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ortical Thickness Is Influenced by Regionally Specific
enetic Factors

ars M. Rimol, Matthew S. Panizzon, Christine Fennema-Notestine, Lisa T. Eyler, Bruce Fischl,
arol E. Franz, Donald J. Hagler, Michael J. Lyons, Michael C. Neale, Jennifer Pacheco, Michele E. Perry,
. Eric Schmitt, Michael D. Grant, Larry J. Seidman, Heidi W. Thermenos, Ming T. Tsuang, Seth A. Eisen,

illiam S. Kremen, and Anders M. Dale

ackground: Although global brain structure is highly heritable, there is still variability in the magnitude of genetic influences on the size
f specific regions. Yet, little is known about the patterning of those genetic influences, i.e., whether the same genes influence structure

hroughout the brain or whether there are regionally specific sets of genes.

ethods: We mapped the heritability of cortical thickness throughout the brain using three-dimensional structural magnetic resonance
maging in 404 middle-aged male twins. To assess the amount of genetic overlap between regions, we then mapped genetic correlations
etween three selected seed points and all other points comprising the continuous cortical surface.

esults: There was considerable regional variability in the magnitude of genetic influences on cortical thickness. The primary visual (V1)
eed point had strong genetic correlations with posterior sensory and motor areas. The anterior temporal seed point had strong genetic
orrelations with anterior frontal regions but not with V1. The middle frontal seed point had strong genetic correlations with inferior parietal
egions.

onclusions: These results provide strong evidence of regionally specific patterns rather than a single, global genetic factor. The patterns
re largely consistent with a division between primary and association cortex, as well as broadly defined patterns of brain gene expression,
euroanatomical connectivity, and brain maturation trajectories, but no single explanation appears to be sufficient. The patterns do not
onform to traditionally defined brain structure boundaries. This approach can serve as a step toward identifying novel phenotypes for

enetic association studies of psychiatric disorders and normal and pathological cognitive aging.
ey Words: Cortical thickness, endophenotypes, genetic correla-
ion, heritability, imaging genetics, MRI, twins

o the same genes influence structural variation through-
out the brain or are there different sets of genes that
influence specific regions or lobes? Global brain struc-

ure measures are highly heritable (1,2), perhaps suggesting a
ingle, common genetic factor. There is also regional variation in
he magnitude of genetic and environmental influences (1,2), but
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even substantial regional variation in heritability—the propor-
tion of variance explained by genetic factors (3)—is still neutral
with regard to common versus independent genetic influences
across brain regions. Because the brain functions via coordina-
ted systems, elucidating genetic patterns and interrelationships
among brain regions is crucial for understanding both normal
and pathological human brain development and brain aging. For
example, gray matter loss occurs with normal aging (4,5), but the
patterns of loss are different in pathological conditions such as
Alzheimer’s disease (6). The patterns of genetic relationships also
have important implications for phenotype or endophenotype
definition in genetic association studies of psychiatric and neu-
rological disorders.

In addition to studies demonstrating differences in the heri-
tability of specific structures in different brain regions (1,2), two
studies have investigated genetic relationships between prede-
termined regions of interest (ROIs) (7,8). Such analyses are
constrained by the implicit assumption that traditionally defined
structures will map onto genetic determinants of brain anatomy.
Compared with studies of predefined structures, detailed maps
can provide more precise information about patterns of herita-
bility. A continuous map of the heritability of cortical density
(proportion of gray matter per voxel) suggested strong genetic
influences in frontal regions, including Broca’s area, and also in
Wernicke’s areas; heritabilities were also higher in Wernicke’s
area than in the homologous right hemisphere region (9).

Although this continuous map approach contributes valuable
information, it is still entirely uninformative about genetic rela-
tionships between brain regions. To address this issue, it is
necessary to examine genetic correlations (rg) between regions
(3). The genetic correlation between two variables is defined as

their genetic covariance divided by the square root of the product
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f their genetic variances (3). Essentially, it indicates the amount
f genetic overlap. Genetic correlations can be calculated in twin
tudies because the twin method makes it possible to separate
enetic and environmental sources of variance.

Using the cortical surface reconstruction method of Dale et al.
10) and Rosas et al. (11), we investigated the heritability of
ortical thickness on a continuous basis across the entire cortical
urface in a large sample of adult male twins. In the present
ample, we have shown that the two components of cortical
olume—thickness and surface area—are determined by inde-
endent sets of genetic influences (12). Thus, thickness may
ave advantages over volume measures in genetic studies. In
ddition to the continuous heritability map, we examined the
egree to which the genetic factors that caused variation at
elected vertices (seed points) also did so across the entire
ortical surface. These seed point analyses indicate genetic
orrelations of cortical thickness across regions that are not
onstrained by predefined boundaries.

