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Summary

Summary

A number of neuropsychological studies have evaluated the conspicuous features of obsessive-
compulsive disorder (OCD), a heavily impairing psychiatric illness. While the neuropsycho-
logical model seems to be well understood and therefore the diagnose well established, the
therapy effects are rather short term and go along with high relapse rates. This is probably the
consequence of the still undetected disorder causes and therefore therapy is mainly symptom
alleviation treatment, with only rarely lasting long term effects.

Advances in research tools such as brain imaging have enabled the exploration of the core-
driving organ in which OCD related processes take place, namely the brain. Against the
background of findings from various OCD neuroimaging studies, a neurobiological model of the
disorder has evolved including disturbances in cortico-striato-thalamo-cortical (CSTC) areas
and their functional circuits. Nevertheless, as there is a high inconsistency between study
results and the analysis tools for brain imaging data are advancing fast, more recent studies
reinforced the need for a revision of the OCD model by including additional areas.

Thus, the integration of multiple variables from neuro-psychology, -biology as well as genetics
and basic research, shifted the research approach from a region-focused thinking to concepts of
network disruption in OCD.

To disentangle the recent inconsistent neuroimaging findings, the aim of the current thesis was
to investigate the neural patterns of brain function (e.g. activation, connectivity) and structure
(e.g. measures of gray and white matter GM/WM), their associations with each other and
their link to clinical characteristics such as symptom severity and duration of illness.

The aim was accomplished in form of three recently published studies, in which we compared a
large sample of OCD patients with age-, and gender- matched healthy controls. We examined
brain function and structure using a 3T MRI, the functional images were acquired during
OCD-sensitive tasks.

Overall, in the three studies, we provided evidence for an overactive circuit during symptom
provocation associated with structural impairments of underlying WM tracts. Moreover, we
observed a globally decreased GM in patients in various properties of the cortical mantle, one
of which has been associated with early brain development.

Our results are partly in agreement with previous studies, but bring also additional evidence
on interconnections between several neuronal measures. They as well suggest that in order
to elucidate the neurobiological substrates of OCD, research questions need to be addressed
on the network level rather than on regional dysfunctions. Furthermore, these findings should
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encourage future studies to replicate and validate existing results, ideally in the form of meta-
analyses or multi-center studies. Valid and reliable information about the interrelations of all
measurable properties of the brain, but also their links to OCD onset and progression, will
help in furthering our understanding about the neural mechanism of the disorder, but also in
the clinical conceptualisation and categorisation. Moreover, this would enable future studies
to investigate whether there is a trait-like neurobiological pattern common to all patients, or if
the various symptom spectra are characterized by unique and partly distinct neural patterns.
Answers to these questions might improve treatment and clinical handling of OCD, potentially
leading to more individualized therapeutic interventions. These could also be of relevance for
OCD drug-treatment research in detecting more specialized medication, with less side effects
and fewer relapse rates, to be used as an additional supportive factor in therapy.
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Zusammenfassung

Zusammenfassung

Zwangsstörung ist eine stark einschränkende psychiatrische Erkrankung und dessen Auffällig-
keiten wurden bereits in einer Reihe von neuropsychologischen Studien untersucht. Obwohl das
neuropsychologische Modell der Erkrankung gut verstanden zu sein scheint und durch genaue
Diagnosekriterien definiert ist, beinhaltet die Therapie nur eine Symptombehandlung mit eher
kurzweiligen Effekten und hohen Rückfallraten. Möglicherweise ist das auch die Folge von den
noch nicht erkannten Erkrankungs - ursachen bzw. - auslösern.

Die technologischen Fortschritte im Bereich der Bildgebungsverfahren, haben es ermöglicht, das
steuernde Organ zu untersuchen in dem die meisten zwangsbezogenen Prozesse ablaufen, näm-
lich das Gehirn. Somit ist aus den Erkenntnissen von verschiedenen Hirnbildgebungsstudien, ein
neurobiologisches Modell der Zwangserkrankung entstanden. Dessen Mittelpunkt beinhaltet die
kortiko-striato-thalamo-kortikalen Regionen und assoziierte Regelkreise. Dennoch besteht eine
große Inkonsistenz zwischen den existierenden Studien, bezüglich der angewandten Methodik
und den daraus entstehenden Ergebnissen. Aufgrund neuerer Analyseverfahren von Gehirn-
daten, haben weitere Studien die Notwendigkeit der Überarbeitung und Aktualisierung des ak-
tuellen neurobiologischen Modells der Zwangsstörung angedeutet, in dem sie die Einschließung
zusätzlicher Gehirnregionen in das bestehende Modell fordern. Durch die immer häufigere Ein-
bindung von verschiedensten Faktoren (z.B. Neuro - psychologie und - biologie, Genetik und
Erkenntnissen aus der Tier- und Zellforschung) hat sich die aktuelle Gehirnforschungsansicht
von einer Regionen-basierten zu einer eher Netzwerk-basierten geändert.

In Anbetracht der bestehenden, teilweise widersprüchlichen Erkenntnisse aus der Bildgebungs-
forschung der Zwangsstörung, ist das Ziel der vorliegenden Arbeit die Gehirnfunktion (z.B.
Gehirn Aktivität und Konnektivität d.h. funktionelle und strukturelle Vernetzung von Gehirn-
regionen), der Gehirnstruktur (z.B. Maße von grauer und weißer Substanz), als auch deren
Wechselbeziehungen und deren Zusammenhänge zu klinischen Aspekten, wie z.B. Zwangssymp-
tomatik und Erkrankungsdauer zu untersuchen. Dieses Ziel wurde erfüllt und umgesetzt in
drei kürzlich publizierten wissenschaftlichen Studien, in denen wir eine große Stichprobe von
Zwangspatienten mit einer alters- und geschlechts - entsprechenden Stichprobe von gesunden
Probanden, hinsichtlich Gehirndaten verglichen haben. Die Gehirndaten wurden mittels eines
3T Magnetresonanztomographen erhoben. Dabei wurde die Gehirnfunktion und - Struktur
während Ruhe und Zwangsstörungs - spezifischen Aufgaben erfasst und ausgewertet.

Zusammenfassend bringen diese drei Studien Nachweise für einen überaktiven Regelkreis während
der Symptomprovokation bei Zwangspatienten. Dieser überaktive Regelkreis steht im Zusam-
menhang mit strukturellen Beeinträchtigungen der Fasern der weißen Substanz. Darüber hin-
aus, haben wir eine allgemein verringerte graue Substanz in verschiedenen Maßen des Kortex
festgestellt. In der dritten Studie haben wir eine verringerte Gyrifizierung in Patienten ge-
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funden. Dieses Maß wurde auch häufig im Zusammenhang mit den früh in der Entwicklung
stattfindenen Gehirnentwicklungsprozessen gebracht.

Unsere Ergebnisse entsprechen nicht nur insgesamt den Erkenntnissen aus früheren Studien,
sondern bringen auch neue Hinweise auf zusätzliche, bisher fehlende Zusammenhänge zwis-
chen den verschiedenen neuronalen Maßen zu Tage. Weiterhin deuten die daraus gezoge-
nen Erkenntnisse darauf hin, dass es nötig ist eher Netzwerk-bezogene Fragen, als fokussierte
Regionen-bezogen Fragen zu beantworten, um die neurobiologischen Pfade der Zwangserkran-
kung zu entziffern.

Unter Betrachtung der diskutierten methodologischen und klinischen Beschränkungen, könnten
zukünftige Studien die Gültigkeit und Zuverlässigkeit der dargestellten Ergebnisse überprüfen,
z.B. in Form von Megaanalysen und multizentrische Studien. Valide und reliable Informatio-
nen über die Wechselbeziehungen der unterschiedlichen Gehirnmaße, aber auch deren Zusam-
menhänge zu Krankheitsbeginn und Verlauf, könnten nicht nur bei der Feststellung der neu-
ronalen Erkrankungsmechanismen helfen, sondern auch in deren klinischen Konzeptualisierung
und Kategorisierung. Darüber hinaus, könnten die hier dargestellten Ergebnisse zukünftigen
Studien ermöglichen, besser unterscheiden zu können ob es ein allgemeines Zwangsstörungs-
muster im Gehirn gibt was durch ein beeinträchtigtes Impuls- bsw. Angst - gesteuertes System
begünstigt wird, oder ob es eher unterschiedliche Symptomkategorien gibt die sich in teilweise
überlappende, teilweise unterschiedlichen Gehirnmustern wiederspiegeln. Zudem könnten die
Beantwortungen all dieser Fragen zur Verbesserung der Behandlung und des klinischen Um-
gangs mit der Zwangsstörung beitragen. Das könnte auch von Bedeutung für die medikamen-
töse Behandlung der Zwangsstörung sein, vor allem bei der Entwicklung und Identifizierung
von individualisierter Medikation, mit weniger Nebeneffekten und niedrigeren Rückfallquoten.
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Rezumat

Rezumat

Un număr relativ mare de studii neuropsihologice au evaluat caracteristicile marcante ale tul-
burării obsesiv-compulsive (TOC), o boală psihică cu un impact restrictiv asupra calităt, ii de
viat,ă a pacient, ilor. În timp ce modelul neuropsihologic al acestei boli, este bine int,eles s, i prin
urmare criteriile diagnostice bine definite, efectele terapeutice sunt mai degrabă de scurtă du-
rată si deseori însot, ite de rate de recidivă crescute. In plus, cauzele încă neclare ale acestei boli
psihice, constituie si motivul pentru care terapia curentă a acestei boli implică printre altele,
un tratament al simptomelor s, i nu al cauzelor.

Progresul tehnologic făcut în dezvoltarea diverselor tehnici de neuroimagistică, a permis o
analizare mai precisă a funct, iilor s, i structurii organului cheie, în care au loc majoritatea pro-
ceselor asociate cu TOC, s, i anume a creierului. Prin urmare, rezultatele studiilor TOC din
domeniul neuroimagisticii au ajutat la elaborarea unui model neurobiologic al bolii, care in-
clude regiunile cortico-striato-talamo-corticale s, i circuitele funct, ionale ale acestora. Cu toate
acestea, există numeroase inconsistent,e între studii. Însă prin dezvoltărea unor metode mai noi
de analiză a datelor din neuroimagistica, s-a subliniat important,a revizuirii acestui model neu-
robiologic, prin adăugarea unor regiuni adit, ionale. De asemenea, prin integrarea altor factori de
influent,ă din domeniul neuropsihologic, neurobiologic, genetic s, i ale rezultatelor din cercetarea
de bază (d.e. al celulelor, animalelor), atent, ia cercetării neuroimagiste s-a schimbat de la o
gândire fixată pe variat, ii neuronale ale anumitor regiuni anatomice spre o gândire associată
variat, iilor neuronale intr-un întreg sistem interconectat, de tipul unei ret,ele.

Pentru a clarifica într-o oarecare măsură aceste inconsistent,e cu privire la actualele rezultate
neuroimagiste ale bolii TOC, scopul acestei lucrări este de a evalua s, i analiza probele neuronale
rezultate din funct, iunea creierului (d.e. activitatea s, i conectivitatea) dar s, i structura creierului
(d.e. măsuri ale substant,ei cenus, ii s, i a celei albe, SC/SA), a asociat, iilor dintre acestea s, i a
legăturii cu caracteristicile clinice ale pacient, ilor, d.e., severitatea simptomelor s, i durata boli.

Acest obiectiv a fost atins cu ajutorul a trei studii s,tiint, ifice publicate recent, în care am
comparat un număr mare de pacient, i cu TOC cu subiect, i sănătos, i asemănători în privint,a
vârstei s, i sexului. In acest fel au fost analizate funct, ia s, i structura creierului cu ajutorul unui
RMN functional, cu o putere magnetica de 3T. Achizit, ionarea datelor a avut loc în timpul unor
stări de relaxare s, i de asemenea în timpul expunerii la stimuli senzitivi TOC.

În ansamblu, prin cele trei studii aducem evident,e pentru un circuit hiper-activ, indicat prin
hiper-conectivitatea unor regiuni anatomice ale pacient, iilor cu TOC în timpul expunerii la
stimuli specifici, care pot provoca simptomele tipice. Aceasta hiper-connectivitate funct, ională
a fost de asemenea associată cu alterări ale SA mai specific ale fibrelor axonale implicate în
acest circuit. Totodată, datele au arătat o alterat, ie semnificativa a SC la nivel global în diferite
măsuri ale cortexului cerebral, dintre care una a fost asociată frecvent în alte studii cu alterări
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în perioade timpurii ale dezvoltării creierului.

Aceste rezultate sunt în concordant,ă cu studii anterioare, însă într-un mod remarcabil ele aduc
dovezi adit, ionale pentru interconexiunea dintre diferitele măsuri neuronale. În plus, rezultatele
prezentate în această lucrare indică faptul, că pentru a putea elucida posibilele amprente neu-
robiologice ale TOC, întrebările care necesită a fi adresate pe viitor, ar trebui sa fie legate
de circuite neuronale, s, i nu ca s, i până acum, legate de alterat, iile unor regiuni specifice ale
creierului. Luând în calcul limitările discutate în studiile publicate, referitoare la metodologie
s, i caracteristicile subiect, ilor partcipant, i, studiile viitoare sunt încurajate sa reproducă s, i să
valideze rezultatele prezentate, în forma unor mega-analize, în studii multi-centrice care au mai
multa putere statistică s, i cu caracter mai reprezentativ. Prin urmare, informat, ia câs,tigată din
aceste tipuri de studii, legate de interdependent,ele dintre aceste diferite măsuri ale activităt, ii
s, i structurii neuronale, cât s, i ale legăturilor cu declans,area s, i progresia bolii, ar putea ajuta în
detectarea mecanismelor neuronale ale bolii, dar s, i în conceptualizarea s, i categorizarea clinică
a acesteia. Totodată, aceste informat, ii ar putea facilita studiile viitoare în investigat, iile încă
fără concluzii generalizabile cu referire la urmatoarea problematică: 1) dacă TOC este o boală
caracterizată printr-o configurat, ie neuronala generalizabilă pentru toate categoriile de pacient, i
de acest tip s, i declans,ată de tulburări ale sistemului impulsiv s, i anxios sau dacă 2) diferitele
categorii simptomatice întâlnite în TOC sunt mai degraba caracterizate prin configurări neu-
ronale unice s, i caracteristice pentru fiecare categorie în parte (cele mai frecvente fiind d.e., frica
de contaminare, obsesii de verificare).

Răspunsurile la aceste întrebări ar putea îmbunătăt, ii s, i consolida tratamentul s, i tratarea clinică
a pacient, ilor care suferă de această boală, adit, ional ele ar putea contribui la dezvoltarea unor
intervent, ii terapeutice individualizate pe nevoile s, i caracteristicile fiecărui pacient. Mai mult,
rezultatele din aceste studii ar putea fi relevante s, i pentru cercetarea tratamentului farmaceutic
pentru tratarea TOC, în special în detectarea unei medicat, ii specializate, cu efecte secundare
reduse s, i rate de recidivă scăzute, putând astfel sa fie utilizate mai eficient ca factori de sprijin
in terapie.
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Thesis Outline

Thesis Outline

This thesis contains three major parts which aim to give a detailed overview across the research
topic of OCD and functional and structural neural correlates of this disorder, thus providing
valuable insights into exciting recently published research findings.

The first part is divided into six chapters and aims at introducing the reader to the clinical
characteristics of the disorder, as well to its neuropsychological and neurobiological research
findings. Additionally, this part provides brief descriptions of the various analysis methods
and further describes the recent neurobiological disorder model. It concludes with the main
objectives of the thesis.

The second part contains three research studies that bring insight into structural as well as
functional neural correlates of OCD and their associations. In the first study, we evaluate the
link between functional and structural neural connectivity in the context of symptom provo-
cation. In the second study, we analyze the structural changes of various cortical gray matter
measures in OCD. In the third study, we investigate cortical folding alterations in OCD patients,
as a strong indicator for early brain development. All three studies are already published in
peer-reviewed journals and are included in the thesis in the format they were published in the
specific journals.

The third and last part of this thesis aims to integrate the separate results of the three studies
into an overall picture of OCD. In this part, the three main highlights that stand out from
the common viewpoint of all three studies, are presented and their contribution to the neu-
robiological disorder model is discussed. Furthermore, the results and their interrelations are
discussed in light of the existing literature. This final part of the thesis ends with describing
the achievements, limitations and potential future work that is needed and finishes with some
concluding remarks.
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Motivation

Obsessive-compulsive disorder (OCD) is a psychiatric illness with a relatively high prevalence
rate (2-3%) compared to other related disorders (Ruscio, Stein, Chiu, & Kessler, 2010). OCD
can cause strong negative affects and significant impairment in the quality of daily life. This,
in turn, is often followed by a lack of social interactions leading to comorbid disorders such as
depression and anxiety (Torres et al., 2006).

Treatment options for OCD exist and have been proven to result in improvement of symptom
severity. However, complete remission (i.e., 100% symptom reduction) is rare, and if it occurs,
relapse or reoccurrence is very frequent. This rather negative prognosis after therapy speaks
in favor of the fact that little is known about the causes of OCD. Hence, current therapies
have been working on symptom reduction, but did unfortunately not contribute in detecting
the causes or the mechanistic processes of the disorder.

Up to now the disorder is well understood in terms of symptom manifestation. Hence, a well-
described cognitive-behavioral model exists, which is based on the visible symptoms and their
presumed triggering factors. However, little is known about the exact pathophysiology, in terms
of biological mechanistic processes underlying these symptoms. Biological models of neuronal
processes in OCD have been proposed, but, so far, research has brought heterogeneous results,
which have slowed down the research progress in OCD. A potential reason for the existing result
inconsistencies might be that surprisingly little work has been done in terms of integrative
studies. More specifically, there is a lack of multimodal studies that bring together findings
from various perspectives, such as brain function, structure and circuitry. Having this type of
studies could facilitate the achievement of a better picture about the various assays contributing
to the mechanistic processes of OCD.

By integrating findings from the three recently published multimodal studies, this thesis aims
to broaden the understanding of the potential neurobiological alterations in this disorder. To
do so, we applied recent analysis techniques of brain structure and function (study 1, 2 and 3 -
Chapter 7 to Chapter 9) and combined some of them in an innovative fashion (study 1 - Chap-
ter 7). The results from these studies support the revision of the recent OCD neurobiological
model.
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1. Clinical Characteristics of OCD

1.1. Symptoms

OCD is characterized by the experience of obsessions, which could be unwanted, intrusive
thoughts about certain themes (e.g. contamination, fear of causing harm to oneself or others),
but also taboo topics (e.g. blasphemy, sex, violence) and which are normally incongruent
with the person’s general self-concept and principles. The intrusiveness of obsessions can be
very persistent, and the intention to resist them causes strong anxiety, followed by the fear
of disastrous consequences. To reduce this anxiety, patients usually perform compulsions (i.e.
repetitive, impulsive and ritualistic behaviours). The active behavioural performance of these
compulsive acts (e.g. washing, cleaning, checking, reassuring) can lead to a temporary reduction
of anxiety and is therefore normally experienced as relieving. The motivation of performing
these compulsions can also be triggered by the need to resist the intrusive obsessions.

Compulsions, are not obligatory only behavioural actions, they can be also performed mentally,
such as avoiding or distracting oneself which still have the scope to prevent or resist to the
obsessional thought or react to it (Foa et al., 1995). It is worth noting that these compulsions
are not necessarily visible in a physical way (i.e. hand washing can still be present in the form
of avoiding thoughts). Compulsions are excessive in relation to the trigger that caused them.
They can be excessively time-consuming, as patients feel the urge to perform them repeatedly
according to strict rules. Unfortunately, due to positive reinforcement of these compulsions
through short term relief, this vicious cycle is always self-sustained (Figure 1.1, left upper
box). This vicious cycle together with the further introduced research on OCD is descriptively
depicted in Figure 1.1.

The result is in most cases an endless loop of escalating obsessions and subsequent compulsions
to neutralize the reoccurring anxiety (Abramowitz & Jacoby, 2014). Interestingly, clinical
observations and studies have shown that most patients acknowledge that their obsessions are
irrational and overweighed and that the compulsions are unnecessary, yet this insight can vary
(Abramowitz, 2006a; Foa et al., 1995). Moreover, since the last update of the Diagnostic and
Statistical Manual of Mental Disorders (DSM-5) (APA, 2013) the disorder insight is no longer
an obligatory diagnostic criterion for OCD and the insight range can be evaluated. In previous
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Figure 1.1.: An overview about the factors (clinical, neuropsychological, brain function and brain
structure) discussed in part 1 which influenced the development of the OCD model.
Upper left-yellow oval presents the cognitive-behavioural model of OCD evolved from the clinical
perspective.
Upper right-orange oval some of the impairments that OCD patients have, that evolve from neuropsy-
chological findings discussed in Introduction, Chapter 2.
Lower right-green oval some of the brain regions which were shown to have altered functional ac-
tivation or connectivity in OCD, resulted mostly from functional neuroimaging studies discussed in
Introduction, Section 3.1 and Section 3.2.
Lower left-blue oval indicators for brain structural alterations evolved from the structural neuroimaging
studies discussed in Introduction, Section 3.3.
Arrow up/down - represents increased/decreased structural alterations, as these results are inconsistent
in the recent literature.

DSM versions, OCD was classified as an anxiety disorder. Since 2013, however, it belongs to a
new category of mental disorders, namely, obsessive-compulsive and related disorders (OCDR).
Obsessions or compulsions can occur combined or isolated, and there is a vast range of possible
combinations regarding the exact theme of these symptoms. There have been several attempts
to cluster or categorize these symptoms (Bloch, Landeros-Weisenberger, Rosario, Pittenger, &
Leckman, 2008; Mataix-Cols, Rosario-Campos, & Leckman, 2005; McKay et al., 2004). Overall
the symptom dimensions can be summarized into four main categories: 1) obsessions about
responsibility of causing harm; 2) symmetry obsessions; 3) contamination obsessions; 4) taboo
subject obsessions (e.g. sex, violence, religion). These obsession categories are encountered in
most of the patients and some of them can be accompanied by checking compulsions, though
this is not compulsory.

6 Part I: Introduction
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1.2. Aetiology

The causes of OCD are still unknown, but several indicators for high family load or shared
environment seem to represent some of the high-risk factors. Accordingly, Nestadt et al. (2001)
reported that about 16.3 % of first-degree relatives also suffer from OCD. This family overload
indicates that certain genetic factors might play a role. The risk is even higher when there is
a relative with an early-onset OCD (Pauls, 2010). Family, twin and gene association studies
can give more insight into the extent to which the disorder expression can be explained by
environmental or genetic factors. From these studies we know that in OCD 27-47 % of the
variance can be explained by heritability factors, whereas the remaining variance is explained by
environmental factors such as psychosocial stressors, trauma or - in rare cases - perinatal events
and inflammatory processes (van Grootheest, Cath, Beekman, & Boomsma, 2007). However, in
children with OCD the variance explained by heritable factors is higher (i.e. 45-65%) than that
encountered in adults (van Grootheest, Cath, Beekman, & Boomsma, 2005). A recent meta-
analysis takes the view that, in general, genetic factors are important for the manifestation of
OCD behaviours. Their findings, however, support the assumption that non-genetic and non-
shared environmental factors have a considerable influence on the manifestation of the disorder
pointing towards epigenetically mediated mechanisms (Taylor, 2011).

Overall, genes seem to play a mild to moderate role in OCD. They most probably increase the
vulnerability/risk for the disorder rather than being responsible for its manifestation. Hence,
environmental factors seem to contribute to a higher degree to disorder manifestation than
genes.

1.3. Treatment

The recommended and most effective treatments for OCD are cognitive behavioural therapy
(CBT), pharmacotherapy or a combination of both (Bandelow et al., 2008; Koran et al., 2007).
The most adequate type of psychotherapy is CBT, with particular emphasis on exposure (to
feared situations, objects or thoughts) and response prevention (ERP) (Franklin, Abramowitz,
Kozak, Levitt, & Foa, 2000). This specific type of CBT is based on the following milestones:
first, detection of feared objects, situations or thoughts that trigger anxiety; second, exposure
to these triggering factors and inhibition of compulsions and third, habituation to experienced
anxiety, which after several repeating sessions is expected to significantly drop in intensity.
Studies show an immediate and long-term effect of about 60-70% symptom reduction after
CBT with ERP. However, during therapy about one quarter of patients can drop out due to
strongly experienced anxiety (Abramowitz, 2006b).

There are several studies showing anomalies in different neurotransmitter systems to be as-
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sociated with OCD (Abramowitz, Taylor, & McKay, 2009). For example, a postsynaptic hy-
persensitivity of serotonin receptors has been associated with OCD (Barr, Goodman, & Price,
1993; Baumgarten & Grozdanovic, 1998). However, more recent studies emphasized that not
only the serotonergic neurotransmitter system is associated with OCD. Hence, disruptions in
the dopamine (Perani et al., 2008; Zohar, Chopra, Sasson, Amiaz, & Amital, 2000), but also
in the glutamatergic system have been proposed (Kariuki-Nyuthe, Gomez-Mancilla, & Stein,
2014). In accordance with these previous findings, a recent meta-analysis pointed towards ab-
normalities in genes involved in serotonin, dopamine or glutamate pathways. They concluded
that all three neurotransmitter systems interact and affect to a certain degree the functioning
of the CSTC circuit in OCD (Taylor, 2013). Nevertheless, the most recommended pharma-
cological treatments in OCD which targets some of the mentioned neurotransmitter systems
involve Selective Serotonin Reuptake Inhibitors (SSRI e.g. clomipramine paroxetine, fluoxetine,
fluvoxamine, sertraline) (Dougherty, Rauch, & Jenike, 2004; Pittenger & Bloch, 2014). For non-
responders, adding antipsychotics to the regular treatment (e.g. risperidone and haloperidol)
seem to have an additive effect (Bloch et al., 2006).

Another effective drug originally used to treat tuberculosis and known to facilitate fear extinc-
tion without significant side effects, is D-cycloserine. It has been used for several other anxiety
disorders (Otto et al., 2016) as well. In OCD, the few existing studies evaluating its effect
(Mataix-Cols et al., 2017; Storch et al., 2016) have shown that it can accelerate the effects
of exposure and response prevention and reduces the symptoms rapidly. These preliminary
studies suggest that this drug should be used at the beginning of therapy because it can inter-
act with other medication, such as antidepressants, and weaken their effect (Andersson et al.,
2015). Overall, treatment studies in OCD have shown that medication is relatively effective,
i.e. in 50-60% of the patients it goes along with 20-40% symptom reduction (Abramowitz &
Jacoby, 2014). However, the sole use of medication has a rather temporary effect with high
relapse rates (24-89%) and residual symptoms (Greenberg et al., 1998). Thus, several ther-
apy studies in OCD (Eddy, Dutra, Bradley, & Westen, 2004; Foa et al., 2005) attribute the
combined pharmaco-cognitive-behavioural-therapy, which has the best therapy effect with the
lowest relapse rate (only about 12%). This combined therapy is as well the recent recommended
treatment for OCD with best therapy outcomes (Koran et al., 2007).

