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During development from childhood to adulthood the human brain undergoes considerable thinning of the
cerebral cortex. Whether developmental cortical thinning is influenced by genes and if independent genetic
factors influence different parts of the cortex is not known. Magnetic resonance brain imaging was done in
twins at age 9 (N=190) and again at age 12 (N=125; 113 repeated measures) to assess genetic influences
on changes in cortical thinning.Wefind considerable thinning of the cortex between over this three year interval
(on average 0.05 mm; 1.5%), particularly in the frontal poles, and orbitofrontal, paracentral, and occipital cortices.
Cortical thinning was highly heritable at age 9 and age 12, and the degree of genetic influence differed for the
various areas of the brain. One genetic factor affected left inferior frontal (Broca's area), and left parietal
(Wernicke's area) thinning; a second factor influenced left anterior paracentral (sensory–motor) thinning.
Two factors influenced cortical thinning in the frontal poles: one of decreasing influence over time, and another
independent genetic factor emerging at age 12 in left and right frontal poles. Thus, thinning of the cerebral
cortex is heritable in children between the ages 9 and 12. Furthermore, different genetic factors are respon-
sible for variation in cortical thickness at ages 9 and 12, with independent genetic factors acting on cortical
thickness across time and between various brain areas during childhood brain development.

© 2011 Elsevier Inc. All rights reserved.
Introduction

Our understanding of human brain development has expanded ex-
ponentially over the past decade. The non-invasive nature of magnetic
resonance imaging (MRI) has allowed measurements of changes in
brain structure in healthy children and adults. UsingMRI, it has become
evident that the human cerebral cortex undergoes considerable devel-
opmental changes during childhood and adolescence. After extensive
growth of the brain in gray andwhitematter volume during early child-
hood, gray matter volume starts to decrease around puberty (Giedd et
al., 1999). This is due to a considerable thinning of the cortex that occurs
in children continuing throughout adolescence (Gogtay et al., 2004;
Sowell et al., 2002), and beyond in adulthood (Brans et al., 2010). Tim-
ing of cortical thinning differs between areas. During development in
childhood, thinning of primary cortical areas precedes that of secondary
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cortical areas (Gogtay et al., 2004). Currently it is not known towhat ex-
tent genetic and environmental influences drive these brain changes
during the crucial period of transition from childhood to adulthood.
Twin studies are widely used to quantify to what extent genetic and
environmental factors influence individual differences in observed traits,
by comparing the similarities within MZ and DZ twin pairs on a specific
trait. The proportion of total variance that can be attributed to genetic
variance is termed heritability. Variation in global brain volumes is
explained to a large extent by genetic influences (around 70–80%)
in adults (Baare et al., 2001; Peper et al., 2007; Kremen et al., 2010),
and in children and adolescents (Wallace et al., 2006; Schmitt et al.,
2007a, 2007b; Peper et al., 2009; Yoon et al., 2010; van Soelen et al.,
2011a). Moderate to high heritability for local cortical thickness through-
out the cortex was previously reported in children (Lenroot et al., 2009;
Yoon et al., 2010), adults (Brans et al., 2010), and in middle-aged men
(Panizzon et al., 2009; Kremen et al., 2010). Thus, brain volume and cor-
tical thickness are heritable traits in children and heritability estimates
have been suggested to increase with age (Lenroot et al., 2009; Wallace
et al., 2006). Interestingly, genetic influences on cortical changes
were independent of those implicated in absolute cortical thickness
(Brans et al., 2010). However, whether one single genetic factor in-
fluences cortical thinning during adolescence, or in contrast whether
multiple (independent) genetic factors affect different brain areas is
not known. We hypothesized that 1) cortical thinning between ages
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9 and 12 is heritable; 2) during brain development heritability of
cortical thickness increases. Considering the dynamical changes in
cortical thickness in this period, we hypothesize that new genetic
variance acting on cortical thickness emerges between 9 and 12 years
of age; 3) genetic factors exert their influence on the development of
the cerebral cortex in a region-specific manner.
Material and methods

Subjects

Twin pairswere recruited from theNetherlands TwinRegister (NTR;
Boomsma et al., 2006) around their 9th birthday (van Leeuwen et al.,
2008; Peper et al., 2008). Exclusion criteria for the participation of
the children included having a pacemaker, any metal materials in the
head (including dental braces), the chronic use of medication, a
known major medical or psychiatric history, and participation in
special education. Parents and children gave written informed con-
sent to participate in the study. The study was approved by the
Central Committee on Research involving Human Subjects (CCMO) of
the Netherlands and experiments were in accordance with the
Declaration of Helsinki.

At age 9 a total of 208 twins completed the scan protocol (coming
from 106 families). Due to movement artefacts, 8 MZ and 10 DZ
twins could not be included for image processing of the scans. As a
result, a total of 190 twins were included in the analyses at age 9,
consisting of 82 MZ twins (38 complete twin pairs), 75 same-sex
DZ twins (32 complete twin pairs), and 33 opposite-sex DZ twins
(14 complete twin pairs). Mean age (s.d.) of twins at baseline was
9.2 (0.1) with a range from 9.0 up to 9.7 years old (Table 1).