We considered five hypotheses that might account for the
bserved patterns of genetic correlation: 1) heritabilities reflect a
ommon set of underlying genetic factors, with little or no
natomical specificity; 2) different sets of genes or patterns of
ene expression are associated with specific circumscribed ana-
omical regions based on Brodmann-type areas or entire lobes; 3)
ifferent genes cause variation in different types of cortex such as
rimary versus association cortex or different sensory modalities;
) anatomical connectivity or functional systems are the factors
hat differentiate the genetic correlation patterns; and 5) the
enetic correlation patterns reflect patterns of brain maturation.

ethods and Materials

articipants
Participants were part of the Vietnam Era Twin Study of Aging

VETSA). An overview of the VETSA project can be found
lsewhere (13). A total of 1237 twins participated in wave one of
his longitudinal study, and a subset underwent magnetic reso-
ance imaging (MRI). This article is based on 474 twins who had
nalyzable scans to date; the twin analyses included 404 twins:
10 monozygotic (MZ) and 92 dizygotic (DZ) pairs. To date, 56%
f the MRI study participants have had zygosity determined by
5 microsatellite markers. Consistent with the overall VETSA
roject, 95% of the original classifications based on questionnaire
nd blood group information agreed with the genotype-based
lassifications. When differences occurred, genotype-based clas-
ifications were used.

Participants live throughout the United States and had the
ption of traveling to the University of California, San Diego
UCSD) or Boston University for a day-long series of cognitive,
ealth/medical, and psychosocial assessments. Magnetic reso-
ance imaging was performed at UCSD or Massachusetts General
ospital (MGH), typically the day after in-laboratory evaluations.
lmost all twins within a pair were assessed at the same site.
otential VETSA MRI participants were screened for standard
agnetic resonance (MR) exclusions. Only 6% of those VETSA
articipants who were invited to undergo MRI declined to
articipate; 59% were included. The remaining participants were
xcluded for reasons such as possible metal in the body (7%),
laustrophobia (3%), testing conducted in the twins’ hometown
5%), scanner problems (8%), co-twin excluded (9%), and other
easons (3%).

The VETSA does not comprise a Veterans Affairs hospital or a

atient sample, and the large majority were not exposed to

ww.sobp.org/journal
combat. Basic demographic and health characteristics of the
VETSA sample are comparable with US census data for similarly
aged men (14,15). Mean age of the MRI participants was 55.8
(SD � 2.6) years (range: 51–59); the narrow age range maximizes
power to examine within-individual change over time. Mean
years of education was 13.9 (SD � 2.1), and 85.2% were
right-handed. Most participants were employed (74.9% full-time,
4.2% part-time), and 11.2% were retired. There were 88.3%
non-Hispanic white, 5.3% African American, 3.4% Hispanic, and
3.0% “other” participants. Self-reported overall health status was
as follows: excellent (14.8%); very good (36.5%); good (37.4%);
fair (10.4%); and poor (.9%). These demographic characteristics
did not differ from the entire VETSA sample, nor were there
significant differences between MZ and DZ twins.

Image Acquisition
Images were acquired on Siemens (Erlangen, Germany) 1.5

Tesla scanners (241 at UCSD; 233 at MGH) with protocols
individualized for each scanner; sagittal T1-weighted magnetiza-
tion-prepared rapid gradient-echo (MPRAGE) sequences were
employed with an inversion time (TI) � 1000 msec, echo time
(TE) � 3.31 msec, repetition time (TR) � 2730 msec, flip angle �
7 degrees, slice thickness � 1.33 mm, and voxel size � 1.3 � 1.0
� 1.3 mm. Raw Digital Imaging and Communications in Medi-
cine (DICOM, Rosslyn, Virginia) MRI scans (including two T1-
weighted volumes per case) were downloaded to the MGH.
These data were reviewed for quality, registered, and averaged
to improve signal-to-noise ratio.

