the humerus and inserts onto the tuberos-
ity of the ulna (14/14). Occasional fusion with the m. supinator (SUP)
in macaques (1/6) or with the m. pronator teres (PT) in gibbons (1/8)
can occur. It is considered a pure elbow flexor in primates, including
humans.

The m. coracobrachialis (CB) consists of a long (middle) and me-
dial (deep) head in macaques (6/6) (cf. Aversi-Ferreira et al., 2016).
Both heads originate from the coracoid process of the scapula and
the common coracoid tendon (6/6), and the long head is always
fused with the short head of the Bb (6/6). The long head inserts
midway on the humeral shaft (6/6) and the medial head inserts
more proximally, onto the surgical neck of the humerus (6/6). In
gibbons, the CB shows a one-headed configuration similar to mod-
ern humans, originating from the coracoid process of the scapula
(7/7) and a direct, muscle fibre insertion onto the periosteum of
the proximal (1/8) or middle (7/8) humeral shaft. In macaques, the
two-headed configuration might increase internal rotation and ad-
duction of the arm during quadrupedal walking (Aversi-Ferreira
etal., 2016).

The m. epitrochleoanconeus (ETA) is a separate, well-defined
muscle in macaques that originates from the medial epicondyle of
the humerus and inserts onto the medial border of the olecranon
(7/7) (Figure 1). A well-developed ETA is absent in gibbons (8/8),
but a strong ligament—similar to the ulnar collateral ligament in
humans—can be found on the position of the macaque ETA (8/8).
There is some confusion about the presence or absence of the
ETA in primates. In bonobos and other great apes, the presence is
debated, as it can easily be missed or considered part of the FCU
during dissections of the forearm (Diogo and Wood, 2012a; Diogo,
Molnar and Wood, 2017). In humans as well, there is still no agree-
ment about whether the ETA is present (Hirasawa, Sawamura and
Sakakida, 1979; Gessini et al., 1981; Uscetin et al., 2014; de Ruiter
and van Duinen, 2017) or absent (Diogo, Richmond and Wood,
2012a). In present or past dissections that we conducted we never
found a distinct ETA in either bonobos or human cadavers (Marie JM
Vanhoof, pers. obs.). In macaques, the ETA covers the cubital tunnel,
where it protects the ulnar nerve as it passes through the elbow.
Furthermore, activation of the ETA potentially facilitates forearm
extension and/or stabilization of the elbow joint during quadrupedal
walking (Diogo and Wood, 2012a).



n. ulnaris

m. flexor carpi radialis

m. epitrochleoanconeus

m. palmaris longus

m. flexor carpi ulnaris

3.2 | Forearm rotators

The m. brachioradialis (BR) invariably originates from the supracon-
dylar ridge of the humerus (15/15) and shows incidental proximal
fusion with the m. brachialis (B) in both macaques (2/7) and gibbons
(2/8). In macaques, the BR muscle belly runs underneath the m. ex-
tensor carpi radialis longus (ECRL) and m. extensor carpi radialis brevis
(ECRB) at the origin, and inserts with a long tendon onto the styloid
process of the radius (7/7). In gibbons, the BR runs superficial to the
ECRL and ECRB and its long tendon inserts either directly onto the
styloid process (3/8) or onto the shaft of the radius proximal to the
styloid (5/8), with the tendon running further along the radius to end
on the styloid process (1/8) or just proximal to it (4/8), a situation
similar to bonobos. In humans, the BR is a strong elbow flexor when
the forearm is in a mid-position between pronation and supination at
the radioulnar joint, and works synergistic with the B and Bb, a func-
tion which is also important during brachiation in gibbons. During
pronation, the BR is more active during elbow flexion because the
Bb is at a mechanical disadvantage, as is probably also the case in
macaques during quadrupedal walking (Boland, Spigelman and Uhl,
2008).

The m. supinator (SUP) originates from the lateral epicondyle of
the humerus and inserts onto the proximal half of the radius in all
specimens (15/15), similar to humans. In all macaques (7/7) and most
gibbon specimens, the SUP has an additional origin from the prox-
imal third of the ulna, whereas in bonobos this is the main origin of
the SUP. In macaques, the SUP probably acts as a supinator of the

forearm as in modern humans, although the exact activity pattern

FIGURE 1 The well-developed m.
epitrochleoanconeus (ETA) of macaques. It
originates from the medial epicondyle of
the humerus and inserts onto the medial
border of the olecranon. As it crosses the
cubital tunnel, the ETA protects the ulnar
nerve. Activation of the ETA potentially
facilitates forearm extension and/or
stabilization of the elbow joint during
quadrupedal walking [Colour figure can be
viewed at wileyonlinelibrary.com]

of the SUP during quadrupedal locomotion has not yet been inves-
tigated. In gibbons, EMG studies have indicated that the SUP mainly
acts in the support phase of brachiation, during which time the fore-
arm passes increasingly into supination (Stern and Larson, 2001).
The m. pronator teres (PT) consists of a single humeral head in
macaques with its origin on the medial epicondyle of the humerus
(7/7). In gibbons, either a humeral head (7/8), as seen in macaques, or
an ulnar head, which originates from the proximal ulna (1/8), is pres-
ent. Although Miller (1932) stated that the PT of all hominoids has
two heads (Miller, 1932), a configuration we also found in bonobos,
a two-headed configuration with a humeral and ulnar head as seen
in humans and great apes was never observed in the gibbon spec-
imens. In all primate specimens, the PT inserts halfway the radius
(15/15), and fusion with the FCR (macaque: 3/7, gibbon: 1/8), the
FDS (macaque: 3/7) or B (gibbon: 1/8) may occur. Poor development
or absence of the ulnar head seems to be a common variation in hu-
mans (Jamieson and Anson, 1952; Caetano et al., 2017), which is sup-
ported by phylogenetic development, as in most mammals (except
anthropoid apes) the ulnar head is completely missing (Macalister,
1868; McMurrich, 1903). In humans, the median nerve passes be-
tween both heads of the PT, which enhances the risk of entrapment
of the median nerve, also called the ‘pronator teres syndrome’ (Nigst
and Dick, 1979; Hartz et al., 1981; Fuss and Wurzl, 1990). Absence
of the ulnar head in all macaques and most of the gibbons might
be important to avoid such entrapment during locomotion. Another
possible explanation is that the presence of an ulnar head in hu-
mans allows pronation of the forearm independent of the position

