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Abstract

Neuroimaging studies have led to a better characterization of the neuropsychopathology of
obsessive-compulsive disorder (OCD). These findings mainly demonstrate disturbances in
fronto-striatal circuits as well as impairments in large-scale networks, encompassing fronto-
parietal-limbic areas, defined by functionally connected brain regions, reflecting
spontaneous brain activity. Nevertheless, there is inconsistency in the reported results. For
instance, while some studies point towards increased connectivity between such large-scale
networks, others report decreased connectivity. Furthermore, most of these studies
employed hypothesis-driven approaches, basing their assumptions on models derived from
neurobiological (i.e., animal, lesion) studies and reports from positron emission tomography
(PET) studies. Findings from data-driven approaches are scarce, and it is poorly understood
whether the findings of the two approaches converge. To tackle these issues, we conducted
two studies that represent the core of this thesis.

First, to overcome inconsistencies and to find a consistent and pathologically relevant
pattern of connectivity alterations in OCD, we performed a coordinate-based meta-analysis
of 18 whole-brain resting-state functional magnetic resonance imaging (fMRI) studies
comparing OCD patients and healthy controls (total sample of 541 patients, 572 healthy
controls). The meta-analysis resulted in (1) consistent hypoconnectivity within
frontoparietal and salience network, and between salience, frontoparietal and default-mode
network, and (2) consistent general dysconnectivity (no specific direction of connectivity
change) within default-mode and frontoparietal network, as well as between frontoparietal
and default-mode, salience network, limbic network, but also with the striatum and
thalamus.

Second, we conducted a resting-state fMRI study in a sample of OCD patients and healthy

controls and employed independent component and sliding time window analysis to



investigate functional connectivity changes in a data-driven way. We found that (1) the
frontoparietal network showed within-network connectivity alterations, mainly between the
left and right parts, and (2) dynamic connectivity changes between the left and the right
frontoparietal network and between the frontoparietal network and the salience network.

Taken together, these results provided evidence for both connectivity alterations between
frontoparietal, salience, and default-mode network, reflecting the so-called triple network
model of psychopathology in OCD, and alterations in fronto-striatal circuitry. Furthermore,
they provide evidence that independent of methodological approaches, findings converge
on the frontoparietal network as the main locus of alterations in OCD, underlining the

importance of these regions for the pathophysiology of the disorder.
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Zusammenfassung

Neuroimaging-Studien ~ haben zu  einer  besseren  Charakterisierung  der
Neuropsychopathologie der Zwangsstorung (OCD) gefiihrt. Die Ergebnisse dieser Studien
zeigen hauptsichlich Stérungen in frontostriatalen Schleifen sowie Beeintrdchtigungen in
grolen Netzwerken, die frontoparietal-limbische Areale umfassen, welche durch
funktionell verbundene Hirnregionen definiert sind und die spontane Hirnaktivitét
widerspiegeln. Trotzdem gibt es Inkonsistenzen in den berichteten Ergebnissen. Wahrend
einige Studien auf eine erhohte Konnektivitit zwischen solch groBen Netzwerken
hinweisen, berichten andere von einer verringerten Konnektivitit. Dariiber hinaus
verwendeten die meisten dieser Studien hypothesengetriebene Ansdtze, wobei ihre
Annahmen auf Modellen beruhten, die aus neurobiologischen (d.h. Tier-, Lasions-) Studien
und Positronen-Emissions-Tomographie (PET) -Studien abgeleitet waren. Erkenntnisse aus
datengetriebenen Ansdtzen sind selten, und es ist unklar, ob die Ergebnisse der beiden
Ansidtze ibereinstimmen. Um diese Probleme anzugehen, haben wir zwei Studien
durchgefiihrt, die den Kern dieser Arbeit darstellen.

Um Inkonsistenzen zu {iberwinden und ein konsistentes und pathologisch relevantes Muster
von Konnektivitdtsdnderungen bei Zwangsstorungen zu finden, fiihrten wir zunichst eine
koordinatenbasierte =~ Metaanalyse von 18 Untersuchungen zur funktionellen
Magnetresonanztomographie (fMRI) unter Ruhebedingungen (d.h. ohne Aufgabe) durch,
in denen Patienten mit Zwangsstérung und gesunde Kontrollen verglichen wurden
(Gesamtstichprobe von 541 Patienten, 572 gesunde Kontrollen). Die Metaanalyse ergab (1)
eine konsistente Hypokonnektivitit innerhalb des Frontoparietalen- und Salienz-Netzwerks
sowie zwischen dem Salienz-, dem Frontoparietalen- und dem Default-Mode-Netzwerk und
(2) eine allgemein konsistente Dyskonnektivitit (d.h. keine spezifische Richtung der

Konnektivitdtsdnderung) innerhalb des Default-Mode- und des Frontoparietalen-

il



Netzwerks, sowie zwischen Frontoparietalem- und Default-Mode-Netzwerk, Salienz-
Netzwerk, Limbisches-Netzwerk, Striatum und Thalamus.

Zweitens fiihrten wir eine fMRI-Studie unter Ruhebedingungen an einer Stichprobe von
OCD-Patienten und gesunden Kontrollpersonen durch und verwendeten eine
Unabhingigkeitsnalyse (Independent Component Analysis) und eine sogenannte Sliding
Time Window Analyse, um Anderungen der funktionellen Konnektivitit datengesteuert zu
untersuchen. Die Studie ergab, dass (1) das Frontoparietale-Netzwerk Anderungen der
Netzwerkkonnektivitdt aufwies, hauptsdchlich zwischen dem linken und rechten Teil, und
(2) dynamische Konnektivititsinderungen zwischen dem linken und rechten
Frontoparietalen-Netzwerk sowie zwischen dem Frontoparietalen-Netzwerk und dem
Salienz-Netzwerk.

Zusammengenommen  lieferten  diese  Ergebnisse = demnach  Hinweise auf
Konnektivitdtsdnderungen zwischen Frontoparietalem-, Salienz- und Default-Mode-
Netzwerk, die das sogenannte Triple-Network-Modell der Psychopathologie bei
Zwangsstorungen untermauern, sowie auf Anderungen der frontostriatalen Schleifen.
Dariiber hinaus liefern sie Belege dafiir, dass unabhingig von methodischen Ansétzen der
Schwerpunkt der Konnektivititsverdnderungen im frontoparietalen Netzwerk bei der
Zwangsstorung zu finden ist, was die Bedeutung dieser Regionen fiir die Pathophysiologie

der Erkrankung unterstreicht.
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1 ‘ Introduction

1.1. Obsessive-compulsive disorder

The famous inventor and scientist, Nikola Tesla was not only a genius, but also a very
peculiar person. For instance, he refused to shake hands and often wore gloves when
interacting with people. Human hair was extremely repulsing to him. He loved the number
3 and had many rituals related to this number. For example, he would always walk around
a building 3 times before entering, and he would fold 18 napkins before his meal because
18 is divisible by 3. He had an aversion for round objects and could not stand women
wearing earrings around him. Had Tesla lived in modern times, he would most certainly be
diagnosed with what we now call ‘obsessive-compulsive disorder’.

Obsessive-compulsive disorder, in short OCD, is a debilitating psychiatric disorder that is
characterized by the presence of unwanted thoughts and images (obsessions) and/or
ritualistic behaviors performed frequently (compulsions). More than just ‘being neat and
organized’, OCD is the 4th most common psychiatric disorder with high psychological and
financial burden, poor treatment efficacy and high relapse rates. Estimated prevalence of
OCD is between 2-3% worldwide (Ruscio et al., 2010). Patients with OCD often have
comorbidities including depression and generalized anxiety disorder, which makes it harder
to identify disorder-specific changes in the brain. Even with the current cutting-edge

technologies, the pathophysiology of the disease is still poorly understood.



1.2. Historical overview

Although there are some records of religious obsessions in the medieval ages, more accurate
accounts of obsessive-compulsive symptoms have been described starting from the 17th
century. A big part of these descriptions was still in the religious framework and sufferers
were viewed as ‘possessed’ by some external forces and exorcism was used as a preferred
treatment method (Salzman and Thaler, 1981).

The shift of OCD into the medical field only started in the 19th century, mainly through the
work of pioneer mental health care professionals such as Sigmund Freud and Pierre Janet.
With advances in cognitive psychology, neurobiology and neuroimaging in the 20th
century, the understanding of the disorder has improved. OCD is now classified using the
Diagnostic and Statistical Manual of Mental Disorders (DSM) and International

Classification of Diseases 10™ Revision (ICD-10) by mental health care professionals.

1.3. Clinical Characteristics of OCD

1.3.1. Symptoms

The essential elements of the disorder are obsessions and compulsions. Patients with OCD
can have either obsessions or compulsions or both. It is more common to have both
elements, i.e., only 5% of the subjects have only obsessions or only compulsions (Shavitt et
al., 2014). Obsessions are unwanted, recurring thoughts, images or urges. These take shape
despite the patients’ own will and generate tremendous distress in their daily functioning.
Compulsions are ritualistic, repetitive behaviors, usually performed to eliminate the anxiety
that obsessions generate. A simple example could be washing the hands compulsively, a
behavior related to the fear of contamination. Compulsions are not necessarily bound to the
nature of obsessions. Patients might perform certain rituals, i.e., turning on and off the light

switch seven times before an exam, because they believe a parent might die otherwise. OCD



is egodystonic, patients typically understand the absurdity of the behavior, however they
still carry it out in order to have some momentary relief from anxiety.

Obsessions and compulsions may be present in various forms. Therefore, the disorder is
regarded as heterogeneous from a clinical perspective. Studies using factor analysis
identified a number of symptom dimensions, including: contamination/cleaning, doubt
about harm/checking, symmetry/ordering, and unacceptable thoughts/mental rituals and
hoarding (Bloch et al., 2008; Mataix-Cols et al., 2005).

Although OCD can occur at any time in adulthood, it is more common for first symptoms
to appear during childhood, in the range of 7.5 to 12.5 years (Geller et al., 1998). There are
two onset peaks. The childhood onset OCD is more common in males and usually has
symmetry and checking as the most common symptoms (Shafran, 2001). The second peak
is in the range of 20-29 years and it is more common in females, with the most frequent

symptom being washing (Graybiel and Rauch, 2000).