Image Processing
The cortical surface was reconstructed to measure thickness at

each surface location, or vertex, using a semiautomated ap-
proach. Explicit reconstruction of the cortical surface is a com-
plex procedure with a number of subtasks (10,16–18). Intensity
variations due to magnetic field inhomogeneities are corrected, a
normalized intensity image is created, and the skull is removed
from the normalized image. The preliminary segmentation is
partitioned using a connected components algorithm, with con-
nectivity not allowed across the established cutting planes. Any
interior holes in the components representing white matter are
filled, resulting in a single filled volume for each cortical hemi-
sphere. The resulting surface is covered with a polygonal tessel-
lation and smoothed to reduce metric distortions. After construc-
tion of the initial surface model, a refinement procedure is
applied to obtain a representation of the gray/white boundary.
This surface is subsequently deformed outward to obtain an
explicit representation of the pial surface. The thickness at each
location on the surface is then calculated based on the distance
between the gray/white and pial surface (18) and subsequently
smoothed using a Gaussian kernel with 30 mm full-width half
maximum. Once generated, the cortical surface model is manu-
ally reviewed and edited according to standard, objective editing
rules. Studies demonstrate a high correlation of automatic and
manual measures in vivo and ex vivo (18,19) and good reliability
and validity of these image acquisition and processing methods
across different sites and platforms (20–24).

Statistical Analysis
In the twin design, the variance of any trait is accounted for by

four latent factors: additive genetic influences (A); nonadditive
genetic influences, often referred to as dominance (D); common
or shared environmental influences (C); and nonshared or

individual-specific environmental influences (E) (3,25). Because
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Z twins share 100% of their genes, they correlate perfectly (r �
.0) with respect to both additive and nonadditive genetic
nfluences. Dizygotic twins share, on average, 50% of their genes,
esulting in correlations of .50 for additive genetic influences and
25 for nonadditive genetic influences. Shared environmental
nfluences are defined as any environmental factor that influ-
nces both members of a twin pair equally, regardless of
ygosity; hence, they correlate 1.0 across twin pairs. Individual-
pecific environmental influences are environmental factors that
ake twins different from one another. Because these are

ndividual-specific factors, they are assumed to be uncorrelated
cross twins. Because error is assumed to be random (and
herefore uncorrelated), measurement error is included in the E
erm in standard twin models.

At the univariate level, these latent factors are combined into
hat are referred to as the ACE or ADE models; due to model
nderidentification, an ACDE model cannot be tested (3). If
ross-twin correlations for MZ twins are larger than those for DZ
wins, it suggests that additive genetic influences are present.
hen the MZ correlation is substantially more than twice the DZ

orrelation, shared environmental influences are estimated near
ero and nonadditive genetic influences are assumed to be
resent (3).

In twin designs, large samples are generally required to yield
eliable estimates of heritability (26). After generating cortical
eritability maps for the entire VETSA MRI sample, we generated
aps derived from six randomly selected subsets of 10 MZ and

0 DZ twin pairs. These maps were highly unreliable (results
hown in the Figure S1 in Supplement 1). In contrast, maps of the
igh and low end of the 95% confidence intervals for the entire
ample were consistent with the full sample map.

In bivariate analyses, genetic and environmental covariance
stimates are used to calculate genetic and environment corre-
ations. Univariate and bivariate analyses were performed using
x, a maximum likelihood-based structural equation modeling

oftware package (27). All models were fit against the raw data,
ith each vertex treated as an independent and continuous
ariable. In conjunction with Mx, we utilized the MATLAB (The
athWorks, Natick, Massachusetts) software environment to

equentially perform the analyses. Preliminary univariate analy-
es revealed that estimates of the common environment were at
r near zero and that ADE models tended to provide the best fits
o the data. Therefore, the ADE model was selected to establish

he degree of genetic influence on each vertex. Heritability
estimates were derived by combining A and D to obtain a
broad-sense estimate of the total genetic variance. These values
were then standardized so that for each vertex, the sum of the
broad-sense genetic variance and the nonshared environmental
variance would equal 1.0. Although the distinction between
additive and nonadditive genetic influences on brain structure is
of interest, a sample size far larger than the present sample would
be needed to reliably distinguish between the two. Bivariate
(seed point) analyses also utilized ADE models. The genetic
correlations represent the standardized broad-sense genetic co-
variances between vertices derived by adding the additive ge-
netic covariance and the nonadditive genetic covariance.

Results

Heritability Maps of Cortical Thickness
Heritability varied substantially across the cortical surface

from as low as .16 to as high as .73 (Figure 1; Figure S2 in
Supplement 1 for other views). The highest heritabilities were
observed bilaterally in posterior frontal and anterior medial
occipital cortex and temporal pole in the left hemisphere. The
lowest heritability estimates were observed in middle and infe-
rior lateral temporal cortex (especially in the left hemisphere)
and anterior prefrontal and orbitofrontal cortex (especially in the
right hemisphere).

