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Abstract
Functional and neuroanatomical asymmetries are an important characteristic of the human brain.
The evolution of such specializations in the human cortex has provoked great interest in primate
brain evolution. Most research on cortical sulci has revolved around linear measurements, which
represent only one dimension of sulci organization. Here, we used a software program
(BrainVISA) to quantify asymmetries in cortical depth and surface area from magnetic resonance
images in a sample of 127 chimpanzees and 49 macaques. Population brain asymmetries were
determined from 11 sulci in chimpanzees and seven sulci in macaques. Sulci were taken from the
frontal, temporal, parietal, and occipital lobes. Population-level asymmetries were evident in
chimpanzees for several sulci, including the fronto-orbital, superior precentral, and sylvian fissure
sulci. The macaque population did not reveal significant population-level asymmetries, except for
surface area of the superior temporal sulcus. The overall results are discussed within the context of
the evolution of higher order cognition and motor functions.
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1.1 Introduction
Functional and neuroanatomical asymmetries are a prominent feature of the human brain,
most notably in regions associated with perception and production of language and speech
(Corballis, 2002; Davidson, 1995). For instance, clinical and functional imaging studies in
humans have well established that the left inferior frontal gyrus (IFG) and posterior temporal
lobe (PT) are involved in language production and comprehension skills, respectively
(Beaton, 1997; Foundas et al., 1998; Keller et al., 2009a). There is also evidence of leftward
anatomical asymmetries in the posterior temporal lobe (Shapleske et al., 1999) and, to a
lesser degree, the IFG, particularly among right-handed individuals, which many believe
underlies the functional asymmetries for language found in these brain regions (Keller et al.,
2009a; Keller et al., 2007).

Given the importance of the IFG and PT in language functions, the question of whether
population-level asymmetries occur in nonhuman animals, notably chimpanzees, is of
considerable scientific interest to the study of human evolution (Binder et al., 1997; Bruner
and Holloway, 2010; Keller et al., 2009a). Many scientists have argued that because
language is unique to humans and strongly left hemisphere dominant, population-level
asymmetries are an adaptation of the human brain that occurred after the split of the
common ancestor with genus Pan (Crow, 2004; Crow, 2009; Williams et al., 2006). They
argue that genetic differences between apes and humans were necessary for the development
of language and the associated brain asymmetries found in human but not nonhuman
primate brains (Williams et al., 2006). This proposed evolutionary model of behavioral and
brain asymmetry (Annett, 1985, 2002; Crow, 2004; Crow, 2009; Williams et al., 2006) is
considered saltational; that is, these theoretical perspectives suggest that a qualitative shift
and unique change of the human central nervous system occurred after the split between
humans and chimpanzees. Thus, there should be no continuity in homologous asymmetries
between these species.

In contrast to the saltational views, others have suggested that the evolution of behavioral
and brain asymmetries occurred along a continuum with homologies evident for more
primitive or conserved brain systems and specializations unique to humans in more recently
evolved and expanded regions (Balzeau and Gilissen, 2010; Hopkins and Cantalupo, 2008).
Specifically, recent in vivo imaging and analysis of post-mortem brains suggest that
chimpanzees, and possibly other nonhuman primate species, show population-level leftward
asymmetries in the PT (Gannon et al., 1998; Gannon et al., 2008; Gilissen, 1992, 2001;
Hopkins and Nir, 2010; Spocter et al., 2010), but less consistently for the IFG (Cantalupo
and Hopkins, 2001; Hopkins et al., 2008; Keller et al., 2009b; Schenker et al., 2010; Uylings
et al., 2006). For example, measurement of the PT from MRI images reveals significant
population-level leftward asymmetries in chimpanzees (Hopkins and Nir, 2010), but not in
Old World monkeys (Lyn et al., 2011). Cytoarchitectonic studies have also shown that the
volume of BA22, a constituent part of the PT, is larger in the left compared to right
hemisphere in chimpanzees (Spocter et al., 2010) and rhesus monkeys (Gannon et al., 2008).

