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SUMMARY

Animal data demonstrate that the development of
distinct cortical areas is influenced by genes that
exhibit highly regionalized expression patterns. In
this paper, we show genetic patterning of cortical
surface area derived from MRI data from 406 adult
human twins. We mapped genetic correlations of
areal expansion between selected seed regions
and all other cortical locations, with the selection of
seed points based on results from animal studies.
“Marching seeds” and a data-driven, hypothesis-
free, fuzzy-clustering approach provided convergent
validation. The results reveal strong anterior-to-
posterior graded, bilaterally symmetric patterns
of regionalization, largely consistent with patterns
previously reported in nonhuman mammalian mod-
els. Broad similarities in genetic patterning between
rodents and humans might suggest a conservation
of cortical patterning mechanisms, whereas dissimi-
larities might reflect the functionalities most essential
to each species.

INTRODUCTION

Cortical area development is controlled by the interplay of
extrinsic and intrinsic mechanisms (O’Leary, 1989; Rakic,
1988). The former rely on subcortical afferents projecting to the
developing cortex in a topographic manner (O’Leary et al.,
2007). The latter include genetic regulation initiated by morpho-
gens or signaling molecules that establish gradients of transcrip-
tion factors across the ventricular zone (Rakic, 1988; reviewed in

Rakic et al., 2009). It is now thought that intrinsic genetic mech-
anisms are major determinants of initial cortical area patterning
(Bishop et al., 2000; Fukuchi-Shimogori and Grove, 2001; Malla-
maci et al., 2000; O’Leary et al., 2007; Rakic, 1988; Rakic et al.,
2009). In the early stages of development, highly regionalized
gene expression patterns play a critical role in establishing
cortical regionalization. The rudimentary genetically determined
cortical regions serve as a template for selectively attracting
afferents from appropriate thalamic nuclei and subsequently
from other cortical regions to establish region-specific connec-
tions in order to refine areal features. The sequence of develop-
mental events eventually gives rise to anatomically distinct and
functionally specialized areas with unique connection features,
a process known as cortical arealization (Monuki and Walsh,
2001; Sur and Rubenstein, 2005).

Animal studies have demonstrated at least two key regionali-
zation phenomena. First, there is an anterior-posterior (A-P)
gradient of gene expression of morphogens or transcription
factors, such that specific genetic factors enlarge rostral (motor)
areas at the expense of caudal (sensory) areas and vice versa
(Bishop et al., 2000; Fukuchi-Shimogori and Grove, 2001; Malla-
maci et al., 2000). In addition to this A-P gradient, there is
evidence for graded expression patterns along other distribu-
tions, including the medial-lateral and dorso-ventral (D-V) axes
(Rakic et al., 2009). Second, these gradients of gene expression
ultimately translate into discrete patterns, with alteration of the
extent of expression patterns producing area boundary shifts
with defined borders primarily along the A-P axis; these include
the frontal/motor (F/M), primary somatosensory (S1), auditory
(A1), and visual (V1) cortices (O’Leary et al., 2007), homologs
of the human frontal lobe, postcentral cortex, temporal lobe,
and occipital lobe, respectively.

Though animal studies have shown that region-specific ge-
netic influences are responsible for cortical regionalization, it is
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not known whether equivalent mechanisms govern the regional-
ization of the human brain. It might be that the patterning of
genetic influences on regionalization corresponds to anatomical
and functional connectivity, or hemispheric specialization (asym-
metric patterns), given that each of these patterns plays an
important role in human brain function (Kandel et al., 2000). We
hypothesize, however, that genetic influences on regionalization
in humans follow an A-P gradient, with bilaterally symmetric and
defined boundaries corresponding to genetically based func-
tional domains, similar to what has been observed in animal
models.

The classical twin design combined with structural magnetic
resonance imaging offers a unique approach to studying the
aggregate genetic influences on brain phenotypic measures
(see Schmitt et al., 2007 for review). This approach is particularly
advantageous for estimating genetic influences on a complex
trait like human brain structure, which probably involves large
numbers of genes and possibly gene-gene interactions. By
examining the difference in similarity between monozygotic
(MZ) and dizygotic (DZ) twins, the relative influence of genes
(i.e., heritability) and the environment on variance of a phenotype
can be determined (Eaves et al., 1978; Neale and Cardon, 1992).
This method can be used further to determine the magnitude
of genetic and environmental covariance between phenotypes;
in other words, it is possible to estimate the degree to which
phenotypes share common genetic and/or environmental in-
fluences. These estimates refer to genetic and environmental
correlations, respectively.

