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a b s t r a c t
Understanding the evolutionary forces that produced the human brain is a central problem in neuroscience
and human biology. Comparisons across primate species show that both brain volume and gyriﬁcation (the
degree of folding in the cerebral cortex) have progressively increased during primate evolution and there is a
strong positive correlation between these two traits across primate species. The human brain is exceptional
among primates in both total volume and gyriﬁcation, and therefore understanding the genetic mechanisms
inﬂuencing variation in these traits will improve our understanding of a landmark feature of our species. Here
we show that individual variation in gyriﬁcation is signiﬁcantly heritable in both humans and an Old World
monkey (baboons, Papio hamadryas). Furthermore, contrary to expectations based on the positive phenotypic
correlation across species, the genetic correlation between cerebral volume and gyriﬁcation within both
humans and baboons is estimated as negative. These results suggest that the positive relationship between
cerebral volume and cortical folding across species cannot be explained by one set of selective pressures or
genetic changes. Our data suggest that one set of selective pressures favored the progressive increase in brain
volume documented in the primate fossil record, and that a second independent selective process, possibly
related to parturition and neonatal brain size, may have favored brains with progressively greater cortical
folding. Without a second separate selective pressure, natural selection favoring increased brain volume would
be expected to produce less folded, more lissencephalic brains. These results provide initial evidence for
the heritability of gyriﬁcation, and possibly a new perspective on the evolutionary mechanisms underlying
long-term changes in the nonhuman primate and human brain.
© 2010 Elsevier Inc. All rights reserved.

Introduction
The genetic basis of human brain evolution is a central question in
both neuroscience and human biology. In order to better understand
both the neurobiology of modern humans and the evolutionary
processes that produced the modern human brain, researchers from
various ﬁelds have labored to identify and describe the shared genetic
mechanisms that govern the neurodevelopment of all mammals, as well
as the distinct developmental genetic differences that distinguish
various species. The modern human brain is unique among all living
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primates in a number of ways, but the overall size of the cerebral
hemispheres and the remarkable folding (gyriﬁcation) of the cerebral
cortex are certainly among the most fundamental of human neuroanatomical features. A better understanding of the genetic mechanisms
that govern overall brain size and the degree of cortical gyriﬁcation
would have fundamental implications for both neuroscience and human
evolutionary studies.
The history of primate brain evolution over the past 50 million
years consists of progressive increase in both brain volume and
gyriﬁcation. Early primates prior to 40 million years ago exhibited
small brains with little or no cortical folding (Martin, 1990; Preuss,
2007). In more advanced primates such as the New World monkeys
(e.g. marmosets or capuchins) and Old World monkeys (e.g. macaques
and baboons), brain size is larger in absolute terms and especially
as a fraction of body size (brain:body size ratio). This trend toward
larger cerebral volume and greater brain:body size ratios (Fig. 1) was
continued with the later appearance of the great apes (chimpanzees,
gorillas and orangutans) (Kaas, 2008; Martin, 1990; Preuss, 2007).
In parallel with the increase in brain volume, there has also been
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in other primates. While brain size has increased throughout the last
45–50 million years of primate evolution, the human brain has
undergone extremely rapid expansion during the last three million
years (Barton, 2006; Kaas and Preuss, 2003; Schoenemann, 2006).
This unique acceleration in our evolutionary lineage justiﬁes independent assessments in humans and nonhuman primates because the
genetic architecture of these traits may have been altered during that
process of recent human brain expansion.
Materials and methods
Study subjects
Fig. 1. Measurements of brain volume and cerebral gyriﬁcation index (GI) were
calculated for one species of New World monkey: marmoset (Callithrix (Callithrix)
jacchus); three species of Old World monkeys: rhesus (Macaca mulatta), baboon (Papio
hamadryas) and chimpanzee (Pan troglodytes); and humans. Across primate species
brain volume and GI were highly correlated (r = 0.99).