For treatment resistant OCD, the following methods have shown promising results: neuro-
surgery (i.e. interrupting certain circuits), ablative surgical procedures (i.e. cingulotomy)
(Dougherty et al., 2002), deep brain stimulation (i.e. implanting electrodes that continuously
apply current to a specific brain region)(Alonso et al., 2015), or noninvasive transcranial mag-
netic stimulation (TMS) (Sachdev, Loo, Mitchell, McFarquhar, & Malhi, 2007; Trevizol et al.,
2016). The ventral striatum, sub-thalamic nucleus, nucleus accumbens and anterior limb of
the internal capsule have been often targets for these types of interventions. All these partly-
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invasive techniques have the same goal, which is to interrupt certain imbalances in the neural
circuit. However, the decision to use this type of therapy should be weighted properly, given
the well-known risk of a surgical intervention.
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2. Neuropsychological Markers in OCD

Neurocognitive studies in OCD have reported that patients as well as their first-degree relatives
show lower performance in tasks that evaluate executive functions which are necessary for the
control of behaviour (Abramovitch, Abramowitz, & Mittelman, 2013). Executive functions
can be tested by established and specialized psychological tests such as go-/no-go tasks, stop
signal tasks, reaction time or Stroop tasks (for cognitive or motor inhibition), the Tower of
London (for executive planning), probabilistic learning and reversal tasks (for set shifting)
or the Iowa gambling task (for decision making). Studies assessing executive functions have
found that OCD patients seem to have difficulties in tasks that especially require decision
making (Sachdev & Malhi, 2005) or decision making based on reward (Cavedini, Zorzi, Piccinni,
Cavallini, & Bellodi, 2010; Okasha et al., 2000), motor or cognitive response inhibition (Bannon,
Gonsalvez, Croft, & Boyce, 2002; Chamberlain, Blackwell, Fineberg, Robbins, & Sahakian,
2005; Penades et al., 2007) and planning or task switching (Chamberlain, Fineberg, Blackwell,
Robbins, & Sahakian, 2006; Watkins et al., 2005). Impairments in general cognitive flexibility
and response inhibition have often been reported in patients with OCD (Gruner & Pittenger,
2017), potentially explaining the repetitive feature of their symptoms and their difficulties in
inhibiting these repetitive actions.

Some studies have provided evidence that an improvement of these cognitive impairments goes
along with symptom reduction (Buhlmann et al., 2006; Cavedini et al., 2002). Interestingly,
other studies have documented similar cognitive impairments in first-degree relatives of OCD
patients (Chamberlain et al., 2007; Delorme et al., 2007). These findings speak in favour of the
hypothesis that these impairments in executive functions might constitute an endophenotypic
marker of the disorder (Chamberlain et al., 2005). Reviews such as the one by Menzies et al.
(2008) but also more recent ones such as a review by Nakao, Okada, and Kanba (2014), present
an overview of these neuropsychological findings in OCD and discuss their integration into the
OCD model.
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3. Neurobiological Markers in OCD

From a clinical point of view, OCD is a psychiatric disorder. However, pioneer studies using
neuroimaging techniques have provided evidence for an aberrant brain function compared to
healthy individuals. Hence, the term “neuropsychiatric disorder“ may be most adequate (Baxter
et al., 1987; Fitzgerald, Moore, Paulson, Stewart, & Rosenberg, 2000; Lucey et al., 1995).
These pioneering studies in OCD used methods such as positron emission tomography (PET),
single photon emission computed tomography (SPECT), and magnetic resonance spectroscopy
(MRS). Such methods allow the indirect assessment of brain activity in different brain areas
at rest or during neutral states. More specifically, PET is a sensitive indicator of cerebral
metabolic rate, by measuring glucose consumption in a particular time frame; SPECT measures
the regional cerebral blood flow with an increased blood flow being an indicator of neuronal
activity; and MRS measures the concentration of brain metabolites in brain tissue. A narrative
review of these studies (Saxena & Rauch, 2000) suggested that in OCD the orbitofrontal cortex,
the caudate nucleus and the thalamus show aberrant neural activity in form of either increase
in glucose metabolism or increased or decreased blood flow compared to healthy individuals. A
quantitative review of PET and SPECT studies - i.e. a meta-analysis, which has the advantage
of providing more standardized and objectively aggregated results - has suggested that only
orbital areas and the head of the caudate nucleus have been consistently reported to show
alterations compared to healthy controls (Whiteside, Port, & Abramowitz, 2004). Although
MRS studies in OCD patients have brought additional evidence of aberrant activity in the
striatum, methodological shortcomings at that time, such as restricted measurements to small
brain regions rather than the entire brain, have limited result interpretation.

3.1. Functional Activation Studies

With the advancement of imaging techniques, a newer method emerged - the method of func-
tional magnetic resonance imaging (fMRI). This method is less invasive (i.e. no radiotracers
have to be injected) and has an improved spatial and temporal resolution. fMRI is blood oxy-
genation level dependant (BOLD) and blood oxygenation is a strong indicator of regional brain
activation during certain states or tasks (Logothetis, Pauls, Augath, Trinath, & Oeltermann,
2001). Using fMRI, the functional activation of specific brain areas during specific tasks can be
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analyzed. In combination with (structural) magnetic resonance imaging - (s)MRI - information
about structural properties of the brain such as white or gray matter (e.g. volume, surface area
or thickness) can be gained.

OCD studies using neuropsychological tests during fMRI scanning have shown impaired ac-
tivation in certain brain regions of patients compared to healthy controls. Hence, this newer
technology has enabled the identification of regions responsible for certain processes and their
altered function in OCD. The so-called activation studies have revealed a general impairment in
form of decreased functional activation of the orbitofrontal cortex (OFC), mostly detected when
patients performed tasks that required decision making and cognitive flexibility. Activation in
ventrolateral (vlPFC) and dorsolateral (dlPFC) prefrontal cortex was altered while patients
were performing tasks that required set shifting or working memory. Anterior cingulate cortex
(ACC) activation alterations were detected in association with inhibitory control tasks, and
alterations in parietal cortex and striatum activation in association with executive planning
(Menzies et al., 2008).

Collectively, these imaging studies have shown aberrant functional activation in OCD patients
compared to healthy controls in various regions and networks. However, findings seem to be
inconsistent with respect to the direction of activation (i.e. increased activation vs. decreased
activation vs. no significant differences). Nevertheless, these neuroimaging findings complement
the impairments found on a behavioural level, and suggest the presence of neurobiological
markers in the OCD brain.

One efficient approach to increase our understanding of the neurobiological mechanisms un-
derlying OCD symptoms is the application of fMRI symptom provocation tasks. In symptom
provocation tasks patients are exposed to feared objects or negative affective OCD-related stim-
uli which have a high potential to trigger OCD symptoms. Symptom provocation during fMRI
scanning thus allows studying the neuronal processes underlying symptom expectation, initia-
tion or manifestation. OCD symptom provocation studies have used several types of stimulus
material, namely: general OCD related pictures (Breiter et al., 1996; Murayama et al., 2013;
Nakao et al., 2005), individually tailored picture material (Adler et al., 2000; Simon, Kaufmann,
Musch, Kischkel, & Kathmann, 2010; Simon, Kischkel, Spielberg, & Kathmann, 2012), symp-
tom specific picture material (Olatunji et al., 2014), stimuli with negative emotional valence,
i.e., emotional faces (Cannistraro et al., 2004; Via et al., 2014), or disgusting stimuli (Husted,
Shapira, & Goodman, 2006; Shapira et al., 2003). Most of these symptom provocation stud-
ies have provided evidence for aberrant functional activation in areas such as OFC, ACC and
dlPFC, which overlap with previous functional but also structural neuroimaging studies in
OCD. This overlap suggests a general, task-independent psychopathological relevance of these
areas for OCD. Additionally, the inferior frontal gyrus (IFG), insula, and parahippocampal
regions were also found to be associated with symptom provocation (Nakao et al., 2014). A
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meta-analysis by (Rotge et al., 2008) provided a quantitative estimation of the cerebral ac-
tivation patterns found in symptom provocation studies. The authors concluded that OFC
and ACC might be involved in the mediation of OCD symptoms, whereas regions located in
the dorsal fronto-parietal regions might be associated with the patients’ attempts to resist the
symptoms triggered by these types of tasks.

Interestingly, some of the symptom provocation studies underscore the relevance of additional
hyperactive limbic regions as hubs in the networks relevant for the manifestation of OCD
symptoms. In particular, increased amygdala activation during symptom provocation tasks has
been reported in several studies (Breiter & Rauch, 1996; Cannistraro et al., 2004; Olatunji et al.,
2014; Simon, Adler, Kaufmann, & Kathmann, 2014; Via et al., 2014). The amygdala is known
to be involved in emotional processing and anxiety. As anxiety is a core symptom in OCD, an
involvement of this structure in the pathogenesis of OCD appears plausible. However, other
studies have shown either a decrease in amygdala activation (Britton et al., 2010; Cannistraro
et al., 2004) or no alteration in amygdala activation (Rotge et al., 2008) during this type of
tasks, compared to healthy subjects. Although the exact role of limbic regions needs to be
further elucidated, their involvement in OCD during this kind of tasks should, nevertheless,
not be neglected.

In sum, functional activation studies bring evidence of aberrant neural activation in OCD,
which is also related to cognitive impairments. More specifically, on the one hand, impairments
in executive functions seem to be associated mainly with decreases in cortical activation. On
the other hand, experimentally triggered OCD symptoms seem to be rather related to increases
neural activation in partly overlapping cortical areas. Particularly, symptom provocation seems
to go along with a disturbed activation within the limbic system, but the exact magnitude of
direction and the characteristics of the triggers (i.e. OCD related stimuli or generally aversive
stimuli) need to be further evaluated.

3.2. Functional Connectivity Studies

The interest of neuroimaging studies has shifted from a “core region“ approach to a rather
“network based“ one. Recently, more OCD studies have focused on exploring the interaction
between specific brain regions. Consequently, functional connectivity studies are gaining in-
creasing importance. These studies evaluate the functional interaction between certain areas
by assessing the correlation of the BOLD time courses of these regions under specific states,
i.e., task or rest. These analyses can be performed on the whole brain level or between specific
regions of interest (ROI).
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3.2.1. Resting State Studies

Resting state fMRI (rs-fMRI) studies analyze the intrinsic interactions between certain regions
when the subject is not performing any specific task. These studies mostly focus on between-
region functional connectivity alterations, and measure the spontaneous low-frequency fluctu-
ations (<0.1 Hz) of the BOLD signal over time.

Rs-fMRI studies in OCD have found altered functional connectivity in a cortico-striatal net-
work in patients (Harrison et al., 2009). More specifically, increased resting state functional
connectivity between ventro-limbic and cortico-striatal regions including OFC, as well as de-
creased connectivity between caudate/putamen and prefrontal areas has repeatedly been re-
ported (Anticevic et al., 2014; Harrison et al., 2009). Further studies have shown that the
altered resting state connectivity in ventro-striatal and OFC regions seem to predict the overall
symptom severity in OCD (Harrison et al., 2013).

This intrinsically abnormal functional connectivity and the impairments in cognitive processing
have also been found to be associated in OCD patients (Vaghi et al., 2016). Moreover, the OFC
also seems to show increased connectivity with other OCD non-specific areas, such as the basal
ganglia, and there are indications that a use of medication may alleviate this hyper-connectivity
(Beucke et al., 2013). Some studies also support the hypothesis that the abnormality of resting
state functional connectivity is not limited to the cortico-striatal circuit, but that it also involves
disconnections from limbic areas (Hou et al., 2014).

In line with this assumption, Gottlich, Kramer, Kordon, Hohagen, and Zurowski (2014) and
Posner et al. (2014) found a decreased connectivity within the limbic areas as well as a limbic
disconnection to fronto-parietal regions, together with a hyper-connectivity within the atten-
tion/executive network. In a later work, the same group (Gottlich, Kramer, Kordon, Hohagen,
& Zurowski, 2015) could show that one of the two different sub-regions of the amygdala (i.e.
superficial and basolateral) and their respective networks are altered in OCD. These networks
are associated with risk anticipation and fear processing, respectively. The authors conclude
that these impairments might reflect a deficient fear circuit in OCD which could hinder fear
extinction as a main component of CBT.

Resting state studies evaluating larger scale networks in OCD have found alterations in the
so-called “default mode” network (Beucke et al., 2014). This network comprises regions whose
activity is highly correlated when the brain is in a wakeful rest state, i.e. not focused but day-
dreaming or mind-wandering (Greicius, Krasnow, Reiss, & Menon, 2003). These studies lead to
the assumption that a disruption in a network involved in internal processing could potentially
be mirrored in the behaviour of OCD patients who tend to show excessive rumination, to focus
strongly on their symptoms, and to question the potential causes or reasonableness.

Moreover, a meta-analysis of our group on resting-state connectivity studies revealed functional
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connectivity disturbances in mainly the salience network (associated with attention), fronto-
parietal network (associated with goal directed behaviour) and default-mode network in OCD
(Gürsel, Avram, Sorg, Brandl, & Koch, 2017), also named the “triple network model“. Knowing
that the salience network switches between default mode network and fronto-parietal network,
and that exactly this connectivity has been shown to be altered in patients in the previous
mentioned study suggests that OCD patients have problems of switching to relevant tasks and
are stuck in the rumination mode of obsessions and compulsions.

Collectively, these findings bring evidence that the baseline activity of the brain at rest is altered
and this is reflected in disturbances at a network level, specially between networks responsible
for attention, goal directed behaviour and interior reflection, rumination.

3.2.2. Task Related Studies

Although specific brain regions exhibit aberrant activation during tasks in OCD, an increasing
number of studies are now beginning to focus on the functional interactions of particular regions
in the form of network connectivity during specific tasks.

For example, Cardoner et al. (2011) showed that during an emotional face matching task,
not only the activation of some regions such as amygdala and dlPFC was enhanced but also
their connectivity during task, i.e., there was an enhanced connectivity between amygdala
and prefrontal, intraparietal as well as visual extra-striatal regions. The enhanced amygdala
activation was moreover associated with symptom severity.

Similarly, de Vries et al. (2014) have brought evidence for increased activation in fronto-parietal
regions and hyper-connectivity between amygdala and frontal regions in OCD patients during
the performance of a working memory task. Interestingly, a recent study by van Velzen et al.
(2015) investigated the connectivity and its directionality between different regions of interest
during a task that required inhibitory control. The results revealed altered connectivity be-
tween the inferior frontal gyrus and the amygdala during response inhibition in OCD patients.
A similar result was encountered in their unaffected siblings compared to healthy controls, al-
though to a lesser extent. Moreover, the information between these two regions during task was
found to flow top-down in OCD, whereas the opposite directionality was detected in controls,
with the amygdala having a bottom-up effect on the inferior frontal gyrus. On a first glance,
this result seemed contra intuitive, as previous studies assumed increased influence of limbic
regions over areas, such as prefrontal cortex in OCD. However, authors speculated that this
task potentially is more salient for patients so that the IFG needs to supress the increased
amygdala activation and not the other way around, working like a down regulator which keeps
the balance.

Jung et al. (2013) provided evidence for an altered functional connectivity in the cortico-
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striatal-limbic network during rest but also during a task (i.e. incentive processing) in OCD.
Especially, striatal-amygdala and striatal-OFC circuitries were affected. Similarly, Jhung et
al. (2014) also found altered connectivity of the cortico-striatal network involving OFC and
temporal areas in OCD during rest and task. However, they detected differential connectivity
in OCD patients with contamination fears, who showed aberrant connectivity between striatum
and limbic regions during rest or task. This aberrant connectivity was also associated with the
severity of contamination symptoms. Beucke et al. (2012) found an altered connectivity between
two major nodes that are typical neurosurgical OCD targets, i.e., ventral striatum and anterior
middle cingulate cortex. This altered cingulo-striatal coupling was associated with performance
in a task in which patients were anticipating potential punishment.

Taken together, the task functional connectivity studies in OCD indicate a dysfunction in a
network involving mainly cortico-striatal regions. Nevertheless, regions outside of this circuit
(e.g. limbic areas) were also reported to be altered in functional connectivity by some studies.
Interestingly, limbic circuit dysfunctions in OCD were mostly present in the context of emotional
or negative processing - a finding which fits well to the functional activation findings reported
earlier. Despite the evidence regarding limbic region activation during symptom provocation,
there is only one study evaluating the functional connectivity of limbic regions during emotional
processing (Jhung et al., 2014). Having more information regarding the interactions on a
network level during symptom provocation would help to elucidate the mechanistic processes
underlying the pathogenesis of OCD symptoms.

3.3. Structural Neuroimaging Studies

With the advent of high-resolution three-dimensional high contrast MRI, structural properties
of brain morphology can be measured. These properties involve thickness, volume, surface area
or cortical folding of gray matter (GM), or even white matter (WM) properties, such as integrity
or connectivity of main WM paths. Although there is a high variance of the methods used to
analyze these properties, there has been evidence for structural alterations in brain morphology
in both GM and WM in OCD. The affected regions mostly overlap with the previous reports
of functional neuroimaging studies (Eng, Sim, & Chen, 2015).

3.3.1. Gray Matter Alterations in OCD

When interpreting previous GM findings, it is important to be aware of the methodological
differences. Most studies have used voxel based morphometry (VBM) (Ashburner & Friston,
2000) to measure cortical GM differences in density, volume or thickness. However, more recent
studies have adopted surface based approaches (SBA), such as the one developed by Fischl,
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Sereno, and Dale (1999). This latter method was implemented in the FreeSurfer software to
obtain a more detailed profile of the cortical GM by assessing characteristics such as surface
area and gyrification (i.e. a measure of cortical folding).

VBM bases its computations on a voxel grid and performs a voxelwise comparison of the local
GM. From these computations the following three properties of GM can be extracted: regional
GM concentration/density, which is estimated by the ratio of GM in relation to other tissue
types in a voxel (Ashburner & Friston, 2000), absolute amount of GM (i.e. volume) (Good et al.,
2001) and thickness, given as the distance in mm in each voxel in the cortical mantle (Hutton,
De Vita, Ashburner, Deichmann, & Turner, 2008). However, the VBM GM concentration or
volume can be confounded by the extent of convolution/gyrification (i.e. folding) of the brain in
certain regions (Hutton et al., 2008; Narr et al., 2005). Therefore, the VBM measure represents
a parameter of cortical GM which can be confounded by surface area, cortical folding and
thickness (Hutton, Draganski, Ashburner, & Weiskopf, 2009; Palaniyappan & Liddle, 2012;
Raznahan et al., 2011).

SBA methods such as the one used in FreeSurfer (Dale, Fischl, & Sereno, 1999; Fischl et al.,
1999), in contrast, use 3D surface models and then apply triangulated meshes over the WM and
GM. SBA methods have the advantage to be able to compute the GM features independently
of each other. Hence, the GM volume evolves out of the subtraction of the two spheres and
their inflated surfaces, i.e. the subtraction of WM volume from pial volume. The GM surface
area, which represents the total surface area of the pial surface/GM surface, is calculated as
the sum of the surfaces of all the vertices (triangles). The GM thickness is calculated as the
distance from each vertex on the WM surface to the corresponding vertex on the pial surface.

These methods furthermore overcome the flaws encountered with VBM (e.g. shortcomings
in association with the estimation at deep sulcis or problems with image registration, etc.)
(Clarkson et al., 2011; Helms, 2016). Additionally, they allow to measure cortical folding or
local gyrification index (lGI), which provides a valuable insight into the neurodevelopmental
aspects of the disorder. As these two methods (VBM vs. SBA) seem to yield slightly different
results, there have been suggestions that the two methods should not be employed in a mu-
tually exclusive but in a complementary way, and that the combined use would increase our
understanding of the processes underlying changes in GM (Hutton et al., 2009).

Voxel Based Morphometry Studies

A recent review of existing OCD studies analysing brain morphology (Piras et al., 2015) suggests
that structural alterations are present and distributed in a widespread network rather than in
isolated regions. This review provides consistent evidence for GM reductions in the cortical
mantle, and tissue expansion in deeper GM structures, such as the limbic regions, in patients
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compared to healthy subjects.

Overall this review allows three main conclusions.

First, structural studies confirm previous activation studies by finding similar regions to be
altered in GM or WM (i.e. OFC, ACC, striatum, thalamus and temporo-limbic regions),
the so-called “affective circuitry”. Second, structural alterations are consistently reported in
additional regions belonging to the so-called “executive circuitry”(involving the lateral frontal
and associated posterior cortices). Finally, the structural alterations are significantly related
to the OCD symptom severity, which speaks in favour of a potential neural vulnerability for
the disease based on these structural changes.

A more recent mega-analysis of structural brain scans from a very large sample gives additional
insight (de Wit et al., 2014). The results show changes in GM and WM, i.e. volume decreases
in prefrontal and cerebellar regions. Additionally, the alterations in volume seem to be partly
affected by aging. In particular, striatal regions (putamen, nucleus accumbens) show a preserved
volume, whereas para-limbic regions show a volume loss with age in patients compared to
controls. The authors suggest that these structural alterations could be induced by the severity
of compulsive symptoms reflected in overactive striatal areas and a preserved volume whereas
the greater volume loss in limbic areas would be the result of an exaggerated response to stress
and increased anxiety in patients.

Surface Based Studies

Few OCD studies have used the SBA approach to study GM morphology. Most of these studies
have focused on one single GM measure or on specific brain regions (i.e. analyses were ROI
based) (Kuhn et al., 2013; Nakamae et al., 2012; Shaw et al., 2015). These studies found
reduced cortical thickness in ACC (Kuhn et al., 2013), superior temporal and posterior insular
regions in un-medicated OCD patients (Nakamae et al., 2012). However, subcortical and
cortical morphological anomalies (i.e. surface expansion) in orbito-fronto-striatal and posterior
brain regions in OCD patients have also been found (Shaw et al., 2015). This result confirms
previous OCD findings and additionally suggests that these morphological alterations might
represent an endophenotype for the disorder as a similar pattern was observed in unaffected
siblings.

A more representative result, given the big sample size used, was provided by a recent mega- and
meta- analysis that provided evidence for distinct subcortical volume alterations in adult and
paediatric OCD patients (Boedhoe et al., 2016). The results showed decreased hippocampus
volume, probably driven by comorbidity and late disorder onset, as well as larger pallidum
volumes, probably linked to early disorder onset, in adult OCD patients. In contrast, paediatric
OCD patients showed increased thalamus volumes, mostly encountered in unmedicated and
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comorbidity-free patients. The authors suggested that an increased thalamus volume could be
seen as an early marker of the disorder, which, although unrelated to symptom severity, could
possibly be associated with alterations in early neurodevelopmental processes.

Developmental studies in healthy participants have indicated that a broader variety of GM
properties, such as volume, thickness, surface area or cortical folding, could be of importance
and should be evaluated. One argument speaking in favour of such a multi-parameter analysis
is the fact that these measures can be partly independent in their development (Panizzon et
al., 2009; Winkler et al., 2010), but can as well influence each other (Raznahan et al., 2011).
Therefore, considering and evaluating all of these measures when analysing brain morphology
should provide more reliable and objective results.

Surprisingly, only two studies assessed all of these GM measures concurrently and at a whole
brain level in OCD (Q. Fan et al., 2013; Venkatasubramanian et al., 2012). Their results fit to
some degree with previous findings, but a detailed comparison reveals a number of discrepancies.
These discrepancies refer to the direction of alteration, the specific cortical measure and the
precise location of alteration. For example, Q. Fan et al. (2013) reported an increased thickness
in a parietal area, whereas Venkatasubramanian et al. (2012) showed mostly deficiencies in
ACC with respect to volume, thickness and surface area and, in addition, a reduced surface
area of the lingual gyrus. Nonetheless, both studies bring evidence for an association with
disorder characteristics such as symptom severity, type or disorder insight. Finally, although
these two studies are not sufficient to derive generalizable conclusions for OCD, their findings
pave the way for a better and more general understanding of GM alterations in OCD.

Cortical Folding Studies

Another measure of cortical surface is cortical folding, also known as gyrification. The exact
mechanism of how the brain folds and arrives at the final stage with its characteristic gyri
and sulci has been in the focus of research for many years. Furthermore, the developmental
trajectory of folding has been shown to be of relevance for many neurodevelopmental disorders
such as autism (Nordahl et al., 2007), attention deficit hyperactive disorder (ADHD) (Shaw et
al., 2012), but also for some psychiatric conditions such as schizophrenia (Hirjak et al., 2015)
or OCD (Q. Fan et al., 2013; Venkatasubramanian et al., 2012; Wobrock et al., 2010).

A recent review (Zilles, Palomero-Gallagher, & Amunts, 2013) describes gyrification as a reliable
morphological hallmark of brain development. As a consequence, several studies interpreted
alterations in gyrification as indicators of neurodevelopmental alterations.

As gyrification has been found to be altered in OCD, several studies have suggested that the dis-
order could be based on disrupted mechanisms early in brain development. These disruptions,
in turn, could constitute the basis for an increased vulnerability for the disorder (Rosenberg

Part I: Introduction 21



3. Neurobiological Markers in OCD

& Keshavan, 1998). Therefore, an evaluation of gyrification appears plausible and clinically
relevant.

Gyrification has been shown to be characterized by a regional and inter-subject variability in
plasticity and could be influenced by pathological conditions. The research on its ontogeny
(Armstrong, Schleicher, Omran, Curtis, & Zilles, 1995) shows that it starts developing in the
early weeks of gestation (i.e. 16th week), together with the growing brain. It then reaches a
peak after birth (approximately 40th week) before the age of 2 (66-80th week post conception).
Afterwards, it keeps its gross shape, decreasing only slightly between adolescence and adulthood
(until age of 23) (Mills & Tamnes, 2014).

Overall, the development of cortical folding has been shown to finish very early and it has
also been associated with the hetero-chronous development of different parts of the brain (i.e.
first occipital areas, then parietal and superior temporal areas and later increase in size and
development of prefrontal cortex and inferior temporal areas).

Interestingly, there are several hypotheses about the driving forces of cortical folding. However,
only two of them have been supported by evidence, namely: the gray matter hypothesis and
the mechanical tension hypothesis (Zilles et al., 2013).

The gray matter hypothesis relies on the growth processes during cortical development and
assumes that gray matter grows more strongly than white matter leading to the mechanical
formation of buckling that form the gyri. This hypothesis is also supported by simulation
studies (Tallinen, Chung, Biggins, & Mahadevan, 2014) which have shown that gyrification is
the consequence of a mechanical instability driven by expansion of gray matter, which itself is
constrained by white matter.

The second hypothesis, mechanical force hypothesis, assumes that because gray matter consists
mostly of neurons and white matter of axons, the axons pull mechanically to keep together
highly interconnected regions of gray matter, thereby creating a tension that eventually leads to
the formation of gyris. Zilles et al. (2013), thus, concluded, that as the exact causal mechanisms
of cortical folding are still unknown, both hypotheses should be considered as complementary
- in particular because they are based on two developmental windows of different maturational
processes that eventually overlap. Cortical folding can be calculated by using the gyrification
index (GI), which is obtained by relating the total cortical surface (i.e. the surface of the sulci
and gyri) to the exposed cortical surface (i.e. only the visible surface of the gyri). Several ways
of measuring the GI involve manual tracing, automated segmentation (Moorhead et al., 2006)
or surface based methods (Schaer et al., 2012, 2008). A brief overview can be found also in the
review by Zilles et al. (2013).

In OCD, there are too few gyrification studies so as to be able to draw reliable conclusions. One
of the few examples is the study by Wobrock et al. (2010), who found a prefrontal hypogyrifi-
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cation. Opposite to that result, Venkatasubramanian et al. (2012) found hypergyrification in
insular and lateral occipital regions in OCD patients. Q. Fan et al. (2013), however, failed to
find any differences in OCD patients compared to healthy controls. This preliminary evidence
encourages further investigation of this cortical property in order to be able to answer the
question of whether early neurodevelopmental events could be relevant for the pathogenesis of
OCD. Gyrification differences in OCD could then be interpreted as early neurodevelopmental
markers which might trigger subsequent changes in other GM measures later in the develop-
mental process, thus rendering altered gyrification an important vulnerability factor for the
disorder.

In summary, there is increasing evidence for abnormalities in GM volume in OCD. These
alterations might be driven by changes in GM surface area, thickness or cortical folding. As only
few studies have evaluated these other GM measures and their association with OCD clinical
characteristics, it is not yet possible to determine their clinical relevance for the disorder.

