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Abstract

A comparative study of asymmetries in cerebral width was conducted in a sample of great apes, Old World and New World
monkeys. The brains of all subjects were scanned using magnetic resonance imaging (MRI) and the first axial slice above the
third ventricle was identified. Measures of cerebral width were taken at distances of 10% and 30% of the length from the
occipital and frontal poles. Cerebral widths were measured from the midline to the lateral surface of the brain for each area.
The great apes exhibited a right-frontal and left-occipital directional asymmetry in cerebral width. In contrast, no significant
mean directional asymmetries were found in either the Old or New World monkeys. The results in the great apes are consistent
with previous reports of petalia asymmetries and suggest that the use of MRI is a valid approach to the assessment of
neuroanatomical asymmetries in primates. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Neuroanatomical asymmetries in the human brain
are thought to underlie the expression of specific beha-
vioral or physiological functions. In humans, neuroa-
natomical asymmetries have been reported for length
of the sylvian fissure, size of the planum temporale,
size of the pars triangularis, and volume of the globus
pallidus, among other neuroanatomical features [17].
The asymmetries in the peri-sylvian area are the most
well documented in humans because of their functional
association with language processing [7,8,26]. There
has been considerable interest in the topic of nonhu-
man neuroanatomical asymmetries since the earliest
reports of neuroanatomical asymmetries in humans.
Several early reports indicated the presence of certain
neuroanatomical asymmetries in nonhuman species but
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were limited because of either incomplete brain tissue
or small sample sizes [1,24]. Recently, neuroanatomical
asymmetries have been reported in a host of animal
species including rodents, cats, dogs, and nonhuman
primates [2,5,10,11,18,22].

There have been two general approaches to the
assessment of neuroanatomical asymmetries in nonhu-
man primates. One approach has been to directly
measure volumes of brain regions or lengths of various
fissures from either post-mortem tissue or endocasts.
For example, Yeni-Komshian and Benson [27] com-
pared the length of the sylvian fissure in the left and
right hemispheres of rhesus monkey, chimpanzee and
human cadaver brains and reported that the left syl-
vian fissure is longer than the right in humans and
chimpanzees but not monkeys. In a more recent study,
Heilbronner and Holloway [11] reported that maca-
ques and squirrel monkeys exhibit longer left than
right sylvian fissure length, a finding that contradicts
the earlier observations of Yeni-Komshian and Ben-
son. Falk and colleagues [3,6] have similarly measured
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fissure lengths in different primate species but they
have taken their measurements from endocranial casts
(i.e., endocasts) and not from actual brain tissue. The
most consistent asymmetries have been reported in the
frontal lobe where the sulcus principalis and lateral
orbital sulcus were found to be longer in the right
compared to the left hemisphere.

A second measure of overall brain asymmetry in
human and nonhuman primates is petalia pattern.
Petalias refer to anterior-posterior protrusions of one
hemisphere compared to the other. In nonhuman pri-
mates, petalia asymmetries have largely been examined
using endocasts while in humans petalia asymmetries
have been measured using CT scans, X-rays and endo-
casts (see ref. [19] for review). The most common peta-
lia asymmetry found in humans is a left-occipital,
right-frontal bias. That is to say, the left hemisphere
protrudes posteriorly further than the right hemisphere
while the anterior portion of the right hemisphere pro-
trudes further forward compared to the left hemi-
sphere. LeMay [19] reported that great apes (n = 24)
exhibited left-occipital and right-frontal protrusions
whereas Old (n = 21) and New (n = 43) World mon-
keys exhibited only the left-occipital protrusion. In
contrast to LeMay [19], Falk et al. [6] reported a sig-
nificantly higher proportion of right frontal petalia
asymmetries but no asymmetries in petalia within the
occipital lobe in a sample of rhesus monkey endocasts.
In a subsequent study, Cheverud et al. [3], reported
that the left-occipital was more prominent when ac-
companied by a right-frontal petalia in a sample of
rhesus monkey endocasts.

Based on the published findings, different methodo-
logical approaches to measuring neuroanatomical
asymmetries have produced, to some extent, different
findings. For example, though studies of post-mortem
tissue indicate that the sylvian fissure is longer on the
left than right in great apes, the results in monkeys
have been equivocal (i.e. [6,11]). One potential problem
with the use of endocasts is that the posterior regions
of the skull do not cast as well as the frontal region.
This may result in measurement error. Therefore, the
use of cadaver brains is preferable to the use of endo-
casts. But shrinkage of tissue in fixed post-mortem spe-
cimens could similarly result in measurement error.
Moreover, the pragmatic limitations of obtaining post-
mortem tissue, particularly for great ape brain speci-
mens, precludes timely collection of large data sets.