1.3.2. Etiology

Family and twin studies provide support for strong genetic involvement in OCD. For
example, a study by Nestadt et al. (2001) showed that first degree relatives of OCD patients
suffer from OCD five times more often than the relatives of healthy controls. Furthermore,
in a twin study, Carey & Gottesman demonstrated a higher co-occurrence of obsessive
symptoms in monozygotic (87%) than in dizygotic twins (47%) (Carey and Gottesman,
1981). Other indications of the implication of genetic factors come from preclinical studies.
For example, Welch and colleagues (2007) have shown that in mice, the deletion of the
sapap3 gene, leads to compulsive grooming.

Neurochemistry imbalances are also associated with OCD. Specifically, the efficacy of
SSRIs, a class of drugs that selectively inhibit serotonin reuptake (see below), in treating

OCD has led to the serotonin hypothesis of OCD. Although not consistently identified,



abnormalities in serotonin transporter 5-HTT have been reported by some studies
(Lombardo et al., 2002; Pogarell et al., 2003; Stengler-Wenzke et al., 2004).

Besides genetic factors and neurochemical imbalances, environmental risk factors have also
been identified for OCD, including difficulties at birth, stress and traumatic life events (for
areview see (Fontenelle and Hasler, 2008)). Interestingly, cases of OCD after streptococcal
infection were observed in children, with obsessive symptoms occurring suddenly after the
infection, but apparently disappearing after treatment with antibiotics (Vogel, 2018).
However, a study by Schrag et al. (2009) found no relationship between streptococcal
infection and developing OCD.

These findings suggest that the etiology of OCD is still little understood (Chamberlain et

al., 2005).

1.3.3. Treatment

Serotonergic agents are usually the first choice of pharmacotherapy treatment in OCD.
Selective serotonin reuptake inhibitors (SSRIs) such as fluoxetine, sertraline, paroxetine,
and citalopram are often administered. In addition to the SSRIs, tricyclic antidepressants
such as clomipramine are also commonly used. In fact, clomipramine has been proven to be
the most effective medication for OCD (Rauch and Jenike, 1998).

Pharmacological treatments are usually combined with psychological therapies. Cognitive
behavioral therapy (CBT), more specifically exposure and response prevention (ERP), is
widely used to treat OCD (Franklin et al., 2000; Koran et al., 2007). ERP treatment includes
finding the distressing and/or fear eliciting stimuli first, and then exposing the patients to
them, while preventing them to perform the necessary compulsive actions. For example, a
patient who has washing compulsions due to fear of contamination would practice touching

the sink without being allowed to wash his hands afterwards. Through such response



prevention, patients eventually realize that their situation is not particularly dangerous, and
that their fear decreases in time even when the compulsions are not performed.

The efficacy of ERP is shown to be similar to current drug regimens. Typically, patients
show a 40-60% reduction in symptoms in the long term after ERP treatment (Romanelli et
al., 2014).

Perhaps somewhat harder to treat, OCD patients with pure obsessional thoughts and without
overt compulsions such as washing and checking, can also benefit from the ERP treatment.
In this case, the patients would still be exposed to the obsessional thoughts, for instance
through an audiotape, and prevented to perform their mental rituals. Freeston and colleagues
showed significant improvement in symptoms with this method, and more importantly, in
6 months follow up, patients’ symptoms remained stable (Freeston et al., 1997).

Some case studies show that non-invasive alternative methods such as mindfulness can also
reduce OCD symptoms (Singh et al., 2004).

For treatment resistant patients, surgical options are also available. For instance, lesions
made to cingulate and thalamus as well as deep brain stimulation of the striatum have been

shown to be effective for OCD patients (Pittenger, 2017).

1.4. Neurobiology of OCD

Earliest biological accounts of OCD came to light at the end of the 80s and mid 90s, with
advances in neuroimaging. Studies started to identify relevant brain regions for OCD during
neuroimaging experiments using both rest and task scanning paradigms (Insel and Winslow,
1992). Important evidence arose from studies using imaging modalities such as position
emission tomography (PET), single-photon emission computed tomography (SPECT), and

magnetic resonance spectroscopy (MRS), which are nuclear medical imaging techniques



that measure for instance glucose metabolism, blood flow and large metabolites in the brain,
respectively (Andreasen, 1988; Harris, 1986).

For instance, in a study published in 1987 by Baxter and colleagues, higher metabolism
rates were found in the orbitofrontal cortex (OFC) and parts of basal ganglia (BG),
specifically in the striatal caudate nuclei of OCD patients compared to healthy controls or
depressed patients (Baxter et al., 1987). This finding of higher metabolic rates was
replicated by the same group a year later (Baxter et al., 1988) and by Nordahl and colleagues
the next year (Nordahl et al., 1989). Change of OFC metabolism was found by many other
groups, who also found alterations in additional regions such as thalamus, cingulate gyri,
cerebellum, and lateral prefrontal cortex (PFC) (Martinot et al., 1990; Sawle et al., 1991;
Swedo et al., 1989). Moreover, pre and post treatment studies identified significant
decreases of OFC and caudate metabolism (Baxter et al., 1992; Benkelfat et al., 1990;
Swedo et al., 1992) in OCD patients after being treated with pharmacological drugs or CBT.
The areas that are commonly found to be affected in OCD namely OFC, cingulate cortex,
caudate, and thalamus are highly connected in so called cortico—striato—thalamo—cortical-
circuits, in short CSTC circuits, also known as the fronto-striatal system. They were first
defined in 1986 by Alexander and colleagues as positive feedback connections from the
cortex to basal ganglia structures, and back to the cortex through the thalamus (Alexander
et al., 1986). The basal ganglia represent a series of subcortical structures, which include
the striatum as an input nucleus, and the globus pallidus pars interna (GPi) and substantia
nigra pars reticulata (SNr) as output nuclei (Haber, 2003). Remarkably, these circuits are
organized in a topographic manner, with specific cortical functional territories projecting to
specific areas in the basal ganglia and thalamus (Parent and Hazrati, 1995). Furthermore,
they have been related to specific functions, based on the functional territories they entail

(e.g. limbic, motor).



Based on the specific microarchitecture of the structures involved and their inhibitory and
excitatory projects, a direct and an indirect pathway have been identified, which play a role
in action execution or action inhibition, respectively. The direct or “go” pathway starts in
the cortex, which projects to the striatum in an excitatory manner, and is followed by striatal
inhibitory projections to the GPi and SNr, which — due to this inhibition - can no longer
inhibit the thalamus, which is thusly disinhibited, and able to excite the cortex. Therefore,
the direct loop promotes the execution of action. The indirect loop on the other hand, which
also originates in the cortex and projects to the striatum but is followed by an inhibition of
the globus pallidus externa (GPe), which in turn can no longer inhibit the subthalamic
nucleus (STN). Thusly disinhibited, the STN then excites GPi and SNr, which send
inhibitory projections to thalamus. In the indirect or “no-go” pathway, the thalamus gets

inhibited and can no longer project to the cortex, which leads to action inhibition (Figure

).
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Figure 1. Cortico-striato-thalamo-cortical circuit. Solid arrows indicate excitatory
(glutamatergic) and dashed lines indicate inhibitory (GABAergic) pathways. Adapted from

Pauls et al. (2014).



The working model of OCD suggests an imbalance between the direct and indirect pathways
of CSTC circuits that is mediated by the orbitofrontal subcortical circuit (Saxena and Rauch,
2000). More specifically, a hyperactive direct loop seems to be associated with OCD
symptoms. Indeed, OFC, anterior cingulate cortex (ACC), and caudate nuclei have been
shown to be involved in the evaluation of the importance of stimuli, habit learning,
executive function, error monitoring, and emotional responses to stimuli (Graybiel and
Rauch, 2000; Tricomi et al., 2009; Van Veen and Carter, 2002), all of which seemingly
impaired in OCD (Ursu et al., 2003). OFC and ACC lesions contribute to the inability of
response inhibition (Rosenberg and MacMillan, 2002) and impulse modulation, which
again are clearly impaired in OCD. Neurosurgical approaches to the cingulate and thalamus
are accompanied by a reduction of OCD symptoms in the treatment refractory patients
(Chiocca, 1990). Moreover, animal studies demonstrated that hoarding, a common
symptom of OCD, is related to ventromedial striatum, globus pallidus and thalamus which
all connect to OFC in the CSTC circuit (Saxena et al., 2001).

Overall, the contribution of OFC in OCD pathophysiology is well supported by studies
(Chamberlain et al., 2008; Saxena et al., 1998).

CSTC circuits’ dysfunction still remains the prevailing model for OCD pathophysiology
after nearly two decades (Saxena and Rauch, 2000), however, recently some changes to this
model have been proposed (Milad and Rauch, 2012). Milad and Rauch claimed the classical
CSTC model to insufficiently explain the emergence of OCD psychopathology and they
revised it, proposing a more detailed version of it, by taking into account the subsystems of
CSTC circuits and further regions associated with fear mechanisms. Authors commented
that various regions such as amygdala and hippocampus have gained interest for OCD
pathophysiology in the recent years. Several studies indicated amygdala dysfunction in
OCD (Breiter et al., 1996; Simon et al., 2010) during symptom provocation tasks. In

addition, regions that play a role in fear conditioning and extinction such as ventromedial



prefrontal cortex (vimPFC), and dorsal anterior cingulate cortex (dACC) seem to be
implicated in OCD pathophysiology too (Adler et al., 2000; Apergis-Schoute et al., 2017).
Considering that the above-mentioned therapy approach of ERP is based on the classical
concept of extinction (i.e., after successful treatment the conditioned, anxiety provoking
character of the stimulus is extinguished, and the stimulus acquires its originally neutral
character) the psychopathological relevance of these regions for OCD is highly plausible.
Furthermore, Milad and Rauch argue that the classical CSTC model does not differentiate
between subsystems of OFC. For instance, studies showed different functions of lateral
OFC and medial OFC, processing negative and positive valence, respectively (Kringelbach
and Rolls, 2004). Lastly, early PET studies that found consistent OFC involvement in OCD
did not consider these specific functions (Baxter et al., 1996; Saxena and Rauch, 2000).
Overall, Milad and Rauch propose an extended neurobiological model for OCD with three
circuits involved: affective, dorsal cognitive, and ventral cognitive circuits (Milad and
Rauch, 2012). The affective circuit involves connections between ACC/vmPFC, nucleus
accumbens and thalamus, and has been linked to reward processing. The ventral cognitive
circuit, shown to be responsible for motor preparation and response inhibition, involves
lateral OFC, putamen and thalamus. Finally, the dorsal cognitive circuit originating from
the dorsolateral PFC (dIPFC) and projecting through the caudate and thalamus, has been
shown to play a role in working memory and executive functions (Figure 2).