3.3.2. White Matter Alterations in OCD

The above reported alterations in GM could be associated with alterations in other structural
properties of brain morphology such as WM structure. Using Diffusion Tensor Imaging (DTI),
a specific scanning sequence in the MRI, it is possible to measure the organisation of myelinated
axons in nervous system tissue (Mori & Zhang, 2006). The analysis of DTI data is based on
the diffusion properties of water molecules in tissue and the assumption that these molecules
diffuse more freely along myelinated white matter tracts than within cerebral gray matter. The
results of this analysis allow drawing conclusions about the integrity of WM tracts. The most
common measures are fractional anisotropy (FA), which is the degree of anisotropic diffusion or
directionality, and which has a value between 0 (isotropic diffusion) and 1 (anisotropic diffusion)
as well as mean diffusivity (MD) indicating - as a parameter of membrane density - the average
magnitude of diffusion and. A decreased FA value or increased MD value is assumed to indicate
a decreased white matter fiber integrity.

With the development of other analysis methods of DTI data such as tractography approaches
it is now also possible to obtain three-dimensional representations of WM pathways or fiber
bundles. Tractography has the advantage that isolated fiber bundles connecting specific re-
gions can be tracked and their connectivity as well as integrity can be analyzed. Tractography
approaches employ either deterministic or probabilistic tracking algorithms. The deterministic
approach reconstructs one fiber from each seed point while probabilistic tracking provides infor-
mation about the multiple possible fiber directions emanating from each seed. The probabilistic
approach takes into account the estimation of uncertainty and its outcome provides information
about the likelihood estimation of a certain point (voxel) being part of a fiber tract (Soares,

Part I: Introduction 23



3. Neurobiological Markers in OCD

Marques, Alves, & Sousa, 2013).

An important note is that in this thesis, the term “WM integrity” is used for studies bring-
ing evidence of FA and MD, whereas “WM connectivity” is used for results of studies using
tractography approaches.

White Matter Integrity

A narrative review by Fontenelle et al. (2009) emphasized that in OCD the reported GM
alterations are complemented by disruptions in connecting WM pathways and this could reflect
disruptions in the brain system on several levels.

A more recent meta-analysis by Radua et al. (2014) also showed widespread abnormalities in
WM mostly through decreased FA in anterior midline tracts (crossing between anterior parts
of the cingulum bundle and the body of corpus callosum). Their findings confirm a narrative
review of our group, where we concluded that most of the studies reported decreased FA in
OCD patients in the cingulum bundle, the corpus callosum and the anterior limb of the internal
capsule (which connects thalamus with frontal areas, or striatum with cortical areas) (Koch,
Reess, Rus, Zimmer, & Zaudig, 2014).

These results emphasize that the WM bundles found to be impaired in OCD connect regions
that were also found to be altered in GM, and allow to assume a certain association between
these two structural properties (GM and WM). However, few studies have investigated these
associations in OCD up to now. A more recent study (S. Fan et al., 2015) reporting a decreased
FA in the cingulum bundle in unmedicated OCD patients replicated partly the results from the
meta-analysis. Additionally, they found that unaffected siblings showed a similar pattern and -
based on the extent of alteration - seemed to represent an intermediate group between patients
and controls. The authors concluded from these findings that this alteration in WM might be
considered as an endophenotype for OCD.

Overall, the findings of WM integrity changes provide a partly consistent picture of affected
WM pathways in OCD. However, inconsistencies between studies with respect to the direction
of alteration still persist.

White Matter Connectivity

A later and more systematic review (Piras, Piras, Caltagirone, & Spalletta, 2013) accompanied
by a meta-analysis of existing WM studies in OCD found that the WM pathways targeting the
regions previously reported to be altered in GM such as OFC and ACC (i.e. corresponding
to the internal capsule and the cingulate bundle) show alterations in white matter structural
integrity in OCD. Interestingly, this review assumes a broader perspective and concludes that
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in OCD disruptions in brain systems or networks seem to be present on a larger scale. It
brings additional evidence for areas putatively involved in OCD pathophysiology, such as the
intrahemispheric bundles connecting the OFC regions with posterior parieto-occipital regions.

Indeed, the inferior frontal occipital fasciculus (IFOF) and the inferior longitudinal fasciculus
(ILF) seem to exhibit hypo-connectivity, whereas the interhemispheric frontal bundles such
as corpus callosum or anterior and posterior limb of internal capsule, seem to show hyper-
connectivity.

Another ROI based study using probabilistic tractography found that WM fibers spread dorsally
between the striatum and the OFC in patients with OCD and that these connections also exhibit
an increased fiber integrity (in terms of FA) (Nakamae et al., 2014). The authors concluded
from these findings that part of the pathophysiology of OCD might be characterized by altered
topography and connectivity of WM pathways connecting the striatum with the OFC.

A recent paper of our group (Reess et al., 2016), which applied a deterministic fiber-tracking ap-
proach and the method of graph theory, provides additional evidence for altered connectivity in
OCD. This work found that outside the altered cortico-striatal network, a reduced connectivity
of OFC, striatal, insula and temporo-limbic regions might play a role in OCD pathophysiology.
Additionally, local temporo-limbic alterations (i.e. an increased clustering coefficient of the
amygdala potentially indicating a stronger information flow through the amygdala) once more
indicate that these emotional processing areas might be psychopathologically relevant for OCD
and should be integrated in the neurobiological model of the disorder.

In sum, structural connectivity studies with respect to WM focused mainly on WM integrity
(i.e. FA) in OCD. Consequently, the knowledge about potential alterations in other properties
such as directionality or orientation of WM bundles is still limited. Hence, future studies should
contribute to increasing our insight into specific white matter connectivity characteristics and
their potential alterations in OCD.

3.3.3. Multimodal Studies

Several studies have striven to unravel the functional and structural neurobiological correlates
in OCD. The overall conclusion is that in OCD the brain is more affected on a network-system
level than in specific regions. Although it seems logical to evaluate structure and function
concurrently, surprisingly few studies have indeed explored the potential relationship between
these measures in OCD.

Most of the studies that used multimodal approaches found associations between: functional
activation and cognitive performance (Nakao et al., 2009), structural connectivity and cogni-
tive performance (Garibotto et al., 2010; Magioncalda, Martino, Ely, Inglese, & Stern, 2016;
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Spalletta, Piras, Fagioli, Caltagirone, & Piras, 2014) or structural WM and GM alterations
(Peng et al., 2014). The locations of the alterations found on different levels (i.e. structural,
functional) are, however, not necessarily overlapping but at least anatomically connected with
each other. Thus, it is possible that certain structurally or functionally disrupted regions, or
their interactions, can influence more remote areas outside of their direct circuit and thereby
inhibit or disturb their normal functioning. This, in turn, could go along with cognitive or emo-
tional deficits which are frequently noticeable in OCD on the behavioural level. Hence, more
integrative studies combining the assessment of structure, function, cognitive performance and
clinical characteristics are needed to better understand the neurobiological underpinnings of
OCD.

Many studies have suggested that structural alterations may underlie disturbances in functional
properties of the cortex (Menzies et al., 2008; Milad & Rauch, 2012; Pauls, Abramovitch, Rauch,
& Geller, 2014; Piras et al., 2015). However, only few studies have attempted to combine
functional and structural imaging in OCD. One of the few studies integrating both modalities
was the work by Admon et al. (2012), which evaluated functional and structural neural indices
during a risk aversion task in patients with OCD. They found that risk aversion was mediated
by abnormal limbic responses during threatening and rewarding stimuli. This abnormality
was, moreover, characterized by deficient limbic-frontal functional and structural connectivity.
In addition, these neuronal properties were associated with symptom severity as well as with
each other, thus supporting the assumption of a general and multi-facetted malfunctioning at
a network level. A recent integrative review (Eng et al., 2015) of GM and WM structural as
well as functional activation studies during executive processing in OCD used a meta-analytic
approach to quantify the associations between these studies. This meta-analysis suggested that
both the cerebellum and the parietal cortex should be added to the neurobiological model of
OCD, besides the frequently reported striato-thalamo-cortical areas. The review also pointed
out that altered GM, task-domain specific neural differences and altered executive processing
might be linked to partly overlapping areas in OCD.

Overall, there are only few multimodal studies in OCD up to now. Our work (i.e. the first
publication, (Rus et al., 2017a), presented in Chapter 7) tried to follow this integrative approach
in order to further a more wholistic understanding of the pathophysiology of OCD.

3.3.4. Basic Animal Studies

Animal studies in OCD partly confirm the neuroimaging findings in humans. The pioneering
animal studies (Albelda & Joel, 2012; Szechtman et al., 2016), which managed to evoke OCD
like compulsions in mice (Ahmari et al., 2013), also showed that behaviours could be supressed
by disturbing circuits involving the cortico-striato-thalamo-cortical network (Burguiere, Mon-
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teiro, Feng, & Graybiel, 2013). On the contrary, when hyperstimulating the glutamatergic
neurons between OFC and ventromedial striatum, Ahmari and colleagues observed repetitive
behaviours in mice (e.g. excessive grooming). As these compulsive-like behaviours could not
be triggered by acute stimulation, but only by multiple exposures to stimulation, the authors
concluded that these types of behaviours are acquired on the basis of changes in neuroplasticity.

One could argue that, for ethical and methodological reasons, these studies cannot be trans-
ferred to human research (Fineberg, Chamberlain, Hollander, Boulougouris, & Robbins, 2011).
However, they allow a deeper and probably more precise insight into the neural circuits by
linking neuroanatomy, physiology, genetics and behaviour thus enhancing our understanding of
the exact mechanisms underlying neural network disturbances in psychiatric disorders (Pauls
et al., 2014).
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4. The neurobiological Model of OCD

The idea that behaviour is regulated by fronto-subcortical connections, which particularly sub-
serve different behavioural functions was already described by Alexander, DeLong, and Strick
(1986). There have been studies showing associations between the function of these frontal-
subcortical circuits and the expression of various psychiatric symptoms. The fact that some of
the psychiatric disorders associated with this circuit share commonalities in their psychopathol-
ogy or co-occur in many cases (i.e. Schizophrenia, Depression, Addiction) makes an involvement
of this circuitry in OCD also plausible. Thus, Saxena and Rauch (2000) were the first to propose
a neurobiological model for OCD that was based on this classical frontal-striatal circuit.

Initially, these fronto-subcortical circuits were described as pathways connecting cortical areas
such as frontal cortex with basal ganglia regions, and then passing through the thalamus and
back to the cortex. This model assumes that, in healthy subjects, the pathways counterbalance
each other, i.e., work together on inhibiting or disinhibiting actions depending on external
requirements. The originally named “cortico-basalganglia-thalamo-cortical circuitry” was based
on a very simple conceptualisation, namely that of a direct and an indirect pathway.

The direct pathway, also known as the excitatory reinforcement path, starts at frontal areas,
passes through the striatum, the globus pallidus internus and the substantia nigra complex
(GPi/SN), and then runs over the thalamus back to cortical areas.

The indirect pathway, known as the inhibitory path, starts at frontal areas, passes - similar
to the direct pathway - through the striatum, but then takes a “detour” through the globus
pallidus externus (GPe) and the subthalamic nucleus (STN) and then runs “back on track”
through GPi/SN over the thalamus back to the cortex.

Most importantly, the two pathways have opposite functions. The inhibitory and excitatory
functions of these pathways are based on their neurochemical properties, i.e., the excitatory
neurotransmitter system embedded in the glutamate connections vs. the inhibitory neuro-
transmitter systems embedded in the gamma-aminobutyric acid (GABA) connections. As a
consequence, the direct pathway has only two inhibitory connections, disinhibiting the thala-
mus and activating the circuit in a positive feedback loop. In contrast, the indirect pathway
inhibits the thalamus in a negative feedback loop, and has in total three inhibitory connections
(Figure 4.1).
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Figure 4.1.: Descriptive visualisation of the cortico-striato-thalamo-cortical circuit with direct exci-
tatory (continuous line) and indirect inhibitory (dashed line) paths. The left box illustrates the OCD
model proposed by Saxena and Rauch (2000); the right box illustrates the revised and more detailed
model proposed by Milad and Rauch (2012).

The OCD model proposed by Saxena and Rauch (2000), also known as the cortico-striato-
thalamo-cortical circuit (CSTC), generally assumed an imbalance between direct and indirect
pathways in OCD. This imbalance was assumed to be due to a preference of information flow
via the direct excitatory path with the indirect path losing its inhibitory function resulting
in impaired behavioural inhibition (i.e. a hyperactive circuit that mediates fixed repetitive
behaviours). Based on imaging findings, Saxena and Rauch (2000) suggested that especially the
OFC (belonging to the fronto-cortical areas), ventro medial caudate nucleus (vmCd-belonging
to the striatum) and the medial dorsal part of the thalamus might constitute important nodes
in the CSTC model of OCD (Figure 4.1, left box).

However, since then, several revisions of this model have been proposed (Menzies et al., 2008;
Milad & Rauch, 2012; Nakao et al., 2014; van den Heuvel et al., 2016). The main reason
for these amendments was an increasing amount of evidence indicating that the model in its
original form was not sufficient to completely explain the disorder mechanism.

With the advancement of neuroimaging techniques and analysis methods, newer findings from
functional and structural studies on the neurobiology of OCD came to light. As a consequence,
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Milad and Rauch (2012) proposed a revision of the classical CSTC model with a much finer
subdivision of the nodes and circuits implicated in OCD (Figure 4.1, right box). The authors
emphasized that, besides the dysfunction in behavioural inhibition and self-regulation, several
other circuits implicated in various cognitive and executive functions had been shown to be
impaired in the context of the disorder and, thus, needed to be integrated into the revised
OCD model.

These circuits are also called loops (see Figure 4.2) and pass through three main zones: the
cortical, the striatal and the thalamus zone with recurrent projections to the cortical areas.
Therefore, the direct and indirect pathways mentioned above are involved in each of these
circuits: the affective and reward processing circuit (involving connections from ACC/vm or
PFC to nucleus accumbens, thalamus and back to cortical areas); the ventral cognitive circuit
responsible for motor preparation and response inhibition (starting from alOFC, to putamen, to
thalamus and back to cortex) and the dorsal cognitive circuit responsible for working memory
and executive functioning (involving dlPFC to dorsal caudate, over thalamus and back to
cortex).

Figure 4.2.: Overview of the circuits involved in the CSTC-model as described by Milad and Rauch
(2012), including the additional circuits proposed recently by van den Heuvel et al. (2016).
Abbreviations: SMA – sensorimotor area; dl dm vm PFC – dorsolateral, dorsomedial, ven-
tromedial prefrontal cortex; Tha – Thalamus; dCD – dorsal caudate; aPUT – anterior putamen;
NcAc – nucleus accumbens, A – amygdala; ACC – anterior cingulate cortex; alOFC – anterolateral
orbitofrontal cortex

Overall, brain imaging studies have provided evidence that not only an imbalance between
direct and indirect pathways within the CSTC is present in OCD, but also between the various
parallel circuits/loops involved in these different cognitive behavioural domains.

A recent review also suggested that all these pathways, mostly placed in the CSTC circuit,
are not as segregated as initially thought. Rather, they are integrated into a system with
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information cascading from one loop to the other (van den Heuvel et al., 2016). This review
also proposed two more circuits in the CSTC model of OCD, the sensorimotor and a fronto-
limbic circuit.

The sensorimotor circuit was receiving more attention when OCD was re-categorized from
an anxiety disorder to an OCD and related disorders category (discussed in the first part of
introduction) and, thus, the compulsive aspects of the disorder re-gained again more attention.
This pathway includes the premotor area, putamen and thalamus and is thought to mediate
the transition from goal-directed to habitual behaviours.

The fronto-limbic circuit involving vmPFC, amygdala and thalamus is associated with anxiety
and distress processing, emphasising the relevance of anxiety for the disorder. Consequently,
new brain regions, such as sensorimotor areas and amygdala seem to gain relevance in the
revised model of OCD.

Interestingly, a previous review by Menzies et al. (2008) that integrated evidence from cognitive,
functional and structural studies, also suggested not only a finer division of the CSTC model,
but also an extension, especially towards areas outside of the CSTC circuit. These authors also
suggested the involvement of limbic regions such as the amygdala, but additionally indicated the
relevance of posterior parietal areas (supramarginal/angular gyri) in the revised CSTC model
of OCD. The involvement of parietal regions is especially supported by WM tract studies which
bring evidence for WM bundles (ILF, IFOF) passing exactly through these areas and showing
alterations in OCD.

Strikingly, through on-going research and the development of novel and more integrative ap-
proaches and multimodal studies, the neurobiological model of OCD continuously changes from
a simplistic two-way circuit to a more complex circuit integrated in a whole brain network.
However, certain paths or nodes (i.e. limbic areas such as the amygdala), that are already in-
cluded in the model of OCD, still need to be substantiated by further studies, ideally employing
multimodal approaches.
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5. Knowledge Gaps

With respect to the state of the art reported earlier, several major knowledge gaps emerge.
In particular, very few studies up to now employed a multimodal approach evaluating the
association between brain function, structure and clinical characteristics of the disorder. These
associations have been investigated merely selectively and by only a very limited amount of
studies, thus making it difficult to draw valuable conclusions. Although the revised OCD
model suggests specific associations, the exact relationship remains unclear due to missing or
inconsistent data.

A second important point that demands clarification is the brain morphology in OCD. Although
several researchers have delivered evidence for altered cortical GM, the various properties or
measures of GM that can be independently influenced by treatment, symptom progression or
other external stimuli remain unexplored. Surprisingly, despite the fact that methods have
been developed to simultaneously analyze various GM characteristics besides volume, only two
studies have done this so far in OCD, making a generalization unfeasible.

A third aspect is the need for clarification of potential neurodevelopmental indicators that could
represent vulnerability factors for OCD. The most recent state of research in this direction
comprises a few selective studies in pediatric or adult OCD patients with age gaps in between,
from which is hard to derive valid conclusions about neurodevelopmental aspects of the disorder.
Moreover, there are no real longitudinal studies which would be significantly more informative
in this context. However, recent advances in data analysis allowing for the analysis of cortical
folding as a potential indicator of early brain developmental processes should significantly
contribute to providing an answer to these opened questions. Up to now, although there are
indications of altered brain development in OCD, this question still remains unanswered due
to missing research studies.
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Taking into consideration the presented knowledge gaps in OCD research, the following studies
have three main aims.

First in Chapter 7, we want to look at task specific connectivity of limbic areas and their direct
association to structural connectivity and clinical symptoms using a symptom provocation task.
Up to now, the neural mechanism in association with these specific tasks has not been explored
with a multimodal approach. As triggering symptoms is an important feature of CBT therapy,
we are convinced that investigating the neuronal mechanism underlying symptom provocation
in a multimodal fashion will enable us to better understand the mechanistic processes behind
OCD symptoms. Our target area will be the amygdala as this is one of the main regions
involved in the processing of negative emotions and especially anxiety which usually precedes
compulsive behaviour. Although the amygdala has frequently been found to be altered in OCD,
its exact role for the disorder remains unclear. The analysis of an association between potential
structural and functional alterations should contribute to providing more knowledge about the
psychopathological mechanisms at different levels of the neural network.

The second work in Chapter 8 has the purpose of providing a more comprehensive charac-
terization of cortical GM and its association with clinical characteristics by using an analysis
approach that enables the independent measurement of various GM properties. This approach
accounts for several methodological flaws of previous methods and has - in this comprehensive
form - in OCD research rarely been used up to now. The main benefit is that, besides the fre-
quently explored parameter of GM volume, thickness, surface area and cortical folding patterns
are also measured. This multi-parameter analysis allows for a more detailed view on GM al-
terations in OCD. By obtaining a more specific knowledge about the surface anatomical profile
of brain morphology in OCD we should be better able to explain the result inconsistencies of
previous studies.

The third work in Chapter 9 aims to provide new evidence for potential indicators of neurode-
velopmental alterations in OCD by analysing gyrification which - based on its ontogeny and
development - has been shown to constitute a useful marker of changes early in brain devel-
opment. Several studies have already pointed out that certain neurodevelopmental indicators
might be of relevance for OCD. Elucidating the the psychopathological relevance of this marker
for OCD could change the view about vulnerability or risk factors for the disorder and open
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up new opportunities for early treatment and prevention.

The overarching goal of this work is to integrate these separate findings and provide an inte-
grative model of OCD, which considers findings gained from GM analyses, WM analyses and
functional activation studies their association with each other and their clinical relevance for
the disorder. By unifying these findings, an overall picture of OCD will be created with the
primary goal of helping to elucidate the major hallmarks of OCD pathophysiology.
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7. Functional and Structural Connectivity
in OCD

The amygdala has an increased task dependent functional connectivity linked to a decreased
structural connectivity of underlying white matter tracts in OCD patients.

This chapter presents a recently published research paper entitled “Functional and structural
connectivity of the amygdala in obsessive-compulsive disorder”, which was published in the
journal Neuroimage: Clinical in 2016, and was written by Oana Georgiana Rus, Tim Jonas
Reeß, Gerd Wagner, Claus Zimmer, Michael Zaudig and Kathrin Koch. This article presents an
innovative analysis approach and provides first evidence on the link between altered functional
and structural brain connectivity during a symptom provocation task in OCD patients.

Contributions:

The author of the present thesis is as well the first author of this research article. O.G.R, T.J.R.
and K.K. contributed substantially to conception and design, acquisition of data, analysis
and interpretation of data and revised the manuscript critically. O.G.R. additionally drafted
the article. G.W. contributed substantially to conception of data and revised the drafted
manuscript. C.Z. contributed substantially to data acquisition. M.Z. contributed substantially
to patient collection. All authors gave the final approval of the version to be published.
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Background: The amygdala is known to be involved in anxiety processing, but its role in the psychopathology of
obsessive-compulsive disorder (OCD) is still unclear.
Aims: In this MRI study we investigated potential alterations in structural and functional connectivity of the
amygdala in 42 adult patients with OCD and 37 healthy subjects.
Method: Psychophysiological interaction analysis was used to explore amygdala functional connectivity during a
negative affective task. Probabilistic tractography was then employed to study structural connectivity and integ-
rity of underlying white matter fiber tracts.
Results: Compared to controls, OCD patients showed a significantly increased functional connectivity of the left
amygdala with mostly parieto-occipital regions during task. No structural connectivity differences could be
found between the groups. In addition, only patients showed a significant association between functional and
structural connectivity of these regions. Moreover, symptom severity was negatively associated with structural
integrity of the underlying white matter tracts.
Conclusions: Present results emphasize the relevance of the amygdala for OCD and may reflect that neuronal al-
terations in structural connectivity could be associated with functional connectivity alterations in broader
networks.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Obsessive-compulsive disorder (OCD) is a psychiatric illness charac-
terized by repetitive thoughts (i.e., obsessions) and actions (i.e., com-
pulsions). It is a rather common disorder with a lifetime prevalence of
2.3% (Ruscio et al., 2010). The neurobiological model of the disorder
states a disrupted cortico-striato-thalamo-cortical circuit (CSTC)
(Saxena et al., 1998). More recent work discussed an extension of this
model by limbic structures including the amygdala, anterior cingulate,
and hippocampus (Lawrence et al., 1998; Menzies et al., 2008; Phillips
et al., 2003). Since the manifestation of obsessions and compulsions is

usually accompanied by strong negative affect, such as anxiety, and
the amygdala is a region known to mediate anxiety (Milad and Rauch,
2012), a pathogenetic involvement of limbic regions (i.e., predominant-
ly the amygdala) in the disorder is very plausible. However, their exact
role in the pathophysiology of OCD remains to be clarified.

Accordingly, fMRI studies using themethod of symptomprovocation
by confronting patients with symptom related picture material provid-
ed support for the assumption that the amygdala is a key structure in
anxiety disorders in general aswell as across OCD symptomdimensions
(Breiter et al., 1996; Olatunji et al., 2013; Simon et al., 2014; Simon et al.,
2010; Via et al., 2014). Most of these studies reported hyperactivity of
the amygdala during symptom provocation. This hyperactivity was
found in medicated (Olatunji et al., 2013), as well as unmedicated pa-
tients (Simon et al., 2014; Simon et al., 2010), but also in symptom spe-
cific populationswith predominant contamination fears (Mataix-Cols et
al., 2004; Olatunji et al., 2014; van den Heuvel et al., 2004), as well as in
multi-symptomatic patients (Simon et al., 2014).

Apart from evidence for alterations in activation in patients with
OCD an increasing amount of studies provided evidence for alterations
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in task dependent functional connectivity (taskFC). Several studies eval-
uated taskFC in OCD in various contexts (such as, e.g., reinforcement
learning (Beucke et al., 2012), working memory (de Vries et al., 2014)
or reward processing (Jung et al., 2013)) and brought evidence for dis-
turbances in a network involving the CSTC, orbitofrontal regions (OFC)
but also limbic structures. Surprisingly, only few OCD studies explored
taskFC using symptom-provoking paradigms based on negative affec-
tive stimuli. Findings from these studies showed taskFC disruptions in
OCD patients, also mainly in striatal and limbic regions (Jhung et al.,
2014),with the latter showing connectivity disruptions inOCDalso dur-
ing rest (Anticevic et al., 2014; Beucke et al., 2013; Gottlich et al., 2014;
Harrison et al., 2009). Moreover, alterations in limbic (i.e., amygdala)
resting state functional connectivity (restFC) were found to be positive-
ly associated with response to treatment (i.e., CBT), underlining the po-
tential relevance of limbic/amygdala disturbances for therapy outcome
(Gottlich et al., 2015).

When viewing the previous findings from a network point of view, it
seems reasonable to assume that disruptions in the functional circuitry
of the brainmay go alongwith underlying structural alterations.Most of
the relevant OCD studies bring evidence forwhole brain structural alter-
ations in areas within the CSTC but also outside of this circuit (i.e., in
temporal, parietal and occipital areas) (Piras et al., 2015). A recent
meta-analysis on structural connectivity studies in OCD pointed out
that findings are rather heterogeneous, although most studies reported
decreased fractional anisotropy (FA) in OCD patients in the cingulate
bundle, the corpus callosum, and the anterior limb of the internal cap-
sule (Koch et al., 2014). Moreover, fronto-basal pathways targeting
the orbitofrontal cortex and the anterior cingulate cortex are reported
while intra-hemispheric white matter bundles linking specific areas of
the prefrontal cortex to posterior parietal and occipital association cor-
tices have also repeatedly been found to be altered in OCD (Piras et al.,
2013).

In sum, existing MRI studies investigating functional activation,
functional connectivity or structural connectivity, suggest with some
consistency that OCD may be characterized by network alterations
which are not restricted to the frequently reported cortico-striatal cir-
cuit but which affect, amongst others, also the limbic network. More-
over, previous findings indicate that these alterations might be linked
and therefore their altered interplay might be of psychopathological
relevance.

Surprisingly, there are only few studies analyzing the link between
functional and structural neural correlates in OCD. One of the few stud-
ies exploring both structure and function in OCDwas a study by Admon
et al. (2012). Using a gambling task, they showed a deficit in limbic-
frontal connectivity both on a functional and a structural level which
was associated with the severity of OCD symptoms. Of note, they also
found increased amygdala activation to threat stimuli. Despite increas-
ing support of altered functional or structural alterations in a wide-
spread network including cortico-striatal but also limbic/amygdalar
areas in OCD, most studies focused on either functional or structural
connectivity, whereas a potential association between both measures
has been barely investigated up to know.

Against this background and taking into account the relevance of the
amygdala for anxiety in OCD, the aim of the present study was to eval-
uate potential alterations in functional connectivity of the amygdala
using a negative affective paradigm. Moreover, we aimed at investigat-
ing a potential association with structural connectivity (SC) properties
of underlying white matter fiber tracts and with symptom severity to
find out more about the clinical relevance of these potential alterations.

Based on the assumption that structural connectivity alterations
may underlie functional connectivity changes, we hypothesized that
during exposure to negative affective stimuli, OCD patients would
show a significantly increased task dependent functional connectivity
of the amygdala and that this altered functional connectivity would be
related to alterations in morphological properties of underlying white
matter fiber tracts (integrity, connectivity, number of tracts).

2. Methods

2.1. Participants

The study included a right-handed sample of 42 OCDpatients and 37
healthy controls matched for age and gender (Table 1 in Appendix A).