In the present study, we examined whether population-level asymmetries exist in sulci
surface area and mean depth for 11 sulci of the chimpanzee and seven sulci from the
macaque brain. For both species, we selected sulci from the frontal, temporal, parietal and
occipital lobes (see Methods). Our main objective was to test the saltational hypothesis.
According to this hypothesis, if population-level brain asymmetries emerged uniquely in
humans as a consequence of either language and speech evolution, or other functional
asymmetries, such as handedness as suggested by others (Corballis, 2003; Crow, 2004;
Marchant and McGrew, 1991; Warren, 1980), then chimpanzees should fail to show
significant population-level asymmetries in either surface area or mean depth for any of the
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sulci. Based on previous evidence of population-level asymmetries in the PT and, to a lesser
extent, the IFG, we did not expect that the saltational hypothesis would be supported.
Rather, we hypothesized that significant population-level asymmetries would be found in
chimpanzees, particularly for sulci that serve as landmarks in defining the PT and IFG,
including the sylvian fissure, precentral inferior, inferior frontal and fronto-orbital sulci. Our
predictions for macaques were less confident because the existing literature on asymmetries
in this genus has produced inconsistent results. Notwithstanding, if population-level
asymmetries evolved prior to the split between apes and Old World monkeys, then it would
be predicted that macaques monkeys would show population-level asymmetries for one or
more sulci.

A second hypothesis we tested was related to theories suggesting that brain asymmetries
evolved in the context of decreasing ratios in the size of the corpus callosum (CC) relative to
whole brain volume and neocortical surface area (Oliveras et al., 2001; Rilling and Insel,
1999a). Comparative studies of the size of the CC in mammals, as well as within primate
species, have shown that as brain size increased during evolution, the CC did not keep pace
(Oliveras et al., 2001; Rilling and Insel, 1999a). Thus, humans have a relatively small CC
for a species of our brain size followed by great apes, and then the more distantly related
Old and New World monkeys. The suggestion is that as primate brains got larger, each
hemisphere became increasingly disconnected which resulted in increasingly intra- rather
than interhemispheric connectivity (Aboitiz et al., 2003; Hopkins and Cantalupo, 2008;
Ringo et al., 1994). This, in turn, resulted in increasingly functional and anatomical
specializations within each hemisphere. Because chimpanzees have a smaller ratio in CC
size to brain volume compared to macaque monkeys, this theory predicts that chimpanzees
would show larger asymmetries than macaques. We tested this hypothesis by comparing the
absolute degree of sulci asymmetry in macaque monkeys and chimpanzees in five sulci that
were common to both genera.

Sulci were quantified using a software program called BrainVISA (BV). BV focuses on
cortical folding patterns of the brain and uses sulcus-based morphometry (Mangin et al.,
2004). This method differs from historical approaches, because it quantifies both the surface
area and mean depth of the sulci rather than relying solely on the linear length of the outer
contour of the sulcus, the primary measure employed in many previous studies of brain
asymmetry in human and nonhuman primates measured from cadaver specimens (Gannon et
al., 2008; Gilissen, 1992; Heilbronner and Holloway, 1988; Heilbronner and Holloway,
1989; Imai et al., 2011; LeMay, 1985; Witelson and Kigar, 1992; Yeni-Komshian and
Benson, 1976), cranial endocasts (Cheverud et al., 1990; Falk et al., 1986; Falk et al., 1990),
and MRI (Cantalupo et al., 2003; Hopkins et al., 2000; Ide et al., 1996; Liu and Phillips,
2009; Zilles et al., 1996). This is an important distinction because measures of length, by
themselves, may not capture all size dimensions of the sulci. By contrast, BrainVISA
captures all dimensions of variability in organization (i.e., length and depth) and therefore
offers a new and potentially more thorough means of assessing asymmetries in cortical sulci.

1.2 Methods
1.2.1 Subjects

In vivo magnetic resonance images (MRI) were obtained from 127 captive chimpanzees
(Pan troglodytes), including 76 females and 51 males, ranging in age from 6 to 53 years. The
chimpanzees were housed at the Yerkes National Primate Research Center (YNPRC) and
the University of Texas M. D. Anderson Cancer Center (UTMDACC).

Magnetic resonance images (MRI) were obtained from 28 bonnet monkeys (Macaca radiata)
and 21 rhesus monkeys (Macaca mulatta) housed at the Wake Forest University Primate
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Center (WFUPC). Within the bonnet monkey sample, there were 11 females and 17 males,
ranging in age from 8 months to 10 years of age (M=4.24, SD=2.65). The rhesus monkey
sample was comprised of 16 males and 5 females ranging in age from 6 to 11 years of age
(M=9.1, SD=2.3). This study was conducted in accordance with the Guidelines of the
Committee on the Care and Use of Laboratory Animal Resources (NRC, 1996) and
approved by each institution’s animal care and use committee.