an increase in the degree of cortical folding (gyriﬁcation). In general,
Old World monkeys have cerebral hemispheres with more signiﬁcantly folded cerebral cortex than do New World monkeys, and the
great apes show still more gyriﬁcation (Fig. 1). Thus, across the broad
diversity of living primate species, there is a strong positive correlation
between absolute brain volume and degree of gyriﬁcation. A similar
relationship between brain size and gyriﬁcation is also observed in
other orders of mammals, particularly cetaceans (Pillay and Manger,
2007). Since the human brain stands as the most extreme case of the
parallel increase in these two traits among primates, constructing a
more detailed understanding of the relevant genetic, developmental
and evolutionary processes that produced this pattern of betweenspecies differences will provide new insights into the processes that
shaped human brain structure.
Recent research has shown that individual variation in brain
volume within primate species is under strong genetic control.
Various studies in humans and other primates have investigated the
heritability (h2) of cerebral volume (i.e. the proportion of total
phenotypic variation that can be accounted for by genetic differences
among individuals), and reported estimates in the range of h2 = 0.5–
0.8 or higher (Cheverud et al., 1990; Posthuma et al., 2002; Rogers
et al., 2007; Thompson et al., 2001; Toga and Thompson, 2005). This
indicates that 50%–80% or more of individual variation in brain
volume is caused by genetic differences among subjects. Despite this
evidence for genetic control of individual variation in brain volume,
and the widely recognized correlation across species between brain
volume and cortical folding, little is known about the inﬂuence of
genetic differences on individual (within-species) variation in
gyriﬁcation. The tight correlation between brain volume and cortical
folding across primates as well as other mammals implies a degree of
genetic control over gyriﬁcation that should not be difﬁcult to detect.
However, that genetic effect has not been clearly established either in
humans or any other primate (Bartley et al., 1997; Lohmann et al.,
1999; White et al., 2002).
We undertook this study to test two predictions. First, we
predicted that like brain volume, individual variation within species
in gyriﬁcation will exhibit additive genetic variance, i.e. heritability.
Second, we anticipated that the same genes that inﬂuence individual
variation in brain volume will also inﬂuence gyriﬁcation. We
predicted that the genetic correlation (ρG) between these traits will
be positive and substantial, possibly approaching unity (ρG = 1). We
conducted our study in parallel in humans and baboons (Papio
hamadryas). We used the same magnetic resonance imaging methods
to quantify variation in cerebral gyriﬁcation among 97 baboons and
242 people. This two-species approach allowed us to simultaneously
test our predictions in different species, and determine whether
the genetic architecture of these traits is different in humans than