Utilizing cortical surface reconstruction and spherical atlas
mapping procedures developed by Dale and colleagues (Dale
et al., 1999; Fischl et al., 1999b), we mapped each individual’'s
surface reconstruction into atlas space. Maps of subject-
specific areal expansion or contraction were then computed
based on the local stretching or compression needed to map
the subject’s surface into atlas space (Rimol et al., 2010a).
Next, to examine patterns of relative surface expansion, we
divided the area measure at each location by the total surface
area for each participant. The normalized data more directly
correspond to the approach used in the animal literature (Bishop
et al., 2000; Paxinos and Watson, 2007) and make it possible to
examine genetic influences on cortical regionalization after
accounting for global effects. Although registration with atlas
space is driven by cortical folding patterns, there is evidence
that the folds are good predictors of the locations of functionally
distinct regions (Fischl et al., 1999b). Genetic correlations among
measures of relative areal expansion at different points on the
cortical surface reflect shared genetic influences on surface
area between cortical regions and for this reason were used to
depict the genetic patterning of the cortex in this study.

We used three complementary approaches to explore the
genetic patterns: (1) a hypothesis-driven, seed-based approach;
(2) a “marching seed” approach; and (3) a hypothesis-free
clustering approach. For the hypothesis-driven, seed-based
approach, four seed points were placed at locations presumed
homologous to the mouse “functional domains.” The V1 and
S1 seed points were placed in the calcarine sulcus and postcen-
tral gyrus, respectively. In order to adjust for the considerable
expansion of human frontal and temporal cortices relative to
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those in the mouse, we also placed seed points in the rostral
end of the frontal cortex (frontal pole) and temporal cortex
(temporal pole). We then created maps of genetic correlations
between each of these seed regions and all other locations in
the cortex. To address potential bias due to the selection of
seed regions, and to assess the sensitivity of the patterns to
the exact locations of the seed points, we next used a grid of
regularly spaced marching seeds distributed across the entire
lateral aspect of one cortical hemisphere. Furthermore, we
performed additional fine-grained one-dimensional marching
seed analyses to identify gradual or abrupt transitions of the
genetic patterning (Cohen et al., 2008). Finally, we employed
a hypothesis-free approach—fuzzy clustering—that did not
restrict the analysis to seed locations.

RESULTS AND DISCUSSION

Genetic Patterning Shows an Anterior-Posterior

Division

The genetic correlations for the frontal pole seed point displayed
a clear A-P division, with a boundary separating positive and
negative genetic correlations approximately aligned with the
central sulcus (see Figure S1 available online for anatomical
location), a border between motor and sensory areas (Figure 1A).
The positive genetic correlations in Figure 1A show that genetic
factors associated with expansion of the surface area around the
seed point (indicated by a black dot) are also associated with
expansion of other frontal regions (indicated by the red-to-yellow
color scale). The negative genetic correlations in the posterior
regions show that genetic influences associated with areal ex-
pansion of the frontal pole seed region cause relative areal
contraction in posterior regions (indicated by the blue-to-cyan
color scale). Findings from several mouse studies using experi-
mental inhibition or overexpression of specific genes support
the antagonistic A-P genetic effects. For instance, the transcrip-
tion factor Pax6 has anterior-high to posterior-low gradients of
gene expression and promotes frontal/motor areal expansion
(Bishop et al., 2000). Another transcription factor, Emx2, is ex-
pressed in an opposite gradient (Bishop et al., 2000; Mallamaci
et al., 2000). Furthermore, Pax6 and Emx2 mutually suppress
one another’s expression, regulating areal expansion.

Genetic Patterning Corresponds to Regions Observed

in Rodent Studies

In addition to the A-P division described above (Figure 1A), posi-
tive genetic correlations were observed around the S1 seed
region in the primary sensory and superior parietal cortices
and partially in the primary motor cortex (Figure 1B). Genetic
correlations with S1 resulted in a primarily postcentral division,
with correlations becoming negative anterior to the precentral
sulcus and roughly posterior and inferior to the parietal lobe.
Area patterning for the anterior temporal pole seed point showed
positive genetic correlations primarily in the temporal lobes,
including the presumed human homolog of mouse A1, with
negative genetic correlations in the rostral and caudal regions
(Figure 1C). For the V1 seed region, we observed strong positive
genetic correlations covering the occipital cortex. The correla-
tions extended partially to the superior parietal cortex, which
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Figure 1. Genetic Patterning of the Human Cortex Based on Genetic Correlations from the Hypothesis-Driven Seed-Based Approach

