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Article history: ) Human brain volumes change throughout life, are highly heritable, and have been associated with general
Accepted 28 April 2014 cognitive functioning. Cross-sectionally, this association between volume and cognition can largely be attributed

Available online 9 May 2014 to the same genes influencing both traits. We address the question whether longitudinal changes in brain volume

or in surface area in young adults are under genetic control and whether these changes are also related to general
cognitive functioning. We measured change in brain volume and surface area over a 5-year interval in 176 mono-
zygotic and dizygotic twins and their non-twin siblings aged 19 to 56, using magnetic resonance imaging. Results
show that changes in volumes of total brain (mean = — 6.4 ml; 0.5% loss), cerebellum (1.4 ml, 1.0% increase), ce-
rebral white matter (4.4 ml, 0.9% increase), lateral ventricles (0.6 ml; 4.8% increase) and in surface area
(—19.7 m?1.1% contraction) are heritable (h2 = 43%; 52%; 29%; 31%; and 33%, respectively). An association be-
tween IQ (available for 91 participants) and brain volume change was observed, which was attributed to genes
involved in both the variation in change in brain volume and in intelligence. Thus, dynamic changes in brain

structure are heritable and may have cognitive significance in adulthood.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Human brain volume is highly heritable in children (Lenroot et al.,
2009; Peper et al., 2009; Wallace et al., 2006) and in adults (Baaré
et al., 2001; Pfefferbaum et al., 2000; Thompson et al., 2001; Wright
et al., 2002), with heritability estimates exceeding 90% (Peper et al.,
2007). This suggests that genetic influences on overall brain size are
present early in childhood and remain important in adulthood. Howev-
er, it is well known that brain volume is far from static and changes
throughout life. Having reached approximately 90% of its adult size
around the age of six (Giedd et al., 1999), dynamic changes in brain
structure continue to take place in children and adolescents (Giedd
et al,, 1999; Gogtay et al., 2004; Shaw et al, 2006; van Soelen et al.,
2013), and on the other side of the age spectrum in older adults over
60 years of age (Bartzokis et al., 2001; Liu et al., 2003; Pfefferbaum
et al., 2004; Raz et al., 2005; for review see Hedman et al., 2012). At
both extremes of the age spectrum, changes in brain structure were
found to be heritable (Pfefferbaum et al, 2004; van Soelen et al, 2012,
2013). In young adulthood, and particularly between 20 and 40 years
of age, a period or relative stability in total brain volume is found (for re-
view see Hedman et al., 2012), despite heritable focal changes in cortical
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thickness (Brans et al, 2010). At the individual level however, there is
variation in the extent to which total brain volume and surface area
changes in this period and it is not known whether genes are implicated
in this process.

Several studies have shown that level of intelligence is positively
correlated with total brain volume (Posthuma et al., 2002; Thompson
et al.,, 2001), focal grey (Frangou et al., 2004; Haier et al., 2004;
Hulshoff Pol et al., 2006; Thompson et al., 2001) and white (Hulshoff
Pol et al., 2006) matter densities, and that these associations are medi-
ated by common genetic factors (Hulshoff Pol et al., 2006; Posthuma
et al,, 2002; Toga and Thompson, 2005). Moreover, young adults with
a higher intelligence show attenuated cortical thinning and more pro-
nounced cortical thickening over time than subjects with average or
below average intelligence (Brans et al., 2010). In adolescents, cortical
maturation has been associated with intelligence (Brouwer et al.,
2013; Shaw et al., 2006), as well as with changes in intelligence over
time (Burgaleta et al., 2014; Ramsden et al., 2011). Thus, genes involved
in individual variations in intelligence (Plomin and Spinath, 2004) over-
lap with those for individual variations in brain volume (Posthuma
etal., 2002), and with local cortical thickness change (Brans et al, 2010).

However, it is unknown whether genes influence brain volume
change in adulthood. Moreover, it is unclear whether brain volume
change is associated with intelligence and if common genes are impli-
cated in the association. Therefore, we examined whether changes in
brain volume and surface area over time are related to intelligence
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and if so, whether genes common to both influence this relationship.
This was investigated in a large longitudinal magnetic resonance imag-
ing (MRI) study in 176 adult individuals from 86 twin families between
19-56 years of age, with a 5-year interval between scans.

Methods
Subjects

Twins and their siblings were from the twin-pair cohort at the Uni-
versity Medical Centre Utrecht and from the Netherlands Twin Registry,
VU University Amsterdam, as described in Brans et al. (2010). At base-
line assessment, a total of 242 participants from 106 twin families
were assessed. Average age was 29 years. After 5-years 176 participants
from 86 families (51 monozygotic (MZ) males, 41 dizygotic (DZ) males,
23 MZ females, 39 DZ females, and 22 siblings (11 males and 11 fe-
males)) participated again (Table 1; return rate 75%; 6 participants
dropped out at follow-up due to poor scan quality). All participants
gave written informed consent. DNA testing using polymorphic markers
determined zygosity. Except for one twin pair, all twins and their
siblings were reared together. Two twin pairs were born by caesarean
section delivery. The study was carried out according to the directives
of the “declaration of Helsinki” (amendment of Edinburg, 2000) and
was approved by the medical ethics committee for research in humans
(METC) of the University Medical Centre Utrecht, the Netherlands.

Brain imaging

Magnetic Resonance Imaging brain scans were acquired on a Philips
NT (Best, the Netherlands) scanner on 1.5 T in all subjects. T1-weighted
three-dimensional fast field echo (3D-FFE) scans with 160-180
contiguous coronal slices scans (TE = 4.6 ms, TR = 30 ms, flip angle =
30°, 1 x 1 x 1.2 mm? voxels), and T2-weighted dual-echo turbo-spin-
echo (DE-TSE) scans with 120 contiguous coronal slices (TE1 = 14 ms,
TE2 = 80 ms, TR = 6350 ms, flip angle = 90°, 1 x 1 x 1.6 mm? voxels)
of the whole head were used for quantitative measurements. In addition,
T2-weighted dual-echo turbo-spin-echo (DE-TSE) scans (TE1 = 9 ms,
TE2 = 100 ms, flip angle = 90°, 0.98 x 0.98 mm?) with 19 axial 5-mm
slices and 1.2-mm gap of the whole head were used for clinical
neurodiagnostic evaluation.

Processing was done on the neuroimaging computer network of the
Department of Psychiatry at the University Medical Center Utrecht. All
images were coded to ensure blindness for subject identification and
diagnoses, scans were manually put into Talairach frame (no scaling)
for segmentation purposes, and corrected for inhomogeneities in the
magnetic field (Sled et al., 1998). Our automatic processing pipeline
was used for segmentation of total brain, grey (GM) and white matter

(WM) of the cerebrum (Brouwer et al., 2010). In short, pure GM and
WM intensities were directly estimated from the image. The amounts
of pure and partial volume voxels were modeled in a non-uniform par-
tial volume density, which is fitted to the intensity histogram. Expected
tissue fractions, based on the pure intensities and the partial volume
density, were subsequently computed in each voxel within the cere-
brum. Intracranial, ventricle and cerebellum segmentations were
checked after measurement and corrected manually if necessary
(Schnack et al., 2001).

