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Distinct Genetic Influences on Cortical
Surface Area and Cortical Thickness

Neuroimaging studies examining the effects of aging and
neuropsychiatric disorders on the cerebral cortex have largely
been based on measures of cortical volume. Given that cortical
volume is a product of thickness and surface area, it is plausible
that measures of volume capture at least 2 distinct sets of genetic
influences. The present study aims to examine the genetic
relationships between measures of cortical surface area and
thickness. Participants were men in the Vietnam Era Twin Study of
Aging (110 monozygotic pairs and 92 dizygotic pairs). Mean age
was 55.8 years (range: 51-59). Bivariate twin analyses were
utilized in order to estimate the heritability of cortical surface area
and thickness, as well as their degree of genetic overlap. Total
cortical surface area and average cortical thickness were both
highly heritable (0.89 and 0.81, respectively) but were essentially
unrelated genetically (genetic correlation = 0.08). This pattern was
similar at the lobar and regional levels of analysis. These results
demonstrate that cortical volume measures combine at least 2
distinct sources of genetic influences. We conclude that using
volume in a genetically informative study, or as an endophenotype
for a disorder, may confound the underlying genetic architecture of
brain structure.

Keywords: cortical volume, genetic correlation, heritability, magnetic
resonance imaging, twin study

Introduction

Over the past decade, the field of neuroimaging has made
extraordinary advances, leading to increased precision in how
the living brain can be measured. Although researchers were
once limited to gross measures of volume or cross-sectional
surface areas, contiguous maps of cortical thickness measure-
ments can now be generated, greatly expanding the realm of
hypotheses to be tested. Yet, as the approaches to measure-
ment have changed, there has been remarkably little examina-
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tion of how these different methods of measuring brain
structure may capture different aspects of the underlying
neural architecture.

Nowhere is this trend more evident than in neuroimaging
studies examining the effects of aging and neuropsychiatric
disorders on the cerebral cortex. Until relatively recently, these
studies have largely been based on measures of volume (for
reviews, see Wright et al. 2000; Sheline 2003; Zakzanis et al.
2003; Raz et al. 2005; Ellison-Wright et al. 2008). Aided largely
by methods of high-resolution, semiautomated measurement,
researchers have begun to examine cortical thickness as
a relevant structural measure. However, examination of the
literature demonstrates that measures of volume and thickness
are often utilized interchangeably as descriptors of cortical
structure, whereas few studies have acknowledged or exam-
ined how they may be related to or distinguished from one
another (Dickerson et al. 2007; Goghari et al. 2007; Wang et al.
2007; Fornito et al. 2008; Venkatasubramanian et al. 2008).

By definition, volume is the product of surface area and
thickness; therefore, measures of cortical volume could combine
structural properties that are unique to cortical surface area and
unique to cortical thickness. The cellular architecture of the
cortex itself suggests that this may be the case. It has been well
documented that neurons within the cerebral cortex are
organized into ontogenetic columns that run perpendicular to
the surface of the brain (Mountcastle 1997). The radial unit
hypothesis of cortical development argues that the cells within
a column share a common origin and migrate to their location
within the cortex during development (Rakic 1988, 1995, 2007).
It also postulates that the size of the cortical surface areais driven
by the number of columns, whereas cortical thickness is
influenced by the number of cells within a column (Rakic
1988). A recent extension of the radial unit hypothesis, referred
to as the radial amplification hypothesis, highlights the contri-
bution of intermediate progenitor cells to neurogenesis and how
their manipulation within animal models results in changes to



cortical thickness but not surface area (Pontious et al. 2008). In
addition, studies of interindividual variation in adult brain size
have found that differences in cortical gray matter volume are
driven almost exclusively by differences in the cortical surface
area rather than cortical thickness, suggesting little covariation
between the 2 measures (Pakkenberg and Gundersen 1997; Im
et al. 2008). Such evidence suggests that surface area and
thickness are distinct rather than redundant features of cortical
structure.

If cortical surface area and cortical thickness are indeed
driven by distinct cellular mechanisms, then it is reasonable to
propose that they will have distinct genetic etiologies. Twin
studies have clearly demonstrated significant genetic contribu-
tions to variation in brain structure (for reviews, see Glahn et al.
2007; Peper et al. 2007; Schmitt et al. 2007). The majority of
these studies, however, have been based on measures of
cortical volume, cortical density, or whole brain/lobar volumes.
Although informative as to the overall impact of genes, the use
of such measures overlooks fundamental aspects of the brain’s
architecture and ultimately results in an incomplete picture of
the genetic factors at work. Indeed, we are aware of only one
sample in which the thickness for specific cortical regions of
interest (ROIs) was assessed (Lenroot et al. 2007; Schmitt et al.
2008). Furthermore, we are unaware of any human magnetic
resonance imaging (MRI) studies of cortical surface area alone
or studies of the potential relationship between surface area
and thickness.

