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Abstract

Many historical and contemporary theorists have proposed that population-level behavioral and
brain asymmetries are unique to humans and evolved as a consequence of human-specific
adaptations such as language, tool manufacture and use, and bipedalism. Recent studies in
nonhuman animals, notably primates, have begun to challenge this view. Here, | summarize
comparative data on neuroanatomical asymmetries in the planum temporale (PT) and inferior
frontal gyrus (IFG) of humans and chimpanzees, regions considered the morphological
equivalents to Broca’s and Wernicke’s areas. | also review evidence of population-level
handedness in captive and wild chimpanzees. When similar methods and landmarks are used to
define the PT and IFG, humans and chimpanzees show similar patterns of asymmetry in both
cortical regions, though humans show more pronounced directional biases. Similarly, there is good
evidence that chimpanzees show population-level handedness, though, again, the expression of
handedness is less robust compared to humans. These results stand in contrast to reported claims
of significant differences in the distribution of handedness in humans and chimpanzees, and |
discuss some possible explanations for the discrepancies in the neuroanatomical and behavioral
data.
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A fundamental aspect of the human central nervous system is hemispheric specialization.
Hemispheric specialization refers to sensory, motor, or cognitive functions that are
differentially processed by the left and right cerebral hemispheres. The two most commonly
studied and documented specializations in the human brain are language and handedness. It
has been well documented that, though there is some cultural variation, a significant
majority of humans self-report preferring to use the right hand for a variety of actions.23 In
addition, clinical, experimental, and functional imaging studies have shown that some,
though not all, aspects of language and speech are lateralized to the left hemisphere, 48
particularly among right-handedness individuals.® Specifically, the left inferior frontal gyrus
(IFG), as well as the left posterior temporal lobe of the human brain, which include Broca’s
and Wernicke’s areas, play important roles in the production and comprehension of gestural
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and spoken language.® There is also evidence of neuroanatomical asymmetries in humans
for both the inferior frontal gyrus and the posterior temporal lobe, which many believe may
underlie the functional specializations found for Broca’s and Wernicke’s areas.10-13
Specifically, in humans, the IFG is morphologically composed of three regions: the pars
opercularis, pars triangularis and pars orbitalis, and there is some evidence indicating that
this region of the brain is larger in the left than the right hemisphere, particularly among
right-handed individuals, though this depends on whether the volume of the entire gyrus is
quantified or only the portion composed of gray matter 14-16 (see below). Less controversial
is the evidence of leftward neuroanatomical asymmetries in the posterior temporal lobe,
specifically the planum temporale (PT). The PT is the flat bank of tissue that lies posterior to
Heschl’s gyrus (HG), and numerous studies have shown that there is a leftward asymmetry
in approximately 70-75% of human brains, though a smaller proportion of left-lateralized
individuals have been reported among left-handed subjects 17-20,

The functional and anatomical association between left-lateralization of the IFG and PT,
handedness, and language have led some to suggest that population-level asymmetries in
these brain regions are uniquely human, and a consequence of evolutionary selection for
increased motor control for language and speech that evolved after the split between humans
and chimpanzees approximately 5-6 million years ago.21-25 Population-level asymmetry
refers to consistent directional asymmetries in a significant proportion of the subjects within
a sample. It has been known for many years that most animals show individual limb
preferences (paw or hand preference),21:26 but the evolutionary debate has centered around
the emergence of population-level behavioral and brain asymmetries. With specific
reference to population-level handedness, a number of different evolutionary models have
been proposed, with each emphasizing the significance of human-specific adaptations that
may have selected for increasing left hemisphere control of motor actions, including hand
preferences. Some of these traits include bipedalism, tool manufacture and use, manual
gestures, and speech.27-30 For example, Annett3! has proposed the right-shift theory of
handedness, which hypothesizes that genes which code for the motor control of speech are
expressed in the left hemisphere and that right-handedness develops as a consequence of
increasing motor control for speech. When humans began to walk upright, the hands became
free from their primary locomotor functions and could subsequently be used for complex
manual actions that might have included tool manufacture and use, bimanual role
differentiation of the hands associated with feeding, or manual gestural communication.
Common to each of these scenarios is discontinuity in evolution of the expression of
behavioral and brain asymmetries; that is to say, there are little by way of antecedent
conditions in the phylogenetic record that resemble the human condition or expression of
asymmetry in structure and function. Thus, some single or co-occurring set of events
resulted in the sudden appearance of population-level functional and brain asymmetries after
the split from the common ancestor.

The discontinuity view of the evolution of behavioral and brain asymmetry has recently
come under scrutiny. Several bodies of research have contributed to this evolving view of
the origins of hemispheric specialization. First, there is now very good evidence of
population-level cognitive, sensory, and motor asymmetries in a number of nonhuman
animals from a variety of taxa.32-34 For example, several species of birds show asymmetries
in visual discrimination for different classes of stimuli.3® Toads prefer to use their right
paws to remove adhesive substrates placed centrally on their heads,3¢ and some species of
fish show eye dominance when viewing different stimuli, such as predators.37:38 |n
primates, several studies have shown that Old World monkeys and apes show asymmetries
in facial expressions associated with different classes of vocalizations.39-44 Moreover, it has
been shown that split-brained monkeys show right hemisphere asymmetries in the
discrimination of facial stimuli and left asymmetries in line orientation discrimination.* The
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specializations found in split-brain monkeys were unrelated to the monkeys’ hand
preferences, and this led Hamilton and Vermiere*® to conclude that cognitive asymmetries
may have evolved independently of factors selecting for the evolution of handedness.