of the elbow. In macaques, the angle of the elbow joint is relatively
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constant during quadrupedal locomotion (Demes et al., 1998), and
an ulnar head might not be needed. In gibbons, the PT is primarily
active, as the elbow is flexed in the middle of the swing phase of
brachiation (Stern and Larson, 2001), which might indicate that fore-
arm pronation independent of elbow position is also not important
in gibbons. Indeed, an ulnar head in gibbons was only observed in
one individual.

The m. pronator quadratus (PQ) has a rather consistent config-
uration in macaques and gibbons. It originates from the distal ulna
(18/15) and inserts onto the distal interosseous membrane and the
distal radius (13/15), similar to bonobos. In two gibbon specimens
(2/8), the PQ appears as two fused muscle bellies. The proximal belly
(deep head) inserts with a tendinous portion onto the distal radius.
The distal belly (superficial head) is larger and originates from the
distal radius and inserts with tendinous fibres onto the distal ulna.
As reported in literature, this configuration with two bellies is also
commonly seen in humans (Johnson and Shrewsbury, 1976; Stuart,
1996). In macaques and gibbons, the fibres of the PQ consistently
show an oblique orientation, which is also seen in bonobos, whereas
in humans, only the fibres of the deep head show an oblique orien-
tation, as the fibres of the superficial head are transversely oriented
from origin to insertion. It has been suggested that the human su-
perficial head, due to its transverse fibre orientation, is the initiator
and rotator for pronation, whereas the deep head is mostly involved
in stabilizing the distal radioulnar joint (Johnson and Shrewsbury,
1976). This indicates that the primary function of the PQ in gibbons
and macaques, due to the oblique fibre orientation, is stabilization
of the distal radioulnar joint, which implies that the PT is the most
important forearm pronator in these primates. The idea that the PQ
in gibbons and macaques plays a role as a dynamic ligament corre-
sponds to its positioning close to the distal radioulnar joint (small
moment arm) and its relatively small size (distal one-quarter to one-
fifth of the forearm) compared with modern humans (distal one-third
of the forearm). In gibbons, the PQ is also used to position the hand

prior to grasping a new support (Stern and Larson, 2001).

3.3 | Extrinsic hand musculature

The m. extensor carpi radialis longus (ECRL) and m. extensor carpi radi-
alis brevis (ECRB) show a similar configuration in both macaques and
gibbons. The ECRL originates from the lateral supracondylar ridge of
the humerus, distal to the BR (15/15), and inserts onto the base of
metacarpal 2 (MC2) (15/15), similar to the configuration in bonobos.
In two gibbon specimens, the ECRL sends a tendon slip to the base
of MC1 at the insertion (2/8). This means that in these specimens,
the ECRL could also assist in thumb extension and abduction and/
or stabilization of the trapeziometacarpal joint. The ECRB originates
from the lateral supracondylar ridge of the humerus, distal from the
ECRL and inserts onto the dorsoradial base of MC3 in all macaques
(7/7). Fusion with the m. extensor digitorum communis (EDC) (4/7) can
occur. In gibbons, the ECRB originates either solely from the lateral

epicondyle of the humerus (1/8) or from the lateral supracondylar
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ridge of the humerus (7/8) in combination with the lateral epicondyle
(1/8). In bonobos, the ECRB originates solely from the lateral epicon-
dyle of the humerus. As in macaques, fusion with the EDC is possible
but is only observed in one gibbon specimen (1/8). The ECRB inserts
onto the dorsoradial base of MC3 (8/8). Both the ECRL and ECRB,
synergist muscles with a similar function, can be proximally fused in
macaques (6/7) and gibbons (2/8), which leads to a concerted action
between both muscles.

The m. extensor carpi ulnaris (ECU) originates from the common
extensor tendon at the lateral epicondyle of the humerus and inserts
with a long tendon onto the ulnar base of MC5 in all macaques (7/7).
In gibbons, the ECU also originates from the lateral epicondyle of
the humerus (8/8), sometimes in combination with the proximal ulna
(1/8), which is the main origin in bonobos, or the olecranon (1/8). The
insertion on MC5 is similar to that of macaques in all gibbon speci-
mens (8/8). Given its position in the forearm, the ECU functions as
wrist extensor and ulnar deviator in macaques and gibbons, common
to what is observed in other primates, including humans.

The m. extensor digitorum communis (EDC) originates with a
common tendon from the lateral epicondyle of the humerus in all
specimens (15/15), similar to bonobos and humans, and is proximally
fused with the m. extensor digiti minimi (EDM) in half of the gibbons
(4/8). The EDC splits into four individual tendons at the dorsum of
the hand in macaques (7/7), whereas in gibbons, the tendon to digit
2 splits off proximally to the wrist, the tendon to digit 5 splits off at
the level of the wrist, and the tendons to digits 3 and 4 split off at the
dorsum of the hand and commonly interconnect with the tendons
of digits 2 and 5 (juncturae tendineum) (Figure S1). These juncturae
tendineum are also found in bonobos, between the tendons to digits
4 and 5. Each tendon inserts on the distal phalanx, after forming the
extensor mechanism with the m. lumbricalis and mm. interossei (see
intrinsic musculature) (15/15). The EDC acts as a wrist and digital
extensor.

In the following paragraphs, the m. extensor digiti quarti et quinti
proprius (EDQQ), m. extensor digiti secundi et tertii proprius (EDST), m.
extensor digitorum brevis (EDB), m. extensor digiti minimi (EDM), and
m. extensor indicis (El) are discussed together because they are de-
velopmentally related (Diogo et al., 2009).

