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Whether lateralization of communicative signalling in non-human primates might constitute prerequisites
of hemispheric specialization for language is unclear. In the present study, we examined (i) hand prefer-
ence for a communicative gesture (clapping in 94 captive chimpanzees from two research facilities) and
(ii) the i vivo magnetic resonance imaging brain scans of 40 of these individuals. The preferred hand for
clapping was defined as the one in the upper position when the two hands came together. Using computer
manual tracing of regions of interest, we measured the neuroanatomical asymmetries for the homologues
of key language areas, including the inferior frontal gyrus (IFG) and planum temporale (PT). When con-
sidering the entire sample, there was a predominance of right-handedness for clapping and the
distribution of right- and left-handed individuals did not differ between the two facilities. The direction
of hand preference (right- versus left-handed subjects) for clapping explained a significant portion of
variability in asymmetries of the PT and IFG. The results are consistent with the view that gestural com-
munication in the common ancestor may have been a precursor of language and its cerebral substrates in
modern humans.
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1. INTRODUCTION

Hemispheric specialization of the brain and right-handed-
ness has historically been considered a specific trait of
human evolution [1-3]. Most language functions involve
a greater activation of the left hemisphere, including Wer-
nicke’s and Broca’s areas, two key regions of the language
cortical network involved in the comprehension and pro-
duction of signals within the temporal and the frontal
cortex, respectively [4—9]. Leftward size asymmetries
have been reported, particularly among right-handed
individuals for the planum temporale (PT) [10-12],
but such a leftward bias is not entirely consistent across
studies for the inferior frontal gyrus (IFG) [13,14],
which includes Brodmann’s cytoarchitectonic areas 44
and 45 [15]. The PT and IFG overlap with Wernicke’s
and Broca’s areas; therefore, these anatomical asymme-
tries may correspond to the functional dominance of the
left hemisphere for language.

* Author for correspondence (whopkin@emory.edu).
Electronic supplementary material is available at http:/dx.doi.org/
10.1098/rspb.2011.2485 or via http:/rspb.royalsocietypublishing.org.

Received 27 November 2011
Accepted 9 December 2011

1959

Left lateralization for language has been historically
linked to right-handedness for manipulative actions
[16,17], but 70 per cent of left-handed humans also
show a similar left lateralization [18-20], suggesting
that the direction of handedness for manipulation is not
a perfect predictor of hemispheric lateralization for
language. An alternative model claims that handedness
for gestural communication may constitute a better
predictor [21,22] of hemispheric specialization for
language. Right-hand dominance in humans (almost
90% are right-handed [23]) is not only associated with
manipulation, but also with communicative gestures,
including signing in deaf people [24,25], manual move-
ments when people are talking [26] and pointing
gestures by infants [27]. Interestingly, signing, pointing
or symbolic actions—abilities that might play an active
role in the development of children’s communicative
skills [28]—elicit a stronger degree of right-handedness
than non-communicative manual actions in young children,
potentially indicating a greater involvement of the left
hemisphere for communicative signalling [27,29-32].
Furthermore, evidence of links between speech and gesture
production in humans is consistent with the notion of a
single integrated communication system within the left
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cerebral hemisphere for both vocal and gestural communi-
cation [22,33-37]. Finally, functional brain imaging
studies have shown a ‘speech-like’ activation of Broca’s
area in the left hemisphere for sign production in deaf indi-
viduals [38,39]. These collective findings raise important
questions regarding the role of gestures in the origin of
language in humans [22,40,41].

Because chimpanzees (Pan troglodytes) are our closest
phylogenetic relatives, this species may be a relevant
model for investigating the potential precursors of left
hemisphere specialization for language in humans. It is
well known that chimpanzees produce intentional manual
gestures to communicate with social partners in various
social contexts, such as play, threat, greeting, invitation
for grooming, shared excitation, reassurance-seeking after
stress and food begging [42-46]. It has been further
shown that great apes have a much more flexible [44,46]
and much less context-dependent gestural, compared
with vocal, system of communication [47], and are able
to adjust their gestural behaviours to the responses and
the attentional state of the recipient [48—52]. These fea-
tures of the gestural system have been considered as
evidence of continuities with key properties of human
language, such as flexibility, intentionality and referential
properties, which some believe support the gestural origins
theory of language evolution [53-56].