Nearly 80% of the families returned for the follow-up at age 12,
and 136 twins completed the scan procedures. The lower number
of children who participated in scanning at follow-up was mainly
due to the increase in prevalence of metallic braces at age 12,
which is common around this age. After exclusion due to movement
artefacts, 125 scans at age 12 (excluding 7 MZ and 4 DZ twins) were
included in the analyses. As a result, there were MRI data for 56 MZ
twins (23 complete twin pairs), 45 same-sex DZ twins (18 complete
pairs), and 24 opposite-sex twins (10 complete pairs) at the second
assessment. Mean age (s.d.) at follow-up was 12.1 (0.3) years, rang-
ing from 11.7 up to 13.1 years old. For 113 children there were MRI
data at both baseline and follow-up (42 complete twin pairs).
Mean interval time was 2.9 years (0.2), and the range was 2.5 up to
3.5 years. Zygosity of the same-sex twin pairs was determined
based on DNA polymorphisms. Handedness was determined based
on Edinburgh Handedness Inventory (Oldfield, 1971). Mean (s.d.)
full scale IQ of the complete sample was 99.9 (13.5) at age 9, and
Table 1
Sample descriptives of monozygotic (MZ) and dizygotic (DZ) same sex and opposite
sex twin pairs at age 9, age 12, and of the twins that were included with complete data-
sets at both measurements.

Baseline Follow-up Both
measurements

Total number of twins
(male/female)

190 (91/99) 125 (66/59) 113 (60/53)

Mean age at scanning in years
(s.d.)

9.2 (0.1) 12.1 (0.3) 2.9 (0.2)a

Handedness (right/non-right) 158/32 105/20 95/18
MZ twins
(number of complete pairs)

82 (38) 56 (23) 51 (25)

DZ same-sex twins
(N complete pairs)

75 (32) 45 (18) 40 (19)

DZ opposite-sex twins
(N complete pairs)

33 (14) 24 (10) 22 (11)

a Mean time interval in years is given between scans at baseline and follow-up.
100.3 (14.1) at 12, illustrating that the sample was representative
of the general population (van Soelen et al., 2011b).

Image acquisition

To limit possible effects of scanner instability over time, the
same scanner parameters as well image processing procedures were
applied at bothmeasurements. All structuralmagnetic resonance imag-
ing (MRI) was performed on a 1.5-T Philips Achieva scanner at both
ages 9 and 12. Scanning and the subsequent image processing took
place at the University Medical Center Utrecht, The Netherlands. All
children underwent a practicing session in a dummy scanner in ad-
vance to get familiarized with the scan procedure, small space and the
sounds of the MRI machine (Durston et al., 2009). At both measure-
ments image-sequences of the whole head were acquired, including a
short scout scan for immediate verification of optimal head positioning,
and a clinical scan that was used for neurodiagnostic evaluation. Three-
dimensional T1-weighted coronal spoiled-gradient echo scan of the
whole head (256×256 matrix, TE=4.6 ms, TR=30 ms, flip angle=
30°, 160–180 contiguous slices; 1×1×1.2 mm3 voxels, Field-of-View=
256mm/70%) was acquired for volumetric analysis. Additionally, a DTI-
B0 (Diffusion Tensor Imaging; transverse; 15–64 directions; SENSE factor
2.5, b-factor 1000;flip angle 90°; 60 slices of 2.5 mm; slice gap0; 128×96
acquisition matrix; FOV 240 mm; TE=60–88 ms) and a MTR (Magnetic
Transfer Ratio; transverse; MTC frequency offset 1100 Hz; 60 slices of
2.5 mm; slice gap 0; 128×96 acquisition matrix; FOV 240 mm; flip
angle 8°; TE=4.5 ms; TR=37.5 ms) were acquired at both ages 9 and
12 (as previously described by Peper et al., 2008). At follow-up only,
a T2-weighted imagewas added to the scan protocol (transverse, parallel
imaging, SENSE factor 2, TE1=15 ms, TE2=80 ms, TR=6000 ms,
flip angle=90°, 120 slices of 1.6 mm, slicegap 0.0 mm, Field-of-
view=250 mm/80%) for optimization of image processing as de-
scribed below.

Image processing

Scans were put into Talairach frame (no scaling), and corrected for
inhomogeneities in the magnetic field (Sled et al., 1998). Quantitative
assessment of intracranial volume (IC) at age 9 was based on the DTI-
BT0 and MTR images as described earlier (Peper et al., 2008). For the
segmentation of IC volume at age 12, the T1-weighted image was in-
dividually warped non-linearly to their T1-weighted image at age 9
(when available). The IC segments at age 12 were created from the
IC segments at age 9 using this nonlinearly transformation. When
no IC segment was available at age 9, the T2-weighted image at age
12 was used to create an IC segment (N=10). For one participant,
the same method as described for 9 year old assessment was used
(DTI-BT0 and MTR) to create an IC segment for the follow-up at age
12. All IC segments at age 9 and age 12 were checked and edited
where necessary. Cerebral spinal fluid, gray and white matter were
segmented using a partial volume segmentation method incorporat-
ing a non-uniform partial volume distribution (Brouwer et al., 2010).

Cortical thickness was computed using a custom version of the
CLASP algorithm, designed at the McConnell Brain Imaging Centre,
Montreal (Kim et al., 2005; Lerch et al., 2008), which started from
the gray and white matter segments created by our own algorithm
as described above (Brans et al., 2010). A 3D surface was fitted to
the white matter/gray matter interface, which created the inner
surface of the cortex and then expanded out to fit the gray mat-
ter/cerebrospinal fluid interface, thereby creating the outer cortical
surface (Kim et al., 2005). Cortical thickness was estimated by tak-
ing the distance between the two surfaces on each vertex (40962
vertices per hemisphere), followed by smoothing across the surface
using a 20 mm full-width at half-maximum (FWHM) surface-based
blurring kernel. This method of blurring simultaneously improves
the chances of detecting population differences and also follows
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the curvature of the surface to preserve any anatomical boundaries
within the surface. The surfaces of the subjects were registered to
an average surface (International Consortium for Brain Mapping;
Lyttelton et al., 2007), allowing comparison of cortical thickness
locally between and within subjects over time. In addition, mean
cortical thickness was calculated for each person at both ages 9 and
12 (no smoothing).