Rather than determining the heritability of an individual
measure (i.e., the proportion of the phenotypic variance that is
accounted for by genetic influences), multivariate applications
of the twin design can be utilized to examine the genetic
relationships between primary elements of multidimensional
measurements and thus determine if multiple genetic factors
are at work. For example, if the volume of the cerebral cortex is
influenced by one set of genetic factors, then there should be
a strong relationship between the latent genetic factors
influencing measures of both surface area and thickness. In
other words, there should be a highly significant genetic
correlation observed. If, however, surface area and thickness
are each heritable but do not possess a strong genetic
relationship, it would mean that there are different genetic
influences that underlie these measures, influences that would
be obscured by the use of volume.

The aim of the present study is to examine the genetic
relationships between measures of cortical surface area and
thickness. As predicted by the radial unit hypothesis, as well as
other structural evidence, we hypothesize that the genetic
influences responsible for the thickness of the cerebral cortex
are distinct from the genetic influences that determine the
measurable surface area. If this should prove to be the case, it will
be necessary to reconsider the use of cortical volume as a
phenotype for genetically informative studies of brain structure.

Materials and Methods

Participants

Data were obtained from participants in the Vietnam Era Twin Study of
Aging (VETSA), a longitudinal study of cognition and aging beginning in
midlife (Kremen et al. 2006). All participants in the VETSA were drawn
from the Vietnam Era Twin (VET) Registry, a nationally distributed
sample of male-male twin pairs who served in the US military between
1965 and 1975 (Goldberg et al. 2002). Detailed descriptions of the VET
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Registry’s composition and method of ascertainment have been pre-
viously reported (Eisen et al. 1987; Henderson et al. 1990). The VETSA
MRI study began in year 3 of the primary VETSA project. Upon initial
contact, 6% of the sample declined to participate. Participants were
excluded from the study for reasons such as metal in the body (7%),
claustrophobia (3%), inability to travel to the testing site (5%), problems
with the scanner (8%), the exclusion of their co-twin (9%), or other
reasons (3%). Ultimately, 59% of those who were contacted participated
in the MRI study. As part of the primary VETSA project, participants
traveled to either Boston University or the University of California San
Diego (UCSD) for a daylong series of physical, psychosocial, and
neurocognitive assessments. Informed consent was obtained from all
participants, and the scanning protocol was approved of by both the
UCSD and Massachusetts General Hospital (MGH) Institutional Review
Boards. On either the day before or the day following these assessments,
the participants were scanned at either MGH or the UCSD Medical
Center. The present analyses were performed on data from 474
participants (110 monozygotic [MZ] pairs, 92 dizygotic [DZ] pairs, and
68 unpaired individuals) for whom suitable imaging data were available.
Despite the more stringent inclusion criterion for the MRI protocol,
participants in this study were roughly equivalent to the larger VETSA
sample with respect to age, education, ethnicity, employment, and self-
reported health status (see Table 1).

At the time the manuscript was prepared, zygosity for 56% of the
sample had been determined by analysis of 25 satellite markers
obtained from blood samples. Due to the fact that DNA results were
not yet available for the remaining 44%, zygosity that had been
previously determined through a combination of questionnaire and
blood group methods was also used (Eisen et al. 1989). Consistent with
previous studies, the latter techniques demonstrated approximately
95% accuracy with respect to DNA-based results (Nichols and Bilbro
1966; Eisen et al. 1989; Peeters et al. 1998). For those who had both
measures, the results from the DNA analyses were used.

Image Acquisition

Images were acquired on Siemens 1.5-T scanners (241 at UCSD and 233
at MGH). Sagittal 7;-weighted magnetization prepared rapid gradient
echo sequences were employed with a time to inversion = 1000 ms,
time echo = 3.31 ms, time repetition = 2730 ms, flip angle = 7 degrees,
slice thickness = 1.33 mm, and voxel size = 1.3 x 1.0 x 1.3 mm. Raw
DICOM MRI scans (including 2 7;-weighted volumes per case) were
downloaded to the MGH site. These data were reviewed for quality,
registered, and averaged to improve signal-to-noise. Of the 493 scans
available at the time of these analyses, quality control measures
excluded 3 cases due to scanner artifact and 16 cases due to inadequate
image processing results (e.g., poor contrast caused removal of
nonbrain to fail).

Table 1
Sample demographics

VETSA (N = 1237) VETSA MRI (N = 474)

Age (mean, SD) 55.4 (2.5) 55.8 (2.6)
Education (mean, SD) 13.8 (2.1) 13.9 (2.1)
Ethnicity (% of sample)

Caucasian 89.3% 88.3%

African-American 4.2% 5.3%

Hispanic 2.8% 3.4%

Other 3.7% 3.0%
Employment (% of sample)

Full-time 77.0% 74.9%

Part-time 4.2% 4.2%

Retired 9.0% 11.2%
Handedness (% right) 85.9% 85.2%
Self-reported health status (% of sample)

Excellent 12.1% 14.8%

Very good 36.7% 36.5%

Good 39.4% 37.4%

Fair 10.5% 10.4%

Poor 1.3% 0.9%

SD, standard deviation.