Turning to studies on brain asymmetry in primates, previously published and more recent
research has clearly shown evidence of population-level asymmetries, particularly in great
apes.*® For example, Yeni-Komshian and Benson?’ reported left asymmetries in sylvian
fissure length in humans and chimpanzees but not rhesus monkeys.*8-51 More recently,
population-level petalia (shape of the skull) asymmetries measured from computerized
tomography (CT) scans have been reported in great apes (gorilla, chimpanzee, bonobo,
orangutan).>2 Similarly, evidence of leftward asymmetries in the PT, as measured from post-
mortem brains®3 and MRI, as well as in the parietal operculum, 245 have been found in
chimpanzees, and the distribution of left-lateralized individuals is similar to that reported in
humans (see below). A recent comparative study of asymmetries in gray matter volume in
the posterior temporal gyrus also revealed significant leftward asymmetries in chimpanzees
but not in other, more distantly related Old World monkeys including macaques and vervet
monkeys.>1:56

The growing body of evidence for population-level behavioral and neuroanatomical
asymmetries in nonhuman animals clearly challenges the long held view that they are unique
to humans. Notwithstanding these positive findings, the question of whether nonhuman
primates, and specifically chimpanzees, show population-level handedness remains a topic
of intense debate. Indeed, on the topic of handedness, many continue to argue that there are
qualitative differences in the expression of asymmetry between humans and all other
animals and this debate has particularly centered on findings with chimpanzees. In the past
25 years, there have been numerous published studies on handedness in nonhuman primates
and the collective results are difficult to interpret from a comparative perspective.>’-62 A
number of factors have contributed to the difficulties in interpretation of nonhuman primate
handedness findings including (1) the types of tasks used to assess handedness, (2) the
methods and statistical quantification of individual handedness, and (3) the settings in which
the data have been collected (captive versus wild).53

In this paper, | argue that there is continuity in the behavioral and brain asymmetries in
chimpanzees and humans and that differences between these two species are quantitative not
qualitative. Initially, | summarize the data on neuroanatomical asymmetries in chimpanzees
with specific reference to the IFG and PT as they relate to findings reported in the human
literature. Though asymmetries may exists for many brain regions in human and nonhuman
primates,64-66 | have focused on these two brain regions because of their importance in the
human neuropsychological literature and their significance to theories linking handedness
with the emergence of hemispheric specialization for language. The review centers on
studies that have examined asymmetries in the PT and IFG at the macro- and microstructural
levels of analysis, as well as those that have directly or indirectly quantified connectivity. |
next selectively review data on handedness in captive and wild chimpanzees, with an eye
toward evaluating whether comparing results between these two settings leads to different
findings or interpretations regarding the existence of population-level hand preferences. |
further point out some of the problems in comparing handedness between species, and argue
that without resolving differences in the methods and approaches to the assessment of
handedness in human and nonhuman primates, a true understanding of the biology and
evolution of hemispheric specialization will remain elusive. | conclude by discussing several
potential evolutionary factors that may account for the evolution of behavioral and brain
asymmetries in primates.
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Neuroanatomical asymmetries in the planum temporale and inferior frontal
gyrus

Planum temporale and posterior superior temporal gyrus

The majority of the data presented in this summary comes from measurements of structural
magnetic resonance images (MRI) that have been acquired in my laboratory over the past 10
years. All of the data have come from chimpanzees housed at two facilities: the Yerkes
National Primate Research Center (YNPRC) and the University of Texas M. D. Anderson
Cancer Center (UTMDACC). The methods and scanning parameters have been described in
detail elsewhere.51.67

The anatomical landmarks used to delineate the PT and the posterior superior temporal
gyrus (pSTG) in the chimpanzee brain are similar, if not identical, to those employed with
human brains. The PT is defined as the surface area posterior to HG. HG is sometimes
difficult to identify in chimpanzee brains, but in previous studies, we noticed that the HG is
nearly always positioned at the posterior termination point of the inferior branch of the
insular sulcus.2245 Therefore, we have defined the anterior border of the PT as the slice in
the coronal plane in which the inferior branch of the insular sulcus terminates. From that
point, we trace the depth of the sylvian fissure (SF) from its most lateral point medially on
the cortical surface to its most medial endpoint. The depth of the SF is traced posteriorly on
all slices until it terminates. The individual depth measures are summed across all slices to
estimate the surface area (mm?) of the PT region for each hemisphere.

The pSTG is defined using the same anterior and posterior terminal points as the PT;
however, the entire gyrus is traced rather than only the surface area. For the pSTG, the
superior border is the SF and the inferior border is the superior temporal sulcus (STS). The
entire gyrus between the SF and STS is traced on all slices until the SF terminates and the
object map or mask is then saved for each hemisphere (Fig. 1). To quantify the pSTG gray
and white matter volumes, each subject’s native T1-weighted scan is segmented into gray
and white matter using FSL.58 The previously traced object maps are then applied to the
individually segmented gray and white matter volumes*’ (Fig. 2). The left and right
hemisphere volumes (mm?3) are computed by summing all the voxels found within the object
map.

For both the PT and pSTG, an asymmetry quotient (AQ) was calculated following the
formula AQ=(R-L)/((R + L) x.5), where R and L represent the right and left
hemisphere surface area or volume. For comparison to the human data, we also computed
the percentage differences in the size of the left compared to right hemisphere following the
formula % Leftward = ((L — R) / (L + R)) x 100]. In addition, subjects were classifies as
left- or right lateralized or ambiguous, based on cut-points applied to the AQ scores. As has
been done in studies on human brain asymmetries,59 subjects with AQ scores = .025 or < -
025 were classified as right-and left-lateralized, respectively. All other individuals were
classified as ambiguously lateralized.

