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ABSTRACT

This thesis aimed to investigate cognitive and neural underpinnings of cognitive control
in obsessivecompulsivedisorder (OCD), focusing on suppression of thoughts and actions,
cognitive flexibility, and habitual behaviour. Four experiments addressedhsg®s that, in
comparison with appropriate control groups: (i) Patients with OCD are impaired in their ability
to control actions as measured by the SSgmal/GoNo-Go task; (ii) They also present deficits
in attentional seshifting in an extralimensonal setshifting task; (iii) OCD is marked by
difficulties in the ability to control thoughts, as demonstrated by a Retfiesiated Forgetting
(RIF) paradigm; (iv) Deficits in inhibitory control correlate with electroencephalographic
markers, especiallgrror monitoring and action tendencies; (v) Habitual and ritualistic actions
in OCD are driven by both motor deficits and intolerance of uncertainty; (vi) Learning and
practising a finger tapping sequence on a smartphone application (app) can havke clinica
benefits as a 'habitversal' treatment; and (vii) Metacognitive functions such as memory
confidence and vividness are impaired in OCD, prompting the need to repeat actions. The thesis
is structured in seven chapters, with experiments presented ieihdpt, 5 and 6.

Chapter 3 reports inhibitory deficits in a large group of OCD patierstsowing
impairments in action cancellationtims sampleThese results are discussed alongside neural
EEG markers and setéport measures, highlighting roleseafor monitoring aneétnhanced
action tendencies in threaintenancef OCD symptoms.

Chapter 4 presents the results of a clinical trial conducted in collaboration with the
NHS Highly Specialised OCD Clinic in Hertfordshire, where patients were randomised to
either Treatment as Usual (TAU), a combination of Cogniedaviour Therapy (CBT) and
ExposureResponse Prevention (ERP), or HeRéversal Treatment (HRT). The latter
congsted of a mobile phone application, and participants were asked to practise sequences of
finger tapping movements. Participants were assessed at 3 timepoints (Baseline, Midterm and
Endpoint). Results showed that HRT was equivalent to TAU in reducing sgmapand indeed
superior at enhancing quality of life in OCD. These results are discussed alongside neural
markers and cognitive deficits in inhibitory control and extiraensional seshifting.

Chapter 5 presents data on a second group of patients@B and a matched control
group, aiming to further clarify neural and cognitive dynamics of inhibitory control, error
monitoring and motor learning in OCD. For that end, both patient and control group were
further separated into app and-agp training, pabling assessment of how the mobile

application affects healthy participants, and whether the changes in OCD symptomatology seen



in Chapter 4 were related to app training or to the passage of time. Electroencephalographic
and behavioural data were colledtat two different timepoints, separated by a month, to
parallel the previous study and allow for comparisons.

Chapter 6 further investigates inhibitory control deficits in OCD in an online study
with yet another group of patients and control participahihe comparison between ability to
control actions, as measured by the Skignal Task, and thoughtss per the RIF paradigm,
showed significant RIF effects on controls, but not on patients, suggesting impaired thought
inhibition in OCD. These resultse discussed alongside a metacognitive memory test, which
reveals the role of memory confidence as a possible cause of repetitive actions in OCD.

A final DiscussionChapter 7) brings together the findings of this thesis and considers

their implicationdor the neuropsychological basis of OCD and its future treatment.
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CHAPTER 11 INTRODUCTION

To be, or not to be: that is the question:
Whether 'tis nobler in the mind to suffer

The slings an@rrows of outrageous fortune,
Or to take arms against a sea of troubles,

And by opposing end
Hamlet, Act lll, Scene 1

William Shakespeare

1. Background

Once described as tfdiedudoutd f r om t he Fr ench, (Bourghoess, ma d n e
1975; Saulle, 18750bsessiveCompulsive Disorder (OCD) is a highly debilitating mental
disorder, charactesed by persistent, intrusive and distressing obsessions and/or compulsions,
affectingirdi vi dual 6s soci al , occupational and ot
considerable distress (American Psychiatric Association, 2013). It is estimated to affect
between 13% of the population around the wolBawcett et al., 2020; Ruscio et al., 2010)
and can frequently present a chronic course when not tr@iesel et al., 2015)

The main characteristics of OCD are the presence of obsessions or compulsions, the first
bei ng d edcurrencahd persistefitoughts, impulses, or images that are experienced,
at some time during the disturbance, as intrusive and inappropriate and that cause
markedanxietyo r di stresso and the | atter consi sti
washing, ordering, checkingy mental acts (e.g., praying, counting, repeating words silently)
that the person feels driven to perform in response to an obsession, or according to rules that
must be applied rigidlyo (American Psychiat
individuals present regarding their compulsions can vary from high to g&skan, Fineberg,
& Robbins, 2017)and, although in many casé® tsubjects are aware of the poor connection
between the compulsion and the obsession (i.e. checking if the oven is turned off several times
to avoid harm to a beloved relative), they yet feel an urge to perform the compulsion,
charactesing OCD as an egdystonic disorde(Jacob et al., 2014; Vaghi dt,&2017)
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The neurobiology of OCD is not yet consistently established, howextensive research
indicates a dysfunction in the cortistriatothalamaecortical (CSTC) circuits of the brain in
the aetiology of this diseag&hmari & Rauch, 2022; Rauch et al., 1994; Robbins et al., 2019)
More specifically, an overactivation of the orbitofrontal (OR@Y anterior cingulate (ACC)
cortices, as well as the caudate, insula and amygatadaan hypoactivation of the dorsolateral
prefrontalcortex(DLPFC)appear to be present in individuals with OGtpergisSchoute et
al., 2018;Baxter et al., 1988Robbins, Vaghi, & Banca, 2019; Milad & Rauch, 2012)
However, some evidence also indesthe influence of the Supplementary Motor Area (SMA)
and of the Pr&upplementary Motor Area (pf8MA) in theinhibitory control dysfunction
perceived in OCD patients, which could potentially be related tolderof control over the
performance o€ompulsions(Bonini et al., 2014; de Wit et al., 2012; Gritzmann et al., 2016,
2022; Lee et al., 2017PDCD has been, therefore, conceptualized as a disorder-cbsgidl
and behavioural inhibition, and pattertend to perform their compulsions despite negative
consequencg®anca, Voon, et al., 2015\ possible candidateeural centrdor the deficent
inhibitory control of actions (compulsions) and thoughts (obsessions) in OG&ated inthe
basal ganglia. A recent naeanalysis has suggested that this brain region, extensively studied
for its role in motor inhibitory control, might also bevolved in higherorder cognitive
processes, for instance, memory retrieval and thought inhilftBao et al., 2018)