Image Processing

Cortical Surface Area and Thickness Measures

The cortical surface was reconstructed to measure surface area and
thickness at each surface location, or vertex, using methods based on
the publicly available FreeSurfer software package (Dale et al. 1999;
Fischl et al. 1999; Fischl and Dale 2000; Fischl et al. 2004). Intensity
variations due to magnetic field inhomogeneities are corrected,
a normalized intensity image is created, and the skull (nonbrain) is
removed from the normalized image. The preliminary segmentation is
partitioned using a connected components algorithm, with connectiv-
ity 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 hemisphere. The resulting
surface is covered with a polygonal tessellation and smoothed to
reduce metric distortions. After the initial surface model has been
constructed, a refinement procedure is applied to obtain a representa-
tion of the gray/white boundary. This surface is subsequently deformed
outwards to obtain an explicit representation of the pial surface. Once
generated, the cortical surface model is manually reviewed and edited
for technical accuracy. Minimal manual editing was performed in
alignment with standard, objective editing rules. Studies demonstrate
a high correlation of automatic and manual measures in vivo and ex
vivo (Fischl and Dale 2000; Walhovd et al. 2005).

The surface was then divided into distinct cortical ROIs (Fischl et al.
2004). Each vertex was assigned a neuroanatomical label based on 1)
the probability of each label at each location in a surface-based atlas
space, based on a manually parcellated training set; 2) local curvature
information; and 3) contextual information, encoding spatial neighbor-
hood relationships between labels (conditional probability distributions
derived from the manual training set). The parcellation scheme
(Desikan et al. 20006) labels cortical sulci and gyri, and then surface
area and thickness values are calculated in the 66 ROIs (33 per
hemisphere). Cortical thickness was calculated as the average distance
between the gray/white boundary and the pial surface within each ROL
Surface area was calculated as the sum of the areas of each tessellation
falling within a given ROL this is done in each subjects’ native space.
Global and lobar measures of cortical thickness and surface area were
subsequently calculated as averages or sum totals of these ROIs.

Data Analysis

In univariate twin analyses, the variance of any trait is decomposed into
the proportion attributed to additive genetic (A) influences (also
referred to as heritability), shared or common environmental (C)
influences (i.e., environmental factors that influence both members of
a pair equally), and unique environmental (E) influences, which also
include measurement error (Eaves et al. 1978; Neale and Cardon 1992).
The resulting model is typically referred to as the “ACE” model. Because
MZ twins share 100% of their segregating genes, they correlate
perfectly (= 1.0) in terms of genetic influences. In contrast, DZ twins
share on average 50% of their segregating genes, resulting in
correlations of 0.50 for additive genetic influences. Shared or common
environmental influences, as they are defined as any environmental
factor that influences both members of a twin pair equally, correlate 1.0
within a twin pair. Unique or individual-specific environmental
influences are assumed to be uncorrelated across twins.

Multivariate analyses extend the ACE model so as to not only
decompose the variance of a trait into genetic and environmental
components but also decompose the covariance between traits. Thus,
one is able to derive genetic and environmental covariance estimates
that can then be used to calculate genetic and environment
correlations. In statistical terms, the genetic correlation between 2
traits is equal to their genetic covariance, divided by the square root of
the product of their separate genetic variances (Neale and Cardon
1992). Common environmental and unique environmental correlations
are calculated in a similar fashion utilizing the respective variances and
covariances. Conceptually, the genetic correlation provides an in-
dicator of the degree to which 2 traits are genetically unique, evi-
denced by a genetic correlation near zero, or exhibit genetic overlap. A
genetic correlation of 1.0 would indicate that the same set of genes

Cortical
Thickness

Surface
Area

Figure 1. Bivariate correlated factors model. (A) Additive genetic influences. (C)
Shared or common environmental influences. (E) Nonshared or unique environmental
influences. r; = Genetic correlation; r, = shared environment correlation; re =
Unique environment correlation. Arrows from (A;), (Cy), and (E;) to surface area
represent parameter estimates for the contribution of those components to the
variable. The same is true for arrows from (A,), (C,), and (E,) to cortical thickness.
Squaring these parameter estimates provides the proportion of variance accounted
for by each component.

influences both traits. Figure 1 depicts the bivariate application of the
multivariate twin model.