Study design

A longitudinal twin designwas applied. A larger correlation between
members of MZ pairs compared to DZ pairs indicates genetic influences
on a certain trait, such as, cortical thickness. The longitudinal follow-up
of twins allows for estimation of cross-twin/cross-time correlations,
such as cortical thickness at age 9 in one twin with cortical thickness
at age 12 in the co-twin. Larger MZ cross-correlations than DZ cross-
correlations indicate that there is an association between genetic factors
at ages 9 and 12. If MZ cross-correlations are not larger than DZ cross-
correlations there is no such overlap in genetic factors over time. Simi-
larly, cross-twin/cross-area correlations can elucidatewhether different
genetic factors are implicated across the cerebral cortex.

Genetic modeling

Because MZ twins share almost all their genetic material, and DZ
twins share approximately half of their segregating genes with each
other, twin data allow for decomposition of the observed (or phenotyp-
ic) variance into genetic and environmental components. Additive ge-
netic influences (A) represent effects on the phenotype of multiple
alleles at different loci across the genome that act additively. Common
environmental influences (C) represent sources of variance that twins
from the same family share. Unique environmental influences (E) are
not shared by family members (Boomsma et al., 2002; Falconer and
Mackay, 1996). Within a structural equation modeling approach, A, C,
and E can be considered to be latent factors, standardized to have unit
variance. Thus, the term of genetic factor represents the combined ef-
fects ofmultiple genes that act on the phenotype. By definition, the cor-
relation between the latent genetic factors of co-twins is 1.0 for MZ and
0.5 for DZ pairs. The correlation between common environmental influ-
ences is 1.0 for both MZ and DZ pairs. Unique environmental influences
(E) are by definition uncorrelated in all twin pairs, and also include
measurement error. This correlation structure among latent factors
identifies the model.

Longitudinal genetic modeling

A longitudinal structural equation model was fitted to the data to
estimate the influences (specified as path coefficients) of A, C and E on
the phenotype at ages 9 and 12. Genetic factors at age 9 can have the
same influence over time, or may become more or less important
with increasing age. Because common environmental influences
were non-significant for all brain measures, we limit the description
of the model to an AE model (see Fig. 1).

The path coefficient a11 quantifies the effect of genetic influences on
the phenotype at age 9, and a21 quantifies the effect of these same ge-
netic influences at age 12. The genetic covariance between ages 9 and
12 equals a11*a21. Finally, a22 quantifies the effect of genetic variance
acting only at age 12. In a similar way e11, e21, and e22 are defined. The
variance at age 9 is (a11)2+(e11)2. The total variance at age 12 equals
(a21)2+(a22)2+(e21)2+(e22)2. Heritability is the proportion of the
total variance that can be attributed to genetic variance. Hence, herita-
bility at age 9 is a112 /(a112 +e11

2 ), and heritability at age 12 is (a212 +a22
2 )/

(a212 +a22
2 +e21

2 +e22
2 ).

The longitudinal model (see Fig. 1) also specifies a change score
to gain insight into the contribution of genetic variance on individual
differences in developmental change from ages 9 to 12. The total
variance on the change score is calculated by: Variance (age 12−age 9)=
Variance (age 9)+Variance (age 12)−2 (Covariance (age 12, age 9)). Follow-
ing path tracing rules in the longitudinal path diagram, the contribu-
tion of genetic variance on developmental change is calculated as
a11
2 +a21

2 +a22
2 −2 (a11 a21). Simplified this gives: (a21−a11)2+

a22
2 , where the first part represents the gradual change in effect

size defined by between paths a11 and a21 of the genetic factor
that is present at ages 9 and 12, and the second part represents
the contribution of specific genetic influence at age 12 on total var-
iance of cortical change.

Thus, we can observe regions where at age 12 new genetic factors
influence cortical thickness. In this paper we refer to genetic influ-
ences that are expressed at age 12 but not at age 9 as genetic innova-
tions (i.e., a22>0). Genetic influences that overlap between ages 9
and 12, are referred to as stable genetic factors. These stable genetic
factors can become more important (amplification) or less important
(attenuation) as children grow older. Amplification of genetic influ-
ences is indicated by increases in path coefficients a21 compared to
a11. Attenuation of genetic influences is present if a21ba11. Please
note that only when a22 is not equal to zero or when a21 differs
from a11, non-zero heritability estimates for change scores will be ob-
served. The relative importance of stable genetic influences is referred
to as the heritability due to A1. Heritability is defined as the genetic
variance divided by the total variance of the phenotype. Hence
there can be genetic amplification (when genetic variance at age 12
due to A1 is larger than at age 9) and at the same time decreasing her-
itability (when the genetic variance is divided by a larger total vari-
ance because there also is genetic innovation and/or increased non-
genetic variance).

Statistical analyses

For descriptive purposes, changes in cortical thickness across time
were calculated in millimeter (mm) for all participants with longitu-
dinal data. Changes in local cortical thickness were calculated vertex-
by-vertex. The changes in cortical thickness between ages 9 and 12
were tested for significance by a t-test, while adjusting the degree
of freedom for familial dependence. These analyses were corrected
for sex, handedness and duration of the scan-interval.