To date, my laboratory has quantified the PT and pSTG from /n vivo MRI in nearly 190
chimpanzees, and the results are shown in Table 1. Significant leftward asymmetries are
evident for the PT surface area {189) —9.456, p< .001. In Table 1, the distribution of left-
and right-lateralized and ambiguous subjects are also shown for the PT surface area and
pSTG. X2 goodness-of-fit tests largely confirmed the leftward asymmetries found with the
one-sample t-tests. There were significantly more left-lateralized than ambiguous (X2 (1, 7=
155) = 104.06, p < .001) or right lateralized (X2 (1, n= 176) = 63.84, p < .001) chimpanzees
for the PT surface area. Likewise, there were significantly more left-lateralized than
ambiguous (X2 (1, 7= 146) = 101.94, p< .001 and right-lateralized X2 (1, n= 177) = 46.79,
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p < .001) chimpanzees for the pSTG gray matter volume. For comparison to the findings
from our laboratory, we have also provided the data on PT surface area asymmetries
reported by Gannon et a/.3 in post-mortem brains and Gilissen et a/5* in MRI scans. As can
be seen, significant leftward asymmetries were also found in these two separate,
independent studies.

Figure 1a shows the percentage of left- and right-lateralized and ambiguous chimpanzees in
comparison to humans for the PT surface area. The human data are from a meta-analysis of
studies on asymmetries in the PT in a sample of 666 human subjects conducted by
Shapleske et al13 A X2 test of independence failed to reveal a significant species difference
in the distribution of PT asymmetries between humans and chimpanzees (X2 (2, 7= 842) =
1.487, n.s.). However, we did find that the percentage difference between the left and right
PT surface areas was significantly smaller in chimpanzees (Mean difference = 7.09) than the
value reported in humans (Mean difference = 13.2; {189) = —-8.250, p < .001). Thus, though
the proportion of left lateralized individuals does not differ between species, humans appear
to show a larger leftward asymmetry in the PT surface area compared to chimpanzees.

For the pSTG gray matter, a significant population-level leftward asymmetry was found
(#188) = =7.747, p< .001), similar to the findings for the PT surface area. The number of
left-lateralized individuals was significantly higher than the number of ambiguous (X2 (1, 7
=146) = 101.95, p< .001) and right lateralized (X2 (1, n=177) = 46.78, p < .001) apes. For
comparison to the chimpanzee data, we used the findings from Knaus et a/,,’® who
characterized individual asymmetries in the pSTG in a sample of 60 subjects using the cut-
points adopted in this paper. The distribution of left-lateralized, ambiguous, and right-
lateralized humans and chimpanzees is shown in Figure 1b. A X2 test of independence failed
to reveal a significant species difference between chimpanzees and humans in the
distribution of asymmetries in the pSTG (X2 (2, 7= 226) = 1.948, n.s.). Notwithstanding, as
with the PT surface area, we did find that the percentage of difference between the left and
right hemispheres for the pSTG gray matter was significantly larger in humans (Mean
difference = 9.21) compared to the chimpanzees (Mean difference = 5.37; see Figure 3B;
#188) = -5.77, p<.001).

Pars opercularis

Before summarizing the results of asymmetries in the pars opercularis (POP), it is important
to note that the anatomical landmarks used to define Broca’s area are different between
humans and chimpanzees.’! However, the pars opercularis can be defined using the same or
similar landmarks. The anterior border of the POP in chimpanzees is the fronto-orbital
sulcus (FO), the posterior border is the precentral inferior sulcus (PCI), and the superior
border is the inferior frontal sulcus (IFS) (Fig. 3). In humans, the anterior of the POP is the
ascending ramus (AR), the posterior border is the PCI, and the superior border is the IFS. In
the human brain, Broca’s area is also composed of the pars triangularis and pars orbitalis,
but these regions cannot be reliably defined using sulci or anatomical landmarks in the
chimpanzee brain.?9 Thus, the only reliable anatomical comparisons that can be made
between humans and chimpanzees within the inferior frontal gyrus must focus on the pars
opercularis.

In one of the original studies on the POP, Cantalupo and Hopkins’2 measured the entire
volume of the POP in a sample of 26 great apes and found a significant leftward asymmetry
(Table 2). In a follow-up study, Hopkins et a/.” measured the volume of the POP in a
sample of 31 chimpanzees and did not find population-level asymmetry, though the trend
was toward a left-hemisphere bias. One difference between these studies was the extent to
which the ventral portion of the POP was included in the measurement. Cantalupo and
Hopkins®! included the ventral region by quantifying the POP in the para-sagittal plane,
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whereas Hopkins et a/°2 did not include the ventral portion and limited the measurement to
the portion of the POP visible between the PCI and FO sulci when viewed in the horizontal
plane. To resolve these discrepancies, Cantalupo, Bogart and Hopkins’* recently quantified
the POP in both the para-sagittal and horizontal planes in a sample of 72 chimpanzees and
compared the results for the two methods. In terms of overall POP volume, there was no
statistical difference in the AQ scores between methods but the AQ scores for the para-
sagittal method approached conventional levels of significance with a leftward bias (p < .10)
(Table 2).