Handedness was assessed using Annett's questionnaire (Annett,
1970). Exclusion criteria for both groups were a history of clinically im-
portant head injuries, seizures or neurological diseases. Healthy controls
with a history of psychiatric illness were excluded.

The patients were recruited from the in-patient hospital ward spe-
cialized on OCD of the Windach Institute and Hospital of
Neurobehavioural Research and Therapy, Germany. This ward has a
standardized admission process where all patients receive a psycho-
pathological screening and a disorder history assessment performed
by an experienced psychiatrist. The final diagnosis is based on DSM-IV
criteria. Prior to the scanning session, we additionally assessed the se-
verity of symptoms and the characteristics of the disorder using the
Yale-Brown Obsessive Compulsive Scale (Y-BOCS) (Goodman et al.,
1989) and the Obsessive-Compulsive Inventory – Revised (OCI-R)
(Foa et al., 2002). Patients also completed the Beck Depression Invento-
ry (BDI) (Beck et al., 1961) whichmeasures characteristic attitudes and
symptomsof depression. All participants completed a disgust sensitivity
questionnaire (Fragebogen zur Erfassung der Ekelempfindlichkeit, FEE)
(Schienle et al., 2002). We also included patients with medication and
comorbidities, provided that OCD was the primary diagnosis.

All participants gavewritten informed consent to the study protocol.
The protocol is in accordance with the Declaration of Helsinki and was
approved by the Ethics Committee of the Technische Universität
München, Medical School.

2.2. Experimental design

All participants underwent one MRI scanning session including a
structural (T1), a diffusion tensor imaging (DTI) and a functional
(fMRI) scan. Participants were informed about the order of the scans
and instructed that in the fMRI scan they would see alternating blocks
of neutral and unpleasant pictures which they had to attend to.

The negative affective blocks consisted of pictureswithOCD relevant
content carefully selected from the International Affective Picture Sys-
tem (IAPS) and the internet and included scenes or objects related to
disgust or contamination. Previous work (Simon et al., 2014) has
shown that the presentation of contamination related picture material
is a highly effective method for evoking amygdala activation in OCD.
Based on thismotivationwe chose picturematerial with a clear contam-
ination related content.

The neutral blocks consisted of pictures from nature or landscapes
which served as a baseline. Before each block the participants were
instructed to watch the pictures carefully. To evaluate the compliance
to the instruction, all participants were debriefed after the scanning
with regard to the potential impact of these pictures (e.g. arousal, un-
pleasantness). The fMRI task was created using the Presentation® soft-
ware (Version 16.3, http://www.neurobs.com/). The task which was
modeled as a block design had the following sequence: instruction
(4 s), negative affective block (4 pictures shown for 6 s each), fixation
cross (4 s) followed again by instruction (4 s), neutral block (3 pictures
shown for 6 s each). In total, 16 blocks of pictures (8 negative affective
and 8 neutral blocks) were presented resulting in a total task duration
of about 7 min.

2.3. Image acquisition

Data were collected on a Philips Ingenia 3.0 T whole body system
equipped with a 12-element receive-only head matrix coil. Foam pads
were used to position and immobilize the subject's headwithin the coil.
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2.3.1. High resolution imaging
High-resolution anatomical T1-weighted scans were obtained using

a magnetization-prepared rapid acquisition gradient echo (MPRAGE)
sequence with the following scanning parameters: repetition time
(TR) = 9 ms, echo time (TE) = 4 ms, inversion time = 1000 ms, flip
angle = 8°, field of view (FOV) = 240 × 240 × 170 mm, matrix
size = 240 × 240, number of slices = 170, acceleration factor
(SENSE) = 2 with an isotropic resolution of 1 × 1 × 1 mm3.

2.3.2. Functional imaging
T2⁎weighted images were obtained using echo-planar imaging (EPI)

with the following parameters: TR = 2.0 ms, TE = 30 ms, flip angle =
90°, FOV = 192 × 192 × 122 mm, matrix size = 64 × 64. We acquired
37 transverse slices with 3.0 mm thickness, covering the entire brain
with a resolution of 3 × 3 × 3mm. A series of 224whole-brain volumes
were recorded, with the first three images of each series being
discarded.

2.3.3. Diffusion Tensor Imaging
Diffusion tensor images were acquired using an EPI sequence with

the following parameters: TR = 9000 ms, TE = 57 ms, flip angle =
90°, FOV = 224 × 224 × 120 mm, in-plane resolution = 2 mm2, slice
thickness = 2 mm, number of slices = 60, matrix size = 112 × 112,
SENSE = 2. Diffusion-sensitizing gradient encoding was applied in 32
directions with a diffusion-weighted factor of b = 1000 s/mm2 and
two b0 (b = 0) images. Images were acquired parallel to the anterior-
posterior commissure.

2.4. Data analysis

The single analysis stepswere based on each other, meaning that the
functional data analysis was based on the task activation maps, and the
structural data analysis was based on the results from the functional
data analysis.

2.4.1. Functional data
Preprocessing and statistical analysis of the fMRI data was per-

formed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm) data were
corrected for differences in time of acquisition by sinc interpolation,
realigned to themean image of the session and linearly andnon-linearly
normalized to the Montreal Neurological Institute (MNI, Montreal,
Canada) reference brain (MNI 152). Data were spatially smoothed
with a Gaussian kernel (8 mm, full-width at half-maximum) and
high-pass filtered with a 128 s cut-off. All data were inspected for
movement artifacts. Three healthy controls and one patient with
movement parameters exceeding 3 mm translation on the x-, y-, or
z-axis or 3° rotation were excluded, resulting in a final study sample
of 79 participants. In addition, individual movement parameters
entered analyses as covariates of no interest.

On the first level, brain activationswere then analyzed voxel-wise to
calculate statistical parametricmaps of t-statistics for the negative affec-
tive compared to neutral pictures condition.

Blood oxygenation level dependent (BOLD) signal changes for the
different conditionsweremodeled as a covariate of variable length box-
car functions and convolved with a canonical hemodynamic response
function (HRF). These HRFs were then used as individual regressors
within the general linear model (GLM).

To investigate taskFC of the amygdala functional imaging data were
then analyzed using the generalized form of context-dependent psy-
chophysiological interaction (gPPI) (McLaren et al., 2012) analysis im-
plemented as gPPIv13 toolbox in SPM8.

2.4.1.1. Task dependent functional connectivity.Weused the gPPI analysis
to investigate potential alterations in taskFC between each of the two
seed ROIs – left and right amygdala – and the rest of the brain. Amygdala
seed ROIswere identified based on the peak activation from the second-

level analysis (i.e., negative affective vs. neutral images, one-sample t-
test with a familywise error correction (FWE) p b 0.0001 at a voxel
level). In patients seed ROIs were left amygdala with activation maxi-
mum: x = −22, y = −4, z = −18, ROI size = 275 voxels and right
amygdala with activation maximum: x = 26, y = −6, z = −16, ROI
size = 146 voxels. In healthy controls seed ROIs were left amygdala
with activation maximum: x = −20, y = −4, z = −22, ROI size =
110 voxels and right amygdala with activation maximum: x = 26,
y = −2, z = −20, ROI size = 83 voxels. In order to get the common
amygdala activation seed (i.e., those amygdala voxels which were acti-
vated in both groups) we overlapped the amygdala clusters from both
groups using the SPM toolbox MarsBaR 0.21 (Brett et al., 2002) and
used the intersection (left amygdala: x = −23.1, y = −5.2,
z = −18.8, ROI size = 102 voxels; right amygdala: x = 24.3,
y=−3.6, z=−18.4, ROI size= 67 voxels) as seed ROIs for both pa-
tients and controls for further gPPI analyses (see Fig. 1, left section in
Appendix A).

Next, we extracted the individual time series from the common
amygdala ROI clusters (left and right) for each participant. These time
series constituted the physiological component of the gPPI, which is
based on bilinear interaction terms. The contrast between the two con-
ditions of the fMRI-task “negative affective vs. neutral pictures” consti-
tuted the psychological component. The interaction between the two
previously defined componentswas used as a gPPI regressor in the anal-
ysis. Thus, a significant activation of a certain area reflects increased
taskFC with the seed ROI (i.e., left/right amygdala) during “negative af-
fective vs. neutral pictures”.

To illustrate the regions functionally connected with the amygdala
ROIs in each group we computed a one-sample t-test. To compare con-
nectivity between the groups we used a two-sample t-test with a false
discovery rate correction (FDR) p b 0.05 at a voxel level. The expected
number of voxels per cluster was used as an extent threshold.

2.4.2. Structural data
Diffusion tensor imaging (DTI) data analysis was performed using

FSL (FMRIB Software Library, FMRIB, Oxford, UK) software package,
more specifically the FMRIB's Diffusion Toolbox – FDT v2.0 toolbox
from FSL (Behrens et al., 2007). First, data were corrected for the effects
of head movement and eddy currents. After creating a brain mask the
diffusion tensor model fit was performed to create individual fractional
anisotropy (FA) and mean diffusivity (MD). We used FA and MD maps
in the further analysis of probabilistic fiber tracking (probFT). DTI data
were further analyzed using probFT, a method which allows to delin-
eate white matter fiber tracts (WM tracts) in the brain between
predefined ROIs, while counting in the expected uncertainty into the
tracking algorithm, and to produce a connectivity distribution value
for each voxel (Behrens et al., 2007).

2.4.2.1. Structural connectivity. After identifying the regions showing an
altered taskFC with the amygdala in OCD we then proceeded with ex-
ploring potential alterations in SC between those regions showing an al-
tered FC in patients. To this aim we performed a probFT analysis. This
analysis requires a seed region, i.e., the left amygdala, which showed a
significantly altered taskFC with a left parieto-occipital region in OCD
(see results section). This latter region constituted the target ROI (i.e.,
largest cluster in the left hemisphere, see results section) for the probFT
analysis. Moreover, for the probFT analysis prior knowledge about WM
tract anatomy should be taken into account. According to Catani and de
Schotten (2012) a potential WM tract connecting the amygdala with
these occipital regions could be the inferior longitudinal fasciculus
(ILF). As there were no significant group differences in taskFC for the
right amygdala (see results section), SC analyses were restricted to the
left amygdala.

We analyzed two characteristics for SC, the number of WM tracts
connecting the amygdala ROI with the target region, and the average
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connectivity distribution values of the WM tracts connecting the seed
and the target region.

Next, we ran the preparatory steps for probFT using the FDT inte-
grated function of Bayesian estimation of diffusion parameters obtained
using sampling techniques (bedpostX). This step estimates the individ-
ual diffusion parameters at each voxel and automatically takes into ac-
count the number of crossing fibers per voxel. We used the default
parameters implemented in FDT: 2 fibers per voxel, weight 1, burning
period 1000. Subsequently, we used the previously computed diffusion
parameters to run the tractography analysis using the FDT integrated
function probtrackx2. As a seed mask we applied the amygdala ROI
from the previous gPPI analysis and as a target region the parieto-occip-
ital cluster, using the option “waypointmask” implemented in
probtrackx2. Both masks were previously converted to the individual
diffusion space. This analysis step generates connectivity distributions
from the specified seed voxels.

For the tracking algorithm we used the default parameters: 5000
samples per voxel, path length of 2000 × 0.5 mm steps, curvature
threshold of 80° and loop checking criteria enabled.

The result is a single image per participant (fdt_paths) visualizing
the WM tracts connecting seed and target region, where each voxel
value represents the connectivity distribution value between that
voxel and the seed voxel (i.e., from the amygdala seed region). Another
individual output is the total number of generated WM tracts
(waytotal) between the amygdala and the target region. To extract the
average SC distribution value, i.e., the connectivity distribution values
of the obtained WM tracts, we normalized the output image from the
probFT step, by dividing the individualWM tracts image by the individ-
ual number of generated WM tracts (Arnold et al., 2012; Zhang et al.,
2010). The normalization is necessary because of the high intersubject
variability in terms of individual number of generated WM tracts,
which was also due to the fact that probFT analysis is usually processed
in the individual diffusion space of each participant.

2.4.2.2. Structural integrity. In order to additionally assess the structural
integrity of theWM tracts connecting the seed region (i.e., left amygda-
la)with the target region (i.e., parieto-occipital cluster)we extracted FA
and MD of these fiber tracts for both patients and controls. To this end,
we multiplied the binarized individual WM tract images from the
probFT analysis with the individual FA and MD images from the DTI
data analysis. From the WM tracts of the resulting image we extracted
the individual average FA and MD.

2.4.3. Statistical analysis
Statistical analyses were conducted using SPSS Inc. (2002) (SPSS

11.5.1., Chicago) and MATLAB and the Statistics Toolbox (Release
2013a, The MathWorks, Inc., Natick, Massachusetts, United States).

To explore potential group differences in SC (i.e., number of WM
tracts, average connectivity distribution values ofWM tracts) and integ-
rity (i.e., FA and MD) two-sided Bonferroni corrected parametric tests
were used.

Pearson's correlation analyses were conducted to investigate poten-
tial associations between taskFC (i.e., betas of gPPI connectivity map re-
sults) and SC measures as well as between taskFC and structural
integrity measures in each group. Finally, all functional and structural
measures were correlated with symptom severity (i.e., Y-BOCS total
scores).

A two-sided parametric testwas performed to analyze the difference
in disgust sensitivity score between the groups. To investigate whether
disgust sensitivity was associatedwith the taskFCwe performed a Pear-
son correlation.

To control for the possible effect of comorbidity on the present re-
sults we also investigated a potential correlation between the above
mentioned functional and structural connectivity measures and the de-
pression score (BDI total score).

To explore if medication affected taskFC or SC differences between
patients and controls, we furthermore performed an ANCOVA with
taskFC or SC parameters as dependent variables, medication status as
independent variable, and age and gender as covariates.

3. Results

3.1. Task dependent activation

OCD patients showed an increased activation during the taskmainly
in middle occipital gyrus, amygdala, precentral and inferior frontal re-
gions. The control group showed a significantly increased activation
during the task in similar brain areas, i.e., mainly in inferior occipital, in-
ferior frontal and amygdala (formore details see Tables 4, 5 and Fig. 2 in
Supplement). No significant group difference in activation during the
task could be found.

3.2. Task dependent functional connectivity

OCDpatients had a significantly increased taskFC of the left amygda-
la to a network comprising bilateral occipital, parietal and temporal
areas (Table 2, Fig. 1, middle section in Appendix A), as well as a signif-
icantly increased taskFC of the right amygdala and a network compris-
ingmainly occipital areas (Table 2, Fig. 1,middle section in Appendix A).
No significant amygdala taskFC could be found in the control group.

The between group gPPI analysis yielded a significantly increased
taskFC in OCD patients between the left amygdala and mostly left-
lateralized occipital, parietal, temporal and frontal areas, as well as
right parietal, occipital, thalamus areas and bilateral cerebellar areas
(Table 3, Fig. 1, middle section in Appendix A). The right amygdala
showed no significant differences in taskFC between the groups.

3.3. Structural connectivity

There was no significant group difference in number of WM tracts
(mean patients: 2386.64, SD = 4810.43, mean controls: 4249.08,
SD = 9360.36, t = 1.13, p = 0.26) connecting the left amygdala with
the left parieto-occipital cluster. There was also no significant group dif-
ference in connectivity distribution values of the WM tracts (mean pa-
tients: 0.02, SD = 0.02, mean controls: 0.03, SD = 0.04, t = −1.41,
p = 0.16).

3.4. Structural integrity

There were no significant between group differences in FA or MD
(FA patients: 0.3418, SD = 0.0235, FA controls: 0.3427, SD = 0.0241,
t = 0.15, p = 0.88; MD patients: 9.0260 ∗ 10−4, SD = 4.4107 ∗ 10−5,
MD controls: 9.0208 ∗ 10−4, SD= 4.2405 ∗ 10−5, t =−0.05, p= 0.96).

3.5. Associations of brain function, structure and symptom severity

3.5.1. Functional and structural connectivity
In OCD patients, a significant positive correlation between taskFC

and connectivity distribution values of the WM tracts was found (r =
0.32, p = 0.04). No significant association between taskFC and SC
could be found in controls. Therewasno significant association between
taskFC and the number of white matter fiber tracts in none of the
groups.

3.5.2. Functional connectivity and structural integrity
There was no significant correlation between taskFC and structural

integrity measures neither in patients nor in controls (patients: gPPI
betas and FA r = 0.15, p = 0.35, gPPI betas and MD r = −0.23, p =
0.15; controls: gPPI betas and FA r = −0.24, p = 0.15, gPPI betas and
MD r = 0.09, p = 0.60).
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3.5.3. Connectivity and symptoms
There was a significant negative association between symptom se-

verity (Y-BOCS total) and structural integrity (FA) in OCD patients
(r = −0.33, p = 0.04). There was no significant association between
the symptom severity score (Y-BOCS total) and taskFC or SC, the same
applied to the correlation between depression score (BDI total) and
taskFC or SC in OCD patients.

3.6. Effect of medication

We found that medication status of the patients affected the taskFC
group difference (F = 14.07, p b 0.01), i.e., medicated patients showed
a significantly higher taskFC in the parieto-occipital cluster than con-
trols (post hoc t-test: medicated patients (N = 27): mean = 0.38,
SD = 0.35, controls (N = 37): mean = −0.08, SD = 0.37, t = 4.95,
p b 0.01), as well as compared to unmedicated patients (unmedicated
patients (N = 15): mean = 0.11, SD = 0.18, t = −2.75, p = 0.01).

3.7. Disgust sensitivity

Patients had a significantly increased disgust sensitivity score com-
pared to controls (patients (N= 42): mean= 2.43, SD= 0.55, controls
(N=37):mean=2.01, SD=0.61, t= 3.22, p=0.002). No association
between disgust sensitivity and taskFC could be found in OCD patients.

4. Discussion

The aim of the present study was to investigate if amygdala shows
taskFC disturbances in patients with OCD during attendance to negative
affective stimuli and to evaluate if these functional disturbances are
linked to alterations in structural properties (connectivity and integrity)
of underlying WM tracts. As a main finding, our study demonstrated
that OCD patients showed a significantly increased left-lateralized
taskFC from the left amygdala to the parieto-occipital cortex and that
this increased functional connectivity was positively associated with
the structural connectivity (SC distribution values) of the underlying
WM tracts. In addition, the structural integrity of these WM tracts was
negatively correlated with symptom severity (i.e., an increase in symp-
tom severity was associated with a decrease in structural integrity of
WM tracts FA).

4.1. Task dependent functional connectivity

More specifically, the significantly increased left amygdala taskFC to
the parieto-occipital cortex during exposure to negative affective stim-
uli suggests a stronger interplay in patients between a core limbic area
(i.e., the amygdala), which is predominantly responsible for emotional
processing, and a network known to be responsiblemainly for attention
and visual processing (Goncalves et al., 2010).

Previous studies in healthy subjects showed that the presentation of
emotional content goes along not only with increased activation in
“classical” emotion related regions such as the amygdala and inferior-
temporal areas but also with an increased activation in extra-striate
and ventral stream visual areas (Wendt et al., 2011). Our study results
reveal that in OCD the functional coupling between these regions
seems to be altered when attending to stimuli with a negative valence.
As OCD patients reported also a significantly increased disgust sensitiv-
ity a more sensible and affective perception of these mainly contamina-
tion related stimuli may be one mechanism underlying this increased
functional coupling between emotional and visual processing areas.
Thus, we speculate that in OCD both the affective perception as well
as the visual processing of these specific stimuli might be altered.

Furthermore, regarding the psychopathological importance of these
areas found to be hyperconnected in OCD, a review by Menzies et al.
(2008) pointed out the need to consider the relevance of these posterior
brain regions in the pathogenesis of the disorder. Study results of

Olatunji et al. (2013) support this. by showing that visual areas might
play a central role in themechanisms of emotional processing, especial-
ly during symptom provocation, in OCD.

The finding that patients showed a rather normal neural activation
similar to healthy subjects during task along with an altered functional
coupling could indicate that although the processing of anxiety partly
taking place in the amygdala might not be disturbed, the “communica-
tion”with visual areasmight bemore intense in patients, possibly going
along with higher stimulus attendance and a more intensive sensation
of negative stimulus valence.

Accordingly, previous studies likewise showed alterations in visual
attention in OCD, such as problemswith disengaging attention from sa-
lient stimuli (Cisler and Olatunji, 2010) or processing abnormalities
when OCD-relevant material had to be visualized (Moritz et al., 2009).
Overall, these findings together with our results speak in favor of the
idea that OCD patients may have a certain attentional bias, more specif-
ically in the processing and attribution of emotional valence, towards
disorder relevant stimuli.

Moreover, present findings of a subcortical-cortical hyperconnectivity
confirm results of a review by Diniz et al. (2012) who concluded that
besides neural disruptions comparable to those in other anxiety disorders,
OCD patients seem to be affected by additional alterations within the
amygdalo-cortical circuitry, which plays a major role in processes of
fear conditioning and extinction. Our results complement this by show-
ing that dysfunctions within these networks are visible already during
the perception and processing of negative, fear-provoking stimuli.
Future studies should investigate this aspect in more detail.

Regarding the role of the amygdala it has been shown that the
amygdala is more strongly involved in the processing of immediate
fear while other areas such as the insula are more relevant for the
processing of potential threats (Fiddick, 2011). Considering that exactly
these anxiety-associated regions showed altered functional connectivity
while patients were perceiving pictures with negative affective content
emphasizes the necessity to more strongly focus on exploring neural
activity in OCD during exposition to feared objects or situations.

Several attempts have beenmade to identify symptom specific neu-
ral patterns inOCD (Mataix-Cols and vandenHeuvel, 2006;Mataix-Cols
et al., 2004; van denHeuvel et al., 2009). It is therefore a valid question if
the present results represent a general or symptom specific pattern of
OCD psychopathology.

Interestingly, a recent study by Simon et al. (2014) showed that
amygdala hyperactivation during symptom provocation was present
across different OCD symptom dimensions and suggested that it might
constitute a common correlate which links OCD to other anxiety disor-
ders. Our findings complement and support this assumption by giving
insights into the functional coupling of this same region and by showing
that, although a multi-symptomatic group was exposed to negative af-
fective (mainly contamination related) stimuli, alterations in amygdala
function were still present. Thus, present findings indicate that limbic
areas might be involved in a more general rather than a symptom
specific neural mechanism of the disorder.

4.2. Left lateralized connectivity

It is noteworthy that only left amygdala showed a between group
taskFC connectivity difference. This finding is in accordance with other
studies reporting an asymmetry in OCD patients, both structurally
(Cannistraro et al., 2007) as well as functionally (Simon et al., 2014). In-
terestingly, this lateralization was also often reported in animal models
of OCD (Ahmari et al., 2013) or in transcranial magnetic stimulation
(TMS) studies with treatment resistant OCD patients (Mondino et al.,
2015), where a left-lateralized stimulation seemed to be more effective
than stimulation of the right side.

According to Phelps et al. (2001) there is a left-hemispheric amygda-
la engagementwhen the emotional property of a stimulus is cognitively
learned, while there tends to be right-sided amygdala response when
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the emotional property of the stimulus is obvious and visual (e.g., in the
case of generally aversive, threatening stimuli). Moreover, the authors
speculate that the difference in laterality of amygdala activation may
be dependent on themodality in which the stimulus is represented (vi-
sual, verbal, obvious etc.) and its elaboration and interpretation by the
subject. In our study, all subjects received the samenegative affective vi-
sual stimuli with a mostly contamination related content, but with no
direct threat component, with the instruction to carefully attend to
these stimuli. As a consequence, an increased coupling between left
amygdala and visual areas could be observed. Moreover, the OCD symp-
tomatic model shows that OCD symptoms are mostly based on learned
negative attribution to specific stimuli, which evoke anxiety and then
lead to obsessions and repetitive behaviors (compulsions) to reduce
anxiety.

Against this background and in light of Phelps et al. (2001) conclu-
sions there is reason to speculate that this increased left amygdala con-
nectivity in OCD might reflect the fact that patients generally attribute
higher emotional valence to these stimuli than controls. In other
terms, stimuli might be emotionally overvalued and interpreted in rela-
tion to personal obsessions or compulsions.

4.3. Structural connectivity

Interestingly, despite the significantly increased taskFC in patients
compared to controls the structural connectivity and integritymeasures
per se did not show any significant difference between the groups.

In contrast to this finding, previous OCD studies do report structural
alterations in main WM tracts (Koch et al., 2014). One potential reason
for this inconsistency is that – instead of investigating whole brain SC –
we restricted our analysis to a specific WM tract of the functionally
coupled areas, following a results driven approach. The WM tracts we
found in the present study represent most probably major parts of the
inferior longitudinal fasciculus (ILF) (Catani and de Schotten, 2012). Al-
terations in these specific fiber bundles have been reported in adoles-
cent OCD patients (Jayarajan et al., 2012; Zarei et al., 2011) as well as
in OCD adults (Garibotto et al., 2010). Although results regarding the di-
rection of disruption (increased vs. decreased) or characteristics of the
WM tracts (FA, axial, radial diffusivity or directionality of tracts) were
heterogeneous, they overall point to the potential relevance of the ILF
for the disorder. A review of Piras et al. (2013) showed that alterations
in intra-hemispheric bundles linked to posterior parietal and occipital
association cortices are also consistently reported in the OCD literature.
Our findings support these results.

4.4. Association between function, structure and symptoms

According to Jones et al. (2013) the measures obtained from
tractography, indicating connectivity distribution or connectivity ex-
tent, can be considered as good estimates for the variations in the ana-
tomical connections and as a good direct estimate of connection
strength at the macroscopic level of an anatomical structure. Our
study results revealed that exactly this structural connectivity charac-
teristic of theWM tracts, i.e., strength or extent of WM tracts, was asso-
ciatedwith an increase in functional connectivity of the connected areas
only in the OCD group.

Thisfinding suggests that an increased extent ofWMtractsmay con-
stitute the basis of an increased functional connectivity in patients.
Thus, stronger structural connectivity (in terms of higher connectivity
distribution values of the ILF) might reflect an increased efficiency in
transmitting information which, in turn, is reflected by a stronger func-
tional connectivity between the respective regions connected by the ILF
(i.e., amygdala and parieto-occipital areas) in patients. Although it is a
matter of debate which neurophysiological characteristics (e.g., varying
degree of myelination, axonal branching, fiber complexity, diameter)
are mainly mirrored by connectivity distribution, microstructural char-
acteristics have been shown to change with experience (Zatorre et al.,

2012). Myelinogenesis, caused by neural activity in fiber tracts during
intensive processing or training, is one possible mechanism underlying
increased structural connectivity. Mice studies have demonstrated that
increasing neuronal electrical activity by the use of specific neurotoxins
known to increase the firing of neurons caused increased myelination
(Demerens et al., 1996). Transferred to the present findings, it can be
speculated that the more intensive visual perception, as discussed
above, may be the mechanism underlying increased structural and
functional connectivity in patients in respective regions and their
connecting white matter fiber tracts.

Finally, our results reveal that a specific characteristic of this
group, i.e. symptom severity, goes along with a decrease in WM
tract integrity (FA), which is considered a stable indicator of altered
myelination.

Although present correlation results need to be interpreted with
caution as they were not corrected for multiple comparisons, they still
give reason to assume that the functional connectivity disruptions
may underlie alterations in structural connectivity, indicating that
structural disruptions may be the basis of broader network functional
disruptions. The negative association of structural integrity and symp-
tom severity underlines the psychopathological relevance of these
structural changes for the disorder and confirms previous studies
which also showed that structural impairments can go along with
symptom severity increase despite the directionality of this association
being inconsistent.

Moreover, one should keep in mind that our analysis was restricted
to specific regions and that further research on this association is need-
ed to find out whether the association of functional and structural char-
acteristics is detectable in other OCD relevant networks also.