Recent imaging technology, such as magnetic reson-
ance imaging (MRI), offers a reasonable solution to
some of the methodological problems associated with
measuring brain asymmetry in primates [28]. Specifi-
cally, structural MRI is a non-invasive technique that
can provide a detailed representation of neural struc-
tures in living organisms. Although not entirely free of
its own drawbacks, MRI is advantageous compared

with endocasts and conventional post-mortem analyses
for a number of reasons. First, shrinkage is not a fac-
tor in normal living tissue. Second, the ability to re-
slice in different planes and measurement in both sur-
face and internal anatomy provides a level of versati-
lity not possible with either conventional post-mortem
procedures or endocasts. Third, because MRI does not
require euthanasia, anatomical measures can be poten-
tially correlated with functional aspects of behavior
within individuals.

In the current study, we report data on the presence
of cerebral width asymmetries in great apes and mon-
keys using MRI. We have focused on measurements of
cerebral width because the previous findings on petalia
asymmetries in nonhuman primates allow us to gener-
ate specific hypotheses about our results. Specifically,
if the petalia asymmetries in nonhuman primates are
due to changes in the widths of the hemisphere then
direct measurements of cerebral width should be con-
sistent with reported petalia asymmetries. To date, no
studies have directly measured cerebral widths from
different regions of the brain in nonhuman primates
for comparison to reported petalia asymmetries.
Specifically, on the basis of reported right-frontal and
left-occipital petalia asymmetries in great apes [19], we
hypothesized that great apes would exhibit wider left
posterior portions of the brain and wider right anterior
brain regions. Likewise, Old and New World monkeys
should exhibit wider left posterior portions of the
brain but no width asymmetry in the anterior region.

2. Methods

2.1. Subjects

Magnetic resonance images (MRI) were collected in
a sample of 19 adult great apes including nine chim-
panzees (Pan troglodytes), four orangutans (Pongo
pygmaeus), two gorillas (Gorilla gorilla gorilla) and
four bonobos (Pan paniscus). Additionally, scans were
collected in a sample of 15 adult Old World monkeys
including nine rhesus monkeys (Macaca mulatta), two
baboons (Papio papio) and four sooty mangabeys
(Cercocebus torquatus atys) and eight adult New
World monkeys including four capuchin (Cebus apella)
and four squirrel (Samiri sciureus) monkeys. The dis-
tribution of sexes between taxonomic groups was eight
females and 11 males (great apes), five females and 10
males (Old World monkeys) and three females and five
males (New World monkeys). All subjects were housed
at the Yerkes Regional Primate Research Center
(YRPRO).
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2.2. Procedure

Prior to transportation for scanning, the subjects
were immobilized with ketamine injection (10 mg/kg)
and subsequently anesthetized with propofol (10—
20 mg/kg/h) following standard veterinary procedures
used at the YRPRC. Subjects were then transported
by van to the MRI facility at Emory University Hospi-
tal located about one mile from the YRPRC. The sub-
jects remained sedated for the duration of the scans as
well as the time needed for transport between YRPRC
and Emory hospital (total time approximately 2 h).
After completing the MRI, the nonhuman primate
subjects were returned to Yerkes and temporarily
housed in a single cage for 6-12 h to allow the effects
of the anesthesia to wear off before being returned to
their home cage and cagemates.

At the MRI facility, the animals were placed in the
scanner chamber and their heads were fitted inside the
head coil. This project involved using two MRI ma-
chines (Phillips, Model NT), each with 1.5-Tesla super-
conducting magnets, housed at Emory University
hospital. For all subjects, Tl-weighted images were
collected in the axial plane using a gradient echo pro-
tocol (pulse repetition=19.0 ms, echo time=8.5 ms,
slice thickness 1.2 mm, slice overlap=0.6 mm, number
of signals averaged =8 and a 256 x 256 matrix). These

scan parameters were based on preliminary studies and
provided excellent resolution of the brain areas of
interest. The archived data were stored on optical disk-
ettes and transported to a Sun Sparc work station for
post-image processing.