In humans, Foundas and colleagues have quantified the overall volume of the POP in the
sagittal plane in two separate studies. In one study, Foundas et a/.”> compared the POP in a
sample of individuals who stuttered and a control group and found no difference between
them; however, for the entire sample, they reported a small but significant leftward
asymmetry. In a separate study, Foundas et a/.” examined asymmetries in the POP in
relation to handedness in a sample of 16 left- and 16 right-handed individuals. No
population-level asymmetries were found for the POP, but a significant association was
found between handedness and POP asymmetry. A significantly greater proportion of right-
handed individuals showed a leftward POP asymmetry (9/16 = 56%) compared to left-
handed subjects (3/16 = 19%).

To determine whether volumetric asymmetries in the POP might similarly be influenced by
handedness in chimpanzees, | compared the distribution of left- and right-lateralized and
ambiguous subjects based on their overall handedness when considered across multiple
measures of hand use. Specifically, for this analysis, chimpanzees were classified as right-
handed, left-handed, or ambidextrous based on their consistency in hand use across four
measures (see below). Chimpanzees that use the same hand for three or four of four tasks
were classified as right- or left-handed. Chimpanzees that preferred their left hand on two
tasks and the right on the remaining two were classified as ambidextrous. The distribution of
left-, right-, or ambiguously lateralized chimpanzees that were classified as right- or left-
handed or ambidextrous is shown in Table 3. For comparison, we have provided the findings
from Foundas ef a/.’® in humans. In both humans and chimpanzees, the proportion of left-
lateralized subjects is higher for the right- than the left-handed individuals.

Gray matter volume

Rather than quantify the entire POP gyrus, several investigators have focused on quantifying
asymmetries in gray matter within this region. In one study, Keller et a/. measured the POP
in a sample of 50 human subjects and found a small but significant leftward bias. In a follow
up comparative study, they measured the gray matter volume of the POP in a sample of 30
humans and 30 chimpanzees and found no evidence of population-level asymmetries in
either species (Table 2). Cantalupo et a/. also quantified the gray matter volumes of the POP
in a sample of 72 chimpanzees and found no population-level asymmetries when measured
in the horizontal or para-sagittal planes. The para-sagittal methods used by Cantalupo et
al.™ were similar to those used by Knaus et a/,’® who traced the POP in a sample of 60
humans and the distributions of the left- and right-lateralized and ambiguous subjects are
shown in Table 2. A X2 test of independence failed to reveal significant species differences
in POP gray matter asymmetries between chimpanzees and human subjects based on this
study.

Cytoarchitectonic asymmetries

Besides morphological asymmetries, several studies have examined asymmetries in the
cytoarchitectonic regions corresponding to Broca’s and Wernicke’s areas in humans and
chimpanzees®’. Broca’s area is comprises Brodmann’s areas 44 and 45 (BA44, BA45) and
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Wernicke’s area corresponds to BA22, which is sometimes referred to as area Tpt. The
distribution of volumetric asymmetries in BA44, BA45 and area Tpt in humans and
chimpanzees are shown in Tables 1 and 2. In humans, Uylings et a/.”” quantified the volume
of BA44 and BA45 in 10 human post-mortem brains and found a significant leftward
asymmetry in BA44 and a smaller leftward bias for BA45. In contrast, Schenker et a/.”8
measured BA44 and BA45 in 12 post-mortem chimpanzee brains and found no population-
level bias for either region (Table 2). For area Tpt, data are only available for three human
subjects, and each of them showed a leftward asymmetry.”® Spocter et a/89 found a
significant leftward asymmetry in area Tpt in 12 post-mortem chimpanzee brains (Table 1).

White matter distribution and connectivity

An important aspect of cortical organization that is often ignored is the presence of
asymmetries in white matter. White matter reflects more heavily mylelinated axons, and it
has been suggested that asymmetries in white matter may reflect variation in cortical
connectivity between hemispheres and between regions within the same hemisphere.8!
There are a variety of software programs available that use algorithms to automatically
segment T1-weighted MRI scans into gray and white matter, which allows region of interest
or voxel-based morphometry methodologies to assess asymmetry in white matter.82:83 More
recently, structural magnetic imaging procedures such as diffusion tensor imaging (DTI)
have been developed that more directly measure white matter integrity and allow for
calculation of tractography in the brain.84

Cantalupo and colleagues8® measured the volume of gray and white matter in the perisylvian
regions of the left and right cerebral hemispheres of 34 chimpanzees. The perisylvian
regions include the inferior frontal gyrus and lateral portions of the temporal, parietal, and
occipital lobes. Significant leftward asymmetries were found in the proportion of white to
gray matter in all four regions (see Table 1). Furthermore, the proportion of white to gray
matter was significantly higher in the inferior frontal gyrus compared to all other regions.
More recently, Rilling et a/86 used DTI probabilistic tractography to measure the degree of
asymmetry in the dorsal and ventral pathways between the inferior frontal gyrus and
posterior temporal lobe in a sample of 26 humans and chimpanzees. The dorsal pathway
corresponds to the arcuate fasciculus, a major white matter tract that connects Broca’s and
Wernicke’s areas. Rilling and colleagues found significant leftward asymmetries in the
dorsal pathway and no population-level bias in the ventral pathway for both humans and
chimpanzees (see Table 1). Rilling et a/. further found that the ratio of fiber numbers in the
dorsal relative to the ventral pathway was more pronounced in humans compared to
chimpanzees, which they concluded may have evolved in humans due to increasing
selection for semantic and phonological processing.