1.2.2 MRI Image Collection
Scanning Procedures—All chimpanzee magnetic resonance image (MRI) scans
followed standard procedures at the YNPRC and UTMDACC. Subjects were scanned
during their scheduled physical examination surveys and anaesthetized with propofol (40–60
mg/(kg/h)). The chimpanzee was placed in a supine position in the scanner with its head in a
human-head coil. The scanning process ranged between 35–50 minutes depending on brain
size. Upon completion of the MRI, chimpanzees were temporarily singly housed for 2–6
hours to allow the anesthesia to wear off before being returned to their home group.

Monkeys were given initial ketamine anesthesia (15 mg/kg, i.m.) and atropine (0.07 mg/kg,
i.m.), then transported to the mobile MRI scanner, intubated and maintained under
isofluorane (1.25%) throughout the scan. The subjects remained anesthetized for the
duration of the scans as well as the time needed to transport them between their home cage
and the imaging facility (total time ~ 1 hour). Subjects were placed in the scanner chamber
in a supine position with their head fitted inside the human-knee coil. Scan duration ranged
between 24 and 28 minutes as a function of brain size. After completing MRI procedures,
the subjects were temporarily housed in a single cage for 1–2 h to allow the effects of the
anesthesia to wear off, after which they were returned to their home cage. The archived MRI
data were transferred to a PC running BrainVISA software for post-image processing.

Imaging Parameters—For the chimpanzees, 68 individuals were scanned using a 3.0 T
scanner (Siemens Trio, Siemens Medical Solutions USA, Inc., Malvern, Pennsylvania,
USA). T1-weighted images were collected using a three-dimensional gradient echo
sequence (pulse repetition = 2300 ms, echo time = 4.4 ms, number of signals averaged = 3,
matrix size = 320 × 320, with 0.6 × 0.6 × 0.6 resolution). The remaining 59 chimpanzees as
well as all the macaques were scanned using a 1.5T G.E. echo-speed Horizon LX MR
scanner (GE Medical Systems, Milwaukee, WI). T1-weighted images were collected in the
transverse plane using a gradient echo protocol (pulse repetition = 19.0 ms, echo time = 8.5
ms, number of signals averaged 8, matrix size = 256 × 256, with 0.7 × 0.7 × 1.2 resolution).
Examples of T1-images from both species are illustrated in Figure 1.

1.2.3 Post-Image Processing
BrainVISA 4.0.1 is freely distributed software (http://brainvisa.info) that examines the
cortical folding of the brain (Mangin et al., 2004). To account for the differences in
chimpanzee and monkey anatomy compared to humans, a number of adjustments were
preformed before the scans were processed using the pipeline procedure within BrainVISA.
Specifically, all monkey and chimpanzee MRI scans were skull-stripped, cropped, and
reformatted at 0.7 cubic isotropic resolution using ANALYZE 8.1 software and
subsequently imported into BrainVISA. The pipeline process of extracting the sulci from the
cortex involved a number of steps (Mangin et al., 2004) (see Figure 2). To align the template
brain, the anterior and posterior commissures were manually specified on the MRI at the
point where they intersect with the mid-sagittal slice. The first step was to correct for spatial
inhomogeneities in the signal intensity providing a spatially smooth bias field with a stable
distribution of tissue intensities. Next, the analysis of the signal histogram and mathematical
morphology was computed to obtain a binary mask of the brain. Adjustments were
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sometimes needed in the histogram process to better distinguish grey and white matter for
both chimpanzee and macaque brain scans. The mask was then split into the left and right
hemispheres and the cerebellum. For the monkey scans, adjustments were made to this
process regarding the minimum brain size in cubic centimeters and the human-based
template was turned off. Manual editing of the spit brain mask was sometimes needed
during this process to properly label the hemispheres and cerebellum. A negative mold of
the white matter was computed from the split brain mask. The outside boundary of this
mould results from a 5 mm morphological closing of the masked hemisphere, filling up the
folds. The grey/white interface is the inside boundary that preserves deformations and
assures the spherical topology of the mould. Finally the mould was skeletonised to detect
cortical folding, while topological constraints guaranteed the resulting surfaces would have
no holes.