In recent years, van den Heuvel et al. (2016) suggested two additional circuits for the OCD
neurobiological model, namely a sensorimotor and a fronto-limbic circuit. The former
connects the supplementary motor area (SMA), putamen and thalamus, and mediates
stimulus-response based habitual behavior. The latter circuit involves connections between

vmPFC, amygdala, and thalamus, and processes fear extinction and anxiety.



DORSAL VENTRAL

AFFECTIVE COGNITIVE COGNITIVE
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Figure 2. Illustration of pathways and components of cortico-striato-thalamo-cortical
circuits implicated in the psychopathology of obsessive-compulsive disorder. ACC: anterior
cingulate cortex, vmPFC: ventromedial prefrontal cortex, DLPFC: dorsolateral prefrontal

cortex, OFC: orbitofrontal cortex. Modified from Milad and Rauch (2012).

1.5. Functional connectivity of OCD

1.5.1. Resting-state functional magnetic resonance imaging

The human brain can be viewed as a complex network, consisting of regions continuously
communicating with each other. One way of measuring these communications is through
resting-state functional magnetic resonance imaging (rs-fMRI). In a typical resting-state
session, participants are asked to relax and not to think anything particular, while in the
scanner. Rs-fMRI measures spontaneous low-frequency fluctuations (<0.1 Hz) of blood-
oxygenated-level-dependency (BOLD) signal, reflecting brain activity (Fox and Raichle,
2007).

Biswal and colleagues were the pioneers of functional connectivity, by discovering that

during resting-state, the low-frequency fluctuations of the left and right motor cortices of
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their participants were highly correlated and did not reflect noise, as previously assumed
(Biswal et al., 1995). This finding also demonstrated that the brain is always active, even
when the participants are not directly implicated in a certain task.

Brain regions that are temporally dependent - i.e. correlated in their activity - are
functionally connected, and functionally connected brain regions, forming spatiotemporal
patterns of functional connectivity that organize brain activity at large-scale level are called
intrinsic brain networks (IBNs) (Fox and Raichle, 2007). Functional neuroimaging studies
consistently identified several IBNs until now. Perhaps the most famous one, the default-
mode network (DMN) first identified by Raichle et al. using PET, and later by Grecius et
al. using fMRI, consists of medial prefrontal cortex (mPFC), posterior cingulate cortex
(PCC) and precuneus (Greicius et al., 2003; Raichle et al., 2001). The DMN reduces its
activity during cognitively demanding tasks and is most active during rest, and even shows
activity under light sedation (Greicius et al., 2008; Greicius et al., 2003). Furthermore, the
DMN has been associated with episodic memories formation, day dreaming, and internal
mental processes such as self-processing (Raichle et al., 2001). Another important IBN, the
frontoparietal network (FPN), consisting of frontal and parietal regions such as dIPFC and
dorsolateral parietal cortex has been linked to goal-oriented behavior (Dodds et al., 2011;
Seeley et al., 2007). Also, of interest, the salience network (SAL), including insular cortex
and the ACC, has been associated with identifying the saliency of a stimulus and modulation
of attentional resources (Palaniyappan and Liddle, 2012; Seeley et al., 2007). Other
networks that were consistently found are the visual network (spans over the visual cortex),
the auditory network (including auditory cortices), the sensorimotor network (including
sensory and motor cortices), and the dorsal attention network (including visual and parietal
cortices) (Yeo et al., 2011). IBNs reflect intrinsic brain organization, which has been shown
to be stable across different stages of wakefulness, age, and even species (Damoiseaux et

al., 2006; Fransson et al., 2007; Greicius et al., 2008; Vincent et al., 2007).

11



1.5.2. Resting-state fMRI in OCD

Several neuroimaging studies identified functional connectivity abnormalities in OCD with
different methods capable of computing functional connectivity such as seed-based
functional connectivity and independent component analysis (see Methods for details).
Two putative models of OCD neuropathology have been developed based on findings from
seed-based resting-state functional connectivity studies: altered fronto-striatal connectivity
and disrupted functional connectivity in large-scale IBNs, specifically in prefrontal-parietal-
limbic cortices (Beucke et al., 2014; Goncalves et al., 2017; Pauls et al., 2014).

The former model is supported by many neuroimaging studies (Harrison et al., 2009;
Mengzies et al., 2008; Posner et al., 2014; Sakai et al., 2011; Saxena et al., 1998; Takagi et
al., 2017) and gave rise to the traditional CSTC model of OCD which was previously
discussed (see Section 1.4. Neurobiology of OCD), with a particular focus on fronto-striatal
projections. Moreover, cognitive functions that rely on this circuit seem to be altered in
OCD, which further supports this model (Chamberlain et al., 2005).

The latter model indicates alterations within and between the large-scale IBNs. Of particular
interest, DMN, FPN and SAL are commonly reported to be disrupted in OCD (Goncalves
et al., 2017; Stern et al., 2012; Zhu et al., 2016). However, these findings are not always
consistent. For instance, Stern et al. (2012) showed increased connectivity between anterior
insula (part of FPN and SAL) and parts of DMN such as PCC and MPFC. In line with this
finding, Posner et al. (2014) also reported increased connectivity between DMN and SAL,
specifically between the anterior insula and anterior MFC. On the other hand, Beucke et al.
(2014) report decreased connectivity between DMN and SAL.

Beyond seed-based rs-fMRI studies, data-driven methods such as independent component
analysis have also been used, albeit scarcer. In more detail, two groups identified
connectivity alterations in adult OCD patients using independent component analysis. On

the one hand, Fan et al. (2017) divided DMN, SAL and FPN into subsystems. They reported
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increased connectivity between SAL and anterior regions of DMN as well as between the
SAL and dorsal FPN. On the other hand, Cheng et al. (2013) reported decreased
connectivity within the DMN using the same method. These findings appear to be in line
with those elicited by seed-based approaches, pointing towards alterations in IBNs, and

therefore supporting the second model.

1.6. Aims of the thesis

Studies repeatedly identified dysfunction in important structures included in the CSTC
circuits in OCD patients. Recently, rs-fMRI studies reported global connectivity alterations,
specifically in the DMN, FPN and SAL.

Based on the literature review mentioned above, the aims of this thesis were three-fold.
First, we wanted to identify consistent resting-state network alterations in OCD patients.
There have been several studies investigating connectivity alterations in OCD, however, the
results are rather inconsistent, probably due to the heterogeneity of the disorder, scanning
parameters and other methodological differences between studies, medication, and
comorbidities. To achieve this goal, we performed a meta-analysis on 18 resting fMRI
studies (overall 541 patients, 572 healthy controls) comparing OCD patients and healthy
controls. Meta-analysis is a powerful tool to detect consistent alterations across studies and
allows for the identification of such robust connectivity alterations in OCD. Specifically,
we used studies that employed a hypothesis-driven approach in investigating functional
connectivity alterations in OCD. Based on the accumulated evidence towards alterations
reported in CSTC circuits and in triple network model, we hypothesized consistent altered
functional connectivity within and between FPN, DMN, SAL and LIM, and between them
and subcortical structures such as the striatum and thalamus, in OCD patients compared to

healthy controls.
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Second, we performed a data-driven analysis on our own OCD patient sample to assess
global functional connectivity changes. Due to the scarce literature on data-driven ICA in
OCD, we attempted to replicate and extend existing findings. Specifically, we expected to
identify alterations in and between DMN, FPN and SAL. Lastly, we investigated the
temporal dependency of functional connectivity changes in OCD. In more detail, we used
the sliding time window approach, which in comparison to classical static analysis methods
allows for the identification of such changes. Based on demonstrated dynamics of IBNs, we
hypothesized to find time dependent changes focused mainly on FPN in OCD patients
compared to healthy controls.

Together, this thesis aimed to unify the findings of functional connectivity changes in OCD
by applying three different analytical approaches and investigating two different data sets.
The results of this thesis may provide a more complete and clearer picture on global brain
connectivity changes in OCD, and their putative contribution to the pathophysiology of

OCD.
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2 ‘ Methods

“... all I can say is, that mental action is a function of connections... This much we are
surely warranted in accepting; and we have a right to infer that when the continuity of
these connections is destroyed, interrupted, or structurally impaired, modification of
function must ensue.”

-Sir John Batty Tuke, 1894

2.1. A Generic Overview on the Methods

This section provides generic information on the techniques and analysis methods that were
used in this thesis. First, the basics of functional magnetic resonance imaging (fMRI) and
resting-state are briefly considered, followed by the description of two studies that we

performed in order to address the questions asked in this thesis.

2.1.1. Functional MRI — What do we measure?

Functional MRI is a non-invasive imaging technique that measures brain activity. The fMRI
method is based on the nuclear magnetic resonance principle. The MRI is basically a magnet
that can elicit a very strong magnetic field (e.g. 3T- 60.000 times more than earth’s magnetic
field) (Jerrolds and Keene, 2009). When subjects are placed in the MR scanner, the water
molecules in their body align with the magnetic field of the scanner. Subsequently, when a
radio pulse is applied at a certain frequency, these molecules change their alignment from
the magnetic field of the scanner to the magnetic field of the radiofrequency. After the pulse,
as the molecules return to their initial alignment phase (the scanner’s magnetic field), they
release a signal which is recorded by the MR scanner. A stronger signal is created where

there is more oxygenated blood. fMRI relies on this neurovascular coupling principle, where
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there is neural activity, oxygenated blood is provided to the area by the nearby vessels,
which is referred to as the hemodynamic response. As oxygenated and deoxygenated
hemoglobin have different magnetic properties, change in the ratio of the two leads to signal
changes picked up by the fMRI, measured by blood-oxygen-level-dependent (BOLD)
contrast (Ogawa et al., 1990).