To estimate the cortical surface, we used the CLASP (Constrained
Laplacian Anatomic Segmentation Using Proximity) algorithm designed
at the McConnell Brain Imaging Centre of the Montréal Neurological In-
stitute (Kabani et al.,, 2001; Kim et al.,, 2005; MacDonald et al., 2000). A
3-dimensional surface consisting of 81,920 polygons was fitted to the
WM-GM interface. This defined the inner surface of the cortex, which
was then expanded to fit the GM-cerebrospinal fluid interface, thereby
creating the outer cortical surface (Kim et al., 2005; MacDonald et al.,
2000). The surfaces of the participants were registered to an average
surface created from 152 individuals (International Consortium for
Brain Mapping: Lyttelton et al., 2007) allowing comparison of cortical
surface locally between subjects both at baseline as well as follow-up
measurement. The mid-areas between the white matter (i.e., inner sur-
face) and the grey matter (i.e., outer surface) at baseline and follow-up
measurement were used as a measure of cortical surface area. These
were subtracted to obtain a measure of surface area change.

Cognitive assessment

Intelligence was estimated by the total Intelligence Quotient (1Q),
verbal IQ and performance IQ, as based on the Dutch 1997 experimental
version of the WAIS III. IQ was available at baseline for 119 participants
of the original sample (41 MZ (20 complete pairs), 59 DZ (27 complete
pairs), 19 siblings), of whom 91 had repeated MRI measurements
(43 twin families (26 monozygotic (11 complete pairs), 48 dizygotic
(21 complete pairs), 17 siblings)).

Statistical analyses

To estimate the relative contribution of genetic and common and
unique environmental factors on the variation of brain volume change
and surface area change, the extended twin-sibling model was applied.
This model is based on the fact that MZ twins are genetically identical
and DZ twins share on average 50% of their genes. Both types of twins
share their familial environment. Therefore, if MZ twins resemble each
other more than DZ twins, genetic factors are important for that trait.
The presence of shared environmental factors is suggested when corre-
lations in DZ twins are larger than half the MZ correlation. Unique

Table 1
Demographics of the twins and their siblings.
MZ DZ Siblings
Sex, male/female 51/23 41/39 11/11
Age at time of the first scan, y* [range] 31.09 (9.02) 28.21 (5.98) 28.01 (3.07)

[19.45 to 55.88]

Height, cm 177.12 (8.97)
Handedness, r/l/ambidextrous 57/15/2
Level of education, y 13.69 (12.90)
Parental level of education, y 1222 (2.64)
Follow-up duration, y* 5.13 (0.56)
Full-scale 1Q° 106.8 (15.3)
Verbal 1Q" 107.2 (15.8)
Performance 1Q" 103.1 (13.0)

[19.07 to 51.58]
177.14 (8.81)

[20.22 to 31.34]
174.32 (11.97)

67/7/6 17/4/1
1341 (2.56) 12.73 (3.18)
12.08 (2.76) 12.05 (2.79)
551 (0.69) 5.41 (0.55)
103.4 (8.3) 105.6 (12.3)
104.0 (8.2) 108.9 (15.5)
101.7 (10.2) 98.9 (83)

Means and standard deviations (number of subjects for categorical variables).

@ Age differed significantly between the groups (i.e., MZ, DZ and siblings); F»173 = 7.10, p = 0.001, post-hoc analysis for multiple comparisons revealed that this was due to MZ twins
having significantly higher age than DZ twins. F-u duration differed significantly between the groups: F, 173 = 3.54, p = 0.031, post hoc analysis for multiple comparisons revealed that

this was due to DZ twins having significantly longer f-u duration than MZ twins.

b Full-scale, Verbal and Performance IQ were available in 91 participants that had repeated MRI scans.
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environmental influences are present if the MZ correlation is less than 1
(Boomsma et al., 2002). By including siblings, the statistical power to
detect the influences of common environmental factors shared by
family members is enhanced, because, similar to DZ twins, a twin and
its non-twin sibling also share 50% of their genes on average and share
the familial environment (Posthuma et al., 2000).

Linear effects of sex and age on brain volume change/surface area
change per year were tested using structural equation modeling
(SEM), thereby corrected for familial dependencies. For genetic model
fitting, SEM was performed to investigate the relative contributions of
genetic and environmental factors of brain volume change and surface
area change. SEM can estimate the contribution of additive genetic
(A), common (or shared) environmental (C) and unique environmental
(E) factors to the variance in one trait by maximizing the likelihood
function, which is in part determined from comparing the observed
covariance matrix to the covariance matrix predicted by the model.
Because brain volumes/surface area and intelligence in adulthood
show little evidence for influences of shared environment (C), analyses
incorporating change measures and IQ were based on models contain-
ing additive genetic (A) and unique environmental (E) influences
only. To determine whether change over time was significantly differ-
ent from zero, we first computed change values per year, corrected for
age and sex using a linear regression model, and then tested whether
the mean was zero in a univariate model. Unstandardized residuals of
these regressions were entered in a univariate model to establish
heritability. All available data were entered in the model estimating
heritability of brain volume change/surface area change, using raw
data maximum likelihood estimation of parameters.

The bivariate genetic analysis yielded an estimate of the phenotypic
correlations (rpn) between brain volume change/surface area change
and 1Q, which can result from correlated genes or correlated environ-
mental factors represented by genetic (ry) and environmental correla-
tions (re) respectively. Decomposition of the phenotypic correlations
was based on the comparison of cross-trait/cross-twin correlations for
MZ and DZ twins, i.e., the correlation between a trait (e.g., brain volume
change) of twin 1 with another trait (e.g., IQ) of twin 2, where twin 1
and twin 2 represent the two twins from a pair. If the absolute value
of the correlation between brain volume change of twin 1 and IQ of
twin 2 is larger in MZ twins than in DZ twins, this indicates that genes
influencing brain volume change (partly) overlap with genes that influ-
ence IQ. The extent of the overlap is reflected by the magnitude of the
genetic correlation rg. Likewise, r. represents the extent of overlap of
environmental factors influencing the traits. The extent, to which either
of these correlations explains the observed correlation between two
traits, also depends on the etiology of the traits. For example, a genetic
correlation between two traits may exist, but when the traits them-
selves show a low heritability, this genetic correlation will only explain
the observed correlation to a small extent. We therefore also computed
the rph-a and rph-e (Toulopoulou et al., 2007), which is defined by the
genetic (environmental, respectively) covariance, divided by the stan-
dard deviations of the two traits. These two can be interpreted as the
phenotypic correlation that would be observed if only genetic factors
(environmental factors, respectively) would be taken into account.

It was tested whether an AE model fits as well as an E model, taking
the simplest model explaining the data best. A Chi-squared larger than
x* = 3.84 (1 df) (Neale et al,, 2003) indicates a significant difference
atalpha = 0.05, which means that the reduced model provides a signif-
icantly worse fit to the data and indicates that the discarded effect
(e.g. additive genetic influence) cannot be left out of the model without
seriously deteriorating the goodness of fit. All analyses were performed
using the OpenMX package (Boker et al., 2011).

