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Abstract

Objectives: The dorsal interossei of the human foot are arranged so that they abduct the
digits around the second digit, while those of non-hominoid anthropoid primates are
mostly arranged around the third or fourth digit. This is thought to relate to the medial
shift in the functional axis, an essential modification in the evolution of the human foot.
However, studies of the arrangement of interosseous muscles are relatively limited and
there is some debate about their arrangement in great apes. In particular, some researchers
claim that the interossei of chimpanzees are arranged around the second digit, whereas
others claim that their foot axis lies on the third digit.

Materials and Methods: We examined the arrangement of the foot interosseous muscles
in ten chimpanzees, one bonobo, and three gorillas.

Results: The interossei were arranged around the second digit in two chimpanzees, one
bonobo, and one gorilla, whereas the third digit was the axis in the other specimens.
Discussions: The variation observed suggests that the arrangement of the interosseous
muscles of the great apes is in a transitional condition from monkey-type to human-type.
Considering that osteological and foot pressure research supports the idea that the foot
axis is on the second digit in great apes, modification in the interosseous muscles appears
to lag behind modification in the metatarsals and foot motion.

Key words: functional foot axis, bipedal locomotion, medial shift, dorsal interossei
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1 INTRODUCTION

Plantar pressure distribution in humans during bipedal walking is characterized by the
heel touching the ground first followed by the first or second digit pushing off the ground.
During this motion—specifically just before pushing off the ground—force is transmitted
along a line connecting the talocrural joint and the head of the first or second metatarsal.
This virtual line acts as a lever during walking and was described as “the functional axis
of the foot” by Morton (1922). Previous studies on plantar pressure measurement suggest
that there was a medial shift in the functional foot axis during the course of hominid and
human evolution. In humans, the foot axis is on the second metatarsal bone. Research on
plantar pressure distribution in bonobos and chimpanzees (Elftman & Manter, 1935;
Vereecke, D'Aodt, De Clercq, Van Elsacker, & Aerts, 2003; Wunderlich & Ischinger,
2017) has revealed that the functional foot axis of these two ape species is found on the
second metatarsal bone, as is the case in humans. In contrast, macaque monkeys seem to
have their functional axis on the third metatarsal and the center of pressure travels toward
the third digit (Hirasaki, Higurashi, & Kumakura, 2010).

This idea of a shift is supported by osteological studies. Given that plantar pressure
data are limited, the functional foot axis is typically defined on the basis of the longest
metatarsal, following the idea that the longest metatarsal bone functions as a lever during
locomotion (Morton, 1922). Wunderlich (1999) reported that the second metatarsal is
longer than the third metatarsal in hominoids. By contrast, the third metatarsal is the
longest in most non-hominoid anthropoid species except for Ateles and Lagothrix, where
the length of the second and third metatarsals is almost identical. Metatarsal robusticity
(Marchi, 2005; Jashashvili, Dowdeswell, Lebrun, & Carlson, 2015) and torsion (Drapeau
& Harmon, 2010; Pontzer et al., 2010) have also been used to define the functional axis
of the foot and support the notion that there was a medial shift of the foot axis in
hominoids.

Compared with osteological and foot pressure studies, myological evidence on this
topic is relatively limited. We previously studied the plantar muscles of five primate
species and found that the interosseous muscles seem to relate to the functional foot axis
(Hirasaki & Kumakura, 2010). In the foot, there are four dorsal (D1-D4) and three plantar

(P1-P3) interosseous muscles. The dorsal interosseous muscles are bipennate, with each
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muscle arising mostly by two heads from the adjacent sides of the metatarsals. The plantar
interossei are unipennate, originating mostly from the metatarsal of the toe into which the
muscle is inserted. Both of the dorsal and plantar interossei are inserted mainly onto the
bases of the proximal phalanges. One of the actions of the dorsal interossei is abduction
of the digits at the metatarsophalangeal (MP) joints, whereas the plantar interossei adduct
the digits. Thus, the digit that has insertions of the two dorsal interossei and no insertions
of the plantar interossei is considered to be the foot axis. It is well known that the dorsal
interossei of the human foot are arranged so that they abduct the digits around the second
digit; the second digit has insertions of the first and second dorsal interossei (D1, D2) and
no insertion of the plantar interosseous, suggesting that the functional foot axis is on the
second digit (Fig. 1a). We refer to this as the “human condition” in this study. In contrast,
the muscles of non-hominoid anthropoid primates are mostly arranged around the third
digit (Howell & Straus, 1933; Inokuchi, 1967), as is the case in the human hand: the third
digit has insertions of D2 and D3 and no insertion of the plantar interosseous (Fig. 1b).
We refer to this as the “monkey condition.” This difference in the arrangement of the
interosseous muscles is consistent with the results of osteological and plantar pressure
studies and is thought to relate to the medial shift of the functional axis of the human foot,
making the interossei “the most interesting muscles of the foot” (Manter, 1945).