For many years, fMRI has been used to map brain function, by linking certain functions to
specific brain regions. Traditionally, participants were required to complete a task in the
scanner. By comparing a baseline condition with such a specific task, it became possible to
identify those regions associated with the task (Heeger and Ress, 2002; Linden et al., 1999;
Worsley and Friston, 1995). Such studies have led to a much better understanding of brain
function, but also of diverse pathological conditions that present with brain function
alterations. However, in recent years, one to one mapping of brain region and function
became less popular as it became clear that distinct regions in the brain are connected in
very complex ways, and that they do not need external stimulation in order to be active.
Remarkably, the brain has been found to be intrinsically active (i.e. without being stimulated

by a specific task) and this intrinsic activity can also be measured with fMRI.

2.1.2. Resting-state fMRI

Similar to task-based fMRI studies, resting-state fMRI (rs-fMRI) also relies on the BOLD
signal. However, the data is acquired without a task performed in the scanner. The goal of
rs-fMRI is to investigate spontaneous low-level fluctuations of the brain (Biswal et al.,
1995).

As stated in the Introduction section, these low-level fluctuations provide information about
how brain regions communicate with each other forming intrinsic brain networks. These
networks can be identified by a temporal correlation of remote brain regions. Regions that

are correlated in their activity are called to be ‘functionally connected’. Functional
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connectivity can give valuable insight into the intrinsic organization of the brain and
furthermore provide information on how this organization differs in psychiatric and
neurological disorders.

Earlier studies interpreted low-level fluctuations during rest as noise and there have been
ongoing discussions on the neuronal basis of rs-fMRI such as, whether the signal merely
reflects physiological processes (i.e., cardiac and respiratory). However, the origin of these
oscillations (~0.01 < 0.1 Hz) started to gain meaning in the last decade (Van Essen et al.,
2012). Functionally connected regions overlap — at least partially — with anatomical
projections, for instance in motor, auditory and visual networks, which further supported
the idea that intrinsic brain networks are also implicated in specific types of processing
related to the underlying neuroanatomical projections. Moreover, cardiac and respiratory
processes seem to exhibit different frequency oscillations than those of intrinsic resting-
state networks (Cordes et al., 2001). Remarkably, studies show a strong relationship
between oscillations measured with rs-fMRI and recordings of electrophysiological
techniques (Nir et al., 2008) and fluctuations in neuronal spiking (Shmuel and Leopold,
2008). Methodological considerations are integrated in the preprocessing steps to eliminate
irrelevant signals, for instance by using low-pass filtering and regressing out signals arising
from cerebral spinal fluid and white matter. These steps maximize the relevancy of resting-
state signals interpreted in the rs-fMRI studies.

IBNs can comprise of regions that are anatomically distal. What is supporting this functional
connectivity of remote regions? Several studies investigated the relationship between
structural and functional connectivity by combining rs-fMRI and diffusion tensor imaging
(DTI) which measures the diffusion of water molecules in the brain (Johansen-Berg and
Rushworth, 2009). Results indicate strong similarities between the functional and structural
connectivity matrices across whole brain (Skudlarski et al., 2008). Grecius et al. (2009)

identified a direct anatomical connection (cingulum bundle) connecting PCC and MFC
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which are parts of DMN. Furthermore, van den Heuvel and colleagues (2009) demonstrated
that the majority of the IBNs, including DMN, FPN, and SAL, have underlying anatomical
connections. These findings suggest a general principle of brain organization relating
functional and structural connectivity on a whole brain scale.

There are several ways to analyze rs-fMRI. Two of the most common methods, which are
also used in this thesis, are seed-based functional connectivity and independent component
analyses. On the one hand, seed-based analyses are performed by correlating the time series
of a seed (a region of interest) and the rest of the brain (Biswal et al., 1997; Cordes et al.,
2000). This method is more suitable when there is an a priori hypothesis, i.e. a relevant
region is known to be involved in the process being investigated. The simplicity of this type
of analysis and straightforward interpretation of the results make the seed-based method a
popular analysis method for rs-fMRI. Independent component analysis (ICA) on the other
hand, relies on no hypothesis, and it is completely data-driven. ICA decomposes the data
into subcomponents that are statistically independent (Beckmann et al., 2005; Calhoun et
al., 2001). These components are characterized by an associated time course and a spatial
map that indicates the strength of connectivity. Some components represent pure noise
whereas other reflect the established IBNs. In comparison to seed-based methods, ICA is
more of a global measure of functional connectivity. Together, seed-based and ICA methods
show a strong overlap in the rs-fMRI studies and both support the formation of functionally
connected intrinsic brain networks during rest (Van Dijk et al., 2009).

Majority of rs-fMRI studies are based on the assumption that iFC is stationary over time.
Usually, the time series in rs-fMRI are averaged across the whole scan to achieve a single
correlation coefficient that represents the strength of connectivity. However, with this
method, time dependent changes in connectivity may be overlooked, and several studies
pointed out that IBNs exhibit dynamic properties (Chang and Glover, 2010; Zalesky et al.,

2014). One way of identifying time dependent connectivity changes is through sliding time
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window analysis. This method enables us to perform several correlations between two time
series by applying a sliding window throughout the resting-state scan, thus, obtaining
several correlations and ultimately from these, the peak connectivity between two IBN can
be extracted (Franzmeier et al., 2017; Sakoglu et al., 2010).

To sum up, rs-fMRI analyses allow for the investigation of the intrinsic organization of the
human brain by characterizing the coherent fluctuations of brain regions. Such methods
make it possible to investigate how brain regions communicate with each other, for instance
in networks (Biswal et al., 1995; Damoiseaux et al., 2006; De Luca et al., 2006).

Finally, clinical rs-fMRI studies that compare patients and healthy controls provide valuable
information on how large-scale brain network organization may differ in psychopathology
(Greicius et al., 2007; Greicius et al., 2004; Giirsel et al., 2018; Whitfield-Gabrieli et al.,
2009). In the next sections, two rs-fMRI studies are presented that investigate functional

connectivity alterations in OCD patients compared to healthy controls.

2.2. Study 1: Meta-analysis of functional connectivity in OCD

The first study’s aim was to conduct a meta-analysis in order to identify consistent
functional connectivity alterations across fMRI studies that used seed-based functional
connectivity approaches to investigate patients with OCD in comparison with healthy

controls.

2.2.1. Literature Search and Data Extraction

In the first step, studies that were suitable for the meta-analysis were identified. The
literature search was performed using PubMed, Scopus, and PsycNet databases with the
query (rest* OR intrinsic) AND connect®* AND (OCD OR obsess* OR compuls*) (Figure
3). Meta-analysis of Observational Studies in Epidemiology (MOOSE) guidelines were

followed (Stroup et al., 2000). Cut-off date for the search was July 2016.
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Only rs-fMRI studies were included that used whole-brain seed-based intrinsic functional
connectivity (iFC) to compare between healthy controls and OCD patients. The studies had
to be in the English language and provide information about peak differences in iFC
between the two groups. Furthermore, studies were excluded if they did not respect the
following: 1. methods other than seed-based iFC (e.g., independent component analysis,
graph theory analysis, etc.); 2. did not perform whole-brain analysis (e.g., region of interest
analysis); 3. peak coordinates could not be extracted; 4. missing baseline analysis in the
case of longitudinal studies.

Following the same approach as Kaiser and colleagues (2015), first seed center coordinates
and peak coordinates of significant group differences were extracted from each study and
converted to MNI space. Each peak coordinate was marked as hyperconnectivity
(representing increased positive or reduced negative connectivity) or hypoconnectivity
(representing decreased positive or increased negative connectivity). Second, each peak
coordinate was assigned to a brain network based on the anatomical location. Visual (VIS),
auditory-sensorimotor (A-SM), dorsal attention (DAN), salience (SAL), limbic (LIM),
frontoparietal (FPN), and default-mode network (DMN) templates were used from the
whole brain network parcellation of 1000 participants covering cortex, striatum, and
cerebellum (Buckner et al., 2011; Choi et al., 2012; Yeo et al., 2011)

In total, 18 studies were selected, that included 541 patients with OCD and 572 healthy

controls (see Figure 3 for flow diagram below).
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Figure 3. Flow diagram of the literature search of the meta-analysis. The literature search
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2.2.1. Multilevel kernel density analysis
Coordinate based meta-analysis was performed using the multilevel kernel density
(MKDA) toolbox from Wager’s lab (http://wagerlab.colorado.edu). In more detail, the

method is based on the following:

1. Peak coordinates from each study were convolved with 10mm Gaussian kernel. Due
to this, a single study with multiple peaks close to each other would not bias the
results. Convolved maps were then binarized, resulting in so-called indicator maps.
In an indicator map, each voxel has a value of 1 or 0, representing at least one peak
or no peak within the 10 mm radius, respectively.

2. Indicator maps were weighted by sample size and averaged across studies, which
resulted in density maps. Each voxel’s value in a density map represents the density
statistic, which shows the proportion of study contrasts that report at least one peak

of functional connectivity difference within the 10mm radius of the voxel.

Two density maps, reflecting the outcome-measure of the meta-analysis, were created per
network indicating either hyper- or hypoconnectivity of the network across studies.
Consistent hyperconnectivity was calculated by subtracting the hypoconnectivity density
map from the hyperconnectivity density map, and correspondingly, consistent
hypoconnectivity was calculated by subtracting the hyperconnectivity from the
hypoconnectivity density map. Finally, general dysconnectivity was calculated by
averaging the two maps (i.e. hypo- and hyperconnectivity).

To establish the significance of the resulting density maps, a Monte Carlo simulation with
15.000 iterations was performed. This step provided a distribution of results, on which the
family-wise error (FWE) rate threshold for multiple comparisons was used. Result clusters
of significant effects were detected both with height-based threshold (based on density value

of that voxel) and extent-based threshold (size of the cluster) (Wager et al., 2007). Results
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at p <.05 FWE-corrected were reported for both thresholds as they provide complementary

information (Kaiser et al., 2015).