1.2.4 Sulci Labeling and Quantification
Eleven sulci in the chimpanzee brain and seven for the macaques were manually labeled
following the definitions of Bailey et al (1950) and Connolly (1936) (see Figure 3a & b). For
the chimpanzees, the sulci selected in the frontal lobe were the central (CS), superior
precentral (SPC), precentral inferior (PCI), inferior frontal (IFS), and fronto-orbital (FO)
sulci (Keller et al., 2009b). The superior precentral sulcus in the chimpanzees is triradiate in
formation, where one branch extends anteriorly toward the frontal pole and is considered a
part of the superior frontal sulcus (Bailey et al., 1950) while the posterior end runs medial to
lateral, with the lateral branch sometimes considered the superior precentral sulcus. In this
study, we include this anterior limb as a portion of SPC rather than distinct. PCI often
includes the superior limb running parallel to the central sulcus, however, for the purpose of
this study, we were interested in including only that portion of PCI that is used to define the
IFG in chimpanzees (Keller et al., 2009b). Thus, we obtained measures on the inferior limb
of PCI, which is considered the posterior border of the IFG in the chimpanzee brain.
Furthermore, PCI can be bifurcated (Keller et al., 2009b; Sherwood et al., 2003), and we
included all inferior branches of the PCI in our measurement of this sulcus. FO in the
chimpanzee constitutes the anterior border of IFG and is analogous to the human ascending
ramus (Keller et al., 2009b). The temporal lobe consisted of the sylvian fissure (SF) and
superior temporal sulcus (STS), while the parietal and occipital lobe included the superior
postcentral (POCS), inferior postcentral (POCI), intraparietal (IP) and lunate (LU) sulci. For
the macaques, seven sulci were labeled including the principal/rectus (PR), arcuate (ARC),
central (CS), sylvian (SF), superior temporal (STS), intraparietal (IP) and lunate (LU).

Measures from each sulci included surface area (mm2) and mean depth (mm). The sulcus
surface area was computed as the sum of the areas of all the triangles required to mesh the
sulcus medial surface. The sulcus mean depth is the average depth computed across all the
bottom points of the sulcus along its principal axis of projection (i.e., dorsal-ventral or
anterior-posterior). The bottom points are defined from topological properties and
correspond to the sulcus edge that is not connected to the cortex hull. Hence, this definition
can be used even with interrupted sulci. The depth of a bottom point is the length of the
shortest path from this point to the cortex hull embedded in the sulcus medial surface
(mathematically speaking, the shortest geodesic path). Asymmetry quotients (AQ) for all
measures were calculated following the formula: [AQ = (R−L)/(R+L)], where R and L
represent right and left hemisphere values, respectively. Positive AQ values reflected a right
hemisphere bias whereas negative values reflected a left hemisphere bias. Absolute AQ
values were calculated for each subject by taking the absolute value of the AQ.

Using individual AQ scores, we also classified each individual as having either a left (AQ ≤
−0.0125), right (AQ ≥ 0.0125), or no bias (AQ > −0.0125 and AQ < 0.0125) for each sulcus
and measure. We adopted these cut-off points because they have been used in previous
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studies of brain asymmetry in human and nonhuman primates and we sought to use this
approach as an additional means of characterizing asymmetry within species (Cantalupo et
al., 2003; Knaus et al., 2006). Inferential statistics were used for all analyses with alpha set
to p < 0.05 unless normality or homogeneity of variance assumptions for the tests could not
be met. Post-hoc comparisons on inferential statistics, when used, were conducted using
Tukey’s Honestly Significant Difference test.

1.3 Results
1.3.1 Chimpanzees

Sex and Scanner Effects—In the initial analysis, we tested for sex and scanner effects
on the AQ scores for both surface area and mean depth. For this analysis, we performed two
MANOVA tests with all AQ scores for each sulcus serving as a dependent measure while
sex (male = 51, female = 76) and scanner (3T = 68 versus 1.5T = 59) served as the between-
group factors. No overall significant main effects or interactions were found for either
surface area or mean depth. Chi-square tests of independence confirmed the MANOVA
results. For these analyses, we performed chi-square tests of independence comparing the
distribution of left, right and no biased subjects for surface area and mean depth as a
function of sex and scanner. None of these associations were significant, thus confirming
that neither sex nor scanner explained a significant portion of variability in sulci
asymmetries. In short, the patterns of asymmetry were consistent between males and
females and between chimpanzees scanned at 3T compared to 1.5T.

