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Abstract: Cognitive abilities are related to (changes in) brain structure during adolescence and adult-
hood. Previous studies suggest that associations between cortical thickness and intelligence may be dif-
ferent at different ages. As both intelligence and cortical thickness are heritable traits, the question
arises whether the association between cortical thickness development and intelligence is due to genes
influencing both traits. We study this association in a longitudinal sample of young twins. Intelligence
was assessed by standard IQ tests at age 9 in 224 twins, 190 of whom also underwent structural mag-
netic resonance imaging (MRI). Three years later at age 12, 177/125 twins returned for a follow-up
measurement of intelligence/MRI scanning, respectively. We investigated whether cortical thickness
was associated with intelligence and if so, whether this association was driven by genes. At age 9,
there were no associations between cortical thickness and intelligence. At age 12, a negative relation-
ship emerged. This association was mainly driven by verbal intelligence, and manifested itself most
prominently in the left hemisphere. Cortical thickness and intelligence were explained by the same
genes. As a post hoc analysis, we tested whether a specific allele (rs6265; Val66Met in the BDNF gene)
contributed to this association. Met carriers showed lower intelligence and a thicker cortex, but only
the association between the BDNF genotype and cortical thickness in the left superior parietal gyrus
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reached significance. In conclusion, it seems that brain areas contributing to (verbal) intellectual per-
formance are specializing under the influence of genes around the onset of puberty. Hum Brain Mapp
35:3760–3773, 2014. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Not only has brain size been associated with intelligence
[e.g., McDaniel, 2005] but also thickness of the cerebral
cortex has been associated with general cognitive function-
ing in children [Karama et al., 2011; Shaw et al., 2006;
Tamnes et al., 2011] and in adults [Brans et al., 2010; Narr
et al., 2007]. In adults, higher intelligence is associated
with a thicker cortex [Brans et al., 2010; Narr et al., 2007].
These associations have also been shown in a cross-
sectional sample of children between young childhood
and late adolescence [age 6–18; Karama et al., 2011]. A pio-
neering study has shown that intelligence is related to the
trajectory of cortical development during childhood and
adolescence, rather than cortical thickness itself. A devel-
opmental shift was found from a predominantly negative
correlation between intelligence and cortical thickness in
young childhood to a positive correlation in late childhood
and adolescence [Shaw et al., 2006]. Negative associations
between intelligence and a generalized measure of cortical
thickness were seen in children aged 8–14 years, but
became less strong in adolescents (age 14–20) and com-
pletely disappeared in young adulthood [age 20–30;
Tamnes et al., 2011]. Taken together, these findings sug-
gest that the direction and strength of the associations
between cortical thickness and intelligence may change
throughout life.

Cortical thickness [Brans et al., 2010; Kremen et al., 2010;
Lenroot et al., 2009; van Soelen et al., 2012; Yoon et al.,
2010] and intelligence [Hoekstra et al., 2007; Posthuma
et al., 2001; van Soelen et al., 2011] are heritable traits.
Given the (possibly changing) associations between brain
structure and intelligence, we ask the question to what
extent the same genes influence these two traits and study
the association between intelligence and cortical thickness
at two well-defined ages around the start of puberty (ages
9 and 12; characterized by a small SD within age, <0.3
years) in a longitudinal twin sample. We intend to investi-
gate whether shared genes, or shared environment under-
lie the association between intelligence and cortical
thickness. The period around puberty is interesting in this
aspect because puberty and adolescence are dynamic peri-
ods, when cognitive maturation [e.g., Casey et al., 2005]
takes place. It is the time during which the influence of
shared environment on intelligence starts to decrease
[Bartels et al., 2002; Haworth et al., 2010]. The substantial
change in the extent to which variation in intelligence can
be explained by genetic factors may also influence the

associations with cortical thickness. Since the contribution
of shared environmental factors to intelligence in child-
hood acts mainly on verbal intelligence [Hoekstra et al.,
2007; van Soelen et al., 2011], we also investigate whether
the associations between intelligence and cortical thickness
are mainly driven by verbal or nonverbal intelligence.
Cognitive maturation is accompanied by structural brain
changes: The gray matter volume of the brain increases
during childhood and starts to decrease around puberty
[Giedd et al., 1999]; the latter usually is attributed to the
start of cortical thinning. Indeed, cortical thickness has
been shown to develop in a nonlinear and region specific
manner [Shaw et al., 2008; Sowell et al., 2004; Tamnes
et al., 2010]. Recently, the notion of puberty as the start of
cortical thinning has been challenged by several studies
indicating that cortical thickness and gray matter volume
decrease from an early age on [Brain development cooper-
ative group, 2012; Brown et al., 2012] and continue to do
so during puberty.