In a previous study, we proposed a hypothesis concerning the transition from the
monkey condition to the human condition (Hirasaki & Kumakura, 2010). This transition
requires that D2 changed its insertion from the third digit to the second digit and that the
first plantar interosseous (P1) changed its insertion from the second digit to the third digit.
Our hypothesis on how such an acrobatic jump in insertion actually occurred is based on
detailed observations of the interosseous muscles of five primate species, which revealed
that the dorsal interossei are composite muscles consisting of two parts, namely, the deep
short flexors (DSF) and the intermetatarsal abductors (IM) positioned dorsal to the DSF
(Cunningham, 1882; McMurrich, 1927). We hypothesize that changes in the combination
of these fusions might exchange the insertions between D2 and P1, resulting in changes
of the muscle arrangements from the monkey condition to the human condition (Fig. 2;
also see Hirasaki & Kumakura (2010) for details). That is, the monkey-type D2 (D2wm),
which consists of the second intermetatarsal abductor (IM2) and the fifth deep short flexor
(DSF5), has its insertions on the third digit because DSF5 sends fibers to the third digit.

4
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If IM2 changes its partner from DSF5 to DSF4, which has its insertion on the second digit,
then the muscles form the human-type D2 (D24), and DSF5 becomes the human type P1
(P1h).

To test this hypothesis, data on apes are essential. However, such information is
limited, and the available data are not necessarily in accord. For example, Lewis (1989),
Sokoloff (1972), and Swindler & Wood (1973) reported that the interossei of chimpanzees
are arranged around the third digit. By contrast, Hepburn (1892), Humphrey (1867), and
Michaelis (1903) claimed that the second digit has insertions of the two dorsal interossei
in chimpanzees. A similar discrepancy was found for gorillas (McMurrich, 1927).

The insertions of a muscle are relatively simple to determine. Thus, it is unlikely that
these established researchers failed to correctly identify the insertions of the interossei.
One possible reason for this discrepancy is intraspecific variation. However, as most
previous reports were based on a single specimen, there is insufficient information to
decide whether the discrepancy is due to intraspecific variation or other factors. If the
great apes demonstrate both the human and monkey conditions, depending on individual
subjects, we could infer that the chimpanzee arrangement of interosseous muscles is in a
transitional stage from the monkey condition to the human one. In addition, if the great
apes are in a transitional stage in terms of interosseous arrangement, this would suggest
that modifications in the muscular system lagged behind those in the motion and skeletal
systems because the foot functional axes estimated from metatarsal length and plantar
pressure are already on the second digit in the great apes.

To test this idea, we examined the arrangement of the interosseous muscles in 14 great
ape specimens, including 10 chimpanzees, 1 bonobo, and 3 gorillas. We predicted that
some of the great ape subjects would represent the human condition and others the

monkey condition.

FhxkxAEx* Figures 1 & 2, around herg ***xx*xx

2 MATERIALS AND METHODS

As described in Table 1, we examined 10 chimpanzees (Pan troglodytes), 1 bonobo

(Pan paniscus), and 3 gorillas (Gorilla gorilla). Of the 10 chimpanzee specimens, one
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(Jenny) was also used in Hirasaki & Kumakura (2010) and four (Kanako, Journey, Pon,
and Satoshi) in Oishi et al. (2012). All apes were obtained from zoos in Japan or the
Kumamoto Chimpanzee Sanctuary of Kyoto University. All the zoo/sanctuary enclosures
have a grass ground and artificial 3D structures on which animals can use a locomotor
repertoire representative of their natural life, including knuckle walking, arm swinging,
and climbing. No wild apes were included in this study. The apes were fully mature at the
time of death and cadavers were preserved by freezing or 10% formalin solution. None
of the apes showed any deformity or disorder related to locomotion.