There are several limitations that need to be taken into account
when interpreting the present findings. First, we used only the OCI-R
to assess the symptom spectrum of each participant which has the dis-
advantage that patients can score high on several subscales. Hence,
using the Y-BOCS dimensional symptom checklist would have been
more appropriate in order to identify the most prevalent symptom di-
mensions in this patient sample. As another limitation it should be
noted that no quantitative data on the level of arousal and unpleasant-
ness experienced during observation of the negative pictures are avail-
able as debriefing was done only in the form of an unstructured
interview after the scanning. Future similar tasks should assess the
level of experienced arousal and unpleasantness as an additional pa-
rameter to support and facilitate interpretation of observed neural
activity.

Finally, although our sample had the primary diagnosis OCD, it
should not go unmentioned that patients were not comorbidity- and
medication-free, whichmay have influenced our results to some extent.
As our results showed, medicated patients had higher taskFC values
than unmedicated patients and controls. Hence, we cannot exclude
the fact that our increased taskFC results could have been influenced
by medication to some extent. Further studies with an age and gender
matched sample of medicated and unmedicated or medication naive
patients are needed to clarify this effect.

5. Conclusion

To the best of our knowledge, this is the first study to explore the re-
lationship between amygdala task dependent functional and structural
connectivity in OCD. The main contribution of our study is the compre-
hensive assessment of functional and structural connectivity of the
amygdala, a region previously discussed as OCD relevant, and the direct
association between these measures. Our study demonstrated that be-
sides the well-known CSTC circuit, limbic brain regions, responsible
for emotional processing, and their parieto-occipital connections, need
to be taken into account to increase our understanding of the neuronal
mechanisms underlying the OCD psychopathology.
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Appendix A

Table 1
Demographic and clinical data of participants.

OCD (N = 42) Controls (N = 37) Group difference

Characteristic Mean (SD) Mean (SD) p-value
Sex, male:female 15:27 15:22 n.s. (p = 0.48)
Age,
Years

32.50 (9.95) 30.99 (7.56) n.s. (p = 0.45)

Medication, yes/no 27/15 NA
Medication type

Patients with more than one drug:

17 SSRI
3 SNRI
4 TrA
1 Benzo
2 no info

3 Antipsy
1 NDRI

Comorbidities
Present/not present

24/18 NA

Comorbidity type 14 depression
3 anxiety disorders
5 depression & anxiety disorder
1 personality disorder
1 impulse control disorder-not otherwise specified

Fig. 1. Left section: Construction of ROI. (left images) Amygdala activation cluster resulting from one-sample t-tests (p b 0.05, FWE corrected at voxel level) for the contrast “negative af-
fective vs. neutral pictures” in OCD patients (top) and in controls (bottom). (right image) Amygdala seed ROI for the connectivity analyses (i.e., intersection of group specific activation
clusters).Middle section: Functional connectivity analysis results. Brain regions showing increased taskFC (negative affective vs. neutral pictures) with the amygdala separately in both
groups (first two rows) and in group contrast last row: (top row) brain regions (bilateral occipital, parietal areas) showing an increased taskFC with the left and right amygdala in the
patient group. (middle row) no significant increase in taskFC of left amygdala in the control group (right). (bottom row) brain regions showing an increased taskFCwith the left amygdala
inOCDpatients compared to controls. Color bar represents t-values (p b 0.05, FDR corrected at voxel level).Marked in green is the target cluster for theprobabilisticfiber tracking. Shown is
the left side (slice: x=−26). No differences in taskFC of the right amygdala between the groups.Right section: Results from the probabilistic fiber tracking analysis. (left image) intersec-
tion ROIs used for the analysis (i.e., probFT analysis) for both groups (seed ROI marked in blue, target ROI marked in green). (right image) output images from the probFT in individual
space. Shown are theWM tracts connecting the seed ROI amygdala (marked in blue) with the target ROI (marked in green) in sagittal and axial orientation. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1 (continued)

OCD (N = 42) Controls (N = 37) Group difference

Years since onset 16.23 (10.64) NA
YBOCS total

− obsessions
− compulsions

20.71 (5.58)
10.90 (3.24)
9.76 (3.77)

NA

OCI-R total

− Hoarding
− Checking
− Ordering
− Neutralizing
− Washing
− Obsessing

24.07 (10.09)
2.48 (2.90)
5.52 (3.51)
3.33 (3.75)
2.17 (4.19)
4.31 (3.65)
6.62 (3.26)

NA

BDI 17.60 (11.53)
FEE 2.43 (0.55) 2.01 (0.61) s. (p = 0.002)

*Y-BOCS = Yale-Brown Obsessive Compulsive Scale.
*OCI-R = Obsessive-Compulsive Inventory – Revised;
*BDI = Beck Depression Inventory.
*FEE = disgust sensitivity questionnaire.
*n.s. = not significant.
*NA = not applicable.
*M (SD) = mean (standard deviation).
*SSRI = selective serotonin reuptake inhibitor; SNRI = serotonin-norepinephrine reup-
take inhibitor; TrA = tricyclic antidepressant; Benzo = benzodiazepine; Antipsy = Anti-
psychotic; NDRI = Norepinephrine-dopamine reuptake inhibitor.

Table 2
MNI coordinates of activationmaxima for taskFC (negative affective vs. neutral pictures) in patientswith the left amygdala as seed region and the right amygdala as seed region (one sam-
ple t-test at p b 0.05, FDR corrected at voxel level). The expected voxels per cluster (k = 12 for left, k = 16 for right) were than taken as a spatial extent threshold.

Brain regions side k p FDR T x, y, z

Left amygdala connectivity
Fusiform gyrus, middle temporal gyrus, middle occipital gyrus, precuneus, cuneus L 3694 0.001 6.68 −38 −60 18
Middle occipital gyrus, fusiform gyrus, cuneus, precuneus R 3502 0.001 6.44 40 −80 14
Superior parietal lobule, precuneus L 415 0.001 4.87 −30 −56 54
Parahippocampal gyrus L 38 0.004 4.11 −16 −4 −14
Inferior parietal gyrus L 61 0.008 3.78 −38 −36 40

Right amygdala connectivity
Temporal lobe, fusiform gyrus, inferior temporal gyrus, lingual gyrus L 1779 0.005 5.96 −40 −56 −18
Occipital lobe, inferior occipital gyrus, fusiform gyrus, inferior occipital gyrus, middle occipital gyrus R 1037 0.005 5.61 40 −62 −12

*L/R = left/right side; k = number of voxels in cluster; p = FDR correction at voxel level; T = t value; x, y, z = MNI coordinates in mm.

Table 3
MNI coordinates of activation maxima for increased taskFC (negative affective vs. neutral pictures) in patients compared to controls with the left amygdala as seed region (two sample t-
test at p b 0.05, FDR correction at voxel level). Expected voxels per cluster (k = 12) were than taken as a spatial extent threshold.

Brain regions Side k p FDR T x, y, z

Inferior parietal lobule, superior parietal lobule, precuneus L 303 0.026 5.07 −36 −50 56
Middle occipital gyrus, middle temporal gyrus R 623 0.026 4.79 34 −78 16
Posterior lobe, Cerebellum R 92 0.026 4.48 16 −76 44
Middle occipital gyrus, superior parietal lobule, precuneus L 554 0.026 4.44 −46 −76 14
Occipital lobe, fusiform gyrus L 127 0.026 4.40 −34 −58 12
Anterior lobe, Cerebellum R 42 0.027 4.18 24 −54 28
Parietal lobe, Inferior parietal lobule L 128 0.027 4.02 −38 −36 36
Anterior lobe, Cerebellum L 32 0.028 3.97 −18 −52 26
Posterior lobe, Cerebellum L 22 0.029 3.93 −14 −62 38
Temporal lobe, superior temporal gyrus L 14 0.030 3.88 −36 12 30
Frontal lobe, middle frontal gyrus L 34 0.030 3.87 −30 −2 42
Parietal lobe, Superior parietal lobule R 110 0.031 3.83 28 −70 48
Parietal lobe, inferior parietal lobule L 36 0.031 3.81 −58 −18 28
Sub lobar, thalamus R 14 0.035 3.68 2 -14 12

*L/R= left/right side; k= number of voxels in the cluster; p= FDR correction at voxel level; T= t value; x, y, z=MNI coordinates inmm; bold= target parieto-occipital cluster used for
further analysis.

Appendix B. Supplementary data

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.nicl.2016.12.007.
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8. Gray Matter Alterations in OCD

The cortical mantle of OCD patients shows variations in gray matter, mirrored by regionally
restricted reductions in volume and more extended surface area alterations.

This chapter presents a research article entitled “Structural alterations in patients with obsessive-
compulsive disorder: A surface based analysis of cortical volume, surface area and thickness”,
which has been accepted for publication by The Journal of Psychiatry and Neuroscience on May
31st 2017 and was written by Oana Georgiana Rus, Tim Jonas Reeß, Gerd Wagner, Michael
Zaudig, Claus Zimmer and Kathrin Koch. This study focuses on the surface anatomical pro-
file of the cortical mantle in OCD patients by concurrently analysing several measures of grey
matter, namely volume, surface area and thickness in a comparatively large sample.

Contributions:

The author of the present thesis is also the first author of this research article. O.G.R, T.J.R.
and K.K. contributed substantially to conception and design, acquisition of data, analysis
and interpretation of data and revised the manuscript critically. O.G.R. additionally drafted
the article. G.W. contributed substantially to conception of data and revised the drafted
manuscript. C.Z. contributed substantially to data acquisition. M.Z. contributed substantially
to patient collection. All authors gave the final approval of the version to be published.
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Structural alterations in patients with obsessive–
compulsive disorder: a surface-based analysis of 

cortical volume, surface area and thickness

Oana Georgiana Rus, PhD; Tim Jonas Reess, PhD; Gerd Wagner, PhD;  
Michael Zaudig, MD; Claus Zimmer, MD; Kathrin Koch, PhD

Introduction

Studying the brain anatomic structure offers a promising ap-
proach to improve our understanding of neural functional 
alter ations often encountered in individuals with psychiatric 
disorders. In those with obsessive–compulsive disorder 
(OCD), a psychiatric disorder with a 2%–3% lifetime preva-
lence1 that causes strong impairment of daily life, findings up 
to now show disruptions on a functional and a structural 
neural level, mainly in a network including cortico-striato-
thalamo-cortical (CSTC) areas. Overall, these findings are 
rather inconsistent and limited by confounding factors, such 
as differences in clinical characteristics of the study sample or 
varying methodological approaches.

Meta-analytic reviews showed that cortical areas, mainly 
the anterior cingulate cortex (ACC), orbitofrontal cortex 
(OFC) and parietofrontal regions, seem to be predominantly 
affected by grey matter volume deficits in patients with 

OCD, whereas the lenticular nuclei and thalamus were found 
to be characterized by increases in grey matter volume.2–4 A 
recent review article5 confirmed these results and concluded 
that structural alterations in patients with OCD are wide-
spread and occur most probably at a network level, with cor-
tical tissue reductions and a tendency toward increases in 
grey matter volume of subcortical limbic areas. These subcor-
tical tissue increases were also corroborated by a recent 
meta/mega-analysis of the ENIGMA OCD imaging consor-
tium.6 Additionally, this meta/mega-analysis showed that 
the neuroplasticity of specific areas depends on the age of the 
studied sample (i.e., smaller hippocampal but larger palli-
dum volumes were prominent in adults with OCD, whereas 
only larger thalamic volumes were specific for pediatric pa-
tients). Besides grey matter volume alterations in patients 
with OCD, significantly decreased grey matter thickness in 
partly overlapping areas (i.e., limbic, parietal and temporal 
areas) was also found in another recent mega-analysis.7 It is 
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Background: Mounting evidence indicates the presence of structural brain alterations in individuals with obsessive–compulsive disorder 
(OCD). Findings are, however, rather heterogeneous, which may be partly because of differences in methodological approaches or clin-
ical sample characteristics. The aim of the present study was to analyze the whole brain cortical volume, surface area and thickness in a 
large sample of patients with OCD compared with age- and sex-matched healthy controls. Methods: We conducted whole brain surface-
based analyses of grey matter measures using the automated FreeSurfer software in patients with OCD and matched controls. Group 
analyses were performed and corrected for multiple testing using Monte Carlo simulations (p < 0.05). Altered brain regions and their 
 average morphological values were associated to symptom severity and type (Yale–Brown Obsessive Compulsive Scale scores). Results: 
We included 75 patients and 75 controls in our analyses. Patients with OCD showed decreases in both volume and surface area com-
pared with healthy controls in inferior-superior parieto-occipital regions. In addition, the precuneus, posterior cingulate areas, middle fron-
tal and orbitofrontal areas, and middle inferior temporal areas extending to the fusiform gyrus were characterized by a reduced surface 
area only. There were no differences in grey matter thickness between the groups. Limitations: The presence of comorbidities, medica-
tion usage and the multisymptomatic feature of OCD could have influenced our results to a certain degree. Conclusion: Our results sug-
gest decreased grey matter volume and surface area in several key regions in patients with OCD. Parietal regions showed reductions in 
both volume and surface area, which underlines the potential relevance of these regions for the pathophysiology of the disorder.
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interesting to note that these findings also partly confirmed a 
previous mega-analysis on volume by de Wit and col-
leagues,8 which described reductions in grey but also white 
matter in partly overlapping (i.e., frontostriatal limbic) areas.

Regarding these structural alterations in patients with 
OCD, most previous studies focused either on grey matter 
volume or thickness using voxel-based morphometry 
(VBM),9 with results being partly inconsistent in terms of the 
direction of alteration (increase v. decrease of cortical param-
eters), but also with respect to the cortical parameter itself 
(grey/white matter volume or thickness) or the anatomic 
 region found to be altered.

It has been shown that, on the one hand, grey matter par-
ameters (i.e., volume, surface area, cortical folding or thick-
ness) are genetically and phenotypically independent from 
each other.10,11 On the other hand, changes in 1 parameter 
can contribute to changes in the others to varying degrees, 
as shown by longitudinal developmental studies.12 There-
fore, focusing on only 1 grey matter parameter can obscure 
information about the others. Moreover, these parameters 
are known to differ strongly with regard to their develop-
mental start and general course of development. Thus, cor-
tical surface area develops as a consequence of cortical fold-
ing in prenatal brain development,13 whereas grey matter 
volume is fully developed only in later stages of postnatal 
development.14,15

Hence, studying these parameters of cortical structure can 
give more insight into the repeatedly discussed question of 
whether these morphological properties are independently 
affected in patients with OCD and whether they might help 
to explain the rather inconsistent findings.

Surface-based analysis (SBA) methods allow an exact 
 determination of all these cortical parameters. Compared 
with VBM, SBA has several advantages. It is not prone to 
smoothing across neighbouring gyri as it uses smoothing on 
the inflated cortical surface. Moreover, it can assess these par-
ameters of brain morphology and their contribution in-
depend ently from each other and is not so sensitive to image 
registration as it computes the morphometric parameters in 
native space.16–18

To the best of our knowledge, only 2 studies have used 
the  SBA approach in OCD samples to study gyrification, 
 volume, surface area and thickness at the same time.19,20 
 Venkatasubramanian and colleagues19 applied SBA by using 
the automatic FreeSurfer software and provided first evi-
dence of altered volume, surface area and thickness in a 
number of different regions comprising the ACC, OFC and 
occipital cortex in medication-naive patients with OCD. 
These alterations were partly associated with clinical charac-
teristics (i.e., symptom severity, symptom type, disorder in-
sight). Despite using the same method in an OCD sample 
with similar clinical characteristics (i.e., unmedicated pa-
tients), Fan and colleauges20 found alterations that partly 
 diverged from the findings of Venkatasubramanian and col-
leagues,19 both regarding direction and location. Thus, the re-
sults by Fan and colleagues20 revealed a significant increase 
in thickness in parietal areas and gyrification increases in a 
network containing the insula and frontal and occipital areas 

in patients with OCD that were positively associated with 
symptom severity.

Several other OCD studies used the SBA approach. How-
ever, they analyzed only 1 measure of grey matter — 
 thickness — with heterogeneous results.21–25 A more recent 
study by Kühn and colleagues26 explored cortical thickness 
using the same SBA method in a large sample of 101 patients 
with OCD and 95 controls and partly confirmed results of 
both previous studies. They reported cortical thinning in the 
bilateral subgenual and dorsal ACC as well as in middle 
frontal, inferior temporal, supramarginal and occipital areas 
of the left hemisphere and the right insula. They also found 
an increase in thickness in the left precentral gyrus.

Taken together, existing SBA and VBM studies in OCD 
samples are scarce and rather inconsistent, whereby the ACC 
appears to be most frequently reported as altered in thick-
ness, surface and volume, and the middle frontal, insular and 
 parieto-occipital areas are also found to be altered in patients 
with OCD, albeit with less consistency. Hence, previous find-
ings need to be treated with caution and should be inter-
preted against the background of existing differences in 
 sample characteristics and partly different methodological 
approaches.

In order to extend recent findings and to bring more light 
to the heterogeneous picture of the cortical grey matter alter-
ations in patients with OCD, we performed a whole brain 
SBA of grey matter volume, surface area and thickness in a 
large and carefully selected sample of patients with OCD and 
matched healthy controls. Based on previous findings19,20 we 
expected a significantly altered cortical morphology in these 
various grey matter measures in patients with OCD com-
pared with controls. Additionally, we hypothesized that 
these structural alterations would be significantly associated 
with OCD psychopathology, which we investigated by cor-
rel ating the detected structural abnormalities with clinical 
scores (i.e., symptom severity).

Methods

Participants

We recruited patients from the Windach Institute and Hos-
pital of Neurobehavioural Research and Therapy (WINTR), 
Germany, and the University Hospital for Psychiatry and 
Psychotherapy, Jena, Germany. All were in-house patients 
in wards specialized in OCD with a standardized admission 
process, psychopathological screenings and assessment of 
disorder history performed by an experienced psychiatrist. 
This sample has been described in detail elsewhere.27 The 
healthy controls were recruited in Jena and in Munich 
through local study announcements (e.g., blackboards, 
 newspapers).

Both patients and healthy controls were screened using a 
standardized questionnaire, including questions on the pres-
ence of any (additional) psychiatric or neurologic illness, 
psychi atric or neurologic disorders in first-degree relatives, 
medication and MRI compatibility. Exclusion criteria for both 
groups were a history of clinically important head injuries, 
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seizures or neurologic diseases. Healthy controls with a his-
tory of psychiatric illness were excluded. Exclusion criteria 
for patients were schizophrenia, autism, substance and alco-
hol abuse/dependency, mental retardation, pregnancy and 
severe medical conditions.

After a complete description of the study aims, we ob-
tained written informed consent from all participants. The 
study protocol was in compliance with the Declaration of 
Helsinki and approved by the ethics committees of the Klini-
kum rechts der Isar and the University of Jena. Prior to the 
scanning session we assessed demographic characteristics 
and symptom severity using the Yale–Brown Obsessive 
Compulsive Scale (Y-BOCS).28

Image acquisition

Controls and patients recruited from WINTR were scanned 
at the Department of Neuroradiology, Klinikum rechts der 
Isar, Technische Universität München, Germany. Controls 
and patients from Jena were scanned at the University Hos-
pital Jena.

High-resolution anatomic T1-weighted scans from Jena 
were acquired using a 3 T whole body system equipped with 
a 12-element receive-only head matrix coil (MAGNETOM 
TIM Trio, Siemens Medical Solutions). High-resolution ana-
tomic T1-weighted volume scans (magnetization-prepared 
rapid gradient-echo [MPRAGE]) were obtained in sagittal 
orientation under the following parameters: repetition time 
(TR) 2300 ms, echo time (TE) 3.03 ms, inversion time (TI) 
900 ms, flip angle 9°, field of view (FOV) 256 × 256  mm2, 
 matrix 256 × 256 mm2, 192 sagittal slices, acceleration factor 
(PAT) of 2, with an isotropic resolution of 1 × 1 × 1 mm3.

Data from Munich were collected using a 3 T whole body 
system equipped with a 12-element receive-only head matrix 
coil (INGENIA, Philips Healthcare). High-resolution ana-
tomic T1-weighted volume scans (MPRAGE) were obtained 
in sagittal orientation under the following parameters: TR 
9 ms, TE 4 ms, TI 900 ms, flip angle 8°, FOV 240 × 240 mm2, 
matrix 240 mm × 240 mm2, 170 sagittal slices, with an isotro-
pic resolution of 1 × 1 × 1 mm3.

Image processing and computation of surface measures

Using the framework of the general linear modeling (GLM), 
implemented as an automated function in FreeSurfer 
(glm_fit), we assessed the regional grey matter differences 
with respect to volume, surface area and thickness between 
patients and controls at the level of each vertex for each 
hemisphere separately, and included age, sex and scanner 
type (Siemens v. Philips) as covariates to correct for their po-
tential confounding effects. The reconstructed surfaces for 
each participant were visually inspected, and minor defects 
were manually corrected as recommended by the software 
guidelines.

To account for multiple testing across the whole brain, we 
performed Monte Carlo simulations29 with 10 000 iterations 
in order to identify significant contiguous clusters of vertex-
wise group differences (p < 0.05).

In addition to analysis of covariance (ANCOVA), we as-
sessed the potentially confounding effect of the 2 scanner 
types (Siemens v. Phillips) and their different sequences. 
Hence, we performed another glm_fit analysis with age and 
sex as covariates in which we evaluated whether the 2 scan-
ner groups differed significantly in volume, surface area or 
thickness.

Statistical analysis

Further statistical analyses were performed using the SPSS 
Inc. software version 11.5.1. Differences in age between the 
groups were assessed using the Student t test, and differ-
ences in sex were assessed using χ2 square tests. Within the 
patient group we performed multiple linear regression to as-
sess the association between 4 clinical characteristics 
(Y-BOCS total score, obsessions, compulsions and duration of 
illness) and alteration in parameters of the cortical structure 
(mean volume, surface area or thickness of altered brain re-
gions). Each of the 4 clinical scores was hereby taken as a sep-
arate criterion, with mean volume or surface area extracted 
from the clusters that emerged from the group comparison as 
predictors, and age, sex and scanner type as covariates. We 
conducted the regression analyses separately for each hemi-
sphere, for each of the 4 symptom scores and for each of the 
cortical parameters showing a group difference. In case of a 
significant association, the corresponding partial correlation 
coefficient was reported.

To control for the potential effect of medication or comor-
bidity on the brain clusters that were found to be different in 
patients than controls, we performed multivariate ANCOVAs 
(MANCOVA). Medication and comorbidity were used as in-
dependent variables, and average volume and surface area 
values (extracted from the clusters found to be different in 
the group comparison) were used as dependent variables. 
Age, sex and scanner type were entered as covariates. We 
performed the analyses separately for each hemisphere. We 
addressed the question of whether medication status (medi-
cated v. unmedicated) or comorbidity (comorbidity v. no co-
morbidity) affected the surface structure in the clusters that 
were found to be different in patients than in controls.

Our statistical analyses were Bonferroni-corrected with an α 
of p < 0.0025 for the total of 20 models (10 for each hemisphere 
and each measure).

In addition, to evaluate if there was a potential difference 
between medicated and unmedicated patients, we performed 
separate whole brain GLM analyses for the cortical param-
eters (volume, surface area, thickness) with age, sex and scan-
ner type as covariates, and corrected for multiple testing 
 using a false discovery rate (FDR) of p < 0.05.

Results

Participants

The study sample comprised 75 right-handed patients who 
met the DSM-IV criteria for OCD and 75 right-handed 
healthy controls matched for age (t148 = 0.54, p = 0.58) and sex 
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(χ2
1 = 0.1, p = 0.73). Forty-two of the patients were recruited 

from WINTR and 33 were recruited from the University Hos-
pital in Jena. Slightly more than half (57%) of all patients 
were medicated, and one-third (32%) had 1 or more comor-
bid psychiatric disorder (Table 1).

Differences in surface measures

Volume
The whole brain analysis to investigate differences in cortical 
volume between the groups revealed a significantly (p < 
0.01) decreased volume in patients with OCD compared 
with healthy controls in a cluster of the right hemisphere 
comprising the superior and inferior parietal areas as well as 
small parts of the lateral occipital cortex and in a similar 
cluster in the left hemisphere comprising superior-inferior 

parietal and lateral occipital regions (p < 0.05; Table 2 and 
Fig. 1B).

Surface area
Patients with OCD had a significantly (p < 0.05) decreased 
surface area in 4 clusters of the right hemisphere (parietal 
cortex, rostral middle frontal cortex, inferior temporal cortex, 
precuneus) compared with healthy controls. When applying 
a stricter threshold (p < 0.01), only the parietal and the ros-
tral middle frontal cluster remained significant (Table 3). 
Likewise, 3 clusters of the left hemisphere showed a signifi-
cantly decreased surface area (p < 0.05) in patients with OCD 
compared with healthy controls, comprising mainly the left 
lateral occipital, superior parietal and rostral middle frontal 
regions. When applying a stricter threshold (p < 0.01), only 
the lateral occipital and superior parietal clusters remained 
significant (Table 3 and Fig. 1A).

Thickness
The whole brain analyses of cortical thickness revealed no 
significant differences between the groups.

Correlation between surface area and volume
As the parietal cortex showed both decreased surface area 
and volume in patients compared with controls (Fig. 1), we 
investigated whether there was a direct association between 
both parameters in this area. The correlation of volume and 
surface area in this specific overlapping cluster showed a 
positive association between these measures in both hemi-
spheres and both groups (left hemisphere: r = 0.83, p = 0.013 
in patients and r = 0.86, p = 0.012 in controls; right hemi-
sphere: r = 0.82, p = 0.014 in patients and r = 0.86, p = 0.012 
in controls).

Association between cortical measures and clinical 
 variables
There was no association between the cortical parameters 
and symptom severity or duration of illness (i.e., the analyses 
did not survive correction for multiple comparisons).

Influence of medication, comorbidity and scanner  sequence
After Bonferroni correction, neither medication nor comorbid-
ity showed a significant effect on the altered volume or sur-
face area regions. Furthermore, no group differences in the 
whole brain analysis comparing medicated and unmedicated 
patients could be found in any of the grey matter  measures.

Table 1: Demographic and clinical characteristics of the sample

Group; mean ± SD (range) or no.

Characteristic OCD (n = 75) Control (n = 75)

Age, yr 30.99 ± 9.55 (19–63) 30.17 ± 8.99 (18–57)

Sex, male:female 27:48 30:45

Age at onset, yr 16.90 ± 6.64 —

Medication, yes:no 43:32 —

Medication type

SSRI 24 —

SNRI 5 —

TrA 2 —

≥ 1 medication 12 —

Comorbidities, yes:no 24:51 —

Comorbidity type

Depression 13 —

Anxiety disorder 3 —

Personality disorder 1 —

Impulse control 
disorder NOS

1 —

≥ 1 comorbid disorder 6 —

Y-BOCS score

Total score 20.77 ± 6.08 (9–38) —

Obsessions 10.45 ± 3.47 (1–19) —

Compulsions 10.29 ± 3.96 (0–19) —

NOS = not otherwise specified; OCD = obsessive–compulsive disorder; SD = standard 
deviation; SNRI = serotonin–norepinephrine reuptake inhibitor; SSRI = selective 
serotonin reuptake inhibitor; TrA = tricyclic antidepressant; Y-BOCS = Yale–Brown 
Obsessive Compulsive Scale.

Table 2: Clusters showing significantly reduced grey matter volume in patients with obsessive–compulsive disorder*

Cluster annotation Max t-value VtxMax Cluster size, mm2

VtxMax Talairach 
coordinates, x, y, z CWP p value (90% CI) NVtxs

Left hemisphere

Superior-inferior parietal cortex extending 
to lateral occipital cortex

–4.549 112 174 1031.24 –26.5, –82.4, 17.9 0.044 (0.041–0.046) 1492

Right hemisphere

Superior-inferior parietal cortex –4.289 157 870 1432.89 24.7, –79.7, 25 0.006 (0.005–0.007) 2118

CI = confidence interval; CWP = cluster-wise probability; NVtx = number of vertices in cluster; VtxMax = no. of peak vertices of the significant cluster. 
*Annotation of clusters according to FreeSurfer atlas.
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There was no difference in surface area, volume or thick-
ness between the 2 scanner groups (Siemens v. Phillips).