Genetic correlation maps with black dots indicating the frontal pole, S1, temporal pole, and V1 seed regions. From left to right, the columns show the following
views: superior, left hemisphere lateral, right hemisphere lateral, left hemisphere medial, and right hemisphere medial. Color scale indicates the strength of
genetic correlations between the surface area at the seed region and at all other locations on the cortical surface; these correlations range from positive to

negative.

was suggestive of the dorsal stream of the visual system (Kandel
et al., 2000). Genetic correlations with the V1 seed region were
negative for anterior temporal and frontal cortices (Figure 1D).
The boundaries of the genetic correlations corresponded sub-
stantially to known anatomical landmarks (e.g., major sulci
such as the central sulcus). However, some boundaries did not
match any traditional anatomical divisions. The observed
patterns may reflect the combinatory actions of many other
molecular gradients, including D-V and medial-lateral gradients
in addition to A-P gradients.

The regionalized pattern of genetic influences was further
confirmed by our analysis using a grid of 34 different seeds. As
can be seen in Figure 2, the frontal cortex constituted one parti-
tion, comprising all regions anterior to the central sulcus. There
were also occipital, temporal, and postcentral partitions. In all
cases, the highest genetic correlations were observed in
the region closest to each seed. However, the pattern of positive
(red/yellow) versus negative (blue/cyan) genetic correlations
yielded essentially the same four divisions regardless of where
in a division the seed was placed.

Next, we conducted additional fine-grained one-dimensional
marching seed analyses to determine whether boundaries of
genetic correlation patterns represented gradual or abrupt tran-

sitions. Notably, the genetic correlation patterns indicated rela-
tively discrete regional domains, some with well-defined bound-
aries (e.g., with relatively abrupt transitions from positive to
negative genetic correlations). The sharpest transitions were
found along the A-P axis between frontal and posterior regions
(Figure 3B) and along the D-V axis between parietal and temporal
lobes (Figure 3C). Other boundaries had less abrupt transitions.
It is possible that the boundaries in the genetic correlation
patterns observed here are related to mechanisms that control
the degree of compartment boundary restriction in gene expres-
sion data (Kiecker and Lumsden, 2005).

One might still wonder whether our choice of seed placement
(either singly or in a grid) somehow influenced this mostly lobar
organization. To address that question, we used fuzzy clustering
to partition the cortex into four divisions, based on a distance
matrix computed from pair-wise genetic correlations. Use of
this data-driven approach, making no a priori assumptions
about the locations or shapes of the clusters, yielded a pattern
remarkably similar to that found using the seed point approach
(Figure 4; see Figure S2 for a correlation analysis between the
maps). Note that the genetic correlation matrix, the input for
the clustering analysis, did not contain any spatial information
(e.g., distance between vertices).
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Differences in Genetic Patterning between Mice

and Humans

Although the broad organization of genetic patterning is
substantially similar between mice and humans, our results
provide clear evidence of important species-specific differ-
ences. Specifically, the proportional size of each region is
different, indicating that the 1,000-fold enlargement of cortical
surface area in humans compared to mice is disproportionate
across the cortex (Rakic et al., 2009). Changes in a region’s
proportional size may have significant consequences with
respect to brain function. For example, the genetic divisions
of frontal and temporal cortices in humans are disproportionally
expanded, which may be linked to the addition of cortical
areas and the evolution of human traits such as language
and social behavior. Interestingly, we noted a degree of inho-
mogeneity in genetic correlation patterns in the frontal lobe:
one of the sharpest borders was along the D-V axis of
prefrontal cortex observed around the left inferior frontal gyrus,
possibly corresponding to Broca’s area (Figure 3G). We also
found an abrupt transition in genetic correlations across the
superior temporal sulcus (Figure 3F). The relatively sharper
boundaries observed with the genetic correlation patterns
that define language-related regions are of interest, because
they suggest the presence of genetic influences partially
distinct from those of neighboring regions. Such genetic diver-
gence could be the basis for evolving human specializations.
This result, depicting region-specific and species-specific
patterns, is comparable to findings from genomic studies. For
example, the gene CNTNAP2, which is related to autism
and language delay, exhibits highly regionalized expression
in the frontal and anterior temporal cortices in humans but
has no comparable analog expression pattern in rodents
(Abrahams et al., 2007; Alarcén et al., 2008). In addition to
the frontotemporal expansion, our map shows a large occipital
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Figure 2. A Grid Placement of Genetic
Correlation Maps from 34 Different Seeds
The location of each small genetic correlation map
on the gray brain map represents the location of
the seed for that correlation map. Conventions as
in Figure 1.