2.3. Measurement of cerebral width

In order to measure cerebral width and length, the
MRI scans were aligned along the midline in the coro-
nal and axial planes and along the anterior-posterior
commissure in the sagittal plane. Following the pro-
cedure of Kertesz et al. [16] with humans, the scans
were reformatted and ‘“‘cut” in the axial plane in | mm
slices. The first axial slice above the third ventricle was
identified and the length of each hemisphere was deter-
mined by measuring from the frontal to the occipital
pole, 5 mm lateral to the midline. Midline was defined
by placing a point in the middle of the interhemi-
spheric cleft at the frontal and occipital poles and con-
necting a straight line between these points. Four
regional width measurements were taken correspond-
ing to 10% and 30% of the length from the frontal
and occipital pole within each hemisphere. These were
collectively referred to as the anterior-frontal (10%
from frontal pole), posterior-frontal (30% from the
frontal pole), parietal lobe (30% from occipital pole)

Axial View of Brain for Cerebral Width Measure

Anterior Frontal

Posterior-Frontal

Parietal

Occipital

Fig. 1. Axial view of chimpanzee brain from MRI scan.
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and the occipital lobe (10% from occipital pole).
Widths were measured from the midline to the lateral
surface of the brain (in tenth’s of a mm). Intra-rater
reliability was assessed in 25% of the sample by one of
the investigators who was blind to both the subject
and orientation of the hemispheres (left or right). The
test-retest correlation coefficients for the right-frontal,
right-occipital, left-frontal and left-occipital widths
were 0.975, 0.978, 0.988, and 0.996, respectively. Inter-
rater reliability was obtained for 25% of the sample
from the two investigators whom, though not blind to
subject and hemispheric orientation, made their
measurements independently of each other. The inter-
rater reliability correlation coefficient for the sample
was 0.976. An illustration of the axial view of a chim-
panzee MRI scan can be seen in Fig. 1. For each sub-
ject and region, an asymmetry quotient (AQ) was
derived following the formula [AQ=((R—L/
R +L)*0.5)]. This formula took into account variation
in brain size as a potential covariate in the magnitude
of asymmetry. Positive AQ values reflected a rightward
bias and negative values reflected a leftward bias. The
absolute value of the AQ score reflected the magnitude
of the bias. The AQ data were analyzed using para-
metric statistics (z-tests, repeated measures analysis of
variance).

3. Results

Depicted in Table 1 are the individual AQ data for
each region and subject in the entire sample. The mean
AQ score for each taxonomic group and measured
brain area of interest can be seen in Fig. 2. To assess
the pattern of asymmetries, one-sample f-tests were
conducted for each brain region and taxonomic group
(see Fig. 2). In the great apes, the left occipital lobe
was significantly wider than the right, #(18)=-3.43, p
< 0.01, and the right anterior-frontal lobe was signifi-
cantly wider than the left, #(18)=2.94, p < 0.05. Also,
the left parietal lobe was wider than the right,
t(18)=—1.83, p < 0.10, and the right posterior-frontal
region was wider than the left, but both of these effects
achieved borderline significance, #(18)=2.05, p < 0.07.
In the Old World monkeys, no significant left-right
differences in width were evident for the anterior-fron-
tal #14)=-0.14, p > 0.10, posterior-frontal
t(14)=0.81, p > 0.10, parietal #(14)=1.38, p > 0.10
and occipital regions #(14)=-0.80, p > 0.10. In the
New World monkeys, the right occipital #7)=2.24, p
< 0.08 and right posterior-frontal #7)=1.99, p < 0.08
regions were wider than the left counterpart, but these
effects were marginally significant. For the anterior-
frontal #(7)=—0.62, p > 0.10 and parietal #(7)=—-0.62,
p > 0.10 regions, no significant directional biases were
found. Within each taxonomic group, independent

sample ¢-tests failed to reveal significant sex differences
in asymmetry for any brain region.

In addition, the cerebral width data within each
taxonomic group were analyzed using a one-way

Table 1
Individual asymmetry quotient (AQ) data for each brain region and
subject in the sample®

Common Hemispheric region

Family name Sex AF PF PAR OCCP
Cebidae

Capuchin Male 0.143 0.063 0.014 —0.012
Capuchin Male —0.161 0.015 —0.046  —0.063
Capuchin Female 0.060 0.000 —0.021 0.026
Capuchin Female 0.034 0.000 0.058 0.033
Squirrel Male 0.032  —0.015 0.036 0.101
Squirrel Male —0.142 0.007 0.041 0.149
Squirrel Male —0.049 0.026 0.007 0.075
Squirrel Female 0.066 0.085 0.052 0.091
Cercopithecidae

