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Recent advances in structural magnetic resonance imaging technology and analysis now allows for accurate in vivo measurement of
cortical thickness, an important aspect of cortical organization that has historically only been conducted on postmortem brains. In this
study, for the first time, we examined regional and lateralized cortical thickness in a sample of 71 chimpanzees for comparison with
previously reported findings in humans. We also measured gray and white matter volumes for each subject. The results indicated that
chimpanzees showed significant regional variation in cortical thickness with lower values in primary motor and sensory cortex compared
with association cortex. Furthermore, chimpanzees showed significant rightward asymmetries in cortical thickness for a number of
regions of interest throughout the cortex and leftward asymmetries in white but not gray matter volume. We also found that total and
region-specific cortical thickness was significantly negatively correlated with white matter volume. Thus, chimpanzees with greater white
matter volumes had thinner cortical thickness. The collective findings are discussed within the context of previous findings in humans
and theories on the evolution of cortical organization and lateralization in primates.

Introduction
In modern structural brain imaging protocols, cortical volume
(CV) is a main measure of interest from the standpoint of under-
standing disease progression, development, and aging. CV is
made up of cortical thickness, surface area, and the white matter
(WM) that underlies connectivity between regions. In terms of
brain evolution, the human brain is approximately three times
larger than that of chimpanzees, the closest living relative to
humans (Rilling and Insel, 1999b; Semendeferi and Damasio,
2000; Semendeferi et al., 2001; Schoenemann, 2006; Sherwood
et al., 2012). In addition, humans have disproportionate
increases in gray and particularly white matter volume com-
pared with other primates (Rilling and Insel, 1999a;
Schoenemann et al., 2005; Rogers et al., 2010). It has been
suggested that the relative increase in white matter volume
and gyrification are prominent in brain regions, such as the
prefrontal cortex (PFC) and temporal lobes, that are thought
to underlie certain human cognitive specializations (Deacon,
1997; Semendeferi et al., 1998; Rilling and Seligman, 2002;
Roth and Dicke, 2005; Schoenemann et al., 2005).

An important aspect of cortical organization that has not been
examined from a comparative primate perspective is cortical
thickness. Studies of postmortem human brains have shown that
there are significant regional and lateralized differences in corti-
cal thickness. For instance, in postmortem material, cortical
thickness varies from �2– 4 mm across the human cerebrum,
with thinner cortex found in primary motor and sensory regions
compared with thicker cortex in association cortex (Rabinowicz
et al., 1999). Recent advances in in vivo imaging technologies used
with human brains have largely validated these findings (Luders
et al., 2006b), when derived from T1-weighted structural mag-
netic resonance imaging (MRI) scans (Luders et al., 2006b). In
terms of lateralization, small but significant asymmetries in cor-
tical thickness have been found in the human brain including
leftward biases for the precentral gyrus (PreCG), middle frontal,
anterior temporal, and superior parietal lobes (SPLs). Significant
rightward biases have been reported for inferior posterior tem-
poral lobe and inferior frontal gyrus (IFG) (Luders et al., 2006a)
with some evidence that these effects are influenced by gender
(Im et al., 2006).

Cortical thickness is relatively conserved in primate brain or-
ganization (Changizi, 2001; Sherwood and Hof, 2007; Gorrie et
al., 2008). Whether thickness varies in relation to different corti-
cal regions and lateralization in closely related primates, such as
chimpanzees, is virtually unknown but may provide important
information on primate brain evolution and the mechanisms
that underlie human cognitive and motor specializations. The
aim of this study was to quantify regional and lateralized varia-
tion in cortical thickness in chimpanzees. In addition, we also
computed the surface area and cortical gray and white matter
volumes. Seldon (2005) and others (Giedd et al., 1999; Sowell et
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al., 2004; Shaw et al., 2006) have reported that there is an inverse
association between white matter volume and cortical thickness
during human development. More recently, in humans from dif-
ferent age groups, Hogstrom et al. (2012) has reported that there
is a positive association between white matter volume and corti-
cal surface and significant negative associations between these
two measures and cortical thickness. Seldon (2005) has hypoth-
esized that, during development, white matter grows outward
and expands the outer surface of the cortex much like a balloon.
The consequence of this expansion is that outer gray matter
(GM) surface has to thin out to cover the expanding surface area.
Based on the theory proposed by Seldon (2005), we hypothesized
that, like humans, chimpanzee subjects with either larger white
matter volumes or cortical surface areas would have thinner cor-
tical thickness values.