Heritability did not vary simply according to lobar or standard
cortical parcellation schemes. For instance, some of the highest,
as well as some of the lowest, heritability estimates were
observed within the frontal and temporal lobes. There was
relatively high heritability in Broca’s area but somewhat lower
heritability in Wernicke’s area. There were no clear differences in
heritability between these left hemisphere regions and homolo-
gous right hemisphere regions. The middle and inferior left
temporal cortices, which are involved in speech perception and
language comprehension (28,29), showed some of the lowest
heritability estimates.

Seed Point Analyses: Genetic Correlation Maps
To investigate genetic relationships between regions, we

mapped the genetic correlations between cortical thickness at
locations on the cortical surface and a specified seed point (3,27).
Each seed point shown is in the left hemisphere, but the patterns

Figure 1. Continuous map of heritability of cortical thick-
ness. Color scale indicates heritability values. Heritabilities
are based on the total (additive � nonadditive) genetic
variance. The maps show the variability in the magnitude
of genetic influences across the cortex. Maps of the right
hemisphere are shown in Figure S2 in Supplement 1.
of genetic correlation to each left hemisphere seed point were

www.sobp.org/journal
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ery similar to the patterns in the contralateral hemisphere. In
ddition, when homologous right hemisphere seed points were
sed, the bilateral patterns were essentially the same.

Primary Visual Cortex Seed Point. First, we selected a seed
oint in V1, a well-defined and highly specialized functional area
f visual cortex that can be reliably localized based on sulcal
natomy (17,30). Figures 2A and 2B show genetic correlation
aps for the V1 seed point. The highest genetic correlations (rgs �

8–1.0) were observed bilaterally in medial occipital regions,
orresponding to retinotopic visual cortex (31,32). High genetic
orrelations (rgs � .5) were also observed with somatosensory,
otor, and primary auditory cortex, especially in the right
emisphere. Genetic correlations between the V1 seed point and
nterior temporal and anterior frontal regions were essentially
ero.

Middle Temporal Gyrus Seed Point. Second, we chose an
nterior middle temporal gyrus seed point (Figures 2C and 2D),
n association cortex area that had very low genetic correlations
ith the V1 seed point. The highest correlations were observed
ilaterally with anterior temporal (rgs � .8–1.0), anterior frontal
r s � .8–1.0), and inferior parietal (r s � .5–.95) cortices. There

igure 2. Maps of genetic correlations with left primary visual cortex (V1)
nd left anterior temporal gyrus seed points. Color scale indicates the
trength of genetic correlations. (A) V1 lateral view. (B) V1 medial view.
C) Anterior temporal lateral view. (D) Anterior temporal medial view. There
s a double dissociation with respect to genetic influences; regions with
trong genetic associations to the V1 seed point are essentially unrelated
enetically to anterior temporal seed point, and vice versa. Strong genetic

elationships between anterior frontal and temporal regions (C) correspond
o the uncinate fasciculus (37).
g g

ere strikingly low genetic correlations with primary sensory

ww.sobp.org/journal
cortex (rgs � .0–.2). This pattern was complementary to the
pattern associated with the V1 seed point. There was little
overlap in the regions of strong genetic correlation; specific
comparisons (Figure 2A vs. 2C; 2B vs. 2D) show that the patterns
essentially constitute a double dissociation. That is, regions
having high correlations with one seed point are virtually
uncorrelated with the other, and vice versa.

Middle Frontal Gyrus Seed Point. Third, we chose a seed
point in another association area, the rostral middle frontal gyrus
(Figure 3; Figure S3 in Supplement 1 for other views). This
analysis showed the highest genetic correlations bilaterally in
homologous frontal regions around the seed point (rgs � .7–1.0)
and in the inferior parietal region (including portions of supra-
marginal and angular gyrus) (rgs � .5–.9). The lowest genetic
correlations were observed in the occipital cortex (rgs � .3–.6).
Thus, this seed point resulted in genetic correlations with both
association cortex and primary sensory and motor cortex but
lower genetic correlations with visual cortex.

Discussion

Patterns of Heritability
There was substantial variability in the extent of genetic and

environmental influences across brain regions, but the pattern
does not lend itself to any simple interpretation in terms of cortex
type or functional systems. A dissociation between primary and
association cortex cannot adequately account for the findings
because frontal and temporal association areas are on the
opposite extremes of heritability (higher in frontal and lower in
temporal), whereas primary visual and somatosensory areas
range from moderate to high heritability estimates.