Genetic analyses were carried out by structural equation modeling
(SEM) as implemented in the software package Mx (Neale et al.,
2006). Parameters were estimated by maximum likelihood. This
was done for each vertex of cortical thickness, while data were cor-
rected for sex, age at scanning, and handedness effects at both time
points. All available data, including data from incomplete twin pairs
or twins who participated once, were analyzed.

The minimal requirements to have heritability of change in corti-
cal thickness include variation in cortical thinning, and genetic influ-
ences on cortical thickness that are present at either ages 9 or 12 (or
both; see Fig. 1). Therefore, regions were selected in advance of the
longitudinal genetic modeling based on (i) the presence of cortical
thinning over time and (ii) the presence of genetic influences at 9
and/or at 12 years of age (assessed by univariate genetic modeling).
For these selection criteria correction for multiple comparisons was
done according to the False Discovery Rate (FDR) at a level of 0.05
(Genovese et al., 2002).

To gain insight into the genetic model for cortical thinning that
best described the data we first tested for the presence of genetic in-
novation at age 12 by constraining the parameter of interest at zero
(e.g., a22) and compared the model-fit with the model where the pa-
rameter was freely estimated. Second, gradual differences in effect
size over time of stable genetic influences acting at ages 9 and 12
were tested by constraining the paths a11 and a21 to be equal, and
compare the model-fit again with the model where these parameters
were freely estimated. For the regions where we obtained evidence of
the presence of genetic innovation (i.e., a22>0), this second test was



Fig. 1. Longitudinal path diagram representing the latent (unobserved) factors A (additive genetic factor) and E (unique environment) influencing the phenotype at ages 9 and 12 in
both members of a twin pair. Squares represent the observed brain measurements in twin 1 and twin 2. The triangle represents the developmental change. A1 and E1 influence the
phenotype at ages 9 and 12 years; A2 and E2 influence the phenotype at age 12, but not at age 9 years. Double headed arrows represent correlations between the genotypes of twins
(1.0 for MZ and 0.5 for DZ pairs). The influence of the first set of latent factors on the phenotype at age 9 is represented by factor loadings (one headed arrows) a11, and e11, and at
age 12 by a21, and e21.

3874 I.L.C. van Soelen et al. / NeuroImage 59 (2012) 3871–3880
carried out with a22 as a free parameter. For the regions where we did
not find genetic innovation, we tested if there were differences in the
effect sizes of stable genetic influences acting at ages 9 and 12 with
a22=0.

Model comparisons were done by likelihood ratio tests. These
tests compare the differences between −2*log likelihood of the full
model with that of a restricted nested model against the correspond-
ing degrees of freedom (df). This difference has a chi-squared distri-
bution. When a variance component was fixed at zero, a one-tailed-
test was used (Dominicus et al., 2006).
Multivariate genetic modeling for selected regions

To explorewhether genetic factors acting on cortical change showed
an overlap between regions, we performed additional exploratory mul-
tivariate analysis on the change scores. Multivariate genetic modeling
of change scores was based on cross-twin/cross-trait correlations
instead of cross-twin/cross-time correlations as described above. The
genetic covariance (or the standardized genetic covariance (rg)) hence
describes the extent of overlap between genetic factors acting on
cortical changes in different regions.

Within the regions where genetic innovation was observed (i.e.,
a22>0), single vertices were selected based on the highest value in
the significant clusters (χ2>2.71; see section Statistical analyses).
Within the regions where the influence of stable genetic factors
changed between ages 9 and 12, single vertices were also selected
based on the highest value in the significant clusters (χ2>3.84; see
section Statistical analyses). Within the multivariate models genetic
covariance between the selected vertices was tested for significance
by constraining the genetic covariance between the vertices across
regions at zero. If this model fitted worse, we concluded that genetic
factors acting on cortical change were shared between these regions.
Results

Univariate genetic modeling

Genetic influences contributed significantly to mean cortical thick-
ness. The heritability of mean cortical thickness was 65% (pb0.01) at
age 9, and 82% (pb0.01) at age 12. Estimates of heritability for local
cortical thickness at both ages 9 and 12 mapped throughout the cor-
tex can be found in Figs. 2 and 3.

At age 9, several areas of the cortex showed significant heritability
estimates with a mean heritability of 21% (ranging from 0% up to 78%)
in the left and a mean heritability of 21% (ranging from 0% up to 73%)
in the right hemisphere. Areas that showed significant contributions
of genetic influences at age 9 were located bilaterally in frontal, mid-
sagittal frontal, temporal and inferior parietal areas, inferior and me-
dial insula, cingulate, the anterior paracentral lobule, lingual gyrus,
precuneus, cuneus, calcarine sulcus, lateral occipital areas, and left
parahippocampal gyrus (FDR corrected, pb0.05; see Fig. 2).

At age 12, the mean heritability estimates for local cortical thick-
ness were 22% (from 0% up to 88%) and 23% (from 0% up to 91%) in
left and right hemispheres, respectively. Significant heritability esti-
mates at age 12 were located bilaterally in the precuneus, left inferior,
and midsagittal superior frontal areas, left anterior paracentral lobule,
left inferior temporal, and left lateral occipital gyri. In the right hemi-
sphere, significant heritability estimates were found in the superior
frontal, inferior parietal, inferior temporal, and cuneus (FDR cor-
rected, pb0.05; see Fig. 3). The percentage overlap between vertices
with significant heritability at age 9 that were also significantly her-
itable at age 12 was 18.6%.