Materials and Methods
Subjects
MRIs were obtained in 71 captive chimpanzees (23 males, 48 females).
The subjects ranged in age from 11 to 55 years (mean, 22.34; SD, 11.11)
and were all housed at the Yerkes National Primate Research Center. To
evaluate the potential effect of handedness on asymmetries in cortical
thickness, we also compared right, left, and ambiguously handed indi-
viduals in the analyses of AQ scores. Handedness was measured on a task
that requires coordinated bimanual actions, referred to as the tube task.
Binomial z-scores based on the frequency of right- and left-hand use were
used to classify the hand preference of the chimpanzees. Apes with
z-scores �1.95 or �1.95 were classified as right and left handed. Chim-
panzees with z-scores ��1.96 or �1.96 were classified as ambiguously
handed (i.e., did not have a significant hand preference) Within the
sample, there were 24 left-, 13 ambiguously, and 34 right-handed chim-
panzees All scanning procedures were approved by the University Insti-
tutional Animal Care and Use committee and followed the guidelines
outlined by the Institute of Medicine.

Magnetic resonance image collection
All chimpanzees were scanned during one of their yearly physical exam-
inations. MRI scans followed standard procedures at the Yerkes National
Primate Research Center. Subjects were first immobilized with ketamine
(10 mg/kg) or telazol (3–5 mg/kg) and subsequently anesthetized with
propofol [40 – 60 mg/(kg/h)]. Each subject was then transported to the
MRI scanner and placed in a supine position in the scanner with their
head in a human-head coil. Upon completion of the MRI, chimpanzees
were temporarily singly housed for 2–12 h to permit close monitoring
and safe recovery from the anesthesia before return to the home social
group. Chimpanzees were scanned using a 3.0 tesla scanner (Siemens
Trio, Siemens Medical Solutions USA). T1-weighted images were col-
lected using a three-dimensional gradient echo sequence ( pulse repeti-
tion � 2300 ms, echo time � 4.4 ms, number of signals averaged � 3,
matrix size � 320 � 320, with 0.6 � 0.6 � 0.6 resolution).

Image processing and cortical thickness measurement
The MRI scans were processed in a pipeline that required several steps
including skull stripping using FSL (Smith et al., 2004), diffeomorphic
registration to a symmetric population-specific template chimpanzee
brain (Avants et al., 2011b), and subsequent probabilistic segmentation
of the T1-weighted images into gray matter, white matter, and CSF fol-
lowing procedures and software that have been described in detail previ-
ously (Avants et al., 2008, 2010a).

After brain extraction, we used the openly available Advanced Nor-
malization Tools (ANTS; http://www.picsl.upenn.edu/ANTS/) to per-
form multivariate normalization and structure-specific processing of our
data (Avants et al., 2008; Klein et al., 2009). ANTS encodes current best
practices in image registration, optimal template construction, and seg-
mentation and is scalable to large-scale, distributed computing environ-
ments. ANTS cross-sectional studies deform each individual dataset into
a standard local template space and/or a canonical stereotactic coordi-
nate system. The core processing maps T1 structural MRI to an optimal

template space, which is defined as the population-specific, unbiased
average shape and appearance image derived from a representative pop-
ulation (Avants and Gee, 2004; Avants et al., 2010b). The average tem-
plate was constructed to optimally represent both the original and a
flipped version of the dataset, such that the final template is symmetric
about the midsagittal plane. The coordinate deformations themselves are
smooth and invertible, that is, diffeomorphic—neuroanatomical neigh-
bors remain neighbors under the mapping. At the same time, the algo-
rithms used to create these deformations are biased toward the reference
space chosen to compute the mappings. Moreover, these topology-
preserving maps capture the large deformation necessary to aggregate
populations of images in a common space. Recent evaluation studies
suggest that ANTS-based normalization is currently the most stable and
reliable method available. After defining the template image to target
image coordinate transformation, we use template-based priors and N4
inhomogeneity-filed correction to accurately segment cortical gray mat-
ter segmentation and perform cortical parcellation (Das et al., 2009).
After these initial processing steps, the diffeomorphic registration-based
cortical thickness (DiReCT) method is used to compute cortical thick-
ness (Das et al., 2009).