Summary of neuroanatomical findings

The results of the neuroanatomical data presented here are not consistent with the
discontinuity view of the evolution of neuroanatomical and (by inference) behavioral
asymmetries in nonhuman primates. Instead, the comparative data presented here suggest
quantitative rather than qualitative differences in the expression of asymmetries in the PT,
pSTG and POP between humans and chimpanzees. There are no differences in the
proportion of individuals showing leftward, ambiguous, or rightward asymmetries for the PT
surface area, pSTG gray matter volume, and the POP total gray matter volume. However,
when population-level asymmetries were evident, humans appear to show asymmetries of
larger magnitude than chimpanzees, reinforcing the interpretation that the differences are
quantitative rather than qualitative. Similarly, both humans and chimpanzees showed
leftward asymmetries in white matter in the perisylvian and specifically the arcuate
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fasciculus, suggesting some homology in connectivity between Broca’s and Werncike’s
areas, but the human pathways clearly differ from chimpanzees.

The one major difference between humans and chimpanzees is the cytoarchitectonic data for
BA44 and BA45. Based on the published data, humans show a pronounced leftward
asymmetry in these regions, particularly for BA44, whereas chimpanzees do not (Tables 1
and 2). This does not appear to be the case for the area Tpt, where chimpanzees, like
humans, show a leftward asymmetry (as least for the three human subjects that were
studied). Areas BA44 and BA45 are seven times larger in the human than the chimpanzee
brain,87 while the human brain is roughly three times larger than the chimpanzee brain.
There appears to have been intense selection for expansion of Broca’s area in the human
brain, perhaps associated with the evolution of motor and cognitive functions needed for
language and speech.

The findings on cytoarchitectonic asymmetries in BA44 and BA45 are difficult to reconcile
from the standpoint of intra- and interspecies comparisons. Neither humans nor chimpanzees
show population-level asymmetries in the gray matter volumes of the POP, the
morphological region corresponding to BA44; however, humans showed a leftward
asymmetry in BA44 and chimpanzees did not. If there was a one-to-one correspondence
between the cytoarchitectonic boundaries of BA44 and the POP region, one would expect to
find significant leftward asymmetries in the human brain. This is not the case and the most
parsimonious explanation is that the sulcal boundaries that define the POP do not correspond
well to the cytoarchitectonic regions at the individual level of analysis, an explanation for
which there is some empirical support.88: 89 The discrepancy between the morphological and
cytoarchitectonic findings in humans raises some significant challenges for comparative
analyses of brain asymmetries, and there is a need for further study on this topic.

It should be noted that in both chimpanzees and humans, consistent leftward asymmetries
were found in the posterior temporal lobe in terms of the PT surface area and the pSTG gray
matter volume. In contrast, for the POP, humans and chimpanzees show small but
significant leftward asymmetries in the total volume of the region and no population-level
bias in gray matter volume. Furthermore, for the total POP volume, at least some evidence
suggests that handedness may modulate the pattern of asymmetry in both humans and
chimpanzees (Table 3). | would emphasize here that it is often claimed that humans show
leftward neruoanatomical asymmetry in Broca’s area,14 but it is a rather nuanced asymmetry
which largely depends on whether the total volume or just the gray matter is quantified
within the region.”-11, 49,56

Hand preferences in chimpanzees

In my laboratory, hand preference has been assessed for a variety of different measures with
various motor and cognitive demands. Most of the data have come from chimpanzees
housed at the YNPRC and UTMDACC facilities but additional data for some measures have
come from chimpanzees originally housed at the Primate Foundation of Arizona (PFA) and
Alamogordo Primate Facility (APF).

Task-specific variation

Handedness has been assessed in at least 50 individuals for nine behaviors: (1) simple
reaching; (2) bimanual feeding; (3) grooming; two measures of coordinated bimanual
actions referred to as the (4) TUBE and (5) BALL tasks, (6) tool use; (7) coconut opening;
(8) manual gestures; and (9) throwing. The mean HI scores and distribution of hand
preferences for each task are shown in Table 4. There are two important sets of results in
Table 4. First, population-level right-handedness is evident for throwing, manual gestures,
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bimanual feeding, bimanual grooming, and for the TUBE and BALL tasks, whereas no
overall biases were found for simple reaching, simulated termite fishing, coconut opening,
and unimanual grooming. Thus, some tasks are better at eliciting individual and population-
level handedness than others. Second, the ratio of right-to-left handed individuals is small, at
best 3:1. This is contrast to the 8:1 or 9:1 ratio typically reported for human handedness.

Consistency across measures

One claim in the comparative research on handedness is that hand preferences in nonhuman
primates are task-specific, whereas humans shows true handedness.53:%0 True handedness is
defined as consistent hand use across all tasks and most individuals within a sample.63
Recently, Hopkins er a/.%1 measured hand use in 300 chimpanzees on four tasks including
simple reaching, the TUBE task, manual gestures, and tool use, and quantified the
consistency in their hand use across the four tasks. They found that the number of
chimpanzees that preferred their right for all four tasks was significantly higher than the
number who preferred their left hand for all measures (Fig. 4). Compared to what is
typically reported in humans, they found a relatively high proportion of ambidextrous
individuals. Additionally, the shape of the hand preference distribution was skewed to the
right but did not take on a J-shape, which is the typical description of hand preference data
for humans.! The mode of handedness grouping for humans is strongly right-handed
compared to the chimpanzee sample, where moderate right-handedness is the modal pattern.