Because heritability is defined as a proportion of the total variance,
changes in the unstandardized values of the genetic and environmen-
tal components and the total variances were evaluated between ages
9 and 12. The total variance showed an overall decrease across the



Fig. 2. Heritability estimates (h2) of local cortical thickness at age 9. Heritability ranged up to a maximum of 78% at age 9.
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cortex between the two measurement points. This was mostly due to
decreased unique environmental influences. It should be noted that
regions of increased and decreased heritability coincide with an in-
crease or decrease of unstandardized genetic variance.
Developmental changes

A significant decrease in mean cortical thickness of 0.05 mm
(pb0.01) was observed between ages 9 and 12. No significant herita-
bility of mean cortical thinning was found. Changes in local cortical
thickness between 9 and 12 years were calculated for each vertex
separately and significant cortical thinning was observed throughout
the cortex (FDR corrected, pb0.05). The amount of thinning was
widely distributed over the different regions, and was most pro-
nounced in the frontal pole, parietal and lateral occipital cortices
(Fig. 4). The amount of cortical thinning did not differ significantly
between girls and boys. There were no areas with significant cortical
thickening.
Fig. 3. Heritability estimates (h2) of local cortical thickness at a
Heritability of cortical thinning

For cortical areas where significant cortical thinning and signifi-
cant genetic influences on cortical thickness at ages 9 and/or 12
were found (all based on FDR corrected data, leaving 7841 vertices
in the left hemisphere, and 10173 vertices in the right hemisphere,
see Fig. 6 for areas that were included), genetic influences on individ-
ual differences in cortical thinning were explored in the longitudinal
path model as depicted in Fig. 1. Heritability estimates of cortical
thinning locally were predominantly found in superior and middle
frontal areas, superior temporal areas, cingulate, sensorimotor corti-
ces, primary visual and lateral occipital cortices (Fig. 5).

First, the presence of significant genetic innovation at age 12 was
evaluated. Areas with genetic innovation were located in bilateral
superior frontal areas, parieto-occipital sulcus, right medial frontal
areas, and anterior cingulate, left superior temporal, and lateral oc-
cipital areas (χ2>2.71, one-tailed test, pb0.05; see Fig. 6, Table 2).

Second, in the regions where variance in cortical thickness between
ages 9 and 12 could be explained by stable genetic influences (i.e., no
ge 12. Heritability ranged up to a maximum 91% at age 12.



Fig. 4. The average thinning of local cortical thickness between 9 and 12 years old. Decrease of each vertex is given in mm, corrected for handedness and sex and interval duration.
Depicted are regions where cortical thinning was significantly different from zero for the left (FDR corrected; pb .033) and right hemispheres (FDR corrected; pb .039). Maximum
thinning was 0.24 mm in the occipital cortex.
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genetic innovation at age 12), we tested whether stable genetic
influences across time had an increasing or decreasing influence
between ages 9 and 12. Significant increases in effect sizes of sta-
ble genetic influences were found at the right central sulcus, cal-
carine sulcus, inferior isthmus, and left anterior paracentral lobule,
rostral cingulate, inferior parietal lobule, and inferior frontal gyrus
(χ2>3.84, two-tailed test, pb0.05; Fig. 6, Table 3A). Areas where
stable genetic influences significantly decreased in magnitude were
located in bilaterally inferior parietal, right inferior parietal, medial
and superior pre-frontal, left anterior cingulate sulcus, frontal, and
inferior temporal areas (Fig. 6, Table 3B).

Multivariate genetic modeling

The overlap of genetic factors acting on cortical thinning across
different regions was explored with multivariate models using the
change scores of single vertices. Phenotypic and genetic correlations
between the selected regions on cortical thickness change scores
are given in Table 4. For regions with genetic innovation, cortical
Fig. 5. Heritability estimates (h2) of local cortical thinning between age 9 and age 12. Areas a
age 9 or at age 12 (FDR corrected) for left (L) and right (R) hemispheres, respectively.
changes were genetically correlated between frontal regions bilater-
ally (rg=0.83). For regions where stable genetic influences of in-
creasing magnitude were observed, the genetic influences acting
on cortical change in left inferior parietal showed a complete over-
lap with the genetic influences acting on cortical change in left infe-
rior frontal region (rg=1.00). These genetic influences did not
overlap with the genetic influences acting on cortical changes in
left anterior paracentral lobule. In selected regions with stable ge-
netic influences that decreased in importance no genetic overlap
was found.

Two vertices located anatomically close to each other in the right
frontal region, were chosen to study in more detail (see Fig. 7). For
one of these cortical regions, stable genetic influences were found to
act on cortical thickness at both points in time (rg=1.00), and this
genetic factor decreased in importance over time (Fig. 7; vertex 1).
For a region close to vertex 1, genetic innovation was found (Fig. 7;
vertex 2). The common genetic factor at vertex 1 showed a significant
overlap with the genetic factor at age 9 of vertex 2 (rg=0.80), and no
significant overlap with the genetic factor at age 12 of vertex 2.
re shown only when there was significant thinning, and significant genetic influences at



Fig. 6. Cortical regions where changes in genetic influences at different points in time were found. White areas represent vertices that were not included in this analysis: either
because there was no significant cortical thinning, or because there were no significant contributions of genetic factors at either ages 9 or 12. Chi-square values are given for the
different statistical tests for left (L) and right (R) hemisphere respectively. Regions of genetic innovations at age 12 (green) and gradual differences in effects sizes of stable genetic
influences with age (blue and red).
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Discussion

In this longitudinal MRI study a large group of twins were scanned
at ages 9 (N=190) and 12 (N=125). A considerable thinning of
0.05 mm (1.5%) across the cerebral cortex was found in this three-
year interval. Cortical thinning was most pronounced in the frontal
pole and orbito-frontal, sensory–motor and visual cortices during
this period. We find this process to be highly heritable. Furthermore,
genetic influences acting on the amount of change in cortical thick-
ness were locally driven by independent genetic factors, both be-
tween brain regions, and across time.