DiReCT uses the segmentation probability images to compute a con-
tinuous voxelwise estimate of cortical thickness (Das et al., 2009). Di-
ReCT is unique in that it exploits tissue segmentation probability maps to
identify a maximum likelihood correspondence between the white mat-
ter surface and the outer gray matter surface where the correspondence
mapping is constrained to be spatially regular, differentiable, and invert-
ible, i.e., diffeomorphic. As a consequence, DiReCT thickness estimates
incorporate both shape constraints and subtle probabilistic information
about the likely position of sulci that may not be visible in a hard seg-
mentation. Thus, DiReCT is a robust image-based technique for identi-
fying voxelwise and regional thickness information. An independent
implementation and validation of this method showed that it is compet-
itive with Freesurfer, a commonly used program for estimating cortical
thickness (Clarkson et al., 2011). We note, however, that the implemen-
tation used by Clarkson et al. (2011) was never itself directly compared
with that available in the ANTS toolkit and we suspect that differences
between the Clarkson et al. implementation and our own gold standard
implementation may exist.

As has been done in some studies of cortical thickness in humans and
monkeys (Styner et al., 2007; Van Essen et al., 2012), we used a seed or
region-of-interest approach to quantify GM thickness in 12 select areas
of interest (Table 1), including the (1) dorsal, mesial, and orbital prefron-
tal cortex; (2) superior, middle, and inferior temporal gyri; (3) precentral
and postcentral gyri; (4) inferior frontal gyrus; (5) posterior superior
temporal gyrus (pSTG); (6) supramarginal gyrus (SMG); and (7) supe-
rior parietal lobe. The landmarks used to define each region of interest
are provided below and they were selected for theoretical and pragmatic
reasons. Specifically, there has been considerable comparative interest in

Table 1. Mean cortical thickness (�SE) for each hemisphere and region

Left SE Right SE t p

Frontal lobe
Dorsal PFC 2.67 0.03 2.71 0.03 3.801 0.000
Orbital PFC 2.56 0.03 2.53 0.04 3.269 0.001
Mesial PFC 2.43 0.04 2.46 0.03 1.213 0.229
IFG 2.78 0.05 2.78 0.05 3.151 0.002
Precentral 1.67 0.04 1.75 0.04 6.643 0.000

Parietal
Postcentral 1.62 0.04 1.71 0.04 5.163 0.000
Superior 2.76 0.06 2.83 0.06 3.499 0.001
Supramarginal 2.45 0.04 2.51 0.05 3.807 0.000

Temporal
Superior 2.16 0.05 2.23 0.05 4.820 0.000
Middle 2.70 0.04 2.83 0.04 8.131 0.000
Inferior 2.65 0.04 2.61 0.05 �1.425 0.158
pSTG 2.08 0.06 2.18 0.06 3.396 0.001

Analyses of interhemispheric differences in grey matter thickness were performed using pared samples t tests.
Values indicate grey matter thickness in millimeters.

5242 • J. Neurosci., March 20, 2013 • 33(12):5241–5248 Hopkins and Avants • Cortical Thickness in Chimpanzees

http://www.picsl.upenn.edu/ANTS/


the evolution of the prefrontal, temporal, and parietal cortex (Deacon,
1997; Schoenemann et al., 2005; Rilling, 2006; Sherwood et al., 2012),
and, therefore, we focused on these regions. Similarly, there has been
significant interest in the evolution of cortical organization and lateral-
ization in the homologs to Broca’s and Wernicke’s area in chimpanzees
(Cantalupo and Hopkins, 2001; Keller et al., 2009; Hopkins and Nir,
2010; Schenker et al., 2010; Spocter et al., 2010), and this was our reason-
ing for quantifying the inferior frontal gyrus and posterior superior tem-
poral gyri. Finally, we also included the precentral and postcentral gyri as
regions of interest because they are primary motor and sensory cortices
and we hypothesized that cortical thickness would be lower in these
regions compared with the others. The region of interest masks were
drawn on the chimpanzee template brain using a mouse-controlled
pointer and then transformed back to the individual GM thickness maps
for each subject, using the inverse matrix of the original registration. The
masks were then applied to the individual subjects’ GM thickness map to
derive average thickness measures for each of the 12 regions within each
hemisphere. We also computed an average cortical thickness measure for
each hemisphere. This was done by drawing a mask that covered the
entire left or right hemisphere, excluding the brainstem and cerebellum.
We note that, because the template is symmetric, the masks only had to
be drawn on one hemisphere of the template brain and could then be
transformed to label both left and right sides of the individual subject’s
brain.