Mangabey Male 0.242 0.129  —-0.032 —-0.115
Mangabey Male 0.025 —-0.021 —-0.013  —0.068
Mangabey Male —0.008 0.005 —0.009 —0.079
Mangabey Female 0.035 —0.017 0.026 0.026
Baboon Male 0.000 0.066 0.007  —0.073
Baboon Male —-0.082 —-0.027 —0.082 —0.132
Rhesus Male —0.008 0.005  —0.009 —0.079
Rhesus Male —0.047  —0.009 0.036 0.025
Rhesus Male —0.122  —0.093 0.028 0.011
Rhesus Male —0.048 0.079 0.020  —0.046
Rhesus Female —0.026  —0.038 0.000 0.055
Rhesus Female  —0.062 0.000 0.045 —0.011
Rhesus Male —0.053 0.072 0.077 0.136
Rhesus Female 0.045 0.040 0.039 0.068
Rhesus Male 0.065  —0.021 0.079 0.053
Pongidae

Bonobo Male 0.033 0.021  —0.016 —0.046
Bonobo Female 0.129 0.030 —0.026  —0.033
Bonobo Female 0.078 0.047  —0.005 0.027
Bonobo Male 0.114  —0.049 —0.015 —0.025
Chimpanzee Male 0.104 0.086 0.036  —0.043
Chimpanzee Male 0.030 0.010 —0.058 —0.019
Chimpanzee Male 0.074 0.080  —0.037 —0.018
Chimpanzee Female 0.041 0.076  —0.048  —0.080
Chimpanzee Female 0.035 0.030  —0.007 —0.034

Chimpanzee Male 0.008 0.024 0.039  —0.011

Chimpanzee Female 0.040 0.040 —0.054  —0.081
Chimpanzee Female 0.022 0.052 0.034  —0.137
Chimpanzee Male -0.074  —-0.103  —0.094 —0.180
Gorilla Male 0.048 0.005 0.027  —0.090
Gorilla Female —0.087 —0.025 —0.018 —0.061
Orangutan Male 0.038 0.017 0.005 0.048
Orangutan Female 0.065 0.068 0.027 0.073
Orangutan Male 0.033 0.021 —-0.016  —0.046
Orangutan Male —0.031  —0.022 —0.077 —0.145

# AF — anterior frontal, PF — posterior frontal, PAR — parietal
lobe, OCCP — occipital lobe. For each subject and region, an asym-
metry quotient (AQ) was derived following the formula
[AQ=((R—L/R +L)*0.5)]. Positive AQ values reflected a rightward
bias and negative values reflected a leftward bias. The absolute value
of the AQ score reflected the magnitude of the bias.
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repeated measures analysis of variance. Brain region
served as the repeated measure variable. For this
analysis, in the great apes, a significant interaction was
found between asymmetry in cerebral width and region
F(3,54)=18.62, p < 0.001. Post-hoc analyses using
Bonferroni corrected correlated f-tests indicated that
cerebral width of the occipital lobe differed signifi-
cantly from the anterior-frontal #(18)=6.24, p < 0.001
and posterior-frontal #(18)=5.06, p < 0.001 measures.
Additionally, the width of the parictal lobe differed
significantly from the width of the anterior #(18)=4.20,
p < 0.002 and posterior #(18)=3.67, p < 0.002 por-
tions of the frontal lobe. No difference in widths were
found between the two anterior regions (anterior and
posterior frontal lobe) and the two posterior regions
(parietal and occipital lobe). No significant differences
were found in cerebral width for either the Old World
or New World monkeys. Descriptively, in 13 of the 19
great apes, the right frontal lobe was wider than the
left and the left occipital lobe was wider than the right.
In contrast, only two of the 15 Old World monkeys
and one of the eight New World monkeys showed this
pattern of width differences in both the frontal and
occipital lobe.