Observations were made under a magnifying lens when necessary and photographed
using a digital microscope. We concentrated on identifying insertions and the global form

of the muscles.

*xxkxkxx Table 1, around here *******x*

3 RESULTS

In two of the 10 chimpanzees, the interosseous muscles were arranged around the
second digit (Table 1). The second dorsal interosseous (D2) arose from the proximal half
of the metatarsals 11 (fibular side) and Il (tibial side), the medial cuneiform, and the
sheath of the peroneus longus tendon and reached to the fibular side of the joint capsule
of the MP joint Il and the fibular side of the proximal phalanx Il as a part of the dorsal
aponeurosis. The first plantar interosseous (P1) arose with the second dorsal interosseous
and reached to the tibial side of the proximal phalanx 111 as a part of the dorsal aponeurosis
(Fig. 3a). The origins and insertions of the other interossei (the first, third, and fourth
dorsals and the second and third plantar interossei) were the same as described in our
previous study (Hirasaki & Kumakura, 2010); that is, in these two specimens, the second
digits had two insertions of the dorsal interossei and no insertions of the plantar
interosseous, representing the human condition (the foot functional axis was on the
second digit). In the other chimpanzee specimens, D2 reached to the tibial side of the MP
joint 11l and the proximal phalanx Ill, and P1 was inserted on the fibular side of the MP
joint 1l and the proximal phalanx Il (Fig. 3b). The third digit had two insertions of the
dorsal interossei, representing the monkey condition. Taken together, these findings

6
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demonstrate that variation exists in chimpanzees (Table 1 and Fig. 3). There was no clear
relation between subspecies and interosseous arrangement.

Of the three gorilla specimens, which were all G. g. gorilla, one (Sakura) showed the
human condition. Thus, intraspecific variation was also present in gorillas. The single
bonobo specimen had its foot axis on the second digit. Interestingly, both the first plantar
interosseous and the second dorsal interosseous could be observed in the dorsal view (Fig.

3c). Typically, only dorsal interossei are visible in the dorsal view.

FhxAxAxR Figure 3, around here **xkxkoxk

4 DISCUSSION

Our study revealed variation in the arrangement of interosseous muscles in great apes.
Two of 10 (20%) chimpanzees represented the human condition, in which the second digit
has insertions of two dorsal interossei and no insertions of the plantar interosseous. These
results are consistent with those of Hepburn (1892), Humphrey (1867), and Michaelis
(1903). The other eight chimpanzee specimens represented the monkey condition, where
the interosseous muscles are arranged around the third digit, which has two insertions of
the dorsal interossei. These results are consistent with reports by Lewis (1989), Sokoloff
(1972), and Swindler & Wood (1973). In our gorilla specimens, one of three (33%)
showed the human condition, as previously reported by Lessertisseur & Jouffroy (1973).
We studied only one bonobo which had its foot axis on the second digit, unlike the
findings by Miller (1952) and Vereecke et al. (2005). These results clearly demonstrate
intraspecific variation in African great apes and support the hypothesis that their
interosseous muscle arrangement is in a transitional stage from the monkey condition to
the human one.

An interesting finding in this study was that our bonobo specimen showed a muscle
arrangement in which both the second dorsal and first plantar interossei could be observed
in a dorsal view (Fig. 3c). This was in accordance with the transitional condition shown
in Figure 2b (Hirasaki & Kumakura, 2010). In this condition, D2 was no longer bipennate
and lost the origin on the second metatarsal. Instead, P1 expanded its attachment dorsally

to the dorso-lateral aspect of the second metatarsal. This is similar to a frequently
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observed anomaly in human interosseous muscles reported by Manter (1945) where P1
increases in size such that it can be seen dorsally. Anomalies sometimes represent
primitive conditions. We infer that this enlargement of P1 in the monkey condition may
have been induced by an increase in force applied to the second MP joint during
locomotion.