As a post-hoc analysis, we investigated whether the influences of
genes on brain changes were the same for males and females. We first
tested for quantitative sex differences by allowing the correlation be-
tween additive genetic factors acting on members of opposite-sex
twin pairs and opposite-sex sibling pairs to be smaller than 0.5. If this

is the case, it can be concluded that different genetic factors act
on brain volume change for males and females. In the second step, we
tested for qualitative sex differences by constraining the correlation
between males and females to be equal within zygosity.

Results
Changes in brain volumes and surface area

Over the 5-year interval, whole brain volume decreased [mean
(sd) = —6.40 (19.97) ml; percent change = — 0.51 (1.58)%], with
66% of the adult participants showing whole brain volume loss (See
Table 2; Fig. 1). Cerebral volume decreased [—7.67 (18.79) ml; per-
cent change = —0.70 (1.69)%] with 67% of the participants showing
cerebral volume decrease. Cerebral white matter volume increased
[4.38 (16.57) ml; percent change = 0.91 (3.27)%], with 64% of the
participants showing cerebral white matter volume increase. Cere-
bral grey matter volume decreased [—12.05 (12.35) ml; percentage
change = —1.97 (1.99)%], with 86% of the adult participants show-
ing a decrease in grey matter volume over the 5-year interval. Cere-
bellum volume increased [1.43 (3.33) ml; percentage change = 1.04
(2.44)%], with 64% of adult participants having an increase. This was
due to an increase in cerebellar white matter volume (2.97 ml
(8.0%)) accompanied by a decrease in cerebellar grey matter volume
(—1.55ml (—1.47%)). Lateral ventricles increased [0.61 (1.23) ml;

Table 2

Heritability (percent additive genetic effects of total variance) of brain volume changes
and surface area change. Third and fourth column show raw (uncorrected for age and
sex) change during the 5 year interval in ml for brain volume and cm? for surface area.
Heritability estimates of brain volume changes and surface area change were based on
176 subjects.

Structure h? of change (CI)? Change” Change %
Total brain 0.43[0.17 to 0.62] —6.40 (19.97) —0.51(1.58)
Cerebrum 0.48 [0.22 to 0.67] —7.67 (18.79) —0.70 (1.69)
Cerebrum GM 0.10 [0.00 to 0.35] —12.05 (12.35) —1.97 (1.99)
Cerebrum WM 0.29 [0.02 to 0.52] 438 (16.57) 091 (3.27)
Cerebellum 0.52 [0.34 to 0.66] 143 (3.33) 1.04 (2.44)
Cerebellum GM 0.25 [0.02 to 0.46] —1.55 (4.75) —147 (4.84)
Cerebellum WM 0.42[0.20 to 0.59] 297 (547) 8.0 (16.10)
Lateral ventricles 0.31[0.09 to 0.51] 0.61 (1.23) 4,76 (9.14)
Third ventricles 0.29 [0.08 to 0.48] 0.03 (0.15) 424 (17.80)
Surface 0.33 [0.07 to 0.53] —19.69 (25.84) —1.05 (1.37)
Left hemisphere h? of change (CI)? Change” Change %

L brain 0.45 [0.19 to 0.65] —2.09 (11.77) —0.32(1.87)
L cerebrum 0.52 [0.24 to 0.70] —3.01 (10.29) —0.54 (1.85)
L cerebrum GM 0.10 [0.00 to 0.36] —5.19 (7.32) —1.68 (2.36)
L cerebrum WM 0.23 [0.00 to 0.48] 2.18 (8.62) 091 (3.33)

L cerebellum 0.13[0.00 to 0.35] 0.90 (2.51) 1.32 (3.62)

L lateral ventricles 0.28 [0.04 to 0.50] 0.32 (0.66) 4.77 (9.45)

L surface 0.36 [0.11 to 0.54] —9.21 (13.65) —0.98 (1.45)
Right hemisphere h? of change (CI)? Change” Change %

R brain 0.14 [0.00 to 0.36] —431(11.30) —0.69 (1.79)
R cerebrum 0.31[0.05 to 0.53] —4.66 (10.05) —0.85 (1.80)
R cerebrum GM 0.16 [0.00 to 0.38] —6.86 (6.86) —2.26(2.25)
R cerebrum WM 0.28[0.32 to 0.51] 2.19 (8.45) 0.93 (3.42)

R cerebellum 0.00 [0.00 to 0.20] 0.53 (2.67) 0.80 (3.92)

R lateral ventricles 0.30[0.09 to 0.48] 0.28 (0.62) 4.83 (9.76)

R surface 0.24 [0.00 to 0.46] —1047 (13.93) —1.11(1.48)

In bold = significant.

h? = heritability (the percentage additive genetic effect of the total variances).
Total brain = cerebrum + cerebellum + brain stem.

GM = Gray Matter.

WM = White Matter.
CI = Confidence Interval

@ Univariate heritability estimates were based on the data corrected for age and sex.
Performing the analysis on the uncorrected data showed similar results.

b Mean (SD) raw change in volumes (ml), surface area (cm?) over a 5 year interval.
Significance testing of change is based on values per year corrected for age and gender.
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Fig. 1. Brain volume change over a five year interval (ml). Brain volume change in ml for
total brain (TB); grey matter (GM); white matter (WM); cerebellum (CB); grey matter
of the cerebellum (CBGM); white matter of the cerebellum (CBWM); lateral ventricles
(LAT) and third ventricle (3rd), for the left hemisphere, right hemisphere and hemi-
spheres combined in 176 subjects.

percent change = 4.76 (9.14)%] with 69% of the participants showing an
increase in lateral ventricles over the 5-year interval. Surface contracted
[—19.69 (25.84) cm?; percentage change = — 1.05 (1.37)%] with 78% of
the participants showing surface contraction. Decreases and increases
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described above were also seen when considering left and right hemi-
sphere separately (Table 2). We found no significant sex effects on
change. A significant age effect on cerebral GM change (total; p =
0.004, right; p = p< 0.001) in that a higher age at baseline was associat-
ed with a smaller decrease for total and right cerebral GM. Cerebral WM
change resulted in a significant age effect (total; p = 0.001, left; p =
0.007, right; p < 0.001) where those with a higher age at baseline had
a larger decrease/smaller increase in cerebral WM. Furthermore, a
significant age effect was found for change in the ventricles (total;
p < 0.001, left; p = 0.002; right; p < 0.001) in that higher age at base-
line was associated with larger increase in the ventricles. Despite the
lack of significant effects of age and sex on several change measures,
we chose to correct all variables for age at baseline and sex to exclude
possible effects on heritability estimates. These corrected values were
entered in the twin model.

