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Chapter 2
Implications of the study

Here we present three novel and interrelated findings: genes influence adult
human brain changes over time; the degree of this change is related to
intelligence; and both are influenced by common genes. We also found that
the genetic systems responsible for brain volume change over time in the
frontal and temporal cortices are different from those determining absolute
brain volumes in these areas, suggesting that genes involved in brain
development may differ from those that influence plasticity of the brain.
These findings may have important implications in the quest to find genes
that affect brain growth and plasticity and will also be relevant for finding the
(genetic) causes for diseases characterized by abnormal brain growth and
plasticity in adulthood, such as schizophrenia (Brans et al., 2008; Hulshoff
Pol & Kahn, 2008), and depression (Frodl et al., 2008).

The heritability estimates that we found for brain change over time, mainly
expressed as cortical thickening and thinning of 0.5 to 1.0% per year, were
considerable. The highest values (between 50-56%) were found in the frontal
and temporal cortices including the parahippocampal gyri. The magnitude of
several of these changes, and particularly of the thinning in the left superior
frontal and left superior temporal cortices, is determined by genes that are
different from those that influence absolute cortical thickness in these areas.
The influence of genes on cortical thickening in the parahippocampal gyrus
increased over time, with environmental influences on absolute
parahippocampal thickness and genes influencing its change. Somewhat
lower heritability values were found in the parietal and occipital cortices
(between 40-48%), and the magnitude of those changes may overlap with
genes for absolute cortical thickness in these areas.

To what extent these findings are specific for cortical gray matter and continue
into senescence remains to be studied (Pfefferbaum et al., 2004). We found
cortical thinning in vast areas of the cortex up to the 6th decade of life,
including in the superior frontal, left superior temporal and parietal cortices.
That most cortical gray matter areas become thinner in adulthood extends
findings of cortical thinning in childhood and adolescence (Giedd et al., 1999;
Gogtay et al., 2004). It is also in agreement with volume decreases in overall
gray matter over time in adults (Raz et al., 2005; Liu et al., 2003; Brans et al.,
2008; Hulshoff Pol & Kahn, 2008). The finding of cortical thickening in the
frontal pole, right temporal, parahippocampal and occipital cortex is consistent
with a study in 20 to 77 year olds, where minimal change in the entorhinal
cortex (part of the parahippocampus) was found and none in the primary visual
cortex despite overall widespread loss of brain volume (Raz et al., 2005).
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Importantly, genes loading for higher intelligence were found to overlap with
those loading for brain growth (cortical thickening) or attenuated brain loss
(cortical thinning) in frontal and temporal cortex. Thus, plastic properties of
the cortex are influenced by genes that also affect intelligence. Interestingly,
the association between cortical thickness changes and intelligence has also
been described in children and adolescents (Shaw et al., 2006), suggesting
that the relationship between intelligence and brain development continues
throughout life.

One may speculate whether the positive genetic associations between
intelligence and cortical thickness change reflect plastic properties of the
brain needed for optimal adaptation to an ever-changing environment. The
physiological processes underlying the cortical thickness change in the adult
human brain remain unclear, but it is interesting to note that the areas that
showed cortical thickening in our study, i.e. the parahippocampal gyrus and
frontal pole overlap with those that are thought to have plastic properties in
adult mammals (Gould, 2007). Cortical thinning with increasing age is not
easily explained by decreases in neocortical neuronal cell number (Pakkenberg
et al., 1997), but instead may result from a reduction in the complexity of
dendrite arborization and dendritic length, a decrease in spine numbers, and
change in synaptic densities (Dickstein et al., 2007). Finally, the positive
association between cortical change (more cortical thickening and less
cortical thinning) and intelligence is consistent with the dependence of
learning and memory formation on plasticity of neural circuits (Escobar et al.,
2008).

Therefore, genes associated with cortical plasticity may also be relevant for
cognitive functioning throughout life. Finding which genes are responsible
for cortical thickness change will have implications for healthy adult
functioning, as well as for brain diseases that develop their first symptoms in
adulthood. Indeed, genes that play a role in synaptic plasticity in adult
organisms in concert with environmental influences and experience (Flavel et
al., 2008) are starting to be identified. Since the genes involved in the plasticity
of the adult cortex have now been shown to differ from those involved in
early brain development, both gene sets provide targets for study of brain
plasticity and intelligence. Thus, continued brain maturation and intellectual
development go hand in hand, and both depend in part on our genetic
background well into adulthood.

41



Chapter 2
Methods Summary

Twins and their siblings were recruited from the twin-pair cohort at the
University Medical Centre Utrecht (Baaré et al., 2001; Hulshoff Pol et al.,
2006), and the Netherlands Twin Registry, Free University Amsterdam (www.
tweelingenregister.org/index uk.html). Of the 242 participants from 106 twin
families, 183 from 87 families completed the 5-year follow-up, including 52
monozygotic males, 31 dizygotic males, 25 monozygotic females, 29
dizygotic females, 24 dizygotic opposite sex twins (12 male and 12 female)
and 22 siblings (11 male and 11 female). Mean age at baseline was 29.63
years (SD: 7.52). Subjects participated after written informed consent was
obtained. DNA testing using polymorphic markers determined zygosity. T1
and T2 weighted MRI brain scans were acquired of the whole head.
Intracranial, total brain, and gray matter of the cerebrum (total brain excluding
cerebellum and stem) volumes were based on histogram analyses (www.smri.
nl/techniques_description.html; Schnack et al., 2001). Cortical thickness was
based on the algorithm in CIVET, designed at the McConnell Brain Imaging
Centre, Montreal (Kim et al., 2005; Lerch et al., 2008). Following registration
to an average surface (ICBM) (Lyttelton et al., 2007), in each subject, cortical
thickness and cortical thickness change were calculated for 81,924 vertices.
A measure of full scale IQ was obtained of the Dutch adaptation of the WAIS
III (1997). Using structural equation modeling, the contributions of additive
genetic, common (left out because it did not contribute) and unique
environmental factors to the variance on brain structure (change) and 1Q
were estimated in univariate and bivariate genetic analyses, correcting for
age, sex and handedness, using Mx (Neale et al., 2003). By minimizing a
goodness-of-fit-statistic between observed and predicted covariance matrices,
likelihoods of nested models were compared (-2 Log-Likelihood-difference
is Chi-Squared distributed) with a critical level of ¥*>>2.71(1 df for h? and
bivariate h?,;,) (Dominicus et al., 2006) and ¥*>>5.99 (2 df for phenotypic
correlations r,;,) at alpha=.05 for brain volume (change). For cortical thickness
change a critical ¥*>14.3 (1 df) was set following Bonferroni correction for
multiple comparisons.
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Supplementary Methods

Subjects

DNA testing using the polymorphic markers D06S474, D07S1804,D07S1870,
D12S811, D13S119, D13S126, D13S788, D20S119, D22S683, DXS1001,
and ELN, or D13S317, VWA, D74520, D35158, THO1, TP0X, CSF1P0, and
D55818 determined zygosity. Except for one twin pair, all twins and their
siblings were reared together. Two twin pairs were born by caesarean section
delivery. Mental and physical health was assessed at baseline and at follow-up
by means of the Comprehensive Assessment of Symptoms and History
(CASH), and by a medical history inventory, respectively. In addition, at
baseline the Family Interview for Genetic Studies (FIGS) was completed.
The study was approved by the medical ethics committee for research in
humans (METC) of the University Medical Centre Utrecht, the Netherlands
and was carried out according to the directives of the “declaration of Helsinki”
(amendment of Edinburg, 2000) (Supplementary material table 3).

Supplementary table 3: Demographics of monozygotic and dizygotic twin-pairs and their

siblings.!

MZ DZ Siblings
N (male/female) 52/25 43/41 11/11
Age at time of the first scan (yr)  31.1(8.9) 28.7 (6.7) 28.0 (3.1)
Height (cm) 177 (8.9) 177 (8.2) 175 (12.5)
Handedness (r/l/ambidexter) 60/15/2 69/8/7 17/4/1
Level of education (yr) 13.7 (2.9) 13.3 (2.6) 12.7 (3.2)
Parental level of education (yr) 12.2 (2.6) 12.0 (2.7) 12.1 (2.8)
Follow-up duration (yr) 5.1(.56) 5.5(.70) 5.4 (.55)
1Q* 104.3(16.1) 104.4(8.5) 106.4 (12.6)

! Values are total numbers (N), means (standard deviations), unless otherwise indicated
* Available in 36 MZ, 53 DZ and 17 siblings

Brain imaging

Magnetic Resonance Imaging brain scans were acquired on a Philips NT
(Best, the Netherlands) scanner operating at 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
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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 Centre 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). Assessments of white matter/gray matter interface
and brain volumes were validated previously (Schnack et al., 2001). All
images were checked after measurement and corrected manually if necessary.
The interrater reliabilities of the volume measurements, determined by the
Intraclass Correlation Coefficient (ICC) were 0.95 and higher.

Cortical thickness extraction was done by hemisphere; each surface consisted
of 81,920 polygons and 40,962 vertices. It included fitting of a 3D surface to
the white matter/gray matter interface, which created the inner surface of the
cortex which was then expanded out to fit the gray matter/cerebrospinal fluid
interface, thereby creating the outer cortical surface (Kim et al., 2005).
Cortical thickness was estimated by taking the distance between the two
surfaces such that each polygon vertex on the outer surface had a counterpart
vertex on the inner surface. A vertex-by-vertex analysis was carried out to
evaluate the differences in cortical thickness change at each point. Each
subject’s thickness measurements were smoothed across the surface using a
20 mm (FWHM) surface-based blurring kernel. This method of blurring
improves the chances of detecting population differences, but also follows
the curvature of the surface to preserve any anatomical boundaries within the
cortex. The surfaces of the subjects were registered to an average surface
created from 152 subjects (ICBM) (Lyttelton et al., 2007). This registration
allowed us to compare cortical thickness locally between subjects. It should
be noted that the area defined as the parahippocampal gyrus comprises parts
of the entorhinal cortex, perirhinal cortex, parahippocampal cortex, and those
parts of uncus and hippocampus proper that are on the cortical surface in the
medial temporal lobe (Lerch et al., 2008).
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Cognitive assessment

A measure of full IQ was obtained in 132 subjects who had a baseline scan
and for 106 participants who also obtained a follow-up scan. Full scale 1Q
was corrected for age and sex.

Statistical Analyses

To estimate the contribution of genetic and common and unique environmental
factors on the variation of brain structure change, the extended twin-sibling
model was applied. This model is based on the fact that monozygotic (MZ)
twins are (nearly always) genetically identical, dizygotic (DZ) twins share
50% of their genes on average and 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 correlations in DZ twins are larger
than half the MZ correlation (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 sibling also share 50% of their genes on average and share the familial
environment.

Brain volume as well as brain volume change were corrected for age and sex
with a linear regression analysis. The relative importance of the genetic factor
was estimated, which was expressed as (univariate) heritability (h?). Because
univariate analysis did not show any evidence for influences of shared
environment (C), subsequent (bivariate) analysis were based on models
containing additive genetic (A) and unique environmental (E) influences
only. The covariance between brain volume and brain volume change and
between brain volume change and 1Q (bivariate genetic analysis), was
decomposed into different parts: the percentage covariance attributed to A
was expressed as bivariate heritability (h%,,=|covAl/(|covA[t|covE])).

The bivariate genetic analysis yielded an estimate of the phenotypic
correlations (r,,) between brain structure and brain structure change and
between brain structure change and 1Q, which can result from a common set
of genes or common set of environmental factors depicted in genetic (r,) and
environmental correlations (r.). These estimates provide information
regarding the possible shared genetic and environmental influences of brain
structure and brain structure change and brain structure change and IQ.
Decomposition of these sources 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. whole brain volume at initial measurement) of twin 1 with another
trait (e.g. whole brain volume change) of twin 2, where twin 1 and twin 2
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represent a twin-pair. If the absolute value of the correlation between brain
volume change of twin 1 and brain volume or IQ of twin 2 is larger in MZ
twins than in DZ twins, this indicates that genes influencing brain volume
(partly) overlap with genes that influence brain volume change. The extent of
the overlap is reflected by the magnitude of the genetic correlation (r,).

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 y* =3.84
(1 df) (Neale et al., 2003) indicates a significant difference at alpha=.05,
which means that the reduced model provides a significantly 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. When estimating heritabilities, this Chi-squared can be relaxed because
tests of variance components constrained to be non-negative correspond to
tests of parameters on the boundary of the parameter space and in such
situations the standard test procedure provides too large p-values; these
p-values have to be halved, resulting in a critical value of the Chi-squared
¥*=2.71 (1 df) at alpha=.05 (Dominus et al., 2006).

Similar to the analysis of global brain volume (change), genetic model-fitting
was carried out in each vertex separately (corrected for age, sex, and
handedness), to obtain the same estimates for cortical thicknesses. For cortical
thickness measurements a critical chi-squared larger than x>=14.3 was set
after Bonferroni correction for multiple comparisons based on 81,920
polygons and the 20 mm surfaced based blurring kernel.
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Abstract

Background: Whole brain tissue volume decreases in schizophrenia have
been related to both genetic risk factors and disease-related (possibly
nongenetic) factors; however, whether genetic and environmental risk factors
in the brains of patients with schizophrenia are differentially reflected in gray
or white matter volume change is not known.

Methods: Magnetic resonance imaging (1.5 T) brain scans of 11 monozygotic
and 11 same-gender dizygotic twin pairs discordant for schizophrenia were
acquired and compared with 11 monozygotic and 11 same-gender dizygotic
healthy control twin pairs.

Results: Repeated-measures volume analysis of covariance revealed
decreased whole brain volume in the patients with schizophrenia as compared
with their co-twins and with healthy twin pairs. Decreased white matter
volume was found in discordant twin pairs compared with healthy twin pairs,
particularly in the monozygotic twin pairs. A decrease in gray matter was
found in the patients compared with their co-twins and compared with the
healthy twins.

Conclusions: The results suggest that the decreases in white matter volume
reflect the increased genetic risk to develop schizophrenia, whereas the
decreases in gray matter volume are related to environmental risk factors.
Study of genes involved in the (maintenance) of white matter structures may
be particularly fruitful in schizophrenia.
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Introduction

Twin studies in schizophrenia are particularly informative to examine the
relative contribution of genetic and environmental risk factors in the brain
volume changes reported in this illness. Environmental factors have been
found to influence the often-replicated lateral ventricle enlargement in
schizophrenia (Ohara et al., 1998; Reveley et al., 1982; Suddath et al., 1990),
although influence of genetic risk factors may also be involved (Baar¢ et al.,
2001a; McDonald et al., 2002). Genetic factors are probably involved in the
decreases in whole brain volume with additional decreases in brain volume
reflecting disease-related (possibly nongenetic) influences (Baaré et al.,
2001a). Indeed, genetic factors were found to be involved in the decreases in
the hippocampus (Baaré¢ et al., 2001; Lawrie et al., 1999), although influences
of environmental factors have also been reported in relation to decreases in
hippocampus (Suddath et al., 1990) and thalamus (Lawrie et al., 1999; Staal
et al., 2000) volumes in schizophrenia. Moreover, the frontal pole and
dorsolateral prefrontal cortex was influenced by the genetic vulnerability for
schizophrenia (Cannon et al., 2002a), whereas nongenetic or illness-related
factors were associated with changes in the dorsolateral prefrontal cortex and
superior and parietal gyri. Callosal displacements (Narr et al., 2002) and
corpus callosum shape (Casanova, 1990) were found to be influenced by
genetic risk factors in schizophrenia.

Most volume changes in schizophrenia are reported in gray matter, both
cortical and subcortical (Hulshoff Pol et al., 2002a; McCarley, 1999; Wright
et al., 2000), although white matter changes have also been found (Cannon et
al., 1998; Hulshoff Pol et al., 2002a; Paillére-Martinot et al., 2001; Tibbo et
al., 1998). Thus far, however, it is not known whether genetic and
environmental risk factors for schizophrenia are differentially reflected in
gray or white matter volume changes in schizophrenia.

This study examined gray and white matter volumes in monozygotic (MZ)
and dizygotic (DZ) twins discordant for schizophrenia and compared the
volumes with those of closely matched healthy MZ and DZ twins.

Methods and Materials

Subjects

Participants in the study included 11 monozygotic (6 male/5 female pairs)
and 11 same-gender dizygotic (5/6) twin-pairs discordant for schizophrenia
and 11 monozygotic (6/5) and 11 same-gender dizygotic (5/6) healthy control
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twin pairs. Written informed consent was obtained from all subjects.
Intracranial and total brain volumes of 84 of the twins were reported in a
previous paper (Baaré¢ et al., 2001). The study was approved by the medical
ethics committee for research in humans (METC) of the University Medical
Center Utrecht, the Netherlands.