Macaques show the most primitive condition, with a m. extensor
digiti secundi et tertii proprius (EDST) and m. extensor digiti quarti et
quinti proprius (EDQQ), inserting onto digits 2-3 and digits 4-5, re-
spectively, which corresponds to the m. extensores digitorum breves
(EDB) of digits 2-3 and digits 4-5 of other tetrapods (Diogo et al.,
2009). The EDST originates from the proximal half of the ulna (7/7)
and the tendons insert onto the ulnar side of the extensor mech-
anism of digits 2 and 3 (Figure 2a). The EDQQ originates from the
lateral epicondyle of the humerus, from the same extensor tendon
as the EDC, and the tendons insert on the ulnar side of the extensor
mechanism of digits 4 and 5, near the proximal phalanx (Figure 2a).
Extension of the fingers is thus controlled in pairs in macaques.

In contrast to macaques, gibbons show a more derived con-
figuration, as they all possess a m. extensor digitorum brevis (EDB)

(Figure 2b), which inserts onto digits 2-4, and a true m. extensor digiti
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FIGURE 2 (a) The m. extensor digiti secundi et tertii proprius (EDST)
and m. extensor digiti quarti et quinti proprius (EDQQ) of macaques; (b)

m. extensor digitorum brevis (EDB) and m. extensor digiti minimi (EDM) of
gibbons. Note that in macaques the fingers are controlled in pairs, which
might aid in efficient positioning of the hand and fingers on uneven
terrain during quadrupedal walking. In contrast, extension of the little
finger in gibbons is separate from the extension of digits 2-4, suggesting
that simultaneous extension of digits 2-4 in gibbons might be important
when reaching or grasping an overhead support during brachiation

minimi (EDM), which inserts onto digit 5 (Figure 2b). The EDB orig-
inates from the proximal half of the interosseous membrane (8/8),
and either the proximal (4/8) or distal half (4/8) of the ulna. The
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individual tendons insert either onto the proximal phalanx of digits 2,
3 and 4 (6/8) or only onto digits 3 and 4 (1/8). Occasional insertions
onto the base of MC2, MC3 and MC4 may occur (1/8). The most
important function of the EDB is the coordinated extension of digits
2, 3 and 4. The EDM originates from the lateral epicondyle of the
humerus (7/8) or the distal half of the ulna (1/8), and inserts onto the
distal phalanx of digit 5 together with the tendon of the EDC (8/8).
Proximal fusion of the EDM with the ED can occur (4/8).

Modern humans show the most derived condition. They possess
an EDM—similar to gibbons—in combination with a separate m. ex-
tensor indicis (El), which inserts onto the distal phalanx of digit 2, a
configuration also seen in great apes (Aversi-Ferreira et al., 2010;
Zihlman, Farland and Mi, 2011). The El and EDM of modern humans
and great apes are phylogenetically derived from the EDB of other
tetrapods (Diogo et al., 2009) and replace the EDB. Gibbons present
an intermediate configuration in that they preserve an EDB and have
an EDM. In one gibbon specimen, we even identified an El, originat-
ing from the distal third of the ulna and the interosseous membrane
and inserting onto the distal phalanx of the index finger together
with the tendon of the EDC (1/8). Variation in the extensor muscula-
ture is, however, also present in humans. The EDB has been reported
as a rare anatomical variation in humans (2.3% of the human popu-
lation; Suwannakhan, Tawonsawatruk and Meemon, 2016; Georgiev
et al., 2018) and an ‘El’ with a tendon running to both the index and
middle finger (i.e. m. extensor indicis et medii communis), as seen in
macaques, also occurs in humans (0%-6%) (Suwannakhan et al.,
2016; Georgiev et al., 2018).

The specific configuration of these extensors in macaques,
gibbons and humans has important functional implications. In ma-
caques, the fingers are controlled in pairs by the EDST and EDQQ.
A similar organization is found in the finger flexors of macaques,
where the fingers are also controlled in pairs. This specific orga-
nization might aid in efficient positioning of the hand and fingers
during palmi- or digitigrade quadrupedal walking, such as pairwise
extension (and little abduction) of the fingers to accommodate to
uneven substrates, which might prevail over individual finger con-
trol. Although one could argue that the substrates that macaques
need to move along are no more uneven than those of gibbons,
the hand positioning in palmi/digitigrade quadrupedalism is very
different from that used in brachiation. Gibbons typically use a
hook grip during brachiation, and the hands are positioned on the
superstrate in an overhead position, without visual input. In such
a hook grip position, individual positioning of the fingers seems
less important and simultaneous flexion of the four fingers pre-
vails (Tuttle, 1969; Susman, Jungers and Stern, 1982). In gibbons,
extension of the little finger is controlled by a separate EDM, and
digits 2-4 are extended by the EDB. This suggests that simultane-
ous extension of digits 2-4 in gibbons might be important when
reaching or grasping a support during brachiation (cf. hook grip
position described above). Humans and bonobos have a separate
EDM and El, resulting in a functional dissociation between the ex-
tension of the index finger and little finger, which is also distinct
to that of digits 3 and 4, which is primarily mediated by the EDC.
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This individualization of finger extension, in combination with a
separate m. flexor pollicis longus to the thumb, is likely linked to the
high manual dexterity of humans.