Within this theoretical framework, there are some ques-
tions about whether the gestural system in non-human
primates involves a left hemisphere specialization, as it
does in human language. To our knowledge, the studies
on non-human primates that investigated hand preferences
for gestural communication have all reported a significant
preponderance of right-handedness for different categories
of gestures, including intraspecific (e.g. hand slap) and
human-directed gestures (e.g. food-begging extended
arm) in both captive chimpanzees [57-59] and olive
baboons (Papio anubis) [60,61]. Similarly, although less
well documented, evidence of asymmetries in gestures
has also been reported in bonobos (Pan paniscus) [62]
and gorillas (Gorilla gorilla) [63]. Interestingly, according
to different assessment methods (i.e. region-of-interest
manual tracing of brain imaging scans [64—67], voxel-
based morphometry [68] and post-mortem morphological
analyses of the PT tissues [69]), investigations of neuroa-
natomical asymmetries in great apes—and chimpanzees
specifically—have reported leftward biases for both the
IFG and PT (considered as the homologue regions that
overlap Broca’s and Wernicke’s areas in humans [70]).
Leftward bias has been confirmed at microcellular level
by cytoarchitectonic studies for Brodmann’s area 22
(which makes up part of the PT) [71], but not for
Brodmann’s areas 44 and 45 (i.e. Broca’s area) [72].

The focus of this study was on assessing whether variation
in asymmetries in the IFG and PT are associated with hand
preferences for manual gestures in captive chimpanzees.
There is one previous study in captive chimpanzees that
reported neuroanatomical correlates between asymmetries
in the IFG but not the PT with hand preferences for
human-directed food-begging gestures (i.e. extended arm
towards humans) [66]. Here, we focused on clapping ges-
tures because they have several unique features in terms of
social cognition and handedness that make them particularly
interesting for this research topic. First, clapping is an audi-
tory rather than visual gesture that has been frequently
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described as a communicative signal that is uniquely pro-
duced by great apes (gorillas, chimpanzees, bonobos and
orangutans) but not by more distantly related monkeys
[50,52,73,74]. Moreover, in captive chimpanzees, because
the frequency of clapping has been shown to increase when
a human recipient is inattentive in the presence of out-of-
reach food, this gesture has the specific function of capturing
the attention of an otherwise inattentive individual [52,75,
76]. Second, most of the clapping behaviours in chimpanzees
are asymmetrically performed between the two hands,
namely with one hand in the upper position that slaps the
other hand in the lower position when produced in
the horizontal plane, resulting in a sound [77]. Finally, clap-
ping has been shown to elicit exclusive hand preferences in a
majority of captive chimpanzees [77], suggesting that hand
use is not sensitive to postural or situational factors and
therefore has the potential to better reflect underlying
inherent specialization of the left or right hemisphere. In
this study, we investigated hand preferences for clapping
behaviours in two cohorts of captive chimpanzees and then
subsequently compared the patterns of neuroanatomical
asymmetry in the PT and IFG in those subjects that were
found to consistently clap with the right or left hand. If clap-
ping as a communicative behaviour is lateralized and
associated with asymmetries in the PT and IFG, then we
hypothesized that (i) significantly more individuals would
be right- than left-handed for clapping and (ii) significant
differences in asymmetries in the PT and IFG would be
found between left- and right-handed subjects.