Another of the recenttheories advanced to explain the acquisition and maintenance of
compulsions in OCD is the imbalance between-ga@cted and habit learning sgats(Banca
et al., 2015; Dayan, Berger, & Anholt, 2017; Gillan & Robbins, 2014; Gillan et al., 2016,
2017 Vaghi et al., 2017; Voon et al., 2019)his approach postulates that patiemith OCD
tend to rely on habits rather than on gdimécted behaviourslespiteappearing awaref more
appropriate actios(Vaghi et al., 2017)and thathe basal gangliaSMA, preSMA and ACC
are involved in this procedsy affeding inhibitory controland goaidirected behaviouand
therebyfacilitating the acquisition of compulsive habj@Gillan & Sahakian, 2015; Gritzmann
et al., 2016; Lee et al., 2017; Riesel et al., 2015)s possible, thus, to infer that these
mechanisms are connected whatarec al | ed fisl i ps ¢yfseerdeattre a n 0 , a
OCDin laboratory studiesThose behavioursccur insituations when subjects are performing
tasks and suddenly commit errors due to the lack of ability to suppress a response that was
previouslyreinforced, hypothetically indicating a reliability on half@sllan & Robbins, 2014;
Gillan & Sahakian, 2015Whilst the ACC is responsible for inhibitory control, the SMA and
preSMA are important foreadiness to agtwhich could explainincreased performance of

Asl i ps of actiono if t h e s #is Mmportdntato enypmasise,a r e
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though, that the extent to which compulsive responding in OCD is instrumentahsetinei
subject of current investigatiqillan, 2021)

Indeed, it has been proposed that compulsions, rather than obsessions, drive OCD
symptoms, with the latter commonly being expressqubsteriori(Gillan, Robbins, et al.,

2016; Gillan & Sahakian, 2015ps a result of reverse inferend&illan, MoreinZamir,
Urcelay, et al., 204). In addition, the incipient studies on the neurobiology of obsessions make
it rather difficult to draw robust conclusions about this phenomenon, which so far has been
linked to fear conditioning mode(#ilad et al., 2013)

Threat avoidance is, undeniably, a core component of OCD, with compulsions being
performed to alleviate anxiety and prevent a possible harmful event (American Psychiatric
Association, 2013 Salkovskis, 1999) Nevertheless, it is well known that, rather than
decreasing anxiety levels, compulsions tend to, paradoxically, secrdeem by making
individuals feel 0st u(Erad&inatal., 2020;ISunonprfeldt,f2004)n ¢ o mp
If this is the case, then why would patients continue to engage in compulsaxgdug?

A plausible explanation derives from the sensorimotor theory of OCD, which postulates
that individuals with the disorder present a weakened sense of a@&sagch et al., 2012;
Giuliani et al., 2021; Moran@8eaulieu et al., 2021; Szalai, 2019his can be seen imob
i mportant features of the disorder: repetiti
and overreliance on sensory and external feedffaclgle et al., 2013; Fradkin et al., 2020;
ReuvenMagril et al., 2008; Seow & Gillan, 2020; Szalai, 2Q18he former represents a
phenomenon in which actions must be repeated a certain number of times, until the patient
feels that they have been done properly and achieved thei(FgyaBsRomeo & Belloch,

2017) The neurocognitive mechanisms driving this sense of completeness are not properly
established, but seem to be rooted in motor deficiencies and in an inability to register that an
action has already been performed, despite consemaseness of ifGentsch et al., 2012;
Summerfeldt, 2004)As for the latter, it seems that this faulty internal feedback regarding
action completeness contributes to the feelings of uncertainty, which thus lead to reliance on
external and/or sensory feedba@kadkin et al., 2020)Indeed, a study has attempted to
explain OCD symptomatology through the Bayesian Brain Frame(#oddkin et al., 2020;

Knill & Pouget, 2004) This franework proposes that the brain makes probabilistic inferences
regarding states through sensory feedback, predictions and beliefs weighted according to their
perceived uncertainty. For example, someone with checking symptoms of OCD might put more
weight onsensory feedback (the action of checking and seeing that the stove is turned off) than

on the O6uncertaind belief that they have alr

18



19

(2020), the core symptom of OCD is excessive uncertainty regardiegrstasitions, which

could be described as the ability to understand and predict changes (or the lack of them) from
one state to the next. The authors propose
impairment in planning, excessive checkimgl @verreliance on sensory feedback seen in this
condition.

