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General introduction
and outline of thesis



Chapter 1

I am waiting for my participants to arrive, an identical female twin pair, 28 years old.
They are late and | start feeling a bit nervous, because there are only 3.5 hours left
before another researcher has to use the MRI scanner. My cell phone is ringing, finally
they have arrived. After introducing myself and my research assistant | ask the twins to
take a seat. They are both holding a tissue in their hand and simultaneously start
cleaning their chair before they sit down. When explaining the goal of my research
project | am interrupted by one of the twins. She asks her sister whether they carefully
locked the door of their car. They both begin to worry about the car and what could
happen if they did not lock it. Then one stands up and says: | am sorry but | have to
check it. | am looking at my research assistant, she looks at me, and we both know it;
this twin pair is perfect for my study, but finishing the MRI protocol in time will
be a challenge.

Obsessive-compulsive symptoms/disorder

The recurrent, persistent and intrusive anxiety provoking thoughts the twin pair
experienced (is that chair really clean or do | get contaminated when sitting
on it/did | lock the door, worse things will happen if | did not) are examples of
obsessions. The subsequent repetitive behaviors performed to reduce the anxiety
or distress induced by the obsessions (cleaning the chair before sitting down,
and checking the door of the car), are called compulsions. Together these are
referred to as obsessive-compulsive (OC) symptoms. Other well known obsessions
include, need for symmetry, and somatic, sexual and aggressive obsessions
and other well known compulsions include counting, ordering/precision
and hoarding behavior. When these obsessions and/or compulsions cause marked
distress, are time consuming (e.g., they take more than 1 hour a day),
and significantly interfere with the individuals normal routine, occupational
functioning, usual social activities or relationships with others, a person qualifies
for a diagnosis of obsessive-compulsive disorder (OCD) [(American Psychiatric
Association, 1994); for a complete overview of diagnostic criteria for OCD following
the DSM-IV, see table 1.1]. The life-time prevalence of OCD is 0.5-2% (American
Psychiatric Association, 1994; Grabe et al., 2000) but obsessions are much more
prevalent in the general population - as high as 72% (Rachman and de Silva, 1978;
Salkovskis and Harrison, 1984) and the prevalence of OC symptomatology reaches
20% (Fullana et al., 2009).

Neuroanatomical model of obsessive-compulsive disorder

Although the exact etiology and pathogenesis of OCD is unknown converging
lines of evidence from neurological, neurosurgical, neuroimaging, pharmacological



Table 1.1. Diagnostic criteria for obsessive-compulsive disorder (DSM-1V)

A. Either obsessions or compulsions:
Obsessions as defined by (1), (2), (3), and (4):

(1) recurrent and persistent thoughts, impulses, or images that are experienced, at some time
during the disturbance, as intrusive and inappropriate and that cause marked anxiety or
distress

(2) the thoughts, impulses, or images are not simply excessive worries about real-life
problems

(3) the person attempts to ignore or suppress such thoughts, impulses, or images, or to
neutralize them with some other thought or action

(4) the person recognizes that the obsessional thoughts, impulses, or images are a product of
his or her own mind (not imposed from without as in thought insertion)

Compulsions as defined by (1) and (2):

(1) repetitive behaviors (e.g., hand washing, ordering, checking) or mental acts (e.g., praying,
counting, repeating words silently) that the person feels driven to perform in response to an
obsession, or according to rules that must be applied rigidly

(2) the behaviors or mental acts are aimed at preventing or reducing distress or preventing
some dreaded event or situation; however, these behaviors or mental acts either are not
connected in a realistic way with what they are designed to neutralize or prevent or are clearly
excessive

B. At some point during the course of the disorder, the person has recognized that the
obsessions or compulsions are excessive or unreasonable. Note: This does not apply to
children.

C. The obsessions or compulsions cause marked distress, are time consuming (take more than
1 hour a day), or significantly interfere with the person’s normal routine, occupational (or
academic) functioning, or usual social activities or relationships.

D. If another Axis | disorder is present, the content of the obsessions or compulsions is not
restricted to it (e.g, preoccupation with food in the presence of an Eating Disorder; hair pulling
in the presence of Trichotillomania; concern with appearance in the presence of Body
Dysmorphic Disorder; preoccupation with drugs in the presence of a Substance Use Disorder;
preoccupation with having a serious illness in the presence of Hypochondriasis; preoccupation
with sexual urges or fantasies in the presence of a Paraphilia; or guilty ruminations in the
presence of Major Depressive Disorder).

E. The disturbance is not due to the direct physiological effects of a substance (e.g., a drug of
abuse, a medication) or a general medical condition.
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and neuropsychological studies point to a biological basis. These studies have
contributed to the widely accepted neuroanatomical model of OCD involving
the direct and indirect loops of the dorsolateral prefrontal and ventral medial
prefrontral cortico-striato—thalamo-cortical (CSTC) circuits (Mataix-Cols and van
den Heuvel, 2006; Saxena and Rauch, 2000). In the direct loop, the prefrontal
cortex (PFC) sends an excitatory glutamergic signal to the striatum, which in turn
sends an inhibitory gamma-amminobutric acid (GABA)-ergic signal to the globus
pallidus (GP) interna, resulting in decreased inhibition (disinhibition) of
the thalamus and increased excitation of the PFC. In the indirect loop the striatum
projects an inhibitory signal to the GP externa and subthalamic nucleus, that in
turn sends an excitatory signal to the GP interna, resulting in increased inhibition
of the thalamus and decreased excitation of the PFC. The (excitatory) direct loop
is thought to function as a self-reinforcing feedback loop that contributes
to the initiation and continuation of behaviors, whereas the indirect (inhibitory)
loop is thought to function as a negative feedback loop important for inhibiting
and switching between behaviors. It has been hypothesized that an imbalance
between these loops, with a stronger excitatory dopamine; influence on
the direct loop of the ventromedial frontal-sriatal circuit and a stronger inhibitory
dopamine; influence on the indirect loop of the dorsolateral frontal-striatal circuit,
resulting in a hyperactive ventral and hypoactive dorsal frontal-striatal system,
might mediate OC behavior (figure 1.1) (Mataix-Cols and van den Heuvel, 2006;
Saxena and Rauch, 2000). In addition to abnormalities in brain regions implicated
in this model, disturbances in brain regions that are functionally connected to
brain regions implicated in the ventral and dorsal frontal-striatal network (e.g.,
anterior cingulate cortex, amygdala, premotor cortex, parietal and temporal
cortices), have been reported as well, which have led to an extension
of the neuroanatomical model for OCD (Menzies et al., 2008a).

Although a disturbance in the CSTC loops, or its functional connections, seems
to be the neurological basis for OCD, there are considerable inconsistencies across
studies regarding the brain areas involved and the direction of anatomical
and functional changes. These inconsistencies have been explained by metho-
dological differences between studies (e.g., sample size, analysis methods).
Another possible explanation lies in the extremely heterogeneous presentation of
the OCD phenotype, in which symptoms can vary across patients as well as within
patients over time. An approach that uses more homogeneous disease dimensions,
such as only cases with early onset or with only one symptom dimension has been
suggested to lead to more consistent results (Mataix-Cols et al., 2004; Miguel et al.,
2005; van den Heuvel et al., 2009). However, we hypothesize that the observed
inconsistencies might also relate to the differential impact of genetic and
environmental risk factors for OCD on neurobiological pathways underlying this
behavior.
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Figure 1.1. A widely accepted neuroanatomical model of OCD involving the direct and indirect CSTC loops.
It is hypothesized that an imbalance between these loops, resulting in a hyperactive ventral and hypoactive dorsal
frontal-striatal system, might mediate OC symptoms (adapted from Mataix-Cols and van den Heuvel, 2006,).

Genetic and environmental risk factors for obsessive-compulsive disorder

Family studies and twin studies have indicated the importance of genetic as well
as environmental risk factors with regard to the etiology of OCD. The disorder runs
in families, especially the early onset type (Nestadt et al., 2000; van Grootheest
etal., 2007), and heritability for OC symptomatology has been estimated between
27% and 47% in adults and between 45% and 65% in children (Eley et al., 2003;
Hudziak et al., 2004; Jonnal et al., 2000; van Grootheest et al., 2007). In addition,
linkage and association studies have indicated a number of vulnerability genes
for OCD, with most of these studies pointing towards functional deficits of genes
involved in serotonergic, glutamatergic and dopaminergic neural signalling
(Bengel et al., 1999; Billett et al., 1998; Enoch et al., 2001; Nicolini et al., 2009).

1
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Given the moderate heritability, as much as 35-73% of the risk for OCD should
be accounted for by environmental stressors and/or adverse gene-environment
interactions. Environmental risk factors found to be associated with OC sympto-
matology include perinatal problems (e.g., hypoxia), streptococcal infection,
psychosocial stress, aspects of parenting (e.g., parental overprotection),
emotional neglect, sexual abuse and several important life-events such as
pregnancy, miscarriage and divorce (Albert et al., 2000; Alonso et al., 2004; Cath
et al., 2008; Geller et al., 2008; Lin et al., 2007; Wilcox et al., 2008).

With the knowledge that only part of the variance in OC symptomatology
can be explained by genetic factors and part by environmental factors and that
both these factors have been shown to contribute substantially to individual
differences in brain anatomy (Thompson et al., 2001; Toga and Thompson, 2005),
we questioned ourselves if these two risk factors for OC symptomatology
could affect the brain in different ways and whether that could explain part
of the observed inconsistencies in literature on the neurobiology of OCD.
Genetic risk factors for OCD might impact on slightly different brain regions than
environmental risks do, but the affected brain regions might all be implicated in
the neurological pathways involved in the regulation of anxiety and safety
behaviors (e.g., genetic risk factors affect regions involved in the ventral frontal-
striatal network, whereas environmental risk factors affect regions involved in the
dorsal frontal-striatal network), so a disturbance in either one of these brain
regions could mediate the observed OC behavior. This is what we wanted
to investigate and thereby the main focus of this thesis. To answer these questions
specific methodologies were necessary. First a method was needed to isolate
OC symptoms mediated by environmental risk factors from OC symptoms
mediated by genetic risk factors. Secondly, we needed a method to measure brain
structure and function.