All subjects underwent extensive psychiatric assessment procedures using
the Comprehensive Assessment of Symptoms and History (CASH; Andreasen,
1992) and Schedule for Affective Disorder and Schizophrenia—Lifetime
Version (SADS-L; Endicott and Spitzer, 1978) assessed by two independent
raters. Diagnostic consensus was achieved in the presence of a psychiatrist.
Psychiatric diagnosis was established according to criteria of DSM-IV. All
patients met DSM-IV diagnosis for schizophrenia. Diagnoses in
nonschizophrenic co-twins included paranoid personality disorder (1 DZ),
schizotypal personality disorder (2 MZ), schizoid personality disorder (1 MZ,
1 DZ), (major) depressive disorder (2 MZ, 3DZ), and generalized anxiety
disorder (1 MZ). Moreover, 1 MZ and 2 DZ patients and 1 DZ co-twin had
histories of substance or alcohol abuse. Five MZ and 5 DZ co-twins of patients
were symptom free. All healthy control twins met Research Diagnostic
Criteria for “never mentally ilI” (Pfohl et al., 1995) and had no first-degree
family member with a mental illness or second-degree relatives with a
psychotic disorder. All patients were receiving typical (n=13) or atypical
(n=8) antipsychotic medication, or both (n=1), at the time of the scan. The
dosage of typical antipsychotics taken was expressed in haloperidol
equivalents from the Dutch National Health Service (Commissie
Farmaceutische Hulp, 2000). For atypical antipsychotics, the respective
pharmaceutical companies suggested how to convert the dosage into
haloperidol equivalents (clozapine, 40:1; olanzapine, 2.5:1; risperidone, 1:1).
Subjects were matched for age, gender, birth order, and handedness. For
demographics, see Table 1.

Brain Imaging

Images were acquired on a Philips NT scanner operating at 1.5 T in all
subjects. T1-weighted three-dimensional fast field echo (3D-FFE) scans with
160—180 contiguous coronal slices (echo time [TE] = 4.6 msec, repetition
time [TR] =30 msec, flip angle = 30°, 1x1x1.2 mm® voxels), and T2-weighted
dual-echo turbo-spin-echo (DE-TSE) scans with 120 contiguous coronal
slices (TE1 = 14 msec, TE2 = 80 msec, TR = 6350 msec, flip angle = 90°,
Ix1x1.6 mm® voxels) of the whole head were used for quantitative
measurements. Magnetic resonance imaging acquisition and processing
methods have been described previously (Hulshoff Pol et al., 2002a).
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Processing was done on the neuroimaging computer network of the
Department of Psychiatry, University Medical Center Utrecht. All images
were coded to ensure investigators were blind for subject identification and
diagnoses; scans were put into Talairach frame (no scaling) for segmentation
purposes and corrected for inhomogeneities in the magnetic field. Quantitative
assessments of the intracranial, total brain, and gray and white matter of the
cerebrum (total brain excluding cerebellum and stem) volumes were
performed based on histogram analyses and series of mathematical
morphologic operators to connect all voxels of interest. Gray and white matter
segmentation procedures have been validated earlier (Schnack et al., 2001).
The interrater reliability of the volume measurements determined by the
intraclass correlation coefficient in 10 brains was above .95.

Statistical Analysis

Within-twin pair similarities of brain volumes were estimated by calculating
intraclass correlation coefficients (ICCs) and their 95% confidence intervals
(Bartko et al., 1976) on the unstandardized residuals of the brain volumes
after correcting for age and gender for discordant and healthy MZ and DZ
twin pairs. Repeated-measures analysis of covariance (ANCOVA) was done
for gray and white matter volumes of the cerebrum separately, with TWIN
(proband or twinl, co-twin or twin2) as within subjects variable, group
(discordant, healthy) and ZYG (monozygotic, dizygotic) as between subjects
variables, and age, gender, and intracranial volume as covariates. Interactions
for TWIN by GROUP, TWIN by ZYG, and GROUP by ZYG were entered
into the model.

To investigate the source of the significant findings in the repeated-measures
ANCOVA, the means of the unstandardized residuals of whole brain volume,
gray and white matter volume after controlling for intracranial volume, age
and gender between GROUP and ZYG and within TWIN were compared.

Results

For mean (SD) brain tissue volumes, see Table 2. For within-twin pair
similarities as measured by the intraclass correlation coefficient (lower or
higher 95% confidence interval) see Table 3.

Within-twin pair similarities of the brain volumes were higher in monozygotic
than dizygotic twin pairs, irrespective of schizophrenia. Moreover, in the
monozygotic twins, within-twin pair similarities were lower in discordant
twin pairs than in control twin pairs for gray and white matter volumes.
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Table 3. Within-twin pair similarities

Whole Gray White

Intracranial Brain Matter Matter

Monozygotic Discordant

ICC .89 .86° .72° .72

95%L .66 .58 27 25

95%H 97 .96 92 91
Monozygotic Healthy

ICC .79 .83 .83? .82

95%L 31 .01 .07 45

95%H .94 .96 .96 .95
Dizygotic Discordant

I1CC .17 -.12 .02 -.14

95%L -.52 -.68 -.60 =72

95%H .69 .50 .60 .49
Dizygotic Healthy

ICC 33 -.18 -.07 .39

95%L -.37 -.46 -.63 -.30

95%H 77 .69 .53 .79

Data are corrected for age and gender.
H, higher; ICC, intraclass coefficient; L, lower; 95%, 95% confidence interval.
p < .05

Asignificant main effect for GROUP on whole brain volume was found [F|, 35
=4.99, p = .05], reflecting a decreased whole brain volume in the discordant
twin pairs as compared to the healthy twin pairs. Moreover, the TWIN-by-
GROUP effect for whole brain volume was significant [F{, ;5 = 6.87, p =
.001], reflecting a decrease in the patients with schizophrenia as compared to
their co-twins and the healthy twin pairs (Figure 1).

The TWIN-by-GROUP effect for gray matter volume was significant [F; 35 =
9.22, p = .004] because of a decrease in the patients compared with their
co-twins and compared with the healthy twin pairs (Figure 2). Also, a
significant main effect for GROUP was found for white matter volume [F; 35
=4.10, p = .05], reflecting decreased white matter volume in the discordant
twin pairs compared with the healthy twin pairs, particularly prominent in the
monozygotic twin pairs (Figure 2).

There were no significant main effects for TWIN or interaction effects for
ZYG.

Post hoc analysis of the data revealed no significant differences in intracranial,
whole brain, gray and white matter volumes of those co-twins of patients with
schizophrenia who were diagnosed with a cluster A personality disorder
compared with those co-twins who were not.
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Figure 1. Whole brain volume in monozygotic (MZ) and dizygotic (DZ) twin pairs discordant
for schizophrenia compared with healthy twin pairs. SZ: patients with schizophrenia (n=11
MZ, 11 DZ); co-twin: co-twins of patients with schizophrenia (n = 11 MZ, 11 DZ); ncl: first
twins of the healthy twin pairs (n =11 MZ, 11 DZ); nc2: second twin of the healthy twin pairs
(n=11 MZ and 11 DZ).
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Figure 2. Gray and white matter volumes in monozygotic (MZ) and dizygotic (DZ) twin pairs
discordant for schizophrenia compared with healthy twin pairs. SZ: patients with schizophrenia
(n=11 MZ, 11 DZ); co-twin: co-twins of patients with schizophrenia (n=11 MZ, 11 DZ); ncl:
first twins of the healthy twin pairs (n = 11 MZ, 11 DZ); nc2: second twin of the healthy twin
pairs (n=11 MZ, 11 DZ).
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Discussion

This study compared gray and white matter volumes in 11 monozygotic and
11 same-gender dizygotic twin pairs discordant for schizophrenia to 11
monozygotic and 11 same-gender dizygotic healthy twin pairs. In this study,
the influence of genetic and environmental factors on gray and white brain
matter volumes in schizophrenia was studied. Gray matter was decreased in
the patients with schizophrenia compared with their co-twins and healthy twin
pairs. Decreased white matter volume was found in discordant twin pairs
compared with healthy twin pairs, irrespective of disease and particularly in
the monozygotic twin pairs. Within-twin pair similarities revealed higher
similarities in the monozygotic as compared to the dizygotic pairs irrespective
of discordance for intracranial volume, total brain volume, and gray and white
matter volume. In the monozygotic twins, within-twin pair similarities in
discordant twin pairs were lower than in normal twin pairs for gray and white
matter of the cerebrum.

The significant decrease in gray matter in the patients compared with their
co-twins and compared with the healthy twin pairs suggests that disease-related
factors are involved in the decreases in gray matter volume in schizophrenia.
The influence of nongenetic or illness-related factors on the decrease in gray
matter volume in patients is consistent with the reported environmentally
influenced changes in dorsolateral prefrontal cortex and superior temporal and
parietal gyri (Cannon et al., 2002). Note however, that changes in the frontal
pole and dorsolateral prefrontal cortex were found to be most prominent in
monozygotic compared with dizygotic co-twins in discordant pairs and
compared with healthy control pairs (Cannon et al., 2002). Therefore, some
focal gray matter regions in the brain of patients with schizophrenia may be
primarily influenced by genetic risk factors. In contrast, because white matter
volume was found to be decreased in the discordant twin pairs (irrespective of
disease) compared with the healthy twin pairs, white matter changes may be
related more to the genetic vulnerability to develop the disease rather than to the
disease process itself. This finding is in agreement with reports on white matter
changes such as callosal displacements (albeit not the vertical callosal
displacements; Narr et al., 2002) and corpus callosum shape (Casanova, 1990)
being influenced by genetic risk factors in schizophrenia; however, global white
matter volume changes cannot necessarily be extended to the focal measures of
the corpus callosum. Interestingly, in a genomewide expression analysis, genes
determined to have altered expression levels in schizophrenia relative to control
subjects were involved in the differential expression of myelination-related
genes (Hakak et al., 2001).
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The high within-twin pair similarities in the monozygotic compared with the
dizygotic pairs irrespective of discordance for intracranial volume, total brain
volume, and gray and white matter volume suggest that in patients and control
subjects, these measures are largely determined by genetic factors, as has
been reported previously (Baaré et al., 2001b; Hulshoff Pol et al., 2002b).
Lower within-twin pair similarities in discordant twin pairs than in normal
twin pairs suggests that, in addition to genetic factors, disease-related changes
also influence white (and gray) matter brain volumes in the discordant pairs
to some extent.

In summary, our findings suggest that global gray matter decreases in
schizophrenia may be secondary to the disease process, whereas global white
matter changes may be related to the genetic vulnerability to develop the
disease. Indeed, longitudinal studies in schizophrenia have shown gray (but
not white) matter to decrease over the course of illness (Cahn et al., 2002;
Mathalon et al., 2001) and to be related to outcome (Cahn et al., 2002;
Lieberman et al., 2001; Staal et al., 2001), suggesting that gray matter changes
are related to schizophrenia and its course. The finding that white matter
changes in schizophrenia may be linked to the genetic risk to develop the
disorder suggests that the study of genes involved in white matter structures
may be particularly fruitful in schizophrenia.

There are limitations to the study that must be taken into consideration when
interpreting its findings. First, collecting discordant twin pairs takes
considerable time. Indeed, years of collecting discordant twins resulted in the
sample size of 11 twin pairs per group. This limited the statistical power of
the analyses, despite matching for age, gender, birth order, and handedness
between the patient and control groups. Indeed, the group effect for white
matter would not have reached statistical significance if a Bonferroni
correction for multiple comparisons were added to the statistical analysis.
Moreover, the group-by-zygosity effect did not reach significance, whereas
comparison of the mean values of the white matter volumes suggested this
effect to be due to monozygotic discordant twin pairs only. It also limited our
analyses to analysis of variance and did not allow for inferences as to which
percentage of brain volume changes could be accounted for by genetic factors
in schizophrenia. Second, the findings of our study are limited to whole brain
gray and white matter volume measures. Therefore, based on these findings,
no further inferences can be made as to which focal gray and white matter
structures may be related to the disease and genetic risk to develop
schizophrenia. Future study should involve more focal approaches to brain
anatomy using voxel-based morphometry.
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Chapter 4
Summary

To investigate whether genetic and/or disease-related factors are involved in
progressive structural brain changes in schizophrenia, magnetic resonance
imaging scans with a 5-year scan-interval were acquired in patients, their
same-gender siblings and matched healthy controls. Structural equation
modelling was applied to assess disease and familial effects. Whole brain and
cerebral gray matter volumes decreased excessively in patients compared
with their siblings and the controls, suggesting that the progressive brain loss
in schizophrenia may be related to the disease process.
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Introduction

Structural brain abnormalities have been reported consistently in patients
with schizophrenia (Wright et al., 2000), with less pronounced abnormalities
in first-degree relatives of patients (Boos et al., 2007). Thus, the volumetric
differences may be related in part to the genetic risk of developing the disease
(Hulshoff Pol et al., 2004). At least parts of the morphological brain changes
in schizophrenia are progressive over the course of the illness (van Haren et
al., 2008; Pantelis et al., 2005), but it is not known for certain whether they
are mediated by genetic or disease-related factors.

Methods

Study design

Participants were recruited from the sibling-pair cohort and control sample
(Staal et al., 2000; Hulshoff Pol et al., 2002) at the University Medical Center
Utrecht. At baseline, 16 patients with schizophrenia (12 male, 4 female), 18
same-gender siblings (14 male, 4 female) and 43 healthy controls (29 male,
14 female) matched for age, gender and parental education participated.
Eleven patients (7 male, 4 female), 11 siblings (8 male, 3 female), and 33
controls (22 male, 11 female) completed the follow-up after 5 years
(mean=5.02 years; s.d.=0.39). Not all sibling-pairs were complete at
follow-up; a total of 7 sibling-pairs were scanned twice. At baseline, mean
age of the patients, siblings and controls was 40.9 years (s.d.=8.8), 41.2 years
(s.d.=8.8) and 40.2 years (s.d.=8.2) respectively. Mean duration of illness in
the patients was 19.6 years (s.d.=11.5). The follow-up sample was
representative of the baseline sample in that groups did not differ in mean
age, handedness, participants’ and parental education, and duration of illness.
All individuals underwent extensive psychiatric assessment procedures using
the Comprehensive Assessment of Symptoms and History (Andreasen et al.,
1992) at baseline and follow-up. Patients met DSM-IV criteria for
schizophrenia and all siblings were healthy. Siblings were at least 8 years
older than the age the affected sibling developed the first symptoms of
schizophrenia; thus, they would be very unlikely to develop schizophrenia in
the future. Outcome was assessed using the Global Assessment of Functioning
(Hall, 1995), the Positive and Negative Syndrome Scale (Kay et al., 1987)
and the Camberwell Assessment of Need (Phelan et al., 1995). Participants
with a major medical or neurological illness, 1Q below 80, previous
electroconvulsive therapy, or history of substance dependence were excluded.

71



Chapter 4

A table from the Dutch National Health Service (Commissie Farmaceutische
Hulp van het College voor Zorgverzekeringen) was used to calculate the
cumulative dosage of antipsychotics during the 5-year scan interval and to
derive haloperidol equivalents (HAL equiv.). During the scan interval, six
patients were exclusively on atypical antipsychotics (including clozapine)
and two on typical. Two patients switched between typical and atypical
antipsychotics; for one patient reliable information on medication was absent.
Mean cumulative antipsychotic medication during the scan interval was 14
345.4 HAL equiv. (s.d. = 7984). None of the siblings used antipsychotics. In
all, 46% of patients (5 of 11), 18% of siblings (2/11) and 36% of controls
(12/33) were smokers. All participants gave written informed consent. The
study was approved by the medical ethics committee for research in humans
(METC) of the University Medical Center Utrecht.

Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) brain scans were acquired on a Philips
NT (Best, the Netherlands) scanner operating at 1.5 T for all participants. A
3D fast field echo and a T2-weighted dual echo—turbo spin echo were
acquired. Protocol details and the imaging process are described elsewhere
(Hulshoft Pol et al., 2002). Volumes of intracranium, whole brain, cerebral
gray and white matter, lateral and third ventricular volumes and cerebellum
were measured.