Corroborating the defective feedback system hypothesis of OCD, a plethora of studies have
shown hyperactivation of the Anterior Cingulate Cortex (ACC) in this disorder, a brain region
responsil@ for conflict monitoring, threat detection, and cognitive con(fBaltvinick et al.,

2001, 2004; Marzuki et al., 2020; Robbins et al., 2019; Shenhav et al., 2013; Wyeitiev,

et al.,, 2015; Weinberg, Dieterich, et al., 2Q15his region (particularly its dorsal portion)
generates an extremely robust marker of OCD termed the-Related NegativitfGehring

et al., 1993; Riesel et al., 2015; Weinberg, Dieterich, et al., 2015; Weinberg et al, v&titB)
operates as an O6alarmd signalling the detect
to turn on more times than necessary, generating fear response, anxiety, and attempts to
minimise threat by controlling the environment and reducing unceri@iafgak et al., 2003a;
Ladouceur, 2016)

Although patients are aware of the poor connection between their obsessions and
compulsions, it is plausible to hypothesise that compulsions arisetieomeed to control an
uncertain environment. For instance, one could aim to protect a beloved rigyativaing the
light switcheson and off behaviour characterised as magical thinkKigonstein & Menzies,

2004; West & Willner, 2011)0ne of the most commonly known strategies for dealing with
uncertainty and the consequential anxiety derived from it isrdaion of, and engagement in

rituals (Graybiel, 2008; Hobson et al., 2018) Fr o m c¢ h-bed rdutiresitéhe halpts oé

athletes prior to competitienrituals have served the purpose of controlling an uncertain
environment by providing order to an unpieble world(Tonng Marchesi, & Parmigiani

2019) An enhanced need for control might therefore explain many symptoms in OCD, for
instance, checking (to avoid making a mistake), hoarding (to avoid the loss of something that
may be useful in the future), mentabals (to avoid harm), and many others, behaviours that
describe what i s t éReuvenMagrii, Ddr,l&Lisermam2008)f contr ol

Rituals are descrédul as predefined sequences of symbolic actions that are performed in a
strict and repetitive way and lack instrumental purp@eoks et al., 2016; Hobson et al.,
2017) This definition, similar to the meaning of compulsion, differs in keyaspect of the
latter: rituals aresymbolially meanindul. If compulsions are derived from an imbalance

between goatlirected and habitual behaviours, with the preponderance of the latter, one could
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argue that they have served a purpose formerly. Indeetlitenary studies propose that the
acquisition of habits serves an important rivleautomatsing andexpediting instrumental
actions which could potentially lead to higher survival r@lsm et al., 2006)For instance,
routinisation would allow for less attention required to perform habitual tasks, fewer errors due
to training (Banca et al., 202@nd more resources available for monitoring potential threats
(Fentress, 197@nd detecting conflict.

It is possible that in OCD the anxiety reported when compulsions are not performed is a
misrepresentation of an overactive striatamd enhanced action tendencies rather than an
actual fear response. The relationship between anxiety and motor behaviour does seem to
present some clues regarding the aetiology of OCD symptomatology. Two recent studies have
attempted to manipulate anxiegnd electrophysiological amplitudes of ermonitoring
through the introduction of rituais healthy volunteer¢Brooks et al., 2016; Hobson et al.,
2017) Participants werasked to perforrmovel random ritualistic motor behaviours prior to
an anxietyinducing task. Elecoencephalographic recordings were measured at baseline and
following the execution of the ritual, showing decreased amplitidesauthors propose that
the execution of rituals acts as a buffer against anxiety and by increasing confidence in
performancewhich in turn diminishes the sensitivity to sgénerated errors (Hobson et al.,
2017). This study is particularly important for differentiating compulsions from rituals,
introducing a completely novel set of ritualised behavioDespite the lack ofesearch in
OCD patients, Iiis could shed light on the reason witityials are perceived by patients as
anxietyreducing

This is further supported by Habit Reversal Therapy (HRT), which operates based on
the assumption that habits can be replaced by campetctions(Azrin & Nunn, 1973) HRT
has been successfully employed to treat tic disorders and trichotillo(@r@enberlain et al.,

2009; Woods et al., 2006ith incipient evidence gorting its use for OC[jLee et al.,

2019) Indeed, the use of competitive stimuli has been employed for a myriad of disorders and
mechanisms, from Pa3traumatic Stress Disorder (PTS®jolmes et al., 2009; James et al.,
2015)to memory retrievalAnderson et al., 1994; Demeter et al., 2014)

For instance, Holmes and coltgaes (2009) conducted an experiment employing the
computer game O0Tetris6é within 30 minutes of
period for memory consolidatiqiwalker et al., 2003)in an attempt to reduce the occurrence
of flashbacks, a core feature of the disorder (American Psychiatric Association, 2013). Given
the nature of flashbacks as senspeyceptual images with vistgpatial component@rewin

& Holmes, 2003and the limited capacity of brain resour{dsimes et al., 2009; James et al.,
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2015) the authors predicted that a competitive vispatial cognitive task could deplete those,
which was later proven tryélolmes et al., 2009)

An analogous phenomenon seems to occur with memory ret(inderson, 2003;
Anderson et al., 1994; Anderson & Green, 20Q¢pically demonstrated by thetrieval
practice paradign(Anderson et al., 1994; Demeter et al., 201d}his task, participants are
asked to study a list of categegyx e mp | ar pairs, f ane T giumasrtt aznbc; e
Opreci owemestadriidol B&gydbtedy Half of the exemp
categories will then be displayed to the individuals for retrieval (i.e. only preciousistone
emerald from the example above), with the categmy the first letter of the exemplar as a
cue (precious storiee------). A distracting task is then introduced, promoting a delay between
the study and practice phase and the final recall test, when all categories studied are presented
for retrieval of tle associated exemplars. Typical results demonstrate what is called a Retrieval
Induced Forgetting (RIF) effect, with ngmmactised words from the practised categories (i.e.
guartz, since precious stone was a studied category) being less accessiblettamtides 6 d o | |
and O0kited, given t hat (Andengonetale 1994l Demetereva.y e n o
2014)