Isolate 0C symptoms mediated by environmental risk factors from 0C symptoms
mediated by geneticrisk factors: The discordant/concordant monozygotic twin
design

A design that makes a distinction between genetically and environmentally
mediated neurobiological changes that underlie the development of behavioral
traits such as OCD, is the so-called discordant/concordant monozygotic (MZ) twin
design. This design already has been proven useful in distinguishing between
genetically and environmentally mediated neurobiological changes that
underlie the development of depression and attention-deficit-hyperactivity
disorder (de Geus et al., 2007; van 't Ent et al., 2009; Wolfensberger et al., 2008).
Excluding post-twinning de novo mutations, all MZ twins begin life with identical
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genomes. A discordance at the behavioral level, for example one twin scores
very high on OC symptoms but the co-twin scores very low, is likely to arise from
differential exposure to environmental influences. Consequently, neurobiological
differences between the OC symptom high-scoring twin and the low-scoring
co-twin from discordant pairs reflect environmental effects on the brain,
rather than effects of genetic variation. In contrast, if a MZ twin pair is highly
concordant with respect to their behavior, for example both twins are scoring
very high or very low for OC symptoms, this similarity can either derive from their
(near) complete sharing of genetic variants or from their sharing of the (family)
environment. Previous studies, however, have shown that shared environmental
factors do not play a significant role in OC symptomatology (Clifford et al., 1984;
Jonnal et al.,, 2000; van Grootheest et al., 2007). Therefore, the similarity in
OC symptomatology in MZ twin pairs likely reflects their genetic resemblance.
Consequently, a comparison of neurobiological variables between groups of pairs
of MZ twins that both score high (concordant-high) on OC symptoms with groups
of pairs of MZ twins scoring concordantly low on OC symptoms will uncover
the influence of genetic risk factors on these neurobiological variables.

How to explore the brain: structural and functional magnetic resonance imaging

A non-invasive technique that has been frequently used for obtaining information
on brain structure and function is Magnetic Resonance Imaging (MRI). The physics
behind MRI is complex. Basically, MRl involves imaging of the proton, the positively
charged spinning nucleus of hydrogen atoms that are abundant in tissues
containing water, proteins, lipids, and other macromolecules. An MRI scanner
produces a powerful magnetic field, and when a person is placed in this magnetic
field the protons within the body align with the direction of the magnetic field.
When a radio frequency field is subsequently applied, the protons absorb
the energy and change their spinning direction. The protons subsequently release
the absorbed energy and turn back to the original alignment. The time it takes
to return to the original alignment is referred to as relaxation time and depends
on the physical and chemical characteristics of the tissue. There are three relaxation
times that are of primary interest in MRI; T1, T2 and T2* T1 is the “longitudinal”
relaxation time and describes the time constant for the return of the magnetization
to its equilibrium position aligned along the static magnetic field of the scanner
whenever it is disturbed. T2 and T2*, the “transverse” relaxation times, are the time
constants that describe how long the resonating protons remain coherent
or rotate in phase following a radio frequency pulse (Brown and Semelka, 2010).
The energy released by the protons during this relaxation process is received by
a radio antenna, called a body coil, which in turn translates this information into
an image of the scanned area of the body. By using magnetic field gradients

13
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in different directions MRI makes it possible to obtain 2D images and 3D volumes
in any arbitrary orientation. These 3D volumes are composed of voxels (volumetric
pixels), the volume elements that contain information on the signal released
by the protons from specific locations in the body.

In the early days, neuroimaging studies mainly used this technique to obtain
information on anatomical features of the brain (e.g., gray matter density, volume
or thickness). Nowadays, more specialized MRI scans, such as functional MRI (fMRI)
and diffusion tensor imaging (DTI), are also frequently used.

With fMRI the functional properties of a brain region can be examined
by measuring its level of neuronal activity during rest or during the performance
of a cognitive task. The fMRI signal changes are dominated by the Blood
Oxygenation Level Dependent (BOLD) mechanism, which implies that regional
brain activations result in local excess of oxy-hemoglobin supply, which leads
to an increase in the homogeneity of magnetic susceptibility, a decrease in T2%,
and hence increased fMRI signal (Buxton, 2009). During an fMRI experiment this
BOLD fMRI signal is continuously measured in all gray matter regions of the brain,
and changes in this signal indirectly represent changes in the level of neuronal
activity of these regions. For the analysis of fMRI scans obtained during
the performance of a cognitive task, the recorded BOLD signal first needs
to be aligned with the performed task in time, in order to know which brain
regions are activated during the different conditions of the task (e.g., active or
baseline condition).

DTI provides a measure of diffusion of water molecules within tissues, permitting
the investigation of brain tissue microstructure. In structures with a highly coherent
directional organization, e.g., white matter tracts in the brain, the dominant
direction of diffusion is parallel to the fiber direction, so that diffusion becomes
anisotropic. The most reported metric derived from DTl is fractional anisotropy
(FA), which describes the degree of anisotropy within a voxel and can be interpreted
as a proxy measure of white matter integrity (Beaulieu, 2002; Mori and Zhang,
2006). A reduction in FA may be interpreted as a reduced density of white matter
fibers, less directional coherence of fibers, or a reduced degree of myelination
of fibers, all indicative of damaged, disorganized or under-developed white
matter.

Measuring differences in brain structure and function between groups of patients
and controls using the above described techniques can provide us with valuable
insights into the neurobiological features associated with the disease of interest.
However, the outcomes of these comparisons may be confounded by several
factors.



Introduction

Most brain imaging studies, comparing patients with controls, mainly aim
to explore abnormalities in brain structure and function that are related to
the development of a disease. However, some of the brain abnormalities observed
in these studies might actually be a consequence of the disease (e.g., neuro-
biological changes induced by the stress/anxiety the patient experiences),
or of the medication used for treatment, rather than a cause. Comparing subjects
at high risk for the disease of interest (e.g., subjects scoring very high for the
disease symptoms), without clinical diagnoses or treatment history, with subjects
at low risk for the disease may overcome part of this confounder and thereby
provide us with better insights into the neurobiological factors associated
with the development of the disease.

A second potential confounder lies in the fMRI technique. Obviously, fMRl is a very
indirect measure of brain activity and, apart from the BOLD-effect, T2* is also
influenced by other physiological factors such as respiratory and cardiac cycles
which modulate blood oxygen levels and microvessel diameters (Birn et al., 2006;
Glover et al., 2000; van Houdt et al., 2010; Windischberger et al., 2002). In paradigms
where heart rate is modulated by the task, e.g., when there are different levels of
task difficulty or emotional valence, it poses a serious threat to the interpretation
of the data, since statistically significant differences between task conditions may
then not be caused by the BOLD-effect alone, but also by non-neuronal responses
of the vascular bed to heart rate variations. In order to correct for possible
confounding, heart rate recorded during the fMRI experiment can be included
in the fMRI analysis as a regressor of no interest.

Another potential source of heterogeneity observed between studiesinvestigating
brain structure and function in a sample of patients and controls relates to
male-female differences in brain organization. Sex differences in the human brain
are very evident. Males have approximately 9-12% larger brain volumes than
females and apart from this global volume difference, regional sexual dimorphisms
have also been reported, primarily for areas with high numbers of sex steroid
receptors (amygdala and hypothalamus larger in males; hippocampus and caudate
larger in females) (Cosgrove et al., 2007; Lenroot and Giedd, 2010). In studies
investigating the neurobiology of neuropsychiatric disorders the number of males
and females are generally not balanced and furthermore the distribution of males
and females often differs between studies (e.g., more males than females in one
study versus more females in another study). In particular for neuropsychiatric
disorders that differ in prevalence and/or symptoms between males and females,
like OCD, this may lead to different outcomes. In order to explore if neurobiological
changes related to the disorder of interest differ between males and females,
an interaction of the disorder by sex on brain structure or function needs
exploration.

15
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Outline of this thesis

The main aim of this thesis is to explore whether environmental or genetic risk
factors for OC symptoms affect the structure and functioning of the brain
in different ways, and if so, whether that could explain part of the observed
inconsistencies between studies that compared OCD patients with controls.
In order to investigate in what way environmental risk factors for OC symptoms
affect the brain, anatomical brain images and functional brain changes during
the performance of cognitive tasks, obtained using MRI, were compared within
MZ twin pairs discordant for OC symptom scores. To explore neurobiological
changes mediated by the genetic risk for OC symptoms, anatomical brain images
and functional brain changes during the performance of cognitive tasks were
compared between MZ twin pairs scoring both high for OC symptoms and
MZ twin pairs scoring both low for OC symptoms.

In addition, within this thesis we explored whether heart rate, when modulated
by the fMRI paradigm, could be a serious threat for the interpretation of the fMRI
data. Furthermore, the interaction of OC symptoms by sex on gray matter volume
was assessed in order to explore if OC symptom related changes in gray matter
volume were different for males and females. For this analysis, an additional set
of MRI scans was obtained from a sample of opposite-sex twin and sibling pairs
scoring either both high or low for OC symptoms that were combined with MRI
data obtained in the MZ (same-sex) twin sample. The participating twin
and sibling pairs were all registered in the Netherlands Twin Register (Boomsma et
al., 2006) and a complete description of the selection criteria, data collection and
experimental procedures can be found in chapter 2.

Chapters 3 to 6 address the main aim of this thesis. In chapter 3 task performance
and brain activation during a planning paradigm are compared within MZ twin
pairs discordant for OC symptoms, in order to investigate planning related
functional brain changes mediated by the environmental risk for OC symptom:s.
Chapter 4 describes regional brain changes for the same fMRI paradigm as used
in chapter 3 but adds a comparison of MZ twin pairs who both scored high
for OC symptoms with MZ twin pairs who both scored low for OC symptoms,
in order to investigate planning related functional brain changes mediated by
the genetic risk for OC symptoms. Chapter 5 uses the MZ discordant/concordant
twin design in order to examine the differential impact of non-shared
environmental versus genetic risk factors for OC symptoms on inhibitory control
related functional brain activation. In Chapter 6 the differential impact of
non-shared environmental versus genetic influences on white matter structure
was investigated by comparing white matter volume as well as fractional
anisotropy derived from DTl scans within MZ twin pairs discordant for
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OC symptoms or between MZ twin pairs concordant-low and concordant-high
for OC symptom:s.

Chapters 7 to 9 are concerned with the possible impact of heart rate and sex
differences in the interpretation of MRI data. Chapter 7 explores the extent
to which fMRI signal changes between cognitive task conditions are influenced
by between-condition differences in heart rate. Chapter 8 tries to create a more
comprehensive picture of general sex differences in structural brain measures,
by investigating differences in regional gray and white matter volume,
white matter integrity and cortical thickness in carefully matched male-female
pairs. Chapter 9 investigates if sex could be a potential source of heterogeneity
in the association of OC symptoms with structural brain imaging outcomes.

Finally, in Chapter 10 the results of the performed studies are integrated
and discussed.