The m. abductor pollicis longus (APL) originates from the interos-
seous membrane and the proximal shaft of the ulna in all macaque
and gibbons specimens (15/15). In macaques, the APL consists of one
muscle belly with a tendon that splits at the level of the trapezium,
inserting with one slip onto the base of MC1 and with the other onto
the prepollex (7/7) (Figure 3a). In gibbons, however, the APL consists
of two muscle bellies, APL | and II, each with its own tendon, and the
bellies are either proximally fused (6/8) or easily separable (2/8). The
tendon of APL | always inserts on the base of the MC1 (8/8), whereas
the tendon of APL Il inserts most often on the trapezium (7/8), with
an additional insertion on the prepollex (2/8), or it may insert solely
on the capitate (1/8) (Figure 3b). The configuration seen in gibbons,
with a distinct APL | and Il, is also observed in bonobos and humans
(van Leeuwen et al., 2018), even though this is largely overlooked in
other literature. This specific configuration means that only the APL
| can be considered a true abductor of the thumb, whereas the APL
Il functions as radial deviator of the wrist and has no function on
the thumb. The insertion onto the prepollex, as seen in macaques
and some gibbons (and bonobos), might not entail a functional dif-
ference to an insertion on the trapezium, given the close association
between the prepollex and trapezium in most nonhuman primates
(Le Minor, 1994).

The m. extensor pollicis longus (EPL) has its origin on the proxi-
mal ulna (15/15), and often also from the interosseous membrane
both in macaques (4/7) and gibbons (3/8). It inserts with a long ten-
don onto the distal phalanx of digit 1 (14/15). This configuration is
also seen in bonobos. In one gibbon specimen, the insertion could
not be reported due to tissue damage. Both macaques and gibbons
(and bonobos) lack a m. extensor pollicis brevis (EPB), in contrast to
humans, although absence of the EPB in humans has also been re-
ported (Nayak et al., 2008). The EPB in humans displays some ana-
tomical variations, such as the m. extensor pollicis et indicis accessorius
with a tendon to digits 1 and 2 (Yoshida, 1995). It has been proposed
in the literature that the EPB of modern humans is a derivative of
APL | (Straus, 1941; Diogo et al., 2009), as the primitive mammalian
condition shows an APL with a single tendon (Aversi-Ferreira et al.,
2010), whereas the APL in macaques splits distally and gibbons
clearly show two separate tendons (APL | and Il). However, this inter-
pretation is still debated, as both the APL | and EPB have a different
insertion, i.e. the base of MC1 versus the proximal phalanx of the
thumb. In addition, humans can have an EPB present next to an APL
with multiple tendons (cf. APL 1) inserting around the first carpo-
metacarpal joint (Lacey, Goldstein and Tobin, 1951; Celik, Sendemir
and Simsek, 1994; Sehirli, Cavdar and Yiiksel, 2001).

The m. flexor carpi radialis (FCR) shows a similar configuration in
both macaques and gibbons (and bonobos). It originates from the
common flexor tendon at the medial epicondyle of the humerus and
inserts with a long tendon onto the palmar base of MC2, running deep
to the thenar muscles (15/15). Proximal fusion with the muscle belly of
the FDS (1/7) and/or PT (3/7) might occur in macaques. In one gibbon
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FIGURE 3 lllustration of the m. abductor pollicis longus (APL). (a)
In macaques, the APL consists of one muscle belly with a tendon
that splits at the level of the trapezium, inserting with one slip
onto the base of MC1 and with the other onto the prepollex. (b) In
gibbons, the APL consists of two muscle bellies each with its own
tendon, APL | (insertion on the base of MC1) and APL Il (insertion
on the trapezium)

specimen, the FCR also originates from the proximal ulna (1/8). Given
its position in the macaque and gibbon forearm, it functions as a wrist

flexor and radial deviator, and probably a weak pronator.
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The m. flexor carpi ulnaris (FCU) originates from the common flexor
tendon at the medial epicondyle of the humerus (caput humerale) in all
macaque and gibbon specimens (15/15). An additional origin from the
olecranon (caput ulnare) occurs in both macaques (4/7) and gibbons
(1/8). This configuration is also seen in bonobos. The FCU inserts with
along tendon onto the pisiform bone in all specimens (15/15). The FCU
functions as wrist flexor and ulnar deviator in both macaques and gib-
bons. In macaques, the long pisiform, which is directed perpendicular
to the palmar surface of the hand, gives the FCU the optimal leverage
for flexing an extended wrist (Lewis, 1985; Sarmiento, 1988), which is
important during quadrupedal walking. In gibbons, the pisiform has a
proximodistal orientation which increases the lever arm of the FCU for
wrist flexion and ulnar deviation (Sarmiento, 1988). These wrist move-
ments are important during brachiation (Michilsens et al., 2010).

The m. palmaris longus (PL) originates from the common flexor ten-
don at the medial epicondyle of the humerus and its long and slender
tendon extends into the palmar aponeurosis at the level of the wrist
in all macaques (7/7). This configuration is similar to that of modern
humans, though the PL tendon of macaques runs more ulnarly into
the palmar aponeurosis. In gibbons, the origin of the PL is the same as
in macaques, with an additional origin from the fascia of the aponeu-
rosis bicipitis of the Bb in two specimens (2/8). At the insertion, the
configuration in gibbons is distinct from that observed in macaques,
with a radially positioned PL tendon at the wrist (5/7), as is also seen in
bonobos, or even with an insertion onto the tendon of the FCR (2/7).
The more radial insertion found in gibbons could be important during
brachiation, as it can aid in radial deviation. However, more important
is that the PL is always present in macaques and gibbons (and bono-
bos), but in modern humans the PL is unilaterally absent in 16% of the
population (Thompson, Mockford and Cran, 2001).

The m. flexor digitorum superficialis (FDS) originates from the
common flexor tendon at the medial epicondyle of the humerus in
all macaques (7/7) and inserts most commonly with four separate
tendons onto the middle phalanx of digits 2 to 5 (6/7). In one spec-
imen, the tendons to digits 2 and 3 are vestigial and insert on the
tendon sheaths of the FDP at the level of the lumbricals, whereas
the tendons to digits 4 and 5 insert onto the proximal phalanx (1/7).
The FDS has a rather complex architecture in macaques, which is
also commonly seen in bonobos, consisting of three partially fused

muscle bellies that are folded together (Figure S2):

e a muscle running to digit 2 (FDS Il), which shows a distinct bel-
ly-tendon-belly-tendon configuration (cf. bonobos van Leeuwen
etal., 2018),

e amuscle belly with two tendons inserting onto digits 3 and 4 (FDS
I-1V),

e amuscle with one tendon inserting onto digit 5 (FDS V).