Regions of interest
PFC. We adopted the landmarks used by Semendeferi et al. (1997) in
defining the orbital, dorsal, and mesial prefrontal cortex in serial coronal
images (Fig. 1). Beginning posteriorly when the frontal orbital (FO) sul-
cus was first visible, for the orbital PFC, a line was drawn from the surface
of the FO sulcus to its most medial point. A second line was then drawn
from the medial point of FO to the tip of the rectus gyrus, which was then
followed along the inferior outer surface of the cortex until intersecting
with the lateral point of the FO sulcus. If the caudate and putamen were
visible on the images, the line extending from the medial FO sulcus to the
rectus gyrus excluded these regions. The dorsal PFC was outlined by

laterally tracing on the surface of the brain
from FO to the upper, dorsal-most mesial
point. From there, a line was drawn that con-
nected the most medial point of all frontal sulci
between the most mesial point and the FO sul-
cus. Finally, the mesial PFC was defined from
the gray matter tip of the rectus gyrus to the
upper dorsal end of the mesial surface, which
included portions of the superior frontal gyrus
but omitted any tissue belonging to the ante-
rior cingulate cortex and subgenu region.

Temporal lobe cortex. We adopted similar
landmarks to those used by Rilling and Selig-
man (2002) and quantified the superior (STG),
middle (MTG), and inferior temporal gyri
(ITG) (Fig. 1). These three regions were pri-
marily traced in the coronal plane. The supe-
rior and inferior borders of the STG were the
sylvian fissure (SF) and superior temporal sul-
cus (STS). For all images in which the SF and
STS were clearly visible, the entire gyrus was
outlined with a mouse-driven cursor from the
most medial point of the SF, laterally to the
surface of the brain and then to the most me-
dial point of the STS. The superior and inferior
borders of the MTG were the STS and inferior
temporal sulcus (ITS). Like the STG, for all
images in which the STS and ITS were clearly
visible, the entire gyrus was outlined with a
mouse-driven cursor from the most medial
point of the STS, laterally to the surface of the
brain, and then to the most medial point of
the ITS. The superior and inferior borders for the
ITG were the ITS and the lateral occipital tempo-

ral sulcus. The entire gyrus between the medial border of the ITS to the lateral
surface, then to the most medial point of the lateral occipital temporal sulcus,
were traced on images in which both sulci were visible.

SPL. In the transverse plane, the lateral border was the intraparietal
sulcus (IPS) and the medial border was the superior parietal sulcus (SPS)
(Fig. 2). On serial transverse images in which the IPS and SPS could be
identified, the gyrus between these two sulci was traced. On each image,
the IPS sulcus was traced from its most anterior to posterior point. A line
was then drawn between the most posterior points of the IPS and SPS.
We then followed the SPS from its most posterior to most anterior point.
Last, a line was drawn between the two most anterior points of the IPS
and SPS.

SMG. This region was primarily traced in the transverse plane and
included the entire gyrus between the IPS, the superior postcentral sulcus
(SPCS), and the lateral surface of the cortex (Fig. 2). The inferior border
of the SMG was the point at which the IPS connected to the SPCS.
Moving dorsally, the SMG was traced on all slices in which the SPCS and
IPS were visible. On each image, a line was drawn starting at the most
lateral edge of SPCS to the most posterior point of the IPS. Next, a line
was traced along the lateral surface of the cortex between the most pos-
terior point of IPS and the lateral point of the SPCS. Tracing continued
on serial images until the IPS was no longer visible.

PreCG. This region was traced in the sagittal and transverse planes. The
PreCG was the entire gyrus between the central sulcus (CS) and the
precentral sulcus, including the inferior (PCI) and superior (SPC) por-
tions (Fig. 2). The CS was the posterior border of the PreCG. Ventrally,
we used PCI sulcus as the anterior border. Moving dorsally, PCI termi-
nates and at that point we used the SPC sulcus as the anterior border of
the PreCG. On each image, we drew a line from the most medial point of
PCI to the lateral edge of the cortex. We then drew a line on the lateral
edge of the cortex between PCI and CS, and then drew a line to the most
medial point of the CS.