Variation in thinning of the left inferior frontal (Broca's area) and
left parietal (Wernicke's area) cortices was driven by the same ge-
netic factor. This genetic factor was independent from the genetic
factor influencing left anterior paracentral (sensory motor) cortical
Table 2
Cortical regions where genetic innovation at age 12 was found.

Baseline Follow-u

Cortical area MNI coordinates
[X, Y, Z]

h2 Var A/Var E
( 10−2 mm2)

h2

Right medial prefrontala 32, 58, −7 44% 2.96/3.82 42%
Right superior prefrontal 14, 69, −1 45% 6.57/7.95 53%
Right inferior prefrontala 26, 55, −15 45% 6.05/4.49 48%
Right medial frontala 48, 34, 26 37% 1.62/2.81 39%
Right superior frontala 4, 49, 41 35% 2.96/5.41 47%
Right subcallosala 4, 19, −16 44% 3.63/4.63 40%
Right cingulate 3, 24, 22 37% 4.23/7.20 55%
Right cuneus 3, −74, 22 48% 2.01/2.21 48%
Right parieto-occipitala 19, −77, 42 45% 1.74/2.11 42%
Left inferior prefrontal −19, 68, 0 38% 4.54/7.47 45%
Left superior temporal −63, −22, 10 44% 2.18/2.80 44%
Left inferior parietal −19, −88, 40 50% 2.35/2.33 51%
Left lateral occipital −26, −91, 7 34% 2.87/5.48 44%
Left parieto-occipital −15, −74, 36 60% 1.50/0.99 54%

Vertices are selected based on the highest value in the significant clusters (χ2>2.71, one-ta
was fixed at zero. p-Values are uncorrected. The heritability (h2%) and the unstandardized g
tical thinning.

a For these regions, additional significant gradual differences in effect size over time of th
constraining the paths a11 and a21 to be equal, while a22 was freely estimated.
thinning. Cortical thinning in the left and right frontal poles is affect-
ed by two genetic factors: one factor of decreasing influence over
time, and another independent genetic factor at age 12 in left and
right frontal poles. Thus, developmental thinning of the cerebral cor-
tex is heritable in children developing into adolescents. Different ge-
netic factors are responsible for variation in cortical thickness at ages
9 and 12, and different genetic factors influence thickness across
time and between various brain areas.

This is the first longitudinal study on genetic and environmental
contributions to cortical gray matter changes during childhood. Be-
cause of the genetically informative longitudinal design, it was pos-
sible to explore how genetic mechanisms exert their effects on
individual differences in cortical development. This study shows
not only that cortical thinning is heritable in adolescence, as previ-
ously reported in adulthood (Brans et al., 2010), but that between
p Cortical thickness change

Var A/Var E
( 10−2 mm2)

Mean thinning
(mm)

h2 Var A/Var E
( 10−2 mm2)

χ2 p-Value

1.92/2.64 0.10 55% 2.72/2.23 8.22 .002
6.98/6.21 0.19 50% 6.61/6.61 9.10 .001
5.58/6.07 0.06 55% 6.35/5.20 8.83 .001
1.56/2.45 0.06 47% 1.71/1.93 5.40 .020
2.15/2.43 0.03 78% 3.35/0.94 6.42 b .001
2.35/3.52 0.19 42% 2.65/3.66 5.37 .010
6.11/4.94 0.05 68% 6.22/2.93 6.56 .005
2.08/2.28 0.10 51% 0.88/0.85 7.59 .003
1.52/2.06 0.06 56% 1.55/1.22 6.44 .006
5.43/6.60 0.18 49% 4.72/4.91 8.32 .002
1.85/2.35 0.08 48% 1.24/1.34 6.58 .005
2.31/2.18 0.10 51% 2.17/2.08 8.24 .002
4.39/5.69 0.15 46% 5.42/6.36 7.15 .004
1.36/1.14 0.06 58% 0.90/0.65 7.44 .003

iled test, pb0.05), when path coefficient describing specific genetic variance at age 12
enetic and environmental variance (Var A/Var E) are given at age 9, age 12 and on cor-

e common genetic factor across time was found (χ2>3.84, one-tailed test, pb0.05) by



Table 3
Cortical region with significant increase (A) or decrease (B) of stable genetic influences.