Test of Population Asymmetry—In the next set of analyses, we tested whether
population-level asymmetries were evident for each sulcus and measure. Because neither
sex nor colony influenced the AQ scores, we used the entire dataset for these analyses. The
mean AQ values for each sulcus and measure are shown in Figure 4. For these analyses, one
sample t-tests were performed on the AQ scores for each sulcus and measure. For surface
area, significant leftward asymmetries were found for SPC t(126) = −3.10, p < 0.003, FO
t(126) = −2.14, p < 0.04 and SF t(126) = −3.62, p < 0.001, while a rightward bias was found
for POCI t(126) = 2.04, p < 0.05 (Figure 4a). For mean sulcus depth, the chimpanzees
showed significant leftward biases for the SPC t(126)=−2.31, p < 0.03, FO t(126) = −3.56, p
< 0.002, SF t(126) = −4.17, p < 0.001, , IP t(126) = −4.23, p < 0.001 and the LU t(126) =
−2.36, p < 0.03 sulci (Figure 4b).

We next assessed the distribution of asymmetries using the classification data. For both
surface area and mean depth, the overall distribution of asymmetry differed significantly
from a hypothetical random model (see Table 1). Of specific interest to these analyses were
the differences in the number of individuals classified as either left or right biased. For
surface area, there were significantly more left than right biased chimpanzees for the SF
χ2(1, 110) = 9.31, p < 0.004 and SPC χ2 (1, 117) = 9.31, p < 0.004. For mean depth, there
were significantly more left than right biased chimpanzees for FO χ2 (1, 104) = 9.85, p <
0.004, SPC χ2 (1, 104) = 4.65, p < 0.05, SF χ2 (1, 115) = 10.65, p < 0.004, IP χ2 (1, 111) =
12.33, p < 0.004 and LU sulci χ2 (1, 111) = 5.63, p < 0.03.

1.3.2 Macaques
Species and Sex Effects—In the initial analysis, we tested for differences in the AQ
scores between the two macaque species as well as potential sex differences using a multiple
analysis of variance. The AQ scores for the surface area and mean depth of each sulcus
served as the dependent measures while species and sex served as the between-group
factors. No significant main effects or interactions were found. Thus, for the analyses
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examining population-level asymmetries, we combined the data from rhesus and bonnets to
form a single representing population for the genus Macaca.

Test of Population-Level Asymmetries—As was done with the chimpanzee data, one
sample t-tests were performed on the AQ scores for each measure and sulcus. The mean AQ
scores for each sulcus and measure are shown in Figure 5. For surface area, a significant
rightward asymmetry was found for the STS t(48) = 2.47, p < 0.02 (Figure 5a). For mean
depth, no significant population-level asymmetries were found for any of the seven sulci
(Figure 5b). When considering the classification data, the results largely confirmed to the t-
test findings (see Table 2). For mean depth and surface area, significant individual
asymmetries were found for every measure and sulcus except mean depth of the arcuate,
STS, and lunate and this was attributed to the fact that approximately equal amount of
monkeys showed no bias and either the left or right classification (Table 2). However, when
considering the distributions of only the left and right-lateralized subjects, a significant
rightward bias was found for surface area STS χ2 (1, 47) = 6.15, p < 0.02 and mean depth
AR χ2 (1, 34) = 4.24, p < 0.05.

1.3.3 Between Species Comparisons
In this final set of analyses, we compared the direction and strength of asymmetry scores for
the five sulci that were common to both chimpanzees and macaques including the CS, SF,
STS, IP and LU sulci. Because the distribution of asymmetries differed between the species
(see Tables 1 and 2), directly comparing the species on their AQ violated the assumptions of
normality in the analysis of variance. Therefore, we compared the chimpanzees and
macaques using the non-parametric Mann-Whitney U-test. For the AQ values, we found
significant species differences for the STS in surface area (U = 2,328.00, N = 176, p < 0.02),
with macaques showing greater rightward asymmetries than chimpanzees. For the mean
depth measures, a significant species difference was found for the SF (U = 2,409.00, N =
176, p < 0.03), with chimpanzees showing a greater leftward asymmetry than macaques.

For the ABS-AQ values, in terms of surface area, significant species differences were found
for the CS (U = 1,335.00, N = 176, p < 0.001), SF (U = 2,280.00, N = 176, p < 0.01) and
STS (U = 2,373.00, N = 176, p < 0.02). For all three sulci, macaques showed higher ABS-
AQ scores than chimpanzees, indicating stronger directional asymmetries. For the ABS-AQ
mean depth values, significant species differences were found for the CS (U = 2,094.00, N =
176, p < 0.002) sulci. Macaques showed higher ABS-AQ scores than chimpanzees in the
central sulcus, suggesting greater individual lateralization in macaques.