Statistical Analysis

Mixed model analysis was implemented using Structural Equation Modeling
with Mx software for Windows (www.vcu.edu/mx/mxhomepage.html). Brain
volume change was regressed on intracranial volume, gender, age, disease
(patients v. siblings and controls) and familial background (patients and
siblings v. controls). Relatedness in the sibling-pairs was accounted for in the
covariance structure by allowing dependencies between the residuals in the
regression analyses. Effects of disease and familial background were tested
by comparing the likelihoods of nested models (-2 log-likelihood), which is
Chi-Squared distributed; y*> > 3.84 (1 d.f.) indicates a significant difference at
0=0.05, and depicts that the discarded effect (e.g., disease effect) cannot be
left out of the model without seriously reducing the goodness of fit. Using the
full model, estimates (including 95% Cls) were obtained that indicated an
increase or decrease of the dependent variable (brain volume change) in
patients or in siblings.
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Brain changes in schizophrenia patients and healthy siblings
Results

Over time, whole brain volume decreased excessively in patients (-12.6 ml)
compared with siblings (+7.3 ml) and controls (-2.3 ml) (Table 1). A greater
decrease in cerebral gray matter volume was observed in patients (-24.9 ml)
than in siblings (-9.8 ml) or controls (-16.8 ml). Moreover, patients showed
less prominent increases in cerebral white matter volume (+5.3 ml) than
siblings (+12.9 ml) or controls (+12.5 ml). Changes in gray and white matter
volumes do not add up to changes in total brain volume, because gray/white
matter was limited to the cerebrum (i.e. whole brain excluding cerebellum
and brain stem).

No associations were found between clinical variables and brain volume
changes, except that a larger dose of atypical medication (including clozapine)
during the scan interval was positively correlated with less progressive
decrease in cerebral gray matter volume (#=0.85; p=0.03).

When comparing patients and siblings as a group with the controls, no familial
effects were found in any of the brain volume changes over time.

Discussion

The progressive decreases over time in whole brain and cerebral gray matter
volume and less prominent increases in white matter observed in schizophrenia
patients but not in siblings may represent a (disease-related) non-genetic risk
factor for the disease. Our finding of progressive decrease over time is
consistent with those of other longitudinal studies in chronically ill patients
with schizophrenia (van Haren et al., 2008; Pantelis et al., 2005). The findings
in siblings are consistent with the normalisation of cortical thickness by the
age of 20 in siblings of patients with childhood onset schizophrenia (Gogtay
et al., 2007).

To our knowledge, this is the first longitudinal MRI study in chronically ill
patients with schizophrenia and their healthy siblings. Siblings share on
average 50% of their genes. The siblings in this study were all healthy and
beyond the age of risk for schizophrenia. Possibly, the disease alleles of
schizophrenia-related genes may be underrepresented in these siblings.

This study has several limitations. First, the number of participants was small
and genetic factors involved in progressive brain changes in schizophrenia
may not have been elucidated owing to a limited statistical power. Second, it
is likely that at least some of the disease alleles of schizophrenia-related genes
are not present in this sample of healthy siblings of patients. Our findings
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have to be considered preliminary and more final conclusions await follow-up
studies in monozygotic and dizygotic twin-pairs discordant for schizophrenia
that are currently underway.

74



"S0°0>d “H8°E < X B SOIUAIYIP JUBOYIUTIS 4
‘Sursstw o10M sjuorjed oM} JO SOWINTOA IOPEW OIIYM PUR Jojjew AeID)
*S[013U00 YIM pareduiod

s3urqrs ur 10 sjuonred ur ojqeLreA Juopuadop oy} Jo (S1BWNSI 9A1JESOU) 9SBAIOIP 1O (SjeWNSd 9ANIS0d) 9SBOIOUI UB S)BOIPUL 9JBWNS JUBOYIUSIS  IOpud3
pue 93e ‘QWNJOA [BIUBIORIUL J0J PJOILIOD dIk SIS oy (¢¢=u) sjonuoo Ayijeay pue (11=u) sSurqis (] [=u) eruaiydoziyos yum syuoned :ojdweg ,

160

60°€

£9C

<00

6¢'1

LT'1

X

T

(L8101 9SH-)
8¢~
(60'0 01 89°1-)
08°0-
(€470 0180°0~)
€€0
("0 01 05°0-)
€0°0-
(IT'19670°)
0t'0
(6v°00161°0-)
LT°0

D %S6)
sojewnSy
|

¥9°0

0

%08'¢

*L6°C

*81°SC

X

T

(F1°L 0 19°C)
96T
(€T€0181°C)
SL0
(L1°0 01 €9°0-)
€T0-
(00°0- 01 $5°T)
9¢€°0-
(20°0- 01 6€°1-)
0L°0"
(90°0- 01 19°0-)
€€0-

I %S6)
eildniiiNg |
|

€Lg) (10°9) (sev) (1v°0) (290) (€1
98°0 620" 0LC 68°0 SI'1 SOl SI[OLUSA PAIYL,
910 Lo1) (8¢7¢) (89°L) (€L°9) (0s°20)
08’1 €l €T LSST x4l S1'6T SO[OLIUDA [BIOJE']
($5°0) (¥$0) (Lg0) (6’01 9+1) (661)
61°0 750 8T°0 ovl Sorl Trl wn[qar)
(06°0) (69°0) (611 (0'99) (T19) (L6L)
650 1570 0€°0 8Ly 6°€LY L'89Y o ToNEW UM [BIQIIS)
(59°0) (00'1) (60'1) (1'59) (0'1L) (s'8L)
¥$°0- 81°0- 780~ $'9¢9 L 09 8665 q Jopew ABI3 [RIqR1D
(1v°0) (ot'0) (8€0) (L'601) (rs1n (27298
¥0°0- S1°0 0T~ 8+9TI 6°'L9T1 092C1 ureq doym
sjo.yuo)  S3urqIS sjuIned  s[jonuo)  SSUIqIS sjudneJ IR ureag

JTe3K3ueyd 9,
‘5309430 [el[iue |

JIe3A/P3uRYD 9,
“5199JJ9 aseasi(q

(‘p’s) uedw ‘dnouas xad
1834 19d d3ueyd 938IuIJ

(*ps) uedw :[u
JUI[3SE( )& SOWN[OA Ure.Ig

» SOWN[OA UTEIq UT SoSueyd uo erudydozIyos Jo s1o9)Ja [eI[Iwe) pue asedsi ‘| d[qeL,

75



Chapter 4
Reference List

Andreasen N.C., Flaum M., & Arndt S. (1992). The Comprehensive
Assessment of Symptoms and History (CASH). An instrument for assessing
diagnosis and psychopathology. Archives of General Psychiatry, 49, 615-623.

Boos H.B., Aleman A., Cahn W., Hulshoff Pol H.E., & Kahn R.S. (2007).
Brain volumes in relatives of patients with schizophrenia: a meta-analysis.
Archives of General Psychiatry, 64, 297-304.

Commissie Farmaceutische Hulp van het College voor Zorgverzekeringen
(2002). Farmacotherapeutisch Kompas [in Dutch]. Amstelveen, the
Netherlands.

Gogtay N., Greenstein D., Lenane M., Clasen L., Sharp W., Gochman P.,
Butler P., Evans A., & Rapoport J. (2007). Cortical brain development in
nonpsychotic siblings of patients with childhood-onset schizophrenia.
Archives of General Psychiatry, 64, 772-780.

Hall RC. (1995). Global assessment of functioning. A modified scale.
Psychosomatics, 36, 267-275.

Hulshoff Pol H.E., Schnack H.G., Bertens M.G., van Haren N.E.M., van der
Tweel 1., Staal W.G., Baar¢ W.F., & Kahn R.S. (2002). Volume changes in
gray matter in patients with schizophrenia. American Journal of Psychiatry,
159, 244-250.

Hulshoff Pol H.E., Brans R.G.H., van Haren N.E.M., Schnack H.G., Langen
M., Baaré¢ W.F., van Oel C.J., & Kahn R.S. (2004). Gray and white matter
volume abnormalities in monozygotic and same-gender dizygotic twins
discordant for schizophrenia. Biological Psychiatry, 55, 126-130.

Kay S.R., Fiszbein A., & Opler L.A. (1987). The positive and negative
syndrome scale (PANSS) for schizophrenia. Schizophrenia Bulletin, 13, 261-
267.

Pantelis C., Yiicel M., Wood S.J., Velakoulis D., Sun D., Berger G., Stuart
G.W., Yung A., Phillips L., & McGorry P.D. (2005). Structural brain imaging
evidence for multiple pathological processes at different stages of brain
development in schizophrenia. Schizophrenia Bulletin, 31, 672-696.

76



Brain changes in schizophrenia patients and healthy siblings

Phelan M., Slade M., Thornicroft G., Dunn G., Holloway F., Wykes T.,
Strathdee G., Loftus L., McCrone P., & Hayward P. (1995). The Camberwell
Assessment of Need: the validity and reliability of an instrument to assess the

needs of people with severe mental illness. British Journal of Psychiatry, 167,
589-595.

Staal W.G., Hulshoff Pol H.E., Schnack H.G., Hoogendoorn M.L., Jellema
K., & Kahn R.S. (2000). Structural brain abnormalities in patients with

schizophrenia and their healthy siblings. American Journal of Psychiatry,
157, 416-421.

Van Haren N.E.M., Hulshoff Pol H.E., Schnack H.G., Cahn W., Brans R.G.H.,
Carati 1., Rais M., & Kahn R.S. (2008). Progressive brain volume loss in
schizophrenia over the course of the illness: evidence of maturational
abnormalities in early adulthood. Biological Psychiatry, 26, 106-113.

Wright 1.C., Rabe-Hesketh S., Woodruff P.W., David A.S., Murray R.M., &
Bullmore E.T. (2000). Meta-analysis of regional brain volumes in
schizophrenia. American Journal of Psychiatry, 157, 16-25.

71



Chapter 4

78



Chapter

Heritability of changes in brain volume over time
in twin pairs discordant for schizophrenia

Rachel G.H. Brans, Neeltje E.M. van Haren, G. Caroline M. van Baal,
Hugo G. Schnack, René S. Kahn, Hilleke E. Hulshoff Pol.

Archives of General Psychiatry, 2008, 65 (11): 1259-1268

79



Chapter 5
Abstract

Context: Structural brain abnormalities have consistently been found in
schizophrenia, with increased familial risk for the disease associated with
these abnormalities. Some brain volume changes are progressive over the
course of the illness. Whether these progressive brain volume changes are
mediated by genetic or disease-related factors is unknown.

Objective: To investigate whether genetic and/or environmental factors are
associated with progressive brain volume changes in schizophrenia.

Design: Longitudinal 5-year follow-up in monozygotic (MZ) and dizygotic
(DZ) twin pairs discordant for schizophrenia and healthy comparison twin
pairs using brain magnetic resonance imaging.

Setting: Participants were recruited from the twin pair cohort at the University
Medical Center Utrecht.

Participants: A total of 92 participants completed the study: 9 MZ and 10 DZ
twin pairs discordant for schizophrenia and 14 MZ and 13 DZ healthy twin
pairs.

Main Outcome Measures: Percentage volume changes of the whole brain;
cerebral gray and white matter of the frontal, temporal, parietal, and occipital
lobes; cerebellum; and lateral and third ventricles over time between and
within twin pairs were compared using repeated measures analysis of
covariance. Structural equation modeling was applied to estimate contributions
of additive genetic and common and unique environmental factors.

Results: Significant decreases over time in whole brain and frontal and
temporal lobe volumes were found in patients with schizophrenia and their
unaffected co-twins compared with control twins. Bivariate structural
equation modeling using cross-trait/cross-twin correlations revealed
significant additive genetic influences on the correlations between
schizophrenia liability and progressive whole brain (66%; 95% confidence
interval [CI], 51%-100%), frontal lobe (76%; 95% CI, 54%-100%), and
temporal lobe (79%; CI, 56%-100%) volume change.

Conclusion: The progressive brain volume loss found in patients with
schizophrenia and their unaffected co-twins is at least partly attributable to
genetic factors related to the illness.
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Brain changes in twin pairs discordant for schizophrenia
Introduction

Structural brain abnormalities have consistently been found in patients with
schizophrenia (Wright et al., 2000; Shenton et al., 2001). Interestingly, at
least some of these brain volume changes are progressive across the course of
the illness (Pantelis et al., 2005; Hulshoff & Kahn, 2008). More specifically,
schizophrenic patients show aberrant trajectories of brain volume change
during adolescence (Rapoport et al., 1999) and adulthood (van Haren et al.,
2008; DeLisi, 1999).

The cause of these progressive brain volume changes in schizophrenia is still
unclear. Recently, more pronounced progressive brain volume changes over
time have been associated with poor outcomes (van Haren et al., 2008; Davis
etal., 1998; Cahn et al., 2002; Ho et al., 2003). Moreover, differential effects
of typical vs. atypical antipsychotic medication on progressive gray matter
decreases were demonstrated (Lieberman et al., 2005). Thus, both severity of
the illness and medication use influence the progressive brain volume changes
in schizophrenia. However, genes involved with schizophrenia might also
contribute to the progressive brain changes in this illness; the heritability (the
percentage of variance explained by genetic factors) of developing
schizophrenia is estimated to be around 80% (Sullivan et al., 2003). Indeed,
twin and family studies strongly suggest that genetic factors play a role in the
decreased brain volumes found in schizophrenia (DeLisi et al., 1987; Boos et
al., 2007). A familial influence on the progressive brain changes in
schizophrenia was suggested in a study of patients with childhood-onset
schizophrenia and their siblings (Gogtay et al., 2007). However, sibling
studies cannot disentangle the extent of genetic and common environmental
contributions to familial influences.

In this study, we set out to investigate the relative contributions of genetic and
environmental (disease-related) factors to the progressive brain volume
changes in schizophrenia. Therefore, we conducted a longitudinal magnetic
resonance imaging (MRI) study in monozygotic (MZ) and dizygotic (DZ)
same-sex twin pairs discordant for schizophrenia and compared them with
healthy MZ and DZ twin pairs, with a scan interval of 5 years.

The twin model is a powerful approach for determining the relative
contributions of genetic influences and common and unique environmental
influences on variation in brain volumes and their common origin with disease
liability (Rijsdijk et al., 2005). Moreover, morphologic findings in twins can
be extended to the singleton population (Hulshoff Pol et al., 2002a). For
genetic influences, the determining factor is the extent to which MZ twin
pairs resemble each other more than the DZ twin pairs. The presence of shared
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environmental factors is suggested when correlations in DZ twins are larger
than half of the MZ correlation (Boomsma et al., 2002). The importance of
unique environmental factors can first be obtained from the extent to which
MZ twins do not resemble each other. In a similar manner, the extent to which
genetic and environmental factors influence brain volume changes and
schizophrenia liability can be determined by comparing their cross-trait/
cross-twin correlations in MZ and DZ twins. A cross-trait/cross-twin
correlation is the correlation of a trait in twin 1 (i.e., liability for schizophrenia)
with a second trait (i.e., brain volume change) in twin 2 of the same pair. If
the cross-trait/cross-twin correlation is approximately twice as high in MZ as
in DZ twins and is comparable with the within-twin/cross-trait correlation
(i.e., the association between the 2 traits within the individuals), then it can be
inferred that genes common to both traits influence their association.

Methods

Participants

Participants were recruited from the twin pair cohort (Baaré et al., 2001) at
the University Medical Center Utrecht. A total of 9 MZ and 10 DZ twin pairs
discordant for schizophrenia and 14 MZ and 13 DZ healthy twin pairs
completed the longitudinal MRI study (N=92) after an interval of 5 years
(mean, 4.86 years [SD, 0.57 years]). The control twin pairs were matched to
the discordant twin pairs for zygosity, age, sex, birth order, handedness, their
parents’ socioeconomic status, and follow-up duration (Table 1). All twins
participated after written informed consent was obtained. Zygosity was
determined by DNA fingerprinting, using either the polymorphic markers
D06S474, D07S1804, D07S1870, D12S811, D13S119, D13S126, D13S788,
D20S119, D22S683, DXS1001, and ELN, or D13S317, VWA, D74520,
D35158, THO1, TPOX, CSF1P0, and D55818. The study was approved by the
medical ethics committee for research in humans of the University Medical
Centre Utrecht and was carried out according to the directives of the
Declaration of Helsinki (amendment of Edinburgh, 2000).

All participants underwent extensive psychiatric assessments at baseline and
at follow-up with the Comprehensive Assessment of Symptoms and History
(Andreasen et al., 1992). Age at onset of illness was defined as the first time
the patient experienced psychotic symptoms. Duration of illness was defined
as the time between age at illness onset and age at first MRI scan. Outcome
was assessed using the Global Assessment of Functioning (Hall, 1995). The
Camberwell Assessment of Need (Phelan et al., 1995) was used to evaluate
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Chapter 5

the need for care of the patient in daily life functioning. The Positive and
Negative Syndrome Scale (Kay et al., 1987) was used to evaluate severity of
symptoms. In the co-twins of the schizophrenic patients and the matched
healthy twin pairs, the Schedule for Affective Disorders and Schizophrenia—
Lifetime version (Endicott & Spitzer, 1978) and the Structured Interview for
DSM-1V Personality (Pfohl et al., 1995) were completed. Information about
smoking status (number of cigarettes) and alcohol use was collected at
follow-up.