Discussion

Our study results showed a reduced grey matter surface 
area and volume mainly in parieto-occipital areas of both 

hemispheres in patients with OCD. Additionally, we found 
only the surface area to be reduced in a network compris-
ing frontal, temporal, precuneus and cingulate areas 
(Fig. 1C). However, our results did not show any signifi-
cant difference in grey matter thickness between the 
groups, and none of the alterations showed a significant as-
sociation with clinical scores.

Fig.1: Group differences in (A) clusters with significantly reduced grey matter surface area (SA) and (B) clusters with significantly reduced grey 
matter volume (VOL), shown separately for the right (RH) and left hemispheres (LH). Clusters are displayed on the FreeSurfer main surface of 
the participants’ average brain (lateral, medial, dorsal or ventral view). The colour bar indicates the t-value after  cluster-wise correction for multiple 
comparisons using Monte Carlo simulations (p < 0.05). (C) Overlap between the altered SA and VOL clusters. Cluster numbers correspond to 
those in Table 3 and in the article text. A = anterior; HC = healthy controls; OCD =  obsessive–compulsive disorder; P = posterior.
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Comparison with surface-based studies

To the best of our knowledge, the present study is only the 
third OCD study to analyze several cortical parameters in the 
same sample using the SBA approach. Our results show a 
certain overlap with previous SBA studies in OCD samples: 
alterations in similar areas (i.e., parieto-occipital alterations, 
including the precuneus) partly overlap with the findings of 
Fan and colleagues,20 and the same direction of alteration 
(i.e., decreases in volume and surface area) has been reported 
by Venkatasubramanian and colleagues.19

However, whereas we found decreased grey matter sur-
face area and volume in similar regions as Fan and col-
leagues,20 their results showed mostly increased gyrification 
and thickness in those areas.

The divergence in the direction of alteration may be partly 
driven by methodological differences in terms of clinical 
sample characteristics (i.e., previous studies investigated 
smaller samples and mainly unmedicated and comorbidity-
free20 or medication-naive patients19).

It is compelling that although other SBA  studies21,23,25,26,30,31 
found grey matter thickness to be affected in patients with 
OCD, our results did not show such alterations in this meas-
ure, but we did find partly similar alterations in other meas-
ures. However, when interpreting these divergent results one 
needs to be aware that previous studies presented rather 
 heterogeneous results as well. They reported increased but 
also decreased grey matter thickness in distinct cortical 
 regions, with some of the resulting heterogeneity probably 
 being a consequence of methodological differences among the 
studies (i.e., SBA approach v. whole brain v. ROI-based analy-
ses) or differences in sample characteristics (e.g., symptom 
profile, symptom severity, duration of illness, medication, 
sample size, presence of comorbidities). All this makes a valid 
comparison of the various findings rather difficult.

This heterogeneity regarding alterations in different struc-
tural parameters in partly similar areas may also be ex-

plained by the fact that, although these parameters are partly 
associated, they still can change independently from each 
other and influence changes in another parameter to a signifi-
cant degree.32

In this context, it is interesting to note that we found simi-
lar areas (i.e., inferior-superior parietal regions) to be hypo-
gyrified in the same sample, as reported in a recently pub-
lished paper by our group.27

According to previous studies, gyrification reaches its de-
velopmental peak before early toddlerhood.33–35 Therefore, 
variations in gyrification are often discussed as useful mark-
ers for processes that evolved during a crucial period of early 
brain development.

Against this background one could speculate that these 
early changes in brain development could have laid the basis 
for a certain vulnerability in these areas. Hence, it is possible 
that these changes, which most probably happened during 
early brain development, made other grey matter properties 
(e.g., volume or surface area) more prone to alterations. This 
would also explain why similar areas were altered with re-
gard to gyrification as well as volume and surface area. It 
should be noted, however, that this conclusion is speculative, 
and the precise association between these grey matter prop-
erties needs to be disentangled in future studies.

Another notable finding from the present study was the re-
duced surface area in the bilateral rostral middle frontal areas 
extending to the pars opercularis, pars triangularis and pars 
orbitalis. This finding is consistent with the main findings of 
2 recent mega-analyses,7,8 which discussed the possibility that 
similar pathological processes might underlie reductions in 
cortical morphology of these frontal areas. Thinking a step fur-
ther, these frontal areas, which are mainly responsible for cog-
nitive control, have been shown to be linked to OCD- specific 
repetitive behaviours (compulsions), and fMRI  studies show 
evidence of functional alterations in similar areas in patients 
with OCD, which lets us speculate that there may be a link 
 between these functional and structural alterations.

Table 3: Clusters showing significant changes in grey matter surface area in patients with obsessive–compulsive disorder

Cluster
Max 

t-value VtxMax Cluster size, mm2

VtxMax Talairach 
coordinates, x, y, z CWP p value (90% CI) NVtxs

Left hemisphere

Lateral occipital cortex, superior-inferior 
parietal cortex

–3.941 87 140 2971.33 –26.9, –85.3, 18.4 0.0006 (0.0003–0.0009) 4014

Superior parietal cortex, precuneus, 
posterior cingulate

–3.568 14 332 2422.88 –7.4, –48.9. 59.8 0.002 (0.001–0.003) 5152

Rostral middle frontal cortex, pars 
triangularis, pars orbitalis, pars opercularis

–2.681 84 578 1701.91 –46.6, 30.5, 9.2 0.025 (0.023–0.027) 2384

Right hemisphere

Rostral middle frontal cortex, pars 
triangularis, pars orbitalis, lateral 
orbitofrontal cortex

–4.278 58 399 2293.91 42.0, 41.8, 0.0 0.006 (0.005–0.007) 3159

Precuneus, isthmus cingulate –4.237 156 055 1690.44 8.6, –50.4, 24.6 0.030 (0.028–0.032) 3705

Middle-inferior temporal cortex, banks of the 
superior temporal sulcus, fusiform gyrus

–3.844 59 310 2007.95 66.6, –31.2, –5.9 0.012 (0.010–0.013) 3124

Superior-inferior parietal cortex, lateral 
occipital cortex, cuneus

–2.720 104 620 2201.18 34.3, –78.3, 19.9 0.007 (0.006–0.008) 3436

CI = confidence interval; CWP = cluster-wise probability; NVtx = number of vertices in cluster; VtxMax = no. of peak vertices of the significant cluster. 
*Annotation of clusters according to the FreeSurfer atlas.
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Comparison with VBM studies

Compared with previous VBM studies, we likewise found 
structural alterations in inferior frontal areas, such as reported 
by de Wit and colleagues;8 alterations in small parts of the lat-
eral orbitofrontal cortex, such as shown by Radua and Mataix-
Cols;2 and parietofrontal alterations, such as reported by 
Rotge and colleagues.4 However, despite the spatial overlaps 
these alterations affected different cortical parameters, and we 
could not replicate any increases in cortical grey matter. These 
differences could have been driven by different methodo-
logical approaches; VBM might conceal certain changes that 
become manifest when analyzing cortical characteristics in a 
surface-based way,32 but they may also be triggered by clinical 
characteristics of the studied sample, such as medication, co-
morbidities, symptom dimensions or sample size.

More specifically, when comparing our results to earlier 
findings, it is striking that we tended to detect a reduced sur-
face area in brain regions that were reported in other studies 
to show a reduced volume.8,36 Moreover, other areas that 
showed alterations or even increases in grey matter in these 
previous studies (e.g., putamen, cerebellum, prefrontal cortex) 
did not show any significant difference to healthy controls in 
the present results. A potential reason for these differences 
may be that the grey matter volume as measured by VBM is a 
conglomerate of grey matter features that can be influenced 
by cortical folding properties of the surface area.16,32,37 Hence, 
an exclusive VBM analysis of grey matter volume could ob-
scure potential differences in other features, such as surface 
area or folding, which may have significantly contributed to 
the volume changes reported in previous  studies. Moreover, 
evidence showing a — to some degree — genetically and phe-
notypically independent development of some of these grey 
matter parameters,10–12 and the fact that SBA methods account 
for the folded surface when computing volume, supports the 
conclusion that SBA methods, such as those used in the Free-
Surfer software, may contribute to a better understanding of 
the precise characteristics of grey matter alterations. However, 
exact interdependencies and potential effects of the grey mat-
ter parameters on each other remain unknown12 and should 
be evaluated by future studies using combined methodo-
logic al approaches (VBM and SBA).32

Associations of grey matter parameters

Although the way grey matter is measured by the various 
approaches is relatively clear and varies only slightly, little 
evidence exists about the precise characteristics and physio-
logic implications of each grey matter measure that would al-
low for a meaningful interpretation of the results. There is 
evi dence from basic research that the various neuroanatom-
ical features of the cortex (i.e., thickness, surface area, gyrifi-
cation), which are all to a greater or lesser degree included in 
the volume parameter, are highly heritable.11,38–40 Neverthe-
less, each of them underlies distinct genetic and evolutionary 
processes.11,41,42 Hence, environmental influences, such as dis-
eases, can also have different effects on these subcomponents 
of grey matter. Therefore, it is important to highlight that the 

exclusive investigation of grey matter volume might obscure 
changes in brain morphology.

Interestingly, the parietal cortex showed a reduced surface 
area and a reduced volume. Moreover, the correlation be-
tween both parameters showed a significant association in 
both patients and healthy controls. Although this result 
speaks in favour of a direct link between the different charac-
teristics of brain morphology, it is still unknown how exactly 
these parameters influence each other. Some more recent evi-
dence from longitudinal SBA data suggests that grey matter 
volume changes may emerge as a result of age- and sex- 
dependent interaction between grey matter thickness and 
surface area. These data also suggest that changes in grey 
matter surface area reflect mainly the more complex interac-
tion between cortical gyrification and the size changes in the 
exposed convex hull area during brain development, which 
can vary strongly depending on age or sex.12

Associations between structural alterations and clinical scores

The present findings raise the question whether the altera-
tions we detected in brain morphology of patients with 
OCD constitute a predisposing developmental abnormality 
or a consequence of disorder progression. Longitudinal 
studies of brain development in healthy individuals indi-
cate that these cortical parameters (i.e., surface area and vol-
ume) can change in the course of life, whereas gyrification 
seems to constitute a rather stable parameter after early 
childhood and is therefore often discussed as a potential 
neurodevelopmental marker.27,43 Therefore, there is reason 
to assume that symptom severity, duration of illness or age 
of onset might be associated with the structural alterations 
found in the present study. Although several of the dis-
cussed studies in adult and pediatric samples of OCD 
showed associations between morphological changes of 
grey matter and clinical scores,6,7,19,20 the present results did 
not show this on a corrected significance threshold. Hence, 
in light of the study limitations, such as a potential influ-
ence of medication or comorbidities, which may also have 
confounded these associations, our results need to be 
treated with caution. Nevertheless, the hypothesis that 
alter ations in cortical morphology could be linked to clinical 
factors, such as early age of onset, higher symptom severity, 
poor treatment response or delayed start of treatment, is 
still a matter of debate and needs further examination in 
longitudinal studies.

Relating structural alterations to functional alterations

A frequently discussed hypothesis is that structural alterations 
might constitute the basis for functional impairments in the af-
fected brain. In patients with OCD, this hypothesis is sustained 
by the fact that partly similar areas are often reported to be 
alter ed on a functional as well as on a structural level. In that re-
spect, the present findings as well as previous ones revealed 
structural alterations in mainly parieto-occipital as well as tem-
poral and frontal regions in patients with OCD.4,21 Functional 
OCD studies showed alterations in some of these structurally 
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altered regions during tasks that required visual, emotional or 
executive processing; inhibitory control; or working memory 
processing.44–50 Moreover, behavioural OCD studies also re-
ported impairments in functions that are known to involve 
similar brain regions and networks.51,52 Furthermore, the altera-
tion in surface area in the bilateral posterior cingulate goes in 
line with resting-state studies of functional connectivity in OCD 
samples. These studies found alterations in the attention and 
the default mode network,53,54 of which the posterior cingulate 
constitutes an important hub. Based on these findings, one can 
assume that these functional and structural impairments in pa-
tients with OCD are linked and may lead to network disrup-
tions in addition to the reported alterations in specific regions.

Limitations

Psychiatric disorders share certain neural correlates to some 
degree,55 and the presence of comorbidities and/or medical 
treatment can alter or reinforce these morphological com-
monalities.7,56,57 However, although our sample was partly 
medicated and not comorbidity-free, these factors did not 
show any significant effect on the present results after cor-
recting for multiple comparisons. Considering that on an un-
corrected threshold an effect was found in certain clusters, it 
cannot be excluded that comorbidity or medical treatment 
had a certain influence on grey matter structure. Of note, the 
2 previous SBA studies evaluated either unmedicated20 or 
medication-naive patients,19 with partly similar as well as di-
vergent results compared with our study. Hence, the degree 
to which these cortical characteristics are really affected by 
medication or comorbidities needs to be further elucidated.

Another important point is that patients with OCD often 
experience a broad spectrum of symptoms, and previous im-
aging studies indicate that OCD may be conceptualized as a 
spectrum of multiple and potentially overlapping syndromes 
that might be — both from a functional and a structural per-
spective — mediated by distinct components of the CSTC.7,58,59 
Against this background, the fact that our sample was multi-
symptomatic limits our study’s explanatory power to some 
degree. Hence, further studies with even larger samples are 
needed to allow for a valid differentiation between patients 
with specific symptom types. Another limitation of our study 
is the fact that no standardized interview, such as the Struc-
tured Clinical Interview for DSM disorders or the M.I.N.I. 
Inter national Neuropsychiatric Interview, was performed. 
However, before study inclusion patients had been exten-
sively screened by experienced psychiatrists from the WINTR 
and Jena hospital, who confirmed the diagnosis of OCD.

Even though we tried to control for the effect of scanner 
type in the best possible way (i.e., by introducing scanner 
type as a covariate in the analyses and by comparing data 
from the 2 scanner groups), we cannot rule out that this vari-
able may have influenced our results to a certain degree.

Another methodological limitation may be the fact that SBA 
methods limit analyses to cortical regions, whereas structural 
properties of subcortical brain areas, such as the basal ganglia 
or amygdala, which are assumed to be psychopathologically 
relevant for OCD, are not taken into consideration.

Conclusion

Despite these limitations, the present study is one of the few 
exploring volume, surface area and thickness in patients with 
OCD. Our results clearly indicate that aside from the fre-
quently reported functional alterations grey matter surface 
area seems to be altered in patients with OCD and suggest 
that parieto-occipital and rostral middle frontal regions 
should be considered in the neurobiological model of the dis-
order. Mega-analyses should further investigate these whole 
brain cortical changes by accounting for all possible con-
founders in order to further isolate the central hubs of struc-
tural alterations in patients with OCD. Moreover, more data 
are needed to elucidate the exact interrelation between these 
grey matter parameters and their relevance for OCD.
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9. Cortical Folding in OCD

The cortex of OCD patients is characterised by variations in cortical folding reflected in a
significantly reduced gyrification which goes along with an early age of onset.

This chapter presents a research article entitled “Hypogyrification in obsessive-compulsive dis-
order”, which was published in the journal of Psychological Medicine in November 2016 and
was written by Oana Georgiana Rus, Tim Jonas Reeß, Gerd Wagner, Michael Zaudig, Claus
Zimmer and Kathrin Koch. This study uses the same sample and same methodological ap-
proach as the previous study in Chapter 8. However, it focuses specifically on cortical folding,
which has been shown to be a reliable indicator for morphological processes during early stages
of brain development and which is therefore regarded as a neurodevelopmental marker of brain
morphology.

Contributions:

The author of the present thesis is also the first author of this research article. O.G.R, T.J.R.
and K.K. contributed substantially to conception and design, acquisition of data, analysis
and interpretation of data and revised the manuscript critically. O.G.R. additionally drafted
the article. G.W. contributed substantially to conception of data and revised the drafted
manuscript. C.Z. contributed substantially to data acquisition. M.Z. contributed substantially
to patient collection. All authors gave the final approval of the version to be published.
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Hypogyrification in obsessive-compulsive disorder
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Background. Previous studies hypothesized that neurodevelopmental risk factors may play a role in the pathogenesis of
obsessive-compulsive disorder (OCD). Cortical folding has been shown to be a reliable indicator for normal and altered
neurodevelopment, but in OCD it has barely been investigated up to now. The present study investigates whether altera-
tions in gyrification are detectable in OCD and, if so, how these are associated with clinical characteristics.

Method. We compared the local Gyrification Index (lGI) between 75 OCD patients and 75 matched healthy subjects
across the whole brain. In addition, for those regions exhibiting an altered lGI in patients we explored a potential rela-
tionship to symptom severity, age of onset, and influence of medication.

Results. OCD patients had a significantly decreased lGI in right parietal, precentral but also insula, temporal, pars tri-
angularis and rostral middle frontal regions compared to healthy subjects. A positive association with age of onset was
found but no association with symptom severity. There was no effect of co-morbidity or medication.

Conclusions. The reduced gyrification found in OCD confirms previous findings in other psychiatric disorders and sug-
gests that alterations may already occur during early stages of brain development. Our findings support the idea that
altered cortical folding might represent a trait characteristic of the disorder although longitudinal studies are needed
to clarify the trajectory of this morphological measure in OCD.
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Key words: Cortical folding, freesurfer, gyrification OCD, local gyrification index, obsessive compulsive disorder.

Introduction

Obsessive-compulsive disorder (OCD) has been dis-
cussed as a disorder with potential neurodevelopmen-
tal risk factors (Rosenberg & Keshavan, 1998; Huyser
et al. 2009), but surprisingly few studies investigated
the potential neural indicators for this assumption.

One useful marker to assess early defects in neuro-
development in the brain is cortical folding or gyrifica-
tion. Cortical folding is known to develop during
prenatal life and to be terminated to a very large
degree before the age of 2 years (Armstrong et al.
1995; Magnotta et al. 1999), before it starts to slightly
decrease between childhood and young adulthood
[according to a review by Mills & Tamnes (2014) by
up to 7%]. Therefore, cortical folding seems to be a reli-
able marker for early neurodevelopmental alterations
in the brain.

Answering the question if early developmental
alterations already occur in patients would help to bet-
ter understand the nature and mechanisms behind the
existing structural alterations in OCD which – accord-
ing to a recent review (Piras et al. 2015) – provide a
rather heterogeneous picture. To the best of our knowl-
edge cortical folding patterns in OCD have been inves-
tigated in only four studies up to now (Shim et al. 2009;
Wobrock et al. 2010; Venkatasubramanian et al. 2012;
Fan et al. 2013), which show discrepant results overall.

Two of them found hypogyrification in the OCD sam-
ple compared to healthy controls using a classification
approach of cortical folding patterns in regions of interest
(ROIs). This hypogyrification was detectable in the left
anterior cingulate cortex (ACC; Shim et al. 2009) and
the left prefrontal cortex (PFC; Wobrock et al. 2010).
The other two studies used a different methodological
approach by calculating a local gyrification index (lGI).
While Venkatasubramanian et al. (2012) did not find
any differences in lGI between OCD patients and healthy
subjects, Fan et al. (2013) found a hypergyrification in
OCD patients in the left insula, the left middle frontal
and left lateral occipital regions extending to precuneus
as well as in the right supramarginal gyrus.
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Little is known about the association between clin-
ical characteristics and altered cortical folding in
OCD although there is first evidence indicating that
medication, symptom severity and even disorder
insight might be related to folding abnormalities in
OCD. Comparing severely and mildly affected patients
with healthy controls Wobrock et al. (2010) reported a
stronger hypogyrification in patients with severe
symptoms. Venkatasubramanian et al. (2012) found a
negative association between lGI of right lateral orbito-
frontral cortex (OFC) and compulsion score and
between lGI left medial OFC and disorder insight.
Opposite to these findings Fan et al. (2013) reported a
positive association between left insula lGI and symp-
tom severity and an effect of medication on lGI values
in the left insula in medication naive compared to pre-
viously medicated patients that, however, did not
reach statistical significance.

Gyrification has also been investigated in several
other psychiatric disorders (i.e. schizophrenia, autism,
depression, panic disorder). In patients with psychotic
disorders and their first-degree relatives, Nanda et al.
(2014) found a hypogyrification of the cingulate cortex
compared to healthy participants suggesting that
hypogyrification may mark a certain familial risk for
psychotic disorders. In patients with panic disorder
Yoon et al. (2013) showed a hypogyrification in lateral
brain areas extending from fronto-parietal areas
(including precuneus) to the temporal pole, as well
as an association between hypergyrification in
posterior-medial areas and alleviation of symptoms,
suggesting that an increased gyrification could consti-
tute a compensational mechanism for hypogyrification
affecting other, partly adjacent, areas. Similar findings
were reported in major depressive disorder (MDD),
where Zhang et al. (2009) were the first to show a
decreased gyrification in precuneus and posterior cin-
gulate cortex (PCC), insula and OFC. Nixon et al.
(2014) replicated this finding of decreased precuneus
gyrification bilaterally in patients recovered from
MDD, and furthermore showed this hypogyrification
to be associated with a hyperconnectivity between pre-
cuneus and dorsolateral prefrontal cortex (DLPFC).

Overall, these cortical folding studies in psychiatric
disorders point towards an altered gyrification in
areas responsible for emotional processing but also
cognitive control. Considering that these disorders
share – to some degree – some of their symptomatol-
ogy and often co-occur or precede each other, it may
be meaningful that they exhibit structural alterations
in partly the same anatomical regions. Hence, these
findings seem to support the hypothesis that neurode-
velopmental deficits, partly mirrored in cortical folding
deficits, may represent possible risk factors for the
development of psychiatric disorders.

Against this background, the question whether
structural alterations in OCD occur with or because
of disorder progression or whether they have an
early, neurodevelopmental origin needs to be further
elucidated. Studying cortical folding in OCD may
thus lead to a better understanding of possible neuro-
developmental risk factors that could constitute an
early cause for characteristic alterations in OCD, such
as disruptions within the cortico-striato-thalamo-cortical
circuit (Saxena & Rauch, 2000). The heterogeneity of
results from the existing studies (Shim et al. 2009;
Wobrock et al. 2010; Venkatasubramanian et al. 2012;
Fan et al. 2013) as well as methodological differences
illustrate the need for further research in this field.

On this account we intended to examine cortical
folding differences in a large sample of OCD patients
and healthy controls (i.e. 75 OCD patients, 75 healthy
subjects) and to investigate how potential structural
alterations might relate to age of onset and symptom
type (i.e. obsessions v. compulsions) or severity. We
used the approach described by Schaer et al. (2012) to
quantify local gyrification by computing the lGI
which represents the amount of cortex buried within
the sulcal folds as compared with the amount of visible
cortex in circular ROIs.

Method

Participants

The study sample comprised 75 right-handed patients
meeting the DSM-IV criteria for OCD and 75 right-
handed healthy controls matched for age (t148 = 0.54,
p = 0.58) and gender (χ21 = 0.1, p = 0.73).

Forty-two patients were recruited from the Windach
Institute and Hospital of Neurobehavioral Research
and Therapy (WINTR), Germany. Thirty-three patients
were recruited from the University Hospital for
Psychiatry and Psychotherapy Jena, Germany. All 75
were in-house patients in wards specialized on OCD
with a standardized admission process, standardized
psychopathological screenings and standardized
assessment of disorder history performed by an experi-
enced psychiatrist. 57% of all patients were medicated
and 32% suffered from one or more co-morbid psychi-
atric disorder (see Table 1).

Exclusion criteria for both groups were a history of
clinically important head injuries, seizures or neuro-
logical diseases. Healthy controls with a history of psy-
chiatric illness were excluded. Exclusion criteria for
patients were schizophrenia, autism, substance and
alcohol abuse/dependency, mental retardation, preg-
nancy, and severe medical conditions.

After complete description of the study aims, written
informed consent was obtained from the subjects. The
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study protocol was in compliance with the Declaration
of Helsinki and approved by the Ethics Committees of
the Klinikum rechts der Isar and the University of Jena.
Prior to the scanning session we assessed demographic
characteristics and symptom severity using the Yale–
Brown Obsessive Compulsive Scale (YBOCS; Goodman
et al. 1989).

Image acquisition

Controls and patients recruited from WINTR were
scanned at the Department of Neuroradiology,
Klinikum rechts der Isar, Technische Universität
München, Germany. Patients from Jena were scanned
at the University Hospital Jena.

High-resolution anatomical T1-weighted scans from
Jena were acquired in a 3-T whole body system
equipped with a 12-element receive-only head matrix
coil (MAGNETOM TIM Trio, Siemens Medical
Solutions, Germany). High-resolution anatomical
T1-weighted volume scans (MP-RAGE) were obtained
in sagittal orientation [TR = 2300, TE = 3.03, TI = 900 ms,
flip angle = 9°, FOV = 256 × 256 mm2, matrix = 256 × 256
mm, number of sagittal slices = 192, acceleration factor
(PAT) = 2] with an isotropic resolution of 1 × 1 × 1 mm3.

Data from Munich were collected on a 3-T whole-
body system equipped with a 12-element receive-only
head matrix coil (INGENIA, Philips Healthcare, The

Netherlands). High-resolution anatomical T1-weighted
volume scans (MP-RAGE) were obtained in sagittal
orientation (TR = 9, TE = 4, TI = 900 ms, flip angle = 8°,
FOV = 240 × 240 mm2, matrix = 240 × 240 mm, number
of sagittal slices = 170) with an isotropic resolution of
1 × 1 × 1 mm3.

Image processing and computation of lGI

We used the FreeSurfer software package (version 5.3.0,
http://surfer.nmr.harvard.edu) to process the T1 images
according to the standard and automatic processing
stream (Fischl & Dale, 2000). This processing stream
includes removal of non-brain tissue, transformation
to Talairach-like space, and segmentation of gray/
white matter tissue (GM, WM) resulting in two meshes
(a white mesh = the WM/GM boundary and a pial
mesh = GM/cerebrospinal fluid boundary). The meshes
are composed of about 150 000 points (vertices) for each
hemisphere. As a next step we computed the lGI at
each vertex. This 3D approach of analyzing gyrification
takes into account buried sulcis, is not restricted by
sulcal walls and takes into consideration the significant
variations of lGIs across all sulco-gyral regions of the
cortex (Schaer et al. 2008). The automatic lGI computa-
tion (Schaer et al. 2012) involves: the creation of an outer
surface (the smoothed pial surface), creation of 800
ROIs on this surface and their corresponding ROIs on

Table 1. Demographic and clinical characteristics of the sample

OCD (N = 75) Controls (N = 75)

n Mean (range) S.D. n Mean (range) S.D.

Age (years) 30.99 (19–63) 9.55 30.17 (18–57) 8.99
Gender (M/F) 27/48 – – 30/45 – –
Age of onset (years) 16.90 6.64 – – –
Medication (medicated/unmedicated) 43/32 – – – – –
Medication type
SSRI 24
SNRI 5
TCA 2
More than one drug 12

Co-morbidities (present/not present) 24/51 – – – – –
Co-morbidity type
Depression 13
Anxiety disorder 3
Personality disorder 1
Impulse control disorder not otherwise specified 1
More than one co-morbid disorder 6

YBOCS total 75 20.77 (9–38) 6.08 – – –
Obsessions 10.45 (1–19) 3.47
Compulsions 10.29 (0–19) 3.96

SSRI, selective serotonin reuptake inhibitor; SNRI, serotonin-norepinephrine reuptake inhibitor; TCA, tricyclic antidepres-
sant; YBOCS, Yale–Brown Obsessive Compulsive Scale.
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the pial surface. This results in calculation of individual
maps, which contain one lGI value for each vertex on
the cortical surface. The lGI can have a value ranging
between 1 (flat) and 5 (i.e. there is five times more cor-
tical surface buried in sulci than visible cortex in the
surrounding area). The individual lGIs were projected
on a sample specific template (average subject) and
smoothed using a Gaussian kernel of 10 mm.