2. METHODS

(a) Subjects

Hand preferences for clapping were assessed in two cohorts
of chimpanzees comprising 241 individuals (139 females
and 102 males) ranging in age from 2 to 47 years of age
(mean = 19.03, s.e. = 1.13). Among this sample, 94 subjects
(68 females, 26 males) were observed to clap on at least one
occasion. The first cohort of clapping individuals comprised
43 subjects (35 females, 8 males) out of the 111 chimpanzees
that have been observed at the Yerkes National Primate
Research Center (YNPRC) in Atlanta, GA. The second
cohort comprised 51 subjects (33 females, 18 males) out of
the 130 chimpanzees that have been observed at The Univer-
sity of Texas MD Anderson Cancer Center (UTMDACC) in
Bastrop, TX. In vivo magnetic resonance imaging (MRI)
scans were previously obtained from a sample of 40 chim-
panzees (32 females, 8 males) for whom hand-use data for
clapping were recorded.

(b) Procedure

(1) Hand use measures for clapping

The preferred hand for clapping was defined as the one in the
upper position when the two hands came together (figure 1).
From April 2007 to March 2011, data were collected
between 10.00 and 18.00 h in an observational day during
two 2-h observation sessions, one in the morning and one
in the afternoon. Social groups were randomly observed
during an observation session, especially during feeding
times and experimental sessions when clapping frequencies
increase in order to get the attention of humans distributing
food. An all-occurrences sampling procedure was used and
a hand-use response of right or left was recorded opportunis-
tically whenever clapping was observed. If a sequence of
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Figure 1. An adult female chimpanzee claps with the right
hand in the upper position in order to get the attention of
a human observer.

claps occurred with the same hand without an interruption of
at least 2 s, then the entire sequence was considered a single
instance of clapping.

(i1) Magnetic resonance image collection

For collecting i vivo MRI scans, 11 anaesthetized chimpan-
zees were scanned using a 1.5 T MRI machine and 29 were
scanned with a 3 T machine. The full details of the pro-
cedure of image collection are provided in the electronic
supplementary material (point 1; see also [66]).

(i) Quantification of the regions of interest

The brain regions of interest included the IFG and PT, and
were restricted to 40 subjects for whom clapping data and
MRI scans were available. Using a mouse-driven computer-
guided cursor with the software ANALYZE v. 7.0, the surface
area of a given cerebral region of interest was quantified by
tracing the area manually in each of the slices of the brain scan
where the region was present and then the cumulative measures
of all slices were added to yield a single value. Such a quantifi-
cation in both right and left hemispheres allowed for the
assessment of the neuroanatomical asymmetry of this region in
each subject.

Inferior frontal gyrus. For quantifying the IFG, we used the
methodology described in previous studies [64,66]. The
MRI scans were aligned in the parasagittal plane and cut
into 1 mm slices. The IFG was defined as the portion of cor-
tical surface bounded anteriorly by the fronto-orbital sulcus
(FO), posteriorly by the precentral—inferior sulcus (PCI)
and superiorly by the inferior frontal sulcus (figure 25). For
each slice, the anterior border of the IFG was traced in
following the FO sulcus. The superior border of the IFG
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(b) inferior frontal gyrus

(c) planum temporale

Figure 2. (a) Three-dimensional reconstruction of a chim-
panzee brain indicating the inferior frontal gyrus IFG) and
the planum temporale (PT). (b) 1 mm slice in the parasagittal
plane with the IFG traced on the slice (FO, fronto-orbital
sulcus; PCI, precentral—inferior sulcus). (¢) 1 mm slice in
the coronal plane with the sylvian fissure (SF) traced on
the slice.

was traced by a straight line from the extremity of the FO
sulcus until it reached the PCI sulcus. Then, as the posterior
border of the IFG, a straight line was dropped vertically to
the bottom edge of the brain. Consecutive parasagittal
slices were traced from the lateral surface of the IFG to the
most medial slice immediately preceding the insula. This
region could be measured in both hemispheres in 35 subjects.
Ambiguity in the sulci landmarks precluded measurement of
the IFG in five subjects.