Baseline Follow-up Cortical thickness change

Cortical area MNI coordinates
[X, Y, Z]

h2 Var A/Var E
( 10−2 mm2)

h2 Var A/Var E
( 10−2 mm2)

Mean thinning
(mm)

h2 Var A/Var E
( 10−2 mm2)

χ2 p-Value

A. Increased influence of stable genetic factor
Right central 11, −46, 71 13% 0.96/6.24 65% 4.26/2.32 0.08 19% 1.17/4.99 7.90 .005
Right calcarine 15, −74, 12 49% 2.26/2.33 76% 4.36/1.39 0.25 10% 0.34/3.06 7.26 .007
Right inf isthmus 22, −39, −12 34% 1.03/2.02 60% 1.91/1.29 0.07 10% 0.14/1.26 10.61 .001
Left anterior paracentral −2, −33, 67 30% 2.08/4.79 82% 7.71/1.66 0.09 34% 1.78/3.14 19.75 b.001
Left inferior frontal −41, 30, 18 10% 0.30/2.79 51% 1.29/1.24 0.06 15% 0.34/1.93 5.65 .017
Left rostral cingulate −4, 30, −7 20% 1.50/5.98 66% 4.36/2.23 0.12 31% 1.64/3.65 6.48 .011
Left inferior parietal −55, −51, 45 9% 0.56/5.77 59% 3.51/2.47 0.05 35% 1.84/3.42 8.18 .004
Left central −12, −44, 71 31% 1.38/3.07 72% 3.96/1.57 0.08 43% 1.32/1.75 13.36 b.001

B. Decreased influence of stable genetic factor
Right superior prefrontal 12, 66, 11 55% 7.44/6.03 .09% 0.90/8.95 0.12 42% 5.23/7.22 16.24 b.001
Right medial prefrontal 29, 61, −9 53% 4.18/3.66 24% 1.64/5.14 0.11 49% 3.91/4.07 12.50 b.001
Right medial frontal 39, 26, 41 37% 2.06/3.54 27% 1.01/2.70 0.04 55% 1.93/1.58 9.41 .002
Right inferior parietal 29, −70, 37 52% 1.92/1.80 5% 0.11/2.41 0.08 49% 1.10/1.14 13.70 b.001
Left cingulate sulcus −14, −42, 48 59% 1.93/1.35 22% 0.68/2.41 0.06 19% 0.32/1.36 10.39 .001
Left anterior cingulate −13, 41, 16 38% 2.13/3.47 9% 0.42/4.04 0.08 23% 0.66/2.21 6.51 .011
Left frontal pole −18, 64, 9 37% 4.62/7.85 26% 2.65/7.50 0.12 37% 3.69/6.28 5.99 .014
Left inferior temporal −58, −56, −15 53% 4.11/3.58 3% 0.22/6.46 0.06 37% 2.43/4.14 15.27 b.001
Left inferior parietal −25, −84, 37 60% 2.37/1.58 0.04% 0.14/3.50 0.11 14% 0.32/1.97 15.56 b.001

Vertices are selected based on the highest value in the significant clusters (χ2>3.84, two-tailed test, pb0.05), when path coefficient describing variance at age 9 and variance of that
factor at age 12 are constrained to be equal. p-Values are uncorrected. The heritability (h2%) and the unstandardized genetic and environmental variance (Var A/Var E) are given at
age 9, age 12 and on cortical thinning.
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ages 9 and 12 cortical thinning is driven by different genetic factors
exerting their influence on particular areas of the cerebral cortex.
That we find overall thinning between 9 and 12 years in this sample
of children with an average IQ of 101 (van Soelen et al., 2011b) is
consistent with earlier findings in a sample of children between 4
and 20 years where cortical thinning was also found to have started
before age 12 (Shaw et al., 2006). It must be noted that the exact
mechanism behind cortical thinning in adolescence is not known.
Cortical thinning during puberty has been associated with the loss
of unneeded connections (synaptic pruning; Huttenlocher and
Dabholkar, 1997) but pruning cannot fully account for the observed
thinning (Paus, 2005). Decrease in gray matter and the increase in
Table 4
Phenotypic and genetic correlations between regions of interest on cortical thickness
changes.

A. Genetic innovation MNI coordinates
[X, Y, Z]

L superior
temporal

R frontal L frontal

L superior temporal −63, −22, 10 – 0.00 0.22
R frontal 14, 69, −1 −0.01 – 0.50
L frontal −19, 68, 0 0.55 0.83 –

B. Increase in stable
genetic influences

MNI coordinates
[X, Y, Z]

L inferior
frontal

L inferior
parietal

L anterior
paracentral
lobule

L inferior frontal −41, 30, 18 – 0.30 0.15
L inferior parietal −55, −51, 45 1.00 – 0.21
L anterior paracentral
lobule

−2, −33, 67 −0.23 −0.18 –

C. Decrease in stable
genetic influences

R frontal R inferior
parietal

L inferior
parietal

R frontal 12, 66, 11 – 0.09 0.20
R inferior parietal 29, −70, 37 0.12 – 0.28
L inferior parietal −25, −84, 37 0.34 0.18 –

L = left side; R = right side; significant genetic correlations (p>0.05) are given in
bold. Single vertices were selected within areas of genetic innovation at age 12 (A),
increasing (B), and decreasing (C) stable genetic influences across time. Off diagonal
above (italic) are the phenotypic correlations between the different regions and off
diagonal below the genetic correlations are given.
white matter are also thought to be a reflection of progressive age-
related axonal myelination (Benes et al., 1994; Yakovlev and Lecours,
1967), which is assumed to occur at the gray–white matter boundary
(white matter encroachment; Gogtay and Thompson, 2010).

One other interesting finding is the suggestive evidence for
waning influence of one genetic factor related to cortical thickness
in the left and right frontal pole and the emerging activation of an-
other genetic factor in the same regions (from 9 to 12 years). The
frontal pole has been specifically associated with the evolution of
the human species since it is one of the cortical areas of the frontal
lobe that is enlarged in humans as compared to apes (Semendeferi
et al., 2001). Furthermore, the frontal pole, or Brodmann Area 10,
has also been associated with many cognitive functions, principally
multitasking and dealing with novel situations (Dumontheil et al.,
2008).