17
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The data that form the basis of the studies described in this thesis were collected
in two points in time. The first data collection took place from 2006-2009
and included structural and functional MRI and behavioral measurements
in a sample of monozygotic (MZ) twin pairs selected to be either discordant
or concordant for obsessive-compulsive (OC) symptoms. This first data set was
mainly used to explore whether environmental or genetic risk factors for
OC symptoms affect the brain in different ways. The second data collection took
place from 2010-2011 and consisted of structural and functional MRl and behavioral
measurements in a sample of opposite-sex twin and sibling pairs selected to be
highly concordant for OC symptoms. MRI and behavioral measurements obtained
in the opposite-sex twin and sibling pairs were combined with those obtained
in the sample of MZ twin pairs in order to investigate OC symptom related sex
differences in the brain. In this chapter, a detailed description of the complete
selection and testing procedures will be given.

Sample selection: participating twins and siblings

All twins and siblings that participated in this study were recruited from
the Netherlands Twin Register (Boomsma etal., 2006).In 2002/2003 and 2008/2009,
surveys were sent to twin families including the 12-item Padua Inventory
Abbreviated (PI-R-ABBR). The PI-R-ABBR is derived from the Padua Inventory-
Revised version (PI-R), a widely used self-reportinventory measuring OC symptoms
(Sanavio, 1988; van Oppen et al., 1995). The PI-R consists of 41 items, that each
have to be rated on a 5 point scale regarding degree of disturbance (0 = not at all
disturbing — 4 = very much disturbing) (van Oppen et al., 1995). Reduction of the
PI-R to 12 items was implemented by selecting two items of each of the five PI-R
subcategories (washing, checking, rumination, precision and impulses) with
highest factor loadings in a previous validation study (van Oppen et al., 1995), and
adding another two items for each of the more equivocal obsession subscales:
rumination and impulses. Examples of questions implemented in the PI-R-ABBR
are shown in table 2.1.

Completed PI-R-ABBR questionnaires were returned by 20.204 subjects (mean
PI-R-ABBR-score (SD): 7.27 (5.08)), including 9.512 twins and 2.403 siblings.
From this sample we selected MZ twin pairs and opposite-sex twin and sibling
pairs in the age range between 18 and 60 years who both scored very high,
very low or very discordant for OC symptoms. A subject was classified as
high-scoring for OC symptoms if the PI-R-ABBR score was >15. A subject was
classified as low-scoring for OC symptoms if the PI-R-ABBR score was <7.
These PI-R-ABBR cut-off scores were derived from sensitivity and specificity
measurements in an independent sample of OCD patients when compared
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Table 2.1. Examples of questions implemented in the 12-item PI-R-ABBR

Items Category

In certain situations, | am afraid of losing my self-control and doing Impulses
embarrassing things

| check and recheck gas and water taps and light switches after turning Checking
them off
| feel obliged to follow a particular order in dressing, undressing and Precision

washing myself

Unpleasant thoughts come into my mind against my will and | cannot Rumination
get rid of them

If I touch something which I think is 'contaminated’, | immediately have Washing
to wash or clean myself

to clinical controls (n=120; mean scores 20.7, SD 8.1; sensitivity 0.74 and specificity
0.72 at the best cut-off point of 16 (Cath et al., 2008)).

A total of 32 MZ twin pairs discordant for OC symptoms, 38 MZ twin pairs
concordant-high for OC symptoms and 41 MZ twin pairs concordant-low for OC
symptoms were invited by letter to participate in the first MRI study that
investigated neurobiological changes mediated by environmental or genetic risk
factors for OC symptoms.

An additional sample of 11 opposite-sex twin pairs scoring high for OC symptoms,
24 opposite-sex twin pairs scoring low for OC symptoms and 13 families,
including at least one pair of opposite-sex siblings scoring high for OC symptoms
(total of 31 subjects, including 14 high-scoring males, 14 high-scoring females and
3 low-scoring females), were invited to participate in the second MRI
study that investigated OC symptom related sex differences in the brain.

Invitation procedures were the same for both samples. Approximately one week
after an invitation letter (Appendix I) was sent, twins and siblings were contacted
by phone and asked whether they were interested to participate in the study.
In addition, twins and siblings were screened for possible exclusion criteria.
Exclusion criteria included brain damage, neurological disease, color blindness
and contraindications for MRI (e.g., pregnancy, ferromagnetic fragments, clips and
devices in the body and claustrophobia). When interested, twins and siblings were
sent additional information (Appendix ll), including a MRI brochure (Appendix
Ill) and MRI questionnaire, were they could indicate possible contra-indications
for MRI and use of medication (Appendix IV). Approximately one week after the

21
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additional information was sent, twins and siblings were again contacted by
phone. When they agreed to participate they received, approximately 2-3 weeks
in advance to their visit to the hospital for MRI scanning, a confirmation letter
(Appendix V) that included: the date and time of the appointment made by
phone, the route to the hospital, a self-report questionnaire and informed consent
(Appendix VI) they were asked to fill out and sign at home and bring along when
visiting the hospital, and a package containing an instruction brochure (Appendix
VII) and required material for collecting buccal cell samples for DNA extraction,
which they were also asked to perform at home and bring along when visiting the
hospital.

In total, 20 MZ twin pairs discordant for OC symptoms (6 male/14 female pairs;
mean age (SD): 35.60 (8.68)), 23 MZ twin pairs concordant-high for OC symptoms
(6 male/17 female pairs; mean age (SD): 36.00 (10.55)) and 28 MZ twin pairs
concordant-low for OC symptoms (8 male/20 female pairs; mean age (SD): 37.50
(8.79)) agreed to participate in the MRI study that investigated neurobiological
changes mediated by environmental or genetic risk factors for OC symptoms,
giving a response rate of 64%.

In the second study, that investigated OC symptom related sex differences in
the brain, an additional sample of 5 opposite-sex twin pairs scoring high for OC
symptoms (mean age (SD): 24.80 (9.27)), 19 opposite-sex twin pairs scoring low for
OC symptoms (mean age (SD): 30.11 (9.64)) and 7 families including at least one
pair of opposite-sex siblings scoring high for OC symptoms (total of 16 subjects,
including 8 high-scoring males, 7 high-scoring females and one low-scoring
female; mean age (SD): 32.13 (5.77)) agreed to participate, giving a response rate of
63%.

For the 57 twin pairs/families that did not participate in the MRI study, the most
important reasons included; no time, too much effort (n=31), twins/siblings did
not want to participate in MRI research (n=4), twins/siblings moved and new
contact details could not be retrieved in time (n=5), twins/siblings moved to
another country (n=3), or twins/siblings were excluded from the study due to
neurological disease (n=1), pregnancy (n=6), claustrophobia (n=4) or ferromagnetic
fragments, clips and devices in the body (n=3). The ethical review board of the
VU University medical centre approved the study. All participants provided written
informed consent.

Experimental procedures

The data collection took place at the Academic Medical Centre (AMC) Amsterdam
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and consisted of structural and functional MRI scans and the completion of
questionnaires and diagnostic interviews. Twin pairs and siblings were always
tested on the same day and a regular testing day took approximately 3.5 hours (for
two subjects).

After the participants arrived at the AMC, they were first welcomed and testing
procedures were explained. Thereafter, questionnaires, forms and buccal cell
samples completed/collected by the participants at home were checked and
some personal information was obtained (e.g., participant’s name, date of birth,
number of bank account for travel reimbursement). Then the participants’ weight
and height were measured and they were asked to fill out a questionnaire that
measured state anxiety and state anger. Thereafter, the twins/siblings were
separated for individual assessments. One of the participants first underwent the
MRI protocol and thereafter was administered diagnostic interviews and
questionnaires. The brother or sister had the protocol administered the other way
around; first questionnaires and interviews followed by the MRI scan. The order in
which the participants received the scan protocol or questionnaires/interviews
was completely randomized. During the MRI session the participants had to
perform a set of cognitive tasks. Prior to the performance of these tasks in the MRl
scanner, participants were familiarized with the tasks during a practice session on
a personal computer outside the scanner. In between the MRI session and the
administration of questionnaires/interview, participants were provided with
lunch, dinner or tea with cake, depending on the time the testing procedures took
place. For the complete testing schedule and the approximate times see table
2.2. The different components of the testing protocol (interview/questionnaires
and scan protocol) are described in more detail in the following sections.

Questionnaires and diagnostic interviews

Self-report questionnaire received at home

All twins and siblings that agreed to participate in our study received a self-report
questionnaire at home that they were asked to fill out and bring to the hospital at
the day of MRI scanning. This self-report questionnaire consisted of some general
and demographic questions (e.g., questions on gender, health, number of siblings,
birth weight, educational attainment), questions on experienced life events (e.g.,
death of a parent/sibling/partner/child, birth of a child, severe illness, marriage,
burglary), the PI-R-ABBR, comparative twin rating questions (Reynolds et al., 2005),
the 13-item Beck-Depression Inventory Short Form (Beck et al., 1961; Beck et al.,
1974) and the 30-item Conners Adult Attention Deficit Hyperactivity Disorder
(ADHD) Rating Scale (Conners et al., 1999).
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Table 2.2. Data collected from twin/sibling pairs

At home

MRI questionnaire and medication list (Appendix IV)
Self-report questionnaire
Informed consent (Appendix VI)

Buccal cell samples for DNA extraction

At the AMC

Welcome of twin (sibling) pair and explanation of testing day (+ 10 min)
Checking data participants filled out/collected at home (+ 5 min)
Obtaining personal information (+ 5 min)

Measuring weight and height (£ 5 min)

Measuring state anxiety and state anger (= 10 min)

Individual assessments

twin (sibling) 1 twin (sibling) 2

Explaining and practising fMRI tasks self-report questionnaires
on personal computer (£ 15 min) and interview (+ 55 min)
Placement of electrodes for lunch, dinner or tea with cake

electrocardiography (+ 10 min)

Structural MR, functional Explaining and practising fMRI tasks
MRI and DTI (= 60 min) on personal computer (£ 15 min)
lunch, dinner or tea with cake Placement of electrodes for

electrocardiography (+ 10 min)

self-report questionnaires Structural MRI, functional
and interview (+ 55 min) MRI and DTI (£ 60 min)

Self-report questionnaires and diagnostic interviews obtained at the AMC

On the day of scanning the following diagnostic interviews and questionnaires
were administered: (1) The state version of the State Trait Anxiety Inventory and
the State Trait Anger Scale, to measure the participants state anxiety and state
anger (Spielbergeretal., 1970; Spielbergeretal., 1983); (2) Tic screening: participants
were screened for the eight most common tics (head shaking, eye blinking, other
facial tics, shoulder raising, expressing swear words/foul language/dirty words,
sound making, growling and throat clearing/coughing/sniffing) and were asked to
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indicate whether they were familiar with one of these tics by answering ‘yes’ or
'no’; (3) An adapted form of the Yale-Brown Obsessive-Compulsive Scale (Y-BOCS),
to measure both lifetime and current obsessive-compulsive symptoms (Y-BOCS
symptom checklist) and severity (Y-BOCS symptom severity) (Denys et al., 2004;
Goodman et al., 1989b; Goodman et al., 1989a); (4) The Mini International
Neuropsychiatric Interview to test for possible comorbidities (Sheehan et al., 1998).
Comorbidities tested by the Mini International Neuropsychiatric Interview include
depression, panic disorder, agoraphobia, social phobia, post-traumatic stress
disorder and generalized anxiety disorder.