Planum temporale. For quantifying the PT [65,67], the MRI
scans were aligned in the coronal plane and virtually cut into
1 mm slices. The anterior border of the PT was defined by
the most frontal slice showing Heschl’s gyrus. The posterior
border was defined as the most caudal slice showing the sylvian
fissure. The flat surface of the PT, corresponding to the depth
of the sylvian fissure, was measured on each slice and then
summed across all slices for each hemisphere (figure 2¢). The
PT surface area (in square millimetres) was computed as the
sum of the cumulative PT surface measures across all slices
[12]. This region could be measured in both hemispheres in
38 subjects. The PT could not be traced in two apes owing
to an unclear delineation of Heschl’s gyrus.

(c¢) Data analysis

The hand preferences for clapping were determined according
to two methods. First, on the basis of total left and right
responses of hand use for clapping, an individual handedness
index (HI) was calculated by using the following formula:
HI= (R — L)/(R+ L), with R and L representing total right-
and left-hand responses, respectively. The HI values varied on
a continuum from —1.0 to 1.0, with the sign indicating the
direction of hand preference. Positive values indicated right-
hand preferences and negative values indicated left-hand
preferences. The absolute value of the HI score (ABS-HI)
reflected the strength of individual hand preferences. Second,
a more conservative method consisted of calculating an individ-
ual z-score based on total left- and right-hand clapping
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Table 1. Distribution of hand preferences and degree of group-level manual bias. no. L, number of left-handed subjects; no.
R, number of right-handed subjects; no. A, number of ambiguously handed subjects; n < 4, number of subjects that
produced fewer than four clapping responses and were subsequently categorized as ambiguously handed according to the z-
score; N, sample of subjects; M. HI, mean handedness index score of N individuals that corresponds to degree of
population-level handedness—the sign indicates the direction of the manual bias (negative value: left-hand bias, positive
value: right-hand bias); s.e., standard error of the mean. Bold indicates significance at p < 0.01.

samples no. L no. R no. 4 n<4 N M. HI s.e.

all subjects 28 42 4 20 94 0.26 0.09
population YNPRC 14 22 3 4 43 0.19 0.14
population UTMDACC 14 20 1 16 51 0.31 0.13
males 5 10 2 9 26 0.45 0.17
females 23 32 2 11 68 0.18 0.11

responses in order to classify the subjects as left-handed
(2 < —1.96), right-handed (z > 1.96) or ambiguously handed
(—1.96 < 2 < 1.96). According to the z-score technique, sub-
jects that produced fewer than four responses were classified as
ambiguously handed, regardless of the direction of hand-use
responses. For the IFG and PT, an asymmetry quotient (AQ)
was obtained by using the following formula: AQ = (R — L)/
[(R+ L) x 0.5], where R and L represent the size of the right
and left regions, respectively. AQ values also varied on a conti-
nuum, with positive values indicating a right hemisphere bias
and negative values indicating a left hemisphere bias.

3. RESULTS

(a) Hand preferences for clapping

Basic descriptive data on the frequency of hand use in clap-
ping are provided in the electronic supplementary material
(point 2). Among the total sample of 94 chimpanzees who
were observed to clap, 42 were classified as right-handed,
28 as left-handed and 24 were classified as ambiguously
handed (including 20 subjects that produced fewer than
four responses). Among the 74 subjects that produced a
minimum of four responses, 63 subjects showed exclusive
hand preference (i.e. ABS-HI = 1.00), whereas only 11
chimpanzees did not (i.e. ABS-HI < 1.00). Based on a
chi-square goodness-of-fit test, there was a trend towards
a predominance in the number of right- compared with
left-handed subjects: ¥* (1, n = 70) = 2.80, p = 0.09. The
mean HI score of the 94 subjects (mean = 0.26, s.e. =
0.09) revealed a significant right-hand bias according to a
one-sample ¢-test, fo3 = 2.71, p <0.01. All results are
summarized in table 1. Further detailed analyses presented
in the electronic supplementary material (points 3-5)
demonstrated that there was no effect of time, population,
sex or number of responses (using a funnel plot; see [78])
on the patterns of hand preferences.