Albeit still undergoing scrutiny, with opposing theories advocating for inhibitory
mechanisms versus interference of retrieved memories as the cause of RIF, neuroimaging and
electrophysiological studies have proposed that this retrieval process overiteenp@nuli
is actually a product of inhibitory contr@fiellerstedt & Johansson, 2014; Wimber et al., 2015)
Interestingly, deficits in the Stepignal (SST)Lappin & Eriksen, 1966; Logan & Cowan,

1984; Vince, 1948)and Go/NeGo (GNG) tasks(Gordon & Caramazza, 1982eem to
correlate with memory inhibition/suppression difficulti@uo et al., 2018)indicating the
existence of a domaigeneral inhibitory control over actions and thoughtd p gv al ka et
2022) Deficits in the SST and GNG task are well known in Q®@r et al., 202), however,

perhaps not surprisingly, Demeter and colleagues (2014) have found no RIF effect in their
participants with OC¥Demeter et al., 2014)adding further evidence to the inhibitory control
impairments seen in the disord&hamberlain et al., 2005; Demeter et al., 2014; Marzuki et

al., 2020; Robbinst al., 2019)

Brain areas implicated in inhibitory control include the dorsolateral and ventrolateral
prefrontal corticeg Ap g v al k a , thd infeaidr frontal Qofte¥Aton et al., 2014)and
the basal gangligGuo et al., 2018)all associated with deficits in OC[Robbins et al., 2019)

Particularly, the Anterior Cingulate Cexr (ACC) seems to play a major role as the recruiter
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of cognitive control(Garcia et al., 2022)yand will be explored in more detail later in this
chapter.

To address those deficits and markers of OCD, this thedifoails on cognitive and
behavioural paradigms, associated with electroencephalographic (EEG) measures. The next
sections will, therefore, introduce how an EEG approach can further advance knowledge of
OCD.

2. Electroencephalography

Since Ger man Psychi al941) fisst recétdingssof Baen relgceicalo s (1
activity in 1924(Luck & Kappenman, 2012)lectr@ncephalographimeasures have been
increasingly applied in research in the fields of psychiatry, neurology and neurosciences.
Described as fa t ec hniviywfdhe human braia fcom the suniage e | e c
of t h €Millbte2a0@)celectroencephalography (EEGas achieved status and follawe
due to its relative loveost, high tolerability and nemvasive characteristidappenman &
Luck, 2016) It is imperative, though, to understansttechnique and thgocesses underlying
the gerration of the EEG signain order to fully comprehend its results, contributions and

limitations.

2.1.What can an electroencephalographic approach provide to the understanding of
OCD?

The technique of measuring neuronal signalling is called Electroencephalography (EEG)
and has been widely used in research for diagnostic purposes and uncovering cognitive
processefKappenman & Luck, 23). It provides a rapid method for measuring brain activity,
which has considerable temporal resolution that can help dissect cognitive processes prior to
behavioural manifestation. Thiglocityis particularly relevant since cognitive processes may
hgopen in fractions of seconds and offers a remarkable advantage in comparison with other
gold standards of neuroimaging such as functional Magnetic Resonance Imaging (fMRI).
Whilst fMRI data provide excellent spatial resolution, the Blood Oxygen Level dapén
(BOLD) response on whideyrely typically requires a few seconds to be complé@&dver,

2011) proving its unsuitability for measuring rapid cognitive processes (Luck & Kappenman,
2012).

Althoughelectroencephalograjshrecordings provid excellent temporal resolution, the

method is not without its pitfalls. The signal recorded by the electrodes @adkd scalp is

a result of the summation of the activity of populations of neurons that have fired in response
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to a stimulus or spontanesly and have crossed several layers of brain tissuesgedially a

very resistant skul(Burle et al., 2015)Due to the fact that it has been originated several
centimetres below the scalp, where it is recorded, the signal originated from the EEG carries
activity from underlying brain aurces and does not necessarily correspond to the area
underneath the channel where it is maxig@dcioppo, Tassinary, & Berntson, ZQ1This
diffusion results in a signal that is potentially generated in a different location from the one in
which itis captured, perhaps similar to sensing an electric shock when touching a power plug,
which could lead to the conclusion that the current had originated there (instead of from the
power outlet). EEG recordings, therefore, are not ideal for deriving conclusions concerning
their spatial source (Luck & Kappenman, 2012halighpowerfulmetrods of mathematical
transformationsan be applietb the EEG signal, minimisintis limitation(Michel & Brunet,

2019)

Another disadvantage associated with this technique ifotheignatto-noise ratio. To
validate robust conclusions, a higpmber of trialsand a longduration of the recordingare
necessarnfEEGexperiments, thereforegquire careful design and laborious data ana(as
et al., 2014)Nevertheless, EEG recordings can provide important information about the brain
and specific cognitive processes, for instance, how humans adapt to errors, detect conflict and

receive feedback.

2.2.EventRelated Potentials

The electrical signal captured the scalp resulting from a specific sensory, motor or
cognitive event or stimulus is called an Ev&alated Potential (ERP). The first studies of ERP
date from 1935, when Pauline and Hallowell Davis recorded data from awake humans (Luck,
2005). It wasonly later,in 1964 that the first ERRvaveformwas discovered, namely the
Contingent Negative Variation (CNV), by Walter and colleagiféalter et al., 1964)

ERP research is now one of the most widely used methods for mapping cognitive processes.
By creating time windows (epochs) tplesskit ar e
is possible to average electrical activity in the brain across multiple trials, uncovering a
resulting wavéorm (Luck, 2005). It was through this process that many cognitive phenomena
have beerelucidated including attention, memory, conflicetection and error monitoring
(Luck & Kappenman, 2012). Given the particular advantages of temporal resolution and high
tolerability, ERP research has long been used as a tool for diagnostic purposes of both

neurological (e.g. sleep disorders and epilepsy psychiatridisorderqe.g. schizophrenia,
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attention deficit hyperactivity disorder, obsessianpulsive disorder among otheps
(Kappenman & Luck, 2016).