Postcentral gyrus. The anterior border of the postcentral gyrus
(PostCG) was the CS and the posterior border was the postcentral sulcus
(PCS) (Fig. 2). For all images in the transverse plan in which the CS and

Figure 1. Bottom, 3D-reconstruction of chimpanzee template brain with vertical white lines representing regions outlined
above (a, b). a, Coronal view of the chimpanzee brain with the orbital (red), dorsal (green), and mesial (yellow) prefrontal cortex
regions outlined on the scan. RG, Rectus. b, Coronal view of the chimpanzee brain with the superior (red), middle (green) and
inferior (yellow) temporal gyri regions outlined on the scan.
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IPCS could be seen, the entire gyrus was traced.
On each image, a line was drawn from the most
medial point of CS to the outer cortex. We then
drew a line along the outer cortex from the
lateral tip of CS to PCS, then traced along PCS
to its most medial point.

IFG. The anterior border of the IFG in chim-
panzees is the FO, the posterior border is the
PCI, and the superior border is the inferior
frontal sulcus (IFS) (Fig. 3). Following meth-
ods previously used by Hopkins et al. (2008),
we created a mask by tracing the entire gyrus
between PCI and FO on serial dorsal to ventral
images in the transverse plane until PCI termi-
nated. On each image, we drew a line from the
most medial point of PCI to the lateral surface
of the cortex. We then drew a line along the
surface of the cortex between PCI and FO and
then drew a line to the most lateral point of FO.
Finally, a line was drawn between the medial
points of the FO and PCI sulci.

pSTG. The pSTG was quantified using meth-
ods and landmarks that have been used previ-
ously in human and nonhuman primate brains
(Cantalupo et al., 2003; Lyn et al., 2011). The
anterior border of the pSTG was the first slice
in the coronal plane in which the inferior
branch of insular sulcus terminated. From that
point, as described above, we traced the entire
gyrus using SF as the superior border and the
inferior border was the superior temporal sul-
cus (STS). The entire gyrus between the SF and
STS were traced on all slices until the SF termi-
nated posteriorly (Fig. 3).

Surface area, gray, and white
matter volume
We use a classic expectation maximization
framework (Atropos, available within ANTS)
and N4 bias field correction (available in ITK
and ANTS) to find a maximum a posteriori
brain segmentation guided by probabilistic tis-
sue priors (Avants et al., 2011a). The tissue pri-
ors provide both initialization and spatial
guidance to the tissue classification, and the
same segmentation maps were used to estimate
white matter volume, gray matter volume, and
cortical thickness. Object masks were drawn
over the entire left and right hemispheres for
each subject and subsequently applied to the
segmented GM and WM volumes to calculate
volumes within each half of the brain. The cer-
ebellum and related brainstem structures were
excluded from calculations in total gray and
white matter volume. To compute the surface
area, we used BrainVisa (BV), an automated
program that determines the outer cortical
folding of the left and right cerebral cortex ex-
cluding the cerebellum and brainstem.

Data analysis
Average thickness measures for each region were obtained by summing
the thickness measures for left and right hemispheres and dividing by
two. Asymmetry quotients (AQ) for each region were derived following
the formula [AQ � (R � L)/R � L) where R and L indicate the cortical
thickness for the left and right region. Unless otherwise noted, paramet-
ric statistics were used for all analyses with � set to p � 0.05. Post hoc tests,
when necessary, were conducted using Tukey’s Honestly Significant dif-
ference ( p � 0.05).

Results
Global and regional variation in cortical thickness
We initially tested for regional variation in cortical thickness using a
mixed model ANOVA. Region was the repeated measure while sex
was the between group factor. The chimpanzees showed significant
variation in gray matter thickness throughout the cortex F(11,759) �
144.71, p � 0.001 (Fig. 4; Table 1) (Fig. 5). Post hoc analysis indicated
that, as is the case in human brain, cortical thickness was lower in
primary sensory and motor regions including the precentral and

Figure 2. Bottom, 3D-reconstruction of chimpanzee template brain with horizontal white lines representing regions outlined
above (a– c). a, Transverse view of the chimpanzee brain with superior parietal lobe. b, c, Supramarginal gyrus (b) and precentral
(c, red) and postcentral (green) outlined on the scan.