MRI scan protocol

MRI was performed on a 3.0 Tesla Intera MRI system (Philips, Medical Systems,
Best) with a standard SENSE receiver head coil. For the selected sample of MZ twin
pairs scoring discordant or concordant for OC symptoms who were scanned
between 2006 and 2009, the MRI session consisted of a whole head anatomical
scan, functional MRI scans obtained during the performance of three cognitive
tasks and diffusion tensor imaging (DTI). Cognitive tasks performed while in
the MRI scanner included the Tower of London planning paradigm, the cognitive
and emotional Stroop and the Flanker task, which are all described in more detail
below. For the sample of opposite-sex twin and sibling pairs, scanned in 2010/2011,
the scan protocol was mainly the same, except for the fMRI scan obtained during
the Flanker task which was replaced by two resting state scans that were followed
by a resting state questionnaire (described in more detail below). See table 2.3
for a summary of the scan protocol, including scan parameters and scan duration.
During the MRI session, participants remained inside the scanner and were asked
to minimize head movements during and between consecutive runs. The MRI
protocol could not be completed by one of the twins from a concordant-low pair
due to a metal artifact at the eyebrow level and by one of the twins from
a concordant-high pair due to a panic attack. Furthermore, one MZ discordant pair
could not complete the Tower of London, due to a technical problem on the day
they were tested. Thus, structural MRI, DTl and fMRI during the Stroop paradigm
were obtained in a total of 204 subjects, fMRI during the Tower of London in 202
subjects, fMRI during the Flanker in 140 subjects and resting state scans in
64 subjects.

Functional MRI

Cognitive paradigms, participants had to perform while in the MRI scanner, were
projected on a screen at the end of the MRI scanner table and viewed by the
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subject through a mirror. Two MRI compatible response boxes were used to record
the subject’s responses. Before the experiment, the subjects practiced a number
of trials on a computer outside the scanner and again inside the scanner, prior to
the actual start of the session.

Tower of London

Stimuli for the Tower of London task consisted of images of three colored beads
(red, blue and yellow) placed on three vertical rods of decreasing height
(figure 2.1). In each trial, a start configuration (figure 2.1, bottom) and final target
configuration (figure 2.1, top) were simultaneously displayed. During planning
trials (figure 2.1A), subjects were requested to count the number of steps to get
from the start to final target configuration, with the restrictions that only one bead
could be moved at a time and that a bead could be moved only if there was no
other bead on top. Five planning difficulty levels were included corresponding to
the minimum number of moves (1-5) needed to achieve the target configuration.
In addition, baseline stimuli were included (figure 2.1B) during which subjects
only had to count the total number of yellow and blue beads. With each stimulus
presentation, two possible answers (one correct and one incorrect) were presented
at the bottom left and right of the screen. The correct answer had to be indicated
by pressing the corresponding left or right hand button. No feedback regarding
the correct answer was provided. The stimuli were presented in an event-
related design of approximately 17 minutes with self-paced stimulus timing,
i.e., a subsequent trial was presented on the screen immediately after the response
on a previous trial, or directly after the maximum reaction time limit of 60 seconds.
Presentation order of the stimuli was pseudo-random with distribution frequency
of the six stimulus types similar to van den Heuvel (2005a). The stimulus
presentation order was the same for all subjects, however, the total number of
trials completed by each subject depended on the subject’s reaction times.

A. Count the number B. Count the yellow
of steps & blue beads

Figure 2.1. Examples of Tower of London stimuli; (A) Planning condition; (B) baseline condition.
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Cognitive and emotional Stroop

The Stroop paradigm which was implemented in this study was developed by
Dr. O.A. van den Heuvel (2005b) and consisted of 6 conditions: congruent color-
words (e.g., the word “green” written in green), incongruent color-words (e.g., the
word “red” written in blue), OC symptom related negative words (e.g., dirty, mess,
uncertain), panic-related negative words (e.g., heart attack, cancer, panic),
and two conditions with neutral words (e.g., table, world, guitar). The task was
administered in 18 blocks of similar stimulus types (3 blocks of each condition).
In each individual block 16 words were presented for 2 seconds separated by small
intervals of 200 milliseconds. During the task participants were asked to report the
ink color of the words that were written in the color “red”, “yellow”, “blue” or
“green”. The correct answer had to be indicated by pressing buttons: left middle
finger for ink color yellow, left forefinger for green, right forefinger for red and
right middle finger for blue. The subjects were asked to respond to the stimuli as
fast and accurate as possible. The onset of each individual stimulus together with
the subject’s response was recorded, such that the data could be analyzed in
an event-related manner. Total task duration was +10 minutes.

Flanker

In the flanker task subjects had to indicate, as quickly as possible, the direction of
a central target arrow (i.e., <" left hand press; “>" right hand press) which was
surrounded by four task irrelevant flankers of the same size and shape.
The direction of the flanker arrows could be either congruent (< < < < <"or’>> >
> >') orincongruent (‘< < > < <’ or > > < > >') to the direction of the central target
arrow. Flankers and targets were displayed simultaneously. The task was admini-
stered in an event-related design. During the task 120 congruent and 120
incongruent trials were presented in random order. Stimuli were shown for 200 ms
and the interstimulus interval consisted of a period of gray screen after each
stimulus (randomized between 600 and 1600 ms) and a subsequent fixation cross
for 1000 ms before the next stimulus. Total task duration was £10 minutes.

Resting state

Before the start of each resting state scan participants were instructed to relax as
much as possible, close their eyes and try not to fall asleep. Immediately after each
resting state scan subjects had to complete a resting state questionnaire (RSQ)
that was projected on a screen at the end of the MRI scanner table and viewed by
the subject through a mirror. The RSQ was developed (by K. Linkenkaer-Hansen)
for rating feelings and thoughts during the resting state scan and consisted of
50 items. Examples of items included in the RSQ are; | felt comfortable, | was
thinking about the future or | felt sleepy. These questions could be answered on
a five point scale, including not, a little, moderately, fairly strong and strong.
Switching between these five possible answers could be done by pressing the
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response buttons under the right forefinger and right ring finger, and the answer
could be confirmed by pressing the response button under the right middle finger.
Total duration for completing the questionnaire was approximately 5 minutes.

Measuring heart rate and respiratory frequency during fMRI

During resting state scans and during the performance of the three cognitive
tasks within the MRI scanner, heart rate was measured in all participating subjects.
In addition, for most subjects, excluding 12 MZ discordant twin pairs, respiratory
frequency during fMRI was measured. Heart rate was measured by means
of electrocardiography (ECG), for which a total of four (MRl compatible)
ECG electrodes (Philips) were attached to the subject’s chest. The respiratory
signal was measured by the pressure exerted on a balloon that was placed at
the level of the abdomen and fastened using a band. During the MRI experiment,
ECG and respiratory signals were written to a text file along with the output of the
slice selecting gradient of the MRI scanner and were mainly used to investigate
whether changes in brain activation were related to changes in these two
measures.
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Abstract

To examine neurobiological changes underlying obsessive-compulsive symptoms
(OCS) we examined intrapair differences in behavior and fMRI brain activation in
monozygotic twins discordant for OCS, using a Tower of London planning
paradigm. Despite only mild evidence for impairment at the behavioral level,
twins with OCS showed significantly decreased brain activation during planning
in dorsolateral prefrontal cortex, thalamus pulvinar, and inferior parietal cortex.
These findings are consistent with the hypothesis of disturbed cortico-striato-
thalamo-cortical (CSTC) circuitry underlying OCS. In contrast to previous studies in
patients with obsessive-compulsive disorder (OCD) we did not find robust
evidence for reduced responsiveness in striatal brain regions. Together, these
findings suggests that neurobiological mechanisms underlying OCS of
environmental origin partly overlap with neurobiological changes in patients with
OCD, where the disorder is likely caused by a combination of genetic and
environmental influences. A difference between genetical and environmental
etiologies may relate to the amount of reduced striatal responsiveness.

Introduction

Obsessive-compulsive symptoms (OCS) are highly prevalent in the general
population (70%-80%: Rachman and de Silva, 1978). They are characterized by
recurrent, persistent, and intrusive anxiety-provoking thoughts or images
(obsessions) and subsequent repetitive behaviors (compulsions) performed to
reduce anxiety and/or distress caused by the obsessions (American Psychiatric
Association, 1994). Well-known obsessions are fear of contamination, pathological
doubt, need for symmetry, and somatic, sexual and aggressive obsessions.
Compulsions include checking, washing, counting, symmetry/precision and
hoarding behavior. When obsessions and/or compulsions are performed for more
than one hour a day and significantly interfere with daily life, persons fulfill the
criteria for obsessive-compulsive disorder (OCD). OCD affects about 2% of
the population (Miguel et al., 2005) and is generally assessed by clinical interviews,
e.g., Diagnostic and Statistical Manual of Mental Disorders 4th edition: DSM-IV
(American Psychiatric Association, 1994). Questionnaires, such as the Padua
Inventory (PI) (Sanavio, 1988) and quantitative versions of the Yale-Brown
Obsessive-Compulsive Scale (Y-BOCS) (Goodman et al., 1989a; Goodman et al.,
1989b) can be utilized to explore OC symptomatology on a more quantitative
scale.

There is limited information about the etiology of OCD. Genetic factors appear to
be at least partly responsible. The disorder runs in families (Nestadt et al., 2000;
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Hettema et al., 2001) and twin studies indicate a heritability ranging from 27%
to 47% in adults and 45%-65% in children. (van Grootheest et al., 2005; Jonnal
etal,, 2000).

If genetic factors explain 27-65% of the variability in OC symptoms, as much as
35% to 73% should be accounted for by environmental stressors or adverse
gene-environment interactions. Environmental risk factors suggested for OCD
include streptococcal infection, perinatal problems, psychosocial stress, and
familial factors such as perceived parental rearing style (Miguel et al., 2005; Alonso
et al,, 2004). Furthermore, several life events, including pregnancy and divorce,
may trigger OCD in people genetically predisposed to the disorder (Karno et al.,
1988). A recent twin study in MZ twin pairs concordant and discordant for
OC symptoms identified the following risk factors: sexual assault in women,
low birth weight, and low educational level (Cath et al., 2008).