2.2.3. Post-hoc analyses

Several post-hoc analyses were performed to control for different factors that could affect
the results. First, jackknife analyses were conducted to test if a single study had a
disproportionate effect on the results. A jackknife analysis represents the density statistic of
every significant meta-analytic result cluster calculated while leaving out one study at a
time and then comparing it to the original density statistic using a chi-square (y2) test (Etkin
and Wager, 2007).

Also, for some networks, some seeds were used more often than others by a larger number
of studies, i.e., regions belonging to the CSTC circuits (Harrison et al., 2013; Harrison et
al., 2009; Hou et al., 2013; Jung et al., 2013; Posner et al., 2014). To tackle this issue, we
calculated the density statistic of each significant result cluster for each region and
compared it to the other regions in the same network using a y2-test (Kaiser et al., 2015).
We also tested whether clinical factors such as age (adolescent, adult, younger adult, older
adult), medication (medicated/ non-medicated), onset type (pre-pubertal, adolescent, adult),
symptom severity (mild/moderate/severe) and comorbidity in the form of depression
(yes/no) confounded our results. To control for this, we divided the studies into the above-
mentioned categories. Then for each category, we calculated the significant cluster and
performed y2-test to compare density statistic of each result cluster with the other categories

in the factor (Kaiser et al., 2015).
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2.3. Study 2: Independent component and sliding time

window analyses of functional connectivity

The second study’s aim was to investigate functional connectivity alterations of IBNs in
OCD patients using a data-driven method, and to test whether such alterations are subject

to temporal dynamics.

2.3.2. Participants

50 OCD patients and 42 healthy controls matched for age and gender participated in the
study. OCD patients were recruited from the Psychosomatic Hospital Windach and
Tagesklinik Westend and healthy controls were recruited through online and newspaper
advertisements. All participants gave consent according to the Ethical Committee guidelines
of Klinikum Rechts der Isar, Technische Universitit Miinchen. OCD patients were
diagnosed based on the DSM-5 criteria. All participants went through 9 minutes of resting-
state fMRI scanning with the instruction of keeping awake with eyes closed and not thinking
of anything specific. In addition, OCD patients were assessed with relevant clinical
questionnaires such as Y-BOCS (Yale-Brown Obsessive-Compulsive Scale) and OCI-R
(Obsessive Compulsive Inventory Revised). Details of demographics and clinical

characteristics can be seen in Table 3.

2.3.3. MRI Data Acquisition

All images were acquired using 3T Philips scanner with a 32-channel head-coil. T1
weighted high resolution anatomical images used magnetization-prepared rapid acquisition
gradient echo (MPRAGE) sequence with the parameters: repetition time (TR) = 11.08 ms,
echo time (TE) = 5.1 ms, flip angle = 8°, matrix size = 368x318, number of slices = 230,

with a resolution of 0.7 x 0.7 x 0.7 mm.
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T2" weighted functional MRI resting-state data images used echo-planar imaging (EPI) with
the parameters: TR = 2.7 s, TE = 33 ms, flip angle = 90°, FOV = 192 x 192 x 141 mm,
matrix size =96 x 94 x 64 transverse slices with 2.0 mm thickness, covering the entire brain

with a resolution of 3 X 3 X 3 mm. In total, 200 whole-brain volumes were recorded.

2.3.4. Data Analysis

2.3.4.1. Data Preprocessing

Functional and structural images were preprocessed using Statistical Parametric Mapping
(SPM), wversion 12 (Wellcome Institute of Cognitive Neurology, London
https://www fil.ion.ucl.ac.uk/spm/). Preprocessing steps included realignment, co-
registration of functional image to structural image, normalization to Montreal Neurological
Institute (MNI) 2x2x2 mm template, segmentation and smoothing with 6mm Gaussian
kernel. Framewise displacement (FD) was used to analyze head motion and was calculated
as the sum of the absolute values of the derivatives of the 6 motion parameters obtained
from SPM12. One healthy control and one OCD patient were excluded due to excessive
head motion (mean FD>0.2mm). No significant differences in mean FD (p=0.73) were
found between the remaining healthy controls (mean=0.12, sd=0.03) and OCD patients

(mean=0.11, sd=0.04).

2.3.4.2. Independent component analysis and selection of the networks

Independent component analysis (ICA) is a data-driven method that decomposes data into
spatially independent networks without a priori hypothesis. In order to perform group ICA,
the approach from Calhoun et al. (2001) was adapted using the GIFT toolbox
(http://icatb.sourceforge.net). First, all the rs-fMRI data of all the participants were

concatenated. These multi-subject data were then reduced with principal component
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analysis and fed into the algorithm to estimate 20 independent components. 20 components
have been chosen as the number has been shown to be sufficient for robust identification of
several networks including DMN, FPN and SAL (Di and Biswal, 2014). The analysis was
run 20 times to ensure that the components were consistent across analyses.

For further analyses, independent components from the group ICA algorithm were back-
reconstructed to the single-subject space. This step calculates the time courses and spatial
maps for each component for single subjects. Spatial maps are shown with a z-map
representing the components’ functional connectivity. Higher z-values represent stronger
connectivity.

In order to determine whether our components reflect the IBNs of interest, seven templates
from Yeo and colleagues were used (Yeo et al., 2011). These templates were identified
through parcellation of 1000 subjects’ brains and they represent robust representations of
IBNs. Each component was correlated with these templates one by one, and components
showing the highest correlations were chosen as networks of interest.

In the templates from Yeo and colleagues the FPN is provided as a single network.
However, group ICA yielded a left and right FPN. We were interested in lateralization
effects within FPN, and therefore kept the two components separately as implemented by
the group ICA algorithm.

Together, all the analyses were performed on these four networks: left FPN (IFPN), right

FPN (rFPN), DMN, SAL.
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2.3.4.3. Statistical Analysis

2.3.4.3.1. Demographics and Clinical Characteristics

Comparisons of demographics and clinical characteristics between healthy controls and

OCD patients were performed with two-sample t-tests and chi-square test.

2.3.4.3.2. Intra IFC

We first tested for alterations within each IBN of interest, reflecting intra intrinsic functional
connectivity (iFC). First, spatial maps were statistically evaluated with one-sample t-test for
each group using SPM12 (p<0.05, FWE-corrected for multiple comparisons). Second,
voxel-wise two sample t-test was performed in order to compare between OCD patients and
healthy controls, using age and gender as covariates-of-no-interest. Furthermore, since
medication has been shown to affect iFC (Beucke et al., 2013), we also performed control
analyses so as to detect the effects of medication. Specifically, we split the patient group
into a medicated and a unmedicated subgroups and compared them via voxel-wise two-

sample t-test.

2.3.4.3.3. Inter IFC

In the next step, we tested for group differences between the IBNs of interest, reflecting
inter iFC. To achieve this, each networks’ time course was correlated via pairwise Pearson
correlation to the time course of every other network. Correlation coefficients were

transformed to z values via Fisher transformation and then entered into two-sample t-test.
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2.3.4.3.4. Sliding time window analysis

To measure peak correlations between the networks’ time courses, the sliding time window
method was applied using Dynamic FNC (dFNC) toolbox in GIFT. Following the approach
by Franzmeier and colleagues (2017), a window with a width of 30 repetition time (TR),
was overlaid on time courses and shifted in steps of 1 TR. Tapered window was created by
convolving the rectangular window with 3mm Gaussian kernel. For each time window,
Pearson correlation was calculated between each network’s time course to every other
network’s time course. To measure peak correlation throughout the whole rs-fMRI session,
the mean correlation of 10 consecutive time windows was calculated (40 TR’s, 108 seconds
of MRI acquisition). In order to detect any effect of window selection, the analysis was
repeated by calculating the mean correlation with 5 and 15 consecutive time windows. No
significant differences were found; therefore, the results are reported based on the
previously established time window of 10. To test for group differences, subject specific
mean correlations of healthy controls and OCD patients were compared with two-sample t-
tests. As we had four components of interest (DMN, IFPN, rFPN, SAL), correlations

between the networks were performed 6 times.
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3 ‘ Results

3.1. Study 1

18 publications including 541 OCD patients and 572 healthy controls were gathered from
the literature search (Table 1). Due to a small number of studies (<3), meta-analysis was
only performed for the following IBNs: Default-mode, frontoparietal, salience and limbic
networks. The results based on these studies were twofold: The first result revealed
hypoconnectivity within and between IBNs, which reflects decreased functional
connectivity in OCD patients compared to healthy controls. The second result demonstrated
general dysconnectivity within and between IBNs, which reflects consistent abnormal
functional connectivity alterations without specific direction in OCD patients compared to

healthy controls. No significant hyperconnectivity alterations were found.
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Mean

0]

Mean

Illness

Symptom

Author, year I({S age | CD | age | duratio se\(fg{r_ ity Medicated
HC | (n) | OCD n BOCS)
Anticevic et al., 2014 | 66 33 27 1363 17.3 27.1 yes
Bernstein et al., 2016 | 13 16 15 [ 153 5.7 19.7 yes
Beucke et al., 2013 11 31.9 11 |29.1 - 20 no
Beucke et al., 2014 46 30.3 46 |30.7 - 20.8 yes
Chen et al., 2016 30 28.1 30 |26.2 5.5 23.7 yes
Fitzgerald et al., 2010 | 18 14.1 18 | 13.9 3 16.1 yes
Fitzgerald et al., 2011 | 68 19.8 67 |19.7 8.7 20 yes
Harrison et al., 2009 21 26.2 21 |28.5 8.7 20.7 yes
Harrison et al., 2013 74 32.7 74 | 33.1 11.3 21.8 yes
Hou et al., 2013 33 25 33 253 6.3 21.1 no
Hou et al., 2014 39 26 39 |26.6 3.7 26.7 no
Jang et al., 2010 22 243 22 | 25.1 7.6 21.3 no
Jhung et al., 2014 18 28.2 26 | 27.2 10.9 22.1 yes
Jung et al., 2013 18 24.8 19 | 258 7.8 20.6 no
Lietal., 2012 20 28.2 20 | 28.2 6.5 24.8 no
Posner et al., 2014 20 32.6 23 |30.9 14.8 25.9 yes
Sakai et al., 2011 23 30.8 20 |30.9 - 24.6 yes
Stern et al., 2012 32 28.1 30 | 254 - 22.1 yes

Table 1. Demographic and clinical characteristics of obsessive-compulsive disorder studies

included in the rs-fMRI meta-analysis. Y-BOCS = Yale-Brown Obsessive-Compulsive

Scale.