Structural MR images were collected for 97 pedigreed adult
baboons (P. hamadryas) housed at the Southwest National Primate
Research Center (San Antonio, TX). Animal handling protocols were
described previously (Rogers et al., 2007). Study animals consisted of
46 males and 51 females, average age 15.2 ± 4.0 (s.d.) years (range:
7.3–27.3 years). Genealogical relationships included 276 parent–
offspring pairs, 25 full sib pairs, 362 half-sib pairs, 172 grandparent–
grandoffspring pairs and a large number of more distant relationships.
Structural MR images were collected from 242 healthy adult human
volunteers (96 males, 146 females), part of the Genetics of Brain
Structure and Function (GOBSF) project. The average age of human
subjects was 47.1 ± 13.7 years (range: 19 to 85 years old). Human
subjects were screened for neurological and psychiatric disorders
and underwent neurological and neuropsychological examinations
prior to imaging. Genealogical relationships consisted of 82 parent–
offspring pairs, 73 full sib pairs, 29 half-sib pairs, and a large number
of more distant relationships.
Inter-species analysis of brain volume and gyriﬁcation index (GI)
in several primate species (humans, three species of Old World
monkey and one species of New World monkey), using the methods
summarized above, replicated the previously reported evolutionary
trends in brain volume and GI (Fig. 1). Across species, brain volume
and gyriﬁcation index were highly correlated, with about 97% of
variability in GI being accounted for by increases in brain volume.
MR imaging
We quantiﬁed the gyriﬁcation index (GI) by adapting a classical
2-D method developed for histological analysis to 3-D MR images, as
proposed by Zilles et al. (1988, 1989). Substantial effort was made to
ensure that data were collected and analyzed using imaging and genetic
methods that minimized methodological differences between species.
In particular, image collection in both groups was performed with
allometrically similar spatial resolutions.
Animal subjects and human volunteers underwent structural MR
imaging at the Research Imaging Center (Univ. of Texas Health Science
Center, San Antonio) using a 3 T Siemens Trio MRI scanner (Siemens,
Erlangen, Germany). Both baboons and humans were imaged using
the same 3-D, motion-corrected protocol optimized for high gray
matter/white matter contrast. The average volume of a baboon brain
is about one-eighth the average volume of the human brain. To
accommodate the smaller brain size, the spatial resolution and scan
time for baboons were adjusted to achieve a comparable spatial
sampling and signal-to-noise ratio. Baboons were imaged with an
isotropic spatial resolution of 500 μm during a 58-min imaging session
using an 8-channel primate head coil. Human volunteers were imaged
with an isotropic spatial resolution of 800 μm during a 26 minute
scan session using an 8-channel head coil. Datasets for both species
had similar average GM/WM contrast (25 ± 2% for baboons, 24 ± 3%
for humans) and signal-to-noise ratio (24 ± 3% for baboons, 25 ± 3%
for humans). Animal handling and imaging procedures were
reviewed and approved by the IACUC of the SFBR. Human imaging
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was performed under a signed informed consent and following
review and approval by the IRB at the UTHSCSA.
Image processing and analysis
MR images for both baboon and human subjects were processed
using the image analysis steps described by Rogers et al. (2007). These
steps were assembled into an image processing pipeline and consisted
of: removal of non-brain tissue, correction for radiofrequency bias
ﬁeld inhomogeneity, and global spatial normalization (Rogers et al.,
2007) (Fig. 2). Finally, the external (GM/CSF) and gray matter/white
matter interfaces were extracted from tissue segmented images using
the BrainVisa package (Mangin et al., 1995, 2004). GI is deﬁned as the
ratio between the area of a gyrated surface and the area of its convex
hull while excluding the surface area occupied by the lateral ventricles
(Fig. 2). Consequently, the values for GI were calculated as the ratio
between each individual's respective surface area and the area of their
respective convex hulls. The values for GI was calculated for each
hemisphere and then averaged to obtain interhemispheric average GI
values for a given subject. The method for GI calculation described
here is available as a plug-in for BrainVisa at (http://ric.uthscsa.edu/
personalpages/petr/).
Quantitative genetic analyses
The heritability of and genetic correlations between phenotypes
were estimated using maximum likelihood variance decomposition
methods implemented in the SOLAR computer package (Almasy and
Blangero, 1998, 2009). Univariate genetic analyses of heritability
estimated the inﬂuence of speciﬁc variables (additive genetic
variation, covariates including sex, age, and random unidentiﬁed
environmental effects) on the variance of each trait within each
population. This is calculated using maximum likelihood methods to
partition the phenotypic variance among individuals into that portion
due to genetics (i.e. accounted for by a matrix of pairwise kinship
coefﬁcients, which is determined by the known genealogical relationships among study subjects), that due to measured covariates (age
and sex) and that attributable to random environmental effects.
Genetic correlations between phenotypes were investigated using a
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multivariate extension of the basic variance components methods,
and estimated by conditioning the covariance between phenotypes on
pairwise kinship among individuals within the pedigrees (Comuzzie
et al., 1996; Comuzzie et al., 1994). The overall phenotypic correlation
between two phenotypes (Trait 1 and Trait 2) can be expressed as a
function of the correlation due to shared environmental effects
between pairs of individuals (ρ(E)) and the correlation due to shared
genetic effects (ρ(G)). For any two traits measured in a series of
genealogically related individuals, the relationship among the
phenotypic correlation (ρ(p)) and the genetic and environmental
correlations is:
ρðpÞ =

qﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h22 ρðGÞ + 1−h21
1−h22 ρðEÞ :
h21