Neuroimaging studies have indicated several brain changes in OCD patients
compared to unaffected controls. Structural magnetic resonance imaging (sMRI)
has indicated gray matter abnormalities in the prefrontal cortex (PFC), orbitofrontal
cortex (OFC), caudate nucleus, thalamus and anterior cingulate cortex (ACC)
(Pujol et al., 2004; Valente Jr. et al., 2005); in line with the hypothesis of a disturbed
cortico-striato-thalamo-cortical (CSTC) circuitry. Consistent with the sMRI findings,
functional MRI (fMRI) studies have reported increased activation of these brain
structures in OCD patients during performance of cognitive tasks and after
symptom provocation. For example, it was recently found that OCD patients show
increased activation of frontal-striatal and medial temporal brain regions during
presentation of OC related threat words in a Stroop color-word naming task
(van den Heuvel et al., 2005b). In addition, in the Eriksen flanker task increased
anterior cingulate activation has been observed in OCD patients (Fitzgerald et al.,
2005), in agreement with the hypothesis that OCD involves overactive interference
monitoring and error-processing. Besides these brain regions, increased functional
activation has also been reported for parahippocampal and parietal structures
(Schienle et al., 2005; Viard et al., 2005). There is also evidence for abnormally
reduced activation of brain areas. A recent study indicated that OCD patients are
impaired on the Tower of London (Tol) cognitive planning task (Purcell et al.,
1998a) and that this planning in OCD patients is associated with decreased fMRI
activation of the dorsolateral prefrontal cortex (dIPFC) and caudate nucleus
(van den Heuvel et al., 2005a). In summary, the overall picture points to a deficit of
CSTC processing, combined with dysfunction of midbrain and brainstem systems.
However, there are considerable inconsistencies regarding the brain structures
involved and the direction of anatomical and functional changes. It may therefore
be concluded that, until now, neuroimaging studies have been only marginal
successful in reducing the observed variability in OC problem behavior associated
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with variations in anatomy and/or function of specific brain regions.

An important reason for the inconsistent findings might be 1) the heterogeneity
of the OCD phenotype and 2) the differential impact of genetic and environmental
riskfactorsin OCbehaviorthatdoes not necessarilylead toidentical neurobiological
pathways underlying OC behavior. With respect to the first issue, an approach that
uses more homogeneous disease dimensions, such as familial cases, cases with
early onset or with only one symptom dimension, might lead to more consistent
results (Miguel et al., 2005). With respect to the second issue, group analyses of
affected individuals in whom OCD is caused by differences in relative contributions
of genetic and environmental risk factors may produce inconsistent results.

The present study, using a monozygotic discordant twin design (Martin et al.,
1997) to explore OCS-related neurobiological alterations, is a first attempt to
overcome the second issue. This discordant twin design allows the investigation
of between twin brain differences that are specifically due to influences of
environmental risk factors. Because MZ twins begin life with identical genomes,
within twin pair differences in behavior mostly reflect exposure to individual-
specific environment (although these may ultimately act through modification
of gene expression).

We assessed differences in functional brain activation using the Tower of London
task that measures the capability of cognitive planning. We aimed to investigate
whether individuals with OC symptoms due to adverse environmental influences
exhibit similar changes in task performance and functional brain activation during
planning as previously observed in OCD patients.

Methods

Participants

For this study twin pairs were recruited from the Netherlands Twin Register (NTR)
(Boomsma et al., 2002). In 2002 surveys were sent to twin families including the
Padua Inventory-R (PI-R) abbreviated (Sanavio, 1988; van Oppen and Arntz, 1994).
Symptoms were chosen on basis of 2 items of each subscale with highest
factor loadings in a previous validation study (van Oppen and Arntz, 1994),
covering the symptom factors generally found in the PI-R dimensions of OCD,
and with one additional item for each of the more equivocal obsession subscales
rumination and impulses. For a detailed description of reliability and validity of
the PI-R abbreviated as a screening instrument of OC behavior (see Cath et al.,
2008). Complete Pl data were returned by 419 MZ twin pairs (n = 113 males).
From this sample we selected twin pairs in the age range between 18-60 years,
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in which one twin scored high (= 18) and the co-twin scored low (< 7) on the PI-R.
These cut-offs were derived from sensitivity and specificity measurements in
a sample of OCD patients (n = 120; mean scores 20.7, SD 8.1; sensitivity .74 and
specificity .72, when compared to clinical controls (Cath et al., 2008)). From the
initial selection of 29 MZ twin pairs, 17 pairs had to be omitted: 5 pairs already
participated in other studies of our department, 1 pair was found to be dizygotic,
1 pair used psychotropic medication, 2 pairs suffered from severe claustrophobia
and 8 pairs declined for practical reasons. Consequently, our final sample consisted
of 12 MZ twin pairs discordant for OCS (14 females and 10 males).

Protocol

Participants were administered diagnostic interviews and questionnaires,
including questions on demography, life-events, comorbidity, OC symptoms and
severity of OC symptoms, tics, state-anger and state-anxiety. All twins were asked
to collect buccal swabs for DNA extraction to test zygosity. The ethical review
board of the VU medical centre approved the study and all participants provided
written informed consent.

A. Count the number B. Count the yellow
of steps & blue beads

Figure 3.1. Examples of Tower of London stimuli used in the present study. A. Planning condition; B. Baseline
condition (adapted from van den Heuvel et al. (2005a)).

Tower of London (Tol)

Stimuli for the ToL task consisted of images of 3 colored beads (red, blue, yellow),
placed on 3 vertical rods of decreasing height (see figure 3.1). On each trial a start
configuration (bottom) and final target configuration (top) were simultaneously
depicted. During planning trials (figure 3.1A), subjects were requested to count
the number of steps from the starting configuration to reach the target
configuration; with the restriction that only one bead could be moved at a time
and that a bead could be moved only if there was no other bead on top.
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Five planning difficulty levels were included that corresponded with the minimal
number of moves (1 to 5) actually needed to achieve the target. In addition to
stimuli that required planning, baseline stimuli were included (figure 3.1B) during
which subjects only had to count the total number of yellow and blue beads.
With each stimulus presentation, two possible answers (one correct and one
incorrect) were presented at the bottom left and right of the screen, from which
the correct one had to be chosen by pressing a corresponding left or right hand
button. No feedback regarding the correct answer was provided during the task.

The stimuli were presented in an event-related design lasting 17 minutes with
self-paced stimulus timing, i.e., a subsequent trial was presented on the screen
immediately after the response on a previous trial, or directly after the maximum
reaction time limit of 60 seconds. Presentation order of the stimuli was
pseudo-random with a distribution frequency of the 6 stimulus types derived
from van den Heuvel et al. (2005a). For all twins the stimulus presentation order
was the same, however, the total number of trials completed by each twin
depended on the twin'’s reaction times.

Stimuli were projected on a screen at the end of the MRI scanner table, viewed
by the participant through a mirror. Two magnetic compatible response boxes
were used to record the subject’s performance. Prior to performance of the TolL
task within the scanner, twins were made familiar with the task during a practice
session on a personal computer outside the scanner. Furthermore, subjects
performed a number of practice trials while being in the scanner, immediately
before starting the actual task.

Image acquisition

The MRI session consisted of a structural part of about 6 minutes and a functional
part of approximately 17 minutes. During the scan session the twins remained
inside the scanner and were asked to minimize head-movement during and
between consecutive runs. To reduce motion artifacts, the participant’s head was
immobilized using foam pads.

MRI was performed on a 3.0 T Intera MR system (Philips, Medical Systems, Best)
with a standard SENSE receiver head coil. The anatomical scan consisted of 182
coronal slices with a 3D gradient-echo T1-weighted sequence (flip angle 8°;
repetition time, TR = 9.69 ms; echo time, TE = 4.60 ms; matrix, 256x256 pixels; voxel
size, 1.00 mm x 1.00 mm x 1.20mm). For fMRI, an echo planar imaging (EPI)
sequence (flip angle 80°; TR = 2300 ms; TE = 30 ms; matrix, 96x96 pixels; field of
view 220 mm x 220 mm) was used, covering the whole brain (40 axial slices;
2.29 mm x 2.29 mm in-plane resolution; 3.0 mm slice thickness). A total of 440 EPI
volumes were scanned per subject.
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Data analysis

MRI data were analyzed using SPM5 (Wellcome Department of Imaging
Neuroscience, London, UK). EPI scans were slice time corrected, realigned and
normalized to the standard MNI (Montreal Neurological Institute) brain of SPM.
Subsequently, data were resliced to 3 mm x 3 mm x 3 mm voxels and spatially
smoothed using an 8 mm isotropic Gaussian kernel. After high-pass filtering
(cut-off 128 seconds), functional scans were analyzed in the context of the general
linear model using delta functions convolved with a canonical hemodynamic
response function. Event duration, computed as the time between stimulus and
response onset, was included in the model to account for hemodynamic responses
of varying lengths to each type of stimulus. Error trials and head-movement
parameters were modeled as regressors of no interest. For each subject, a ‘planning
vs. baseline’ main effect was computed in which brain activation during all
planning trials was compared with brain activation during baseline trials.
In addition, a main effect of ‘task load’ was computed using a linear contrast to
identify brain regions that show MR signal intensity variation correlated with task
difficulty (van den Heuvel et al., 2005a).

Differences in questionnaire- and interview data between high and low-scoring
twins were tested using paired sampled t-tests available in SPSS software
(SPSS Inc, Chicago, lllinois), with significance level p < 0.05. For analysis of ToL task
performance, reaction times and reaction accuracy (percentage of correct
responses) were evaluated statistically by means of a paired MANOVA design with
main variables ‘task load’ (the 5 planning difficulty levels) and ‘twin OCS status’
(twins scoring high on OCS vs. twins scoring low on OCS). When applicable,
degrees of freedom were adjusted conforming to the method of Geisser and
Greenhouse (Geisser and Greenhouse, 1958). Uncorrected degrees of freedom are
reported, however, to facilitate interpretation of the statistical design.