Finally, jumping ahead to our finding that indeed genes
play a role in explaining the associations between cortical
thickness and intelligence, in a post hoc analysis we inves-
tigated the role of the brain-derived neurotrophic factor
(BDNF) Val66Met polymorphism. This candidate gene has
been extensively studied in connection to the brain
because of its role in neuronal differentiation and synaptic
plasticity [Gray et al., 2013]. Met-carriers of the allele have
smaller cortical gray matter volumes [Pezawas et al., 2004]
or decreased cortical thickness [Met/Met carriers; Yang
et al., 2012]. BDNF has been implicated in cognitive func-
tioning, specifically in memory processes [Egan et al.,
2003; Hariri, 2003] and the BDNF genotype has been
shown to moderate the association between intelligence
and the brain, albeit in white matter [Chiang et al., 2011].
The latter study showed that higher scores on the object-
assembly subscale of intelligence, were associated with
higher white matter fractional anisotropy, but the strength
of this association depended on BDNF genotype.

MATERIALS AND METHODS

Setting

Intelligence was assessed in a large sample of twins at
ages 9 and 12 years. At both ages, children underwent
structural MRI scanning and cortical thickness was deter-
mined. Previous publications on these data at baseline
showed that brain volumes were positively associated
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with intelligence at the age of 9 [van Leeuwen et al., 2009]
and that measures of intelligence in these twins and their
siblings at both baseline and follow-up were heritable [van
Soelen et al., 2011]. In this sample of children of average
intelligence, widespread cortical thinning was already
present between ages 9 and 12 years, and variation in cort-
ical thickness and variation in thinning were influenced by
genes [van Soelen et al., 2012].

Subjects

All twins were recruited from the Netherlands Twin
Register [NTR; Boomsma et al., 2006; van Beijsterveldt
et al., 2013] and underwent medical resonance imaging
(MRI) at the University Medical Center Utrecht (UMCU). In
total, 112 twin pairs were included at baseline with a mean
(sd) age of 9.1 (0.1) years. Exclusion criteria consisted of
chronic use of medication, any known major medical or
psychiatric history, or participation in special education. At
follow-up, 89 twin pairs came back at a mean age of 12.1
(0.3) years. Zygosity of same-sex twins was initially deter-

mined based on a small set of DNA polymorphisms, and
confirmed by genome-wide single nucleotide polymor-
phism (SNP) data. Assessment of puberty was done by a
trained researcher using the Tanner stages [Marshall and
Tanner, 1969, 1970] which range from 1 (no pubertal devel-
opment) to 5 (adult stage) (Supporting Information Table
SI). Socioeconomic status (SES) was available for 108 fami-
lies from a questionnaire send out at age 10 of the twins.
SES was based on education level of the jobs of the parents
on a 1–5 scale. SES was on average 3.40 (1.04; range [2–5])
at baseline and 3.49 (1.04; range [2–5]) in the group that
returned at follow-up (P 5 0.07).

Intelligence was assessed in 224 twins at baseline and
177 at follow-up, of which 212/138 twins had magnetic
resonance imaging (MRI) scans available at baseline and
follow-up, respectively. At baseline 22 scans (of 212;
10.4%) and at follow-up 13 scans (of 138; 9.4%) dropped
out. Dropout for the MRI scans usually resulted from
movement or (prior to scanning) having dental braces
(mainly at age 12). The total number of children included,
separated by sex and zygosity is displayed in Figure 1.
Average time between intelligence testing and MRI scan

Figure 1.

Flow chart of participants in this study, separated for sex and

zygosity. Mean age (sd) is given. Most children (70% girls, 86%

boys) did not show any secondary sexual characteristics based

on the Tanner stages at age 9. At age 12, most children had

entered puberty (11% of the girls, 10% of the boys did not

show any secondary sexual characteristics at all). See Supporting

Information Table SI for more elaborate information on Tanner

stages. MZ 5 monozygotic; DZ 5 dizygotic; IQ 5 intelligence

quotient; MRI 5 magnetic resonance imaging. *For one partici-

pant (boy, part of an opposite-sex twin pair) IQ at age 12 was

missing. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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was 50 days at baseline, ranging from 4 up to 128 days. At
follow-up, the intelligence test and the MRI scan were con-
ducted at the same day. Written informed consents were
obtained from all subjects and their parents and the study
was approved by the Dutch Central Committee on
Research involving Human Subjects (CCMO). Parents
were financially compensated for travel expenses and the
children received a gift voucher each.

Intelligence Measures

At baseline, the full version of the Wechsler Intelligence
Scale for children–Third version [WISC-III; Wechsler et al.,
2002] was used (six verbal subtests: information, similar-
ities, arithmetic, vocabulary, comprehension, and digit
span—six nonverbal subtests (picture completion, coding,
picture concepts, block design, picture assembly, and sym-
bol search) was administered. At follow-up, four verbal
subtests (similarities, arithmetic, vocabulary and digit
span) and two nonverbal subtests (picture completion and
block design) were included [van Soelen et al., 2011]. The
main reason to use the shortened version at the second
assessment was increasing the response rate: the shortened
program allowed us to finish the complete protocol in 1
day. This was especially important because children of age
12 are in the last year of primary school and/or just start
at a new school in the Netherlands. Parents were expected
to be more willing to allow their children to participate in
this shorter protocol.