In this formulation, h21 and h22 are the heritabilities (the proportion
of total phenotypic variance attributable to additive genetic variance)
for Trait 1 and Trait 2 respectively. The heritability of each trait is a
function of the degree to which kinship across individuals predicts
their phenotypic similarity for that trait. To model and estimate the
various bivariate effects (i.e. phenotypic, genetic and environmental
correlations between traits), we again use a matrix of pairwise kinship
coefﬁcients for all pairs of individuals. The phenotypic variance–
covariance matrix, as well as the associated genetic and random
environmental effects, is obtained by conditioning the covariance
among relatives on the kinship matrix. Likelihood methods are
used to determine the statistical signiﬁcance of the estimate of each
parameter (i.e. trait heritabilities, and genetic and environmental
correlations) by comparing a model in which that parameter is
constrained to zero against the general model in which all parameters
are estimated simultaneously. Further details regarding the population genetic theory and the speciﬁc analytical methods used can be
found in Almasy and Blangero (2009) and Comuzzie et al. (1996,
1997).
Results
We ﬁnd that the mean gyriﬁcation index (GI) for the external gray
matter surface was GI = 1.89 ± 0.15 for baboons and GI = 2.29 ± 0.08

Fig. 2. The degree of cerebral gyriﬁcation, the gyriﬁcation index (GI), was calculated as the ratio of the surface area of the outer cerebral cortex (Scortex) and surface area of the
convex hull of the cerebral cortex (Scorvex). The panels on the left show the human images, and panels on the right show baboon images.
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for humans. GI values calculated for different primate species appropriately matched the evolutionary trends in gyriﬁcation previously
reported (Fig. 1). Neither age nor sex was signiﬁcantly related to GI
in baboons, while both age (p = 3.8 × 10− 10) and sex (p = 2.4 × 10− 4)
were signiﬁcantly related to GI in humans. Quantitative genetic
analyses showed that brain volume, brain surface area and cortical
gyriﬁcation are all signiﬁcantly heritable in both species. The
heritability (±s.e.) of brain (cerebral) volume in this sample was
h2 = 0.52 ± 0.18 (p = 0.00005) for humans and h2 = 0.85 ± 0.29
(p = 0.0012) for baboons. The estimated heritability for GI in humans
was h2 = 0.30 ± 0.16 (p = 0.018), and the heritability of GI in baboons
was h2 = 0.71 ± 0.29 (p = 0.0021). The heritability of cerebral surface
area is h2 = 0.76 ± 0.27 (p = 0.001) for baboons and h2 = 0.42 ± 0.16
(p = 0.001) for humans. Thus, we can conﬁrm Prediction One that
additive genetic differences among individuals inﬂuence variation
in degree of gyriﬁcation in both humans and baboons, with 30% of
phenotypic variance in GI among humans attributed to genetic
variation, and 71% among baboons (Table 1).
To test our second prediction, we performed genetic correlation
analysis. This analysis uses the known pairwise kinship between
members of a pedigree and the individual values for two phenotypic
traits to estimate the proportion of genetic variance shared between
the two traits. In essence, all pairwise comparisons among related
individuals are employed to determine whether the measurement
of one phenotype in one individual is correlated with measurement
of the second phenotype in closely related individuals that share
genes in common due to shared ancestry. If the genetic correlation is
statistically signiﬁcant, this shows that a gene or genes shared among
those individuals inﬂuence both phenotypes, i.e. there is pleiotropy
between traits. A positive correlation indicates that genetic differences that increase the measured values for one phenotype also
increase the values for the second, while a negative correlation
suggests that genes with positive effects on the ﬁrst trait have
negative effects on the second. The genetic correlations between
cerebral volume and GI were estimated as ρG = − 0.73 in humans and
ρG = − 0.77 in baboons. Both genetic correlations are signiﬁcantly less
than 0 (p = 0.045 in humans and p = 0.045 in baboons), and therefore
both are also signiﬁcantly less than +1.0, our predicted result. Fig. 3
illustrates the phenotypic correlations between these traits in the two
species. The genetic correlation between cerebral surface area and
GI was estimated as negative, but was not statistically signiﬁcant in
either species (baboons: ρG = −0.56, p = 0.07; humans: ρG = −0.60,
p = 0.14).
This study demonstrates signiﬁcant genetic heritability for
individual variation in cortical gyriﬁcation in both species, and
furthermore suggests that there are shared genetic effects common
to both cerebral volume and gyriﬁcation. However, contrary to
expectation, the calculated genetic correlations between cerebral
volume and cortical folding are estimated to be signiﬁcantly negative

Table 1
Brain phenotypes and genetic parameters for baboons and humans.