Analyses were performed using the maximum likelihood-based
structural equation modeling software Mx (Neale et al. 2004). Bivariate
ACE models were fit to the raw data in order to estimate the genetic
and environmental variance components of surface area and thickness,
as well as the phenotypic, genetic, and environmental correlations
between the measures. The obtained phenotypic correlation is akin to
the traditional Pearson’s correlation after having adjusted for the
nonindependence of the observations. The significance of the genetic
correlation in each bivariate relationship was formally tested by
constraining the genetic covariance parameter to zero and comparing
the subsequent model fit to that of the full, less constrained model.
Because genetic correlations may vary in sign and magnitude
independent of the phenotypic correlation, all bivariate relationships
were examined regardless of the observed phenotypic correlation.
Evaluation of relative model fit was performed using the likelihood ratio
test (LRT), which is calculated as the difference in the -2 log likelihood
(-2LL) of one model relative to another. The LRT is distributed as a chi-
square with degrees of freedom (df) equivalent to the difference in the
number of parameters between the competing models. Nonsignificant
LRT values (P > 0.05) indicate that the model does not result in
a significant change in fit relative to the comparison model and can
therefore be considered as a comparable representation of the data. If
elimination of the genetic correlation results in a significant (P < 0.05)
change in model fit, the parameter can be viewed as statistically
significant. Although the common environment and unique environ-
ment correlations can be tested using the same method, we did not
formally test these parameters because they did not pertain to our
research objective (i.e., the degree of genetic overlap).

In order to determine if the observed relationships between surface
area and thickness were dependent upon the level of analysis (e.g.,
global vs. regional), data analysis was done in 2 phases. In phase 1, we
sought to examine the relationship between surface area and cortical
thickness for global measures of brain structure. Therefore, we
calculated the total cortical surface area and average cortical thickness
for the entire cortex, as well as the 4 lobar regions bilaterally. In phase
2, we examined the relationship between surface area and average
thickness for specific ROIs (10 from the left hemisphere and 10 from
the right). We intentionally selected large and small regions within each
of the major lobes, as well as both lateral and medial structures. Neither
the heritability of the ROIs nor their functional properties were
considered during the selection process. All measures were standard-
ized to a mean of 0 and a standard deviation of 1 in order to facilitate
the estimation of means and variances without changing the inherent
relationships between variables and members of a twin pair. With the
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Table 2
Genetic and unique environmental standardized variance components and correlations (95% Cl)

Surface area Cortical thickness Correlations

A E A E Phenotypic Genetic Environmental
Total gray matter 0.89 (0.66, 0.96) 0.06 (0.04, 0.08) 0.81 (0.56, 0.87) 0.17 (0.12, 0.23) 0.01 (—0.09, 0.12) 0.08 (—0.11, 0.29) —0.13 (—0.31, 0.06)
Left frontal lobe 0.88 (0.64, 0.95) 0.06 (0.05, 0.09) 0.78 (0.54, 0.84) 0.21 (0.16, 0.29) —0.05 (—0.16, 0.05) —0.02 (-0.19, 0.21) —0.10 (—0.28, 0.09)
Right frontal lobe 0.81 (0.58, 0.94) 0.08 (0.06, 0.11) 0.70 (0.40, 0.80) 0.26 (0.19, 0.35) —0.05 (—0.15, 0.06) 0.08 (—0.18, 0.36) —0.23 (—-0.39, —0.04)
Left temporal lobe 0.87 (0.60, 0.91) 0.12 (0.09, 0.16) 0.63 (0.39, 0.73) 0.36 (0.27, 0.49) —0.01 (0.1, 0.09) 0.05 (—0.14, 0.33) —0.23 (—0.40, —0.05)
Right temporal lobe 0.85 (0.68, 0.90) 0.13 (0.10, 0.18) 0.67 (0.37, 0.82) 0.24 (0.18, 0.32) —0.01 (0.1, 0.10) 0.01 (—0.09, 0.35) —0.20 (—0.38, —0.02)
Left parietal lobe 0.87 (0.65, 0.92) 0.11 (0.08, 0.15) 0.74 (0.47, 0.83) 0.23 (0.17, 0.31) 0.10 (—0.01, 0.20) 0.17 (—0.01, 0.42) —0.08 (—0.27, 0.10)
Right parietal lobe 0.77 (0.50, 0.88) 0.16 (0.12, 0.22) 0.74 (0.46, 0.80) 0.26 (0.20, 0.35) 0.08 (—0.02, 0.18) 0.14 (—0.11, 0.42) —0.10 (—0.28, 0.08)
Left occipital lobe 0.64 (0.36, 0.83) 0.21 (0.16, 0.29) 0.71 (0.43, 0.79) 0.27 (0.21, 0.37) —0.01 (-0.11, 0.09) 0.09 (—0.22, 0.43) —0.11 (-0.29, 0.07)
Right occipital lobe 0.31 (0.01, 0.65) 0.35 (0.26, 0.46) 0.52 (0.19, 0.77) 0.29 (0.22, 0.38) —0.04 (-0.14, 0.07) 0.10 (—0.58, 0 31) —0.03 (—0.21, 0.16)

Note: A, proportion of phenotypic variance due to genetic factors (heritability); E, proportion of phenotypic variance due to unique environmental factors. For simplicity of presentation, shared environment

effects (C), although estimated in the model, are omitted.

exception of the global measures of thickness and surface area, no
statistical adjustments were made for overall head size or total
intracranial volume. Similarly, age was not accounted for in the analyses
because it did not correlate with any of the measures utilized.