genetic partition. It is well established
that primates—including humans—are
highly visual and have more functional
areas in the visual cortex than mice
do (Hill and Walsh, 2005). Conversely,
mice rely more on the somatosensory
modality, with a correspondingly ex-
panded representation of the whiskers
within area S1, whereas this region is
disproportionally small in humans. In
sum, the phenotypic differences in
cortical area between mice and humans
are marked not only by a dramatic
increase in size, but also by differential
expansion, greater hemispheric speciali-
zation, and presumably the addition of
specialized cortical areas (Rakic et al., 2009; Sun et al,
2005). We show here that the genetic patterning also reflects
these species-specific differences.

Mostly Symmetric Genetic Patterning between
Hemispheres

Our results show that the genetic patterning between the two
hemispheres is primarily symmetric. First, our seed point anal-
ysis revealed strong genetic correlations between the seed and
its equivalent location in the contralateral hemisphere (Fig-
ure S3). Second, we performed separate analyses of the left
and right hemispheres—in addition to our main cluster analysis,
in which we combined data from left and right hemispheres
for partitioning—and the patterns identified in the left and
right hemispheres were almost mirror images of one another
(Figure S4). Although symmetry is a predominant feature of
the genetic correlation patterns, there are indications of inter-
hemispheric differences around the perisylvian and parietal
regions. Hemispheric asymmetries in the perisylvian area
observed here and in previous gene expression studies (Abra-
hams et al., 2007; Sun et al., 2005) are of particular interest
because of the critical role that human language processing,
which also tends to be lateralized, plays in this region. We
also noted an interesting pattern of regional correlational
asymmetry. Positive genetic correlations between the frontal
cortex and superior temporal gyrus, regions implicated in
language processing, are present exclusively on the left side,
the language-dominant hemisphere (Abrahams et al., 2007;
Kandel et al., 2000).

Lack of Long-Distance Correlation Patterns

Strong long-distance or cross-region correlation patterns
were not present in either the grid analysis or the clustering ana-
lysis, although we observed some weak positive correlations
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Figure 3. Fine-Grained One-Dimensional Marching Seed Analysis

The brain map shows the anatomical locations of the one-dimensional paths that we sampled to determine the abruptness of the transitions of genetic correlation
patterns. We sampled the boundaries between lobes (B, C, and D) and between subdivisions within the frontal (A and G) and temporal (E and F) lobes. This
includes presumed human-specific, language-related areal boundaries between auditory and inferior temporal cortex (F) and between inferior frontal gyrus and
middle frontal gyrus (G). The positions of one-dimensional paths were also chosen to be roughly along the A-P or D-V axes. The line plots correspond to the
transition trajectories of genetic correlations for each pair of cortical regions. Genetic correlations were calculated between all pairs of vertices on each path
(illustrated for two sample locations on the left side of the second row). The red lines represent the points close to the red dot end and the blue lines represent the
points close to the blue dot end. The gray lines represent the points in the middle. Because their locations are close to putative boundaries, the transition profile
can be obscured substantially by MRI spatial smoothing. Path (B) shows a clear example of an abrupt transition, with steep slopes of genetic correlations and
“bunching” of transition trajectories for different vertices. Paths (A) and (E) are examples of gradual transitions, where the genetic correlations fall off evenly with
distance from each vertex along the paths. Genetic correlations between lobes range from positive to negative regardless of a gradual or sharp transition,
whereas genetic correlations within lobes also show gradual or sharp transitions but remain positive.