Intelligence scores were standardized according to the
age of the child, based on a population sample of same-
aged subjects in the Netherlands, resulting in full scale,
verbal and nonverbal intelligence quotients (IQ). At the
second measurement, we put equal weight on the verbal
and nonverbal scores (after creating the norm scores).

Image Acquisition

Scanning and the subsequent image processing took
place at the University Medical Center Utrecht, the Neth-
erlands. To limit possible effects of scanner instability over
time, the same scanner parameters as well as image proc-
essing procedures were applied at both ages [Peper et al.,
2009; van Soelen et al., 2013]. All structural MRI scanning
was performed on a 1.5-T Philips Achieva scanner. At
both measurements 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 3 256 matrix, TE 5 4.6 ms,
TR 5 30 ms, flip angle 5 30�, 160–180 contiguous slices; 1
3 1 3 1.2 mm3 voxels, field-of-view 5 256 mm/70%) was
acquired for volumetric analysis and assessment of cortical
thickness. All children underwent a practice session in a
dummy scanner in advance to the actual scanning to

become familiar with the scanning procedure [Durston
et al., 2009].

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 vol-
ume (IC) was performed as previously described for
baseline [Peper et al., 2008], and follow-up [van Soelen
et al., 2013]. Cerebral spinal fluid, gray and white matters
were segmented using a partial volume segmentation
method incorporating a nonuniform partial volume dis-
tribution [Brouwer et al., 2010]. At baseline 22 scans (of
212; 10.4%) and at follow-up 13 scans (of 138; 9.4%)
dropped out. These scans dropped out because of bad
quality (visual inspection) or during the cerebrospinal
fluid/gray matter/white matter separation. Thus, quality
control was done prior to determination of the cortical
thickness. The gray and white matter segments thus
obtained were fed into to the CLASP algorithm designed
at the McConnell Brain Imaging Centre, Montreal [Kim
et al., 2005; Lerch et al., 2008] for determination of corti-
cal thickness. A surface consisting of 81,920 polygons and
40,962 vertices was fitted to the white matter/gray matter
interface of each subject’s left and right hemisphere,
which was then expanded out to fit the gray matter/cere-
brospinal fluid interface, thereby creating the outer corti-
cal 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 subjects. The automated
anatomical labeling (AAL) atlas [Tzourio-Mazoyer et al.,
2002], defined on this surface, was used to compute mean
cortical thickness per region of interest (ROI; 39 ROIs per
hemisphere).

Statistical Analyses

All data analyses were carried out with structural
equation modeling (SEM) in the software package Mx
[Neale et al., 2006]. All available data were analyzed,
i.e., regardless whether subjects participated once or
twice in the study, or when data were incomplete within
a twin pair. All imaging data were corrected for sex, age
and handedness. First, phenotypic correlations were esti-
mated between verbal, nonverbal and full scale IQ and
cortical thickness in each ROI at both ages 9 and 12 sep-
arately, while correcting for familial dependencies. For
the phenotypic correlations between IQ and the thick-
nesses in different ROIs, a correction for multiple com-
parisons was done according to the false discovery rate
(FDR) at a level of 0.05 [Genovese et al., 2002]. Second,
to determine to what extent the correlations between IQ
and cortical thickness were due to genetic or environ-
mental influences, a bivariate genetic model was fitted to
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the data. Post hoc multivariate testing was used to
explore the relation between the rs6265 genotype and
the cortical thickness in areas with significant genetic
associations with IQ.

Bivariate Genetic Modeling

Twin studies are widely used to quantify to what extent
genetic and environmental factors influence individual dif-
ferences found in the population, by comparing the simi-
larities within monozygotic (MZ; share (nearly) 100% of
their genetic material) and dizygotic (DZ; share on average
50% of their segregating genes) twin pairs. Additive
genetic influences (A) represent the influences on the phe-
notype of multiple alleles at different loci on the genome
that act additively. Common environmental influences (C)
include all environmental effects that make members of
the same family resemble each other. Unique environmen-
tal influences (E) are not shared with other family mem-
bers [Boomsma et al., 2002; Plomin et al., 2013]. A higher
correlation between members of MZ pairs compared with
DZ pairs indicates genetic influences on a trait. A bivariate
genetic model between two traits analyzes the information

from the crosstwin/crosstrait correlations, i.e., to what
extent the IQ of one twin correlates with its co-twin’s corti-
cal thickness. Larger MZ crosscorrelations than DZ cross-
correlations indicate that there is an overlap between the
genetic factors for IQ and cortical thickness. If MZ cross-
correlations are not larger than DZ crosscorrelations there
is no such overlap in genetic factors between the two
traits.