3. ObsessiveCompulsive Disorder and Electrophysiology

In an attempt to clarify the underlyingemhanisms depicteid section 1 (i.e. inhibitory
control, Asl i ps of daecttoéncephalography les eenavidelytused a v i «
in patients with OCD, with techniques ranging from: (i) Quantitative EEG (QHEIS)
referred t o gdFhisishrranalytical ecmpgpe that describes EEG parameters
related to band power, synchronisation and activation patterns in the brain during
electrencephalographicecordings, resulting in a map of the bréliong & Thakor, 2009)

(ii) intracerebral electroencephalography (IEE®)is technique involves placing electrodes
directly onto the exposed surface of theain in order to monitor activity from the cortex,
providing excellent anatomical precisi@Parvizi & Kastner, 2018)and (iii) ERP(Bonini et
al., 2014; Pererat al, 2019; Riesel et al., 2015)

A recent review of the electrophysiological literature of OCD has suggested frontal
asymmetries in alpha and theta baoaverin these patient®erera et al., 2019\symmetries
are defined as the difference between right and left activity over frontal regions of the brain
(Davidson et al., 1990). The band power suggests which of the areas (left or right) is more
strongly active. Band types have been extensively studied in psychiabrders and present
some clues regarding cognitive functions (Perera et al., 2048Ist alpha band asymmetries
have been linked to avoidance motivation in OQBchebeck et al., 2014}Yheta band
asymmetries are thought to suggest impairments in active inhibition cwgmgtive tasks, a
previously reportedobustcognitivemarker of OCD deficits (Menzies et al., 200/in et al.,

2011 Riesel et al., 20)5Perhaps not surprisingly, research evidence proposes that this the
activity is mainly generated in the ACC, a widely recognised area for mediating inhibitory
impairments in OCHWang et al., 2005 On the other hand, task related alpha asymmetries
have also been associatgith difficulties in suppressing distractors or tasielevant details.

Taken together, these results might elucidate the strains experienced by patients with OCD in
suppresing obsessive thoughts (Crawford et al., 1935gra et al., 2019)

In addition, several ERP components have been studied in order to investigate the cognitive
processesssociated withhe disorder (Figure 1). Examples include the Readiness Potential
(RP)(Dayan Berger, & Anholt2017) theN (DayanRiva, Berger, & Anholt, 2020 Dieterich
Endrass, & Kathmanr017; Riesekt al., 2017) the error Positivity (PejKlawohn et al.,
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2014) the feedback ErreRelated Negativity (fERN{Hajcak et al., 2006; HolroydHajcak, &
Larsen,2006)and perhaps the most widely recognised, the ERedated Negativity (ERN)
(Grutzmann et al., 2016; Klawohn et al., 2014; Maoseal.,2013; Olvet & Hajcak, 2008;
Riesel, 2019; Weinberg, Dieterich, & Riesel, 2015)
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Figure 1. OCDrelated ERPcomponents and the brain regions generating the signals,

associated cognitive processand experimental paradigms.
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ERP Main Cognitive Paradigms | Timeframes | OCD
Generators | Process findings
Readiness | -PreSMA Motor Motor tasks | Upto 1.5s | Enhanced
Potential -SMA preparation | (Reaction prior to amplitudes
(RP) -ACC time tasks) | movement
-Basal
Ganglia
N ACC Conflict -Mismatch | ~ 200350ms| Mixed
detection detection post stimuli | results with
-Cognitive studies
control describing
(inhibitory enhanced
tasks) and
diminished
amplitudes
Error- -ACC Error Inhibitory ~50-100ms | Enhanced
Related -SMA monitoring | control post amplitudes
Negativity erroneous
(ERN) response
Feedback ACC Error Inhibitory ~2503:300ms | Diminished
Error- detection control tasks| after amplitudes.
Related with feedback
Negativity feedback
(FERN)
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3.1.Mismatch detection and thé

The discrepancy between an expected and an actual outcome generates an ERY.termed
As the name suggests, this negative deflection peaks around 200ms after a conflict is detected
by the brain and is usually measurexperimentallythrough inhibitory conbl, mismatch
detection and probabilistic learning task&zizian et al., 2006; Dieterich Endrass, &
Kathmann 2017; Folstein & Van Petten, 2008; Riesel et al., 2017)

In OCD, studies seem to report both enhar{€dsielski et al., 2011; Riesel et al., 2017,
Ruchsow et al., 2007and diminished(DayanRiva, Berger, & Anholt, 202Q Dieterich
Endrass, & Kathmanr2017)amplitudes oN . However, it is important to note that different
paradigms may actually be capturing diverse cognitive processes. Research that suggests
diminishedN is oftenbased on paradigms that require response inhibition, a mechanism well
known to be impaired in OCChamberlain et al., 2005)hereas enhancéd amplitudes are
seen in response to conflict processing paradigms, such as the FlankéRiEask et al.,

2017) Despite the contradictory results, research seems to be unanimous regarding the role of
theN as a marker of inhibitory contrand mismatch detection. It appears thatNhés part

of a monitoring network, which detects conflict and signals the need for cognitive control, even
in situations where monitoring would not be as necessary or beneficial (Riesel et al., 2017). A
perceied increased need for control might also explain the reason why conflict is highly
monitored in OCD (Riesel et al., 2019) and reflects another key feature of the disorder:

intolerance of uncertainty.