1.4 Discussion
Several significant findings emerged from this study. First, contrary to the saltational
perspective, this study demonstrates that chimpanzees exhibit population-level asymmetries
for a number of cortical sulci in terms of both their surface area and mean depth. In contrast,
macaques showed population-level asymmetries for only one sulcus and one measure. Thus,
chimpanzees as a population appear to show much more robust directional asymmetries in
cortical organization as it relates to surface area and depth of sulci compared to macaques.
As noted above, cortical asymmetries have long been considered unique in hominin
evolution (Corballis, 1992; Ettlinger, 1988), however, many recent studies in nonhuman
primates, specifically great apes, demonstrate opposing results (Cantalupo and Hopkins,
2001; Cantalupo et al., 2009; Hopkins, 2007; Hopkins et al., 2008). The findings reported
here are consistent with the evidence that population-level asymmetries are not unique to
humans. Further, this study’s results do not support the saltational view of the evolution of
brain (and presumably behavioral) asymmetries. Indeed, these results suggest that
population-level cortical asymmetries were likely present in the common ancestor of
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humans and chimpanzees. With specific reference to asymmetries in cortical sulci, one
mechanism by which this could have evolved is via short- and long-range development of
cortical connections between different cortical regions (Herculano-Houzel et al., 2010; Van
Essen, 1997). Studies have shown that there has been a disproportional increase in white
matter expansion during primate evolution (Rilling and Insel, 1999a; Rilling and Insel,
1999b; Schoenemann et al., 2005; Semendeferi et al., 2001) and this appears to be
accompanied by increased gyrification (Rogers et al., 2010; Zilles et al., 1989). Further to
this point, it has been hypothesized that increased intra- rather than interhemipsheric white
matter connectivity is a driving force toward the emergence of individual and phylogenetic
variation in behavioral and brain asymmetries (Aboitiz et al., 2003; Rilling and Insel,
1999a). Therefore, the differences in population-level asymmetries in sulci surface area and
depth between chimpanzees and macaque monkeys reported here may be attributable to
lateralization in connectivity between cortical regions that expressed more strongly in one
hemisphere compared to another. Finally, contrary to our prediction, we found that
macaques showed larger individual asymmetries, independent of direction, compared to
chimpanzees. Comparison of the ABS-AQ scores revealed significant species differences for
both sulcus surface area and mean depth. However, caution in the interpretation of these
results is warranted due to possible residual effects of image processing, generating greater
individual variation among macaque brains as an outcome of the difficulties associated with
processing these through this human-based program, as compared to the chimpanzee.

With respect to the chimpanzees, it is of particular note that significant leftward
asymmetries were found for the fronto-orbital sulcus. FO is the sulcus used to define the
anterior border of the pars opercularis in the chimpanzee brain, a region considered the
anatomical homolog to a portion of Broca’s area. The evidence of leftward asymmetry in
surface area and mean depth is consistent with at least one other report from 65 chimpanzees
(Hopkins & Cantalpuo, 2004) and indicates that this bias is consistent using different
methodologies across populations of apes. Chimpanzees failed to show leftward
asymmetries in PCI, the posterior sulcus used to define the IFG of chimpanzees. Others have
noted that PCI is highly variable across subjects (Keller et al., in press; Sherwood et al.,
2003). Therefore, even though we had a relatively large sample of subjects in the current
study, the variability in the bifurcation pattern and branching of this sulcus may be too
inconsistent across subjects and hemispheres to yield reliable data on asymmetries.

We also found significant leftward asymmetries in the surface area and depth of the sylvian
fissure in chimpanzees but not in macaques. These results are consistent with those of some
previous comparative studies on asymmetries in SF length in chimpanzees and, to a lesser
extent, Old and New World monkeys (Gannon et al., 1998; Gilissen, 1992; Hopkins and Nir,
2010). Thus, leftward asymmetries in SF appear to be quite robust in chimpanzees and
appear to be manifested in its length, surface area and depth, and presumably overall cortical
folding. The evidence of population-level asymmetries in SF length in macaque monkeys
are less clear and the findings reported here do not necessarily resolve this issue. When
considering the length of the SF, Heilbronner and Holloway (1988) reported significant
leftward asymmetries in Macaca mulatta and Macaca fasicularis when measured from
cadaver specimens. In contrast, others have not found population-level asymmetries for the
SF length in macaques (Falk et al., 1990; Gannon et al., 2008; Imai et al., 2011; Yeni-
Komshian and Benson, 1976). When viewed together, the available evidence suggests that
macaques do not show population-level asymmetries in SF length, depth or surface area,
with some exceptions.