(b) Neuroanatomical asymmetries

The 38 subjects for whom the asymmetry of the PT
was measured showed a significant leftward bias for the
PT (AQ=-0.13, s.e.=0.02), according to a one-
sample r-test (137 =—5.14, p < 0.001). The 35 subjects
that were measured on the IFG did not show a significant
population-level neuroanatomical bias (AQ = 0.09, s.e. =
0.06), 135 = 1.53, p > 0.10. In the next analyses, we inves-
tigated whether neuroanatomical asymmetries for the PT
and IFG were associated with the direction of handedness
for clapping.
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(¢) Neuroanatomical correlates of hand preferences
Jor clapping

Among the 40 individuals for whom brain MRI scans
were analysed, according to the z-score, 10 were classified
as ambiguously handed, 7 of whom produced fewer than
four responses. For more statistical power, we decided to
include these ambiguous subjects in the neuroanatomical
analyses and determined the direction of their hand pre-
ferences based on the sign of their individual HI score.
Among these 10 subjects, 6 had a positive HI value
and were included in the right-handed group, and 4
had a negative value and were included in the left-
handed group. Thus, for these analyses, there were 24
right-handed and 16 left-handed subjects.

We conducted a mixed-model analysis of variance with
AQs for the IFG and the PT serving as the repeated
measure while sex and handedness were between-group fac-
tors. We found a significant main effect for handedness in
clapping on the AQ scores (I 3; = 7.74, p < 0.01; figure
3). Right-handed chimpanzees had greater leftward asym-
metries compared with left-handed individuals. As an
alternative analytic approach, we also correlated the individ-
ual HI scores for clapping with the AQ scores for the PTand
IFG. The HI scores for clapping were significantly nega-
tively correlated with the AQ scores for both the PT
(rss =—0.39, p < 0.05) and IFG (135 = —0.35, p < 0.05).

4. DISCUSSION

Several findings were revealed in this study. First, this is the
first demonstration of predominance of right-handedness
for clapping, a communicative gesture produced by great
apes. As previously reported in another study [77], we
found that clapping elicits nearly exclusive hand preference
at the individual level that is consistent across time. Inter-
estingly, as can be seen in the electronic supplementary
material, figure S2 (point 6), the degree of population-
level right-handedness for clapping is consistent with
that reported for other categories of gestures in captive
chimpanzees, such as human-directed food begging [58]
and species-specific signals, including threat, extended
arm and hand slap [59]. The degree of right-handedness
for gestural communication is much more pronounced
than for non-communicative motor actions in chimpan-
zees, such as coordinated bimanual actions and simple
reaching [58,59]. Similar differences in the degree of
right-handedness between communicative and non-com-
municative actions have also been reported in captive
baboons [60,61], bonobos [62] and humans [27,29-32].
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Figure 3. Degree and direction of neuroanatomical asymme-
tries (AQ scores) for the inferior frontal gyrus (IFG) and the
planum temporale (PT) in left-handed (z =13 for the
IFG; n = 16 for the PT) and right-handed subjects (n = 21
for the IFG; n =22 for the PT) for clapping. AQ values
varied on a continuum with positive values indicating right
hemisphere biases and negative values indicating a left
hemisphere bias.

Collectively, these findings support the hypothesis that a
specific left-lateralized gestural system might be involved
in the production of communicative signalling [60] in the
common ancestor.

Second, we confirmed previous reports of leftward neu-
roanatomical asymmetries in chimpanzees for the PT
[65,67,69], but not for the IFG [64,66]. Interestingly, the
latter findings are consistent with the human literature,
for which reports of leftward neuroanatomical asymmetries
are also inconsistent for the IFG [13,14], but not for the
PT [10-12]. However, the absence of population-level
asymmetries reported in the present study for the IFG
might be related to a sample size limitation because only
the chimpanzees that produced clapping behaviours were
included in the analyses. However, the overall sample
of the available MRI scans of the Yerkes chimpanzees
(n=82) showed leftward neuroanatomical asymmetries
for the IFG [79].