Moreover, in all macaque specimens, the FDS is connected with
the m. flexor digitorum profundus (FDP) with an additional muscle
belly, at the level of the FDS for digits 2 to 3 (7/7). In gibbons, the
configuration of the FDS is even more variable than in macaques.

In half of the specimens, the FDS consists of one muscle belly (4/8),
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but two (2/8), three (1/8) or four muscle bellies (1/8) have also been
observed. The distribution of tendons to digits 2 to 5 differs from
specimen to specimen. Moreover, in gibbons the FDS originates not
only from the medial epicondyle but also from the proximal ulna
(4/8) or from the proximal ulna and radius (1/8). In gibbons, the deep
flexors of the toes, like the FDS, also show considerable variation in
the specific distribution of the tendons towards the digits (Langdon,
1990; Vereecke et al., 2005), indicating that the tendon organization
has no major influence on the functionality of the FDS.

The m. flexor digitorum profundus (FDP) originates from the
medial epicondyle of the humerus (situated deep to the FDS), the
shaft of the radius (in between the SUP and PQ), the interosse-
ous membrane and the shaft of the ulna (from the olecranon to
the PQ) in all specimens (15/15). In bonobos, the FDP does not
originate from the medial epicondyle of the humerus, but from
the interosseous membrane and the shaft of the radius and ulna.
In macaques and gibbons, the FDP has five tendons inserting re-
spectively onto the distal phalanges of each digit, with some ex-
ceptions (see Table S1). In gibbons, the FDP usually consists of
two muscle bellies that are partially fused, one for digit 1 (FDP
1) and one for digits 2 to 5 (FDP 1I-V) (5/8) (Figure 4a). The other
specimens do not have a separate FDP | (3/8). In two specimens,
the FDP II-V sends a tendon to digit 1, which splits off from the
tendon running to digit 2 (2/8). In another gibbon specimen, two
individual muscle bellies occur, one for digits 1 and 2 (FDP I-11)
and one for digits 3 to 5 (FDP II-V). Here, the tendons to digits 2
and 3 partly originate from the FDS (1/8) (Figure 4b). In macaques,
the configuration of the FDP is more variable, with the majority of
the specimens showing a configuration with three fused muscle
bellies, one for digits 1 to 3 (FDP I-Ill), one for digit 4 (FDP IV)
and one for digit 5 (FDP V) (5/7) (Figure 4c). One specimen shows
a slightly different configuration, with a division in FDP I-IlI-1V,
FDP Il and FDP V (1/7), and a second macaque specimen displays
an unusual FDP configuration with two muscle bellies—FDP I-II-111
and FDP IV-V. In addition, the tendons to digits 2 and 3 show a ten-
don-lumbrical-tendon configuration in which the first two lumbri-
cals form a single unit with the FDP tendons instead of originating
from these tendons (Figure 4d). In macaques, the tendons of the
FDP are clustered together at wrist level, and the tendons to the
digits split off more distally than in gibbons. In addition, the ten-
don to the thumb originates from the middle of the tendon cluster,
not from FDP Il as seen in gibbons. Also notable is the connection
between FDP and FDS in macaques, as described above. However,
crucial is the decoupling between the thumb (and index finger) and
the lateral digits in gibbons, a configuration common to humans,
compared with the division between the medial and lateral digits

in macaques (also seen at the extensors, cf. EDST and EDQQ).

3.4 | Intrinsic hand musculature

The intrinsic hand musculature consists of the thenar muscles
(APB, FPB, ADP, OPP), the hypothenar muscles (ADM, FDM,



VANHOOF ET AL.

LUMB Il

. LUMBII

—

5 LUMBIV

————
v
LUMBV
v

FIGURE 4 The m. flexor digitorum profundus (FDP) in macaques (a,b) and gibbons (c,d). (a) Common FDP configuration with three fused
muscle bellies, one for digits 1 to 3 (FDP I-1ll), one for digit 4 (FDP 1V) and one for digit 5 (FDP V); the FDP is connected to the FDS with an
additional muscle belly (*). (b) Unusual FDP configuration with two muscle bellies (FDP I-1ll and FDP IV-V); the tendons to digits 2 and 3 show
a tendon-lumbrical-tendon configuration in which the first two lumbricals form a single unit with the FDP tendons instead of originating
from these tendons. (c) Common FDP configuration with two partially fused muscle bellies, one for digit 1 (FDP I) and one for digits 2 to 5
(FDP 11-V). (d) Unusual FDP configuration with two muscle bellies (FDP I-1l and FDP I1I-V); the tendons to digits 2 and 3 partly originate from

the FDS (*) [Colour figure can be viewed at wileyonlinelibrary.com]

ODM,), the lumbricals (LUMB) and intermediate hand muscles (IM,
FBP, IOP, IOD, mm. contrahentes) (Figure 5, Table S1). These in-
trinsic hand muscles of macaques and gibbons are described in
detail below.

The m. abductor pollicis brevis (APB) has a similar configuration
in both macaques and gibbons. It originates from the flexor reti-
naculum and inserts with a short tendon onto the radial sesamoid
bone of the first metacarpophalangeal joint (MCP1) in all specimens
(11/11), similar to the configuration in bonobos. In some macaques,
the APB also originates from the palmar aponeurosis (4/7), while the
insertion can extend to the radial side of the proximal phalanx (3/7),
which is common in humans (Gupta and Michelsen-Jost, 2012). In
one gibbon specimen, the APB is fused with the OPP (1/4), whereas
some macaque specimens show fusion between the APB and FPB
(3/7). The APB functions as abductor of the thumb both in gibbons
and macaques, as well as a stabilizer for the TMC joint.