Figure 3. Bottom, 3D-reconstruction of chimpanzee template brain with horizontal and vertical white lines representing
regions outlined above (a, b). a, Transverse view of the chimpanzee template brain with the IFG outlined on the scan. b, Coronal
view of the chimpanzee template brain with the posterior superior temporal gyrus outlined on the scan.

5244 • J. Neurosci., March 20, 2013 • 33(12):5241–5248 Hopkins and Avants • Cortical Thickness in Chimpanzees



postcentral gyri compared with all other cortical regions (Fig. 4). In
addition, a significant two-way interaction was found between sex
and region F(11,759) � 2.28, p � 0.009 (Fig. 4). Subsequent post hoc
analysis indicated no significant differences between males and fe-
males for any of the regions.

Adjusted thickness measures
Luders et al. (2006b) found that regional
and sex differences in cortical thickness can
be influenced when adjustments are made
for variation in brain volume. To address
this specific issue, we conducted a second
analysis examining sex and regional varia-
tion after adjusting for total gray and white
matter volume. For this analysis, we reran
the mixed-model ANOVA using the thick-
ness values as the repeated measure while
sex was the between group factor, but we
included brain volume as a covariate. As be-
fore, we found a significant main effect for
region F(11,759) � 242.18, p � 0.001 and a
significant two-way interaction between sex
and region F(11,759) � 3.57, p � 0.001. Males
were found to have thicker cortex than fe-
males for the precentral and postcentral gyri
as well as the superior parietal lobe. In con-
trast, females were found to have thicker
dorsal PFC than males.

Lateralization in cortical thickness
We next considered asymmetries in each
of the regions. After adjusting � for mul-
tiple comparisons, one sample t tests on
the AQ scores revealed significant right-
ward asymmetries in cortical thickness for
10 of the 12 regions including orbital and

dorsal prefrontal cortex, precentral and postcentral gyri, superior
parietal lobe, supramarginal gyrus, superior temporal gyrus,
middle temporal gyrus, inferior frontal gyrus, and posterior su-
perior temporal gyrus (Table 1). The rightward asymmetries in

Figure 4. Mean cortical thickness of the left and right hemispheres. Color bar indicates variation in cortical thickness throughout cortex. Top, Left and right lateral view. Bottom, Left and right
medial views.

Figure 5. Mean cortical thickness (�SE) for male and female chimpanzees for each of the 12 regions. Bolded labels indicate
significant male-female differences at p � 0.05 after adjustment for overall brain volume.
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gray matter thickness based on the region of interest approach
were largely confirmed when using a voxel-based approach (see
http://stnava.github.com/WHopkinsNHP/).

Because population-level asymmetries in cortical thickness
were found for 10 regions and most regions showed some level of
skewness, we opted to use non-parametric Mann–Whitney U
tests to assess sex differences in the AQ scores. Sex differences
were found for 2 regions including the inferior frontal gyrus (z �
�2.04, p � 0.05) and precentral gyrus (z � �2.73, p � 0.007).
Females showed greater rightward asymmetries than males for
both the inferior frontal gyrus and precentral gyrus. All of the sex
differences in AQ scores were small and, after correcting � for
multiple comparisons (p � 0.004), none of the differences re-
mained significant, so the results should be interpreted with some
caution. Kruskal–Wallis tests comparing the AQ scores for each
region between left-, ambiguously, and right-handed chimpan-
zees failed to reveal any significant differences.

Surface area, gray, and white matter volume
For the surface area (SA), GM, and WM volumes, three repeated-
measure ANOVAs were performed with hemisphere (left, right)
as the repeated measure and sex as the between group factor. The
mean SA, GM, and WM volumes for the left and right hemi-
sphere in males and females are shown in Table 2. For gray mat-
ter, significant main effects for sex F(1,69) � 21.71, p � 0.001 and
hemisphere F(1,69) � 92.52, p � 0.001 were found. Males had
significantly higher gray matter volumes than females and a sig-
nificant rightward asymmetry was found. No other significant
main effects or interactions were found. For white matter, a sig-
nificant main effect for hemisphere was found F(1,69) � 14.49, p �
0.001. White matter volume was larger in the left compared with
right hemisphere. No other significant main effects or interac-
tions were found. Finally, for SA, a significant sex difference was
found F(1,69) � 13.01, p � 0.001 with males having a larger sur-
face area then females.