Sixteen probands met criteria for schizophrenia and 3 met criteria for
schizoaffective disorder. Furthermore, co-twins of the probands met diagnoses
of schizoid personality disorder (1 MZ), schizotypical personality disorder (2
MZ), cannabis abuse (1 DZ), conduct disorder (1 MZ), and major depressive
disorder (1 MZ and 1 DZ). In 2 healthy participants, diagnoses of adjustment
disorder with depressed mood (1 DZ) and major depressive disorder (1 MZ)
were made. At follow-up, 2 co-twins of probands had developed a major
depressive disorder (2 DZ) and 1 developed a depressive disorder not
otherwise specified (1 DZ). Four healthy participants (3 MZ and 1 DZ)
developed major depressive disorders. Except for 1 control twin pair that was
separated at 12 years of age when both of their parents died, all twins were
reared together.

A table from the Dutch National Health Service (Commissie Famaceutische
Hulp van het college voor Zorgverzekeringen) was used to calculate the
cumulative dosage of typical antipsychotics during the scan interval and to
derive the haloperidol equivalents. For atypical antipsychotic drugs, the
respective pharmaceutical companies suggested the following conversions
into haloperidol equivalents: clozapine, 40:1; olanzapine, 2.5:1; risperidone,
1:1; sulpiride, 170:1; quetiapine, 50:1; sertindole, 2:1, and aripripazole, 2:1.
During the scan interval, 6 patients had been taking atypical antipsychotic
medication (including clozapine, olanzapine, and aripripazole) exclusively
and 7 patients were taking typical medication exclusively. Five patients
switched between typical and atypical antipsychotic medications during the
scan interval. From 1 patient, we did not have reliable information about
medication intake. None of the co-twins (with the exception of 1 co-twin who
had used antipsychotic medication for a short period) had ever used
antipsychotic medication at the time of the second MRI scan. Five of the
co-twins (3 MZ and 2 DZ) as well as 2 of the healthy participants (2 MZ) used
antidepressants.
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Brain changes in twin pairs discordant for schizophrenia

MRI acquisition and analysis

The MRI brain scans were acquired on a Philips NT scanner (Philips Medical
Systems, Best, the Netherlands) operating at 1.5 T in all participants.
T1-weighted 3-dimensional fast-field echo scans with 160 to 180 contiguous
coronal slices (echo time/repetition time, 4.6 milliseconds/30 milliseconds;
flip angle, 30°; voxel dimension, 1 x 1 x 1.2 mm?®) and T2-weighted dual-echo
turbospin-echo scans with 120 contiguous coronal slices (echo time 1/echo
time 2/repetition time, 14 milliseconds/80 milliseconds/6350 milliseconds;
flip angle, 90°; voxel dimension, 1 x 1 x 1.6 mm?®) of the whole head were
used for quantitative measurements. In addition, T2-weighted dual-echo
turbo-spin-echo scans (echo time 1/echo time 2, 9 milliseconds/100
milliseconds; flip angle, 90°; voxel dimension, 0.98 x 0.98 mm?) with 19
axial 5-mm slices and a 1.2-mm gap of the whole head were used for clinical
neurodiagnostic evaluation.

Processing was done on the neuroimaging computer network from our
department of psychiatry. All images were coded to ensure blindness of
participant 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). Quantitative
assessment of intracranial, total brain, and gray and white matter of the
cerebrum (total brain excluding cerebellum and stem), and lateral and third
ventricle volumes was performed using histogram analyses and series of
mathematical morphology operators to connect all voxels of interest validated
previously (Schnack et al., 2001a; 2001b). All images were checked after
measurement and corrected manually if necessary. The interrater reliabilities
of the volume measurements, determined by the intraclass correlation
coefficient, were 0.95 and higher.

The frontal, parietal, temporal, and occipital lobes were segmented based on
transformations to a model brain onto which the lobes had been manually
demarcated (Hulshoff Pol et al., 2002b; Palmen et al., 2004). The model brain
was selected earlier among 200 brain images of healthy individuals between
16 and 70 years of age. Brain images were registered to the model brain
through the Automatic Nonlinear Image Matching and Anatomical Labeling
algorithm (Collins et al., 1995) to remove global differences in size and shape
of individual brains. The inverse of the transformation process registered the
manual segmentations of the model brain to all participants’ brain images.
The segments were visually checked (Figure 1).
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Figure 1. Segmentations of the whole brain and cerebellum (A), gray and white matter (B), the
frontal, temporal, parietal, and occipital lobes (C), and the lateral and third ventricles (D).
Quantitative assessments of the intracranial, total brain, gray and white matter of the cerebrum

(total brain excluding cerebellum and stem) and lateral and third ventricle volumes were
performed based on histogram analyses and series of mathematical morphology operators to
connect all voxels of interest.
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Brain changes in twin pairs discordant for schizophrenia

Statistical analysis

Brain volume changes are expressed in percentages: [(follow-up — baseline
volume)/baseline volume] x 100. Data were examined for outliers, extreme
values, and normality of distribution. No transformations were needed for
this or any of the other measures.

For statistical analysis of the data, our approach was 2-fold. Multiple repeated-
measures univariate analyses of covariance were applied to initial measurement
of brain volume change in the 2 groups. This procedure did not allow for
decomposition of the observed variance into genetic and environmental parts,
but made the findings comparable with earlier twin studies in which a single
MRI scan was made and was readily interpretable. In repeated-measures
univariate analysis of covariance, unstandardized residuals of percentage
brain volume change were entered as dependent variables. Percentage brain
volume change was corrected for age and sex. Twin status (twin 1=patient
with schizophrenia or healthy control, twin 2=co-twin of patient or healthy
control) was entered as a within-subjects factor. Between-subjects factors
were group (discordant or healthy twin pair) and zygosity (MZ or DZ).

For estimating the significance of the relative contributions of genetic and
environmental (family-related and unique) factors on variability in
(progressive) brain volume changes in schizophrenia, structural equation
modeling is the method of choice in twin studies. Implementing bivariate
genetic models, structural equation modeling also yields valid tests on
whether genetic or family-related factors explain the association between
schizophrenia and brain volume changes. To what extent genes and/or
environment are responsible for this association was expressed by bivariate
heritability: the percentage of covariance that is accounted for by a common
genetic factor. This method has been extensively described (Rijsdijk et al.,
2002) and applied to schizophrenia before (Rijsdijk et al., 2005; Toulopoulou
etal., 2007).

The analyses were done using the statistical package Mx (Neale et al., 2003).
Because the Mx software cannot handle ordinal and continuous data
simultaneously, the residuals of the percentage brain volume changes (after
regression on sex and age) were used to calculate a S-category ordinal measure
for brain volumes. This ordinal scale was created by dividing the residuals, so
that each category covers 20% of the data following a normality distribution.
Both affected and unaffected individuals were assumed to have an underlying
liability to develop schizophrenia (standard normal distribution) (Rijsdijk et
al., 2005; Toulopoulou et al., 2007). Thus, it was believed that if a person with
a high value on the liability scale crossed a certain threshold, he or she would
become ill (patient) or otherwise remain healthy (discordant co-twin of
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patient or healthy twin pairs).

The critical threshold for schizophrenia was not based on our sample, as it
was approximately 25% schizophrenic patients, which would have resulted in
an overestimation of the prevalence (i.e., 1%). Also, our active attempts to
find as many discordant twin pairs as possible and exclude concordant pairs
would have affected heritability estimates. Instead, we constrained the
heritability (h?) at 81%, the influence of family-related environmental factors
(c?) at 11% (rtMZ=0.92, rDZ=0.52) (based on a meta-analysis of twin studies
(Sullivan et al., 2003)), and the prevalence at 1% (resulting in a critical
threshold at 2.33) (based on epidemiological studies (Gottesman, 1990)).
This procedure was found to give valid and reliable estimates for bivariate
heritability in such analyses (Rijsdijk et al., 2005).

Using structural equation modeling, the phenotypic correlations (r,;,) between
schizophrenia liability and percentage brain volume changes were calculated;
phenotypic correlations can result from a common set of genes or
environmental factors. These phenotypic correlations were then decomposed
into genetic (r,) and environmental components (r.), thus providing
information regarding the possible shared genetic and environmental
influences of schizophrenia liability and brain volume changes. Decomposition
of these sources was based on the comparison of cross-trait/cross-twin
correlations for MZ and DZ twins, i.e., the correlation between a trait
(schizophrenia liability) of twin 1 with another trait of twin 2 (brain volume
change), where twin 1 and twin 2 represent a twin pair. If the absolute value
of the correlation between brain volume change of twin 1 and schizophrenia
liability of twin 2 is larger in MZ twins than in DZ twins, this indicates that
the genes that influence brain volume change (partly) overlap with genes that
influence schizophrenia. The extent of the overlap is reflected by the
magnitude of the genetic correlation (r,). When the cross-trait/cross-twin
correlations are similar and, for MZ and DZ twins, differ from 0, this suggests
that environmental factors that are shared within families contribute to the
phenotypic correlation between brain volume change and schizophrenia. If
both correlations are 0, only individual-specific environmental correlations
exist.

The contribution of additive genetic (A), common environmental (C), and
unique environmental (E) factors to the variance in brain volume changes
(univariate heritability) and to the covariance between schizophrenia liability
and brain volume changes (bivariate heritability) was expressed as a
percentage of the total (co)variance: the percentage A was expressed as h?
(heritability), C as ¢? (common or shared environment) and E as ¢* (unique
environment). Random measurement error is part of ¢*. By combining the
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Brain changes in twin pairs discordant for schizophrenia

information from r,, 1., and r. with h% c?, and ¢ the influence of genetic,
common environmental, and unique environmental factors on the total
phenotypic correlation between schizophrenia and brain volume change
could be established. Specifically, the percentage of covariance between
schizophrenia and percentage brain volume change that is accounted for by a
common genetic factor is expressed as bivariate heritability: h?;=covA/
(covA + covC + covE).

By minimizing a goodness-of-fit statistic between observed and predicted
covariance matrices, structural equation modeling programs estimate model
parameters (a, ¢, and e). Effects of genetic and family-related factors were
tested by comparing the likelihoods of nested models (—2 log likelihood,
which is y* distributed) in which it is tested whether, for example, a CE model
fits as well as an ACE model, using the most simple model that best explains
the data. A y? value greater than 3.84 (1 df) indicates a significant difference
at o = 0.05, which means that the reduced model provides a significantly
worse fit to the data and indicates that the discarded effect (e.g., disease effect)
cannot be left out of the model without seriously deteriorating the goodness
of fit.

Using the full model, estimates (including 95% confidence intervals [Cls])
were obtained that reflect the increase or decrease in brain volume over time
in patients or in individuals with a familial background of schizophrenia.

Results

Repeated-measures analysis of covariance

Over time, a significant group effect was found for percentage whole brain
volume change (Table 2 and Figure2). Combined, patients and their co-twins
showed a progressive decrease in whole brain volume over time compared with
the control twin pairs (F)4,=4.60; P=.04). Furthermore, a significant twin x
zygosity interaction was found (F 4,=8.18; P=.01), which indicates that the MZ
co-twins show a more prominent decrease in whole brain volume than the DZ
co-twins compared with the patients with schizophrenia. The group X zygosity
interaction was significant for lateral ventricle volume (F)4,=13.20; P=.01)
owing to a more prominent progressive increase in lateral ventricle volume in
discordant DZ compared with MZ twin pairs, whereas the controls did not show
a difference between MZ and DZ pairs. Moreover, a significant group effect
was found in frontal, temporal, and (gray matter) occipital lobes. No significant
group effects were found for cerebral white matter (F,,=0.24; P=.63),
cerebellum (£, ,,=2.05; P=.16), or third ventricle (F, ,,=0.39; P=.54) volumes.
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Figure 2. Whole-brain volume at baseline (T0) and follow-up (T5) in twin pairs discordant for
schizophrenia and healthy twin pairs. Each line represents an individual. Twins correspond to
each other by color; patients are associated with their co-twins, and healthy controls (HCs 1)
are associated with their co-twins (HCs 2). The black squares and lines represent mean whole
brain volume. For monozygotic twin pairs, percentage volume change was —0.37% for patients
and —2.18% for their co-twins; for monozygotic HCs 1, it was —0.23%, and for their co-twins
(HCs 2), it was —0.51%. For dizygotic twin pairs, percentage volume change was —3.26% for
patients and —1.52% for their co-twins; for dizygotic HCs 1, it was —0.65%, and for their
co-twins (HCs 2) it was 0.05%.
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Chapter 5

Structural Equation Modeling

Over time and irrespective of disease, a decrease in whole brain volume was
found, which was moderately correlated within twin pairs. A significant
familial effect was found (h? and ¢? together, 55%), but it was not possible to
disentangle the influence of h? and ¢? in this sample. Around half of the
variance was accounted for by e? (45%) (Table 3).

When adding schizophrenia as a trait in the bivariate analysis (Table 4), the
decrease in whole-brain volume became more pronounced, with higher
schizophrenia liability due to genetic factors (within-twin/cross-trait
correlation, r,,=—0.22). The influence of genes involved in schizophrenia
liability and whole-brain volume change was found to be significant and was
estimated to account for 66% (95% CI, 51%-100%). This means that at least
51% of the covariance of whole-brain volume change and schizophrenia can
be explained by genetic factors. In addition, shared environmental factors,
though not of significant influence, explained approximately 23% (95% ClI,
0%-40%) of the shared variance between schizophrenia liability and brain
volume change. The remaining (nonsignificant) approximately 11% (95% ClI,
0%-38%) shared variance between schizophrenia liability and brain volume
change was due to unique environmental factors. In addition, a significant
influence of additive genetic factors on volume change and schizophrenia
was found for frontal (76%; 95% CI, 54-100%) and temporal (79%; 95% CI,
56-100%) lobe volume change.

Association with clinical variables

No associations were found between clinical measurements or level of
parental education and brain volume changes. Participants who met diagnosis
did not differ from those who were healthy (for whole-brain volume, MZ
individuals: F,35=0.14; P=.71; and DZ individuals: F,3,=0.01; P=.94). The
correlation between whole-brain volume change and number of cigarettes
smoked (r=—0.13; P=.22) and amount of alcohol consumed (r=0.12; P=.27)
at follow-up was nonsignificant. When repeating repeated measures univariate
analyses of covariance with participants who had used drugs, the co-twin who
had used antipsychotic drugs briefly, with participants who consumed more
than 15 drinks per week at follow-up excluded, the group effect remained
significant (¥, ,7=4.36; P=.046).
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Brain changes in twin pairs discordant for schizophrenia

Table 3. Within-trait/cross-twin correlations and cross-trait/cross-twin correlations on

percentage brain volume change

Brain structure

Whole brain
Frontal lobe
Temporal lobe
Parietal lobe
Occipital lobe

Cerebral GM
Frontal lobe
Temporal lobe
Parietal lobe
Occipital lobe

Cerebral WM
Frontal lobe
Temporal lobe
Parietal lobe
Occipital lobe

Cerebellum

Lateral ventricle

Correlation (95% Confidence Interval) *

I
Within-trait/cross-twin correlation®

1
Cross-trait/cross-twin correlation

[
23 MZ twin pairs

0.46 (0.09 to 0.71)
0.47 (0.07 t0 0.73)
0.49 (0.14 10 0.72)
0.29 (-0.11 to 0.60)
0.10 (-0.27 to 0.44)

-0.03 (-0.42 to0 0.37)
0.29 (-0.14 t0 0.62)
0.30 (-0.12 t0 0.62)
-0.03 (-0.47 to 0.42)
0.35 (-0.08 to 0.66)

0.34 (-0.11 to 0.66)
0.01 (-0.45 to 0.46)
0.27 (-0.16 to 0.60)
0.53 (0.13 10 0.77)
0.39 (-0.03 to 0.69)

0.63 (0.33 to 0.82)
0.13 (-0.27 to 0.48)

1
23 DZ twin pairs

0.35 (-0.18 t0 0.69)
0.56 (0.16 0 0.77)
0.48 (-0.06 to 0.77)
0.21 (-0.31 to 0.62)
-0.16 (-0.60 to 0.40)

0.17 (-0.32 t0 0.58)
0.40 (-0.07 to 0.71)
0.59 (0.15 t0 0.82)
0.13 (-0.30 t0 0.51)
0.49 (0.06 to 0.76)

0.25 (-0.25 t0 0.63)
0.16 (-0.26 to0 0.53)
0.06 (-0.43 to 0.52)
0.24 (-0.26 t0 0.63)
0.02 (-0.48 to 0.40)

0.45 (-0.13 to0 0.76)
0.29 (-0.33 t0 0.68)

[
23 MZ twin pairs

-0.32 (-0.51 to -0.10)
-0.35 (-0.54 to0 -0.12)
-0.38 (-0.56 to -0.16)
-0.22 (-0.42 to 0.01)
-0.34 (-0.52 to0 -0.13)

-0.26 (-0.45 t0 -0.06)
-0.29 (-0.48 t0 -0.07)
-0.36 (-0.55 to -0.14)
-0.23 (-0.42 to -0.02)
-0.31 (-0.51 to -0.08)

0.01 (-0.22 to 0.24)
-0.06 (-0.28 t0 0.15)
0.01 (-0.22 to 0.23)
0.08 (-0.15 to 0.30)
0.11 (-0.11 to 0.32)

-0.19 (-0.40 to 0.05)
0.18 (-0.05 to 0.39)

1
23 DZ twin pairs

-0.05 (-0.31 to 0.21)
-0.11 (-0.36 t0 0.13)
-0.16 (-0.41 to 0.09)
-0.14 (-0.40 to 0.14)
-0.11 (-0.36 to 0.15)

-0.07 (-0.33 t0 0.19)
-0.03 (-0.29 to 0.23)
-0.26 (-0.50 t0 -0.00)
-0.06 (-0.22 to 0.31)
-0.11 (-0.35 to 0.15)

0.03 (-0.25 t0 0.29)
0.02 (-0.25 to 0.28)
0.12 (-0.16 to 0.38)
-0.03 (-0.30 to 0.24)
0.11 (-0.16 to 0.36)

-0.04 (-0.32 to 0.22)
0.26 (-0.03 to 0.55)

Abbreviations: DZ, dizygotic; GM, gray matter, MZ, monozygotic, WM, white matter.