Consistency across captive settings

Data have been collected for several measures of hand preference from captive chimpanzees
residing at different facilities including research facilities, zoos, and sanctuaries. Comparing
the handedness data from these different chimpanzee populations allows for an assessment
of consistency in hand preferences in apes living in a variety of settings. Figure 5 depicts the
mean HI scores for the TUBE task in 642 chimpanzees residing at five different
facilities.?2-94 The mean HI scores are comparable across settings and no significant
differences are found in the data between these cohorts. The degree of right-handedness is
small in each sample but is nonetheless consistent and significant. Thus, whatever the
significance of the TUBE task as a measure of hand preference, it is consistent across a
variety of settings in chimpanzees and therefore likely reflects a species-specific trait.

Handedness in wild chimpanzees

One of the major differences in interpretation regarding handedness in chimpanzees centers
on comparisons between captive and wild individuals. It has been claimed that wild
chimpanzees are either (1) ambilateral, meaning that most individuals show no significant
hand preference for a specific task,?>-98 or (2) they fail to show population-level hand
preferences for any specific task.2”-90 The claim of a lack of population-level asymmetry in
wild compared to captive chimpanzees has led some to suggest that the results in captive
individuals may be attributable to the experiences of the apes being raised by humans in a
right-handed human world.%3 These experiences may have shaped the hand preferences of
the chimpanzees to be a more human-like pattern of right-handedness, albeit not to the full
extent as seen in humans. Unfortunately, this claim is not supported by the data. There is no
evidence that chimpanzees raised by humans show different patterns of hand preference
compared to those raised in chimpanzee groups.92:94 Presumably, if human handling
influences hand preference, there should be a much greater preponderance of right
handedness among the human-raised individuals.

In my view, the claim that wild chimpanzees do not show population-level handedness is not
supported, particularly for tasks that elicit significant individual hand preferences, such as
tool use. Table 5 shows are the published data on hand preferences for tool use in wild
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chimpanzees. Within any individual hand preference study, determining population-level
handedness is difficult because of a lack of statistical power, particularly as handedness is
assumed to be a small effect in nonhuman primates.51 However, when data on similar or
identical tasks are combined across individuals from different studies, residing in the same
community or combined across different field sites, an interesting picture emerges.
Population-level left-handedness is found for termite fishing while right handedness appears
for ant-dipping and wadge-dipping/leaf-sponging. For pestle-pounding, no overall bias is
found for the pounding action but a right-hand bias is found for reaching to extract the pulp
from the hole. No population-level bias is found for nut cracking and throwing. There are
too few subjects to reasonably test for asymmetry in algae dipping. There are a notable
number of non-preferent individuals in some studies but it is unclear if this is attributable to
small samples sizes or an actual lack of preference. It is also interesting to note that the ratio
of right- to left-handedness (or left- to right-handedness) is similar to what has been reported
in captive chimpanzees.

The results presented in Table 5 do not include hand preference data from wild chimpanzees
for several studies that have focused on hand use for non-tool-use actions such as bimanual
feeding, grooming, or so-called spontaneous actions.2:97:99.100 \jith respect to the studies
on spontaneous hand use, | believe there are some serious limitations to these results that
warrant some caution. My concern is that most of the behaviors measured in these reports
failed to elicit consistent hand preferences at the individual level. The authors rightly
concluded that the apes were ambi-lateral based on the data they collected but | would
suggest that instead of arguing the apes are ambi-lateral as a species, an alternative
interpretation is that the behaviors observed are poor measures of hand preference. From a
purely psychometric perspective, it seems to me that if one wants to measure hand
preference, then one must record behaviors that elicit consistent hand preference at the
individual level.101 None of the behaviors in these studies meet this minimal criterion. More
importantly, we know that chimpanzees residing at the same field sites show individual hand
preference for other types of actions like bimanual feeding and tool use. For instance,
chimpanzees from Mahale show robust individual hand preferences for bimanual feeding
with more than 90% of the sample showing a significant hand preference,190 whereas fewer
than 10% of the Mahale chimpanzees showed a significant hand preference for spontaneous
actions. In short, while | agree that chimpanzees are ambi-lateral for many spontaneous
actions, 1 do not believe that one should conclude that chimpanzees are ambi-preferent as a
species based on these findings. | believe the more parsimonious explanation is that the
behaviors measured in these studies are poor indicators of manual specialization.

Summary of handedness in chimpanzees

| believe that there is compelling evidence of population-level handedness in both wild and
captive chimpanzees, and perhaps in other species as well.93: 102-104 The pattern of
expression of handedness in chimpanzees differs from humans in two important ways. First,
the proportion of the population that is strongly right-handed is much higher than in
chimpanzees. Second, consistency in hand use across multiple measures is much greater in
humans than in chimpanzees. The explanation of these differences is not obvious, and |
recommend caution when speculating about their potential evolutionary significance in light
of the fundamental challenges in comparative studies of handedness. Two fundamental
differences in the assessment of handedness in human and nonhuman primates present
challenges in their comparison.

First, hand preference in humans is primarily measured by consistency in hand use across
multiple measures or items on a questionnaire. That is to say, subjects are judged as right- or
left-handed based on how consistently they use the same hand for a series of actions of such
as writing, throwing, teeth brushing, etc. In contrast, nonhuman primate handedness
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assessment relies on frequency in hand use for a specific task and the subsequent
classification of subject handedness based on statistical criteria (i.e., significant zscores).10°
No one uses z-scores to assess individual handedness in adult humans for a specific task; z-
scores are used sometimes in the assessment of handedness in preverbal children, but in
many of these cases, more liberal statistical criteria are used to classify subjects as right- or
left-handed. 196 These basic methodological and statistical differences in the assessment of
individual hand preferences make comparisons between humans and other primates very
difficult, because the scales of measurement and the criteria for characterizing individual
hand preferences are completely different.