Correlations between cortical thickness, surface, gray, and
white matter volume
In this analysis, we correlated the average GM, WM, and SA
volumes with the average cortical thickness for each region of
interest (Table 3). In this initial analysis, we used the average
cortical thickness for the entire cortex instead of the thickness
measures for each region to minimize the number of analyses and
reduce the likelihood of type I error. The results of these analyses
are shown in Table 3. As can be seen, significant negative
associations were found between average cortical thickness
and GM and WM volumes but not surface area. Chimpanzees
with thinner cortex had larger GM and, particularly, WM vol-

umes. We also found significant positive associations between
cortical surface area, GM and WM volumes.

We also performed correlation analyses between the AQ mea-
sures for GM, WM, SA, and average thickness and these are also
shown in Table 3. A significant positive association was found
between SA and WM AQ scores. Subjects with greater rightward
asymmetries in WM had similarly greater rightward asymmetries
in SA. Significant negative correlations were found between the
AQ scores for WM volume and average cortical thickness. Sub-
jects with greater rightward asymmetries in cortical thickness had
greater leftward asymmetries in WM volume.

Discussion
The results reported here are the first evidence of regional varia-
tion and lateralization in cortical thickness in chimpanzees.
There were three significant findings. First, as is the case with
humans, chimpanzees show regional variation in cortical thick-
ness with thinner cortex in primary motor and sensory cortex and
thicker gray matter in association cortex including prefrontal
cortex and portions of the parietal and temporal lobes. We also
found some evidence of regional sex differences in cortical thick-
ness. Second, our findings indicate that chimpanzees show robust
population-level rightward asymmetries in gray matter thickness
and a concomitant leftward asymmetry in white but not gray
matter volume. Third, white but not gray matter volume was
negatively correlated with cortical thickness. Thus, subjects with
greater white matter volume had thinner gray matter thickness.

After adjustment for overall brain size, we found four signifi-
cant regional sex differences in cortical thickness in the chimpan-
zees including the precentral and postcentral gyri superior
parietal lobe and dorsal prefrontal cortex. For all three of the four
regions, males had higher cortical thickness measures than the
females. It should also be noted that males were found to have
significantly larger gray but not white matter volumes (Table 2).
We had more than twice as many females than males in the sam-
ple and the age ranges were quite variable within our chimpanzee
sample. However, when we matched all 23 males with females of
the same age and reran the analyses, all the significant sex differ-
ences found in the original analysis remained significant. Thus,
the disparities in sample sizes between sexes and the within sex
variability in age does not seem to explain the results. In short, the
differences appear to be relatively small but not due to other
factors such as age.

Sex differences in gray matter thickness have also been re-
ported in humans and they appear to somewhat differ from those
reported here in chimpanzees. Luders et al. (2006b) reported that
females had thicker cortex bilaterally in the precentral and post-
central regions, the occipital lobe, and the anterior tip of the

Table 2. Mean surface area, grey and white matter volumes for the left and right
hemispheres in male and females chimpanzees

Males Females Total

Grey matter
LH 93.73 (1.94) 83.50 (1.35) 88.62 (1.18)
RH 99.34 (0.178) 89.42 (1.24) 94.38 (1.08)

White matter
LH 73.15 (1.56) 72.14 (1.07) 72.65 (1.37)
RH 72.67 (1.55) 70.64 (1.07) 71.65 (1.31)

Surface area
LH 187.96 (2.45) 178.05 (1.69) 183.00 (1.49)
RH 187.43 (2.45) 176.52 (1.74) 181.98 (1.53)

Surface area, grey and white matter volumes are in cubic centimeters. Numbers in the parentheses are SEs.