The m. flexor pollicis brevis (FPB), situated underneath the APB,
originates from the flexor retinaculum and inserts with a short ten-
don onto the radial sesamoid bone of the MCP1 joint in all specimens
(13/13). A clear distinction between a superficial and deep head, as
commonly observed in humans, may occur in both gibbon (4/6) and
macaques (2/7). In macaques, the FPB shows some fusion with the
APB at the origin (3/7), and with the oblique head of the ADP at
insertion (3/7). In gibbons, the FPB can also originate from both the
flexor retinaculum and the volar side of MC1 (1/6), while its insertion
can be located at the ulnar side of the APB insertion (5/6) or at the
base of the proximal phalanx of digit 1 (1/6). In two gibbon speci-
mens, the FPB shows some fusion with the OPP (2/6).

The m. adductor pollicis (ADP) always consists of a clearly sep-
arable transverse and oblique head in macaques (7/7). The trans-
verse head originates from the palmar base and shaft of MC3 (7/7)
and inserts onto the ulnar sesamoid bone of the MCP1 joint (7/7),
in combination with the MCP joint (3/7) and/or the proximal pha-
lanx of digit 1 (4/7). In one specimen, muscle tissue extends towards
the radial side of MC2. The oblique head originates from the palmar
base of MC1 (7/7), sometimes together with the palmar base of MC2
(1/7) or MC3 (1/7). It also has its insertion onto the ulnar sesamoid
bone of the MCP1 joint (7/7), along with the ulnar (1/7) or radial
(1/7) side of the proximal phalanx of digit 1 or the MCP1 joint (1/7).
In gibbons, both heads are usually clearly separable (4/6); however,
occasionally they are indistinguishable (2/6), in which case the ADP
originates from the palmar base of MC1 and MC3 and inserts onto
the ulnar sesamoid bone of the MCP 1 joint. The transverse head is
similar to that of macaques, with its origin on the palmar base and
shaft of MC3 (4/4). It inserts onto the ulnar sesamoid bone of the
MCP1 joint (4/4) and may extend to the base of the proximal phalanx
of digit 1 (1/4). The oblique head originates from the palmar base of
MC1 (2/4), the base of MC2 (1/4) or the flexor retinaculum (1/4). Like
the transverse head, it inserts onto the ulnar sesamoid bone of the
MCP1 joint (4/4) with the occasional extension to the base of the
proximal phalanx of digit 1 (2/4). The main function of the ADP is
adduction of the thumb.

The m. opponens pollicis (OPP) is a clearly separate muscle in ma-
caques. It originates from the flexor retinaculum, with some fibres
originating from the APB and FPB (1/7) or the prepollex (2/7), and
inserts onto the radial side of the MC1 shaft. It has no contact with
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the sesamoid bones of the MCP1 joint. In gibbons (and bonobos), the
OPP is either completely fused with the FPB (1/5) or the APB (1/5),
partially fused with the FPB (1/5) or is present as a separate muscle
(2/5). When separate, it originates from the flexor retinaculum (2/2)
in combination with the palmar base of MC1 (1/2), and it inserts onto
the radial side of the MC1 shaft (2/2). The OPP assists in opposition
and adduction of the thumb.

The m. palmaris brevis (PB) is a well-developed muscle in ma-
caques (7/7), whereas in gibbons (and bonobos) no distinct PB can
be identified (mostly fat tissue) in half of the specimens (2/4). The PB
originates from the flexor retinaculum and inserts onto the palmar
aponeurosis in all primate specimens (11/11). The PB of gibbons is
similar in appearance to that of bonobos and humans, whereas the
bulkier PB in macaques likely acts as a cushion to protect the ulnar

artery and nerve during quadrupedal walking.
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FIGURE 5 Overview of the general
organization of the thenar musculature in
(a) macaques and (b) gibbons. In gibbons,
there is a clear distinction between the
superficial and deep head of the FPB. APB
(m. abductor pollicis brevis), FPB (m. flexor
pollicis brevis), FPBs (m. flexor pollicis brevis,
superficial head), FBPd (m. flexor pollicis
brevis, deep head), OPP (m. opponens
pollicis), ADPo (m. adductor pollicis,

oblique head), ADPt (m. adductor pollicis,
transverse head)

The m. abductor digiti minimi (ADM) originates from the pisi-
form bone (7/7) in combination with the flexor retinaculum and
pisohamate ligament (4/7) in macaques (and bonobos). It inserts
onto the ulnar side of the MCP5 joint (7/7), in combination with
the proximal phalanx (2/7), as seen in bonobos, or joining the FDM
tendon (5/7). In two macaque specimens, the ADM is proximally
fused with the FDM. In gibbons, the ADM originates from either
the pisiform bone (2/5) or the base of MC5 (3/5) and inserts onto
the ulnar side of the MCP5 joint (5/5). In one gibbon specimen, the
ADM is partially fused with the FDM. The ADM acts as abductor
of digit 5.

The m. flexor digiti minimi (FDM) originates from the flexor reti-
naculum (7/7) and pisiform bone (2/7) in macaques. It inserts onto
the MCP5 joint (7/7), along with the ADM tendon (2/7) or the prox-
imal phalanx of digit 5 (4/7). In two macaque specimens, the FDM
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shows proximal fusion with the ADM. In gibbons, the origin is more
variable. The FDM can originate from the flexor retinaculum (3/5),
the base of MC5 (1/5) or the palmar aponeurosis (1/5). The FDM
inserts onto the ulnar base of the proximal phalanx of digit 5 in all
gibbon specimens (5/5) and also bonobos. Proximal fusion with the
ODM (1/5) or distal fusion with the ADM (2/5) in gibbons is possible.
The FDM acts as flexor of digit 5.

The m. opponens digiti minimi (ODM) originates from the flexor
retinaculum and inserts onto the ulnar side of the MC5 shaft in all
macaque and gibbon specimens (11/11), similar to the bonobo con-
figuration. In one gibbon specimen, the ODM is completely fused
with the FDM. In macaques, an additional origin from the base of
MC5 can be present (2/7). The function of the ODM is opposition
of digit 5.