2 The 95% confidence intervals including 0 indicate statistical nonsignificance.

b Irrespective of disease. Within-trait/cross/twin correlation, or intraclass correlation, is the

correlation of twin 1 with his/her co-twin (twin 2) on percentage brain volume change:
{[follow-up - baseline volume)/baseline volume] x 10041} - {[follow-up - baseline volume)/
baseline volume] x — 1002} -
¢ Associated with schizophrenia. Correlation of percentage brain volume change of twin 1 with
genetic liability to schizophrenia (SZ) of his/her co-twin (twin 2): {[(follow-up - baseline
volume)/baseline volume] X 100win 1} - SZwin2. The schizophrenia within-trait/cross-twin
correlation (SZuin 1 - SZuwin2) is constrained to 0.92 in MZ twins and 0.52 in DZ twins based
on the genetic point estimates of a meta-analysis and a 1% prevalence.
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Table 4. Phenotypic correlations and estimated influences of additive genetic, common and
unique environmental factors on brain volume change *

% (95% Confidence Interval)

T 1
Sources of covariance between schizophrenia and

Sources of variance on brain volume change ¢ brain volume change ¢
r 1 r 1
Phenotypic
Brain structure I3 ¢ e correlation ¢ Ry v v
Whole brain 32 (0to 76) 23 (0to 59) 45 (23 to 76) -0.22 (-0.41 t0-0.01) " 66 (51 to 100) 23(0to40) 11 (0to38)
Frontal lobe 17(0t070) 37 (0to 65) 46 (261074)  -0.26 (-0.4410-0.05)" 76 (5410100) ©  8(0t036)  16(0to38)
Temporal lobe 190t 71)  32(0to 62) 49 (28 to 78) -0.28 (-0.4710-0.08)F  79(56t0100) F  3(0t032)  18(0to 36)
Parietal lobe 16 (0 to 60) 14 (0to 51) 71 (40 to 99) -0.17 (-0.36 to 0.04) 62 20 18
Occipital lobe 13 (0 to 40) 0(0t025) 87 (60 to 99) 021 (-037t00.01)  74(52t0100)"  1(0t027)  25(0to47)
Cerebral GM 8 (0 to 45) 7(0 to 40) 85 (55 to 100) -0.19(-037t00.01) 73 5(5t0100) 22 (0to51)
Frontal lobe 20t061)  16(0to52) 62 (36 to 95) 2020 (-039 10 0.01) 65 (49 t0 89) 21(0t0 40) 14 (0 to 35)
Temporal lobe 3(0t0 55) 390 to 64) 58(341086)  -0.25(-0.4310-0.04) T 32 (0 to 90) 44(01092) 24 (41042)
Parietal lobe 9(0to4l) 3(0t026) 88 (57 to 100) -0.12(-031100.08) 64 14(0t045) 22(0to77)
Occipital lobe 14(0t065)  31(0to57) 55 (32 to 85) 2020 (-0.40 10 0.01)  72(49t0 100)"  8(0t038) 20 (0 to 50)
Cerebral WM 1 (0 to 60) 26(0t054) 73 (40 to 100) -0.06 (-027t00.15) 35 38 28
Frontal lobe 3(0 to 46) 8(0 to 39) 89 (54 to 100) -0.12(-0.3210 0.08) 50 29 21
Temporal lobe 12 (0 to 56) 12 (0 to 47) 77 (43 to 100) -0.08 (-0.28 to 0.13) 35 37 28
Parietal lobe 45 (0 t0 76) 7(01t0 62) 48 (24 to 85) 0.01 (-02010022) 51 28 21
Occipital lobe 33 (0 to 66) 2(0to 74) 65 (34 to 100) 0.05(-0.15100.25) 38 27 35
Cerebellum 45(0t083)  21(0to71) 34 (17 to 63) 0.11(-033t00.11) 63 20 17
Lateral ventricle 0 (0 to 47) 41 (1 to 63) 59 (36 to 86) 0.06 (-0.1410 0.25) 0 (0 to 40) 58 (01080) 42 (20 to 80)
Third ventricle 0 (0 to 44) 6 (0 to 34) 94 (56 to 100) 20.10(-030t0 0.11) 27 36 37

Abbreviations: biv, bivariate; ¢?, shared environmental effects; ¢?, nonshared environmental

effects; GM, gray matter; h? heritability; WM, white matter.

2 All analyses are for percentage brain volume change and corrected for age and sex. Parameters
for schizophrenia are fixed based on a prevalence of 1% and the following genetic model:
h*=0.81, ¢*=0.11, ¢=0.08.

® The 95% confidence intervals from 0 to 100 are not shown.

¢ Irrespective of disease. Reflects the influence of additive genetic and common and unique
environmental factors on brain volume change, ie, additive genetic effects account for 32%
of the variance on whole-brain volume change.

4 Reflects the correlation between schizophrenia liability and percentage brain volume change
within individuals, ie, the correlation between schizophrenia and whole-brain volume change
=-0.22, which indicates that patients with schizophrenia have a larger reduction in whole-
brain volume during the 5-year interval than healthy comparison participants.

¢ Sources of covariance between schizophrenia and percentage brain volume change are
represented by h%y,, ¢’y and e, on the correlation between schizophrenia liability and brain
volume change within individuals, ie, genetic influences that are shared by percentage brain
volume change and schizophrenia account for 66% of the phenotypic correlation between
brain volume change and schizophrenia.

I Significant at 0=.05.
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This study examined the relative contributions of genetic and environmental
factors on percentage brain volume changes over time in schizophrenia. In a
longitudinal study with a 5-year interval, MZ and DZ twin pairs discordant
for schizophrenia were compared with healthy twin pairs. To our knowledge,
this is the first longitudinal MRI study in twin pairs discordant for
schizophrenia.

Our main finding is that progressive decreases in whole brain and frontal and
temporal lobe volumes were found both in patients with schizophrenia and in
their unaffected co-twins compared with the healthy twin pairs. This was
largely due to decreases in gray matter volume over time. Furthermore, by
applying structural equation modeling, we demonstrated that at least 51% of
the correlation of —0.22 between whole-brain, frontal lobe, and temporal lobe
volume loss and schizophrenia liability could be explained by genetic factors
that are also directly implicated in the disease. Thus, genes that are directly
involved in the etiology of schizophrenia may also contribute to the (frontal
and temporal) brain volume loss observed in the patients and their co-twins.
The results also imply that the genes that play a role in (frontal and temporal)
brain volume loss in (healthy) aging may be suitable candidate genes for
schizophrenia. Finally, the finding of progressive brain volume loss in the
unaffected co-twins of the patients indicates that the progressive brain volume
loss in schizophrenia can no longer be explained solely as the result of
disease-associated factors, such as antipsychotic medication intake, smoking,
or outcome.

The brain volume change over time in the chronically ill patients was
approximately 5 times that found in individuals with normal aging (as
expressed in the brain volume changes in the control participants during the
S-year interval). This finding is in keeping with longitudinal MRI studies that
reported progressive brain changes in chronically ill patients (van Haren et
al., 2008; Davis et al., 1998; Mathalon et al., 2001). By including co-twins
who were discordant for schizophrenia, we were able to measure the relative
contributions of common environmental and genetic factors on these
progressive brain volume changes. The extent of the tissue loss in the co-twins
of the patients approximated that found in the patients themselves and was
considerably more prominent than in controls. This finding strongly suggests
that progressive brain volume change in schizophrenia has a familial
background and is consistent with the results of a study in siblings discordant
for childhood-onset schizophrenia (Gogtay et al., 2007). Additionally, based
on the cross-trait/cross-twin comparison of disease liability with brain volume
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change in the MZ and DZ twin pairs in our study, the relative influence of
genetic, common environmental, and unique environmental factors could be
calculated. These results demonstrated that approximately 66%, at least 51%,
of the variation in whole-brain volume loss that is associated with
schizophrenia could be explained by genetic factors.

That frontal lobe volume loss in particular can be explained by genetic factors
(76%; 95% CI, 54%-100%) that also directly contribute to schizophrenia may
not be entirely surprising. The frontal lobe has been implicated in the genetic
risk for the disease in a cross-sectional study in the current sample (Baaré et
al., 2001) and in others (Cannon et al., 2002a). The genetic influences on
temporal lobe volume change in schizophrenia (79%; 95% CI, 56%-100%)
found in this study are consistent with findings of decreased temporal cortical
thickness in family members of patients (Goghari et al., 2007). To what extent
genetic risk is associated with cortical thickness change in local areas in the
cortex is currently being assessed.

Shared environmental factors implicated in the disease explained another
23% (nonsignificant) of the variation in whole-brain volume loss in
schizophrenia (8% of the variation in frontal lobe and 3% in temporal lobe
volume). Unique environmental factors did not significantly contribute to the
progressive whole-brain volume change found in patients, as the remaining
shared variance between schizophrenia liability and brain volume change due
to unique environmental factors or measurement error was small,
approximately 11% (comparable with the frontal lobe [16%] and the temporal
lobe [18%]). Antipsychotic medication intake can be considered such a
unique environmental factor. While all the patients were taking antipsychotic
medication (except for 1 co-twin who took them briefly), none of the co-twins
used antipsychotic medication. Consequently, antipsychotic medication is
unlikely to cause the progressive brain volume changes in the patients with
schizophrenia.

Our sample size did not allow a statistical analysis to assess possible gene X
environment interactions, such as in the case of epigenetic mechanisms,
which exert lasting control over gene expression without altering the genetic
code (Tsankova et al., 2007). However, even if gene X environment
interactions were involved in preventing the co-twins from developing
schizophrenia, this does not explain why it would leave the co-twins with a
symptom-free progressive brain volume loss later in life. Indeed, there is
suggestive evidence that the progressive brain volume loss in co-twins may
not be without consequences: studies examining cognitive function in
unaffected co-twins of patients with schizophrenia find impairments on
cognitive tests and educational attainment (Cannon et al., 2000; Kremen et
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al.,, 2006; Goldberg et al., 1990). Cognitive impairments may thus be
associated with the progressive brain volume loss observed in the unaffected
co-twins of patients with schizophrenia.

However, in this study, we did not find an association between outcome, level
of parental education, and brain volume changes.

As to the (patho)physiological processes that are responsible for the
progressive brain changes, we can only speculate. The brain volume loss in
the discordant twin pairs may represent altered plasticity in adulthood. It is
now clear that the brain continues to show plasticity during adulthood, at least
insome areas. Neurogenesis is known to occur in the adult human hippocampus
(Eriksson et al., 1998) and olfactory bulb (Bédard et al., 2004). However,
adult neurogenesis in several other areas, including the neocortex, striatum,
amygdala, and substantia nigra, has also been suggested (Gould et al., 2007).
Electron microscopy studies in rodent brains have demonstrated that neural
circuits are sculpted by spontaneous activity and sensory experience (Katz et
al., 1996). Also, evidence is accumulating that functional rewiring takes place
in the adolescent and adult rodent brain, which may involve structural
plasticity with synapse formation and elimination (Chkolskii et al., 2004; Zuo
et al., 2005). Moreover, action potential firing was found to influence
myelination (Ishibashi et al., 2006). Thus, it is tempting to hypothesize that
the progressive volume loss associated with the liability to develop
schizophrenia represents aberrant plasticity of adult functional neural
networks. Indeed, several lines of evidence suggest there is abnormal
neurogenesis and aberrant expression of developmental genes in schizophrenia
and arole of candidate schizophrenia susceptibility genes in adult neurogenesis
(Reif et al., 2006). Some of the candidate schizophrenia susceptibility genes
have been associated with brain volumes in healthy subjects (Peper et al.,
2007). In schizophrenia, the disrupted in schizophrenia 1 (DISC1), translin-
associated factor X (TRAX) (Cannon et al., 2005), and GAD1 (Addington et
al., 2005) genes were found to contribute to decreased gray matter volumes.

Common environmental factors implicated in the disease itself explained
23% of the brain volume loss in patients, though this effect was not significant.
Possible common environmental factors shared among patients with
schizophrenia and their close relatives are stress factors (McEwen, 2000;
McDonald & Murray, 2000). The emotional burden of the disease can also be
considerable in siblings of patients with schizophrenia (Schmid et al., 2006).
For twins, who often have a close emotional relationship with each other, the
experience of a co-twin having a severe psychiatric disease like schizophrenia
may represent a more pronounced burden. Other possible common
environmental factors that patients share with their co-twins that have been

97



Chapter 5

associated with schizophrenia are viral infections (Davis et al., 1995; Torrey,
1988), psychosocial factors (Portin et al., 1997), prenatal environment (Brown
et al., 2007), and delivery complications (Verdoux et al., 1997). Delivery
complications have been associated with decreased brain volumes in twin
pairs discordant for the disease (Cannon et al., 2002b; van Erp et al., 2004).
Early (prenatal or perinatal) neurodevelopment lesions that render the brain
vulnerable and anomalous late neurodevelopmental processes may interact
with other causative factors associated with the onset of psychosis (McDonald
& Murray et al., 2000; Weinberger et al., 2002; Cannon et al., 2003; Rapoport
et al., 2005; Mathalon et al., 2003).

This study has several limitations that have to be considered. We were able to
retrieve 91% of the original twin sample, and no sample bias was present at
the time of the second MRI scan. However, the relatively small sample size
(N=92) did give room for possible chance variations between the subgroups.
The smaller brain tissue loss and ventricular volume increase in MZ compared
with DZ patients is counterintuitive. When selecting discordant twin pairs
and assuming the genetic liability to have an underlying continuum (as
hypothesized here), the MZ patients with schizophrenia may have had a
relatively lower genetic liability for schizophrenia. However, this could not
have explained our findings since it would have resulted in an underestimation
of the genetic liability for progressive brain changes in schizophrenia. The
within-trait/cross-twin correlations of the MZ twin pairs were not significantly
higher than the within-trait/cross-twin correlations of the DZ twin pairs.
Based on the current sample, we cannot conclude that progressive brain
volume change (irrespective of disease) is due to genetic factors. However, in
alarger sample (approximately 100 healthy twin pairs), we found a comparable
and significant heritability for whole-brain volume change (R.G.H.B.,
unpublished data, 2008). Thus, there indeed appears to be a heritable
component to brain volume change. Also, the sample size did not allow for
measurement of the effect of interactions between genes and environmental
factors on brain volume changes. Confidence intervals were large and
therefore the environmental influences should be interpreted cautiously: the
extent of common and unique environmental factors common to schizophrenia
and progressive brain volume change in the patients remains inconclusive.
For the other brain volume changes over time, we were not able to disentangle
the influence of genetic, common environmental, and unique environmental
factors.

In conclusion, we found progressive brain volume loss during a 5-year
interval both in patients with schizophrenia and their unaffected co-twins. A
significant proportion of this effect could be attributed to genes that are
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implicated in schizophrenia. Localizing and characterizing the genes involved
in dynamic brain changes may prove to be a valuable approach in studying
the pathophysiology of progressive brain changes in schizophrenia.
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Chapter 6
6.1 Summary and discussion

The research presented in this thesis explored the possible mechanisms
underlying the individual differences in brain structure and brain structure
change in healthy adults and schizophrenia patients. For this purpose we set
out two lines of research: one study comprised healthy individuals and the
other studies comprised schizophrenia patients. All studies were conducted in
relatives (i.e. twin pairs or siblings) to be able to disentangle genetic and
environmental influences on brain structure and brain structure change. In
this final chapter a summary and discussion of the main findings is provided.
Moreover, possible implications and directions for future research are
suggested.