4. Discussion

The results of this study are the first to quantitat-

0.08 ~
0.06

0.04

Asymmetry Coefficient
o
8

ively confirm that great apes possess both a signifi-
cantly wider right than left frontal lobe and a
significantly wider left than right occipital lobe. Fur-
thermore, no significant directional asymmetries in cer-
ebral width were found for either Old or New World
monkeys. The present findings in monkeys are not
consistent with the endocast data reported by Falk
and her colleagues [3,6] nor the petalia data presented
by LeMay [19]. One reason for the discrepancy
between the present findings and those of Falk et al.
[6] may be that our sample size was relatively small
compared with that of Falk et al. [6]. Based on the
data presented in Fig. 2 showing a nonsignificant trend
toward a left-occipital lobe bias, at least in the Old
World monkeys, it may be that our failure to find a
significant leftward-occipital asymmetry is due to
insufficient statistical power. A second reason for the
discrepancy between the present findings and Falk et
al. [6] may be the fact that in the present study cer-
ebral width was measured in the central region of the
brain (i.e., the first axial slice above the third ventricle)
whereas Falk et al. [6] measured cerebral width from
endocasts and were therefore limited to surface fea-
tures. The magnitude of difference in cerebral width
may be greater on the surface of the brain compared
to the central portion. This possible explanation war-
rants further investigation.

In contrast to the results with the Old and New
World monkeys, the present results for great apes are

-0.02 4
I AF
-0.04 PF
BEE Parietal
-0.06 | Occipital
-0.08 T T T

Great Apes

Old World

New World

Taxonomic Group

Fig. 2. Mean and (standard error) AQ values for each taxonomic group and brain region. Negative values reflect a left hemisphere bias and posi-
tive values reflect right hemisphere bias. The absolute values reflect the magnitude of bias.
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consistent with the petalia asymmetries reported by
LeMay [19] and are consistent with cerebral width
asymmetries in humans as reported by Kertesz et al.
[16] using the same procedures. Taken together, these
results suggest that these petalia asymmetries are mani-
festations of the position and rotation of the cerebral
cortex within the skull.

The functional significance of the greater left occipi-
tal width and right frontal width remains unclear. A
preliminary analysis of the correlation between hand
preference in apes and the cerebral width measures
taken in this study failed to reveal a significant associ-
ation [13]. Notwithstanding, the general pattern of
neuroanatomical asymmetries observed in the apes
compared to the Old World and New World monkeys
is consistent with recent reports on hand preference in
these taxonomic families. For at least some measures
of hand preference, such as bipedal reaching [25] and
coordinated bimanual actions [4,12,23,24], great apes
are more right-handed compared to the other taxo-
nomic families. Thus, at one level of analysis, func-
tional differences in asymmetry appear to map onto
neuroanatomical differences but this conclusion
assumes that differences among species in the direction
of hand preference are indeed real rather than an arti-
fact of certain testing circumstances or situations.
McGrew and Marchant [20] have recently argued that
there is no compelling evidence that hand preferences
in nonhuman primates resemble hand preferences in
humans based on a meta-analysis of the existing data.
One limitation of the meta-analysis performed by
McGrew and Marchant [20] was that it was executed
only on studies that met a number of a priori assump-
tions and arbitrary criteria and therefore a number of
studies which directly challenged their position were
excluded from the analysis. In addition, many of the
criteria and assumptions that McGrew and Marchant
[20] used for their meta-analysis can be questioned on
theoretical and empirical grounds [14]. For example,
McGrew and Marchant [20] argue that only humans
show consistent hand preferences across multiple
measures of hand preference (i.e., true handedness)
while nonhuman hand preference is task specific. The
suggestion that humans show the same hand prefer-
ences on all tasks is not supported by the evidence
[14]. To more definitively resolve these issues, what is
needed are studies which attempt to directly correlate
functional and neuroanatomical asymmetries in the
same individuals.

Additionally, we can speculate that the asymmetries
evident in the present great ape sample may reflect
similar processes to those that have lead to recent find-
ings of posterior temporal lobe, and specifically, pla-
num temporale, asymmetries in great apes [9,15].
Consistent with this hypothesis is the lack of signifi-
cant cerebral width patterns in the present Old and

New World monkey sample and the finding of no pos-
terior temporal lobe asymmetry patterns in monkeys
similar to those in great apes [9,15].

In conclusion, the results of the present study indi-
cate that, in great apes, the right frontal lobe is wider
than the left and the left occipital lobe is wider than
the right. Old and New World monkeys did not show
any consistent directional biases in cerebral width.
Based on the high image quality, sensitivity in
measurement and application to a wide range of non-
human primate species, the use of structural MRI for
further comparative study of neuroanatomical asym-
metries in primates appears to have much potential.
Moreover, the application of MRI to quantitative stu-
dies of comparative brain anatomy may offer new
insights into phylogenetic changes in the organization
of the central nervous system (e.g., [21]) that have not
been adequately studied.
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