Second, many studies of handedness in nonhuman primates select tasks or behaviors on the
basis of convenience rather than any conceptual or empirical criteria.101 Researchers
measuring hand preferences in nonhuman primates tend to select tasks that are easy to
observe and record but not necessarily behaviors that elicit consistent hand preferences at
the individual level of analysis. For instance, in the recent paper by Hopkins et al, %
chimpanzee hand preferences were characterized across four measures that were selected
because more data were available for these tasks than any other criteria. In contrast, in the
measurement of human hand preference, instruments are developed to accurately measure
the construct handedness.197 Items on a handedness questionnaire are not selected by
convenience, but rather by their ability to accurately discriminate left- and right-handed
individuals. Indeed, questionnaire items that are not effective in distinguishing different
handedness groups are removed from the instrument. These inherent differences in how
scientists approach the measure of handedness can potentially lead to very different patterns
of hand preference within and between species. In this case, potential species differences in
consistency in hand use across multiple measures many not reflect inherent biological or
evolutionary factors, but may rather be a manifestation of differences in the approach to
handedness assessment.

Implications for the evolution of hemispheric specialization

In my view, the findings on neuroanatomical asymmetry and handedness point to the
existence of population-level asymmetries in chimpanzees. Chimpanzees appear to show the
same pattern of asymmetry as humans, though the magnitude of the asymmetry is more
pronounced in humans. Thus, the difference between human and chimpanzee asymmetry, at
least as reported here, is quantitative not qualitative, as is argued by those advocating a view
of discontinuity in lateralization. In the final portion of this paper, | discuss several
evolutionary scenarios that might explain the emergence of anatomical and functional
asymmetries in primates.

Anatomical and functional asymmetries as a consequence of brain size

It has been hypothesized that anatomical and behavioral asymmetries, particularly among
mammals, 198 and specifically primates,81 evolved as a consequence of increasing brain
size.”’” Comparative studies of the corpus callosum (CC) have shown that as brain size
increased in primate evolution, the size of the CC did not keep pace.8! Thus, humans have a
relatively small CC for an organism of their brain size compared to other primates (Fig. 6).
Homotopic and heterotopic fibers connecting homologous brain regions in the left and right
hemispheres traverse the CC, 109110 and therefore a relatively smaller CC presumably has
fewer fibers connecting these regions. In short, each hemisphere became increasingly
independent or split with the evolution of larger brains, and this presumably resulted in
increased anatomical and functional specializations within each hemisphere.81111 The
findings presented here are consistent with this theory: chimpanzees exhibit population-level
asymmetries that are quantitatively smaller than those found in humans, as would be
predicted given their smaller brain size. Furthermore, the evidence of white matter
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asymmetries in the perisylvian regions, and specifically for white matter tracts connecting
the IFG and PT, are consistent with the view that functional specializations of the brain may
be more strongly linked to intrahemispheric rather than interhemispheric connectivity. The
one limitation of this theory is that it fails to explain the evolution of population-level
asymmetries. Thus, increasing brain size might be inversely related to the size of the CC,
and this may have facilitated a division of function between the two hemispheres, but it does
not explain why certain functions went to the same hemisphere in a majority of individuals.

Socio-cultural evolution

It is also possible that handedness is simply a more malleable trait than brain asymmetry.
From this perspective, the distribution of brain asymmetries in humans and chimpanzees
reflect their natural biological manifestation, whereas handedness is a combination of both
the biological expression of hemispheric specialization and an additive effect of socio-
cultural mechanisms. Thus, there is a biological disposition for an approximate 2:1 or 3:1
ratio of dominant-to-nondominant individuals, which is evident in both chimpanzees and
humans; however, there is an additive influence of socio-cultural conformity toward right
handedness in humans that is absent in chimpanzees and other nonhuman primates.112 In
short, there is no cultural pressure to conform to a specific handedness pattern in
chimpanzees. One body of evidence in support of this view is the data on heritability in
handedness in humans and chimpanzees. Family studies and research with twins in humans
suggest that about 35% to 40% of the variability in handedness is attributable to genetic
factors, while the remaining is explained by shared and non-shared environmental
factors.113 For example, Warren et a/11 estimated the heritability of handedness for 10
handedness items in a sample of more than 500 Mexican-Americans and found that the
values ranged from .06 to .17, with significant heritability for 6 of the 10 items.
Furthermore, there were significant genetic and environmental correlations in hand use for
the individual items. Recently, using the extended pedigree database of captive chimpanzee
populations, my colleagues and | have estimated the heritability in hand preference for three
measures of hand use including simple reaching, bimanual coordination, and manual
gestures. The range of genetic contributions to preferences were between .24 and .42,115
which are well within and in some cases exceed the values reported by Warren et al. in
humans. This finding appears to rule out the possibility that some mutation in the human
genome resulted in the emergence of behavioral and brain asymmetries. Instead, it suggests
that comparable genetic and nongenetic factors play roles in handedness but, for unknown
reasons, the nongenetic factors push humans to the extreme right end of the handedness
spectrum.