Functional MRI contrast estimates for ‘planning vs. baseline’ and ‘task load’ were
entered into a second-level analysis. Main effects across twins for both contrasts
were obtained by one-way ANOVA and reported at an individual voxel threshold
of p < 0.05, corrected for multiple comparisons (false discovery rate: FDR),
with minimal cluster extent of 10 voxels. Differences in contrast estimates between
OCS high twins and their OCS low-scoring co-twins were investigated by paired
sample t-test, masked with the appropriate contrast main effect (mask thresholded
at p < 0.005, uncorrected), and reported at an uncorrected individual voxel
threshold of p < 0.001.
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Results

Questionnaire and interview data

Demographics and data on OC symptoms of our twin sample are summarized in
table 3.1. In line with the initial selection criteria, scores on the PI-R abbreviated
obtained in 2002 differed significantly between OCS high and low twins (t = 8.89,
df = 11, p < 0.001). Re-administration of this interview at the time of MRI data
collection (in 2006) indicated that within twin pairs OCS differences had slightly
diminished over time: mean PI-R score of the OCS high twins was decreased
by 6.75 points while mean PI-R score of the OCS low group was increased
by 2.66 points. Despite this, presumably reflecting an influence of current state
dependence, PI-R scores remained significantly elevated in OCS high twins
(t=2.23,df = 11, p = 0.047). Y-BOCS scores obtained at the time of MRI on current
OCS severity were also higher in OCS high compared with low twins (t = 2.157,
df = 11, p = 0.054). Together, these findings indicate that within-twin pair OCS
discordance was stable and also present when neuroimaging was performed.

One of the OCS high twins (female) met the criterion for OCD according
to the Mini-International Neuropsychiatric Interview (MINI) at the time of
MRI examination. To clarify in further detail the OC symptomatology of the persons
scanned, we decided to analyze the data using severity scores of current Y-BOCS
data, following the definitions used in the family study on OCD (Pauls et al., 1995),
and in best estimate processes by the Tourette Syndrome Association (TSA)
genetic consortium and the Obsessive Compulsive Foundation (OCF) genetic
collaboration on OCD. In this method, following DSM-IV criteria, OCD is
established using the Y-BOCS severity criteria, as follows: OCD is diagnosed when:
OC symptoms take more than 1 hour a day and persons experience distress/
interference from the symptoms; subthreshold OCD is diagnosed when persons
experience either distress from their OC symptoms but spend less than 1 hour
on the symptoms, or experience no distress from the symptoms but spend more
than 1 hour on the symptoms. After analysing the data using these criteria,
there were 3 persons in the high-scoring group who fulfilled criteria of OCD
(among whom the person who met OCD criteria using the MINI), and 2 persons
fulfilled criteria of subthreshold OCD as a consequence of the time (>1 hour) spent
on symptoms. In the low-scoring group no subjects fulfilled criteria of OCD but
2 persons fulfilled criteria of subthreshold OCD as a consequence of the time
(>1 hour) spent on the symptoms.

Comorbidity, according to the MINI and at the time of MRI, tended to be more
prevalent in the OCS high twins (see table 3.1: last column). However, statistical
analysis did not reveal any significant within pair differences (t = 1.42, df = 11,
p = 0.184). Separate screening for tics (t = .90, df = 11, p = 0.389), symptoms of
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depression (Beck’s Depression Inventory Revised (BDI-R): t = 0.73,
df = 11, p = 0.481), or state anxiety- and state anger (State Trait Anxiety Inventory
(STAI): t = 0.73, df = 11, p = 0.482; State Trait Anger Scale (STAS): t = 1.00, df = 11,
p = 0.339) also did not reveal significant differences between OCS high and low
twins.

Task performance

Figure 3.2 shows measures of response latency (top) and response accuracy
(bottom) as a function of task load. Significant main effects of the variable ‘task
load’ (response latency: F (4, 44) = 118.58, p<0.001; response accuracy:
F (4, 44) = 30.04, p<0.001) indicated that reaction times increased and reaction
accuracy decreased with increasing task difficulty. There were no significant
differences between the OCS high and low twins in response latencies and
accuracies, neither for the baseline condition (response latency: t = 0.68, df = 11,
p = 0.514; response accuracy: t = -0.36, df = 11, p = 0.725) nor during planning
(‘OCS status’ main effect - response latency: F (1, 11) = 1.16, p = 0.305; response
accuracy: F (1, 11) = 0.00, p = 0.981; ‘OCS status’ by ‘task load’ interaction - response
latency: F (4, 44) = 1.07, p = 0.380; response accuracy: F (4, 44) = 1.42, p = 0.262).
When comparing task performance for the two highest levels of task load (4 and 5
steps), we did find an indication of decreased response accuracy in OCS high twins
for the most difficult planning condition (5 steps) (‘OCS status’ by ‘task load’
interaction: F (1, 11) = 3.61; p = 0.084).

Functional Imaging

Main effect

Regions showing increased BOLD signal for ‘task vs. baseline’ and ‘task load’
contrasts are summarized in the top and bottom panels of figure 3.3 (glass brain
projections) and tables 3.2 and 3.3, respectively. For both contrasts, clusters of
increased brain activation associated with ToL planning were noted, bilaterally,
in parietal cortex (Brodmann areas 7 and 40), premotor cortex (BA 6 and 8), anterior
prefrontal cortex (BA 10), dorsolateral prefrontal cortex (BA 9) and cerebellum.
For the ‘task vs. baseline’ contrast also robust task related activation was found in
regions of the basal ganglia (see for example the selected anatomical overlay
in the top right of figure 3.3). Basal ganglia activation was virtually absent for
the "task load’ contrast (bottom right of figure 3.3).

0CS high versus low within twin pair differences

‘Planning vs. baseline’

Table 3.4 and figure 3.4 summarize the OCS high versus low within twin pair
comparison results for the ‘planning vs. baseline’ contrast. Relative to their low-
scoring co-twins, twins who scored high on OCS exhibited clusters of decreased
brain activation in the right and left premotor gyrus (clusters labeled A, B and C
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in table 3.4 and figure 3.4), left dorsolateral prefrontal cortex (cluster labeled E)
and left inferior parietal gyrus (cluster D). Increased brain activation for the OCS
high twins was observed in the left precentral gyrus (cluster F), right postcentral
gyrus (cluster G), right supramarginal gyrus (cluster H) and left inferior temporal
gyrus (cluster ).

Response latencies

12.00
@
600 &
2
2 O
..... O OCS Low
task load . OCS high
000 I 1 1 1 T
0 1 2 3 4 5

Llow 3.86(0.77)  4.59(0.67)  6.01(1.16)  7.55(1.08) 10.24 (3.09)  13.07 (4.48)
High 3.65(1.07)  4.34(0.82) 548(0.99)  7.27 (1.61) 9.40(1.96)  10.87 (2.78)

Response accuracy

O

0543
®
5
Q
o
®

..... O...... OCS Low

task load ® OCS high

0 T T T T T
0 1 2 3 4 5

Low 0094(0.02)  095(0.04)  091(0.11)  092(0.08)  0.73(0.08)  0.72(0.16)
High 0094 (0.03)  096(0.03)  093(0.07)  094(0.09)  0.77(0.12)  0.65(0.22)

Figure 3.2. ToL task performance. Top panel: mean latencies (ms) of correct responses as a function of task load
levels 1, 2, 3, 4 and 5 (task load 0 = baseline condition); bottom panel: response accuracy (between 0 and 1) as
a function of task load. Data for OCS high and low twins are indicated by filled and open circles, respectively.



Chapter 3

's]122 ‘pabiawi ‘a1buls uj paAb|dsip 31D S|aXOA JO JaQUINU PUD aN|DA-d J31sN|3 423sN|d Pa3dauLU024a3u] dbID| D UIY}HM DWIXDW [DIO] 0} puOdsaLiod

SaOUBIDYIP [DUOIDAI 213YM SISDI 10 UDISNJD Ul SJIXOA JO JAQUUNU :S]IXOA # 2aNJDA-d 12)SN|D :dN|DA-d !3ZIS 122442 153BID]| YIIM [9XOA JO dNDA-Z :210S 7 '3ZIS 129443 15261D] Y}IM [9XOA JO UOIIDIO|

‘(Ww) $a31bUIPI00I [N ‘D3ID UUDWPOIG /g !(DIBUDB |DSDQ = DY WN|[2Q2432 = 7§D X140 [DIUOLDId = D4d 'X21403 J0JoWId = |4 !X21103 [pI0dWd) = )] X140 |IdLIDA = Jd) 121SN|2 JO

UOID0] :UOIIDIO] [DIIWOIDUY “SUIM] (3YbLI) YbIY OO pub (34a]) MOJ SDO 404 ISDAUOD ,aUlaSDq *sA bujuup)d, ayl bui|ddp 123y asvaioui [pubis G704 Jubdyiubls buimoys suoibal uipig

SL 7000  9S€ 9 1z 4 LSl 1000>  SE€F € 6 z1 -~ sn3pnu alepned 1ybry
- - - - - - 67'€ 3 0 Sl- - snpijjed snqo|6 1o
8CL  1000>  66°€ €- SL 6- 60l  100°0> €€y 0 Sl 6- - sna|pnu alepned Yo7 oy
9L  ¥€80  9¥Y  6¢f- LS 6€ vS 0200  SOY  6f- LS 6€ - w2919 1yb1y
ve  €¥L0  L6€  9¢- 99- 0€- Z9 6000 €Lt 9€- 09- o€- - wn|[2qa12> Yo7 18D
€L 9¥60  08Y% 0€ €€ 1z $S8 000> (WA 9t 0€ St 6 2447106y
X910D
719 1000>  8F€ Sl LS 9¢ 0z 9/90 18'€ 9 09 6 0L [eyuoiaud jouaiuelybry
L0l 1000>  E¥Y €€ 33 6€- 90L 000>  68% 0€ 1z 9¢- 6 24d7a 491
X910D
€6 1000>  68€ 9 4 6€- 85l 000> L9Y 9 09 0£- 0L [eyuoyaidiousiue Yo Ddd
719 1000>  8LS 09 Sl €€ S58  100°0> €9'G 09 SL €€ 9  xauodiojowsid by
0Ly 1000> 00§ €9 € - Ly 1000> €SS LS € 0¢€- 9  xauodiojowaidya1 Wd
LSS €9 €9- 6 €LY (474 8L €€ Ob/L X910 [e3atied 1ybry
9l¥T  1000>  8LS LS 09- 9 €9€C  1000>  86'S 14 99- 0 Ov/L X210 [e}dued Yo7 Dd
z A X z A X
S|9XOA # @njeAa-d  310dSZ7 S91eUIPJIOOD NI S|9XOA # dnjea-d  310dS 7 $91euUIpi00d INW
(TL=u)yby $O0 (cL=uymo|SO0 Ve uoied0| [edjwoleuy

Jse13uod 3uifaseq ‘sa bujuuejd, ayy 105 aseasui jeubis ¢10g Juedyiubis buimoys suoibai ureig *zs ajqel