3.1.1. Hypoconnectivity

In line with our hypothesis, we found altered functional connectivity in patients in the form

of hypoconnectivity. Specifically, we found both within and between iFC alterations for

FPN, and SAL.
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3.1.1.1. Frontoparietal network

The FPN presented both within network hypoconnectivity and hypoconnectivity with the
DMN. Both clusters were located in the dorsolateral prefrontal cortex (dIPFC). (extent-
based significance threshold; Table 2, Figure 4, bottom). These results indicate consistently
reduced iFC within the FPN and between the FPN and DMN across the studies included in

the meta-analysis.

3.1.1.2. Salience network

We found hypoconnectivity within the SAL, peaking in the supramarginal gyrus, a large
cluster, which was also part of FPN and DMN. Beyond SAL within-network
hypoconnectivity, this cluster also reflected hypoconnectivity between SAL and DMN as
well as between SAL and FPN (extent-based significance threshold; Table 2, Figure 4,
middle section). These results indicate consistent hypoconnectivity between all three

networks of interest, across all studies included in the meta-analysis.

31



Seed network: Visual (VIS)

Network had too few seeds for meta-analysis.

Seed network: Auditory-sensorimotor (A-SM)

Network had too few seeds for meta-analysis.

Seed network: Dorsal attention (DAN)

Network had too few seeds for meta-analysis.

Seed network: Salience (SAL)

Effect Effect MNI . peak . Threshold‘
. coordinates Voxels Maximum P | (extend/height
network | anatomy/region
X ‘ y ‘ V4 based)
Seed anatomy: insula, prefrontal cortex, striatum
OCD < HC
Right  supramarginal
FPN gyrus extending to the |52 |-40 40 |514 0.345 eb
DMN
Seed network: Limbic (LIM)
Seed anatomy: nucleus accumbens, HF, VCN/NA, left OFC, Left IVS
Seed network: Frontoparietal-executive (FPN)
Effect Effect MNI . peak . Threshold‘
. coordinates Voxels Maximum P | (extend/height
network | anatomy/region
X ‘ y ‘ z based)
Seed anatomy: middle temporal gyrus, dorsolateral prefrontal cortex, striatum
OCD < HC
FPN  |Middle frontal gyrus |48 [16  [34 [959 [0365  |eb
General dysconnectivity in OCD patients
Accumbens extending
LIM into caudate, thalamus, |-10 |22 -4 3615 0.141 eb
insula, ACC and OFC
Seed network: Default-mode (DMN)
Effect Effect MNI ' peak Threshold‘
. coordinates Voxels Voxels (extend/height
network | anatomy/region
X ‘ y ‘ z based)
Seed anatomy: cingulate cortex, parietal cortex, prefrontal cortex, striatum, temporal cortex,
striatum
General dysconnectivity in OCD patients
DMN | ACC 2 42 0 68 0.361 hb
DMN | MPFC 0 44 -2 986 0.299 eb
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Table 2. Aberrant intrinsic functional connectivity for each seed network based on
Multilevel Kernel Density Meta-Analysis. All reported results are significant for p<0.05
FWE-corrected (hb = height-based, eb = extent-based). Labelling of networks was derived
from the location of the cluster's peak coordinate. Abbreviations: HC = healthy controls,
MNI = Montreal Neurological Institute, OFC = orbitofrontal cortex, IVS= inferior ventral
striatum, HF=hippocampal formation, ACC = anterior cingulate cortex, MPFC = medial
prefrontal cortex, Maximum P = maximum density value in this cluster (= weighted
proportion of studies reporting at least one peak of iFC-difference within 10 mm radius of

this voxel), OCD = obsessive-compulsive disorder.
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Within-network Between-network
hypoconnectivity hypoconnectivity

Seed networks

FPN

DMN

Figure 4. Hypoconnected clusters overlaid on the corresponding seed networks. The left
column represents the seed networks (red for DMN, blue for SAL and green for FPN).
White spheres represent the anatomical seeds. The middle column represents the within-
network connectivity alterations for the respective seed network. The right column
represents the between-network connectivity alterations with respect to the seed network.

Yellow spheres represent hypoconnectivity clusters.

3.1.2. General Dysconnectivity

Regarding the dysconnectivity findings, our results pointed towards altered functional
connectivity within FPN, between FPN and DMN, between FPN and thalamus and between

FPN and LIM. Moreover, within dysconnectivity was found in DMN.
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3.1.2.1. Default-mode network

The DMN presented within network dysconnectivity located in the ventral medial prefrontal
cortex (vmPFC) and anterior cingulate cortex (ACC) (height-based and extent-based
significance threshold; Table 2, Figure 5, top).

Within-Network  Between-Network
dysconnectivity dysconnectivity

Seed networks

Thalamus DMN

Figure 5. General dysconnectivity clusters overlaid on the corresponding seed networks.
The left column represents the seed networks (red for DMN, blue for SAL and green for
FPN). White spheres represent the anatomical seeds. The middle column represents the
within-network connectivity alterations for the respective seed network. The right column
represents the between-network connectivity alterations with respect to the seed network.

Yellow spheres represent dysconnectivity clusters.
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3.1.2.2. Frontoparietal network

The FPN showed within network general dysconnectivity in the striatum as well as between
network dysconnectivity with the DMN (located in vimPFC/ACC), LIM (located in OFC)
and SAL (located in insula). Moreover, dysconnectivity with the thalamic dorsomedial
nucleus was also found (extent-based significance threshold; Table 2, Figure 5, bottom).
These results indicate wide-spread alterations of the FPN with other IBNs and key structures

of the CSTC circuits, including the striatum and thalamus (Figure 6).

Triple Network Model

Hypoconnectivity

STR TH Dysconnectivity
SAL Salience network
FPN Fronto-parietal network
DMN Default-mode network
STR Striatum

Fronto-Striatal Circuitry TH Thalamus
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Figure 6. Summary of general dysconnectivity and hypoconnectivity findings in the meta-
analysis of seed-based rs-fMRI studies in obsessive-compulsive disorder. Orange circle
represents the general unspecific connectivity alterations, which overlap with the regions in
the fronto-striatal circuitry. Blue circle represents the reduced connectivity findings of SAL,
FPN and DMN, reflecting the validity of the triple network model for OCD. The junction

of both findings indicates FPN as a key network of OCD pathophysiology.

3.1.3. Post-hoc analyses

Jackknife analyses showed no effect of a single study on the findings (p > .52). Additional
post-hoc analyses revealed no significant impact of any anatomical region, medication,
depression, age of onset, or age. This indicates that the results are robust and not biased by

methodological issues.

3.2. Study 2

3.2.1. Sample Characteristics

No significant differences were found between the OCD patients (mean age=34,42
sd=12.07; 16 males) and healthy controls (mean age=35.07, sd=10.04; 19 males) in terms
of age (p=0.86) and gender (p=0.51). The demographic and clinical characteristics of the

participants are depicted in Table 3.
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Healthy Controls (n =41) OCD Patients (n = 49) p-value
Demographics
Age, Mean (SD) 35.07 (10.04) 34.42 (12.07) .86
Gender, Males (%) 19 (46 %) 16 (32 %) Sl
Clinical Characteristics
Medication (Yes / No ) - 31/18 -
Comorbidities - 22 -
Depression - 14 -
ADHD - 4 .
General / Social Anxiety - 1/1 -
Panic Attacks - 1 -
Borderline - 1 -
Age of Onset (Mean / Min / Max) 18.3/7/58 -
Y-BOCS Total, Mean (SD) - 20.95 (6.1) -
Y-BOCS Obsessions, Mean - 10.65 (3.46) -
Y-BOCS Compulsions Mear - 10.30 (3.83) -
OCI-R Total, Mean (SD) - 27 (10.19) -
HAM-D, Mean (SD) - 13.3 (5.46) -

Table 3. Demographic and clinical characteristics of obsessive-compulsive disorder
patients and healthy controls included in the rs-fMRI analysis. Abbreviations: ADHD =
Attention Deficit Hyperactive Disorder, Y-BOCS = Yale-Brown Obsessive-Compulsive
Scale, OCI-R = Obsessive Compulsive Inventory Revised, HAM-D = Hamilton Depression

Rating Scale.

3.2.2. Group ICA

Group ICA yielded 20 components. To determine the corresponding network for each
component, we correlated each component with Yeo (2011) templates of interest; 4

components were retained. Correlation coefficients were in the range of 0.30 - 0.44,
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indicating a good correlation. Figure 7 shows the spatial maps of the components

representing the networks of interest, all components were stable across both groups.

3.2.2.1. Group differences in Intra IFC

First, we tested for within network iFC alterations, reflecting intra iFC. We found increased
connectivity in the left FPN located in the superior and middle frontal gyrus in OCD patients
compared to healthy controls (cluster-based correction p<0.01; cluster size:551, Figure 7,
B2, second row). No significant group differences were found for right FPN, SAL and

DMN, indicating intra iFC alterations to be restricted to the left FPN.

A) Right Fronto-Parietal Network B) Left Fronto-Parietal Network

C) Default Mode Network D) Salience Network

BOOB0e SHBGH
a@@ﬁﬁ%ﬂﬁf”‘ zﬁﬁﬁﬁgggﬁf

Figure 7. Right and left frontoparietal network, default-mode network & salience network

overlaid on MNI template. Axial slices of each network are at the following ascending z-
coordinates: 0, 12, 25, 38, 50 & 62. 1) depicts 1-sample t-tests of the respective network for
all subjects (FWE, p<0.05). The color-scale for rFPN & IFPN are shown for t-values. 2)
shows results for the 2-sample t-test between the groups HC and OCD. The red color
highlights the changes for OCD>HC. The color scale represents t-values and all maps are

corrected with extent threshold (p < 0.001; cluster > 111).
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rFPN

DMN

IFPN

SAL

3.2.2.2. Group differences in Inter IFC with ICA

Between-network findings indicated decreased connectivity between left and right FPN in
OCD patients compared to healthy controls (Figure 8, Table 4, panel A). This result was
due to lower positive correlations in the OCD group (correlations HC: 0.498, OCD: 0.342

p<0.001). No other group differences were observed.