Our results regarding language areas are generally consistent
with those of a previous large ROI-based study of children and
adolescents (7) but somewhat less consistent with a continuous
heritability map of adult twins (9). That is, our results did not
indicate substantial left-right differences in heritability or partic-
ularly high heritability in Wernicke’s area, although we did find
high heritability in Broca’s area. It is perhaps puzzling that our
results are more consistent with those in children and adoles-
cents, but heritability estimates based on the adult study may be
imprecise given the sample size of only 20 twin pairs (9,26).

Accounting for Patterns of Genetic Correlation
We consider five hypotheses that might account for patterns

of genetic correlation:
Do Heritabilities Reflect a Common Set of Underlying Ge-

netic Factors, with Little or No Anatomical Specificity? The
results cannot be explained by this hypothesis. With all regions
showing genetic variation, a global genetic factor cannot explain
one seed point having high genetic correlations with some
regions while a different seed point has near-zero genetic
correlations with the same regions. Rather, these results are
consistent with multiple genetic factors with different but par-
tially overlapping patterns of influence.

Are Different Sets of Genes or Patterns of Gene Expression
Associated with Specific Circumscribed Anatomical Regions
Based on Brodmann-Type Areas or Entire Lobes? The idea that
the genetic correlation patterns would map to lobar divisions or
traditional parcellation schemes was not supported. For exam-
ple, it can be readily observed in Figure 2C that the regions of
highest genetic correlation with inferior frontal cortex include the
anterior portion of the left middle temporal gyrus. If we used the

rostral middle frontal gyrus ROI from our cortical parcellation
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ased on Desikan et al. (33), the pattern of genetic correlation
ould have been obscured because the high genetic correlation
as restricted to only the anterior portion of that ROI.
The patterns may, however, be consistent with those of gene

xpression. Animal studies of brain development indicate that
here are anterior-posterior gradients of gene expression, al-
hough they do not form absolute anterior-posterior boundaries
nd they do not correspond to anatomically and functionally
istinct cortical areas (34,35). Our three different seed point
atterns are partially consistent with such expression patterns
ecause the genetic correlation patterns were not completely
istinct for anterior and posterior regions. In the context of these
mooth but partially overlapping genetic correlation patterns, it is
lso noteworthy that V1—the most specialized cortical region in
rimates with the least overlap of any of the cortical regions
31)—also had the least genetic overlap with other regions in the
resent study.

Do Different Genes Cause Variation in Different Types of
ortex Such As Primary Versus Association Cortex or Different
ensory Modalities? The genetic correlations between visual
nd somatosensory cortex are high, whereas those between
isual and association areas are low (based on the V1 and
nterior temporal seed points). This pattern is consistent with
enetic correlations following the division between primary and
ssociation cortex but not different sensory modalities.

Are Anatomical Connectivity or Functional Systems the
actors That Differentiate the Genetic Correlation Patterns?
here was partial support for this notion. The high genetic
orrelations between prefrontal cortex and inferior parietal cor-
ex (supramarginal/angular gyrus; Figure 3) thickness might be
ccounted for on the basis of anatomical connectivity because
hey are at essentially opposite ends of the dorsal component of
he superior longitudinal fasciculus, a major intrahemispheric
iber tract (36). Similarly, the uncinate fasciculus is the major fiber
ract connecting anterior temporal (another seed point) with
nferior frontal regions (37), and there were high genetic corre-
ations between these regions (Figure 2B). A genetic association
ased on functional systems is also possible in that there are
xtensive prefrontal-parietal connections (38), and functional
euroimaging studies consistently demonstrate combined activa-
ion of these regions in tasks involving executive functions and
ttentional control (39). However, anatomical connectivity does
ot account for all the observed patterns. The high genetic

orrelations between visual cortex and somatosensory cortex are
unlikely to be explained in this way because there are no such
direct connections between them. Moreover, the high genetic
correlations between homologous areas in opposite hemi-
spheres cannot generally be explained by direct connections.

Do the Genetic Correlation Patterns Reflect Patterns of Brain
Maturation? The genetic correlation patterns are largely con-
sistent with patterns of white and gray matter maturation, which
generally proceeds from primary sensory cortices (around the
central and calcarine sulci), followed by parietal and midfrontal
regions, and finally, the frontal and temporal poles (40,41). The
genetic correlation patterns for the V1 seed point, followed by
the middle frontal seed point and the anterior temporal seed
point may be viewed as closely paralleling this developmental
trajectory.