As a post-hoc analysis, we measured the differences between the
subjects that showed brain growth over time (33%), as compared to
those that showed brain volume decrease (66%). There were no differ-
ences in age at baseline, sex, follow-up duration and zygosity between
these groups. There were slightly more siblings than twins in the
group that showed brain increases (p = 0.04). Subjects showing
brain volume increases had significantly higher IQ (p < 0.001), VIQ
(p <0.001) but also PIQ (p = 0.01) compared to subjects showing
brain decreases. The brain volume increase could mainly be attributed
to white matter volume increase: At baseline, the two groups showed
no difference in white matter and total brain volume. Subjects showing
an increase in total brain volume showed an increase in white matter
volume (p < 0.001), whereas subjects showing total brain volume de-
crease did not. Subjects showing brain volume increases, had larger
ventricles at baseline (p = 0.01), but their ventricles did not increase
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Fig. 2. Heritability of 5-year brain volume change. The color of brain regions represents the heritability estimate (h?). Correlations for volume change in whole brain and cerebellum
between monozygotic (MZ) twin pairs (34 complete pairs) and dizygotic (DZ) twin pairs (34 complete pairs) are shown. Regression lines are shown in black.
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over the five year interval, compared to subjects showing brain volume
decreases.

Heritability of brain volume and surface area change

Heritabilities of brain volume change and surface area change
over time are listed in Table 2. (See Supplemental Table 1 for twin-
correlations for changes in brain structure). Additive genetic effects
accounted for 43% (CI: 17 to 62) of the variance in whole brain volume
change (Fig. 2), and 48% (Cl: 22 to 67) in cerebrum (whole brain exclud-
ing the cerebellum and brain stem) volume change. Cerebellum volume
change showed significant heritability with additive genetic effects ac-
counting for 52% (Cl: 34 to 66) of the total variance (Fig. 2). Cerebellar
white matter volume change and cerebellar grey matter volume change
were heritable with additive genetic factors accounting for 42% (CI: 20
to 59) and 25% (CI: 2 to 46) of the variance, respectively. Cerebral GM
volume change was not significantly influenced by genetic factors. In
contrast, cerebral WM volume change showed a significant heritability
of 29% (CI: 2 to 52). Change in lateral and third ventricle volumes
showed significant heritabilities of 31% (CI: 9 to 51) and 29% (CI: 8 to
48) respectively. Total surface area change showed a significant herita-
bility with genetic factors accounting for 33% (CI: 8 to 54) of the total
variance. Overall, genetic influences reached somewhat higher esti-
mates in the left as compared to the right hemisphere. Results were
comparable computing heritabilities of change values uncorrected for
age and sex.

The post-hoc analysis on the influence of sex on the heritability
of brain volume change revealed no significant quantitative sex
differences. There also were no significant qualitative sex-difference,
but the difference between males (42%) and females (86%) reached
borderline significance (p = 0.052). See Supplemental Table 2 for
more details.

Heritability of intelligence

Within twin-pair correlations for monozygotic twins were 0.81
(CI: 0.65 to 0.90), 0.79 (CI: 0.61 to 0.89) and 0.72 (CI: 0.49 to 0.85) for
full-scale, verbal and performance IQ respectively.

Dizygotic/twin-sib correlations were 0.46 (Cl: 0.17 to 0.67), 0.52
(CI: 0.26 to 0.70) and 0.24 (CI: —0.07 to 0.51) for full-scale, verbal
and performance IQ respectively. Heritability of full-scale, verbal
and performance IQ were estimated at 0.81 (CI: 0.69 to 0.89), 0.79
(Cl: 0.66 to 0.87) and 0.71 (CI: 0.51 to 0.83), respectively.

Associations between brain volume change/surface area change
and intelligence

Significant phenotypic correlations (r,,) were found between full
scale IQ and volume change in total, left and right whole brain change
(rpnh = 0.40, rpp, = 0.27, and rpp, = 0.37) total, left and right cerebrum
change (rpn = 0.41, rpp, = 0.36, and rp, = 0.32) and right cerebellum
change (rp, = 0.34) (Table 3 and Fig. 3). For whole brain and cerebrum,
which decrease over time on a group level, this indicates that a higher IQ
is associated with smaller brain volume loss, or even brain volume
increase. For cerebellar volume, which increases over time, a higher 1Q
is associated with larger growth. Genes influencing both IQ and brain
volume change drove most of these correlations (rg around 0.7, see
Table 3).

Significant phenotypic associations (rp,) were found between
verbal IQ and change in total, left and right whole brain change
(rpn = 0.44, 1y, = 031, and rpp, = 0.37), total, left, and right cerebrum
(rph = 0.46, rpp, = 0.40, and rpp, = 0.39), total, left and right white
matter change (rpn = 0.30; rp, = 0.29 and rpp, = 0.27) and right cere-
bellum change (rp, = 0.28). Genes implicated in both verbal IQ and
brain volume change explained all these associations to a large extent
with significant ry above 0.54 (see Table 3 and Fig. 2), except for the
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Fig. 3. Associations between change in brain volume and full scale IQ (top) and between
right cerebellar change and verbal 1Q (bottom) in individual twins and siblings (N = 91).
Regression lines are shown as unbroken black lines and the black dashed lines in the middle
show zero change.

association between right cerebellum volume change and verbal IQ,
for which the influences of genetic and environmental factors could
not be disentangled.

Performance IQ was not significantly associated with brain volume
change or surface area change. However, associations between perfor-
mance IQ and brain volume change and surface area change largely
followed the same pattern as that for IQ and verbal IQ (Supplemental
Fig. 1).

Discussion

Here we report that dynamic changes in total brain volume and cor-
tical surface area take place in young adulthood and that these changes
are heritable. Moreover, brain volume changes in the young adult brain
are positively related to intelligence and this association is mediated
through genes common to both intelligence and brain volume change.

Specifically, we found significant heritability estimates for changes
in total brain, cerebrum, cerebellum, cerebral white matter, grey and
white matter of the cerebellum, and lateral and third ventricle volumes
in young adults that were considerable, with values of h? equal to 43%,
48%, 52%, 29%, 25%, 42%, 31% and 29%. Also, for the first time we found
evidence for significant change in surface area, with additive genetic
effects accounting for 33% of the total variance. Heritability for brain
volume changes did not differ significantly between the sexes, with
the possible exception of cerebellum volume change, which seemed to
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be more heritable in females (86%) than in males (42%; p = 0.052). We
found little evidence of quantitative sex differences in the heritability of
brain changes, but considering the wide ranges of confidence intervals
around the opposite sex twin/sibling pair correlations we may conclude
that the power was insufficient to detect these.

Thus, genes are not only involved in the absolute brain volume
(Baaré et al., 2001; Pfefferbaum et al., 2000; Thompson et al., 2001;
Wright et al., 2002), surface area (Eyler et al., 2011; Panizzon et al.,
2009; Winkler et al., 2010), and total brain volume change on the
verge of adolescence (Van Soelen et al, 2013), but genes are also in-
volved in total brain volume change and surface area change in young
adulthood. The extent to which genes explain individual differences in
brain changes ranges from 28 to 52%. This leaves room for environmen-
tal influences also shaping these changes in brain structure. Thus,
changes in brain volume may represent (plastic) changes as a result of
an interaction between genetic background and environmental influ-
ences. Future studies on gene by environmental interactions may reveal
how these factors may help shape individual brains over time. This may
have implications, not only for physiological pathways leading to brain
volume change, but also to cognitive functioning (Brans et al, 2010;
Ramsden et al, 2011; Shaw et al, 2006). Therefore, we also measured

Table 3

whether there was a significant (genetic) association between brain
volume change and cortical surface change with intelligence.