Results

Global Measures

Table 2 presents the genetic and unique environmental
standardized variance components, as well as the phenotypic,
genetic, and unique environment correlations for the global
measures of surface area and cortical thickness. On average,
shared environment effects accounted for a small and non-
significant proportion of the phenotypic variance (roughly 8%
across all measures) and were omitted from the table to
simplify presentation. Total cortical surface area and average
cortical thickness were both highly heritable, with genetic
influences accounting for 89% and 81% of the observed
variance, respectively. However, the observed genetic correla-
tion between these 2 measures was small (#; = 0.08) and could
be eliminated from the model without resulting in a significant
reduction in model fit (P = 0.42), as shown in Table 3.

Given the potential relationship between these global
measures and head size, we performed additional analyses
utilizing an estimate of total intracranial volume (TIV). Like the
other global measures, TIV was found to be highly heritable,
with genetic influences accounting for 78% of the observed
variance. At the phenotypic level, TIV correlated 0.15 (P <
0.001) with average cortical thickness and 0.81 (P < 0.0001)
with total surface area. At the genetic level, the correlation
between TIV and average thickness was 0.23, which translated
into a shared genetic variance of 4.3%. With respect to surface
area, the genetic correlation with TIV was 0.88, which
amounted to a shared genetic variance of 76.8%. Both genetic
correlations were significant based on 95% confidence intervals
(CIs). After adjusting for TIV, the phenotypic correlation
between average cortical thickness and total surface area
was -0.15 (P = 0.001). The heritability of TIV-adjusted average
cortical thickness fell to 0.77 (95% CIL: 0.52-0.86), and the
heritability of TIV-adjusted total surface dropped to 0.62 (95%
CIL: 0.33-0.74). For both measures, the common environment
accounted for only 4% of the observed variance. Despite the
more pronounced phenotypic correlation between the TIV-
adjusted average cortical thickness and total surface area, the
genetic correlation between the measures remained non-
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Table 3
Test of significance for genetic correlation
=2l df LRT Adf P value

Total gray matter 2282.53 938 0.59 1 0.44
Left frontal lobe 2317.63 938 0.03 1 0.87
Right frontal lobe 2358.11 938 0.32 1 0.57
Left temporal lobe 2439.90 938 0.41 1 0.52
Right temporal lobe 2420.25 938 0.61 1 0.44
Left parietal lobe 2386.86 938 3.50 1 0.06
Right parietal lobe 2431.89 938 1.29 1 0.26
Left occipital lobe 2462.36 938 0.32 1 0.57
Right occipital lobe 2501.58 938 0.1 1 0.74

Note: Adf, change in df.

significant, r, = -0.24 (95% CL -0.45-0.03), and could be
eliminated from the model without a significant reduction in fit
(LRT = 3.06, Adf = 1, P = 0.08).

At the lobar level, heritability estimates ranged from 31% for
surface area of the right occipital lobe to 88% for surface area
of the left frontal lobe. Although heritability estimates for
surface area tended to be larger than the estimates for average
thickness, these differences were interpreted as nonsignificant
based on the overlapping 95% ClIs. Like the global measures,
the genetic correlations were low (range: -0.02-0.32) and
could be eliminated from each bivariate model without
a significant reduction in fit (P value range: 0.87-0.006).

Specific ROIs

Tables 4 and 5 present the standardized variance components,
as well as the phenotypic, genetic, and unique environment
correlations for the ROI-based measures of surface area and
cortical thickness. Heritability estimates were, on average,
lower than for the global- and lobar-based measures, likely
reflecting an increase in the degree of measurement error. As
observed with the global measures, genetic correlations
between surface area and thickness tended to be small, with
95% ClIs that overlapped with zero. As shown in Table 6, for
each of the bivariate relationships, the genetic correlation
could be fixed to zero in the model without a significant
change in model fit (P value range: 0.98-0.07).

Unlike the global and lobar measures, many of the ROI-based
surface area heritability estimates (11 out of 20) were non-
significant, based upon their 95% ClIs. In order to determine if
the nonsignificant genetic correlations at the ROI level were
a product of these nonsignificant heritability estimates, we
repeated the analyses with the shared environment effects fixed



Table 4

Genetic and unique environmental standardized variance components and correlations (95% Cl) for left hemisphere ROls