Bilateral thinning was considerable in the region on the top of
the medial wall of the paracentral lobule in this 3-year period. An
amplification of this stable genetic factor was found on the thickness
of the primary sensory–motor cortex. This region has been found to
be activated during genital stimulation, both in females (Michels et
al., 2010) and in males (Kell et al., 2005). To which extent genes
implicated in development of this primary sensory–motor in this
period between ages 9 and 12 cortical area overlap with those im-
plicated in the development of sexual hormones is of interest for
future study.

The same genetic factor operates in language areas (e.g., left inferior
frontal (superior of) Broca's and left parietal (superior of) Wernicke's
area). In these areas amplification of the same genetic factors across
ages 9 and 12 was observed. Between these two regions, the genetic fac-
tors acting on cortical thinning were completely overlapping and this
might suggest that the genetic influences acting on cortical development
in these areas are implicated in language.

We did not find significant influences of common environmental fac-
tors on cortical thickness. This is consistent with other neuroimaging
studies in both adults (Peper et al., 2007), and children (Lenroot et al.,
2009; Peper et al., 2009; Yoon et al., 2010) of both volumetric and cortical
thicknessmeasures. The narrow age range of our cohortmakes it possible
to assess genetic influences without age-related confounders, providing
accurate heritability estimates at 9 and 12 years of age. The relatively



Fig. 7. Two vertices were chosen, that were located anatomically close to each other in the right frontal region (A). Diagram illustrating the outcome of multivariate analyses be-
tween these two regions of interest (B). Squares represent the observed cortical thickness in vertex 1 and vertex 2 at both ages 9 and 12. The double headed arrow represents the
genetic correlation between the genetic factors modeled. For vertex 1, stable genetic influences were found to act on cortical thickness at both points in time (rg=1.00), and this
genetic factor decreased in importance over time. For vertex 2, genetic innovation at age 12 was found. The common genetic factor at vertex 1 showed a significant overlap with the
genetic factor at age 9 of vertex 2 (rg=0.80), and no significant overlap with the genetic factor at age 12 of vertex 2.
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high heritabilities for mean and local cortical thickness are consistent
with one other study in children (Yoon et al., 2010), as well as with
the impression that heritability increaseswith age (Lenroot et al., 2009).

In a large cross-sectional pediatric studywith awide age range of 5 up
19 years of age, it has been reported that regions thatwere functionally or
anatomically connected with each other were more likely to be under
control of the same genetic factors (Schmitt et al., 2008). Comparable
conclusions were drawn in a large sample of middle aged twins (Rimol
et al., 2010). In this study regional specific genetic influences acting on
cortical thickness were found (Rimol et al., 2010). Results from our
study now show that this phenomenon might also hold for genetic
influences acting on the amount of thinning of the cortex.

There are a few limitations to take into consideration when inter-
preting the findings of this study. First, we did not identify specific
genetic or environmental factors, and as a consequence did not
model gene–environment correlation or gene by environment inter-
actions. Gene–environment correlations describe the non-random
distribution of genotypes over environments (or stated differently,
genetic influences on a person's exposure to the environment).
Gene by environment interaction describes the differential response
to environmental exposure based on genotype. If gene-by-environment
interaction is present, but not modeled it will result in increased esti-
mates of unique environmental variance. If environmental influences
are common to family members, the interaction will be absorbed into
the genetic variance. Thus, one explanation for the lack of common
environmental influences might be G×C interaction. The effects of
GE correlation also depend on whether E consists of unique or com-
mon environmental influences: correlation between G and C acts like
C (which we did not detect); correlation between G and E acts like G
(Purcell, 2002) and thus could be included in the total heritability.
Second, heritability estimates are based on local vertices and there-
fore dependent on local accuracy of the measurement. Third, when
interpreting the findings of this study, we should keep in mind that
the results are based on local vertices and therefore are dependent
on local accuracy of the measurement. Finally, it is interesting to
speculate which specific genes are represented by the genetic influ-
ences we found. There are examples of genes that are expressed
throughout life and show a change in their expression pattern with
maturation. For example, Brain-Derived Neurotrophic Factor (BDNF),
is highly expressed in the cerebral cortex, and has an important role
during brain development and in synaptic plasticity (Cohen-Cory et
al., 2010). The expression pattern of BDNF was found to be unique for
different anatomical regions, and coincides with maturation timing of
different anatomical regions of the cortex (Webster et al., 2002, 2006;
Wong et al., 2009). Similar changes in expression levels in the prefrontal
cortex were found for the expression of dopamine receptors (DAR1),
GABAA receptor alpha-subunits, and Apolipoprotein-D (Duncan et al.,
2010; Kim et al., 2009; Weickert et al., 2007). Thus, expression levels
of genes can change during life and this could be one interpretation of
the gradual changes or the upcoming different genetic factors between
ages 9 and 12 that were observed.

Conclusions

This study shows the extent to which genetic factors can influence
cortical changes during early puberty between 9 and 12 years of age.
Importantly, we find both differences in the size of the contribution of
stable genetic influences acting on cortical thickness, as well as evidence
for independent genetic influences acting on cortical thickness at different
ages. We interpret these findings as changes in gene expression patterns
in various brain regions during cortical development in childhood. The
complex interplay between genes, hormones and environment is
important to fully understand how individual differences in healthy
brain development arise. Understanding how genetic and environmental
influences can act on normal brain development, can contribute to the
understanding of the complex biological processes underlying healthy,
but also disrupted brain development.
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