We found that intelligence is positively associated with change in
global brain volume and that this association may be in part driven by
genes in young adulthood. In particular, we report for the first time
that a higher IQ is significantly associated with higher total brain vol-
ume increase or attenuated decrease. Our data suggest that common
genes may be in part be implicated in this association. When separating
out verbal and performance IQ in these twins, a higher verbal IQ was sig-
nificantly associated with more increase or attenuated decrease in brain
volume, specifically white matter, and this association was due to genes
common to both. Performance IQ showed the comparable associations
as verbal and total IQ, albeit to a lesser extent.

Previously, level of intelligence has been associated with thickness in
particular areas of the cortex in childhood and adolescence (Shaw et al.,
2006) and in adulthood (Brans et al., 2010). The change rates of cortical
thickness and cortical surface over the lifespan are dependent on intel-
ligence level (Schnack et al., 2014). Also, change in intelligence has been
associated with changes in local cortical volume (Ramsden et al., 2011)
and thickness (Burgaleta et al., 2014) in adolescents and genetic associ-
ations between intelligence and cortical thickness arise early in

Brain volume change and IQ (full scale and verbal IQ) with significant phenotypic (rpy,) correlations and 95% intervals. Structures with a non-significant ry, are excluded from the table.
Correlation estimates and genetic decompositions were based on 91 subjects for which IQ and repeated MRI measurements were available.

Change in structure Ioh Ty Te Iph-a Tph-e
Full scale IQ
Whole brain 040 0.67 —0.10 043 —0.03

(0.14 to 0.59) (0.20 to 1.00) (—0.66 to 0.52) (0.12 to 0.64) (—0.22 to 0.20)
Cerebrum 041 0.68 —0.16 046 —0.04

(0.15 to 0.60) (0.24 to 1.00) (—0.67 to 0.47) (0.15 to 0.65) (—0.21t00.17)
L whole brain 027 0.50 —0.17 032 —0.05

(0.01 to 0.48) (—0.02t0 0.91) (—0.64 to 0.42 (—0.01 to 0.55) (—0.21t0 0.15)
L cerebrum 0.36 0.59 —0.14 040 —0.04

(0.10 to 0.56) (0.15t0 0.95) (—0.59 to 0.40) (0.10to 0.61) (—0.18t0 0.14)
R whole brain 037 091 0.12 032 0.04

(0.10 to 0.56) (—1.00 to 1.00) (—0.72 t0 0.69) (—0.01to 0.57) (—0.28 t0 0.36)
R cerebrum 0.32 0.80 —0.36 044 —0.12

(0.06 to 0.55) (0.09 to 1.00) (—0.82t00.61) (0.04 to 0.64) (—0.33t00.27)
R cerebellum 034 1.00 045 0.14 0.19

(0.10 to 0.52) (—0.24to 1.00) (—0311t00.82) (—0.16 to 0.41) (—0.13t0 043)
Verbal IQ
Whole brain 044 0.72 —0.08 046 —0.02

(0.20 to 0.61) (0.30 to 1.00) (—0.61t0047) (0.17 to 0.66) (—0.20t0 0.19)
Cerebrum 046 0.73 —0.11 049 —0.03

(0.22 to 0.63) (0.34 to 1.00) (—0.61t0045) (0.21 to 0.67) (—0.19t00.17)
Cerebrum WM 030 0.90 —038 044 —0.14

(0.06 to 0.49) (0.34 to 1.00) (—0.70t0 0.13) (0.17 to 0.61) (—0.29 to 0.05)
L whole brain 031 0.54 —0.12 035 —0.04

(0.06 to 0.51) (0.06 to 0.91) (—0.58 to 0.40) (0.03 to 0.57) (—0.19t0 0.15)
L cerebrum 040 0.65 —0.13 044 —0.04

(0.16 to 0.58) (0.25 to 0.96) (—0.56 to 0.36) (0.16 to 0.63) (—0.17t0 0.13)
L cerebrum WM 0.29 1.00 —041 044 —0.16

(0.04 to 0.48) (037 to 1.00) (—0.70 to 0.08) (0.17 to 0.60) (—030to 0.04)
R whole brain 037 0.99 0.00 037 0.00

(0.14 to 0.56) (0.16 to 1.00) (—0.65 to 0.60) (0.05 to 0.58) (—0.25t00.31)
R cerebrum 039 0.75 —0.04 041 —0.01

(0.15 to 0.58) (0.18 to 1.00) (—0.71t0 0.59) (0.08 to 0.64) (—0.27 to 0.28)
R cerebrum WM 0.27 0.80 —0.32 039 —0.12

(0.05 to 0.46) (0.27 to 1.00) (—0.67 t0 0.22) (0.13to 0.58) (—0.29 to 0.09)
R cerebellum 0.28 1.00 0.14 022 0.06

(0.05 to 0.48) (—1.00 to 1.00)

(—0.44 to 0.64) (—0.07 to 0.44) (—0.19 to 0.33)

In bold = significant correlations.
L = left.

R = right

CI = Confidence Interval.

WM = white matter.

rg = genetic correlation.

r. = environmental correlation.
rpn = phenotypic correlation.
Iph-a =

= genetic covariance divided by sd(IQ) and sd(change): correlation that would be observed if only genetic factors were taken into account.

Iph-e = environmental covariance divided by sd(IQ) and sd(change): correlation that would be observed if only environmental factors were taken into account.
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adolescence (Brouwer et al., 2013). Here, we add that total brain volume
change in adulthood is positively associated with intelligence, and that
this association could be in part heritable.

Thus, there is increasing evidence that the association between intel-
ligence and the brain is not limited to the phenotype per se, but in addi-
tion is also related to the developmental course of the brain throughout
life. Interestingly, there is a relationship between intelligence and brain
networks, with higher efficiency of structural (Chiang et al., 2009) and
functional (van den Heuvel et al, 2009) connectivity being positively
associated with intelligence. Future studies may reveal to what extent
intelligence is associated with dynamic changes in brain networks.

We found that genes for intelligence are overlapping with genes for
total brain volume change. It must be noted that the genetic correlation
between the two traits does however not imply causality, since the ex-
istence of the genetic correlation can indicate causality in one direction
or the other.

The overlapping genes may directly influence both intelligence and
brain volume change, and/or be represented through even more com-
plicated pathways in which more intelligent people seek out mentally
challenging activities that may increase their brain volume (Plomin
and Kosslyn, 2001). There is evidence for changes in volume in particu-
lar areas of the brain after training on difficult tasks such as juggling
(Draganski et al., 2004).

Finding genes and environmental influences implicated in brain
volume change and IQ will ultimately help to unravel the relationship
between cognition and brain structure. Identification of genes implicat-
ed in brain volume change seems one of the logical next steps to obtain
this goal. Importantly, in a genome-wide meta-analysis a significant
association with hippocampus volume and intracranial volume were
recently revealed, as well as a suggestive association with total brain
volume within DDR2, which encodes a receptor tyrosine kinase
involved in cell growth and differentiation (Stein et al, 2012). With
combined efforts to combine imaging and genetics data, such as is
evidenced from the ENIGMA consortium (Stein et al, 2012), we may
be able to identify genes for brain volume change. Finding genes impli-
cated in brain volume change may be important for brain plasticity, not
only in healthy adults but also for patients with schizophrenia or
depression, diseases that are accompanied by (heritable) progressive
brain tissue loss (Brans et al, 2008; Frodl et al, 2008) or lack of growth
(Gogtay et al., 2008).