Table 3. Intercorrelations between volume and asymmetry values for SA, GM, WM,
and cortical thickness

WM GM SA Thickness

Volume
WM 1.0
GM 0.457*** 1.0
SA 0.254 0.585 1.0
Thickness �0.506*** �0.263* �0.148 1.0

Asymmetry
WM 1.0
GM 0.045 1.0
SA 0.241* 0.056 1.0
Thickness �0.529*** 0.195 �0.054 1.0

*p � 0.05; **p � 0.01; ***p � 0.001. Thickness, Average cortical thickness.
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temporal lobe. Males did not differ from females in cortical thick-
ness for any region and this was the case when these authors
scaled or did not scale the thickness measures on the basis of
differences in brain size. Im et al. (2006) also reported sex differ-
ence in cortical thickness in humans and their results were not all
that different from the findings reported by Luders et al. (2006).
Specifically, Im et al. (2006) found that females were found to
have thicker cortex than males, particularly in the frontal, pari-
etal, and occipital regions. Moreover, there was not a single brain
region that was thicker in males compared with females. When
the findings of these two studies are compared with those re-
ported here in chimpanzees, it suggests that sex differences in
gray matter thickness may differ between humans and chimpan-
zees. The functional and evolutionary significance of these differ-
ences are not clear but the results seem to be evident even
considering some potential confounds within our sample as well
as between sexes.

The chimpanzees showed prominent rightward asymmetries
in cortical thickness and significant leftward asymmetries in
white matter volume. Chimpanzees with greater rightward asym-
metries in cortical thickness were also found to have greater left-
ward asymmetries in white matter. Furthermore, without
consideration of asymmetries, chimpanzees with larger white
matter volumes were found to have thinner overall cortical thick-
ness (Table 3). When considered together, the findings comple-
ment each other and suggest that that the rightward cortical
thickness asymmetries may be attributable to the expanded white
matter volumes in the left compared with right hemisphere. Sig-
nificant population-level white matter asymmetries have previ-
ously been found in the perisylvian regions of the chimpanzees
brain (Cantalupo et al., 2009) as well as with voxel-based mor-
phometry (Hopkins et al., 2010). More recently, using diffusion
tensor imaging, leftward asymmetries have been found in arcuate
fasciculus of chimpanzees, the major white matter tract connect-
ing the superior temporal gyrus with the inferior frontal gyrus
(Rilling et al., 2011). Thus, multiple methods have revealed left-
ward asymmetries in white matter volume, spatial location (Li et
al., 2010), and connectivity in chimpanzees, and this is likely
linked to regional variation in lateralization in cortical thickness.

Alternatively, the rightward asymmetries found in cortical
thickness may be attributable to a larger left hemisphere surface
area, including within the cortical folds. Significant population-
level leftward asymmetries have been found in the surface areas
and depths of several cortical sulci in chimpanzees, including the
sylvian fissure, fronto-orbital, and superior precentral, intrapari-
etal, and postcentral inferior and lunate sulci (Bogart et al., 2012).
Recall that rightward population-level asymmetries were found
in gray matter volume. Thus, in this explanation, the volume of
gray matter in the left compared with right hemisphere has to be
expanded over a larger surface area, which results in increased
cortical thinning. It should be noted that we did not find a signif-
icant association between surface area and cortical thickness, and
therefore this interpretation was not directly supported by the
findings reported here. Nonetheless as has been reported in hu-
mans, cortical surface area was positively correlated with white
matter volume in the chimpanzees (Table 3). Thus, it is likely that
both surface area and white matter volume have some influence
on cortical thickness, although our results suggest that white mat-
ter plays a more significant role.

The underlying mechanisms that determine population-level
asymmetries in humans and other primates remain unclear but
the comparative data continue to challenge the long held belief
that they are unique to humans and explicitly linked to the evo-

lution of language and speech, as suggested by some (Corballis,
1992; McGrew and Marchant, 1997; Crow, 2010). We would sug-
gest that anatomical and functional asymmetries were present in
the common ancestor of humans and chimpanzees and that each
species developed their own patterns of asymmetry that reflect
their unique ecological adaptations rather than the occurrence of
a saltational event that resulted in the emergence of asymmetries
after the split between chimpanzees and humans.

In summary, this is the first report of regional and lateralized
variation in cortical thickness in chimpanzees. Like human
brains, chimpanzees show thinner cortex in the primary motor
and somatosensory cortex compared with association cortex.
Moreover, chimpanzees show small but significant population-
level asymmetries in cortical thickness, as has been reported in
human brains. The functional significance of individual differ-
ences in cortical thickness in chimpanzees remain unclear but
future studies should focus on establishing whether variability in
cognitive performance or other behavioral phenotypes are linked
to cortical thickness (Gorrie et al., 2008).

Notes
Supplemental material for this article is available at http://stnava.github.
com/WHopkinsNHP/. This material has not been peer reviewed.
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