Third, we found that neuroanatomical asymmetries for
both the IFG and PT were associated with individual
differences in hand preferences for clapping. These neu-
roanatomical correlates of an auditory communicative
gesture are congruent with previous studies in chimpan-
zees showing that hand preference for human-directed
food-begging gestures predicts variation of the neuroana-
tomical asymmetry in the IFG [66] and of the grey matter
asymmetries in the PT [67]. In contrast, it has been pre-
viously reported that handedness for non-communicative
motor actions (bimanual coordinated task and unimanual
reaching) does not significantly correlate with the IFG
and PT homologues [66,80]. Thus, these findings sup-
port the notion that the gestural communication system
in chimpanzees might involve a common cerebral sub-
strate with human language and could have been the
precursor of the cerebral substrate for language in
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the common ancestor of humans and chimpanzees at
least 5—7 Myr ago.

Within an evolutionary framework, the associations
found between handedness for clapping and asymmetries
in the IFG and PT are particularly interesting because of
the cognitive and motor processes underlying this behav-
iour in chimpanzees. Notably, the use of clapping as an
attention-getting behaviour has only been reported in
great apes and not in more distantly related monkeys.
Moreover, clapping behaviours in great apes are auditory
signals that have been shown to be used as attention-
getting sounds especially when the recipient is not atten-
tive [50,52]. In other words, the use of clapping is a
manifestation of the ability of the great apes to adjust
the modality of the signal to the attentional state of the
recipient. Therefore, in contrast to monkeys, clapping
might involve a specific feature of social cognition in
great apes that is ultimately related to the prerequisites
of the language brain specialization. Such high-level
social cognitive behaviour might therefore be a significant
landmark in the evolution of communication and of the
brain in our common ancestors that led to language and
its specialization in the left hemisphere.

One issue raised in this study is whether clapping
would similarly stimulate cortical activation in the left
IFG and PT instead of simply being linked to variation
in neuroanatomy. Although no functional neuroimaging
data are available for communicative clapping gestures
in chimpanzees at the present time, two functional brain
imaging studies using positron emission tomography
(PET) suggest that such a hypothesis would be sup-
ported. First, a study on grasping in chimpanzees has
demonstrated that the neuroanatomical landmark of the
motor hand area (KNOB) overlaps with the functional
maps generated by PET analysis [81], indicating that neu-
roanatomical asymmetry of the brain might predict
functional asymmetry in chimpanzees. Second, in
another study in three captive chimpanzees, the IFG
has been shown to be activated in the left hemisphere
during a communicative context that included either
pointing gestures, atypical attention-getting sounds or
the simultaneous expression of both [82]. These signals
were produced towards a human observer in the presence
of out-of-reach food. Indeed, captive chimpanzees have
been shown to be able to learn and intentionally use
atypical sounds in order to get the attention of a human
observer [83]. These findings may indicate that the
production of intentional communicative signalling—
regardless of the communicative strategies and modalities
(vocal or gestural)—involves a functional lateralized
activation of homologues of language areas that is congru-
ent with the neuroanatomical asymmetries in the IFG
[66]. Because the production of clapping is part of the
intentional communicative system that is variably used
by the chimpanzees according to the attentional state of
the recipient [52,75,76], we might expect that the neuroa-
natomical correlates of clapping would overlap with
functional activation of these regions.

In summary, our findings support the hypothesis that
language might have evolved from an initial gestural or
simple multi-modal communication that was present in
the common ancestor of humans and chimpanzees
5—7 Myr ago [41]. Recently, it has been reported that
Brodmann’s areas 44 and 45 in the human brain, the
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constituent parts of Broca’s area, are nearly seven times
larger than in chimpanzees [72]. Taken together, these
findings suggest that with increasing selection for cognitive
representation and motor control of language and speech
in early humans, there was selective expansion in Broca’s
area in the human brain, particularly within the left hemi-
sphere, and this may account for the robust expression of
language lateralization in modern humans [54].
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