We found that cerebellar white matter volume increases over the
five-year interval (2.97 ml) while cerebellar grey matter volume
decreased (— 1.55 ml), resulting in a net cerebellum volume increase
(1.43 ml) in young adulthood. During childhood and adolescence,
white matter volume of the brain increases at a faster rate than grey
matter volume decreases, resulting in a net increase of total brain
volume (e.g. Giedd et al., 1999; van Soelen et al., 2013). Possibly, a sim-
ilar process holds for the cerebellum, albeit at a later age. A large cross-
sectional study recently showed increases in cerebellar white matter
volume at least up to 40 years old (Fjell et al,, 2013). Longitudinal stud-
ies into cerebellar volume in healthy young adulthood are rare and
small, and mixed results have been reported thus far: both decreases
(Ho et al., 2003, 23 healthy subjects; Raz et al., 2005, subset of sample,
< 20 subjects below 40 years of age) and stable volumes (Liu et al,
2003; 44 healthy subjects) and some evidence for increases (Tiemeier
et al., 2010, subset of sample, 5 subjects over 20 years of age) have
been reported. Here, we find an increase which may reflect prolonged
maturation of the cerebellum.

This study has several limitations that have to be taken into consid-
eration when interpreting its findings. One, while considerable in size,
considering the inclusion of 176 individuals from 86 twin families
with follow-up MRI brain scans, the number of inclusions is of limited
statistical power when concerning changes in brain volumes with
lower heritability. However, we did find significant and considerable
heritability for total brain volume change as well as for several of its
sub-structures. Two, we did not measure change in intelligence and

could therefore not associate this with brain volume changes in adult-
hood. Three, our data allowed for application of the additive genetic
model, but not for modeling of possible gene-by-environment interac-
tions. Four, by estimating correlations between brain volume change
and intelligence, we assume a linear association between the two. This
may explain why young adults with a higher IQ showed a more
pronounced increase in brain volume or attenuated decrease in brain
(white matter) volume over time while a higher IQ was not reflected
in cortical surface area change. Dynamic change in surface area is non-
linear and depends strongly on intelligence (Schnack et al., 2014). We
may not have had enough power to detect (subtle) differences in
change rates depending on intelligence in a period of five years with
the large majority of our sample ranging between 25 and 35 years of
age at baseline.

In conclusion, we find that brain volume changes and surface area
change in the healthy human brain are heritable. Moreover, individuals
with a higher intelligence show continued brain expansion or attenuat-
ed decrease of brain tissue, but not surface area change, in adulthood,
and genes are implicated in this process.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2014.04.072.

References

Baaré, W.F,, van Oel, CJ., Hulshoff Pol, H.E., Schnack, H.G., Durston, S., Sitskoorn, M.M.,
Kahn, R.S., 2001. Volumes of brain structures in twins discordant for schizophrenia.
Arch. Gen. Psychiatry 58, 33-40.

Bartzokis, G., Beckson, M., Lu, P.H., Nuechterlein, K.H., Edwards, N., Mintz, J., 2001. Age-
related changes in frontal and temporal lobe volumes in men: a magnetic resonance
imaging study. Arch. Gen. Psychiatry 58, 461-465.

Boker, S., Neale, M., Maes, H., Wilde, M., Spiegel, M., Brick, T.R,, Spies, ]., Estabrook, R.,
Kenny, S., Bates, T.C., Mehta, P., Fox, J., 2011. OpenMx: an open source extended
structural equation modeling framework. Psychometrika 76 (2), 306-317.

Boomsma, D.I,, Busjahn, A., Peltonen, L., 2002. Classical twin studies and beyond. Nat. Rev.
Genet. 3, 872-882.

Brans, R.G., van Haren, N.E., van Baal, G.C., Schnack, H.G., Kahn, R.S., Hulshoff Pol, H.E.,
2008. Heritability of changes in brain volume over time in twin pairs discordant for
schizophrenia. Arch. Gen. Psychiatry 65, 1259-1268.

Brans, R.G., Kahn, R.S,, Schnack, H.G., van Baal, G.C., Posthuma, D., van Haren, N.E., Lepage,
C., Lerch, J.P., Collins, D.L., Evans, A.C., Boomsma, D.I., Hulshoff Pol, H.E., 2010. Brain
plasticity and intellectual ability are influenced by shared genes. J. Neurosci. 30,
5519-5524.

Brouwer, R.M., Hulshoff Pol, H.E., Schnack, H.G., 2010. Segmentation of MRI brain scans
using non-uniform partial volume densities. Neuroimage 49, 467-477.

Brouwer, R.M., van Soelen, LL.C., Swagerman, S.C., Schnack, H.G., Ehli, E.A., Kahn, RS.,
Hulshoff Pol, H.E., Boomsma, D.I., 2013. Genetic associations between intelligence
and cortical thickness emerge at the start of puberty. Hum. Brain Mapp. http://dx.
doi.org/10.1002/hbm.22435 (Dec 31, [Epub ahead of print]).

Burgaleta, M., Johnson, W., Waber, D.P., Colom, R., Karama, S., 2014. Cognitive ability
changes and dynamics of cortical thickness development in healthy children and
adolescents. Neuroimage 84, 810-819.

Chiang, M.C., Barysheva, M., Shattuck, D.W., Lee, A.D., Madsen, S.K., Avedissian, C.,
Klunder, A.D., Toga, AW., McMahon, K.L, de Zubicaray, G.I, Wright, M.J., Srivastava,
A., Balov, N., Thompson, P.M., 2009. Genetics of brain fiber architecture and intellec-
tual performance. J. Neurosci. 29, 2212-2224.

Draganski, B., Gaser, C., Busch, V., Schuierer, G., Bogdahn, U., May, A. 2004.
Neuroplasticity: changes in grey matter induced by training. Nature 427, 311-312.

Eyler, LT., Prom-Wormley, E., Panizzon, M.S., Kaup, A.R., Fennema-Notestine, C., Neale, M.
C., Jernigan, T.L,, Fischl, B., Franz, C.E., Lyons, M.].,, Grant, M., Stevens, A., Pacheco, J.,
Perry, M.E., Schmitt, J.E., Seidman, LJ., Thermenos, HW., Tsuang, M.T., Chen, C.H.,
Thompson, WK, Jak, A., Dale, A.M., Kremen, W.S., 2011. Genetic and environmental
contributions to regional cortical surface area in humans: a magnetic resonance
imaging twin study. Cereb. Cortex 21, 2313-2321.

Fjell, AM., Westlye, L.T., Grydeland, H., Amlien, I, Espeseth, T., Reinvang, I, Raz, N.,
Holland, D., Dale, AM., Walhovd, K.B., the Alzheimers Disease Neuroimaging
Initiative, 2013. Critical ages in the life course of the adult brain: nonlinear subcortical
aging. Neurobiol. Aging 34, 2239-2247.

Frangou, S., Chitins, X., Williams, S.C., 2004. Mapping 1Q and grey matter density in
healthy young people. Neuroimage 23, 800-805.