The arrangement of the interosseous muscles is thought to relate to the functional axis
of the foot (Hirasaki & Kumakura, 2010). Thus, the transitional stage of the interosseous
muscle arrangement in African great apes may suggest that the functional foot axis is also
in a transitional stage on the way to the medial shift, which is one of the most important
factors in human foot evolution. As noted by Wunderlich (1999), however, the axis of the
foot estimated from the metatarsal length is already on the second digit in apes. Studies
based on robusticity (Marchi, 2005; Jashashvili et al., 2015) and torsion (Drapeau &
Harmon, 2010; Pontzer et al., 2010) of the metatarsal also suggest that the functional foot
axis is on the second digit in the hominoids. Elftman & Manter (1934, 1935), Vereecke et
al. (2003), and Wunderlich & Ischinger (2017) reported that the functional axis of the
foot, as determined from foot pressure distributions, is on the second digit in chimpanzees
and bonobos. Given these facts, we postulate that modification in the interosseous muscle
arrangement phylogenetically lagged behind modification in metatarsal morphology and
foot motion during locomotion. Modifications in foot motion during locomotion changed
dynamic requirements to the musculoskeletal system, which may have induced
modifications in morphology of the metatarsals and thus the arrangements of the
interosseous muscles.

What induced the above-described modifications in foot motion? We infer that it was
climbing behavior in hominoids. Wunderlich & Ischinger (2017), who investigated
plantar pressure distribution across the forefoot of chimpanzees during various locomotor
repertoires, concluded that “the long, robust and inverted medial metatarsals in great apes
are associated with greater plantar pressure medially than laterally during vertical
climbing,” based on experimental results indicating that peak pressure on the medial
metatarsals and the first toe occurred at the end of stance phase during climbing and was
higher than on any other element of the foot. In addition, toe pressure was considerably
higher during vertical climbing than terrestrial knuckle walking or quadrupedal walking

on horizontal poles. The great pressure applied on the medial part of the forefoot,
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particularly the second MP joint during vertical climbing, suggests that muscles around
this joint generate a large plantar-flexion moment. The larger requirement at the second
MP joint for plantar flexion may induce enlargement of P1 in the monkey condition (P1m
or DSF4 in Fig. 2a, b), which serves to plantar flex the MP joint and abduct the digits. If
this muscle develops well and merges with the dorsally located intermetatarsal abductor
(IM2 in Fig. 2b), it may form a human-like D2 (D2 in Fig. 2c) and the fifth deep short
flexor (DSF5), which is part of D2 in the monkey condition, would be isolated as P1 in
the human condition (P1n in Fig. 2c). Thus, the increased requirement for plantar flexion
at the second MP joint could change the combination of fusions of the DSF and the IM.
Given that DSF4 has its insertion on the second digit and DSF5 is on the third digit, a
change in the combination could result in a change in the insertion of D2. As climbing is
an important form of locomotion shared by non-human hominoids, it is plausible to
attribute the medial shift of the functional foot axis in non-human hominoids to the
biomechanical requirements of climbing behavior.

However, as climbing is no longer a part of the locomotor repertoire of humans, the
question remains why humans retain the functional foot axis on the first or second
metatarsal. We infer that this is linked to frequent bipedal walking. In our previous
experimental study using macaque monkeys, the center of plantar pressure medially
shifted during bipedal locomotion compared with quadrupedal locomotion (Hirasaki et
al., 2010). At the late stages of the stance phase, the foot pressure center was somewhere
between the second and third digits at the level of the metatarsal head in macaque
monkeys (although the third digit is the last to take off from the ground). When pushing
off the ground, dorsiflexion moment is applied on the second MP joint and the muscles
resist by generating a plantar-flexion moment to stabilize the joint. Thus, the medial shift
of the foot pressure center during bipedal walking requires increased activity of the
plantar-flexion muscles at the second MP joint. Recently, Holowka, Hatala, Demes,
Thompson, & Wunderlich (2018) reported that their chimpanzee subjects exhibited
lateral-to-medial roll-off patterns across the metatarsal heads during push-off of bipedal
walking. Taken together, these experimental results for chimpanzees and macaque
monkeys suggest that bipedal walking involves increased pressure at the medial forefoot.
Considering that the myological axis of the foot on the second toe is consistently observed