The mm. lumbricales (LUMB) of digit I1-V each originate from the
corresponding FDP tendon and insert with a well-developed ten-
don onto the radial side of the extensor sheath at the proximal pha-
lanx of the corresponding digit in more than half of the specimens
(9/15). However, some variation is possible regarding the origin. In
most macaque specimens, and also bonobos, LUMB IlI-V originate
from two FDP tendons (LUMB IIl from FDP Il and Il [5/6], LUMB
IV from FDP Il and IV [7/7], and LUMB V from FDP IV and V [6/7]),
which might aid force transmission. One macaque specimen shows
a particular configuration in which the lumbrical muscle was posi-
tioned in series with the FDP tendon (see FDP description). In gib-
bons, LUMB II (1/8) and LUMB Il (3/8) can originate from the FDP
Il and Il tendons, LUMB IV from FDP Il and IV (2/8), and LUMB V
from FDP IV and V (2/8) or solely from FDP IV (1/8). In one gibbon
specimen, proximal fusion of LUMB II-1V occurs near the origin on
the FDP tendons. The LUMB act as flexors of the MCP joints and
extensors of the IP joints.

The primitive mammalian condition for the intermediate hand
muscles is the presence of four mm. intermetacarpales (IM) and
10 mm. flexores breves profundi (FBP) (Diogo et al., 2009; Diogo
and Tanaka, 2012b; Diogo and Molnar, 2014; Lemelin and Diogo,
2016). In primates, two FBP have differentiated: FBP | forms the
FPB and OPP, and FBP X forms the FDM and ODM. In humans,
the IM (I-1V) are fused with FBP (lll, V, VI, VIII) to form the mm.
interossei dorsales (IOD I-1V) (Diogo et al., 2009). In all macaque
specimens, both the IM and FBP are fused to form the 10D (7/7).
In gibbons, however, some individuals display an intermediate con-
figuration where only one, two or three 10D are present and the
other IM and FBP remain present as separate muscles (5/8). This
configuration is also seen in bonobos (van Leeuwen et al., 2018).
In macaques, the presence of IOD might be important for specific
hand movements during quadrupedal walking, such as abduction
of fingers to accommodate to uneven terrain. A detailed visualiza-
tion of individual specimens’ intermediate hand muscle configura-
tions is reported in Figure S3. In addition to the IOD and IOP, a m.
contrahens (C5) is present in all but one macaque specimen (7/8).
The C5 originates from the palmar base of MC3 (partially fused
with IOD Il and Ill) and inserts on the radial side of the MCP5 joint,

joining the extensor mechanism (Figure 6a). No other contrahens
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muscles are observed in the macaque sample. In contrast, the gib-
bon sample shows that contrahens muscles associated with digits
2, 3 and 4 are present in some specimens. Four specimens have a
C2 inserting onto the ulnar side of the MCP2 joint (4/8) (Figure 6b)
and three specimens have a C4 and C5 inserting onto the ulnar
side of the MCP3 and MCP4 joints, respectively (3/8). In the lit-
erature, however, the insertion of C4 and C5 has been described
onto the radial side of the MCP3 and MCP4 joint in gibbons (one
H. lar: Yamamoto, Murakami and Ohtsuka, 1988), macaques (two
macaques: Yamamoto, Murakami and Ohtsuka, 1988) and three
Japanese monkeys (Homma and Sakai, 1994). In one gibbon spec-
imen, an additional muscle distinct from the contrahens muscles
described above is present. It originates from the IOD | and inserts
onto the radial side of the proximal phalanx of digit 1. This muscle
is similar to the m. contrahens digitorum (CD) of modern humans, as
described by Tubbs, Salter and Oakes (2005).

4 | DISCUSSION

In this study, the configuration of the forearm and hand muscles
of arboreal gibbons is compared with that of terrestrial macaques.
In addition, anatomical data from previous dissections on knuckle-
walking bonobos and bipedal humans are included to allow us to
evaluate whether the forearm and hand musculature shows func-
tional adaptations to locomotor behaviour (van Leeuwen et al., 2018).

4.1 | Upper arm musculature

The most notable trait in the gibbon upper limb is the configuration
of the short head of the m. biceps brachii (Bb), which originates from
the lesser tubercle of the humerus as such, losing its function at the
glenohumeral joint, which is most likely a derived condition. In gib-
bons, the short head therefore primarily acts as elbow flexor and
forearm supinator (Michilsens et al., 2009), whereas in macaques,
bonobos and humans the short head of the Bb functions as a shoul-
der flexor as it crosses the shoulder joint and originates from the
coracoid process of the scapula. According to Jungers and Stern
(1980), in gibbons the short head of the Bb forms a ventral muscle
chain between the m. pectoralis major (PM) and m. flexor digitorum
superficialis (FDS) (Jungers and Stern, 1980), although this specific
action remains debated.

Other remarkable muscles are the m. dorso-epitrochlearis (DET)
and m. epitrochleoanconeus (ETA). The DET is present in both
macaques and gibbons but has a slightly different configuration.
The DET inserts onto the medial epicondyle in most gibbons, as
opposed to the lateral side of the elbow in macaques (Sonntag,
1922; Jungers and Stern, 1980; Michilsens et al., 2009). In great
apes, the DET also inserts onto the medial epicondyle of the hu-
merus (Diogo et al., 2010, 2013a; Diogo, Potau and Pastor, 2013b),
whereas in other primate taxa (Alouatta, Saimiri, Callithrix), the

DET inserts onto the olecranon as seen in macaques (Diogo and
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Wood, 2012a). Although Aversi-Ferreira et al. (2016) suggest that
the DET favours arboreal locomotion when it inserts onto the
olecranon and quadrupedal locomotion when it inserts onto the
epicondyle of the humerus, this contradicts our results. The inser-
tion onto the olecranon in macaques might be important to help
stabilize the elbow during terrestrial quadrupedalism, whereas
through its insertion onto the medial epicondyle of the humerus
in gibbons and bonobos, the DET could produce elbow and digi-
tal flexion (i.e. dorsal muscle chain), which could be an advantage
during brachiation in gibbons and climbing/clambering in bonobos
(Jungers and Stern, 1980), although this function is still debated,
as is the case for the ventral muscle chain (see above).