Earlier in this sample, we found no influences of com-
mon environment on variability of cortical thickness [van
Soelen et al., 2012]. Therefore, no common environmental
influences were modeled for cortical thickness. Figure 2
represents the bivariate genetic model, where cortical
thickness as in each ROI can be inserted as the second
measured variable. Based on this model, total variance of
IQ equals (a11)2 1 (c11)2 1 (e11)2, and the total variance of
cortical thickness in each ROI, as illustrated in Figure 2,
equals (a21)2 1 (a22)2 1 (e21)2 1 (e22)2. The covariance
between IQ and cortical thickness in the ROI is derived
from multiplying the path coefficients that define the asso-
ciation between the two phenotypes. The total covariance
is a summation of these covariances, namely (a11 3 a21) 1

(e11 3 e21). The extent to which genetic influences on IQ
and cortical thickness in the ROI overlap can be calculated
as the genetic correlation rg 5 (a11 3 a21)/�(a11

2 3 (a21
2 1

a22
2)). In a similar way the unique environmental correla-

tion can be obtained. All correlations were tested to estab-
lish if they significantly contributed to the association
between IQ and cortical thickness in the ROI by constrain-
ing a21 or e21 at zero. The goodness of fit of different mod-
els was evaluated by comparing differences in log-
likelihood. The difference between the 22 3 log likeli-
hoods of both models is chi-squared distributed with
degrees of freedom (df) equal to the difference in the num-
ber of parameters estimated in two models.

BDNF Genotyping

Buccal swabs were collected on two separate days and
genomic DNA isolated using a high salt potassium acetate
precipitation followed by a chloroform/isoamyl alcohol
(24:1) extraction. Details for buccal DNA extraction have
been described previously [Beekman et al., 2001; Meulen-
belt et al., 1995]. The 50 nuclease genotyping assay (Taq-
Man; Life Technologies, Foster City, CA) was utilized to
generate rs6265 genotypes from the purified genomic
DNA. BDNF locus specific primers and differentially
labeled probes to distinguish between the rs6265 alleles
were designed and manufactured at Life Technologies
(Assay ID: C_11592758_10). A 5 ml reaction consisting of 1
ml genomic DNA (10 ng/ml), 2.5 ml TaqMan Genotyping
Master Mix (23), 0.125 ml TaqMan Assay mix (403), and
1.375 ml AccuGene water (Lonza; Basel, Switzerland) was
prepared in a 384-well optical plate. Thermal cycling was
performed on an ABI 7900HT Fast real-time PCR system,
with cycling conditions consisting of an initial

Figure 2.

The bivariate genetic model for one individual. A1 and A2 repre-

sent the additive genetic factors acting on the intelligence mea-

sure (full scale, verbal or nonverbal IQ) and on cortical

thickness (CT) in a certain region of interest (ROI). C1 repre-

sents the common environmental factor acting on intelligence

only. Likewise, E1 and E2 represent the unique environmental

factors acting on intelligence and cortical thickness, respectively.

The variance of IQ is modeled as (a11)
2 1 (c11)

2 1 (e11)
2. The

variance of cortical thickness in the ROI is computed as (a21)
2

1 (a22)
2 1 (e21)

2 1 (e22)
2. The covariance between IQ and CT

(ROI) can be described as (a11 3 a21) 1 (e11 3 e21). The data

for twins from a pair are correlated as a function of zygosity:

for monozygotic twins, the factors A1 for twins 1 and 2 are fully

correlated (r 5 1.0); and likewise for A2. For dizygotic twins,

the correlations between factors A1 (and A2) for twins 1 and 2

are equal to 0.5. The correlations between factors E1 (and E2)

for twins 1 and 2 are by definition equal to 0 for all zygosities.

In both MZ and DZ twin pairs, the common environmental fac-

tors (C) are correlated unity.
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denaturation at 95�C for 10 min followed by 40 cycles of
95�C for 15 s and 60�C for 1 min. Sequence detection sys-
tems (SDS) software version 2.3 was used to generate the
genotype calls. Quality control consisted of confirming
positive and negative controls as well as genotyping some
samples in duplicate. Genotypes were unavailable for
three participants and failed for five participants. In the
total sample of twins with successful rs6265 genotyping,
136 subjects had the Val/Val genotype (63.0%), 70 had the
Val/Met genotype (32.4%), and 10 had the Met/Met geno-
type (4.6%). The genotype distribution of the rs6265 SNP
was in Hardy-Weinberg equilibrium (v2 5 2.16, 1 df).
Because of the low Met/Met genotype frequency Val/Met
and Met/Met carriers were grouped together in all analy-
ses. The rs6265 polymorphism was added as a post hoc
analysis, as a preparation for more elaborate genetic analy-
ses. No other SNPs were investigated.

RESULTS

Mean (sd) full scale IQ was 99.9 (13.5) at age 9, and
100.3 (14.1) at 12. Mean level of verbal and nonverbal IQ
was 99.6 (14.8) and 100.1 (12.3) at age 9. At age 12, chil-
dren had an average verbal and nonverbal IQ of 102.3
(12.5), and 98.36 (17.6), respectively. IQ scores were corre-
lated between ages 9 and 12 for full scale (r 5 0.71 [0.62,
0.78]; P < 0.0001), verbal (r 5 0.71 [0.61, 0.78]; P < 0.0001),

and nonverbal IQ (r 5 0.54 [0.42, 0.64]; P < 0.0001). Verbal
and nonverbal IQ were correlated at ages 9 (r 5 0.53 [0.42,
0.63]; P < 0.0001) and 12 (r 5 0.41 [0.26, 0.54]; P < 0.0001).
Mean cortical thickness was 3.36 (0.09) mm at age 9
and 3.30 (0.09) mm at age 12. Sex differences on cortical
thickness were small, and did not reach significance (Sup-
porting Information Fig. 1).