Mean cerebral volume (cc, after
spatial normalization)
Mean gyriﬁcation index (GI)
Mean surface area (after spatial
normalization)
Heritability (h2) of cerebral volume
Heritability (h2) of gyriﬁcation
index
Heritability (h2) of surface area
Genetic correlation: volume vs. GI
Genetic correlation: surface area
vs. GI

Baboons

Humans

195.4

1676.1

1.89
195.3

2.29
1880.0

0.85 (p = 0.0012)
0.71 (p = 0.0021)

0.52 (p = 0.00005)
0.30 (p = 0.018)

0.76 (p = 0.001)
− 0.77 (p = 0.045)
− 0.56 (p = 0.07)

0.42 (p = 0.001)
− 0.73 (p = 0.045)
− 0.60 (p = 0.14)

Fig. 3. Scatter plots of the relationship between brain volume and gyriﬁcation index in
(A) humans and (B) baboons.

in both baboons and humans. Hence, while we can conﬁrm Prediction
One, that gyriﬁcation is heritable, we must reject Prediction Two, that
the positive phenotypic correlation across primate species between
gyriﬁcation and brain volume results from a common set of genetic
changes affecting both traits in the same direction. The negative
genetic correlations observed for both humans and baboons strongly
suggest that there may be overlapping sets of genes that inﬂuence
both brain volume and gyriﬁcation. But rather than producing parallel
increases in both traits, our data suggest that the same genetic
changes that increase brain volume within these species seem to exert
a negative effect on degree of gyriﬁcation.
Discussion
Early fossil primates older than 40 million years have small body
sizes and small brain sizes, which reﬂect their recent divergence from
other mammalian orders (Martin, 1990). One hallmark of primate
evolutionary history is the origin of new species and new evolutionary
groups that exhibit both increased body size and increased brain size
relative to body size. As a result, the primate species living today
exhibit a broad range of brain sizes and brain:body size ratios (Martin,
1990; Preuss, 2007). In parallel with increasing brain size, the cerebral
cortex of more recently appearing primate groups such as apes and
humans shows much more extensive folding or gyriﬁcation. Little is
known about the speciﬁc genetic mechanisms that underlie this suite
of parallel evolutionary changes in brain structure, but this pattern is
fundamental to the history of primate brain evolution.
Our results indicate that genetic variation now segregating in both
baboon and human populations does inﬂuence individual differences
in gyriﬁcation. The speciﬁc genes or genetic mechanisms that produce
the cortical folding characteristic of Old World monkeys, apes and
humans have not yet been identiﬁed (but see ref. (Piao et al., 2004)).
The embryonic development of cortical convolutions (sulci and
gyri) in the human and nonhuman primate brain has been attributed
to tension-based developmental mechanisms involving axonal
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connections between functional regions within the developing cortex
(Van Essen, 1997). Under this model, sulci and gyri result from the
differential strength of connections in the developing brain, with gyri
forming as a result of strong connections between the two cortical
regions that grow into close proximity, while sulci form between
regions that lack strong connections. This mechanical tension-based
model, which is supported by recent studies in nonhuman primates
(Hilgetag and Barbas, 2006), connects increases in folding to changes
in cortical volume, but does not address the extent of genetic control
over gyriﬁcation (heritability), or predict whether the same genetic
variation that inﬂuences cerebral volume also inﬂuences degree of
cortical folding.
Evidence from congenital malformations in humans does not
provide support for either a positive or a negative genetic correlation
between these phenotypes (Stevenson, 2006a, b). Known genetic
mutations can cause profound congenital malformations of cerebral
gyriﬁcation such as lissencephaly and poly-microgyria (Stevenson,
2006a), but these conditions are often observed along with apparently
normal brain volume. Microcephaly and megalencephaly are caused
by processes that interfere with normal brain growth (Stevenson,
2006b) and alter brain volume, but the pattern of gyriﬁcation is often
well-preserved. These clinical syndromes show that severe pathological mutations can affect one without affecting the other. However,
this lack of correlation will not necessarily hold for normal (nonpathological) genetic variation. Overall, the clinical data do not argue