6.2 Healthy brain development

Overall head size, brain volume, as well as particular focal gray matter areas,
are under considerable genetic control (>80%) in children and adults (Lenroot
et al, 2009; Peper et al., 2007 and 2009; Baar¢ et al., 2001a). Moreover, some
of these gray and white matter areas, including the superior occipitofrontal
fascicle, corpus callosum and medial frontal and occipital cortices have been
positively associated with level of intelligence, and their associations were
found to be mediated by common genetic factors (Hulshoff Pol et al., 2006;
Posthuma et al., 2002). During life, substantial changes in brain structure
continue to take place (Bartzokis et al., 2001). However, the etiology of these
dynamic brain patterns and whether this is associated with level of intelligence
has not been established. Therefore, a longitudinal MRI study was set up
which was described in chapter 2. In 242 adult individuals from 106 twin
families, who were 19-55 years of age at first measurement, the heritability of
brain structure and brain structure change and its possible link with intelligence
was investigated. Hundred eighty-three individuals completed the follow-up
measurement after approximately 5 years. Using structural equation modeling,
the contributions of additive genetic, common and unique environmental
factors to the variance on brain structure, brain structure change and 1Q were
estimated.

Results indicated that in healthy adults, brain structure continues to be
dynamic even resulting in thickening of the cortex in some brain areas. These
changes in brain structures are not only heritable, but it also appeared that
genes or the expression of genes responsible for brain structure change over
time are different from those determining absolute brain structures, particularly
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in the left superior frontal and left superior temporal cortices. Moreover,
increased thickening and decreased thinning of the cortex is associated with
higher IQ scores and this association is mediated by common genes. Thus,
genes that are implicated in cortical thickness change overlap with those
involved in level of intelligence.

It is well established that the brain has the ability to reorganize itself. In
patients suffering from stroke, unaffected regions of the brain can adopt the
functions of those parts of the brain that have perished during the insult.
Moreover, children who have had a hemisphere completely or partially
removed due to brain diseases or drug-resistant epilepsy have been found to
develop language in the intact hemisphere (Sperry, 1974).

That the brain is more plastic in children compared with adults was already
mentioned in the introduction. In early childhood there is growth of both gray
and white matter. Overall gray matter starts to decrease during adolescence,
while white matter continues to grow into adulthood and starts to decrease
around age 45 (Bartzokis et al., 2001). However, more focal measurements
have indicated that different regions of the cortex mature at different rates
(Sowell et al., 2003).

In our longitudinal study conducted in healthy subjects we have confirmed
that the brain changes constantly during adulthood. However, instead of
finding solely decreases in gray matter volume, we also found focal gray
matter to increase in certain areas, i.e. the parahippocampal gyri, frontal poles
bilaterally, right medial frontal, and occipital cortices. Our finding of cortical
thickening in the hippocampal area overlaps with recent findings of
neurogenesis in this area. For years it was assumed that the total number of
neurons was established prenatally and would not increase after birth.
However, there is now accumulating evidence for adult neurogenesis in some
brain areas including the hippocampus and olfactory bulb (Gould 2007; Zhao,
2008). In the olfactory bulb ongoing neurogenesis is suggested to be essential
for tissue maintenance, while neurogenesis in the hippocampus contributes to
growth instead of replacement, which is required for the ability to accumulate
new memories throughout life (Imayoshi et al., 2008). However, we have to
keep in mind that the actual number of generated neurons during adulthood is
a small proportion of the total population of neurons (Gross, 2000).
Furthermore, plasticity of the hippocampus and the influence of learning
were demonstrated in a study investigating structural MRIs of the brain of
licensed London taxi drivers. London taxi drivers have extensive navigation
experience and the hippocampus is known to be involved in spatial memory
in the form of navigation (O’Keefe & Nadel, 1978). Compared to control
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subjects who did not drive taxis, the posterior part of the hippocampi were
significantly larger in the London taxi drivers. Thus, it seems that there is also
capacity for local plastic change in healthy adult human brain structure in
response to environmental demands (Maguire et al., 2000).

Our study in healthy twin pairs and their siblings has shown positive
associations between level of intelligence and cortical thickening in the
parahippocampal gyri bilaterally. Environmental factors influence absolute
parahippocampal thickness, while genes influence its change. Moreover, we
found significant influences of common genes on the associations between
cortical thickness change and level of intelligence in these areas. Thus, genes
that are implicated in cortical thickness change overlap with those involved
in the level of intelligence. The positive association of cortical change with
intelligence may be in line with the dependence of learning and memory
formation on plasticity of neural circuits in the hippocampal area.
Furthermore, we described that in some brain areas, genetic systems involved
in brain structure change differ from the genetic systems involved in brain
structure per se. Particularly the magnitude of thinning in the left superior
frontal and left superior temporal cortices (both involved in cognitive
functioning) is found to be determined by genes that are different from those
influencing absolute cortical thickness in these areas. Interestingly, these are
also the brain areas that are disturbed in schizophrenia patients as was seen in
our study and others (Shenton et al., 2001; Wright et al., 2000).

6.3 Schizophrenia

6.3.1 Cross-sectional study

Brain morphological abnormalities are well established in schizophrenia.
Earlier studies have demonstrated that genetic factors are probably involved
in the decreases in whole brain volume. However, disease-related (possibly
non-genetic) influences are likely to contribute to additional decreases in
whole brain volume observed in schizophrenia patients compared to their
co-twins (Baaré et al, 2001b). Whether genetic or environmental factors are
involved in gray and white matter volume abnormalities in schizophrenia
remained inconclusive.

Chapter 3 described the differences in cerebral gray and white matter volume
between twin pairs discordant for schizophrenia and healthy comparison twin
pairs. MRI brain scans of 11 MZ and 11 same-gender DZ twin pairs discordant
for schizophrenia and 11 MZ and 11 same-gender DZ healthy control twins
were acquired. Within-twin pair similarities of brain volumes were estimated
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by calculating intraclass correlation coefficients (ICCs).

Earlier results, showing both genetic and disease-related factors to be involved
in whole brain volume abnormalities in schizophrenia (Baaré¢ et al., 2001b),
were confirmed in this study. Furthermore, findings indicated that a global
white matter volume decrease reflect the increased genetic risk to develop
schizophrenia, whereas the decreases in global gray matter volume may be
secondary to the disease. Based on these findings, no further inferences could
be made as to which focal gray and white matter structures may be related to
the disease and genetic risk to develop schizophrenia. Therefore, voxel-based
morphometry was applied in this sample (Hulshoff Pol et al., 2006). Results
revealed that change in focal gray and white matter of the left medial (orbito)
frontal gyrus and white matter of the left sensory-motor gyrus may reflect the
increased genetic risk to develop schizophrenia.

However, whether genes are also involved in the progressive brain volume
changes over time in schizophrenia was not known. This can only be measured
using a longitudinal design in which two or more brain scans are made in
schizophrenia patients and their relatives. Therefore, two longitudinal studies
in schizophrenia patients, their relatives and healthy comparison subjects
were carried out.

6.3.2 Longitudinal studies

Longitudinal studies have demonstrated that at least parts of the brain volume
changes in schizophrenia are progressive over the course of the illness. It is
implicated that an active (patho)fysiological process is going on not only in
first-episode patients, but also in the chronic schizophrenia patients (Hulshoff
& Kahn, 2008). Whether these progressive changes in brain volume are
mediated by genetic and/or disease-related factors has not been studied.
Chapters 4 and 5 described longitudinal studies addressing the temporal
aspects of brain volume abnormalities in schizophrenia.

First we performed a longitudinal sibling study as described in chapter 4. At
baseline, MRI scans of the brain were acquired in 16 patients with
schizophrenia, 18 same-gender healthy siblings of patients with schizophrenia
and 43 healthy comparison subjects. Eleven patients, 11 siblings and 33
healthy comparison subjects completed the follow-up measurement after 5
years. The results demonstrated that whole brain and cerebral gray matter
volumes decreased excessively in schizophrenia patients as compared to the
healthy siblings and healthy comparison subjects. When structural equation
modeling was applied to assess disease and familial effects, it was suggested
that the progressive brain volume loss in schizophrenia was related to the
disease.
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Since only siblings and no twin pairs were included in this study, it was not
possible to disentangle the extent of genetic and common environmental
contributions to familial influences. Furthermore, these siblings were selected
for being completely healthy and beyond the age of risk to develop
schizophrenia. Thus, the genetic contribution to schizophrenia and the
association disease alleles of genes involved in the risk to develop
schizophrenia may be underrepresented in these siblings. A longitudinal
follow-up study in MZ and DZ twin pairs discordant for schizophrenia
resolved these limitations.

Chapter 5 described a longitudinal study in discordant twin pairs. In this
study, 2 MRI brain scans with an average scan-interval of 5 years were
acquired in MZ and DZ twin pairs discordant for schizophrenia and healthy
comparison twin pairs. In total, 92 participants completed both MRI scans. To
our knowledge, this was the first longitudinal MRI study conducted in twin
pairs discordant for schizophrenia.

Global brain volumes and lobar volumes were measured. Both in schizophrenia
patients and their unaffected co-twins, progressive brain volume decreases
were found in whole brain, frontal and temporal lobes, which were largely
due to decreases in gray matter volume over time. Bivariate structural
equation modeling revealed significant additive genetic influences on the
correlations between schizophrenia liability and progressive changes in
whole brain volume and frontal and temporal lobe volumes. It was concluded
that the progressive brain volume loss found in patients with schizophrenia
and their unaffected co-twins could at least partly be attributed to genetic
factors that are related to the illness. The results also imply that the genes that
play arole in (frontal and temporal) brain volume loss in (healthy) aging may
be suitable candidate genes for schizophrenia. Finally, the finding of
progressive brain volume loss in the unaffected co-twins of the patients
indicates that the progressive brain volume loss in schizophrenia can no
longer be explained solely as the result of disease-associated factors, such as
antipsychotic medication intake, smoking, and outcome.

Thus, the study conducted in schizophrenia patients and their healthy siblings
has shown an excessive decrease in whole brain and cerebral gray matter
volume in schizophrenia patients as compared to their siblings and healthy
comparison subjects. We suggested that the progressive brain loss observed
in schizophrenia patients might be related to the disease process. In contrast,
the longitudinal study in twin pairs discordant for schizophrenia has
demonstrated that both the schizophrenia patients and their unaffected
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co-twins exhibit progressive structural changes in whole brain, frontal and
temporal lobe volumes. How can we explain this discrepancy? Owing to a
limited statistical power of the sibling-study, genetic factors involved in the
progressive brain volume changes in schizophrenia may not have been
elucidated. Moreover, since these siblings were selected for being healthy, it
indeed appears that at least some of the disease alleles of schizophrenia-
related genes are not present in this sample of healthy siblings of patients.
This result could possibly reflect an underestimate of the genetic contribution
to schizophrenia and the association with progressive brain deficits.

It has been shown in healthy siblings of patients with childhood onset
schizophrenia that gray matter deficits are present particularly in the left
prefrontal and bilateral temporal cortices. However, these cortical deficits
disappeared by age 20 years (Gogtay et al., 2007). Interestingly, a better
social and cognitive competence was associated with normalization of gray
matter. A relationship between brain plasticity and functional outcome for
these non-psychotic, non spectrum siblings was suggested. This study extends
findings from both our longitudinal sibling and twin studies. In the sibling
study, patients were selected for being healthy, functional outcome in these
subjects was good and no progressive brain changes were reported in these
siblings compared with healthy comparison subjects. Furthermore, Gogtay et
al. (2007) suggested that progressive brain volume change in schizophrenia
has a familial background. This finding was demonstrated in our twin study.
However, we did not find associations between clinical measurements or
level of parental education and brain volume changes.

One of the findings of our study conducted in twin pairs discordant for
schizophrenia was that changes in frontal and temporal lobe volumes can be
explained by genetic factors that also directly contribute to schizophrenia.
This may not be entirely surprising since the frontal lobe has been implicated
in the genetic risk for the disease in a cross-sectional study in this sample
(Baaréetal.,2001b) and in others (Cannon et al., 2002). The genetic influences
on temporal lobe volume change in schizophrenia are consistent with findings
of decreased temporal cortical thickness in family members of childhood
onset schizophrenia patients (Gogtay et al., 2007).

As to the nature of the pathophysiological processes that are responsible for
the progressive brain changes, we can only speculate. It is tempting to
hypothesize that the progressive brain volume loss that is associated with the
liability to develop schizophrenia represents aberrant plasticity of adult
functional neural networks. Furthermore, an abnormality in neurogenesis
may be implicated, since reduced rates of neurogenesis have been reported in
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schizophrenia patients (Reif et al., 2006).

Although genetic factors play a major role, common environmental factors
implicated in the disease may also be of influence since in our longitudinal
study conducted in twin pairs discordant for schizophrenia they explained
23% of the brain volume loss in patients. Possible common environmental
factors shared among patients with schizophrenia and their close relatives are
stress factors (Mc Ewen, 2000; McDonald & Murray, 2000), viral infections
(Davis & Phelps, 1995; Torrey, 1988), psychosocial factors (Portin & Alanen,
1997), prenatal environment (Brown et al., 2007) and delivery complications
(Verdoux et al., 1997). Early (prenatal or perinatal) neurodevelopment lesions
that render the brain vulnerable and anomalous late neurodevelopmental
processes may interact with other causative factors associated with the onset
of psychosis (McDonald & Murray, 2000; Weinberger & McClure, 2002;
Cannon et al., 2003; Rapoport et al., 2005; Mathalon et al., 2003). A small
effect was found for unique environmental factors (or measurement error) on
progressive whole brain volume change. Possible unique environmental
factors are life-events or use of medication.

6.3.3 Cortical thickness change in schizophrenia

Global volume measurements applied in the subject sample described in
chapter 5 were extended by measurements of cortical thickness to study
which brain areas show the most prominent cortical thickness change in
schizophrenia patients and whether or not genes are involved. The results of
this study are reported here and have to be considered preliminary.
Abnormalities in cortical thickness have been demonstrated mainly in
prefrontal and temporal areas in patients with childhood onset schizophrenia
(Greenstein et al., 2006; White et al., 2003) as well as in first-episode
schizophrenia patients (Narr et al, 2005a; 2005b; Wiegand et al., 2004) and in
chronic patients (Kuperberg et al, 2003, Lawyer et al., 2008). Moreover, in
high risk subjects who convert to psychosis, excessive changes were
demonstrated particularly in medial temporal and prefrontal cortical regions
(Wood et al., 2008).

Longitudinal analyses of cortical thickness change are limited to childhood
onset schizophrenia patients. Patients with childhood onset schizophrenia
show a wave of “back-to-front” tissue loss with early gray matter loss in
parietal cortices followed by gray matter loss in frontal and temporal cortices
(Thompson et al., 2001; Vidal et al., 2006). By adult years, the pattern of
cortical thickness abnormalities resembles the pattern of abnormalities seen
in adult onset schizophrenia (Greenstein et al., 2006). Regarding the influence
of genetic and environmental factors on cortical thickness change in
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schizophrenia, a study conducted in siblings of childhood-onset schizophrenia
patients has demonstrated a loss in prefrontal and temporal gray matter in
unaffected siblings of these patients. This decrease appeared to be a familial/
trait marker, however it disappeared during adolescence (Gogtay et al., 2007).
Global volume measurements in the same sample of twin pairs discordant for
schizophrenia demonstrated progressive changes in whole brain, frontal and
temporal lobe volumes both in the patients and their unaffected co-twins,
which were suggested to be at least partly attributable to genetic factors
related to the illness. However, whether cortical thickness volume change in
adult onset schizophrenia is mediated by genetic or environmental factors
remains to be elucidated.

One of the purposes of the current study was to establish the relative
contributions of genetic and environmental (disease-related) factors to
cortical thickness change in schizophrenia. To that end, we conducted a
longitudinal magnetic resonance imaging study in twin pairs discordant for
schizophrenia and healthy comparison twin pairs with a scan-interval of 5
years. Global volume measurements applied in the subject sample described
in chapter 5 were extended by measurements of cortical thickness volume. To
our knowledge, this is the first longitudinal study on cortical thickness change
in twin pairs discordant for schizophrenia.