Frodl, T.S., Koutsouleris, N., Bottlender, R., Born, C,, Jdger, M., Scupin, L., Reiser, M., Moller,
H.J., Meisenzahl, E.M., 2008. Depression-related variation in brain morphology over
3 years: effects of stress? Arch. Gen. Psychiatry 65, 1156-1165.

Giedd, J.N., Blumenthal, J., Jeffries, N.O., Castellanos, F.X., Liu, H., Zijdenbos, A., Paus, T.,
Evans, A.C,, Rapoport, J.L., 1999. Brain development during childhood and adoles-
cence: a longitudinal MRI study. Nat. Neurosci. 2, 861-863.

Gogtay, N., Giedd, J.N,, Lusk, L., Km, Hayashi, Greenstein, D., Vailtuzis, A.C,, Nugent III, T.F.,
Herman, D.H,, Clasen, L.S., Toga, AW., Rapoport, J.L., Thompson, P.M., 2004. Dynamic
mapping of human cortical development during childhood through early adulthood.
Proc. Natl. Acad. Sci. U. S. A. 25, 8174-8179.


http://dx.doi.org/10.1016/j.neuroimage.2014.04.072
http://dx.doi.org/10.1016/j.neuroimage.2014.04.072
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0005
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0005
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0010
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0010
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0010
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0015
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0015
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0020
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0020
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0025
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0025
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0030
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0030
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0030
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0035
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0035
http://dx.doi.org/10.1002/hbm.22435
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0040
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0040
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0040
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0045
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0045
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0055
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0060
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0060
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0060
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0065
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0065
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0070
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0070
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0075
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0075
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0080
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0080
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0085
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0085
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0085

R.M. Brouwer et al. / Neurolmage 100 (2014) 676-683 683

Gogtay, N., Ly, A, Leow, A.D., Klunder, A.D., Lee, A.D., Chavez, A., Greenstein, D., Giedd, J.N.,
Toga, A W., Rapoport, ].L., Thompson, P.M., 2008. Three-dimensional brain growth
abnormalities in childhood-onset schizophrenia visualized by using tensor-based
morphometry. PNAS 105 (41), 15979-15984.

Haier, RJ., Jung, REE.,, Yeo, RA., Head, K., Alkire, M.T., 2004. Structural brain variation and
general intelligence. Neuroimage 23, 425-433.

Hedman, A.M., van Haren, N.E., Schnack, H.G., Kahn, R.S., Hulshoff Pol, H.E., 2012. Human
brain changes across the life span: a review of 56 longitudinal magnetic resonance
imaging studies. Hum. Brain Mapp. 33, 1987-2002.

Ho, B.C., Andreasen, N.C., Nopoulos, P., Arndt, S., Magnotta, V., Flaum, M., 2003. Progres-
sive structural brain abnormalities and their relationship to clinical outcome: A
longitudinal magnetic resonance imaging study early in schizophrenia. Arch. Gen.
Psychiatry 60, 585-594.

Hulshoff Pol, H.E., Schnack, H.G., Posthuma, D., Mandl, R.C., Baaré, W.F.,, van Oel, C., van
Haren, N.E., Collins, D.L., Evans, A.C., Amunts, K., Biirgel, U, Zilles, K., de Geus, E.,
Boomsma, D.I, Kahn, R.S., 2006. Genetic contributions to human brain morphology
and intelligence. J. Neurosci. 26, 10235-10242.

Kabani, N., Le Goualher, G., MacDonald, D., Evans, A.C., 2001. Measurement of cortical
thickness using an automated 3-D algorithm: a validation study. Neuroimage 13,
375-380.

Kim, J.S,, Singh, V., Lee, ].K, Lerch, ], Ad-Dab'bagh, Y., MacDonald, D., Lee, ].M., Kim, S.L,
Evans, A.C,, 2005. Automated 3-D extraction and evaluation of the inner and outer
cortical surface using a Laplacian and partial volume effect classification. Neuroimage
27,210-221.

Lenroot, R.K., Schmitt, J.E., Ordaz, SJ., Wallace, G.L., Neale, M.C,, Lerch, J.P., Kendler, K.,
Evans, A.C., Giedd, ].N., 2009. Differences in genetic and environmental influences
on the human cerebral cortex associated with development during childhood and
adolescence. Hum. Brain Mapp. 30, 163-174.

Liy, RS, Lemieux, L., Bell, G.S., Sisodiya, S.M., Shorvon, S.D., Sander, ] W., Duncan, J.S., 2003.
A longitudinal study of brain morphometrics using quantitative magnetic resonance
imaging and difference image analysis. Neuroimage 20, 22-33.

Lyttelton, O., Boucher, M., Robbins, S., Evans, A., 2007. An unbiased iterative group
registration template for cortical surface analysis. Neuroimage 34, 1535-1544.

MacDonald, D., Kabani, N., Avis, D., Evans, A.C., 2000. Automated 3-D extraction of inner
and outer surfaces of cerebral cortex from MRI. Neuroimage 12, 340-356.

Neale, M.C., Boker, S.M., Xie, G., Maes, H.H., 2003. Statistical Modelling, 6th ed. , Box
980126 MCV, Richmond, VA 23298.

Panizzon, M.S., Fennema-Notestine, C., Eyler, L.T., Jernigan, T.L., Prom-Wormley, E., Neale,
M., Jacobson, K., Lyons, M.]J., Grant, M.D., Franz, C.E., Xian, H., Tsuang, M., Fischl, B.,
Seidman, L., Dale, A., Kremen, W.S., 2009. Distinct genetic influences on cortical sur-
face area and cortical thickness. Cereb. Cortex 19, 2728-2735.

Peper, ].S., Brouwer, R.M., Boomsma, D.I,, Kahn, R.S., Hulshoff Pol, H.E., 2007. Genetic
influences on human brain structure: A review of brain imaging studies in twins.
Hum. Brain Mapp. 28, 464-473.

Peper, ].S., Schnack, H.G., Brouwer, R.M., Van Baal, G.C,, Pjetri, E., Székely, E., van Leeuwen,
M., van den Berg, S.M,, Collins, D.L., Evans, A.C., Boomsma, D.I,, Kahn, R.S., Hulshoff Pol,
H.E., 2009. Heritability of regional and global brain structure at the onset of puberty: a
magnetic resonance imaging study in 9-year-old twin pairs. Hum. Brain Mapp. 30,
2184-2196.

Pfefferbaum, A., Sullivan, E.V., Swan, G.E., Carmelli, D., 2000. Brain structure in men
remains highly heritable in the seventh and eighth decades of life. Neurobiol. Aging
21, 63-74.

Pfefferbaum, A., Sullivan, E.V., Carmelli, D., 2004. Morphological changes in aging brain
structures are differentially affected by time-linked environmental influences despite
strong genetic stability. Neurobiol. Aging 25, 175-183.

Plomin, R., Kosslyn, S.M., 2001. Genes, brain and cognition. Nat. Neurosci. 4, 1153-1154.

Plomin, R., Spinath, F.M., 2004. Intelligence, genetics, genes and genomics. J. Pers. Soc.
Psychol. 86, 112-129.