42



Brain activation during planning in twins discordant for 0CS

43

suimi (3yb11) ybry sO0 pup (343]) Mo §D0O 404 1SDI3U0D ,pbO] XS}, ayl buiAjddp a1y aspaidul [pubis 104 Jupoy1ubis buimoys suoibai uipig

- - - - - - 9€ 6410 (423 4} 6 8l- - usweind ya7  og
Sy ¥100 9G°¢ LT 99- €€ 09L 1000> Sly 0€- 99- [T - wn||2ga492 1ybry
a4 [43X0) €9°€ 9¢- LS- - L6 1000 oLy 6€- LS- €¢- - wnjegaied ya1 14D
144% 9¢ €€ 174 80 €€ €€ % 6 D4d1a 3ybry
X9110D
Ly 1000>  Ol'v Sl LS o€ Ty 6 €9 0¢ 0L [ewoiaud Jouajue 1ybry
L8% 6¢ 9¢ 0¢- €9'Y 9¢ LT Sy 6 24d7d Yo
X91102
vz 1000> 9T Sl S o¢- 8Ly S1 LS 9¢- 0L [eyuowaud Jousue Yo Ddd
Ly L00°0> L'y 145 0 LT (A4 99 € L 9  xau0d Jojowsaid 1ybiy
€69 1000> 8C'S 69 € LT- GS¢T  100°0> L'S 99 € LT 9 Xauod Jojowaid Yo7 d
¥8¢  100°0> €6’ 69 ¥S- 174 66C 1000> 68°¢ 1% LS- vs  Ob/L X210 |eyaied by
€l 100°0> [4°R3 14 18- LC- S6/  100°0> €87 LS LS- Sh-  ov/L Xxauod [eyred Yo7 Dd
z K X z K X
S|9XOA # anjeAn-d 2103s 7 S91RUIPIOOD NN S[9XOA# dnjea-d  9101s 7 S$91eUIPI00D INW
(TL=u)yby D0 (¢L = u)ymo| SO0 vd uofedso| [ediwoleuy

3se13uod ,peoj ysel, 3y} 1oy aseanul jeubis g10g 3ueduiubis buimoys suoibai ureig *¢*s ajqe]



Chapter3

*SUIM] [[D SSOIDD
IYW [Pin3oNJ3s pabpiaAD up UO pIDJIIAO
‘umoys aip suimi ybiy sOO Joj suon
-DAIJID  [DUOIIDUNS SISDIIUOD  (WO0110Q)
,ppoj Xsb3, pup (doy) ,2uljasDQq SNSIAA XSbj,
uaamiaq sainidniis blbubb |pspbq jo
UONDAIIDD [DUOIIDUNY Ul 3DUdIaLIP 3yl
a1a3snj|1 3ybL ay1 uo sAbjiaA0 [DI1WI0IDUD
pa1dafas  ‘suimi buuods (ybiH) ybiy
puD (MO7) MOJ SDO Ul SISDIIUO0D (W0110q)
,pDoj X5}, pup (do3) ,aUljasDq *SA YSDJ, 104
suia13pd A)A1OD uIpiIq 121dap 143 Y3 uo
SM3IAIIAO UIDIQq SSD|D “buiuup|d aa13iubod
701 buunp |pubis g10g paspaidul
buimoys suoibas uipig °g'€ ainbi4

sAepeno |4\ pelos|es

[euolod

suonoaloid uieiq ssej

|epibes

peoT
ssel

auljeseq
"SA
Jsel

44



Brain activation during planning in twins discordant for 0CS

wn
<

"¢°€ ainby uj pakpydsip sp [aqpj 421snJ> [DI133GPYd]D :}2qD] 121N 1SDIIUOD ,pDOJ XD, dY3 104 SUIMI MOJ puD Ybiy §HO UdaM12Qq Sa2UJa41p AUAIIID UIDIq [DUOIBAI YIM SI2IsN|D

LL 1000 vTe o¢ o€ 4 8 snuAB [equoly [eipaw 1ybiy b} mo| < ybiy
9 1000 JAVRS 6 9€- 8l - Jeuiaind ybry g
vl 100°0> S6'€ 8l 6€ Y- o SnIAB |ejuoly 1o v moj| > ybiy
z A X
S|OXOA # anjea-d 2103S 7 S91eUIpJ00d INN vg uoJ1ed0| |eDIWO}RUY  [9qe] JaISN|D 159

3Se13U0D ,pRo] ySe), :suimM) Mo| pue ybiy §)0 uaamiaq AJAIDR UlRIq Ul SRIUIIIP YHM SI3ISN]) '€ 3|qe]

*b*€ a4nby Jo SADJIBAO [DIIWOIDUD Ul paAp|dsip SD [2qD] 423SN|D [DI133GDYd]D :]aqD] 423SN|D 'SUIMI MOJ SDO 03 dA1ID[a.1 ybily
$DO Ul S3SD2123P / SaSDAIDUI JUDIYIUBIS 104 153) 1353 “ISDIIUOD ,BUIASDQ *SA Bujuub|d, 3y} 104 SUIM} bulI0dS-Mo| pub YbIy §OO UdaMIaq SaIUBIBLIP ANAIDD UIDIQ [DUOIBAI YNM SI2ISN|D

ol 100'0> v9'€ €- /G- 8- LS snIAb |esodwial Joudjul Yo I
44 L00'0> qee 4 ¥S- LS (014 snAB Jeuibieweidns 1ybiy H
9 000> 4% 69 6¢- ot L snIAB |enusdisod 1ybiy D

9 L1000 oLe 69 Sl- Le- 9 snuAB [eiuada.d Yo7 4 Mo| < ybiy
LL L000> 433 8y LS- 6€- or snAB |eisiied Jouspul Yo7 a
14 L1000 rL'e o€ 4 o¢- 6 E|
Gl 1000 L0 LS 0 0¢- 9 snIAB |eyuoly Yo b)
6 L1000 L0E 8y T Sl 8 !

6C L000> LY €9 €- Gl 9 snJAB [exuoly 1ybiy v mo| > ybiy

z A X
S|OXOA # anjea-d 210257 $93eUIpI00d ININ ve uo[1edO| [EDJWOlRUY  [9e| J3ISN|D 1591

3seljuod 3uijaseq ‘sa bujuued, :suimy moj pue ybiy $H0 U3aM3Iaq AJIAIIIL UTRIQ U] SDUIIYIP YHM SI3)SN]) *H°€ d|qeL



46

Chapter3

high < low

Figure 3.4. Brain regions showing reduced (top panels) and increased (bottom panels) BOLD signal in OCS high
versus low twins for the ‘planning vs. baseline’ contrast. Clusters of significant difference are overlaid on an averaged
structural MRl across all twins.
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‘Task load’

For the ‘task load’ contrast (table 3.5 and figure 3.5), clusters of decreased brain
activation in OCS high compared to OCS low-scoring twins were noted in the left
dorsolateral prefrontal cortex (cluster labeled A in table 3.5 and figure 3.5) and
right pulvinar (cluster B). We found only a single cluster of relatively increased
brain activation for the OCS high-scoring twins in a region of the right medial
frontal gyrus (cluster C).

high < low

Figure 3.5. Clusters with significantly reduced (top) and increased (bottom) BOLD signal in OCS high versus low
twins, for the ‘task load’ contrast.
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Discussion

We examined behavioral performance and concurrent brain activation, measured
with fMRI, during execution of the Tower of London cognitive planning task in
genetically identical twins discordant for obsessive-compulsive symptoms.
Differences in task performance and fMRI activation between twins scoring high
and low on OCS were expected to be indicative of neurobiological changes
related to the environmentally mediated risk for OCD.

Although impaired ToL planning at the behavioral level, as reported earlierin OCD
patients (van den Heuvel et al, 2005a), was evident in our sample only by
atendency towards decreased reaction accuracy for the highest planning difficulty
level (5 planning steps), comparison of fMRI data indicated several areas with
decreased brain activation during ToL performance in OCS high-scoring twins.

In agreement with van den Heuvel et al. (2005a) we observed reduced brain
activity in regions of the dIPFC for both ‘task vs. baseline’ and ‘task load’ contrasts.
The dIPFC is importantly involved in executive functions including cognitive
planning, inhibitory control and decision making (Faw, 2003; Newman et al., 2003;
Remijnse et al., 2006; Rosenberg and Keshavan, 1998). Furthermore, decreased
dIPFC activity is compatible with the neuroanatomical model of OCD that proposes
a disturbance of cortico-striato-thalamo-cortical circuitry (Mataix-Cols and van
den Heuvel, 2006; Singer and Minzer, 2003; Rosenberg and Keshavan, 1998).

For the contrast ‘task load’, an additional area of reduced activation was found
in the pulvinar of the right thalamus. Although decreased responsiveness
of thalamic regions was absent in the study by van den Heuvel et al. (2005a),
OCD related changes for the pulvinar (Viard et al., 2005) as well as other regions
of the thalamus have been found in several other neuroimaging studies.
Structural MRl studies have reported OCD related volumetric increases of thalamic
regions (Kim et al., 2001; Gilbert et al., 2000; Atmaca et al., 2007). Functional MRI
studies have indicated changes for thalamic regions as well, although in contrast
to our findings, these generally point to increased rather than decreased
metabolism associated with the disorder (Mataix-Cols et al., 2004; Chen et al.,
2004; Schienle et al., 2005). Results of PET/SPECT studies are inconclusive. Some
perfusion studies showed increased thalamic regional cerebral blood flow (rCBF)
(Alptekin et al., 2001; Lacerda et al., 2003; Saxena et al., 2001; Saxena et al., 2004),
whereas others report thalamic rCBF decreases (Lucey et al., 1995; Busatto et al.,
2001). One PET ligand study demonstrated reduced thalamic serotonin transporter
(SERT) availability in OCD patients compared to healthy controls (Hesse et al.,
2005). The pulvinar of the posterior thalamus is presumably involved in
the integration of sensory information, visuo-spatial processing and visual
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selective attention (Buchsbaum et al., 2006; Kastner and Pinsk, 2004; Michael and
Buron, 2005; Laberge and Buchsbaum, 1990). Together with the dIPFC,
the thalamus is implicated in the CSTC circuit. It is the key region in modulating
subcortical input to frontal cortex, stimulates output of frontal brain regions,
and plays a crucial role in the processing of sensory inputs thereby mediating
both behaviors, emotion and cognition (Sherman and Guillery, 2002).
Disturbances within this structure could therefore easily be coupled to the
cognitive and behavioral deficits seen in OCD patients.