Correlations Between IQ and Cortical Thickness

Regions in which cortical thickness was correlated with
IQ (P < 0.05) are given in Table 1 for age 9 and age 12.
Overall, negative correlations were observed between cort-
ical thickness and full scale IQ, which were much more
pronounced at age 12, compared with age 9 (Fig. 3). At
age 12, negative phenotypic correlations between cortical
thickness and IQ reached up to 20.32. After FDR correc-
tion for multiple comparisons, there were no significant
correlations between full scale IQ and cortical thickness at
age 9. A considerable number of correlations between full
scale IQ and cortical thickness survived FDR correction at
age 12 (see Table 1).

Comparing verbal IQ to nonverbal IQ, phenotypic corre-
lations between intelligence and cortical thickness seem to
be driven by the verbal component of IQ, rather than the
nonverbal component (see Supporting Information Tables
SII and SIII). Significant negative correlations between
verbal IQ and cortical thickness were found at age 12, but

Figure 3.

Phenotypic correlations illustrating the emergence of the association between cortical thickness

and full scale IQ between ages 9 and 12 in left superior frontal medial, postcentral, and middle

frontal cortical areas. Cortical thickness was corrected for age at scanning, sex, and handedness.
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were absent at age 9. These correlations were more wide-
spread in the left hemisphere (mostly in frontal areas),
compared with the right hemisphere. Similar to verbal IQ,
a larger number and stronger negative correlations were
found at age 12 compared with age 9 for nonverbal IQ,
but only one correlation at age 12 survived FDR correction
(occipital middle area).

As there were small differences in the data collection
between baseline and follow-up, it is of importance to
exclude these possible confounders on the observed and
nonexistent correlations between IQ and cortical thickness.
Therefore, the effects of children who did not return at the
follow-up (dropout), the difference in the amount of sub-
tests between the two moments of testing, and the amount
of time between IQ assessment and MRI scanning were

explored in more detail. It is possible that at age 9, the chil-
dren who did not return at follow-up, obscured the correla-
tion emerging at age 12. One reason for this may be
differences in SES between baseline and follow-up, which
has been shown to influence heritability of intelligence [e.g.,
Hanscombe et al., 2011; Turkheimer et al., 2003]. In regions
that showed such a correlation at age 12, we repeated the
analysis at age 9, including only children that also returned
at follow-up. Still, no significant correlations at age 9 were
observed (all P’s > 0.05). This result also shows that the
small difference in SES between the group that returned
and the group that did not participate at follow-up did not
influence our results. Similarly, using only the IQ subtests
that were included at age 12 and repeating the analyses at
age 9 showed no significant correlations between

TABLE 1. Phenotypic correlations (rp), 95% confidence intervals and their associated v2 values between full scale IQ

and cortical thickness (per ROI) at age 9 and 12 (P < 0.05)

9 years 12 years

Cortical area rp v2 rp v2

L Precentral gyrus 0.02 [20.14, 0.18] 0.07 20.22 [20.39, 20.03] 4.92
Superior frontal gyrus 20.19 [20.34, 20.03] 5.73 20.17 [20.35, 0.03] 2.92
Middle frontal gyrus 20.09 [20.24, 0.06] 1.37 20.30a [20.47, 20.11] 9.34
Inferior frontal gyrus, opercular 20.03 [20.19, 0.13] 0.13 20.24 [20.41, 20.05] 5.94
Inferior frontal gyrus, triangular 20.12 [20.28, 0.05] 2.04 20.20 [20.38, 20.00] 4.16
Supplementary motor area 20.02 [20.18, 0.14] 0.05 20.25 [20.42, 20.05] 6.19
Superior frontal gyrus, medial 20.08 [20.24, 0.08] 0.98 20.28a [20.45, 20.09] 8.19
Superior frontal gyrus, medial orbital 20.13 [20.29, 0.04] 2.63 20.32a [20.48, 20.15] 12.22
Insula 20.07 [20.22, 0.08] 0.89 20.23 [20.41, 20.04] 5.69
Cingulate gyrus, median 20.10 [20.25, 0.06] 1.55 20.23 [20.40, 20.03] 5.04
Cuneus 20.05 [20.20, 0.10] 0.39 20.27a [20.43, 20.09] 8.09
Middle occipital gyrus 0.01 [20.14, 0.17] 0.02 20.29a [20.46, 20.11] 9.07
Postcentral gyrus 20.01 [20.18, 0.16] 0.02 20.27a [20.44, 20.08] 7.48
Superior parietal gyrus 20.13 [20.28, 0.03] 2.44 20.23 [20.40, 20.04] 5.46
Paracentral lobule 20.14 [20.32, 0.03] 2.58 20.29a [20.46, 20.08] 7.70
Temporal pole, superior temporal 20.09 [20.24, 0.06] 1.50 20.29a [20.45, 20.11] 9.55