for either a positive or negative intra-species genetic correlation
between brain volume and gyriﬁcation.
We believe that our results have important implications concerning
the evolutionary forces that have acted on primate brain structure.
It is reasonable to presume that the differences in brain size between
hominoids (e.g. living apes and humans) as compared to less
encephalized primates (e.g. lemurs and lorises), resulted from natural
selection favoring increased cerebral volume, neuron number and
overall functional complexity (Schoenemann, 2006; Vallender et al.,
2008). The evolution of larger brain size has been attributed to its
positive effects on cognitive and behavioral capability, especially in
complex social groups (Dunbar, 2003; Dunbar and Shultz, 2007).
Note that the increase in brain size was not a global increase affecting
all structures equally, but involved speciﬁc additions at speciﬁc
evolutionary stages (Preuss, 2007).
Our studies indicate that genetic variation segregating among
humans and presumably independent but functionally similar genetic
variation segregating among baboons appears to have opposite effects
on brain volume and gyriﬁcation. The results suggest that in either
humans or baboons, selection favoring increased brain volume would
produce a correlated reduction in GI. The separate observation of this
pattern of genetic architecture in two primate species strongly implies
that this genetic architecture may be characteristic of many primate
species, and that it was also true for human ancestors. Consequently,
assuming that natural selection acted predominantly on brain size
(Schoenemann, 2006), evolutionary genetic changes that resulted in
increased brain size during primate evolution would have simultaneously produced less folded, more lissencephalic brains. However
comparative primate neuroanatomy and the history of primate brain
evolution show the opposite pattern, with a strong positive correlation
between volume and gyriﬁcation across species and clades. Therefore
we infer that there was a second independent selective force that did
not negate the progressive evolutionary increases in brain size, but
did generate additional developmental changes resulting in brains
with greater degrees of cortical folding. One possibility for this second
selective force is based in parturition and reproductive constraints
(Rosenberg and Trevathan, 2002). The pelvic inlet and outlet of many
anthropoid primates and especially humans are restricted in size by
biomechanical constraints related to locomotion. Consequently, the
size of the birth canal cannot increase freely to accommodate ever
larger neonatal brains and skulls. Indeed, humans are not the only
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primate for which the size of a newborn's skull can create problems
during birth (Leutenegger, 1974).
As adult brain volume increased during various stages of primate
evolution, there may have been an advantage within speciﬁc primate
lineages to maintain neonatal brain volume below certain limits. This
natural selection for retaining small neonatal brain size may have
resulted in the second set of genetic changes that increased cortical
folding in humans, great apes and to a lesser extent in Old World
monkeys. This progressive increase in cortical folding could have been
achieved through tension-based mechanisms (Van Essen, 1997).
Regardless of the speciﬁc selective forces or developmental mechanisms
at work, our results constitute initial evidence that one set of selective
pressures and genetic changes can explain progressively increasing
brain size, and that an independent second set of pressures and genetic
changes may be needed to explain greater cortical folding. One
prediction of the tension-based model of cortical folding (Van Essen,
1997) is that at least some of the genes that inﬂuence the degree of
cortical folding act through effects on axon tension, either by altering the
strength of cortical–cortical connections or affecting the ability of axons
to resist elongation as cortical segments grow apart during embryogenesis. Our data predict that detailed analysis of the genetic bases of
brain volume and gyriﬁcation will identify two sets of evolutionary
genetic changes distinguishing humans from smaller brained primates,
one set that produced increased cerebral volume and another that leads
to greater gyriﬁcation.
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