Statistical analysis

Using the framework of the general linear modeling
(GLM) we assessed the regional differences of lGIs
between patients and controls at the level of each ver-
tex for each hemisphere separately and included age,
gender and scanner type (i.e. Siemens v. Philips) as
covariates to correct for potential confounding effects.
To correct for multiple comparisons across the whole
brain, Monte Carlo simulations (Hagler et al. 2006)
with 10 000 iterations were performed in order to iden-
tify significant contiguous clusters of vertex-wise
group differences (p < 0.05).

Further statistical analyses were performed using the
Statistical Package for Social Sciences [SPSS Inc. (2002),
version 11.5.1, USA]. Differences in age and gender
were assessed using the χ2 test. The potential associ-
ation between lGI alterations and clinical parameters
(symptom severity: YBOCS total, obsessions and
compulsion scores; age of onset) was assessed using
multiple linear regression with symptom severity and
age of onset as predictors and mean lGI values of the
brain regions that were identified as significantly dif-
ferent between the groups as criterion and age, gender
and scanner as covariates. The regression analyses
were done separately for each hemisphere. In case of
a significant relationship the corresponding partial
correlation coefficient was reported.

To control for the potential confounding effect of the
two scanner types (Siemens v. Phillips) and their differ-
ent sequences, besides taking scanner type as a covariate
in the GLM analysis, we also performed a whole-brain
lGI comparison between the two scanner groups.

In addition, to control for the effect of medication
and co-morbidity we first performed a whole-brain lGI
analysis (GLM) comparing medicated v. unmedicated
patientsaswell asco-morbidity-freev. co-morbidpatients
with age, gender and scanner type as covariates.

Moreover, to evaluate if medication or co-morbidity
affected lGI differences between patients and healthy
controls we furthermore performed two MANCOVAs
with average lGI values (extracted from the clusters
found to be different between patients and controls)
as dependent variables, medication or co-morbidity
status as independent variables, and age, gender and
scanner as covariates.

Results

Differences in gyrification

Whole-brain lGI analysis revealed two clusters in the
right hemisphere consistently showing a decreased
gyrification (hypogyria) in OCD patients compared
to controls. The first cluster (cluster 1 in Table 2) show-
ing a significantly reduced lGI (p < 0.01) extended from
inferior parietal, superior parietal to supramarginal,
post-and precentral and superior frontal areas. The
second cluster (cluster 2 in Table 2) showing a signifi-
cantly reduced lGI (p < 0.05) contained insula, superior-
and transverse- temporal areas, pars opercularis, pars
triangularis, rostral middle frontal and lateral orbito-
frontal regions (for details see Fig. 1 and Table 2).
The left hemisphere showed no differences in lGI
between the groups. No clusters with increased gyrifi-
cation were noted in patients. Annotation of clusters is
according to the Desikan–Killiany Freesurfer atlas
(aparc.annot).

Effects of medication, co-morbidity and scanner
sequence

The whole-brain lGI GLM analysis revealed no signifi-
cant differences between medicated and unmedicated
patients or between co-morbid and co-morbidity-free
patients. Furthermore, the results of the MANCOVA
showed that the lGI alterations were not influenced by
medication status (medicated v. unmedicated patients,
cluster 1: F = 0.238, p = 0.788, cluster 2: F = 0.878, p =
0.418) or presence of co-morbidity (co-morbid v.
co-morbidity-free patients, cluster 1: F = 0.243, p =
0.785, cluster 2: F = 0.859, p = 0.426). Moreover, no signi-
ficant differences in lGI between the data from the dif-
ferent scanner types of the two centers could be found.

Gyrification and clinical variables

The regression analysis revealed that in OCD patients
altered gyrification (lGI values extracted from the
clusters showing a significant alteration in patients
v. controls) was not associated with any of the symp-
tom severity scores (YBOCS total, obsessions or com-
pulsions). The second regression analysis revealed
that age of onset was positively associated (β = 0.27,
T = 2.35, p = 0.02; partial correlation r = 0.28, p = 0.02)
with the average lGI in the second cluster (see
Table 2 and Fig. 1) in the right hemisphere including
insula, superior- and transverse- temporal areas, pars
opercularis, pars triangularis, rostral middle frontal
and lateral orbitofrontal regions. This association
remained significant also after Bonferroni correction.
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Discussion

The present study which investigated whole-brain lGI
in patients with OCD revealed that, compared to
healthy controls, OCD patients showed a decreased

gyrification in several cortical areas. These morpho-
logical alterations were not associated with symptom
severity, medication status or co-morbidity although
there was a positive association with age of onset.

Table 2. Brain regions with significant group differences in local Gyrification Index (lGI). Clusters with a significantly decreased lGI in OCD
patients compared to healthy subjects in the right hemisphere after clusterwise correction for multiple comparisons using Monte Carlo
simulation (p < 0.05)

Cluster Max T value VtxMax Cluster size (mm2)

Talairach MNI

CWP(p) CWPLow CWPHi NVtxsx y z

1 −2.878 76 752 6767.15 29.3 −27.4 56.6 0.00190** 0.00140 0.00250 14 849
2 −2.024 67 892 4297.08 30.6 18.2 9.6 0.02550* 0.02350 0.02750 8510

VtxMax, Number of peak vertex of the significant cluster; CWP, cluster-wise probability and the nominal p value;
CWPLow, CWPHi – the 90% confidence intervals of the p value; NVtx, number of vertices in cluster; *p < 0.05, **p < 0.01.

Fig. 1. Group difference in local Gyrification Index (lGI). Shown are clusters with significantly decreased lGI of the right
hemisphere in OCD patients. The clusters are displayed on the pial surface of the participants’ average brain (lateral, medial,
inferior and superior view). The color bar indicates the t value after clusterwise correction for multiple comparisons using
Monte Carlo simulations (p < 0.05). The scatterplot represents the significant positive association between age of onset and
mean lGI of cluster 2.
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Hypogyrification in OCD

Our results partly confirm previous findings which
reported also hypogyrification in OCD (Shim et al.
2009; Wobrock et al. 2010), although they used a
ROI-based approach and employed slightly different
methods in calculating gyrification by either using
the automated-gyrification index (Moorhead et al.
2006) or employing a manual 2D segmentation (Van
Essen & Drury, 1997) instead of an automatic 3D
approach.

When relating our findings to the existing OCD
studies that are methodologically more comparable
to ours [i.e. studies assessing the lGI as proposed by
Schaer et al. (2008)] such as a study by
Venkatasubramanian et al. (2012) one notices rather
divergent results. Thus, Venkatasubramanian and col-
leagues found no overall gyrification differences but an
association between reduced lGI and increased symp-
tom severity. It should be noted, however, that they
employed a ROI based lGI approach and studied
medication naive patients whereas we employed a
whole-brain lGI analysis and our sample was partly
medicated.

Our results moreover contradict the results by Fan
et al. (2013) who studied, however, unmedicated and
co-morbidity-free patients. Fan and colleagues
reported altered gyrification in similar regions but in
the opposite direction (i.e. they found an increased gyr-
ification in OCD patients compared to controls). As
mentioned above, neither medication nor co-morbidity
which affected a certain percentage of our patients had
a statistically significant influence. Nevertheless, a cer-
tain influence of medication and co-morbidity cannot
be excluded which might explain the contrary findings.

Overall, comparability between the current study
and the existing literature must be regarded as rather
limited, mainly due to differences in methodology
and clinical characteristics of the sample. From this
perspective, a generalization of the results seems pre-
mature and, likewise, one can only speculate about
the processes and mechanisms underlying altered cor-
tical folding in OCD.

There are several theories regarding the driving
force of cortical folding which are discussed in a
review paper of Zilles et al. (2013), but recent research
on the mechanistic processes underlying cortical fold-
ing leave a number of open questions (Stahl et al.
2013; Tallinen et al. 2014, 2016).

One established theory about the driving force of
cortical folding assumes that cortical folding is the con-
sequence of too many neurons restricted in a confident
space, causing tension along WM axons (Van Essen,
1997). Somewhat in accordance with this theory, previ-
ous OCD studies showed widespread alterations in

WM fiber bundles (Piras et al. 2013; Koch et al. 2014),
with alterations in pathways targeting the orbitofrontal
areas, but also consistent anatomical connectivity
alterations between intra-hemispheric lateral frontal
and parietal regions. Considering that the present
study showed hypogyrification in proximal areas of
the right hemisphere, one could speculate that a dis-
rupted fiber integrity going along with a lower tension
along these fiber bundles may result in a lower gyrifi-
cation of connected brain regions.

Structural alterations linked to gyrification

On the one hand, it is known that cortical folding
relates to and depends on several other structural mea-
sures, such as GM volume, surface area or cortical
thickness (Raznahan et al. 2011). These measures
have been repeatedly shown to be altered in OCD
with cortical volume reductions affecting mainly
OFC, ACC and temporo-limbic areas (Piras et al.
2015). Moreover, a recent mega-analysis also showed
a reduction of both GM and WM in various frontal
regions, the ACC and the insula (De Wit et al. 2014).
Results also showed that patients lose more volume
in temporal cortex with age compared to healthy sub-
jects. In the present study parts of these areas, which
were already known to show structural alterations in
OCD were also affected by a decreased lGI. One
could speculate that the lGI is altered already during
early development and this, in turn, may favor struc-
tural alterations found in patients at a later age.

Alterations in the temporal course of development

On the other hand it has been shown that all these
structural measures develop and change at their own
pace, reaching their morphological maturation at dif-
ferent ages (Raznahan et al. 2011). One could assume
that a certain delay in the maturational process of
one morphological measure will lead to a delay in
others, given that the single measures are not com-
pletely independent from each other. Furthermore,
structural morphology studies in pediatric OCD
patients showed structural alterations in subcortical
regions in children/adolescents while alterations in
more cortical regions could be observed in adult
OCD patients (Huyser et al. 2009). This review article
suggested that structural alterations in adulthood
may be related to alterations already present in early
childhood and discussed the possibility of a ‘migration
of pathology’ during the course of the disorder. Our
results reveal cortical alterations in adult patients
with OCD and confirm partly previous results,
although more longitudinal studies are needed to
confirm this pathology migration hypothesis.
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Moreover, studies in healthy individuals show that
the lGI is slightly decreasing during adolescence in
precentral, temporal and frontal areas (Klein et al.
2014). After correcting for age, we could also find simi-
lar regions to be significantly reduced in OCD. This
can lead to the assumption that, if alterations occurred,
they could also be related to an altered developmental
pace leading to a decreased overall gyrification in OCD
patients compared to healthy subjects. Unfortunately,
most results are based on cross-sectional studies up
to know, and longitudinal or pediatric studies on
brain gyrification in OCD to test this hypothesis are
still missing.

General hypogyrification in psychiatric disorders

Interestingly, hypogyrification has been found also in
several other psychiatric disorders, some of them
known to have a neurodevelopmental predisposition
(Zhang et al. 2009; Yoon et al. 2013; Nanda et al. 2014;
Nixon et al. 2014). Furthermore, it is known that
there are similarities between OCD and other psychi-
atric disorders in terms of circuitries and systems
which are presumed to be psychopathologically rele-
vant (e.g. alterations within fronto-striatal circuits in
schizophrenia and OCD, altered serotonin/dopa-
mine system in schizophrenia and OCD) as well as a
high co-occurrence rate (Tibbo & Warneke, 1999;
Bradshaw & Sheppard, 2000). It seems plausible to
assume that similar patterns in neurobiology underlie
these clinical commonalities between the disorders
with altered cortical folding constituting an important
common feature characterizing different psychiatric
disorders.

Gyrification and clinical characteristics

There was no association between altered lGI and clin-
ical scores (i.e. symptom severity) although such asso-
ciations (i.e. symptom severity, disorder insight) had
been previously reported by other OCD gyrification
studies (Wobrock et al. 2010; Venkatasubramanian
et al. 2012; Fan et al. 2013).

Our results go more in line with neurodevelopmen-
tal theories by supporting the assumption that lGI
could be considered as a rather stable marker of early
neurodevelopment, whereas symptoms are known to
dynamically change over time. This lets us speculate
that, whereas symptomatology may represent a state
marker of the disorder, hypogyrification may indeed
constitute a trait characteristic of OCD.

This speculation is also supported by the positive
association between age of onset and extent of gyrifica-
tion alterations in the second cluster containing mainly
insular – lateral frontal areas indicating that stronger
alteration in gyrification goes along with an earlier

age of onset. This finding underlines once more the
clinical relevance of these structural alterations and
indicates that the degree of folding alterations may
represent a neurodevelopmental marker predisposing
for an earlier manifestation of the disorder, if we con-
sider cortical folding a measure which remains stable
after early childhood.

Ontheotherhand, theabovementionedreviewbyPiras
et al. (2015) suggests that potential relationships between
clinical variables and observedmorphological alterations
in OCD are rather heterogeneous. Moreover, this review
underlines the fact that previous findings which do find
significant associations could be triggered by multiple
other factors as co-morbid illness or medication use and
may even be driven by progressive changes evolving in
dynamic trajectories during illness course or merely by
the phenotypic heterogeneity of OCD.

Therefore, it is crucial to keep in mind that our
knowledge about the influence of disorder onset or
progression as well as treatment on brain morphology
is still very limited. Thereby, the possibility that cor-
tical alterations occur later in life, potentially as a result
of these influencing factors, cannot be ruled out.
Hence, further studies, ideally longitudinal designs
based on large samples allowing for a stratification of
clinical symptoms, are strongly needed to increase
our understanding of these mechanisms and relation-
ships regarding the cortical folding and its changes
over time.

The current results need also to be viewed in light of
certain limitations, i.e. co-morbidities and medication
may have influenced our results and their generaliz-
ability to some extent. On the other hand, the rather
large sample size of 150 participants in total ensures
reasonable power and generalizability. Our attempts
to control for these confounding effects revealed no
significant influence of these variables on our results.
It should be noted that these findings need to be inter-
preted with caution as other OCD studies indicate that
medication (e.g. SSRIs) seems to reduce structural
brain differences (in terms of GM volume) between
healthy controls and patients (Hoexter et al. 2012).
However, there are no systematic studies on the effects
of SSRI treatment on cortical folding and there is little
understanding of how medication influences brain
morphology in OCD (Atmaca, 2013). But keeping in
mind that morphological characteristics (i.e. volume,
thickness, surface area, cortical folding) are linked in
their development (Raznahan et al. 2011; Mills &
Tamnes, 2014) and alterations in one characteristic
might also affect the other parameters, an indirect
effect on cortical folding seems plausible. Moreover,
animal research demonstrated that modulations in sero-
tonergic neurotransmission by SSRIs mediate neuro-
plasticity (neurogenesis and gliogenesis) in various
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cortical and subcortical structures involved in OCD
(Kodama et al. 2004). Hence, more systematic longitu-
dinal studies are needed to clarify potential effects of
medication on cortical folding in OCD.

As a final remark it should be mentioned that the
hypogyrification found in the present study might
not by itself be the core characteristic of the disorder.
Altered cortical folding may be at most one aspect of
a complex conglomerate with potential alterations at
a functional, structural and cellular level.

Conclusion

In summary, our results of hypogyrified areas in OCD
point towards disturbances in cortical brain surface
and partly confirm previous findings in OCD patients
as well as findings in related psychiatric disorders.
Longitudinal studies are needed to reveal if such
alterations occur due to different developmental pace
or variations in time-point of cortical maturation.
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Prior work has suggested that besides the involvement of the CSTC circuit in OCD, limbic
areas such as the amygdala may play a crucial role in the neurobiological mechanism of the
disorder (Milad & Rauch, 2012). Aberrant amygdala activation was mostly detected in the
context of symptom provocation (Breiter & Rauch, 1996; Simon et al., 2014). Although overall
findings suggested that in OCD aberrant activation could affect the connectivity within a
broader network, almost no study has investigated the limbic connectivity during symptom
provocation.

The first study presented in Chapter 7 (Rus et al., 2017a) explored this by analyzing the as-
sociation between functional and structural connectivity of limbic areas in a multimodal way.
This study results fulfilled one of the aims of this work by further elucidating the role of the
amygdala during symptom provocation in OCD. In this first study, we found that while OCD
patients were exposed to negative affective stimuli, the amygdala showed increased functional
connectivity with parieto-occipital areas. Overall, results suggested a hyper-connectivity of
emotional processing areas with areas mainly responsible for attention processing and control
in OCD patients compared to healthy subjects. Most importantly, we detected an association
between this altered functional connectivity in patients and the structural connectivity of un-
derlying white matter tracts (i.e., parts of the ILF). The clinical relevance of these findings for
OCD was moreover substantiated by a significant correlation between symptom severity and
white matter tract integrity. In other words, an increase in symptom severity was associated
with a reduced white matter tract integrity of these specific tracts.

Another aspect rendering the present thesis rather innovative is related to the fact that most
of the structural OCD studies evaluating gray matter properties analyzed volume or thickness
in a unimodal way, with partly inconsistent results. These studies used methods (e.g., VBM)
which are known to have certain drawbacks (Helms, 2016; Piras et al., 2015). Thus, it has been
suggested that changes in these measures could be influenced by changes in other properties
of gray matter, such as surface area or cortical folding, making a clear interpretation of these
results rather difficult.

Using a surface based approach, which allows for an independent measurement of different
GM properties (e.g., by accounting for cortical surface convolutions when estimating volume),
in the second study (Rus et al., 2017b) (Chapter 8) we analyzed various measures of GM
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concurrently and created a cortical anatomical profile in a large sample of OCD patients.
We found that in OCD patients, parieto-occipital regions were characterized by a significant
reduction in both GM volume and surface area, and results indicated a potential link to different
clinical symptoms. Remarkably, the surface area alterations seemed to affect a more extended
network including rostral middle frontal, temporal and precuneus areas. Besides being one of
the few studies using a surface based approach in a relatively large patient sample, these results
highlight the relevance of parieto-occipital areas in OCD, by expanding the findings of the first
study and providing new insights about their morphological properties. Thus, these findings
fulfill the second aim of this thesis.

The third study presented in Chapter 9 focused on the frequent assumption that partly overlap-
ping structural and functional brain alterations in OCD might be driven by early neurodevelop-
mental factors which might increase the vulnerability for the disorder (Rosenberg & Keshavan,
1998). Newer methods allow for an easy and economic evaluation of gyrification as a reliable
indicator for early brain development. Alterations in gyrification have barely been explored in
OCD up to now, although changes in this cortical measure were found in several other psy-
chiatric disorders which share to some degree similar biological patterns (Hirjak et al., 2015;
Nordahl et al., 2007; Shaw et al., 2012). Accordingly, our third study (Rus et al., 2016) thus
evaluated gyrification in a big sample of OCD patients and found an overall “hypogyrified“
brain, which was linked to an earlier age of onset. Affected regions involved mainly parietal
areas, but they also included precentral motor areas and insula, temporal and middle frontal
regions. These results further confirm the importance of parietal areas for OCD, reflected in an
impaired cortical folding, which could, in turn, go along with an increased vulnerability for the
disorder. Overall, the findings suggest that neurodevelopmental risk factors may play a role in
OCD.
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Collectively, the contribution of the presented publications can be summarized in three main
points.

First, from an anatomical perspective, there is one region that stands out from all three studies,
namely, the parieto-occipital cortex. Alterations in these areas underscore their relevance for
OCD and the often-proposed extension of the neurobiological disorder model.

Second, from a general brain pattern perspective visualized in the surface anatomical profile,
all of our studies bring evidence for an overall alteration in brain morphology in OCD. This
manifest itself in an overall reduction of gray matter, mirrored in various cortical measures.

Third, from a methodological perspective, using mostly multimodal approaches by concurrently
analyzing various measures and associating them with each other, our results provide direct
evidence for a link between functional and structural alterations in OCD. The observed connec-
tivity disturbances in a broad circuit and on several levels (function, structure, connectivity),
speak in favor of alterations at a network level in OCD.

These integrative results will be further discussed in the light of previous research findings.
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11.1. Importance of Parietal Areas for the OCD
Neurobiological Model

The first conclusion from this work is consistent with the indication of a previous systematic
review by Menzies et al. (2008) and the meta-investigations by Eng et al. (2015), which also
suggested a revision of the CSTC model in OCD (in terms of an extension by parietal areas).

With respect to the function of these apparently relevant brain areas for OCD, our results
expand the findings of prior works (Menzies et al., 2008; Okasha et al., 2000). These previous
studies suggested an involvement of these regions in attentional shifting, planning, and response
inhibition and corresponding impairments in these processes in OCD. However, our results
additionally indicate an aberrant functional connectivity between limbic and parietal areas
during negative affective processing (i.e., symptom provocation) (Rus et al., 2017a).

A good overview over the altered areas found in the presented studies can be found in Fig-
ure 11.1, left boxes, study 1 in Section 11.3.3.

Therefore, it is important to note that in this symptom provocation context, parietal areas
showed no regional activation disturbances. Instead, the disturbance was based on a mal-
functioning interaction with limbic areas. Thus, it can be speculated that, by this erroneous
communication, the initially isolated functions of these regions (i.e., emotional processing and
attention processing), could have been affected. Consequently, these disruptions might as well
be linked with the maladaptive behavior encountered in patients in such contexts (e.g., com-
pulsions involving negative emotions such as anxiety or attentional biases such as a highly
restricted cognitive focus on feared stimuli).

Interestingly, a recent review has pointed out that WM tracts that pass through parietal regions
or terminate there (such as ILF and IFOF which connect relevant nodes of the OCD circuitry),
also show structural alterations (Piras et al., 2013). These alterations could be represented
by altered white matter integrity or connectivity. However, probably due to the restrictive
analysis used in our first study (Rus et al., 2017a) in Chapter 7(i.e., the ROI based approach
integrated in the sequential data analysis method), the results did not reveal this difference in
WM. Nevertheless, some associations between increase in symptom severity and reduction in
WM integrity did point out the clinical relevance of these structural characteristics.

A compelling result was found in our second study (Rus et al., 2017b)(Chapter 8), where parietal
areas of patients were affected by reductions in surface area and volume, see also Figure 11.1,
right boxes, study 2 in Section 11.3.3.

These results are consistent with similar studies in OCD, which were summarized in the review
of Piras et al. (2015). In that review alterations in OCD were suggested to occur, among others,
in the executive network including as well posterior brain regions such as parts of the parietal
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cortex. Moreover, this review concluded that given that these morphometric alterations in pari-
etal areas have been found to be related to symptom severity, they might also be considered
as markers of disease severity or even progression. Our study results could not confirm these
associations with clinical scores, i.e., there were associations only at an uncorrected threshold.
When viewed as a whole, the first two studies (Rus et al., 2017a, 2017b)(Chapter 7, Chapter 8)
indicate that if parietal areas do show functional as well as structural disturbances, these alter-
ations on various levels might be linked. Hence, disturbances on a basic level (e.g., structure),
might trigger or promote disturbances on higher levels (e.g., function), hence working as a
self-potentiating system. As a consequence, this overall disrupted system might contribute to
some degree to the manifestation of OCD symptoms.

Based on brain maturation or development of brain cortical structure, it is likely that an
aberrant function might be linked to, or even caused by, an already altered structure. This
conception would go in line with the assumption that these structural alterations occurred early
in brain development. However, as there is evidence that some morphological properties can be
affected by external factors also during the course of life, such as medication or environmental
influences, the opposite interaction might also be possible.

Notably, as our analyses do not provide any directional information present results concur with
evidence for both assumptions, especially with respect to specific brain areas such as parietal
regions in OCD.

On the one hand, the results from our third study (Rus et al., 2016) (Chapter 9) seem to
rather support the first hypothesis, given evidence of alterations in the gyrification index. The
compelling finding that parts of superior and inferior parietal cortex were also affected by a
reduction in gyrification allows the speculation that in OCD at least parts of these encountered
structural alterations were already present in very early stages of brain development (see also
Section 11.3.3, Figure 11.1, right boxes, study 3). This suggests that structural alterations
in areas involving parietal regions may have occurred before disorder onset, and, thus, these
alterations might even constitute a vulnerability marker for OCD.

On the other hand, both first studies (Rus et al., 2017a, 2017b)(Chapter 7, Chapter 8) add ad-
ditional indicators for the influence of medication and comorbidities on functional connectivity
on aberrant GM volume and surface area of parietal areas, albeit at uncorrected thresholds.
These findings are not surprising as they are also supported by previous research (Piras et al.,
2015). However, the extent or the exact mechanism in terms of how these brain characteristics
may be influenced still remains unknown. Moreover, considering the hetero-chronous develop-
ment of brain areas, posterior regions such as the parietal cortex are one of the first to develop
after the occipital cortex (Zilles et al., 2013). It is striking that our results show precisely these
relatively early developing areas to be affected in terms of function and structure.

In sum, the results from the three studies presented here highlight the importance of parietal
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areas in OCD pathophysiology by revealing functional as well as structural alterations, and
also by indicating probable links between these impairments. These results further suggest an
implication of parietal areas in a more complex network of associated areas in the disorder
model. However, the causal association between these interactions is still a matter of debate
and needs further investigation.
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11.2. Altered Cortical Morphology in OCD

The results of the second and third study in Chapter 8 and Chapter 9 (Rus et al., 2017b, 2016)
provide compelling evidence for an overall reduced GM morphology in OCD, encountered in
a widespread network of the cortical mantle (see also Section 11.3.3, Figure 11.1, boxes study
2 and study 3) and in various measures of GM, such as volume, surface area and gyrification.
When comparing the findings to previous studies, however, several factors need to be considered,
namely: first, the heterogeneity in terms of study design involving sample sizes, which tend to
strongly vary; second, sample characteristics such as symptom dimensions and severity, presence
of comorbidities or use of medication, which also tend to vary and which are known to influence,
to a certain degree GM structure; third, methodological differences such as different analysis
methods (e.g. VBM or SBA, ROI vs. whole brain analyses) or varying statistical correction
approaches. These are only few of the major differences between existing studies, which make
comparisons challenging.

11.2.1. Comparison with Methodological Different Studies

Compared to VBM studies, we confirmed the recent review by Piras et al. (2015) by showing
overall GM reduction at the cortex level in parts of the executive circuitry (as already men-
tioned in the previous section). However, as we did not analyze subcortical regions, we could
not replicate subcortical tissue expansions, as reported by Piras et al. (2015). Although these
previous studies brought evidence for associations with clinical scores, the morphological alter-
ations found in our study were associated with symptom severity on an uncorrected threshold
only.

In contrast to a recent VBM mega-analysis (de Wit et al., 2014), our results revealed a rather
focused volume reduction in the mentioned parietal regions, whereas the surface area reduction
was more expanded, involving also rostral middle frontal regions. We could, however, not find
any alterations in cerebellar and prefrontal areas as described in this mega-anaysis. Some of this
divergence might be explained by methodological differences, i.e., as discussed before the volume
measured by VBM could be confounded by alterations in other GM measures. Nevertheless,
another important difference to our study is the large sample size of the mega-analysis which
goes along with a significantly larger detection power.

With regard to VBM studies it is important to keep in mind that these studies evaluate mostly
cortical volume or GM density, but rarely thickness. As it has been shown that these measures
represent a conglomerate of surface area, gyrification and thickness (Hutton et al., 2008, 2009),
it can be assumed that some of these previous studies cannot determine if differences in GM
volume or density are influenced by alterations in the other GM properties. Hence, it is possible

Part III: General Discussion 83



11. Integrating Results into the OCD Literature

that this methodological difference in estimating GM could have contributed, to a certain
degree, to the deviation from our results.

11.2.2. Comparison with Methodological Similar Studies

Given the current state of the art it is difficult to make a clear statement about which of the
GM measurements is most appropriate to detect changes in early brain development or during
life time. Nevertheless, by employing an SBA approach the results from our two studies (Rus
et al., 2017b, 2016) provide a detailed insight into various measurements of GM (see Chapter 8,
Chapter 9). Hence, by collecting information about all measures concurrently and finding out
which of them is affected in OCD, present results might enable future studies to restrict the
localisation of GM alterations in OCD to specific brain regions. Accordingly, current results
show links between various GM measures, and further stress the need for a combined evaluation
of several GM measures to gain a more solid view on the encountered alterations (Palaniyappan
& Liddle, 2012).