between distal regions (Figure 1). The clustering algorithm equivalent location in the contralateral hemisphere (Fig-

finds one optimal clustering solution for all data points si-
multaneously (about 5,000 cortical vertices). Thus, although
the most prominent features are captured, subtle patterns
may be obscured. In contrast, the grid of seeds, based on
extensive bivariate analyses implemented independently in
every pair between the seed and each cortical location with
finer spatial resolution (about 300,000 vertices), allows subtle
patterns to emerge. The only strong evidence of long-distance
genetic correlations was observed between the seed and its

ure S3). The lack of strong long-range genetic correlations for
cortical surface area measures is not simply a function of our
methodology, however. Indeed, it stands in contrast with our
previous cortical thickness findings, which did show long-
distance genetic correlations, for example, between prefrontal
and parietal regions (Rimol et al., 2010b). The evidence thus
suggests different genetic patterning of cortical area and
thickness regionalization. Such differences are consistent
with evidence of distinct genetic influences on cortical surface
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Clusters derived from a fuzzy-cluster analysis show the four major genetic
divisions. The bottom row compares cortical regionalization between mice and
humans. The left side shows the human cortical regionalization displayed from
an inflated top view. The right side shows cortical regionalization in the mouse
model adapted from O’Leary et al. (2007).
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area and thickness (Panizzon et al., 2009). It is worth clarifying
that it has become almost automatic for correlations between
brain regions to be referred to as connectivity, but here we
avoid that terminology simply because genetic correlations
between regions do not necessarily imply anatomical
connectivity.
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Evidence of Regional Genetic Effects from Other
Human Data
Spontaneous mutations in humans offer a natural opportunity to
glean insights into genetic control of cortical development. For
example, polymicrogyria is a form of genetically determined
cortical malformations in humans. An interesting feature of this
disorder is that it often develops only in specific regions of the
cortex, leaving others relatively intact, supporting the notion of
regional genetic influences on cortical area development (Chang
et al., 2003). Some specific genes, such as MECP2 and those in
the MCPH family, have been linked to variations in human
cortical surface area (Joyner et al., 2009; Rimol et al., 2010a).
With advances in genomic techniques, a recent report using
exon microarrays to examine the human fetal brain found that
almost one-third of expressed genes are regionally differentially
expressed and/or differentially spliced (Johnson et al., 2009).
Furthermore, using in situ hybridization, a human fetal study
directly analyzed the genes implicated in arealization in rodent
studies, revealing similar gradients of expression between hu-
mans and rodents (Bayatti et al., 2008). Postmortem analysis
of two human adult brains in the Allen Human Brain Atlas data-
base showed regional gene expression, including genes studied
in mouse models of arealization (http://www.brain-map.org/);
this analysis suggested that some of the gene expression
patterns established during corticogenesis may be retained
into adulthood (Zapala et al., 2005).

Conclusions

Our multipronged approach provided convergent validation
that genetically influenced cortical areal patterns are similar
between humans and rodents, suggesting a conservation of
broad patterning mechanisms across mammalian species. The
patterning exhibits an A-P, D-V, and bilaterally symmetric orga-
nization defined by morphogenetic gradients, which give rise to
a mostly lobar pattern in the human cortex. The key mechanism
of such genetic regulation seems to be shared by various body
parts and preserved throughout the animal kingdom, from those
with a rudimentary nervous system (such as Drosophila) to
humans (Kandel et al., 2000; Nusslein-Volhard and Wieschaus,
1980). Our study offered evidence in support of this notion in
normally developed human cortex. Modifications in genetic
patterning are essential to both region-specific and species-
specific morphology, connection, and function. Our results
also showed differences in the genetic patterning between
humans and rodents that are consistent with functional special-
izations for each species. Overall, these findings appear to be
consistent with the idea that genetic patterning establishes
a blueprint for evolutionary modification on heritable phenotypes
and for elaboration of distinct cortical maps over the course of
development across individuals.

EXPERIMENTAL PROCEDURES

The participants were 406 middle-aged men (55.8 + 2.6 years old) from
the Vietham Era Twin Study of Aging (Kremen et al., 2006). They included
110 MZ and 93 DZ twin pairs. T1-weighted MRI scans were acquired on
Siemens 1.5 Tesla scanners at the University of California, San Diego or at
Massachusetts General Hospital. The cortical surface was reconstructed to
measure surface areas at each surface location (a total of more than
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300,000 locations for both hemispheres) by FreeSurfer software (Dale et al.,
1999; Fischl et al., 1999a). We estimated genetic correlations of surface area
measures between regions using Mx, structural equation modeling software
for genetically informative data (Neale et al., 2004). Fuzzy-cluster analysis
was performed using the cluster package implemented in R (http://www.
r-project.org/; Kaufman and Rousseeuw, 1990). All participants gave informed
consent to participate in the research, and the study was approved by the
Institutional Review Boards of the University of California, San Diego, Boston
University, and Massachusetts General Hospital.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/j.
neuron.2011.08.021.
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