The ETA is a prominent muscle in macaques but is not observed
in gibbons (or humans). It may serve to protect the ulnar nerve, run-
ning superficially through the cubital tunnel, and it potentially helps
to extend the forearm and/or stabilize the elbow joint during qua-
drupedal walking. However, there is still some discussion about the

presence or absence of this muscle across different primate taxa,
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FIGURE 6 Two examples of a
contrahens muscle: (a) C5 of macaques,
which originates from the palmar base of
MC3 (partially fused with IOD Il and Il1)
)’ and inserts on the radial side of the MCP5
Y joint (joining the extensor mechanism); (b)
C2 of gibbons, which has a varying origin
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which requires anatomical data from a larger nonhuman primate
sample (Uscetin et al., 2014; de Ruiter and van Duinen, 2017; Diogo,
Molnar and Wood, 2017).

4.2 | Forearm rotators

The forearm rotators (BR, SUP, PT, PQ) have a very similar configura-
tion in macaques and gibbons (and bonobos), with a low variability
in muscle architecture. This conserved morphology might indicate
that these muscles are under strong selective pressure and that
their specific configuration is tightly linked to forearm functional-
ity. A two-headed configuration of the PT, as in modern human, has
never been observed in either the macaque or the gibbon sample.
In the PQ, on the other hand, a two-headed configuration similar to
humans was observed in two gibbon specimens. Due to the oblique
orientation of the muscle fibres, the primary function of the PQ is

likely stabilization of the distal radioulnar joint in macaques, gibbons
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and bonobos (Johnson and Shrewsbury, 1976). This implies that the
PT is the most important forearm pronator in these primates.

4.3 | Extrinsic hand musculature

The dorsal compartment of the forearm shows a different con-
figuration in macaques and gibbons. In macaques, the fingers are
controlled in pairs by the EDST and EDQQ. A similar organiza-
tion is found in the finger flexors of macaques, where the fingers
are also controlled in pairs. We suggest that this specific organi-
zation might aid in efficient positioning of the hand and fingers
during palmi- or digitigrade quadrupedal locomotion on uneven
substrates. In gibbons, the little finger is controlled by a separate
EDM, and extension of digits 2-4 is coupled. This might indicate
that simultaneous extension of digits 2-4 in gibbons is important
when reaching for and grasping an overhead support during bra-
chiation. Humans and bonobos have a separate EDM and El, re-
sulting in a functional dissociation between the extension of the
index finger and little finger. In humans, this is likely linked to the
high manual dexterity.

The ventral compartment shows an extraordinary variability
within the FDS and FDS, both in gibbons and macaques. This vari-
ability is also seen in bonobos. This high inter-individual variation
might indicate that these muscles are under mild selective pressure
and that the differences in configuration of these muscles have no

major influence on the functionality of the hand/fingers.

4.4 | Intrinsic hand musculature

The thenar (APB, FPB, OPP, ADP) and hypothenar (ADM, FDM,
ODM) muscles have a very similar configuration in gibbons and ma-
caques (and bonobos), with a varying degree of fusion between the
different muscles. The intermediate hand musculature is much more
variable and a different configuration is seen in macaques compared
with gibbons. The intermediate hand muscles are organized in pal-
mar and dorsal interossei in macaques, similar to the human con-
figuration, whereas gibbons display a highly variable configuration
with at least some unfused FBP and IM, a configuration also seen
in bonobos. In gibbons, various contrahens muscles may be present,
whereas in macaques, only a C5 is observed. The intermediate hand
muscles of gibbons show a higher degree of variation than those of
macaques, which might suggest that they have no major implications
for the functionality of the hand.

4.5 | Critical considerations

Our findings are based on a detailed dissection of eight gibbon and
seven macaque specimens. Although this is a limited sample size
compared with human studies, it forms a unique and valuable sample

of nonhuman primates that was studied using a consistent protocol.
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Inherent to working with primate cadavers is the lack of an equal
distribution across species, sexes or ages, and most importantly,
sampling from captivity. However, given a healthy gene pool, we do
not expect an impact of captivity on muscle configuration. Given
the genetic distance between macaques and gibbons, we cannot be
certain that the differences in muscle configuration are due to vari-
ation in locomotor behaviour and not genetics. This is challenging
to test, although it should not go unremarked, as only two taxa are
being compared in detail, and there is no relative context of variation
across other arboreal or terrestrial primate taxa. We have tried to
mitigate this issue by adding information on the forelimb and hand
musculature of two additional taxa, the bonobo and human, with dif-
ferent locomotor behaviours. However, the gibbon group contains
different genera and species in contrast to the homologous sampling
of rhesus macaques. This could explain the difference in variation of
the FDS, FDP and intermediate hand muscles between gibbons and
macaques, although we also observe a high variation in bonobos.
The contrasting results on the DET also stress the importance of
broad phylogenetic sampling.

Despite these limitations, this research is not only import-
ant to obtain a detailed insight in the anatomy of the gibbon and
macaque forelimb and hand, but in combination with in vivo re-
search and behavioural studies it can be translated to complete
form-function relationships of the primate hand which will aid
functional interpretation of fossil remains of nonhuman primates
and hominins.

5 | CONCLUSION

The overall configuration of the forelimb and hand musculature is
highly comparable between the different primate groups and follows
the general primate condition. Most of the identified differences
in muscle configuration between arboreal gibbons, terrestrial ma-
caques, knuckle-walking bonobos and bipedal humans seem to be
related to the specific locomotor behaviour of each group, though
sampling in a wider range of primate taxa is needed to substantiate
these functional adaptations further.
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