The significance of tool use

Much of the debate regarding the evolution of handedness in primates has centered around
the question of motor control for systems related to language and speech; however, it should
be stated that complex praxic functions are also controlled by the left hemisphere, and
clinical and functional imaging studies have revealed evidence that motor planning for the
execution of movements by both the right and left hands is carried out by the left
hemisphere.116 Thus, when human subjects are asked to imagine carrying out complex
motor actions by both the left and right hands, significant patterns of activation are found in
premotor and primary motor regions (as well as other areas) within the left hemisphere. |
describe these findings in human subjects because scientists working with nonhuman
primates use hand preferences as a proxy for inferring hemispheric specialization in motor
action and skill. Thus, evidence of significantly more right- than left-handed subjects is
interpreted as evidence that the left hemisphere is dominant for motor skill, but this
assumption has seldom been tested. More importantly, from an evolutionary standpoint,
selection for the cognitive and motor skills needed for actions like tool use were presumably
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more uniform than the specific motor demands themselves and their hand use. Thus, tool use
is widespread in chimpanzees,117 but the forms of tool use vary substantially. During
primate evolution, there may have been selection for increasing motor control for the
planning of complex praxic movements, such as those involved in various forms of tool use,
rather than for the specific actions themselves or associated hand preferences. This may
explain why there is variability in hand preferences for different forms of tool use in wild
chimpanzees (Table 5). In sum, there might be too much emphasis on measuring hand
preference and too little effort on measuring hand skill in both captive and wild chimpanzees
(and other primates).

At least two limitations or qualifications regarding behavioral and brain asymmetries should
be acknowledged in this paper. First, | have focused on anatomical asymmetries in the brain,
but functional specialization is also an important aspect of cortical organization to consider.
Though there have been several recent functional imaging studies in chimpanzees and
monkeys,118-122 none of these studies had sample sizes that would allow for any reasonable
inferences to be made regarding population-level asymmetries. For this reason, | have not
included them in this review, but I strongly believe that this should be the focus in future
research. Second, | have focused entirely on behavioral and neuroanatomical asymmetries in
chimpanzees and have largely ignored data from other great apes and monkeys. Ultimately,
any unified theory on the evolution of behavioral and brain asymmetries will need to
incorporate data from a larger range of primate species.

Concluding remarks

In the past 20 years, there has been a plethora of studies on behavioral and brain
asymmetries in nonhuman animals. The collective findings, including those presented here,
clearly challenge the long-held belief that population-level asymmetries are uniquely human.
In my view, the question is no longer whether population-level asymmetries are present in
nonhuman primates, but instead, what evolutionary forces selected for asymmetry and what
mechanisms underlie their expression. Further, future work should focus on the extent to
which neuroanatomical asymmetries are linked to behavioral and cognitive processes.
Among primates, advances in /in vivo anatomical and functional imaging technologies have
provided an unprecedented framework and methodology for comparative studies in brain
asymmetries in human and nonhuman primates. Non-invasive imaging technology has
allowed, and will continue to allow, for examination of the relation between behavioral and
brain asymmetries in primates, studies that were historically difficult to conduct and often
involved invasive procedures. It is my belief that continued research with nonhuman
primates, and particularly chimpanzees, will further advance our knowledge of the
phylogeny and role of genetic and non-genetic factors on the expression of behavioral and
brain asymmetries.
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Distribution of asymmetries in humans and chimpanzees for (a) the planum temporale (PT)
and (b) posterior superior temporal gyrus (pSTG).

Ann N'Y Acad Sci. Author manuscript; available in PMC 2014 June 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Hopkins Page 21

T1- Grey
weighted Matter

Figure 2.

3D reconstruction of a chimpanzee brain with the sylvian fissure (SF) and superior temporal
sulcus (STS) identified on the lateral surface. (a-c) are the points along the posterior superior
temporal gyrus that have been rotated into the coronal plane to show the landmarks used to
delineate the pSTG.
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Figure 3.

(A) Location of the FO and PCI sulci in relation to the curvature of the frontal cortex as seen
in an axial view of the chimpanzee brain template. (B) Orientation of the para-sagittal planes
of cutting for the right (R) and left (L) POP. (C) Example of a para-sagittal slice showing the
borders defining the POP region. (D) Manual tracing of the POP on the same para-sagittal
slice. FO = Fronto-Orbital Sulcus; PCI = Pre-Central Inferior Sulcus; POP = Pars
Opercularis; A—P = Anterior-Posterior Axis; SF = Sylvian Fissure
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Figure 4.

Distribution of handedness in a sample of 300 chimpanzees based on consistency in hand
use across four different measures. SR = strongly right-handed, MR = moderately right-
handed, A = ambidextrous, ML = moderately left-handed, SL = strongly left-handed.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2014 June 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Hopkins

N

W77

S

W7

Page 24

0.00

Figure5.

T

T T

0.10 0.15 0.20 0.25

Mean HI Score (+/- s.e.)

0.30

Mean HI scores (+/- s.e.) for the TUBE tasks for five separate chimpanzee samples. MONO

= Mono Foundation Santuary and Chimfunshi Wildlife Orphanage, PFA= Primate

foundation of Arizona, YNPRC = Yerkes National Primate Research Center, UTMDACC =
University of Texas M. D. Anderson Cancer Center, APF = Alamogordo Primate Facility.
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Figure6.

(a) Midsagittal view of the corpus callosum in a chimpanzee MRI scans. Different colors
indicate different regions of the corpus callosum. Green = genu, cyan = anterior midbody,
blue = central midbody, red = isthmus, yellow = splenium. (b) Mean ratio (+/-s.e.) in
corpus callosum size to total brain volume in different primate families (data regraphed from
Rilling et al81).
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Table 3

Handedness and volumetric asymmetries in POP in humans and chimpanzees

# #A  #R

Chimpanzees

Right-Handed 20 4 7

Ambidextrous 8 2 10

Left-Handed 6 1 7
Human

Right-Handed 9 4 3

Left-Handed 3 5 8

Human data are from Foundas ez a/.”®
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