A) Correlation Matrix: Healthy Controls B) Correlation Matrix: OCD Patients
rFPN
DMN
IFPN
SAL
rFPN DMN IFPN SAL rFPN DMN IFPN SAL

Figure 8. Inter-network iFC matrices for healthy controls and OCD patients. Pairwise
Pearson’s correlations were performed between the 4 networks of interest. The averaged
correlation values of the z-scores are presented here and the colors represent the intensity
of the correlations. Abbreviations: r/IFPN=right/left frontoparietal network;

DMN=default-mode network; SAlL=salience network.
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3.2.2.3. Group differences in Inter IFC with Sliding time window analyses

Significant differences were found between left and right FPN and also between left FPN
and SAL. More specifically, OCD patients showed decreased functional connectivity for
both network pairs. Results were due to lower positive correlations in OCD group (HC:

1.013, OCD: 0.806; HC: 0.732, OCD: 0.561, p<0.008, see Table 4 below for details).

HC (n=41) OCD (n=49) two-sample t-test direction  p-value

A) Inter-iFC

rFPN - DMN 0.27 0.28 0.76
rFPN - 1FPN 0.49 0.33 HC > OCD 0.0009%*
rFPN - SAL 0.25 0.23 0.76
DMN - IFPN 0.15 0.14 0.75
DMN - SAL -0.02 -0.01 0.76
IFPN - SAL 0.21 0.13 0.08
B) Sliding time window

rFPN - DMN 0.71 0.77 0.30
rFPN - 1FPN 1.01 0.80 HC > OCD 0.0008*
rFPN - SAL 0,74 0.71 0.65
DMN - IFPN 0.59 0.59 0.924
DMN - SAL 0.44 0.45 0.881
IFPN - SAL 0.73 0.55 HC > OCD 0.007*

Table 4. Inter-iFC and Sliding Time Window correlation values between healthy controls
and OCD patients. Both correlation values are fisher-z-transformed. IC = Independent
component; DMN = Default-mode network; SAL = Salience network; I/rFPN = left/right
fronto-parietal network; p-value = from two-sample t-tests reduced to p < 0.0083 after

Bonferroni correction for 6 t-tests; * = Significance.
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4 ‘ Discussion

4.1. Summary of findings

The current thesis investigated functional connectivity alterations in patients with OCD in
two separate studies. In the first study, using a coordinate-based meta-analysis of seed-
based rs-fMRI studies, we identified consistently altered functional connectivity in large
scale brain networks in patients with OCD compared to healthy participants. Specifically,
OCD patients showed hypoconnectivity (reduced connectivity) within and between
frontoparietal, salience and default-mode networks. Furthermore, this study revealed
general dysconnectivity (unspecific directional change) for frontoparietal and default-mode
networks, focusing on fronto-cingulate and insular cortices, striatum, and thalamus in
patients with OCD.

In the second study, we investigated network based functional connectivity alterations in
OCD using a data-driven approach. Based on the mounting evidence of default-mode,
frontoparietal, and salience networks alterations that the current literature points out, we
focused our analyses on these three networks. By performing one of the most established
data-driven approaches, namely ICA, we found increased connectivity within the left
frontoparietal network as well as a decreased connectivity between left and right
frontoparietal networks. In addition, we performed sliding time window analysis, a novel
method which enabled us to identify dynamic connectivity alterations. This revealed
decreased connectivity between left and right frontoparietal networks and decreased

connectivity between left frontoparietal and salience network.
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4.2. Study 1: Meta-analysis of functional connectivity
alterations in OCD

The meta-analysis revealed two types of consistent functional connectivity alterations in
large scale intrinsic brain networks: hypoconnectivity and general dysconnectivity. Both

alteration types affected within and between-network iFC.

4.2.1. Hypoconnectivity

Hypoconnectivity, reflecting reduced iFC in patients compared with healthy controls, was
found in the FPN and also between FPN and DMN, both located in a cluster in the dIPFC
(Figure 4, bottom, Table 2). Alterations between FPN and DMN have been reported in the
literature, although the direction of alteration varies as some studies report hypo- and others
hyperconnectivity (see for example the review from Pittenger (2017)). Of note, FPN and
DMN connectivity changes have been associated with OCD symptoms (Goncalves et al.,
2017). In this sense, a contribution of altered iFC between FPN and DMN to OCD
symptomatology could be hypothesized as a disrupted interplay between internal thoughts
that are regulated by DMN and goal-oriented behavior that is modulated by FPN (Stern et
al., 2012).

Additionally, we found hypoconnectivity within the SAL, between SAL and FPN, and
between SAL and DMN. The cluster was located in the supramarginal gyrus (Figure 4,
middle section, Table 2). These findings are supported by previous reports of
hypoconnectivity between SAL and FPN and between SAL and DMN in OCD patients
(Beucke et al., 2014; Harrison et al., 2009; Posner et al., 2014). The SAL encompasses the
insular cortices, ACC, and subcortical regions, and is involved in the detection of the
saliency of stimuli, as well as directing cognitive and attentional resources (Palaniyappan
and Liddle, 2012; Seeley et al., 2007). SAL acts as a switch between internal thoughts or

mental processes and external goal-oriented behaviors that are modulated by DMN and

43



FPN, respectively. Alterations between the SAL, DMN, and FPN have been named the
‘triple network model of psychopathology’ (Menon, 2011). Disruptions in these networks
have been linked to various disorders including depression, ADHD, schizophrenia, autism
and frontotemporal dementia (Bressler and Menon, 2010; Manoliu et al., 2013; Manoliu et
al., 2014; Menon, 2011; Yuan et al., 2016; Zheng et al., 2015).

Recently, Fan and colleagues (2017) also reported triple network alterations in OCD
patients. In this study, the authors divided DMN and FPN into subsystems in their analyses
and reported functional connectivity changes between SAL and subsystems of DMN and
FPN, respectively. In more detail, the authors found connectivity alterations between the
anterior part of DMN (mPFC and ACC) and SAL, along with dorsal FPN (superior parietal
gyrus and superior frontal gyrus) and SAL. The results from this study are in line with our
own findings of aberrant functional connectivity between DMN and SAL and between FPN
and SAL.

Switching between internal processes and goal-oriented behavior requires a healthy
modulation of these three networks. Disruption in the communication of the triple networks
may potentially provide a neural basis for obsessive-compulsive behavioral patterns,
explaining why patients are unable to detach from obsessive thoughts.

As previously stated, the triple network model has been reported in several psychiatric
disorders (Buckholtz and Meyer-Lindenberg, 2012; Menon, 2011). Such common
connectivity alterations in large scale networks may therefore reflect a general marker of
psychopathology. This hypothesis has been confirmed by a recent meta-analysis which
investigated resting-state data in 8 different psychiatric disorders, including OCD, based on
a total sample size of 8298 patients and 8165 healthy controls (Sha et al., 2019). Partly
similar to the present findings this meta-analysis showed hypoconnectivity between FPN
and SAL and DMN and ventral SAL, as well as a hyperconnectivity between the DMN and

FPN and between the DMN and dorsal SAL. Hence, these findings once more illustrate
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alterations in the triple network in the context of various psychiatric disorders. The authors
conclude from their findings that the network disruption might represent a marker of illness
progression, cognitive deterioration, or even genetic susceptibility of the respective
psychiatric disorders. However, alterations between the networks can take various forms
(increased/ decreased iFC), which do not appear to be consistent across different psychiatric
disorders, indeed not even consistent in OCD (i.e., both hypo- and hyperconnectivity have
been reported for DMN-FPN (see for example the review from Pittenger (2017)). Different
alteration patterns in distinct psychiatric disorders or distinct subgroups of one disorder may
therefore reflect disorder/ disorder-subgroup specificity (see for instance associations

between FPN-DMN altered iFC and symptoms in (Goncalves et al., 2017)).

4.2.2. General dysconnectivity

General dysconnectivity, reflecting altered iFC without specifying the direction of change,
was found for FPN and DMN. Specifically, for FPN, the results were in the fronto-cingulate
areas, striatum and thalamus (Figure 5, bottom).

FPN alterations are common findings in the OCD literature. Alterations in both within FPN
and between FPN and other networks have been reported. For instance, a study that
employed graph theory approach by Gottlich et al. (2014), showed increased connectivity
within FPN in unmedicated OCD patients. In our findings, the cluster of alteration within
the FPN was located in the striatum and included the left putamen and the left caudate
(Figure 5, bottom). Basal ganglia structures, especially the striatum, have been repeatedly
shown to be involved in OCD. Nonetheless, the findings from recent fMRI studies are not
consistent regarding the type of alterations. For instance, some studies reported increased
connectivity between striatum and other regions (Hou et al., 2013; Posner et al., 2014),

while others found decreased connectivity in the same areas (Gottlich et al., 2014; Vaghi et
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al.,2017). These mixed imaging studies may explain our general unspecific dysconnectivity
findings.

Interestingly, although most of the findings point towards hyperconnectivity between the
striatum and frontal regions (Gottlich et al., 2014; Harrison et al., 2009; Vaghi et al., 2017),
there are also alternate findings, which suggest that medication may have an effect on these
results. For instance, Beucke and colleagues (2013) reported decreased ventral striatum
connectivity in medicated OCD patients in comparison to unmedicated OCD patients.

We also identified dysconnectivity between FPN and the thalamus, mainly located in
dorsomedial and ventral anterior nuclei (Figure 5, bottom, Table 2). Thalamus dysfunction
in OCD has been shown by many studies (Fitzgerald et al., 2011; Perani et al., 1995) and
specifically the dorsomedial nucleus has been shown to play an important role in the
pathogenesis of OCD (Modell et al., 1989). It is possible that thalamus dysfunction might
contribute to disturbances in the cortico-striato-thalamic circuits (CSTC). Such contribution
is possible in two ways: (1) the thalamus has reciprocal connections with the cortex,
reflecting so-called cortico-thalamic circuits that can influence different functional cortical
areas, which in turn project to the striatum — reflecting the input structure of the basal ganglia
- (Haber and Calzavara, 2009), and (2) the thalamus is a key structure of the CSTC circuits,
which relays feedback to the cortex (Alexander et al., 1986).