Population-level asymmetries found for several other sulci in chimpanzees, but not macaque
monkeys, warrant some discussion. Specifically, we found significant leftward asymmetries
in the mean depth, but not the surface area, of the intraparietal and lunate sulci. The results
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indicate that these sulci show greater depth in the left compared to right hemisphere. To our
knowledge, there are no other published reports of asymmetries of these sulci in
chimpanzees and only a few studies in macaques (Heilbronner and Holloway, 1989; Imai et
al., 2011). The leftward asymmetries in IP are of note because many have suggested that
there have been significant changes in the size and connectivity of the parietal lobe in
humans as compared to apes and to more distantly related monkeys (Wilkens, 2005).
Furthermore, involvement of the parietal lobe in some linguistic function, as well as planned
motor actions, particularly those associated with tool use, is well-documented (Johnson-
Frey, 2004; Lewis, 2006). For example, Peeters and colleagues (2009) used fMRI in humans
and rhesus monkeys and found activation of the left inferior parietal lobule was unique to
humans, thus suggesting that this region may be part of a cortical network that recently
evolved. Chimpanzees are proficient tool users; however, they differ from humans in their
understanding of properties of tool use (Beck, 1980; Boesch and Boesch, 1990; McGrew,
1992). Further investigation into the parietal region and sulci in chimpanzees and monkeys
might provide useful insight into the evolution of the neural basis of tool use in primates.

Regarding the lunate sulcus, anatomically, much of the comparative and paleological debate
concerns the migration of this sulcus in humans relative to nonhuman primates, which some
believe reflects expansion of the parietal-temporal cortex (Allen et al., 2006; Armstrong et
al., 1991; Holloway, 1992; Holloway et al., 2003). Basically, the suggestion is that the
expansion of parietal and temporal regions during primate evolution effectively displaced
the lunate into a more posterior position in human brains as compared to those of great apes
and monkeys. In humans, there is little evidence of asymmetries in the lunate. It should be
noted however, that due to substantial individual differences in the folding pattern, the
lunate is difficult to quantify reliably across subjects. Allen et al. (2006) did not report data
on asymmetries in the lunate but indicated that it could only be reliably estimated in
approximately 30% of their sample. Laria and Petrides (2007) reported that they could
reliably measure the lunate in about 50% of their sample of humans, with 14 of 22
demonstrating a left bias. In 20 cynomologous monkeys, Imai et al. (2011) failed to find
left-right differences in the length of the lunate sulcus, as did LeGros Clark, Cooper and
Zuckerman (1936) from five endocasts of chimpanzee brains. Thus, the functional and
evolutionary significance of the leftward asymmetry in the depth of the lunate sulcus
observed in this study is unclear and warrants further investigation. Notwithstanding, the
position of the lunate, may be linked to variability within the temporo-parietal cortex, as
suggested by some (Allen et al., 2006; de Sousa et al., 2010).

Macaques showed a rightward asymmetry in the surface area of the STS whereas the
chimpanzees did not. This finding is consistent with a previous study in great apes and Old
World monkeys that also reported a rightward asymmetry in the length of the STS in
monkeys but not apes (Hopkins et al., 2000). Interestingly, a recent study in human infants
using the same software as employed in this study reported a significant rightward
asymmetry in one section of the STS (Glasel et al., 2011). The functional significance of the
species difference in STS asymmetry is unclear. Furthermore, some caution is warranted
because the topography and organization of the STS is not the same between monkeys, apes
and humans. Notably, the posterior STS typically merges with the SF in New and Old World
monkeys. In contrast, the STS and SF do not merge but remain distinct sulci separated by a
gyrus in humans and apes. These differences likely reflect variation between human and
nonhuman primate primates in parieto-temporal cortex organization and connectivity.

The hypothesis that chimpanzees would show larger absolute asymmetries compared to the
macaque monkeys were not supported by the findings. Indeed, for three sulci, macaque
monkeys were found to have larger ABS-AQ values than chimpanzees. Thus, at face value,
the results are not consistent with the notion that smaller ratios in the size of the corpus
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callosum relative to brain size results in increased brain asymmetries in primates. One
limitation or problem with this interpretation stems from the challenges in comparing the
distributions in AQ scores between the species. For example, for the surface area of SF,
macaque monkeys were found to show larger individual asymmetries than chimpanzees;
however, chimpanzees showed a leftward skewed population bias whereas the macaque
monkeys showed a bimodal distribution. The differences in distributions of asymmetries are
clear from the data reported in Table 1 and 2. In terms of strength of asymmetry, one can see
that there are a smaller proportion of subjects categorized as having no bias in the macaques
compared to the chimpanzees. Thus, in absolute terms, the monkeys showed greater
asymmetries but chimpanzees show a species-level bias in one direction while the monkeys
did not. This leads to the challenge of defining which species is more lateralized? How
asymmetry is defined (directionally or individually) is certainly relevant to the theory of the
role of interhemispheric connectivity on the evolution and development of brain
asymmetries, but this distinction is not explicitly defined within this theoretical framework
and therefore may need further refinement.