Surface area Cortical thickness Correlations

A E A E Phenotypic Genetic Environmental
Lateral orbital frontal cortex ~ 0.51 (0.24, 0.62)  0.49 (0.38, 0.63) ~ 0.52 (0.23, 0.64)  0.48 (0.36, 0.63) —0.32 (—0.40, —0.23) —0.40 (—0.70, 0.06) —0.24 (—0.39, —0.06)
Superior frontal gyrus 0.69 (0.42, 0.84)  0.21 (0.16, 0.28)  0.76 (0.50, 0.83)  0.23 (0.17, 0.31) —0.09 (—0.18, 0.01) —0.18 (—0.47, 0.09) 0.02 (—0.16, 0.20)
Superior parietal cortex 0.63 (0.33,0.72)  0.37 (0.28, 0.49)  0.64 (0.27, 0.73)  0.36 (0.27, 0.47) 0.05 (—0.05, 0.15) 0.06 (—0.33, 0.25) 0.04 (—-0.14, 0.21)
Entorhinal cortex 0.16 (0.00, 0.34) ~ 0.83 (0.66, 0.99)  0.20 (0.00, 0.51)  0.64 (0.49, 0.82) 0.05 (—0.04, 0.14) 0.34 (1.0, 1.0) —0.08 (—0.25, 0.10)
Parahippocampal gyrus 0.10 (0.00, 0.46) 0.67 (0.52,0.82)  0.39 (0.01, 0.61)  0.50 (0.38, 0.66) 0.29 (0.20, 0.38) 0.08 (1.0, 1.0) 0.21 (0.03, 0.37)
Posterior central gyrus 0.61 (0.30, 0.71) 0.38 (0.29, 0.52)  0.59 (0.23, 0.70)  0.39 (0.30, 0.51) 0.21 (0.11, 0.30) 0.19 (—0.36, 0.43) 0.21 (0.03, 0.38)
Posterior cingulate cortex 0.37 (0.00, 0.58) 0.54 (0.42,0.69)  0.44 (0.06, 0.57)  0.55 (0.43, 0.70) —0.01 (-0.10, 0.09) 0.16 (1.0, 1.0) —0.05 (—0.23, 0.12)
Precuneus cortex 0.74 (0.49, 0.80) 0.26 (0.20, 0.36)  0.65 (0.47, 0.74)  0.35 (0.26, 0.46) —0.02 (—0.12, 0.08) 0.01 (-0.17, 0.28) —0.11 (-0.29, 0.08)
Middle temporal gyrus 0.37 (0.00, 0.56) 0.56 (0.44, 0.71) ~ 0.37 (0.00, 0.55)  0.58 (0.45, 0.41) —0.10 (-0.19, —0.01) —0.07 (1.0, 1.0) —0.02 (-0.19, 0.15)
Lateral occipital cortex 0.33 (0.00, 0.64)  0.45(0.34, 0.59)  0.55 (0.21, 0.68)  0.42 (0.32, 0.54) 0.00 (—0.09, 0.10) 0.35 (—0.26, 1.0) —0.13 (—0.30, 0.05)

Note: A, proportion of phenotypic variance due to genetic factors (heritability); E, proportion of phenotypic variance due to unique environmental factors. For simplicity of presentation, shared environment

effects (C), although estimated in the model, are omitted.

Table 5
Genetic and unique environmental standardized variance components and correlations (95% Cl) for right hemisphere ROls

Surface area Cortical thickness Correlations

A E A E Phenotypic Genetic Environmental
Lateral orbital frontal cortex ~ 0.35 (0.00, 0.48) 0.65 (0.52, 0.79)  0.55 (0.35, 0.66) 0.45 (0.34, 0.59) —0.22 (—-0.30, —0.12) -0.22 (1.0, 1.0) —0.22 (—0.38, —0.06)
Superior frontal gyrus 0.67 (0.39, 0.83) 0.22 (0.16, 0.30) 0.65 (0.31, 0.77) 0.30 (0.23, 0.39) —0.06 (—0.16, 0.04) —0.14 (—0.46, 0.24) —0.18 (—0.35, 0.01)
Superior parietal cortex 0.50 (0.14, 0.72) 0.37 (0.28, 0.50) 0.67 (0.42, 0.76) 0.32 (0.24, 0.43) 0.06 (—0.04, 0.16) 0.01 (—0.46, 0.39) 0.06 (—0.13, 0.24)
Entorhinal cortex 0.21 (0.00, 0.40) 0.60 (0.46, 0.77) 0.24 (0.00, 0.52) 0.75 (0.59, 0.93) —0.14 (-0.23, —0.05) —0.12 (=1.0, 1.0) —0.29 (—-0.44, —0.12)
Parahippocampal gyrus 0.20 (0.00, 0.37) 0.80 (0.63, 0.99) 0.58 (0.26, 0.69) 0.42 (0.31, 0.55) 0.07 (-0.02, 0.16) 0.20 (-1.0, 1.0) 0.01 (—0.18, 0.19)
Posterior central gyrus 0.08 (0.00, 0.47) 0.47 (0.36, 0.59) 0.66 (0.33, 0.74) 0.33 (0.26, 0.43) 0.16 (0.07, 0.26) 051 (=10, 1.0 —0.01 (—-0.19, 0.17)
Posterior cingulate cortex 0.33 (0.00, 0.56) 0.52 (0.40, 0.67) 0.51 (0.24, 0.64) 0.48 (0.36, 0.63) —0.06 (—0.16, 0.03) 0.01 (1.0, 1.0) —0.03 (—0.21, 0.14)
Precuneus cortex 0.31 (0.02, 0.64) 0.45 (0.34, 0.58) 0.53 (0.24, 0.68) 0.41 (0.31, 0.53) —0.12 (—0.22, —0.02) 0.43 (—0.12, 1.0) —0.40 (—0.54, —0.24)
Middle temporal gyrus 0.48 (0.15, 0.65) 0.45 (0.34, 0.60) 0.41 (0.05, 0.63)  0.48 (0.37, 0.63) —0.04 (—0.14, 0.05) 0.24 (-0.17, 1.0) —0.14 (-0.32, 0.04)
Lateral occipital cortex 0.03 (0.00, 0.46) 0.65 (0.49, 0.77) 0.55 (0.21, 0.67)  0.43 (0.33, 0.56) —0.03 (—0.12, 0.07) 0.88 (—1.0, 1.0) —0.11 (-0.28, 0.07)