The genetic correlation patterns in our seed point analyses are
also roughly similar to phenotypic correlations observed in
children and adolescents (42). This suggests similar patterns in
children and adults but also that it is largely common genetic
influences that drive the phenotypic correlations across brain
regions. There is also cross-sectional evidence that the extent of
genetic and environmental influences on brain structure may
change throughout childhood and adolescence (43). What
changes may take place from middle to older age is a question
we plan to address in our ongoing follow-up of VETSA partici-
pants.

Limitations
It might be argued that the cortical thickness values should be

adjusted for average cortical thickness but doing so would
preclude the possibility of testing for a single, common genetic
factor. It is also possible that the observed patterns in Figure 1
primarily reflect the degree of measurement error in different
regions. Greater measurement error would reduce heritability
because it would increase nonshared environmental variance
(E). However, this explanation seems unlikely because some
regions with low heritabilities in Figure 1 were within ROIs that
had heritabilities that were average or above average for the 66
cortical parcellation units that we have measured.

The fact that VETSA participants were not excluded for
psychiatric, neurological, or other medical conditions may ap-
pear to be a limitation because these are usually considered
confounds. However, when we estimate heritabilities, we are
estimating the sum total of all genetic influences on a trait. Genes

Figure 3. Maps of genetic correlations with left middle
frontal gyrus seed point. Color scale indicates strength of
genetic correlations. Genetic correlations are calculated
as described in Figure 2. The map indicates strong genetic
relationships between middle frontal and inferior parietal
regions; these correspond to components of the superior
longitudinal fasciculus (36). Medial views are shown in
Figure S3 in Supplement 1.
that predispose to certain medical conditions may also predis-

www.sobp.org/journal
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ose to smaller or larger brain structures. For this reason,
eritability estimates from samples without exclusions are con-
idered relatively unbiased. Multivariate genetic analyses can
xamine the extent to which genes that influence medical or
sychiatric conditions may overlap with genes that influence
rain structure size, but those analyses are beyond the scope of
his article.

We do not know how generalizable the results are to women
nd to other age cohorts. Despite health and demographic
imilarity to comparably aged American men, one feature of the
ample that does differ from the general population is that 95
23.5%) participants experienced varying degrees of exposure to
ombat approximately 35 years before the study. The primary
oncern about this subgroup is usually those individuals who
evelop posttraumatic stress disorder (PTSD). As of their mid-
0s, when diagnostic interviews were conducted, 31 (7.7%) had
lifetime diagnosis of PTSD. This rate is slightly above the 5.0%
revalence for men nationally (44). However, it seems unlikely
hat this subgroup would substantially alter the results, because
iscordant twin studies demonstrate that cognitive and brain
bnormalities are primarily preexisting risk factors rather than
onsequences of PTSD (45,46). Also, our primary focus was on
he relationships among regions rather than group differences
n the thickness of particular regions.

ummary
The results suggest that global brain measures or subregions

ased on traditional sulcal-based parcellation units may be of
imited utility for candidate or genome-wide association studies
ecause different sets of genes influence different subregions.
he genetic correlation patterns partially parallel primary versus
ssociation divisions of cortex type, anatomical connectivity, the
evelopmental trajectory of early brain maturation, and gene
xpression patterns found in animal studies. However, none of
hese provides an entirely adequate explanation. Rather, the
bserved patterns appear to reflect these processes—and per-
aps others—in combination.

Because brain gene expression data cannot easily be col-
ected in adult humans, the twin method provides a valuable
lternative approach to studying genetic influences. The infor-
ation gleaned may lead to more optimal phenotypes for

maging genetic or other genetic association studies. Traditional
OI-based phenotypes may be considered analogous to candi-
ate gene studies in that they are typically hypothesis-driven. By
ontrast, our seed point approach is more similar to the genome-
ide association study in that no preconceived notion of what

onstitutes a homogenous region is required and results may
merge that would not be expected a priori. Genetic correlation
aps also complement these approaches by providing informa-

ion about the aggregate patterns of genetic influences on brain
evelopment. The three genetic correlation maps in this article
erve as heuristic examples and are not intended to represent an
xhaustive assessment of the patterns of genetic influences on
ortical thickness. Nevertheless, this approach appears to be
romising. It may generate novel parcellation schemes with
ovel phenotypes that may be better suited than more traditional
rain structure phenotypes for use in imaging genetic studies of
sychiatric and neurological disorders or normal and patholog-

cal cognitive and brain aging.
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