With reference to between-network general dysconnectivity, the results revealed aberrant
functional connectivity between FPN and several networks such as DMN, LIM and SAL
(Figure 5, bottom Table 2). The cluster for FPN-LIM dysconnectivity was located in the
orbitofrontal cortex (OFC). Gottlich et al. (2014) found similar results in their study and
also associated this iFC alteration to cognitive deficits, emotion processing, and reward in
OCD.

These general dysconnectivity results were mostly located within frontal and between

frontal and subcortical areas. As these structures — in particular OFC, ACC, vmPFC,
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striatum, and thalamus — are part of the CSTC circuits (Pauls et al., 2014), our findings are
in line with the most accepted pathophysiological model of OCD. As detailed in the
Introduction section of this thesis, CSTC circuits represent positive feedback loops between
cortical regions including OFC, ACC, PFC and basal ganglia structures such as the striatum
and pallidum through the thalamus (Alexander et al., 1986; Haber, 2003; Milad and Rauch,
2012), and are organized in a parallel but largely segregated way. Through direct and
indirect pathways of the CSTC circuits, action/movement/behavior initiation or inhibition
occurs, respectively (Benarroch, 2016; Pauls et al., 2014). In OCD, an imbalance between
the direct and indirect pathways that could contribute to symptom generation or
maintenance has been hypothesized (Pauls et al., 2014; Saxena et al., 2004).

To summarize, our meta-analysis showed both hypoconnectivity and general
dysconnectivity within and between intrinsic brain networks, contributing to the idea of the
validity of the triple network model in OCD, and adding further support for aberrant CSTC
circuits in OCD, mainly focused on fronto-striatal and fronto-thalamic circuits. The triple
network model displays an abnormal relationship between salience, default-mode and
frontoparietal networks, which might reflect impairments in switching between
obsessions/compulsions and goal directed behavior. Furthermore, altered CSTC circuits
indicate a dysregulation in the inhibition of intrusive thoughts and compulsive actions.
Remarkably, the frontoparietal network appears to be the common element in both
pathophysiological models, further stressing the relevancy of these areas in OCD (Figure
6). These findings of connectivity alterations appear to be robust, as they were not biased

by age, illness duration or medication, as shown by post-hoc analyses.
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4.3. Study 2: Intrinsic brain network alterations in OCD:
Insights from independent component and sliding time window

analyses

Group ICA results revealed both intra and inter network connectivity alterations focused on
within and between FPN, as well as between FPN and SAL.

Regarding the intra network findings, we found increased connectivity in OCD patients in
the left FPN, mainly in the superior and middle frontal gyrus (Figure 7, B2, Table 2). Similar
results were reported previously. For instance, Goéttlich and colleagues (2014) employed a
graph theory approach and found increased connectivity in the FPN located in middle
frontal gyrus in OCD patients. Moreover, Anticevic et al. (2014) also reported alterations
in the superior, middle and inferior gyri in patients with OCD. These findings, therefore,
suggest consistent FPN alterations, mainly in middle frontal gyrus, as they have been shown
with distinct analysis frameworks and in independent samples.

Regarding the inter iFC network findings, we found reduced connectivity between left and
right FPN (Figure 8, Table 4, panel A). FPN alterations are frequently reported in OCD
functional connectivity studies (Giirsel et al., 2018). This network is involved in regulating
goal oriented meaningful behavior, and attention. Alterations in FPN might explain some
of the symptoms of OCD such as difficulties in task switching or response inhibition
(Abramovitch et al., 2013; Remijnse et al., 2006).

In the second part of the study, we investigated dynamic functional connectivity alterations.
The majority of fMRI studies make the assumption that intrinsic brain network connectivity
is constant over time and the analyses are usually performed by averaging the signal over
the whole resting-state experiment duration. This is a convenient but over simplistic way of
looking into the complex dynamics of brain activity (Deco et al., 2013). Recent studies have

shown time varying changes in functional connectivity, specifically fluctuations over time
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between different network pairs (Hutchison et al., 2013; Jones et al., 2012; Zalesky et al.,
2014). In order to integrate time dependent changes in our data which might not be captured
with the traditional analyses, we performed sliding time window approach, which enabled
the identification of peak connectivity changes between intrinsic brain networks. This
method demonstrated reduced connectivity between left and right FPN, further supporting
the inter-1FC findings, and also reduced connectivity between left FPN and SAL (Table 4,
panel B). These findings are in line with the results of the first study (Gtirsel et al., 2018)
and other reports of reduced connectivity between FPN and SAL in OCD patients (Harrison
et al., 2009). However, they extend previous findings by demonstrating that within FPN and

FPN-SAL iFC alterations are also dynamic in nature.

4.4. Limitations

The studies included in this thesis have several limitations. Regarding the first study, we
restricted the meta-analysis to whole-brain seed-based rs-fMRI studies. Specifically, we
excluded independent component analyses, graph theory analyses, regional homogeneity,
or Granger causality. Based on such exclusions, we restricted our search to hypothesis-
driven approaches (i.e., seed-based analyses), which might have resulted in a more
prominent depiction of CSTC circuits’ alterations. Next, the meta-analysis focused on seed
regions (i.e., regions of interest yielded by previous studies or models of OCD
psychopathology) and related networks. Based on common models of psychopathology,
some seed regions were used more often than others, which might have led to an
overrepresentation of some networks. For example, the largest number of included studies
contained seeds in the fronto-striatal system. We attempted to control for these issues with
jackknife analyses, however we cannot completely exclude a bias of overrepresentation.

Finally, the meta-analysis was limited to rs-fMRI data, and did not, one the one hand,
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account for structural alterations — which are also common in OCD (Rus et al., 2017) - or
attempt to converge structural and functional alterations.

Regarding the second study, the ICA identified 20 independent components. However, a
higher number of components (i.e., 75 ICs) generates more detailed networks, reflecting
subcomponents (i.e., anterior, posterior, superior and ventral parts of the networks), which
might be used to identify more fine-grained connectivity patters. However, we only focused
here on three networks of interest (DMN, SAL and FPN) for which a predefined component
number of 20 was sufficient. Regarding the time window analysis, time dependent analysis
of resting-state fMRI is susceptible to noise. We employed rigid preprocessing steps and a
relatively larger size of window (with 81s duration) to minimize such effects. Lastly, we
used a heterogeneous sample of patients in our study, which might mask some of the specific
connectivity patterns seen in subgroups. In more detail, several factors can have an effect
on iFC ranging from symptom profile (Jhung et al., 2014), illness duration (Ping et al., 2013)
to medication status (Beucke et al., 2013). To tackle this last issue, we split the patient group
into two subgroups based on medication and compared them. We found no evidence of
different alteration patterns of iFC between the two groups, suggesting FPN alterations as a

robust marker for OCD.

4.5. Outlook and Concluding Remarks

To sum up, this thesis investigated functional connectivity alterations in OCD with two
separate studies. In the first study, we identified consistently altered functional connectivity
in several regions with a network analysis, by investigating 18 studies that involved a large
number of patients and healthy controls. In the second study, we employed a data-driven
approach without a priori hypotheses in our own sample. Taken together, these studies’

findings provide support for the classical neurobiological model of OCD, namely they point
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towards alterations along the CSTC circuits, and demonstrate that the triple network model
of psychopathology also applies to OCD.

Collectively, the results of both studies indicate the FPN as the main locus of alteration in
OCD. Remarkably, as demonstrated through different analyses with different samples, FPN
alterations seem to be very robust, regardless of the analysis method, sample or
heterogeneity of the disorder.

In order to understand the importance of FPN regions in OCD, it is crucial to evaluate its
functional implications. The FPN is involved in a variety of executive functions, but
crucially, it has a role in cognitive flexibility such as set shifting and response inhibition.
Response inhibition can be measured by simple Go/No-Go or stop-signal tasks in which the
participant needs to withhold a response intermittently. Inhibitory impairments have been
reported in OCD by many studies (Aycicegi et al., 2003; Bannon et al., 2002; Rosenberg et
al., 1997) and even more importantly, these impairments were associated with structural
changes in frontal and parietal regions (Menzies et al., 2007). Impairments in set shifting
have been also commonly reported (Hymas et al., 1991; Okasha et al., 2000). Together,
these results indicate a rigid cognitive pattern — i.e., lack of flexibility — in OCD patients,
reflecting an impairment in basic cognitive functioning. Furthermore, this thesis
demonstrates alterations not only within FPN but also between FPN and various regions
including subcortical areas such as striatum and thalamus. Speculatively, due to such altered
connectivity patterns between the FPN and several other ‘relay’ structures in the brain, such
basic functional impairment in executive functioning could spread to several other
functional areas, leading to a very heterogeneous clinical tableau, as seen in OCD patients.
Regarding OCD heterogeneity, several studies report that a large variety of symptoms often
start in childhood or adolescence (Nestadt et al., 2000; Ruscio et al., 2010). The field could
benefit from research approaches using longitudinal studies in order to investigate how

brain changes occur in different stages of the disorder, and whether different symptom
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profiles can be identified. It is known from some fMRI studies on OCD patients, for instance
during a symptom provocation task in which the patients are presented with stimuli that
target their symptoms subtypes, that specific activations can be identified in different
regions for distinct subgroups (Mataix-Cols et al., 2004). Future research is needed to
identify whether symptom specific neural mechanisms exist in OCD and whether treatments
can be developed that target specific regions corresponding to distinct symptom dimensions.
This complicated and heterogenous disorder should be further investigated by integrating
findings from brain structure, function, as well as genetics and cellular alterations.
Technological improvements now allow scientists to employ multimodal imaging for
example using a hybrid PET/MR scanner. Such a technique allows observations not only
for brain structure and function but also for neuromodulatory systems, which have been

shown to be involved in OCD pathophysiology.
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