1.5 Conclusions
The results reported here are the first systematic study of asymmetries in cortical sulci in
monkeys and chimpanzees with a focus on differences in the surface areas and depth of
select sulci within each species. The collective findings suggest that macaque monkeys show
larger individual asymmetries in sulci surface area and depth than chimpanzees for sulci
common to the two species. Chimpanzees, however, show more consistent and robust
population-level asymmetries than the monkeys. In particular, they have significant
population leftward asymmetry in the fronto-orbital sulcus, superior precentral sulcus, and
sylvian fissure in both surface area and mean depth, while the inferior postcentral is
significantly right biased for surface area in the chimpanzee population. Further, the
intraparietal and lunate sulci are significantly left bias for mean depth. In contrast, the
macaque population only indicates a significant hemispheric bias (rightwards) for one
measure, surface area, for the sulcus of STS.

The mechanisms that underline these asymmetries are not clear, but increasing selection for
motor and cognitive functions associated with tool use and tool manufacture, as well as
language, may have resulted in changes in the cortical organization, including both
anatomical and functional asymmetries in the chimpanzee and monkey brain. These
differences in population-level sulcal asymmetries in surface area and depth may have
developed as a consequence of stronger lateralization in connectivity between cortical
regions in one hemisphere compared to another.

We believe that the collective results reinforce the view that hemispheric specialization may
be a fundamental feature of primate brains (and indeed vertebrates) that provides for certain
evolutionary advantages, as has been proposed by Vallortigara and Rogers (2005).
Importantly though, and contrary to historical and contemporary saltational views, the
results reported here suggest that various species may have developed different
specializations as they relate to species-specific ecological, social and cognitive adaptations.
Further research on behavioral and brain asymmetries should provide important data on
what selection factors guided the emergence of asymmetries in primates, including humans.
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Figure 1.
Slice of T1-weighted images of a a) rhesus macaque (left) and b) chimpanzee (right) brain in
the transverse plane with overlay of the grey/white segmentation processed from
BrainVISA. Images are not to scale.
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Figure 2.
BrainVISA’s pipline processing steps a) MR image of a skull-stripped chimpanzee brain, b)
stable tissue intensities creating bias field, c) binary mask of the brain, d) split mask of left
and right hemispheres and cerebellum, e) grey and white interface, f) A negative mould of
the white matter, g) skeletonised mould of cortical folding, h) cortical fold graph of
chimpanzee sulci.
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Figure 3.
Cortical brain sulci for the a) Macaque brain, including seven sulci: red = central, yellow =
principal/rectus, light purple = arcuate, dark blue = sylvian fissure, dark pink = superior
temporal, dark green = intraparietal, and black = lunate. b) chimpanzee brain, including
eleven sulci: red = central, light green = superior precentral, orange = fronto-orbital, yellow
= precentral inferior, light purple = inferior frontal, dark blue = sylvian fissure, dark pink =
superior temporal, light blue = inferior postcentral, dark purple = superior postcentral, dark
green = intraparietal, and black = lunate.
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Figure 4.
Mean chimpanzee population AQ of all11 sulci for a) surface area and b) mean depth.
Significant population-level asymmetry is indicated by a red asterisk (*). Sulci: CS =
central, FO = fronto-orbital, PCI = precentral inferior, IFS = inferior frontal, SPC = superior
precentral, SF = sylvian fissure, STS = superior temporal, IP = intraparietal, POCI = inferior
postcentral, POCS = superior postcentral, and LU = lunate.
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Figure 5.
Mean macaque population AQ of all seven sulci for a) surface area and b) mean depth.
Significant population-level asymmetry is indicated by a red asterisk (*). Sulci: CS =
central, AR = arcuate, PR = principal/rectus, SF = sylvian fissure, STS = superior temporal,
IP = intraparietal, and LU = lunate.
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