Since we are still analyzing these data, preliminary findings of this
measurement are only reported here in the discussion. Preliminary results of
this study indicate that patients with schizophrenia show a difference in the
extent of cortical thickness change particularly in the superior frontal and
frontal pole right, inferior frontal left, superior temporal left and right, and
left lateral and medial occipital cortices, which is illustrated in Figure 1. This
figure reflects the chi-squared statistics (y?; 2 df) of the phenotypic correlation
(r,n), 1.e. the significant correlations between schizophrenia liability and
cortical thickness change. In the superior frontal and frontal pole right,
superior temporal left and lateral occipital left cortices, the change in cortical
thickness may be attributed to familial (possibly genetic) factors. Cortical
changes in the right superior temporal and temporal-parietal cortices seem to
be influenced by environmental (possibly disease-related) factors. However,
further analyses are needed to establish these findings and to estimate the
specific contributions of genetic and environmental influences on cortical
thickness volume change in schizophrenia.

Our finding that cortical thickness change in the frontal areas seem to be
explained by familial (possibly genetic) factors, is consistent with the findings
of the study conducted in family members of patients with childhood onset
schizophrenia (Gogtay et al., 2007) and the global volume measurements of
the current sample as described in chapter 5.
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Figure 1. The chi-squared test statistics (% 2 df) of the phenotypic correlations (r,,) between
schizophrenia liability and cortical thickness change.

6.4 Genetic influence on brain structure change in
schizophrenia and health

Genetic factors play an important role in brain volume (change), intelligence,
the etiology of schizophrenia and the progressive brain volume changes
observed in schizophrenia patients. However, the interrelationship between
these traits (phenotypes), the interaction between genes and environment
throughout life in health and disease, as well as the dynamics of brain structure
and its association with brain functioning remain inconclusive. Moreover, up
till now, no single genes with major risk effects for schizophrenia have been
found. Using family and twin studies combining with newly evolving genetic
approaches start to give us a glimpse as to which genes and environmental
influences are shaping our brains and are involved in brain disorders such as
schizophrenia.

Since schizophrenia is a complex disorder, caused by multiple genetic and
environmental factors, finding schizophrenia susceptibility genes is like
searching for a needle in a haystack. Therefore, several studies have focused
on testing specific endophenotypes of schizophrenia (van Haren et al., 2008).
An endophenotype is a characteristic of a disorder that is assumed to be closer
to the action of a gene than the disorder itself. In schizophrenia for example,
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the overt symptom could be psychosis. However, the underlying phenotype
could be a deficit in structural brain morphology. Since brain abnormalities
are well established in schizophrenia, state-independent, heritable, found at a
higher rate in non-affected family members than in the general population,
and co-segregate within families, they are assumed to be useful endophenotypes
for schizophrenia research (Gottesman & Gould, 2003; Braff et al., 2007;
Glahn et al., 2007).

Some of the candidate schizophrenia susceptibility genes have been associated
with brain volumes in healthy subjects (Peper et al., 2007). For example,
presence of a polymorphism (naturally occurring variation in the DNA at
allele level) of the Brain Derived Neurotrophic Factor (BDNF) gene was
associated with reduced gray matter volume of the prefrontal cortex (Pezawas
et al.,, 2004) and hippocampus in healthy subjects (Bueller et al., 2006;
Szeszko et al, 2005). Moreover, expression of BDNF in the prefrontal cortex
(Weickert et al., 2003) and hippocampus (Szesko et al., 2005) has been
implicated in schizophrenia. Another suggested candidate gene is the
Disrupted in Schizophrenia 1 gene (DISC1), which increases the risk of
developing schizophrenia and is associated with structural and functional
alterations in the prefrontal cortex (Cannon et al., 2005) and hippocampus
(Callicott et al., 2005). Defects in glutamatergic neurotransmission have been
linked to the psychiatric manifestations of schizophrenia. Neuregulin 1
(NRGT1) has a clear role in the expression and activation of neurotransmitter
receptor, including the glutamate receptors and is therefore identified as a
candidate gene for schizophrenia (Bakker et al., 2004; Stefansson et al.,
2002). Furthermore, NRG1 is suggested to play a role in the enlargement of
lateral ventricular volume in patients with first-episode schizophrenia (Mata
et al., 2008). The Catechol-O-methyltransferase (COMT) gene contributes to
normal variation in cognitive functioning. Polymorphisms in COMT are also
associated with adult brain volumes in schizophrenia patients (Ohnishi et al.,
2006) and poor functioning of the prefrontal cortex both in normal individuals
and patients with schizophrenia (Egan et al., 2001).

However, although some of these findings are promising, the associations
reported so far represent only minor genetic contributions. The many ways
that schizophrenia manifests itself may have hampered progress in the search
for schizophrenia genes. Finding genes involved in healthy brain change over
time may contribute in the search for genes involved in the progressive brain
volume change in schizophrenia. Moreover, the tight coupling of brain
structure and genetics may contribute in the search for genes involved in
psychiatric diseases that affect the integrity of the brain, such as schizophrenia.
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6.5 Methodological considerations

There are some methodological considerations in this thesis which need to be
addressed. First, the twin design in general is criticized for some of its
assumptions. The ‘equal environment assumption’ implies that MZ and DZ
twins are treated alike, although it has been shown that MZ twins do experience
more similar environments than DZ twins (Martin et al., 1997). However,
studies investigating twins rearing apart or cases of mistaken zygosity
diagnosis have indicated that the more similar treatment of MZ twin pairs is
a consequence of their greater phenotypic similarity instead of the cause
(Kendler et al., 1993). Furthermore, concerns regarding generalization of
findings towards the singleton population have been raised. However, studies
comparing MZ and DZ twin pairs with their own siblings have demonstrated
that they provide reliable estimates of heritabilities, at least with respect to
intellectual abilities (Posthuma et al., 2000) and brain structure (Hulshoff Pol
etal., 2002)

MZ or identical twin pairs share a common genotype and are assumed to be
genetically identical. However, epigenetics or the assumption that there is
something selectively activating or inhibiting certain genes, imply that some
genes might be active in one twin but not in the other (Fraga et al., 2005).
During the early years of life, MZ twin pairs are genetically and epigenetically
identical, while in older MZ twin pairs epigenetic differences are found.
There is mounting evidence that experience affects the way genes are
expressed (turned on and off) in the developing brain. Thus, epigenetics may
also play a role in brain volume changes both in schizophrenia and health.
Unfortunately, due to small sample size, we were not able to analyze
statistically a possible gene X environment interaction, such as in the case of
epigenetic mechanisms. When gene X environmental interaction is present,
this is comprised in the estimate of unique environmental influences. However,
when taking the longitudinal study in the twin pairs discordant for
schizophrenia, even if gene X environment interactions would be involved in
preventing the co-twins from developing schizophrenia, this does not explain
why the co-twins of the schizophrenia patients show progressive brain volume
loss later in life. There is suggestive evidence that the progressive brain
volume loss in co-twins may not be without consequences: studies examining
cognitive function in unaffected co-twins of patients with schizophrenia find
impairments on cognitive tests and educational attainment (Cannon et al.,
2000; Kremen et al., 2006; Goldberg et al., 1990). Cognitive impairments
may thus be associated with the progressive brain volume loss.

Another problem of a relatively small sample size is that it gives room for

118



Summary and discussion

possible chance variations between the subgroups. Furthermore, it was not
always possible to disentangle the influence of genetic, common environmental
and unique environmental factors on a given trait. When confidence intervals
were large, the genetic or environmental influences should be interpreted
cautiously.

At last, the term ‘heritability’ is sometimes wrongly interpreted. Heritability
is a statistic that describes the contribution of genetic differences to observed
(phenotypic) differences among individuals in a particular population at a
particular time. Thus, it refers to the genetic contribution to individual
differences (variance) and not to the phenotype of a single individual (Plomin
et al., 2008). In our healthy twin study for example, the estimated heritability
for whole brain volume was 94%. This means that most of the differences
among individuals in whole brain volume are due to the genetic differences
among them. This also implicates that variance in a trait is essential to be able
to estimate heritability. As was already mentioned in the introduction:
behavioral genetics is concerned with the study of individual differences:
detecting the factors that make individuals in a population different from one
other.

6.6 Clinical implications and future directions

Knowledge about the contributions of genetic and environmental factors in
human brain development is of profound importance since brain structure and
even brain structure change have implications for brain functioning.
Considering that most brain structures are highly genetic, the quest to find
genes involved in brain morphology, brain structure change and aging, is
important. Furthermore, insight in the connections between these processes
can help us understand normal brain development and age-associated changes
in brain functioning. Moreover, knowledge about healthy brain development
is essential when trying to interpret morphological changes found in
psychiatric disorders such as schizophrenia.

Our longitudinal twin study in twin pairs discordant for schizophrenia
revealed that genes involved in schizophrenia are also involved in the
progressive brain volume changes in these patients and their family members.
This implicates that progressive brain tissue loss in schizophrenia can no
longer be considered to be solely due to medication intake, smoking or
outcome. Finding the (patho)physiological processes underlying these
progressive brain changes in schizophrenia is of importance because this
knowledge may ultimately enable us to halt or even reverse the disease
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process. In searching for the gene systems to halt these progressive brain
changes, it becomes important to look for genetic systems or gene expressions
that may be particularly implicated in brain structure change. Localizing and
characterizing the genes involved in dynamic brain changes may prove to be
a valuable approach in studying the pathophysiology of progressive brain
changes in schizophrenia. Nevertheless, the progressive brain volume changes
in schizophrenia per se also warrant further study.

Further studies into longitudinal brain changes in healthy subjects and
schizophrenia patients using high-field and ultrahigh field (3T and 7T) MRI
are of great value. These new methods may allow us to zoom in on areas of
progressive brain changes, as well as on neural networks. Moreover, new
imaging acquisition procedures that may aid in getting closer to the (patho)
physiological processes taking place in the brains of patients with
schizophrenia are diffusion tensor imaging fiber tracking and resting-state
functional MRI. Meanwhile, a multicenter extension of the MRI study in twin
pairs discordant for schizophrenia has started on 3T scanners financially
supported by the European Union (EUTwinsS). Furthermore, protocols are
processed concerning measurements on 7T scanner in healthy twin pairs and
twin pairs discordant for schizophrenia.

With these new methods and (ultra)high-field scanners, we can be carefully
optimistic about the future progress in finding pathophysiological processes
in schizophrenia.

6.7 Concluding words

Taken together, the studies presented in this thesis show that in adulthood the
brain continues to be dynamic. In the longitudinal study of healthy participants
we demonstrated that brain volume change during a 5-year period through the
3rd to 6th decade of life is heritable. Moreover, the degree of brain loss during
that time period is inversely related to the level of intelligence. Interestingly,
genes involved in brain loss over time overlap with genes for intelligence and
differ from those related to absolute brain volume. Thus, it appears that
continued brain maturation in adult life and intellectual development go hand
in hand, and both are mediated by common genes.

Regarding the progressive brain volume changes in schizophrenia, we
conclude that a significant proportion of the progressive brain volume loss
that we observed both in schizophrenia patients and their unaffected co-twins
during a S-year interval is at least partly attributable to genes that are
implicated in the disease.
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Het menselijke brein: een zeer complex en fascinerend orgaan, wat
voortdurend in ontwikkeling is. Ondanks dat er, mede dankzij de ontwikkeling
van moderne imaging technieken, veel onderzoek is verricht, blijf het voor
een groot deel nog onbekend terrein. Om meer inzicht te verkrijgen in het
menselijk brein zijn we gaan kijken naar mogelijke mechanismen die ten
grondslag liggen aan de verschillen die we zien tussen mensen in
hersenstructuren en de continue veranderingen die er optreden in het brein.
Daarnaast hebben we gekeken in hoeverre genetische en/of omgevingsfactoren
(mogelijk ziektegerelateerde factoren) betrokken zijn bij de progressieve
hersenveranderingen die we zien bij schizofreniepatiénten. Om dit te kunnen
onderzoeken zijn deze studies uitgevoerd bij familieleden (tweelingen en
broers en zussen).

Gezonde hersenontwikkeling

De ontwikkeling van het menselijk brein is een proces wat gedurende het
gehele leven doorgaat. In de vroege kindertijd is er voornamelijk groei te zien
in zowel de witte als de grijze stof van de hersenen. Wanneer we naar
verschillende gebieden binnen het brein kijken, dan zien we dat de
ontwikkeling in deze gebieden in aanvang en snelheid van elkaar verschillen.
De prefrontale cortex, het hersengebied dat onder andere betrokken is bij
complexe cognitieve taken, persoonlijkheid, het maken van beslissingen en
het moduleren van sociaal gedrag, ontwikkelt zich als laatste. In de
adolescentie begint de grijze stof af te nemen, terwijl de witte stof doorgroeit
tot een jaar of 45 en dan een afhame laat zien.

Het is bekend dat de genetica een belangrijke rol speelt in verschillende
hersenstructuren. Wanneer jonge kinderen worden vergeleken met oudere
kinderen en adolescenten, dan lijkt het er op dat de invloed van genetische en
omgevingsfactoren per hersengebied en ook met leeftijd verschilt. Bovendien
wordt er bij een aantal hersengebieden een positieve associatie gevonden met
intelligentie die door dezelfde genetische factoren tot stand gebracht wordt.
Met andere woorden, er bestaat een overlap in de genen die een rol spelen bij
bepaalde hersenstructuren en mate van intelligentie.

Zoals al eerder gezegd is het menselijk brein voortdurend in ontwikkeling.
Echter, de oorzaak van deze dynamiek is onbekend: wordt dit
veranderingsproces voornamelijk bepaald door omgevingsfactoren of wordt
het genetisch gestuurd? En in hoeverre speelt intelligentie hierbij een rol? Om
dit te onderzoeken zijn we gestart met een longitudinaal onderzoek in een
grote groep tweelingen en hun broers en zussen, wat staat beschreven in
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hoofdstuk 2. Er is een MRI scan van de hersenen gemaakt en er zijn
intelligentietests afgenomen. Na een periode van ongeveer 5 jaar is een groot
deel van deze mensen teruggekomen voor een tweede meting. Resultaten van
dit onderzoek laten zien dat het brein dynamisch blijft in de volwassenheid en
zelfs een verdikking van de cortex laat zien in bepaalde hersengebieden, zoals
de parahippocampale gyri, de frontale polen, rechts mediaal frontaal en
occipitaal. Bovendien zijn deze veranderingen niet alleen voor een deel
erfelijk bepaald, maar het blijkt ook dat genen (of de expressie van genen)
verantwoordelijk voor deze hersenveranderingen, verschillen van de genen
die van invloed zijn op de betreffende breinstructuur op zich. Dit is
voornamelijk het geval in de linker superior frontale en temporale cortex.
Daarnaast wordt een verdikking en een afgenomen verdunning van de cortex
geassocieerd met hogere 1Q scores. Deze associatie wordt door
gemeenschappelijke genen bewerkstelligd. Dus, genen die betrokken zijn bij
de verandering in corticale dikte van het brein zijn voor een deel ook betrokken
bij intelligentie.

Schizofrenie

Schizofrenie is ernstige hersenziekte die zich binnen een populatie bij 1 op de
100 mensen openbaart. Deze psychiatrische aandoening kenmerkt zich door
afwijkingen in het waarnemen van de werkelijkheid en een verstoring in
gedachten en gevoelens. De etiologie van schizofrenie is onbekend, maar
familieonderzoek heeft aangetoond dat genetische factoren een belangrijke
rol spelen. De meest gerepliceerde hersenafwijkingen bij schizofrenie zijn
een vergroting van de laterale ventrikels, een afname in de grijze en witte
stof, afname van volume in de frontale en temporale kwab en delen van het
limbisch systeem (inclusief de amygdala, hippocampus en parahippocampale
gyrus). Echter, deze veranderingen in het brein zijn subtiel en een diagnose is
niet op basis van een MRI scan te stellen.

Onderzoek heeft aangetoond dat genetische factoren een rol lijken te spelen
in een verkleining van het totale brein volume bij schizofreniepatiénten.
Echter, wanneer er binnen een tweelingpaar wat discordant is voor schizofrenie
(d.w.z. de een heeft de ziekte wel en de andere niet) wordt gekeken naar het
totale breinvolume, dan laat de patiént een kleiner breinvolume zien dan zijn
niet aangedane tweelingbroer of -zus. Ziektegerelateerde (mogelijk niet
genetische) factoren lijken bij te dragen aan een extra afname van het totale
brein volume. In hoeverre genetische en omgevingsfactoren een rol spelen bij
een verminderd volume van grijze en witte stof bij schizofrenie staat
beschreven in hoofdstuk 3. De afname in witte stof die we zien bij
schizofreniepatiénten lijkt toegeschreven te kunnen worden aan genetische
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factoren, terwijl een afname in grijze stof veroorzaakt lijkt te worden door
ziekte (gerelateerde factoren).