R Precentral gyrus 20.08 [20.24, 0.07] 1.09 20.26 [20.42, 20.07] 7.26
Middle frontal gyrus, orbital 20.15 [20.30, 20.00] 3.91 20.06 [20.25, 0.13] 0.45
Inferior frontal gyrus, triangular 20.20 [20.33, 20.05] 6.69 20.02 [20.20, 0.16] 0.06
Supplementary motor area 20.13 [20.30, 0.03] 2.27 20.22 [20.39, 20.03] 4.92
Cingulate gyrus, median 20.11 [20.27, 0.04] 2.03 20.28a [20.45, 20.10] 8.85
Cingulate gyrus, posterior 0.00 [20.17, 0.17] 0.00 20.20 [20.36, 20.01] 4.47
Calcarine fissure 20.15 [20.29, 20.00] 3.96 20.15 [20.32, 0.04] 2.51
Cuneus 20.05 [20.21, 0.11] 0.38 20.19 [20.37, 20.00] 4.07
Fusiform gyrus 20.07 [20.22, 0.08] 0.81 20.26a [20.43, 20.09] 8.15
Postcentral gyrus 20.08 [20.25, 0.08] 1.00 20.23 [20.41, 20.04] 5.59
Paracentral lobule 20.13 [20.28, 0.03] 2.42 20.30a [20.46, 20.12] 10.14
Heschl gyrus 20.25 [20.39, 0.10] 10.12 20.21 [20.38, 20.03] 5.15
Superior temporal gyrus 20.03 [20.19, 0.14] 0.10 20.19 [20.36, 20.02] 4.51
Middle temporal gyrus 20.12 [20.27, 0.03] 2.42 20.25a [20.40, 20.08] 8.23

All analyses are corrected for sex, age at scanning, and handedness effects on cortical thickness. In Table 1, only regions that showed a
correlation with full scale IQ at either age 9 or age 12 (or both) are displayed. Full scale IQ was not significantly correlated with mean
cortical thickness at age 9 (rp 5 20.10; [20.26, 0.06]) but was significantly correlated with mean cortical thickness at age 12 (rp 5 20.26;
[20.43, 20.08]). L 5 Left; R 5 Right; IQ 5 intelligence quotient. Significant correlations (P < 0.05) are displayed in bold.
aSignificant correlations after FDR correction for multiple comparisons, only present at age 12 (critical v2 5 7.48/8.15 for left/right hemi-
sphere respectively).
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intelligence and cortical thickness. Finally, the differences in
the time period between the cognitive assessment and
moment of scanning at baseline could not explain the
absence of a correlation at age 9 compared with age 12,
where IQ tests and MRI acquisition was done at the same
day.

Genetic Modeling

Heritability of full scale IQ was 42% at age 9 and 56% at
age 12. Heritability for verbal IQ and nonverbal IQ was 39
and 55% at age 9, and 19 and 72% at age 12, respectively.
For full scale and verbal IQ, common environmental influ-
ences explained 33 and 41% of the variance at age 9, and
25 and 56% at age 12. Genetic correlations between the IQ
measures at age 9 and 12 were high (>0.64; significant for
full scale and nonverbal IQ), see Supporting Information
Table SIV. Genetic correlations between cortical thickness

at age 9 and 12 were also high (Fig. 4), indicating that the
same genes influence these traits at both ages.

Results from the bivariate genetic model fitted on the
data for the ROIs in which cortical thickness showed a cor-
relation with full scale IQ, verbal or nonverbal IQ (FDR
corrected; only present at age 12) are given in Table 2. In
most ROIs in both left and right hemispheres, genetic cor-
relations (rg) were between 20.54 and 21.00, indicating
that the same genetic factors to a large extent act on
(verbal) IQ and the cortical thickness of a specific ROI.

Several studies have reported an age-dependency of the
signal contrast [Salat et al., 2009; Westlye et al., 2009, 2010]
and as most segmentation methods are calibrated on adult
samples, it is easier to segment brains that are more adult-
like. Hence, the absence of a correlation between cortical
thickness and intelligence at age 9 and its presence at age
12 may be in part explained by changes in the signal con-
trast. The genetic modeling results may give some insight
whether this might be the case: If the (genetic) associations

Figure 4.

Heritability estimates per ROI at age 9 and 12 (with confidence intervals) and genetic correla-

tions over age (with confidence intervals) for the right and left hemisphere.
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between intelligence and cortical thickness would not
change over time but are obscured at the first measurement
by a bigger measurement error (i.e. unique environmental
variance) one would expect (i) the genetic covariance
between intelligence and cortical thickness to stay the same
while (ii) estimates of environmental variance of cortical
thickness decrease over time. We found both a decrease in
environmental variance over time in more than half (51) of
the areas and an increase in (absolute) genetic covariance in
most (63) areas; the two effects strengthening each other.
On the basis of our findings, we cannot rule out that a
greater environmental variance in the younger group may
have obscured an existing correlation between intelligence
and cortical thickness at age 9 to some extent. However, the
finding that genetic covariance increases over time does
suggest that genetic factors also play an important role in
the emergence of this correlation and that differences in sig-
nal intensity is not the only explanation.