Finally, reduced brain activity related to OCS included premotor and inferior
parietal regions. Similar to van den Heuvel et al. (2005a), activation changes
in these brain regions were present exclusively in the ‘task vs. baseline’ contrast.
Given that the ‘task vs. baseline’ contrast (as compared to ‘task load’) tests for all
brain areas needed for correct planning, as well as the fact that premotor and
parietal areas are involved in basic functions of motor response preparation
(Mars et al., 2007; Hoshi and Tanji, 2000) and visuo-spatial processing (Cabeza and
Nyberg, 2000), it is likely that these brain regions mainly support proper task
execution rather than higher-order planning itself (Lazeron et al., 2000).
For example, involvement of premotor regions might reflect differences in internal
imagery of movement of the beads during planning (Rowe et al., 2001).
Involvement of the parietal lobes during cognitive planning has been found
previously (Lazeron et al., 2000; van den Heuvel et al., 2003), and parietal cortex
abnormalities associated with OCD also have been reported. Anatomical studies
indicated OCD-related parietal gray matter (Valente Jr. et al., 2005; Menzies et al.,
2007) and white matter (Kitamura et al., 2006; Szeszko et al., 2005) reductions.
Furthermore PET, SPECT as well as MEG studies reported decreased parietal
activation in OCD patients compared to unaffected controls (Kwon et al., 2003;
Lucey et al., 1995; Ciesielski et al., 2005). The dIPFC receives somatosensory and
visuo-spatial information from the parietal lobes (Faw, 2003) and activation of
the inferior parietal lobes has shown to be correlated with prefrontal activity
(Baker et al., 1996; Dagher et al., 1999). Therefore reduced parietal cortex function
may result in functional changes of the dIPFC which in turn could eventuate
in OC symptoms. Parietal dysfunction may also relate to general problems in
visuo-spatial ability and nonverbal memory which have been proposed as
impaired cognitive domains in OCD patients (Lazeron et al., 2000; Savage et al.,
1999b; Savage et al., 1999a).

Our results also indicated clusters of increased functional brain activation related
to OCS. Regional fMRI signal increments in OCS high compared to low
scoring twins were found in the right postcentral gyrus, left precentral gyrus,
right supramarginal gyrus and left inferior temporal gyrus, and in the right medial
frontal gyrus for the ‘task load’ contrast. Post/precentral, supramarginal and
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medial frontal gyrus regions primarily relate to brain areas involved in sensory
(lwamura, 1998), and motor and premotor (Chouinard and Paus, 2006) processing,
while the inferior temporal lobe has been implicated in the ventral visual stream
associated with object and word recognition (Goodale and Milner, 1992; Nobre
et al.,, 1994). It is therefore likely that these brain regions mainly relate to basic
processing that supports proper planning execution, rather than higher-order
cognitive planning. For the temporal lobes, functional activation changes in
OCD patients have been reported earlier (van den Heuvel et al, 2005a;
Mataix-Cols et al., 2004; Adler et al.,, 2000), although generally not in inferior
temporal parts. Increased responsiveness of brain areas may be indicative of
increased arousal or mechanisms that act to compensate for functional deficits
elsewhere in the brain.

When contrasting the present findings with the ToL planning in OCD patients as
reported by van den Heuvel et al. (2005a), an interesting difference is observed
with respect to responsiveness of the caudate nuclei. Van den Heuvel et al. (2005a)
found decreased activation of the caudate nuclei in OCD patients compared to
controls, whereas a comparable difference was absent in our intrapair twin
comparison. Functional changes of the caudate are in line with the general theory
of a dysfunction of prefrontal-basal ganglia circuitry in OCD (Pauls et al., 1986;
van den Heuvel et al., 2005a). The dissimilarity between our results and those of
van den Heuvel et al. (2005a) may indicate a difference between neurobiological
changes underlying OCS due to combined genetic and environmental influences
and due to pure environmental influences. OCD patients represent a group in
which OCD is caused by genetic, environmental, and combined influences.
In discordant MZ twin pairs, neurobiological changes can only be due
to environmental stressors. However, we cannot rule out alternative explanations,
such as the limited sample size possibly obscuring between-group differences,
and the possibility that basal ganglia abnormalities are more severe in clinically
diagnosed OCD patients. In this respect, we should also note that post hoc analyses
revealed a cluster of relatively reduced activation for the OCS high twins in the
right caudate for the ‘planning vs. baseline’ contrast, similar to van den Heuvel al.
(2005a), but only after lowering the statistical threshold to p = 0.01, uncorrected.

Finally, due to the limited sample size of this study, we were unable to analyse our
data at a level of symptom dimensions. Previous studies have indicated washing
behavior to be related to activation of caudate and ventral striatal regions,
and checking to activation of dorsal regions (Mataix-Cols et al., 2004). Our whole
group analyses did not reveal any of these patterns. Future studies, using a larger
sample size, should address this issue.
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In the present sample for MRI we did not find significant intrapair differences on
life-events or data on health (including birth order and birth weight) between the
high and low-scoring co-twins. However, our sample was drawn from a larger
population of OCS high-low discordant twin pairs previously selected for
behavioral characterization (Cath et al., 2008). Statistical analysis on survey data
(self-reports including: life-events, life style factors and data on health, taken
at 6 time points between 1991 and 2002) in that study indicated as risk factors:
low educational level, sexual assault at a young age and low birth weight
(low birth weight was significant only as a shared environment factor in the
comparison with twin pairs concordant-high and low for OCS).

Taken together, our findings suggest that neurobiological changes underlying the
environmentally mediated risk for OCS partly overlap with the neurobiological
abnormalities reported in OCD patients where the disorder likely originates from
a combination of adverse genetic and environmental influences. A possible
difference between genetically and environmentally mediated backgrounds may
relate to functional changes of the striatum, which appear to be less pronounced
in environmentally mediated OCS. In future work, we will directly explore
differences between the genetic and environmental neurobiology of OC behavior
by comparing results from our intrapair OCS discordant twin comparisons with
changes in fMRI brain scans during cognitive planning between MZ twin pairs
concordant-high and MZ twin pairs concordant-low for OCS; a contrast particularly
suited for identifying basic neural mechanisms behind OCS primarily due
to genetic risks.
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(Chapter 4
Abstract

Neuroimaging studies have indicated abnormalities in cortico-striato-thalamo-
cortical circuits in obsessive-compulsive disorder patients compared with controls.
However, there are inconsistencies between studies regarding the exact set
of brain structures involved and the direction of anatomical and functional
changes. These inconsistencies may reflect the differentialimpact of environmental
and genetic risk factors for obsessive-compulsive disorder on different parts of
the brain. To distinguish between functional brain changes underlying
environmentally and genetically mediated obsessive-compulsive disorder,
we compared task performance and brain activation during a Tower of London
planning paradigm in monozygotic twins discordant (n = 38) or concordant
(n=100) for obsessive- compulsive symptoms. Twins who score high on obsessive-
compulsive symptoms can be considered at high risk for obsessive-compulsive
disorder. We found that subjects at high risk for obsessive-compulsive disorder did
not differ from the low-risk subjects behaviorally, but we obtained evidence that
the high-risk subjects differed from the low-risk subjects in the patterns of brain
activation accompanying task execution. These regions can be separated into
those that were mainly affected by environmental risk (dorsolateral prefrontal
cortex and lingual cortex), genetic risk (frontopolar cortex, inferior frontal cortex,
globus pallidus and caudate nucleus) and regions affected by both environmental
and genetic risk factors (cingulate cortex, premotor cortex, and parts of
the parietal cortex). Our results suggest that neurobiological changes related
to obsessive-compulsive symptoms induced by environmental factors, involve
primarily the dorsolateral prefrontal cortex, whereas neurobiological changes
induced by genetic factors involve orbitofrontal-basal ganglia structures. Regions
showing similar changes in high-risk twins from discordant and concordant pairs
may be part of compensatory networks that keep planning performance intact,
in spite of cortico-striato-thalamo-cortical deficits.

Introduction

Obsessive-compulsive symptoms are characterized by recurrent, persistent,
and intrusive anxiety provoking thoughts or images (obsessions) and subsequent
repetitive behaviors (compulsions) performed to reduce anxiety and/or distress
caused by the obsessions (American Psychiatric Association, 1994). Common
obsessions include fear of contamination, fixation on symmetry and orderliness
and somatic and aggressive obsessions. Well-known compulsions are excessive
hand washing, counting and detailed and rigid rituals or habits, such as excessive
checking or specific morning or eating routines. When a person performs these
obsessions and/or compulsions for more than one hour a day and these thoughts
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and rituals significantly interfere with daily life routines, the person fulfils the
criteria for obsessive-compulsive disorder. Obsessive-compulsive disorder is
generally assessed by clinical interviews, e.g., Diagnostic and Statistical Manual of
Mental Disorders [DSM-IV, fourth edn. (American Psychiatric Association, 1994)].
Questionnaires, such as the Padua Inventory (Sanavio, 1988) and quantitative
versions of the Yale-Brown Obsessive-Compulsive Scale (Goodman et al., 19893;
Goodman et al, 1989b) can be utilized to explore obsessive-compulsive
symptomatology on a more quantitative scale. While the estimates of the
prevalence of life-time obsessive-compulsive disorder are found to be as high as
0.5-2% (American Psychiatric Association, 1994; Grabe et al., 2000), the prevalence
of obsessive-compulsive symptoms in the general population is much higher,
with estimates up to 72% as reported by Rachman and de Silva (1978).

Neuropsychological studies have shown that patients with obsessive-compulsive
disorder suffer from deficits in executive functions, including cognitive planning,
response inhibition, set-switching, working memory and sustained attention [for
review see: (Chamberlain et al., 2005; Menzies et al., 2008a; Schultz et al., 1999)].
Recent neuroimaging studies have indicated several neurobiological changes
associated with obsessive-compulsive disorder. Structural magnetic resonance
imaging (MRI) has revealed brain volume changes in orbitofrontal cortex,
dorsolateral prefrontal cortex, basal ganglia, anterior cingulate cortex, parietal
cortex and thalamus (Menzies et al., 2007; Pujol et al., 2004; Radua and Mataix-
Cols, 2009; Rotge et al., 2009; Valente Jr. et al., 2005; van den Heuvel et al., 2009), in
line with the hypothesis of a disturbed cortico-striato-thalamo-cortical (CSTC)
network. Functional neuroimaging studies also showed altered activation
in abovementioned brain structures during performance of cognitive tasks and
after symptom provocation (Breiter et al., 1996; Chamberlain and Menzies, 2009;
Maltby et al., 2005; Menzies et al., 2008a; Rauch et al., 2007; Ursu et al., 2003).
Although the overall picture points to a deficit in CSTC processing, there are
considerable inconsistencies across studies regarding the brain areas involved
and the direction of anatomical and functional changes. A possible explanation
for this relates to the presence of methodological differences between studies
such as heterogeneity of patient groups and differences i