3.1.1. Uncertainty as a generator of tie and OCD symptoms

Uncertainty appears fay an important r@lin the generation of tié and is also a marker
of OCD (Dieterich Endrass, & Kathmanr2017; Scholl & Rushworth, 2013as well as other
anxietyrelated disorders. Patients with OCD have been shown to present difficulties when
making decisions, especially in uncertain contédtdaway et al., 2006; Marzuki et al., 2020,
2021; MoreinZamir et al., 2020)In fact, unpredictability seems te levaluated negativelis
not well tolerated by patientgith OCD, andincreases demand for attentional control, anxiety
levels and neural markers of conflict detectioe.(N ) (Dieterich Endrass, & Kathmann,
2017) In addition, stress is thought to reduce RewRasitivity, an ERP that measures
sensitivity to reward (Burani et al., 2020), which could explain-opimal decisiormaking
in unpredictablé and consequently stressfulasks by OCD patients. Confidence levels, on

the other hand, are not necessarily predictiveno$t advantageous choices and patieiits
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OCDseem to discard acquired knowledge mstieadexplore the taski&irther. In a predictive
inference learning task in which uncertaimigs a major element determining performance,
Vaghi and colleagues (201/8porteda dissociation between action and confidence, with OCD
patients demonstrating similar confidence rates to healthy volunteers but not iacting
accordance to the optimal choic8he same pattern has been shown in children with OCD
undertaking thdnformation Sampling TaskClark et al., 2006)Patients seem to discount
subjective costs of time spent performing the task, such as fatigue and impatience in order to
turn more cards before making a decigigauser et al., 2017)

Intolerance of uncertainty might also lome of the underlying mechanisndriving
checking behaviour in OCD. Since patients with this disorder present enhanced amplitudes of
N in response to conflict processing paradigmsglicating overactive conflidmismatch
detection mechanisn(Riesel et al., 2017)t is possible to infer that checkingrapulsions
may be generated serve a protective role in avoidiagheightened sense of erommmission.

The features obehaviouralrigidity and perfectionism, also key markers of Ggnptoms
(American Psychiatric Association, 2013hight be added tohts model asa means of
controlling the environment and alleviating anxiety facing uncertdMoser et al., 2013)

3.2.Error-RelatedNegativity as an endophenotype of OCD

Af ter t he @6cade 6fshe lmaind ( B bh 8 jmuchlic®§idal)research
entered the fage of the endophenotypeso. An
associated with an augmented genesk for a disorde(Chambelain & Menzies, 2009)
Traits classified as endophenotypes mediate the relationship between genes and a behavioural
phenotypdgOlvet & Hajcak, 2008)are state independent and occur in unaffected relatives at a
higher rate than in the general populati@@ottesman & Gould, 2003)Additionally,
endophenotypes are thought to be impervious to treatment, despite the improvement of
symptomgHajcak et al., 2008; Riesel et al., 2011, 20F9r a more comphensive view of
endophenotypes, see Box 1.

The ErrorRelated Negativity (ERN) is a component of the ERP that reaghes
maximum amplitude between 50 and 100ms after the commission of an error indioooesl
inhibitory control taskge.g. Stroop Colour ath Word Task (SCWT, Stroop, 1935); Flanker
Task(Eriksen & Eriksen, 1974)and the Go/Ndso Tash (Luck & Kappenman2012 Olvet
& Hajcak, 2008; Wmberg Dieterich, & Riesel2015) It was independently discovered by
two research groups in the early 1990s. In Germany, Falkenstein and colleagues (1991)
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reported what they called the Error Negativity (Ne), whereas in the United States, Gehring and
his team (1993) described the ErRelated Negativity (ERN)Falkenstein et al., 1991;
Gehring et al., 1993; Weinber®ieterich, & Riesel2015; Wessel, 2012Within less than

three decades of its discovetlye ERN has mmethe most widely investigated iad of error
processingWessel, 2012andis implicated in multiple forms of psychopatholo(fyiesel et

al., 2017) Figure2 depicts an example of the ERN componergated for illustrativpurposes

Figure 2. Example of the ERN componemtOCD, unaffected firstilegree relatives of OCD

patients and healthy subjects

OCD Unaffected first-degree relatives Healthy subjects

...................................

FCz (W)
FCz (pV)

FCz (uV)

= Erroneous response —— Correct response

The validity of the ERN as an endophenotype for psychiatric disorders has been
extensively investigated and remains unrefuteaing been proven in different conditions
(Gillan et al., 2017; Moser et al., 2013; &\& Hajcak, 2008; Perera et al., 2019; Riesel et al.,
2011, 2017; Weinberdieterich, & Riesel2015) Several studies have attempted to contrast
ERN amplitudes in disorders such aiention deficit hyperactivity disorder (ADHD)
(Marquardt et al., 2018psychosigFoti et al., 2012)substance abuse and addictiffreinken
et al., 2007; Riesel et al., 201 9epressiofHolmes & Pizzagalli, 2008peneralisedinxiety
disorder (GAD)(Hajcak McDonald, & Simons2003a; Moser et al., 201,3xmong many
others (Olvet & Hajcak, 2008) Conditions such as ADHD, psychosis, substance abuse,
addictions andbther disorders characterised ioypulsivity seem to be marked bgduced
amplitudes of ERN when compared to healthy volunteers, whereasatsardhe spectrum
of anxiety and OCD show larger amplitud€dvet & Hajcak, 2008)Depression appears as a
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contradictory casewith studies showing both enhanc@dolmes & Pizzagalli, 2008and
diminished(Weinberg Kotov, & Proudfit 2015 Weinberg et al.2016) ERN amplitudes. It
seems, then, that ERN amplitudes are less related to diagnostic conditions than to individual
differences on the evaluation of mistaKemjcak et al., 2005)itting well within the trans
diagnostic RDoC framewor@Veinberg Dieterich, & Riesel2015)(see Box 1)