Posthuma, D., de Geus, E.J., Neale, M.C., Hulshoff Pol, H.E., Baaré, W.E.C., Kahn, R.S.,
Boomsma, D., 2000. Multivariate genetic analysis of brain structure in an extended
twin design. Behav. Genet. 30, 311-319.

Posthuma, D., De Geus, E.J., Baaré, W.F., Hulshoff Pol, H.E., Kahn, R.S., Boomsma, D.1,, 2002.
The association between brain volume and intelligence is of genetic origin. Nat.
Neurosci. 5, 83-84.

Ramsden, S., Richardson, F.M., Josse, G., Thomas, M.S., Ellis, C., Shakeshaft, C., Seghier, M.L.,
Price, CJ., 2011. Verbal and non-verbal intelligence changes in the teenage brain.
Nature 479, 113-116.

Raz, N, Lindenberger, U., Rodrigue, K M., Kennedy, K.M., Head, D., Williamson, A., Dahle, C.,
Gerstorf, D., Acker, ].D., 2005. Regional brain changes in aging healthy adults: general
trends, individual differences and modifiers. Cereb. Cortex 145, 1676-1689.

Schnack, H.G., Hulshoff Pol, H.E., Baaré, W.F., Viergever, M.A., Kahn, R.S., 2001. Automatic
segmentation of the ventricular system from MR images of the human brain.
Neuroimage 14, 95-104.

Schnack, H.G., van Haren, N.E., Brouwer, R.M., Evans, A., Durston, S., Boomsma, D.I., Kahn,
R.S., Hulshoff Pol, H.E., 2014. Changes in thickness and surface area of the human
cortex and their relationship with intelligence. Cereb. Cortex. http://dx.doi.org/10.
1093/cercor/bht357 (Jan 9, [Epub ahead of print]).

Shaw, P., Greenstein, D., Lerch, J., Clasen, L., Lenroot, R., Gogtay, N., Evans, A., Rapoport, J.,
Giedd, J., 2006. Intellectual ability and cortical development in children and adoles-
cents. Nature 440, 676-679.

Sled, ].G., Zijdenbos, A.P., Evans, A.C., 1998. A nonparametric method for automatic
correction of intensity nonuniformity in MRI data. IEEE Trans. Med. Imaging 17,
87-97.

Stein, ].L., Medland, S.E., Vasquez, A.A., Hibar, D.P., Senstad, R.E., Winkler, AM,, et al., 2012.
Enhancing Neuro Imaging Genetics through Meta-Analysis Consortium. Identification
of common variants associated with human hippocampal and intracranial volumes.
Nat. Genet. 44, 552-561.

Thompson, P.M., Cannon, T.D., Narr, K.L, van Erp, T., Poutanen, V.P., Huttunen, M.,
Lonnqvist, ]., Standertskjold-Nordenstam, C.G., Kaprio, J., Khaledy, M., Dail, R.,
Zoumalan, CI, Toga, A.W., 2001. Genetic influences on brain structure. Nat. Neurosci.
4,1253-1258.

Tiemeier, H., Lenroot, H.K,, Greenstein, D.K., Tran, L., Pierson, R., Giedd, J.N., 2010. Cerebel-
lum development during childhood and adolescence: a longitudinal morphometric
MRI study. Neuroimage 49 (1), 63-70.

Toga, AW., Thompson, P.M., 2005. Genetics of brain structure and intelligence. Annu. Rev.
Neurosci. 28, 1-23.

Toulopoulou, T., Picchioni, M., Rijsdijk, F., Hua-Hall, M., Ettinger, U., Sham, P., Murray, R.,
2007. Substantial genetic overlap between neurocognition and schizophrenia:
genetic modeling in twin samples. Arch. Gen. Psychiatry 64, 1348-1355.

van den Heuvel, M.P., Mandl, R.C,, Kahn, R.S., Hulshoff Pol, H.E., 2009. Functionally linked
resting-state networks reflect the underlying structural connectivity architecture of
the human brain. Hum. Brain Mapp. 30, 3127-3141.

van Soelen, L.L,, Brouwer, R.M., van Baal, G.C,, Schnack, H.G., Peper, ].S., Collins, D.L., Evans,
A.C, Kahn, R.S., Boomsma, D.I, Hulshoff Pol, H.E., 2012. Genetic influences on thinning
of the cerebral cortex during development. Neuroimage 59, 3871-3880.

van Soelen, LL,, Brouwer, R.M,, van Baal, G.C,, Schnack, H.G., Peper, ].S., Chen, L, Kahn, R.S.,
Boomsma, D.I, Pol, H.E., 2013. Heritability of volumetric brain changes and height in
children entering puberty. Hum. Brain Mapp. 34 (3), 713-725 (Mar).

WAIS-III, 1997. Dutch Version. Manual, Swets and Zeitlinger, Lisse.

Wallace, G.L., Eric Schmitt, ., Lenroot, R., Viding, E., Ordaz, S., Rosenthal, M.A.,, Molloy, E.A.,
Clasen, LS., Kendler, K.S., Neale, M.C., Giedd, ].N., 2006. A pediatric twin study of brain
morphometry. J. Child Psychol. Psychiatry 47, 987-993.

Winkler, A.M., Kochunov, P., Blangero, J., Almasy, L., Zilles, K., Fox, P.T., Duggirala, R.,
Glahn, D.C,, 2010. Cortical thickness or grey matter volume? The importance of
selecting the phenotype for imaging genetics studies. Neuroimage 53, 1135-1146.

Wright, 1.C,, Sham, P., Murray, R.M., Weinberger, D.R., Bullmore, E.T., 2002. Genetic contri-
butions to regional variability in human brain structure: methods and preliminary re-
sults. Neuroimage 17, 256-271.


http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0090
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0090
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0090
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0095
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0095
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0105
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0105
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0105
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0100
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0100
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0100
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0100
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0110
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0110
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0115
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0115
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0115
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0120
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0120
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0120
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0125
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0125
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0125
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0130
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0130
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0135
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0135
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0140
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0140
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf5170
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf5170
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0145
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0145
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0150
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0150
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0150
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0155
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0155
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0155
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0160
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0160
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0160
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0165
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0165
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0165
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0170
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0175
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0175
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0180
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0180
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0185
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0185
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0190
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0190
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0195
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0195
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0200
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0200
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0200
http://dx.doi.org/10.1093/cercor/bht357
http://dx.doi.org/10.1093/cercor/bht357
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0205
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0205
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0210
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0210
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0210
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0215
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0215
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0215
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0220
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0220
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0225
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0225
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0225
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0230
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0230
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0235
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0235
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0240
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0240
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0240
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0245
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0245
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0250
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0250
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0255
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0260
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0260
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0265
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf0265
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf5000
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf5000
http://refhub.elsevier.com/S1053-8119(14)00352-8/rf5000

	Heritability of brain volume change and its relation to intelligence
	Introduction
	Methods
	Subjects
	Brain imaging
	Cognitive assessment
	Statistical analyses

	Results
	Changes in brain volumes and surface area
	Heritability of brain volume and surface area change
	Heritability of intelligence
	Associations between brain volume change/surface area change and intelligence

	Discussion
	References