Associations Between BDNF Genotype, IQ, and

Cortical Thickness

In cortical regions in which we showed a genetic associ-
ation between IQ and cortical thickness, we investigated
the effect of the BDNF-genotype. The group having at least
one Met allele scored lower than the group homozygote

for the Val allele on all IQ measures, but none of these dif-
ferences were statistically significant. In almost in all
regions, the group having at least one Met allele had a
thicker cortex, which reached statistical significance in the
left parietal superior area (see Table 3).

DISCUSSION

Cortical thinning occurring at the brink of puberty is
accompanied by an increasing association between cortical
thickness and intelligence and this growing association is
driven by genetic influences. At 9 years of age, cortical
thickness and intelligence are not significantly correlated
at the phenotypic level. At age 12, an association between
cortical thickness and intelligence emerges: children with a
higher intelligence score have a thinner cortex, specifically
in the left frontal cortex. When separating verbal and non-
verbal IQ, it becomes apparent that this association is
mainly driven by the verbal component of intelligence. In
contrast, nonverbal intelligence and cortical thickness are
not correlated, neither at age 9 nor at age 12. To a large
extent, genetic factors acting on (verbal) IQ and cortical
thickness at age 12 are the same. It seems that at the onset
of puberty, genes that explain variation in both intelligence
and in cortical thickness increase their influence, which

TABLE 3. Effects of the BDNF-genotype on intelligence measures and cortical thickness (age 12)

BDNF genotype

Intelligence measure Val/Val homozygotes Met carriers

Full scale IQ (age 9) 101.5 (13.7)(N 5 137) 98.0 (13.2)(N 5 81)
Verbal IQ (age 9) 101.2 (15.2)(N 5 137) 98.1 (14.3)(N 5 81)
Performance IQ (age 9) 101.5 (12.4)(N 5 137) 98.0 (11.6)(N 5 81)
Full scale IQ (age 12) 102.0 (14.6)(N 5 75) 99.0 (13.6)(N 5 49)
Verbal IQ (age 12) 102.8 (13.9)(N 5 75) 101.0 (11.1)(N 5 49)
Performance IQ (age 12) 100.2 (17.5)(N 5 103) 96.1 (17.6)(N 5 75)

Cortical area
Cortical thickness (N 5 76)

Mean (sd) in mm
Cortical thickness (N 5 49)

Mean (sd) in mm

L Middle frontal gyrus 3.32 (0.14) 3.35 (0.12)
Inferior frontal gyrus, orbital part 3.65 (0.21) 3.66 (0.18)
Superior frontal gyrus, medial 3.68 (0.17) 3.70 (0.19)
Cuneus 3.36 (0.28) 3.40 (0.25)
Superior parietal gyrusa 3.03 (0.13) 3.08 (0.14)
Precuneus 3.36 (0.13) 3.40 (0.14)
Paracentral lobule 3.25 (0.26) 3.26 (0.18)

R Supplementary motor area 3.76 (0.17) 3.78 (0.18)
Cingulate gyrus, median 3.73 (0.15) 3.75 (0.15)
Fusiform gyrus 3.40 (0.14) 3.40 (0.11)
Paracentral lobule 2.94 (0.24) 2.97 (0.22)
Middle temporal gyrus 3.53 (0.14) 3.50 (0.13)

Mean (sd) IQ measures and mean cortical thickness (sd) in mm are given for the Val/Val homozygotes. Only areas in which genetic
factors caused the association between intelligence and cortical thickness are shown (see Supporting Information Table 2). BDNF 5

brain-derived neurotrophic factor; IQ 5 intelligence quotient.
aSignificant difference between Val/Val homozygotes and Met-carriers (P 5 0.04; corrected for familial dependencies).
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manifests itself in the emergence of an association between
cortical thickness and intelligence.

The rapid changes with age in the associations between
cortical thickness and intelligence makes it hard to make
comparisons between studies. Tamnes and colleagues
reported a negative association between the two in late
childhood/young adolescence in a group of participants
whose age range (8–14) overlaps with the ages (9 and 12
years) in the current study. After age 14, the association
disappeared [Tamnes et al., 2011]. The emergence of the
association the ages of 9 and 12 is consistent with the
observation that more intelligent children show a steeper
decline in cortical thinning [Shaw et al., 2006]. However,
the latter study showed this thinning only after age 14, at
the age at which switch from negative to positive correla-
tions already had occurred. A positive correlation was
also observed in a cross-sectional sample with ages rang-
ing from 6 to 18 [Karama et al., 2011]. The group of chil-
dren in the current study is representative of the
intelligence level in the general population, with and aver-
age IQ score of 100 and half of the sample showing a
score below 100. This last group often is not well repre-
sented in other studies. It seems that timing of (cortical)
development and intelligence scores are much intertwined
and it is therefore hard to extrapolate our findings outside
the ages studied here.