Note: A, proportion of phenotypic variance due to genetic factors (heritability); E, proportion of phenotypic variance due to unique environmental factors. For simplicity of presentation, shared environment

effects (C), although estimated in the model, are omitted.

at zero. By eliminating the shared environment, estimates which
themselves were small and not significant, all familial variances
are forced to be accounted for by the genetic factor, resulting in
an increase of the heritability estimate that is typically to the
point of significance. As anticipated, under this new model, all
heritability estimates were significant, ranging from 18% to 79%
(see Supplementary material Tables 7 and 8). Despite the
inflation of the heritability estimates, the majority of the
observed genetic correlations remained small and nonsignificant.
Of the 20 bivariate relationships examined, only 4 demonstrated
significant genetic correlations between surface area and
thickness: left lateral orbital frontal cortex, left parahippocampal
gyrus, left postcentral gyrus, and right postcentral gyrus (see
Supplementary materials Table 9). The absolute value of these
correlations ranged from 0.20 to 0.44, indicating that although
some degree of genetic overlap exists, there remain substantial
unique genetic influences on both measures.

Discussion

To date, multiple twin studies have been published that document
the significant heritability of volume-based measures of brain
structure. However, the present results clearly demonstrate that
for global, lobar, and regional levels of analysis, measures of cortical
volume combine atleast 2 distinct sources of genetic effects, those
influencing surface area and those influencing cortical thickness.
We argue that the lack of a genetic correlation between these
measures is consistent with the columnar organization of the
cerebral cortex and the putative developmental origins of that

organization as specified by the radial unit hypothesis (Rakic 1988,
1995, 2007; Mountcastle 1997).

Given these findings, it would appear that careful consider-
ation needs to be made before utilizing any multidimensional
measurement of the brain, especially in genetically informative
studies. Measurements of gray matter volume conflate the
contributions of thickness and surface area and therefore may
not capture the basic structural elements of the cerebral
cortex. The same is true for measures of gray matter density,
defined as the proportion of gray matter per 3 dimensional
imaging voxel (Wright et al. 1995; Thompson et al. 2001).
Despite this, multidimensional measures have been proposed
as possible endophenotypes for numerous neuropsychiatric
disorders (Glahn et al. 2007). An endophenotype is defined as
a trait that is along the causal pathway from genetic pre-
disposition to clinical outcome (Gottesman and Gould 2003).
Historically, the primary criterion for an endophenotype has
been that it must be heritable, as has been repeatedly
demonstrated for cortical volume (Glahn et al. 2007; Peper
et al. 2007; Schmitt et al. 2007). However, when a heritable trait
has underlying components that are genetically distinct, it will
be a less informative phenotype than the underlying compo-
nents. Therefore, elucidating these distinct sets of genetic
influences, when they do exist, will be a crucial step in
identifying the key genetic factors that influence normal and
pathological brain structure.

That surface area and thickness are genetically distinct from
one another has numerous implications for continued inves-
tigations into the genetic influences of brain structure. Perhaps,
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Table 6
Test of significance for genetic correlation
—2LL df LRT Adf P
value

Left hemisphere
Lateral orbital frontal cortex 2565.31 938 3.29 1 0.07
Superior frontal gyrus 2450.42 938 1.78 1 0.18
Superior parietal cortex 2553.46 938 0.22 1 0.64
Entorhinal cortex 2660.20 938 0.18 1 0.67
Parahippocampal gyrus 2597.17 938 0.01 1 0.92
Posterior central gyrus 2558.52 938 0.73 1 0.39
Posterior cingulate cortex 2630.78 938 0.25 1 0.62
Precuneus cortex 2533.13 938 0.02 1 0.88
Middle temporal gyrus 2625.69 938 0.03 1 0.85
Lateral occipital cortex 2575.92 938 1.29 1 0.26

Right hemisphere
Lateral orbital frontal cortex 2603.35 938 2.64 1 0.10
Superior frontal gyrus 2472.72 938 0.70 1 0.40
Superior parietal cortex 2545.01 938 0.01 1 0.95
Entorhinal cortex 2638.93 938 0.05 1 0.82
Parahippocampal gyrus 2636.64 938 0.99 1 0.32
Posterior central gyrus 2533.29 938 0.85 1 0.36
Posterior cingulate cortex 2614.88 938 0.01 1 0.98
Precuneus cortex 2553.60 938 1.93 1 0.17
Middle temporal gyrus 2604.87 938 0.72 1 0.40
Lateral occipital cortex 2612.52 938 0.65 1 0.42