only in humans, the biomechanical requirement of obligate bipedal walking might be an
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important factor that changed the arrangement of the interossei from the monkey to
human conditions. Conversely, intraspecific variation in the great apes might be
associated with locomotor repertoires that exclude obligate bipedal walking. Our
hypothesis concerning medial shift of the functional foot axis supports the biomechanical
link between climbing and bipedalism (e.g., Prost, 1980; Fleagle et al., 1981; Yamazaki
& Ishida, 1984); however, at this stage, this is highly speculative and needs to be verified
by additional mechanical data., but is highly speculative at this stage, and needs to be
verified by additional mechanical data. Given the challenges of obtaining supporting
experimental data, simulation studies using a musculoskeletal model may be able to
clarify this assertion in the future.
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Figure 1.

Schematic of the arrangement of the foot interosseous muscles. a: “the human condition”;
b: “the monkey condition”; I-V: the proximal phalanges I-V and the metatarsals I-V,
respectively; solid lines: the dorsal interossei; dotted lines: the plantar interossei.

Figure 2.

Cross-sectional view of the metatarsal part of the foot, illustrating the hypothesis how the
arrangement of the interosseous muscles could change from “(a) the monkey condition”
to “(c) the human condition” via “(b) the transitional condition.” II and III: cross-sections
of the second and third metatarsals, respectively; IM2: the second intermetatarsal
abductor in the primitive mammalian condition (Cunningham, 1882); DSF4 and 5: the
fourth and fifth deep short flexors in the primitive mammalian condition, which have their
insertions on the second and third digits, respectively; D2m: the second dorsal
interosseous in the monkey condition, which is a composite muscle consisting of IM2 and
DSF5; P1m: the first plantar interosseous in the monkey condition, which was DSF4 in
the primitive mammalian condition; D24: the second dorsal interosseous in the human
condition, which consists of IM2 and DSF4; P1n: the first plantar interosseous in the
human condition, which was part of D2m in the monkey condition.

Figure 3.

Examples of the results. a: dorsal view of the right foot of a chimpanzee specimen,
KUPRI#7808, in which the second dorsal interosseous (D2) has its insertions on the
second digit; b: dorsal view of the right foot of a chimpanzee specimen, Yoshio, in which
D2 has its insertions on the third digit; c: the left foot of the bonobo specimen, Piisuke,
in which both the D2 and the first plantar interosseous (P1) are visible in the dorsal view;
I1-V: the metatarsals 11-V, respectively.
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Table 1. Details of the specimens examined

Species Subspecies | Name Age Sex Body mass at | Preservation Side | Zoo/ Axis
death Institute digit*
Pan troglodytes verus Kanako" 11 F 30.2 frozen L/R | Tama Zoological Park, Japan I
verus Journey" ca. 45 F 44.0 frozen L/R | Tama Zoological Park, Japan 111
verus Reiko ca. 47 F 54.6 frozen L Kyoto University, Japan I
verus Jenny? (full adult) F ? 10% formalin L/R | Kyoto University, Japan 111
verus Macky 38 F ? frozen R Tama Zoological Park, Japan II
Vverus Yoshio 29 M 37.2 frozen R Kyoto University, Japan 111
Verus Yuta 24 M ? frozen R Himeji Central Park, Japan I
schwein- Pon? ca. 27 M 46.5 frozen L Yamajigoku, Japan 111
furthii
hypbrid Satoshi 27 M ? frozen L/R | Chausuyama Zoo, Japan 1
unknown KUPRI#7808 (full adult) F ? 10% formalin R Kyoto University, Japan I
Pan paniscus Piisuke ca. 29 M ? frozen L Japan Monkey Centre II
Gorilla gorilla gorilla Reiko 40 F 69 frozen L Ueno Zoological Gardens, Japan 11
gorilla Daisuke ca. 34 M 118.5 frozen R Kamine Zoo, Japan I
gorilla Sakura ca. 37 F ? frozen R Kobe Oji Zoo, Japan I

* : The axis digit was defined as a digit which has two insertions of the dorsal interossei (2™ and 3™) and has no insertion of the plantar interosseous muscle.
1) Oishi et al. (2012);
2) Hirasaki and Kumakura (2010)