Amongst different psychiatric disorders, OCD is the disorder in which the ERN has
been most extensively studied. The findings of enhanced amplitudes of the ERN in unaffected
family members of OCD patients and its imperviousness to the effects of treatment indicate
that the ERN represents an endophenotype of the disorder (Olvet & Hajcak, 2008; Riesel,
2019). Indeed, aecent systematic review of the literature has investigategtherthe six
proposed endophenotypes for O@ihpairmentsin DecisiorMaking, Action Monitoring,
Inhibition, Memory (working, verbal and nonverbal), Revetssdrning (either behavioural or
associated with Orbitofrontal Cortex (OFC) dysfunction) and Cognitigribility (Menzies
et al., 2007)would alsaapplyin adolescents with the disord®iarzuki et al., 2020)The most
robust findings suggestaacreasediction monitoring as a ahed trait between paediatric and
adult OCD, potentially indicatinthis asa deficitwith an onsethat precedethat ofthe others.
Indeed, research has evidenced that an abnormally enhanced action monitoring tendency, as
measured through EEG in unaffedtchildren as young as six years oldested at the age of
nine, could predicthelater development of anxiety disord¢kéeyer et al., 2015)

In order tofully compree nd t he ERNOsSs r ol though#is anportamtn d o p h e
to clarify its functional significance and biological basis. Many theories have been developed

to elucidate this question, with the three major accemeddescribed below.
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Box 1. ERN and the RDoC

Albeit not new, the interest for endophenotypes is likely to have as@aonsequence ¢

the proposition of the Research Domain Criteria (RDoC) frame\©tkhbert & Insel,
2013; Insel et al., 2010; Insel, 2014; Sanislow et al., 2QHd)nched in 2008 by the Nation
Institute of Mental Health (NIMH), the RDoC aimg aombatting the categoric
classification that has dominated psychiatric diagnosis for the past 150 yea
incorporating neuroscience findings to the formulatiora ofinical hypothesigde Souza
Nonohay, & Gauer2018) Within the RDoC framework, researchers are encourage
investigatedisorders such as OGidmensionally and trandiagnostically(Gillan, Fineberg
& Robbins, 2017) providing insights into mechanisms underlying mental disor
(Cuthbert & Insel, 2013; Insel et al., 2018sel, 2014; Krueger et al., 2018; Sanislow et
2010)

The RDoC matrixcurrentlycomprises five domains (negative valence systems, po
valence systems, cognitive systems, social processes and arousal and regulatory
and eight units of analysis (i.e. genes, molecules, cells, circuits, physiology, behaviel
report andparadigms), thought to encompass all processes responsible for imy
behaviour and cognitigrthough more domains could be addq€dithbert & Insel, 2013
Etkin & Cuthbert 2014; Insel et al., 2010; Sanislow et al., 20DQ)e to itsinvolvementin
different processes, the ERN is a physiological unit of anatfdisree RDoC domains)
Performance Monitoring in the Cognitive domainj) Sustained Threatin the Negative
Valence Systems domain anid)) Reward Learning in the Positive Valence Systern
domain(de SouzaNonohay, & Gauer2018) Thus, the ERN ithought to bemplicated in
the recognitionof threat, learning from feedback and performance monitprirgch are
thought to be impairedh OCD (ApergisSchoute et al., 2017; Riesel, 2019; Vaghi et
2017)

3.2.1. Error Detection/Comparator Theory

Detecting mistakes and adapting behaviours efficiently is essential in airgpang
environmeniRiesel, 2019; Weinberdieterich, & Riesel2015 Weinberg et al.2016) The
ability to detectand respond to the mismatch between a motor response and the expected
outcome gave rise t oastddvaopeinCleeMistastudies offERNT heor vy
(Falkenstein et al., 1991; Gehring et al., 19€3sentially, the ERN was thought to reflent

comparison between the correct response and that of the indj\addab be generated when
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the two were not the same (i.e. when a perceived error had occ(@ad} Scheffers, &

Holroyd, 2001). Thistheoryindicates that the error processing system represented by the ERN
mightevenbe triggered by correct respongésheyare interpreted as incorrect by the subject,

i.e. not necessarily indicatingpi st akes objectively, but the ir
of them(Coles Scheffers, & Holroyd2001; Hajcak et al., 2005; Vidal et al., 200B)is could

also explain why some disorders are marked by enhanced ERN amplitudes (e.g. anxiety, OCD)

and others by bluntec @ addiction, ADHD), despitendividuals with these disordeb®ing

unimpaired in detecting errors. The ERN ntlaysreflect thedmotivatioral saliencéof errors

rather than a literal representation aérti(Olvet & Hajcak, 2008)

Researclrshave furtherproposed tht the ERN represents an affective response to errors,
processed by thiembic system for action regulation (Luu et al., 2003). Indeed, a plethora of
studies has been conducted in an attempt to manipulate the subjective value of committing
errors, rangingrom monetary reward@Hajcak et al., 2005)to punishmen{Endrass et al.,
2010)and social evaluatiofMoser et al., 203), among others. The detection of errors, conflict
and the loss of reward could provoke an emotional resgfbnseX Pederson, 2004yvhich is
particularly aversive in the case of perfectionism (a trait commonly seen in obsessive
compulsive and related disorders), for instafiRerroneMcGovern et al., 2017Motivatioral
stateis especially relevantor interpreting the ERNas disengagement from the task is
predictive of a smaller ERN, agenin the case of depressi (Weinberg, Kotoy & Proudfit,

2015) Therefore, the ERN hatsobeen conceptualised apuatative marker ofiegative affect
(Hajcak McDonald, & Simons2004)

It is important to emphasize, though, that the ERN is a task demengtasure, being
elicited in speeded reactidime experimentgRiesel, 2019; Riesel et al., 2013hus, itis
possible that most of the errors committed in the classic-§&iratingasks €.g. SCWT,

Flanker Task and the Go/N&0 Task) are caused laypremature response of the subject,

before stimulus evaluation is complé@oles Scheffers, & Holroyd2001)