It is worth mentioning that the study (Rus et al., 2017b) in Chapter 8 is only the third SBA
study to evaluate all measurable properties of GM in OCD concurrently. We partly confirmed
the findings of the other two previously published studies (Q. Fan et al., 2013; Venkatasubra-
manian et al., 2012), specifically in terms of the affected regions. However, it should be noted
that there are also inconsistencies between these previous studies with regard to the direction of
alteration and the GM measure found to be affected. In this respect, we found similar regions
to be affected as Q. Fan et al. (2013), i.e., rostral middle frontal, temporo-insular and inferior
parietal areas. However, while they provided evidence for increased thickness and gyrification
in these areas and no differences in surface area in OCD patients, we found a reduction in vol-
ume, surface area and gyrification in similar regions with no differences in thickness. Therefore,
while the affected areas partly overlap, the affected GM measures and their exact direction of
alterations clearly diverge between our study and this previous one.

As compared to the other study by Venkatasubramanian et al. (2012) which also assessed
all GM measures concurrently, we could confirm the overall reduction in surface area and
volume, although we found different regions to be affected. Moreover, we could not find any
thickness differences. In contrast to this study we brought additionally evidence for reductions
in gyrification presented in study three (Rus et al., 2016) from Chapter 9.

The partly distinct results among these three studies might be explained by the difference in
sample characteristic between the studies. For example, whereas the majority of our patients
were medicated, the other two studies included either medication-naive (Venkatasubramanian
et al., 2012) or unmedicated patients (Q. Fan et al., 2013).

Another striking fact is that our results revealed differences in almost all GM measures, besides
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thickness. In comparison, previous SBA studies mostly evaluated cortical thickness and found
reductions in this specific GM measure in OCD patients (Fouche et al., 2017; Kuhn et al., 2013;
Nakamae et al., 2014; Shaw et al., 2012; Shin et al., 2007).

In this respect, it is undeniable that it would be premature to derive a clear picture from
existing findings on GM morphology in OCD. Even more, when looking at the literature about
the exact development and interrelation of these GMmeasures in healthy individuals, it becomes
clear that up to now very little is known. This makes a transfer to the clinical relevance of
morphological alterations in psychiatric populations in general even more challenging.

11.2.3. The GM Measures and their Associations

Measures such as GM thickness and surface area are genetically and phenotypically independent
and can influence GM volume to a significant degree (Panizzon et al., 2009; Winkler et al.,
2010). Moreover, from longitudinal studies of brain development, there are indications that
the potential interactions between these measures (i.e., developmental changes in GM volume)
emerge through gender- and age - dependent interactions of changes in GM thickness and
surface area (Raznahan et al., 2011). Further, these studies reveal as well that changes in
surface area, reflect the complex interaction between the exposed cortical area during changes
in brain size and the changes in the degree of cortical gyrification.

A more recent longitudinal study (Tamnes et al., 2017) revealed that during the course of life
the cerebral cortex shows widespread and regionally variable nonlinear decreases in volume and
thickness with increasing age, whereas the decrease in surface area is comparatively smaller
and steadier. This study also showed that during adolescence, cortical thinning appears to be
the main contributor to cortical volume reductions. Thus, they concluded that the regional
and topological patterns in the interaction between long-term changes in thickness and surface
area are very complex.

Overall, it seems that interactions among GM measures occur during brain maturation, but
also later during the course of life. However, the exact interrelations are still unknown. Addi-
tionally, the cellular and molecular mechanisms behind these developmental changes in brain
morphology remain unexplored. These gaps in knowledge might thus explain the yet heteroge-
neous literature, specifically when it comes to non-healthy populations. Unfortunately, there is
little literature on how external factors (e.g., disorders or medication) affect brain morphology.
This underlines the need of further longitudinal studies especially in the field of psychiatric
illnesses to better understand the present results.

Importantly, findings on alteration of brain morphology in other psychiatric disorders such
as anxiety disorders (Hilbert et al., 2015), depression (Schmaal et al., 2016) or schizophrenia
(Dietsche, Kircher, & Falkenberg, 2017; Palaniyappan & Liddle, 2012) support, to some extent,

Part III: General Discussion 85



11. Integrating Results into the OCD Literature

our results. Besides the fact that these disorders share, to a certain degree, clinical charac-
teristics and often co-occur, studies have shown that these disorders also share some neural
patterns, such as partly overlapping morphological alterations in cortical and subcortical struc-
tures (Jenkins et al., 2016; Kempton et al., 2011; Mataix-Cols & van den Heuvel, 2006; Radua,
van den Heuvel, Surguladze, & Mataix-Cols, 2010). Thus, these findings support the idea that
a better understanding of these morphological alterations and their role for the pathogenesis
of these disorders is of increasing importance. However, shared neurobiological commonalities
and the difficulty in disentangling the specificity of each disorder complicates this objective.
Especially, in the case of our study findings, a certain confounding influence of these factors
cannot be excluded, although we tried to statistically account for the effect of comorbidity.
Therefore, the question which of these alterations is specific to OCD, remains unanswered and
requires further evaluation by integrative studies based on large sample sizes and multimodal
approaches such the one used by Palaniyappan and Liddle (2012).

11.2.4. Indicators for Alterations during Brain Development in OCD

It is important to be aware that, at this stage of research, we cannot specify or predict the exact
onset time of the encountered GM changes in OCD. Similarly, no assumption can be made so
far about which of the GM measures is related to disease progression and which to its onset
(or, in other words, whether these changes are progressive across the course of the disorder or
manifest even before disorder onset).

Nevertheless, previous findings showed that gyrification is a reliable indicator of changes oc-
curring during brain development in early childhood. This period is critical, as the cortical
folding of the brain reaches its final stage of development during this time (Zilles et al., 2013).
Therefore, it is highly interesting that in the third study (Rus et al., 2016) of this thesis in
Chapter 9 we provide evidence for a widespread decrease in gyrification in patients, which was
associated with early age of disorder onset. These findings would suggest that alterations in
these regions might have occurred already during a period of early brain development which,
in turn, may have increased patients vulnerability to suffer from an early disorder onset and
potentially subsequent disturbances in brain structure and function.

Our findings, however, only slightly overlap with the few studies conducted in OCD cortical fold-
ing so far (Q. Fan et al., 2013; Venkatasubramanian et al., 2012; Wobrock et al., 2010). These
studies yielded somewhat opposite results in terms of direction of alteration or affected regions.
Nevertheless, the existing literature is, in itself, strikingly heterogeneous - i.e., up to now gyri-
fication was found to be decreased (Wobrock et al., 2010), increased (Venkatasubramanian et
al., 2012) or unchanged (Q. Fan et al., 2013) in OCD patients compared to healthy individuals.

In general, our results fit well to studies of cortical folding in other related psychiatric disorders,
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that overlap in either clinical symptoms, neurobiological concepts or sometimes also co-occur,
such as anxiety disorders (Yoon et al., 2013), depression (Zhang et al., 2009) or schizophrenia
(Hirjak et al., 2015). These studies also showed a reduced cortical folding in patients suffering
from this associated psychiatric disorders.

Taken together, this evidence supports the assumption that a common pathway might exist
between these disorders. Most probably, a certain vulnerability to these GM differences in
volume, thickness and surface area might be present due to altered cortical folding in early
brain development. As a consequence, the probability of an early disorder onset would be
increased, as also supported by our findings showing an association with the age of onset.

In sum, assuming that an intact brain structure is the basis for an efficient brain function, the
alterations in brain morphology encountered in OCD patients may be crucial for the often-
reported functional alterations. Finally, these alterations speak in favour of further inves-
tigations on the specific interactions between these various measures of brain structure and
function.
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11.3. Reduced Brain Structure vs. Increased Brain Function
in OCD

The results of the presented studies bring a remarkable contrast into light, namely, a decrease in
structural measures encountered in studies (Rus et al., 2017b, 2016) of Chapter 8 and Chapter 9
versus an hyperactive circuitry in terms of an increase in functional connectivity, encountered
in the study (Rus et al., 2017a) of Chapter 7 . The hyper-active circuitry postulated already
in the OCD neurobiological model (Saxena & Rauch, 2000) was partly partly found in the
first study of this work (Rus et al., 2017a) in Chapter 7 - where an increased interaction
between emotional processing areas and areas involved in visual processing and attention during
symptom provocation was found. Although the analysis of aberrant brain function in OCD
evolving in the CSTC model has been in the research focus for many years, several gaps, such
as the integrative view of function and structure remain unexplored.

11.3.1. Increased Functional Connectivity

The first study (Rus et al., 2017a) presented in this thesis in Chapter 7 analyzed functional
connectivity as well as structural integrity and connectivity of underlying WM tracts in an
innovative way. These results shed light on the relevance of the limbic regions in OCD during
symptom provocation.

Symptom provocation is also a major constituent of CBT therapy. A better understanding of
the neuronal processes occurring during this therapy step might help to elucidate the neural
processes taking place during further therapeutic steps, such as during fear extinction in the
context of habituation. Moreover, understanding the mechanistic processes of the disorder
in each of the therapeutic steps could be beneficial for the complementation of the recent
neurobiological model. As a broader goal, this could help developing better treatment options,
given the clearer neurological targets.

Present results represent an important extension of previous findings by evaluating functional
connectivity during symptom provocation, rather than studying only functional activation. The
investigation of functional connectivity can give more insight about the interactions of various
regions and thereby broader network processes, as compared to the restrictive observation
of regional activation patterns. The functional connectivity results are consistent with the
few functional connectivity studies conducted in OCD so far (Jhung et al., 2014; Jung et al.,
2013). Specifically, we could confirm the patterns of limbic dysconnectivity with fronto-parietal
areas which have often been discussed in the context of resting state studies (Gottlich et al.,
2014; Posner et al., 2014). Our results complement and further expand, to some extent, the
findings by Jhung et al. (2014), who conducted the first, and to our knowledge, the only

88 Part III: General Discussion



11. Integrating Results into the OCD Literature

study, evaluating functional connectivity in a symptom provocation context. Their approach
differs slightly from ours, as they focused on striatal connectivity alterations. Despite this,
their overall results suggested that a limbic network dysfunction together with an emotionally
salient error awareness, play a pivotal role in OCD patients with contamination fear. This
was partly reflected in the encountered altered amygdala-parietal connection in OCD patients
(Chapter 7).

Other symptom provocation studies or studies investigating the processing of negative emotions
showed functional activation disruptions in areas such as OFC, ACC or dlPFC in patients
(Adler et al., 2000; Breiter et al., 1996; Simon et al., 2014, 2010). What remains surprising
is that in contrast to these studies, present results did not show any significant difference in
regional activation patterns between patients and controls. Arguably, the fact that the task
used in our first study (Rus et al., 2017a) of Chapter 7 did not show any activation differences
might indicate that the task affected patients and controls in a similar way. However, other
reasons may have also played a role. One of the reasons might have been that our patient
sample was multi-symptomatic and the stimuli which they were exposed to contained primarily
contamination-related pictures. These pictures may not have affected all patients in the same
way. Nevertheless, the questionnaire and debriefing scores showed a significantly increased
disgust sensitivity in patients compared to controls. These behavioral scores emphasize the
relevance of this task for OCD patients. Nevertheless, we have to admit that a more careful
selection of individualized stimuli or categorization of stimuli based on symptom dimensions as
done by Simon et al. (2010), might have been more effective for the investigation of disorder-
characteristic functional activation patterns.

11.3.2. Relevance of Amygdala for OCD

One of the main goals of our work was to detect the relevance of the amygdala and its inter-
connections during symptom provocation. The task was associated with a prominent bilateral
amygdala activation in both groups. Given the fact that the amygdala is known to be strongly
involved in the processing of negative emotions this activation clearly indicates that the task
had the intended effect (i.e., a negative emotional impact). Importantly, in patients compared
to controls this result was accompanied by a significantly stronger connectivity between this
emotional processing area and areas responsible for visual processing and attention.

The present results suggest that during the perception of OCD relevant stimuli (i.e., stimuli as-
sociated with contamination and negative valence) patients could not disengage their attention
from these stimuli and may have been drawn into the classical “vicious circle“ (i.e., anxiety
caused by the stimuli, obsessions in terms of contamination-related thoughts, even more in-
creased anxiety, see Figure 1.1 in Chapter 1). Speculatively, this vicious circle may have been
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reinforced by this increased amydala-occipito/parietal connectivity reflecting increased atten-
tion or an intensive perception of these stimuli hence going along with a comparatively stronger
experience of negative emotions.

Our results complement the findings of the meta-analytic review by Rotge et al. (2008). They
concluded that subcortical activations might be responsible for mediation of symptoms, whereas
dorsal fronto-parietal activations are more associated with the resistance to triggered symptoms.
We complement their results by showing that the interaction between these areas, reflected
in an increased connectivity, might be one mechanism underlying the experience of disgust,
anxiety and accompanying obsessive thoughts (or, in a natural environment outside the MRI,
compulsive behavior).

By evaluating the amygdala connections during negative affective processing in OCD, which
previously has been shown to be of relevance in processes such as threat assessment and emo-
tional memory (LeDoux, 2012), we substantiated the findings of Breiter and Rauch (1996), who
emphasized the role of the amygdala for anxiety processing in this psychiatric disorder.

Previous studies evaluating negative affective processing in OCD (Britton et al., 2010; Can-
nistraro et al., 2004; Rotge et al., 2008) as well showed alterations in amygdala, although
the inconsistencies relied on the direction of alteration. A more recent study by Simon et al.
(2014) concluded that, given the amygdala hyperactivity during symptom provocation and the
damping of its activation during distraction in patients with various OCD symptom types, this
region could represent a common neural correlate that links OCD to other anxiety disorders.
Our results lend some support to this theory. To completely confirm this assumption, a further
control group with an anxiety or a related disorder is needed in a future study. Nevertheless,
a gain in knowledge of present results represents the amygdala connectivity during task, which
has not been evaluated and reported this way until now, while its activation has been often
analyzed in previous similar studies.

Overall, our results about the exact role of the amygdala for OCD shed light into two major
points that are relevant for further research.

First, the result of normal not aberrant activation vs. impaired amygdala connectivity reinforces
the need of investigation of this brain area on various neural levels. This means that not only
brain activation but also connectivity and its directionality should be measured in order to gain
a better picture of the exact alterations in OCD.

Second, our results only show altered amygdala connectivity during direct symptom provoca-
tion, but little is known about how relevant this area is in the context of other disorder-relevant
processes such as expectation of a feared stimulus or a feared situation, habituation to certain
stimuli/states or fear extinction. All of these processes are also stages of therapy in which
patients are mostly accompanied by the feeling of anxiety and uncertainty. We speculate that
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the amygdala might have varying relevance in these stages.

Hence, specific investigations combining functional and structural imaging and focusing on the
specific therapy stages are needed to elucidate the exact role that amygdala has in the psy-
chopathology of OCD. Further the neurobiological OCD model needs then to be reconsidered,
by inclusion of additional areas, such as this limbic region.

11.3.3. Integrative View of Functional and Structural Alterations

Besides the gained information on functional hyper-connectivity and structural alterations in
OCD, the results of this work expand existing knowledge by relating the aberrant function with
the underlying structure. Taken together, the three studies presented in this work (see Part II)
outline an integrative view of several neuronal processes and patterns in OCD: from functional
activation to functional connectivity (Rus et al., 2017a), as well as from structural connectivity
of WM and its integrity (Rus et al., 2017a) to structural properties of GM (Rus et al., 2017b,
2016), and last their association with the clinical characteristics of the disorder.

Narrative and meta-analytic reviews (Eng et al., 2015; Menzies et al., 2008; Nakao et al., 2014;
Pauls et al., 2014) have already emphasized the need of a more joint reflection of all the relevant
findings associated with the disorder. They suggested the integration of neuropsychological
perspectives, neuroimaging findings, but also genetic and basic research findings. With the
advent of new methods and analysis approaches for exploring brain function, from simple
brain activation analysis to more complex viewpoints, such as connectome based analyses or
machine learning techniques, this integrative view of findings gains increasing importance. In
this respect, results of the presented studies (Rus et al., 2017a, 2017b, 2016) in Part II fulfilled
the broader aim of the thesis in showing that to some extent, certain linkages exist between
function and structure. Furthermore, the findings re-opened the debate on questions about the
directionality and exact mechanisms of these interactions.

The brain is able to recover in case of physical (e.g. brain injury) as well as functional (e.g.
impairment of oxygenation in certain regions) trauma. This recovery usually takes place shortly
after the traumatic event and can be seen as a form of reorganization and adaptation of its
neural functions. With this in mind, it could be speculated that this ability of the brain to
self-reorganize and -adapt could also take place in case of aberrant function or structure in
OCD. Therefore, assuming that certain regions encounter structural losses already during early
brain development, as indicated by the cortical folding differences in the third study (Rus et
al., 2016)(see Chapter 9), it is conceivable that in the further course of development the brain
function might adapt and re-modulate its communication pathways, and would be thus still
able to maintain a certain network efficacy. However, if the opposite would happen, - e.g.,
certain events or traumata which favor maladaptive behavior and unfavorable brain function -
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it might be possible that the structural changes occurring during life adapt to this abnormal
function.

These various scenarios, although not tested in the present work, might explain the result
heterogeneity (such as increased or decreased GM volume) to some degree. Nevertheless, to
investigate the causal interaction of all these changes, longitudinal and multimodal studies
employing multivariate analysis approaches are needed.

From an anatomical perspective, present results indicate the relevance of several regions for the
psychopathology of OCD. These regions have been shown to be altered both in function and
structure and involve, besides the discussed parietal areas, parts of frontal, occipital, temporal,
fusiform gyrus and precentral areas. For a descriptive overview see Figure 11.1. Previous
concepts of the OCD neurobiological model have suggested considering several of these areas in
the OCD model. For example, Menzies et al. (2008) and (Eng et al., 2015) proposed to pay more
attention to parietal areas. These regions are involved in various cognitive functions in which
OCD patients showed impairments, such as attention, working memory or spatial perception.
They were also often found to be altered in GM or WM structure. The review by Nakao et
al. (2014) which proposed a multi-dimensional model for OCD based on the various symptom
dimensions underscored the role of temporal areas, especially for washing compulsions. They
also suggested that occipital areas, which are part of the visuospatial attention network, have
often been shown to be impaired in patients according to neuropsychological studies. These
impairments ameliorated with clinical symptom improvement.

Viewed as a whole, our study results show several of these previously proposed regions to be
functionally as well as structurally altered (see Figure 11.1) . Hence, their relevance for the
neurobiological model of OCD is undeniable. Furthermore, these results underline the need of
more multimodal research to determine their exact role and involvement in the circuitry. In
sum, more research is needed in all of these areas to be better able to validate findings and
elucidate brain pathophysiology of OCD.
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Figure 11.1.: Overview of brain areas found to be altered in OCD patients, resulted from the three
studies.
Left boxes represent the brain areas that evolved to be altered in structure (WM) or impaired in
function in OCD patients in study 1(Rus et al., 2017a) from Chapter 7.
Middle and Right boxes represent the brain areas that evolved to be altered in GM properties of the
cortical mantle. Volume and surface area of study 2 (Rus et al., 2017b) from Chapter 8, Gyrification
from study 3 (Rus et al., 2016) from Chapter 9.
The brain template in the middle presents the areas that were found altered in all three studies and
in several cortical properties (function and structure).
The number of bars (e.g. III) represents how often this structure has been found to be impaired in
function or structure in the three studies, it is a descriptive indicator of the frequency that this specific
area was found to be altered in patients.
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Viewed as a whole, our work is encouraging and broadens the view about potential neuroimaging
markers for OCD. This neural markers, which most probably relate to the clinical manifestation
of OCD, are of relevance in elucidating the neuronal mechanistic processes of this psychiatric
disorder. In the following, several achievements in light of their limitations and potential future
work will be addressed.

First, the unique analysis framework embedding several neuroimaging analysis methods pro-
vided insight into various measurable neuronal parameters, both on a functional but also on
a structural level (i.e. activation, connectivity, integrity). Furthermore, their linkages to each
other and to symptomatology underlined the clinical relevance of the results. Nevertheless,
knowing that the present results may be confounded by symptom heterogeneity and presence
of comorbidities it would be of additional informative value if future studies considered the
following: the use of multimodal approaches in evaluating larger samples and the presenta-
tion of individualized stimuli to better disentangle the specific neuronal patterns taking into
account the symptom heterogeneity of the disorder. Furthermore, considering the relevance of
the findings and their applicability for therapeutic purposes, this work gives insight into one
specific part of therapy, i.e., symptom provocation. Therefore, it would be of great value to find
out more about the neuronal patterns during all the other phases, such as anticipation of the
feared situation or stimulus, exposition and extinction. It would be also a great achievement to
use brain imaging for studying the neural activity related to therapeutic interventions as well
as long term follow up investigations after these interventions. Knowing more about the exact
neuronal mechanism underlying each of these significant therapy elements could contribute to
the development of more tailored interventions depending on the symptom and disorder pro-
file of the patients. This knowledge could also help disentangling potential target regions for
specific noninvasive interventions, such as neurofeedback, which have proven to be effective in
symptom reduction in other psychiatric disorders (e.g., post-traumatic stress disorder).

As a long-term goal, this type of neuroimaging results, in combination with other study findings
investigating these processes at a cellular level in OCD, could help to focus the research on the
disorder relevant areas. In the long run, this may constitute the basis for the development of
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more effective pharmacological treatment.

Secondly, this thesis presents one of the few works in the existing OCD literature which gives
insight into several measurable parameters of the cortical mantle concurrently (i.e. volume,
surface area, thickness, gyrification) in a relatively large patient sample. One of the advantages
of this work is the separate observation of each of these various measures, which allows to
better rule out some of the confounding factors that might have contributed to changes in
the other measures. For example, these confounding factors include cortical folding or surface
area properties when estimating GM volume. Nevertheless, in light of the discussed limitations
(e.g., influence of confounding factors such as medication, comorbidities or scanner type), future
studies should examine the replicability of the existing findings in bigger samples using isolated
analyses of the discussed confounding factors. Additionally, and in light of the considerable
result heterogeneity in the literature, multimodal approaches in analyzing GM would be of great
value, whereby the simultaneous use of different methods in analyzing brain morphology (e.g.,
VBM, SBA) and their results could be compared. Furthermore, the proportional contribution
from each of these GM properties of the cortical mantle to the global brain changes in OCD,
and their exact relationships, could be evaluated. This would be of major importance because
it has been shown in other studies that the informative value of results increases when both
methods are used concurrently (Palaniyappan et al., 2012).

Last, our results provide insights into potential vulnerability markers indicated by measures
linked to processes that most probably happened early in brain development. However, these
ideas are rather speculative, as the exact role of the several GM properties is still a matter of
debate. Longitudinal studies are needed to elucidate the developmental progress and the in-
terdependence of these morphological measures. Furthermore, little is known about the factors
that contribute to the disorder onset, progression and symptom improvement and the exact in-
teraction with brain morphology. Therefore, longitudinal studies that as well take into account
these factors are needed to clarify the existing findings. The multiple factors that contribute to
some extent to OCD indicate that future studies should integrate all these isolated findings into
integrative approaches, i.e., by using computational modeling approaches (Stephan & Mathys,
2014). This would enable to infer mechanistically interpretable parameters (of computational
or physiological processes) from the analyzed brain activity or behavior.

In sum, and in light of the existing limitations, the achievements of the presented studies
strengthen our idea that the intricate picture of OCD will be much easier to clarify with the
development of new methods, or the improvement of existing ones, but, especially, with the
deliberate combination of these methods.
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Taken together, it becomes clear that OCD is a psychiatric disorder with a well-defined and
validated symptom profile and a well described cognitive-behavioural model. The neurobio-
logical model, however, is still being revised and its adapted versions are a matter of ongoing
debate. Hence, although several indicators for an aberrant neurobiology exist on various levels,
these remain poorly replicated findings at the moment and are thus very hard to integrate into
a homogeneous picture. This could be partly due to the fact that although the disorder has a
comparably high prevalence, its insidious onset and often delayed diagnosis may have led to an
underestimation of its impact. Therefore, OCD has received less attention in the neuroimaging
field compared to other psychiatric disorders such as depression, anxiety, schizophrenia.

The present work provides valuable new insights into various measures of brain structure and
function. It further reinforces the need of multimodal evaluation and integration of findings,
by showing associations between the different neural parameters in OCD. Moreover, the results
suggest significant clinical implications of these variations in brain morphology for the disorder
and provide preliminary indication of potentially early vulnerability markers. Importantly,
results showed that valuable information can be gained by the analysis of therapy-related
processes such as symptom provocation, and further support the role of emotional processing
brain areas during this specific therapy stage.

The present results should encourage the OCD research community to perform further inte-
grative studies that evaluate various aspects of brain structure and function and their mutual
associations in a multimodal way, as well as their link to neuropsychological but also genetic,
cellular and clinical variables. We are convinced that this combined approach could help to
unify the existing inconsistencies in OCD and help to disentangle the mechanisms behind its
psychopathology.
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List of Abbreviations

ACC Anterior cingulate cortex
ADHD Attention deficit hyperactivity disorder
BDI Beck Depression Inventory
bedpostX Bayesian estimation of diffusion parameters obtained using sampling techniques
BOLD blood oxygenation level dependant
CBT cognitive behavioural therapy
CSTC cortico-striato-thalamo-cortical circuit
df degrees of freedom
DSM-5 Diagnostic and Statistical Manual of Mental Disorders, Version 5
DTI Diffusion Tensor Imaging
EPI echo-planar imaging
ERP exposure and response prevention
FA fractional anisotropy
FEE Fragebogen zur Erfassung der Ekelempfindlichkeit,
fMRI functional magnetic resonance imaging
FOV field of view
FWE familywise error correction
GABA gamma-aminobutyric acid
GI gyrification index
GLM general linear model
GM gray matter
Gpi, Gpe globus pallidus internus/ externus
gPPI generalized form of context-dependent psychophysiological interaction
HRF hemodynamic response function
IAPS International Affective Picture System
IFG inferior frontal gyrus
IFOF inferior frontal occipital fasciculus
lGI local Gyrification Index
MD mean diffusivity
MNI Montreal Neurological Institute
MP-RAGE magnetization-prepared rapid gradient-echo
MPRAGE magnetization-prepared rapid acquisition gradient echo
MRI Magnetic Resonance Imaging
(s)MRI (structural) magnetic resonance imaging
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(M)AN(C)OVA (multiple) analysis of (co)variance
MRS magnetic resonance spectroscopy
OCD obsessive-compulsive disorder
OCDR obsessive-compulsive and related disorders
OCI-R Obsessive-Compulsive Inventory – Revised
OFC, alOFC orbitofrontal cortex, anterolateral OFC
PCC posterior cingulate cortex
PET positron emission tomography
probFT probabilistic fiber tracking
restFC resting state functional connectivity
ROI regions of interest
rs-fMRI Resting state fMRI
SBA surface based approach methods/ analysis
SC structural connectivity
SN substantia nigra
SPECT single photon emission computed tomography
SPM Statisticam Parametric Mapping
SPSS Statistical Package for Social Sciences
SSRI Selective Serotonin Reuptake Inhibitors
STN subthalamic nucleus
T Tesla
t from Students T test
taskFC task dependent functional connect
TE echo time
TI inversion time
TMS transcranial magnetic stimulation
TR repetition time
VBM voxel based morphometry
vlPFC, dlPFC ventrolateral -, dorsolateral prefrontal cortex
vmCd ventro medial caudate nucleus
WM white matter
WM tracts white matter fiber tracts
Y-BOCS Yale-Brown Obsessive Compulsive Scale
χ2 chi square test
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