Recenter onderzoek heeft aangetoond dat de hersenafwijkingen bij
schizofrenie een progressief karakter hebben en niet alleen plaatsvinden bij
eerste episode patiénten. Echter, in hoeverre deze progressieve veranderingen
toe te schrijven zijn aan genetische en/of omgevingsgerelateerde factoren,
was tot dusver onbekend. Om dit te kunnen onderzoeken hebben we
longitudinale studies opgezet die zijn uitgevoerd bij schizofreniepatiénten en
hun familieleden.

In hoofdstuk 4 wordt een longitudinale studie gepresenteerd die is uitgevoerd
bij schizofreniepatiénten en hun gezonde broers en zussen. In deze studie
laten we zien dat er bij schizofreniepatiénten ten opzichte van hun gezonde
broers en zussen een progressieve afname over tijd plaatsvindt in totaal brein
volume en cerebrale grijze stof. Deze progressieve afname lijkt toegeschreven
te kunnen worden aan de ziekte. Echter, aangezien de broers en zussen van de
schizofreniepatiénten geselecteerd zijn op gezond zijn, zou het kunnen dat de
genen die betrokken zijn bij het risico om schizofrenie te ontwikkelen, niet of
minder aanwezig zijn in deze familieleden.

Om deze beperking het hoofd te bieden hebben we ook een longitudinale
studie uitgevoerd in tweelingen die discordant zijn voor schizofrenie. Deze
studie, die staat beschreven in hoofdstuk 5, toont aan dat er zowel bij
schizofreniepatiénten als hun tweeling broer of -zus, progressieve afnamen
plaatsvinden in het totale breinvolume, de frontale en temporale kwabben.
Dit wordt voornamelijk veroorzaakt door een afname in grijze stof. Additief
genetische invloeden lijken verantwoordelijk te zijn voor deze afname in
breinvolumes. Bovendien werd gevonden dat tenminste voor een deel
dezelfde genen die betrokken zijn bij het risico om schizofrenie te ontwikkelen
ook van invloed zijn op deze progressieve afname in breinvolumes. Dat er
ook progressieve veranderingen worden gevonden bij de tweelinghelft die
geen schizofrenie heeft, wijst er op dat deze progressieve veranderingen in
hetbrein niet meer alleen toegeschreven kunnen worden aan ziektegerelateerde
effecten, zoals medicatie, roken en mate van functioneren.

Echter, hoewel genetische factoren een belangrijke rol spelen in de
progressieve hersenafwijkingen die we zien bij schizofrenie, zouden gedeelde
omgevingsfactoren ook nog van invloed kunnen zijn. Mogelijke
omgevingsfactoren die schizofreniepatiénten delen met hun tweelingbroer of
—zus zijn de prenatale omgeving, geboortecomplicaties, virussen,
stressfactoren en psychosociale factoren.

In deze tweelinggroep worden de globale hersenmetingen uitgebreid met
corticale dikte metingen. De eerste voorlopige resultaten laten zien dat
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schizofreniepatiénten een grotere verandering in corticale dikte laten zien in
voornamelijk de frontale, temporale en linker occipitale cortex. De
veranderingen in de frontale en in de linker temporale en occipitale
hersengebieden lijken toegeschreven te kunnen worden aan familiale
(mogelijk genetische) factoren. Corticale veranderingen in de rechter
temporale gebieden lijken beinvloed te worden door genetische (mogelijk
ziektegerelateerde) factoren. Echter, verdere analyses zijn nodig om deze
resultaten te bevestigen en om de specifiecke bijdrage van genetische en
omgevingsinvloeden op veranderingen in corticale dikte te kunnen schatten.

Genetische invloed op de verandering van hersenstructuren bij
schizofrenie en gezondheid

Inzicht in de bijdrage van genetische en omgevingsfactoren aan de
ontwikkeling van het menselijk brein zijn van zeer groot belang aangezien
hersenstructuren en een verandering ervan invloed hebben op het functioneren
van het brein. Rekening houdend met het feit dat de meeste hersenstructuren
in hoge mate door genen wordt bepaald, is het belangrijk op zoek te gaan naar
de genen die hierbij een rol spelen. Wanneer er meer bekend is wat er in het
brein gebeurt gedurende het normale verouderingsproces, kunnen
morfologische veranderingen die optreden bij psychiatrische ziekten ook
beter geinterpreteerd worden. Een aantal genen die gelinkt kunnen worden
aan gezonde hersenontwikkeling, zouden ook een rol kunnen spelen bij een
verstoorde hersenontwikkeling zoals deze optreedt bij schizofrenie.

Meer kennis betreffende de (patho)fysiologische processen die ten grondslag
liggen aan de progressieve hersenveranderingen die we zien bij schizofrenie,
zou mogelijkerwijs kunnen bijdragen aan de ontwikkeling van een methode
om het ziekteproces af te remmen of te stoppen.

Kort samengevat laten de studies die in dit proefschrift staan beschreven zien
dat het brein gedurende het gehele leven dynamisch is en in grote mate door
genen wordt beinvloed. Bovendien laten mensen die een hogere score behalen
op intelligentie, minder hersenafhame gedurende de volwassenheid zien. De
ontwikkeling van het brein en de mate van intelligentie lijkt deels beinvloed
te worden door dezelfde genen.

Ten aanzien van de progressieve breinveranderingen die we zien bij
schizofrenie, kan gesteld worden dat deze ook voor een groot deel door genen
worden bepaald. Bovendien zijn dit deels dezelfde genen die verantwoordelijk
zijn voor het ontwikkelen van deze ziekte.
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Het is af! Ik kan het bijna niet geloven, maar het resultaat van jarenlang
inplannen, scannen, segmenteren, analyseren, overleggen en schrijven zijn
samengevat in dit proefschrift.

Alweer een hele tijd geleden ben ik als A.I.O begonnen binnen de afdeling
psychiatrie van het UMC Utrecht. Voordat ik met dit traject startte had ik
eigenlijk geen idee wat me te wachten stond. Dat het bijvoorbeeld zoveel tijd
zou kosten om uit-ein-de-lijk een artikel te publiceren, had ik van tevoren
nooit kunnen bedenken.

Met veel plezier heb ik aan verschillende studies gewerkt. Ik heb geboft dat
ik samen met gemotiveerde, vakkundige, en tevens gezellige mensen heb
kunnen samenwerken aan een paar mooie projecten en dat we uiteindelijk
toch een aantal leuke resultaten hebben kunnen publiceren. Wat dat betreft
zijn de afgelopen jaren op het UMCU omgevlogen. Maar er zijn ook periodes
geweest dat ik de klinische kant van het vak miste en ik wenste dat ik een
meer praktische baan had; ofwel een baan waarvan je na afloop van een dag
kan zeggen wat je nu eigenlijk al die uren gedaan hebt.

Natuurlijk was het zonder de hulp, inzet en betrokkenheid van heel veel
mensen niet gelukt om deze studies uit te voeren en dit proefschrift af te
ronden. Graag wil ik alle mensen die direct en indirect hieraan hebben
bijgedragen, bedanken.

Allereerst wil ik alle deelnemers bedanken die hebben meegewerkt aan deze
studies. Zonder jullie inzet en bereidheid om weer terug te komen is het niet
mogelijk om onderzoek te doen.

Mijn promotoren: beste Hilleke, ontzettend bedankt dat ik onder jouw
supervisie aan deze prachtige studies heb mogen werken. Ik beschouw onze
samenwerking als zeer waardevol en heb veel van je geleerd. Als ik het even
niet meer zag zitten wist je mij met jouw aanstekelijke enthousiasme te
motiveren zodat ik weer met nieuwe energie verder kon. Fijn dat onze
samenwerking nog even door zal gaan. Beste René, bedankt voor de snelle
reactie op mails en manuscripten, het vakkundige commentaar en de grote
interesse in mijn onderzoek. Vooral de fanatieke feedback op mijn Archives
paper kan ik me nog goed herinneren: zelfs van David (die toen nog in mijn
buik zat) wist je een reactie te krijgen.

Ron, als stagiaire neuropsychologie kwam ik voor het eerst in aanraking met
de psychiatrie en de wetenschap eromheen. Via jou ben ik in contact gekomen
met Neeltje en later Hilleke en is het balletje gaan rollen. Bedankt voor deze
goede start.
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Neeltje, voordat ik mijn eigen project kreeg was ik als onderzoeksassistente
werkzaam op jouw follow-up studie. Na mij aanstelling als A.I.O bleven we
nauw samenwerken om zoveel mogelijk mensen terug te laten komen voor de
beloopstudies. Ik heb veel van je geleerd en bewonder je organisatietalent.
Voor vragen kan ik altijd bij je terecht; bedankt daarvoor!

Caroline, onze Mx expert. Zonder jouw hulp met Mx was ik nu nog bezig
geweest met het analyseren van deze data. Bedankt voor alle uitleg over
tweelingmodellen en het schrijven en draaien van de benodigde scripts.
Hugo, in het begin was je (naast alles wat er aan imaging werd gedaan) vooral
betrokken door de artikelen van kritisch commentaar te voorzien. Als er iets
was wat eigenlijk al een week eerder af had moeten zijn, kreeg je soms op (of
zelfs na) de valreep nog iets onder je neus geschoven. Wat dat betreft heb ik
daarin niet altijd de juiste weg gevolgd. De laatste tijd hebben we nauwer
samengewerkt en vooral in het cortical thickness paper heb je veel tijd
gestoken. Verbazingwekkend hoe snel je een praktische toepassing vanuit het
imaging systeem tovert; petje af!

Wiepke, door al het computerwerk miste ik zo nu en dan de klinische kant
van het vak. Bedankt dat je me de mogelijkheid hebt gegeven om klinische
ervaring te kunnen opdoen. Het samen geven van de psycho-educatie voor
familieleden van psychotische patiénten heb ik als heel leerzaam en waardevol
beschouwd. Het maakte mij er weer van bewust waar ik mee bezig was en
hoe belangrijk het is me in te zetten voor deze patiéntengroep en hun
familieleden. Ik vind het fijn dat ik sinds kort deel uitmaak van jouw Cabrio-
project.

Alle MRI-laboranten wil ik bedanken voor het scannen van de vele
proefpersonen. Van de drukke scanzaterdagen maakten we altijd iets gezelligs!
Diana en Inge, als onderzoeksassistenten hebben we samen een fijne tijd
gehad. Onze samenwerking verliep altijd heel goed en ik vind het leuk dat we
nog steeds (al is het dan niet meer zo vaak) contact hebben.

Valerie, Baukje, Madeleine, en de studenten Roos en Caroline, bedankt voor
de bijdrage die julliec hebben geleverd in het zien van mensen voor onderzoek
en het segmenteren van de vele, vele breinen.

Mijn oude kantoortuin-1-genoten: Cédric (helpdesk en koffiemaatje), Maartje,
Mechteld, Jiska, Geartsje, Tamar (agenda klaar voor ons volgende grote
shared event!), Matthijs B., Joost en Bram, bedankt voor jullie gezelligheid,
het samen koffie drinken en het delen van de dagelijkse- en promotie sores.
Het is fijn om zulke collega’s te hebben als je zoveel uren samen doorbrengt
op een (in het begin redelijk krappe) kantoortuin.

Verder wil ik mijn oude kantoortuin 2 en 3-genoten en alle (ex-)collega’s
bedanken voor de gezelligheid, interesse, hulp en leuke tijd: Miriam, Sabine,
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Esther, Saskia (gezellig dat we elkaar weer zien!), Nienke, Annemieke, Karin,
Femke, Yvette, Marit, Marcel, Kuan, Sjoerd, Joost, René¢, Marcel, Martijn
van de H., Rachel, Eske, Maria B., Monica, Heleen en Joyce (de stadstour
door Savannah en mijn 30e verjaardag zal ik niet snel vergeten!), Anna, Maria
de G., Bilal, Sander, Anouk, Gerry, Erika, Bas, Matthijs V., Mathijs, Mariet,
Nicoletta, Iris, Sarah, Marieke, Inge, Hilde, Tim, Martijn M., Patrick, Janna,
en Thomas. Aangezien er de afgelopen jaren nogal wat mensen de revue
hebben gepasseerd, hoop ik dat ik niet al teveel mensen vergeten ben te
noemen.

Vincent en Yumas wil ik bedanken voor de ondersteuning van het imaging
netwerk en alle mensen van de IT voor de hulp als mijn laptop weer eens
kuren had.

Susan, bedankt voor het maken van queries uit de database.

Voor het plannen van (MRI) afspraken, ontvangen van deelnemers voor
onderzoek, regelen van formulieren, enveloppen etc. etc. wil ik Paula, Emmy,
Elly en alle secretaresses van balie 34 bedanken. Tjen, bedankt voor het
inplannen van de afspraken, het regelen van de formulieren voor mijn
promotie en de koffie die altijd klaarstaat.

Danielle Posthuma en Dorret Boomsma van de Vrije Universiteit Amsterdam
wil ik bedanken voor de samenwerking ten aanzien van het grote gezonde
tweelingen en sibling cohort.

Mijn nieuwe collega’s van het mobiel diagnostisch team, Wiepke, Hilgo,
Kim, Annick, Jacob en alle anderen: de tijd van de layout en het nog-even-
iets-regelen-voor-de-promotie is nu echt voorbij; mijn hoofd zal vanaf nu
meer bij het mobiel diagnostisch team zijn.

Mijn paranimfen: Astrid, we spreken elkaar dagelijks en delen de ups en
downs van het A.1.O. zijn. Mede doordat we in hetzelfde “tweelingschuitje”
zitten hebben we aan een half woord voldoende. Fijn ook om praktische en
persoonlijke dingen met elkaar te kunnen delen. Ik bewonder je
doorzettingsvermogen en vind het heel fijn dat de afronding van je promotie
nu ook in zicht is!

Simone, we kennen elkaar al sinds de middelbare school en eigenlijk is het bij
joubegonnen. Na het inzien van de studieboeken ben ik destijds teruggekomen
naar Nijmegen om psychologie te gaan studeren. Ook al zien we elkaar de
laatste tijd niet meer zo vaak, onze gezamenlijke school en uni-geschiedenis
maken onze vriendschap heel bijzonder!

En natuurlijk niet te vergeten alle vrienden die zorgen voor de broodnodige
afleiding, gezelligheid, oprechte interesse en het er voor elkaar zijn. Samen
paardrijden, eten, naar de dierentuin, een weekendje weg: allemaal manieren
om mijn hoofd ‘leeg’ te maken en nieuwe energie te krijgen. Allemaal heel
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erg bedankt daarvoor!

Karin en Leo, het geeft een fijn gevoel te weten dat het altijd mogelijk is om
bij jullie aan te komen. Oma Raap, ik zal nooit vergeten dat u mij bij het
afscheid nemen veel succes hebt gewenst en weet dat u graag bij de verdediging
had willen zijn.

Tom, ontzettend bedankt voor je hulp met de layout van het proefschrift! Als
jij me niet had geholpen was ik nu nog tabellen in mijn document aan het
plakken.

Lieve oma, samen vormen we 4 generaties. Geweldig dat u er bij bent!
Lieve mama en Danielle, jullie staan aan de basis. De afgelopen jaren zijn
niet altijd even gemakkelijk geweest, maar we hebben bewezen dat we samen
een hecht team vormen. Lieve Daan, vroeger haalden ze ons vaak door elkaar,
dus wat dat betreft hebben wij wel een beetje ervaren hoe het is om een
tweeling te zijn. Mams, ik weet dat je trots op me bent, weet dat ik dat ook op
jou ben. Bedankt ook voor het meedenken en voor alle leuke en nuttige
artikelen en berichtjes die je me toeschuift.

Lieve papa, weer zo een groot moment in mijn leven waar je niet bij kan zijn.
Ook al weet ik dat je een oogje in het zeil houdt, het blijft pijnlijk dat je er niet
meer bent om deze momenten te delen.

Lieve David en Axel; mijn mannen en maatjes. Lieve vrolijke David, door
jou word ik er keer op keer weer aan herinnerd wat nu echt belangrijk is in dit
leven. Een leven zonder jou kan ik me niet meer voorstellen! Lieve Axel, wat
hebben we het leuk samen. Ik ben gelukkig met jou en hoop dat dit nog
eindeloos door zal gaan. Bedankt ook voor je steun, relativerende woorden en
hulp bij de opmaak van diverse plaatjes; want wat dat betreft hoort jouw
naam ook in de acknowledgement van menig artikel!
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het VWO diploma aan het Elshof College te Nijmegen. In datzelfde jaar
startte ze met de opleiding Hogere Europese Beroepen Opleiding aan de
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studie psychologie aan de Radboud Universiteit Nijmegen. In 2000 voltooide
ze deze opleiding met als richting neuro- en revalidatiepsychologie.
Gedurende de laatste studieperiode werkte zij in dienst van het Trimbos
Instituut in het kader van een grootschalig onderzoek naar de omvang,
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afstuderen ging zij werken als onderzoeksassistente bij de neuroimaging
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