Results concerning the association of brain structure and
verbal abilities have been mixed thus far. Negative correla-
tions between cortical thickness and a verbal fluency task,
after controlling for verbal intelligence have been found, in
left temporal and parietal areas [Porter et al., 2011].
Improvement on a verbal task has been linked to
decreases in cortical gray matter [Sowell et al., 2004]. In
contrast, increases in verbal intelligence were recently
linked to increases in gray matter density in a motor-
speech region [Ramsden et al., 2011]. Similar to general
intelligence, the correlates of verbal abilities in brain struc-
ture seem to be age and region specific.

The differences we find between the ages of 9 and 12
may be linked to a time-window in which language devel-
opment occurs most easily. It has been suggested that first
language acquisition occurs most optimally before the age
of 12 [Sakai, 2005]. Maybe not coincidentally, the influence
of the environment on verbal intelligence, which is sub-
stantial in childhood, has almost disappeared at age 12
[Hoekstra et al., 2007]. We may hypothesize that after a
period in which language acquisition is optimal and most
sensitive to environmental influences, the relative influence
of genetic factors become more important. This process
may manifest itself in the emergence of genetically driven
associations between cortical thickness and verbal intelli-
gence. Supporting this train of thought is the fact that in
this sample, a high genetic correlation was found for corti-
cal thinning in both Broca’s and Wernicke’s area [van Soe-
len et al., 2012]. It must be noted that our present study
does not allow for drawing conclusions about (genetic)
influences on cortical thinning.

The associations between verbal intelligence and cortical
thickness were strongest in the left frontal lobe. Develop-
ment of the frontal lobe has been linked to the develop-
ment of cognitive functions, specifically the development
of temporal integration of information [Fuster, 2002] and
might therefore not only be linked to language but also to
other forms of higher executive functioning. Our results
may be seen in the light of the parieto-frontal integration
theory of intelligence [P-FIT; Jung and Haier, 2007] which
links a network of areas (including the dorsolateral pre-
frontal cortex, the parietal lobe, the anterior cingulate cor-
tex and regions within the occipital and temporal lobes) to
cognitive abilities. This theory also stresses the importance
of the left hemisphere as the most important for cognitive
task performance.

As a post hoc analysis, we investigated the effects of the
BDNF Val66Met genotype on intelligence and cortical
thickness. The genotype has been shown to modulate the
association between intelligence and white matter proper-
ties [Chiang et al., 2011]. On a functional level, the BDNF
variant has been mostly associated with memory perform-
ance: Met-carriers perform worse on memory tasks and
show less hippocampal activation [Egan et al., 2003; Hariri,
2003]. In adolescents, this finding could not be replicated
[Hansell et al., 2007]. Findings linking BDNF to intelli-
gence have been somewhat contradictive [Harris et al.,
2006; Houlihan et al., 2009; Miyajima et al., 2008]. Here we
found lower intelligence scores in the Met-carriers, but the
difference was not significant. A thinner cortex and
reduced hippocampal volume has been found in adults
carrying the Met-allele [Pezawas et al., 2004]. Here, we
find the opposite pattern. Considering that the cortex is
rapidly changing in our group of (pre)pubertal children, it
may be that the genetic effect of the BDNF-allele is age
dependent. As genes explain a large part of the association
between cortical thickness and intelligence, we may not
state with certainty that the BDNF variant is one of them
based on our findings.

There are several limitations to take into account when
interpreting the results of this study. First, several studies
have reported an age-dependency of the signal contrast
throughout the lifespan [Salat et al., 2009; Westlye et al.,
2009, 2010] and segmentation is likely to be harder in
younger children. It is therefore possible that the associa-
tion between cortical thickness and intelligence does not
change but is obscured at the younger age by a bigger
measurement error. However, while we indeed found a
decrease of environmental variance (which includes mea-
surement error) over age, this was accompanied by an
increase in (absolute) genetic variance, indicating that
reduced measurement error cannot be the only reason for
the association with intelligence coming up. Second,
genetic correlations can be the result of several underlying
mechanisms: either the same genetic factors are directly
responsible for both phenotypes, or the genetic influences
on one of the phenotypes seep through onto the other
over time through a causal relationship. Finally, our choice
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of performing genetic analyses only in those regions that
showed a significant correlation between intelligence and
cortical thickness does not take into account that it is well
possible that genetic and environmental correlations with
opposite signs exist. Evidence that this occurred was lim-
ited in our sample.

CONCLUSION

In conclusion, the associations between cortical thickness
and intelligence are limited at age 9. Over the next 3 years,
an association between a thinner cortex, mainly in the left
hemisphere, and a higher intelligence arises. These associ-
ations at age 12 are predominantly driven by genes.
Around the onset of puberty, genes that explain variation
in both intelligence and in cortical thickness seem to
increase their influence, which manifests itself in the emer-
gence of an association between cortical thickness and
intelligence.
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