Note: Adf, change in df.

the most significant of these is the need to explore the genetics of
surface area to a greater degree. Like thickness, surface area is
ahighly heritable construct; yet, it has been largely overlooked in
human imaging genetics research. Specific mutations in humans
have been linked to excessive gyrification of the cortex as well as
an increase in the cortical surface area (Piao et al. 2004; Jansen
and Andermann 2005). Animal studies have also demonstrated
that manipulation of specific genes can result in dramatic
changes in arealization and expansion of select areas of the
cerebral cortex like the primary visual area and the primary
somatosensory area (Bishop et al. 2000; Mallamaci et al. 2000).
Findings such as these would appear to suggest that the genes
that influence surface area are critical to the early growth and
development of the brain. The observed genetic relationship
between total surface area and intracranial volume lends support
to this conclusion. If this is the case, then a more focused
examination of the genetics of surface area may produce new
insights into disorders believed to have early developmental
origins, such as schizophrenia.

In this same light, recent findings pertaining to the genetics of
cortical thickness and cortical volume may have to be
reconsidered. For instance, multivariate twin analyses of cortical
thickness have demonstrated genetically mediated networks
across the cortex in both pediatric (Schmitt et al. 2008) and
adult samples (Rimol LM, Panizzon MS, Fennema-Notestine C,
Fischl B, Franz CE, Lyons M]J, Makris N, Neale MC, Pacheco J,
Perry ME, Schmitt JE, Seidman L, Thermenos HW, Tsuang MT,
Kremen WS, Dale AM, unpublished data). It remains to be seen if
similar patterns of results will be obtained using measures of
surface area. The genetic relationship between cognition and
brain has been examined using measures of brain volume,
cortical volume, or cortical density (Carmelli et al. 2002
Posthuma et al. 2002, 2003; Hulshoff Pol et al. 2006), raising
the question of which genetic influences are actually associated
with cognition. Finally, the distinction between surface area and
thickness will have to be addressed in genetic association
studies. Defining structural phenotypes more precisely, taking
into consideration the multiple latent genetic factors involved,
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will likely improve the ability of researchers to identify specific
genes that are associated with structural differences.

Although the radial unit hypothesis suggests that the cortical
surface area is influenced by the number of columns, whereas
cortical thickness is influenced by the number of cells within
a column (Rakic 1988), it may be the case that the measures of
surface area and thickness examined in this study reflect
structural aspects other than the columnar organization of the
cortex. For example, variations in cortical thickness could be due
to differences in myelination of gray matter or the underlying
white matter, rather than the number of cells within the column.
Other explanations are also possible. Given that MRI measures do
not have the resolution to examine brain structure at the cellular
level, we cannot tell whether variation in thickness is due to
different numbers of cells or the size of the cells.

We must acknowledge several potential limitations of this
study. First, the all-male, relatively homogenous nature of this
sample limits the degree to which results can be generalized to
other populations. We cannot be certain that the genetic
relationship between surface area and thickness would be
similar in a sample of greater ethnic diversity or within a female
twin cohort. Similarly, we must recognize that given the high
degree of developmental change in gray and white matter
during childhood and adolescence, these results may not apply
to younger age cohorts (Giedd et al. 1999; Jernigan et al. 2001;
Sowell et al. 2004; Jernigan and Gamst 2005). It remains an
issue for future research to determine if the lack of genetic
relationship observed in this middle-aged sample may be
unique to this age period. The goal of the VETSA projects is
to follow participants longitudinally, which may enable us to
address this issue in the future.

It is also the case that while the VETSA represents a large
MRI twin sample, our power to detect additive genetic effects
and genetic correlations may be limited for some of the
bivariate relationships. Although the power to detect genetic
effects is substantially increased in multivariate twin designs,
sufficient power to detect significant genetic correlations, in
samples of approximately 200 twin pairs, is obtained when
heritability estimates are approximately 40% (Sullivan and
Eaves 2002). Although we achieve this criterion for the
majority of the bivariate analyses, there were select cases in
which heritability estimates were lower than the ideal
Nevertheless, in these few cases, we were still able to
demonstrate a lack of complete genetic overlap between
surface area and thickness.

Conclusion

As researchers continue to pursue genetic and environmental
processes influencing brain structure, it is critical to recognize
that the measures selected, such as gray matter volume, may be
influenced by multiple underlying genetic factors. The absence
of a genetic correlation between cortical surface area and
cortical thickness clearly demonstrates this phenomenon. The
expansion of current methods to include examination of both
surface area and thickness may enhance the ability of future
studies to elucidate the genetic influences on neuropsychiatric
disorders, as well as normal age-related structural brain changes.
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