3.2.2. ConflictMonitoring Theory

The Conflict Monitoring Theory is derived frorthe view thatthe ErrorDetection
Comparator Theory was implausible, since trarbwould have to possess the information of
what the intended (correct) response wastandble tacompare tis with theactualresponse
If this was the case and the brain had access to this information, then why would the error be

committedqCarter, 1998; Luck & Kappenman, 201R)suggests that conflicts are geated
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from the activation of multiple competing responses, which alerts the brain to the ongoing
dispute. Therefore, it does not postulate that the brain possesses all the information to respond,
but rather signals the need for increased control in-togiiict trials. Following those,
performance will be improved through feedback and learning, and less control will be required
(Luck & Kappenman, 2012). The locus of this conflimbnitoring isthe main generator of the

ERN, the Anterior Cingulate CorteACC), specifically its dorsal portion (AAC[yalkenstein

et al., 1991, Gehring et al., 93; Riesel, 2019; Weinber®ieterich, & Riesel2015)

The functional role of the ACC haparkedan effervescent debate, witbmeauthors
proposingthat it monitors conflicts in information processi(otvinick, 2007; Botvinick,
Cohen, & Carter, 2004; Shenhav, Botvinick, & Cohen, 2@h8pthersthat it informs optimal
decisionmaking and guides voluntary actiof®ehrens et al., 2007; Kennerley et al., 2006)
Given the fact thean enhanceBRN isaconvincingendophenotype of OC{®Ivet & Hajcak,
2008; Riesel, 2019; Riesel et al., 2011; Weinb&xigterich, & Riesel 2015)andthat several
neuroimaging studies have suggested an overactivation of the ACC in OCD fAjpamtgs
Schoute et al., 2017; Gillan et al., 2017; Robpbwreghi, & Banca2019) it is imperative that
this region is studied in more detail.

OCD deficitsof goatdirected behaviour have been extensively reported in the literature
(Banca et al., 2015; Gillan et €2011,2017; Gillan & Robbins, 2014)n fact, a predisposition
for the formation of habits and preference for medet over goaldirected modebased
learring seems @otentialcandidateendophenotypef the disordefGillan et al., 2011, 2016;
Gillan & Robbins 2014; Gillan & Sahakian, 2015; Vaghi et al., 2017; Voon et al., 20[5)
that is the casaét is possible to infer that the overactive dACC is not informing -gir@lcted
behaviours, but rather monitoring them through the ERN.

One possible explananh for the dissociation between knowledge and action in ©&b
be derived from tha@eurobiological evidenceelating to habitual behaviouNeuroimaging
studies show that the basal gangli@ overactive in OCD and regions responsible for the
formation of habits such as the striatgoomprisingcaudate and putampare particularly
affected(Banca et al., 2015; Fineberg et al., 2018; Gillaale 2015) The striatum seems
exceptionally important in thigontext given that ¥ neurons arehought to fire at the
beginning and end of a behavioural routifdwus striatal overactivitcould explain the
exaggeratedirge toperform compulsionand why such sequences must be performed until
completion(Graybiel & Grafton, 2015; Guo et al., 2018)is thus alsgossible to hypothesize
that an ovefunctioning striatuntontributes toncreased habit formatian OCD by failing to

interrupt motor sequences regardless of the dACC signdHiaigthey are erroneouft is
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conceivable, therefore, that the ACC is trying to engage cognitive control aneh iojfdimal
decisionmaking(Behrens et al., 2007; Kennerley et al., 2086is the case with the generation
of theN , however, in patientawith OCD, this activityis being overridden bgtriatally-driven
habitual behavioufGillan et al., 2011, 2015)

A furtherpossible explanation concerns the function of the ERN. The fact that it signals
the need for employmenf cognitive control does not necessarily result in this being achieved.
In fact, the ERNmay bean early warning signaif conflict generated by the ACC, which is
then followed by a cascade of events, including activation of defensive systems and of the
dorsolateral prefrontal corte®[[PFC), aregionresponsible for the employment of planning
and cognitive flexibility that is also tmd to bampaired in OCD(Robbins Vaghi, & Banca
2019; Weinberg et al., 2016)n the case of the ERNonflict montoring responses are
observed in patients following the commission of err@gigjcak McDonald, & Simongs
2003b) representing their evaluatiobt the compensatory behaviotinat follow depend on

intermediary process€g/einberg et al., 2016)

3.2.3. Reinforcement Learning Theory

Proposed by Holroyd and Colé2002) the Reinforement Learning Theory (RERN)
suggests that a monitoring system in the basal ganglia produces an error signadivense
events occuthat areworse than expectedHajcak et al., 2006; HolroydHajcak, & Larsen
2006; Luck &Kappenman, 2012)he system is modulated by the midbrain dopamine system
that sends the signal to the ACC, wheris iypothetically used to improve performance by
adapting motor behavio@Haber, 2014; Holroyd & Coles, 2002ick & Kappenman2012).
Perhaps not surprisingly, this system relies heavily on feedback and prediDgasnine
neurons are thought to demonstrate increased rates of firing resulting from unexpected or better
than expected results, events termed positive prediction errors. On the contrary, firing rates
diminish following the omission of expected rewards, generating negative prediction errors as
measured by the BOLD response during fMRI. These cingulate negatdietpn errors
appear to be enhanced in OCD (Murray et al., 2@hé)can b modulated by dopaminergic
drugs, including the dopamine receptor antagonist amisujpvitieh was found to ameliorate
the excessive negative prediction eriorOCD (Murray et al., 2019)Albeit not considered
first-line treatments for OCD, dopaneirreceptor blocking agents can be used for refractory
cases with positive results, as shown by raetalysis(Veale et al., 2014) It is therefore

possible that one of the therapeutic effects of dopamine antagonists in OCD involves the
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suppression of exaggerated cingulaegative prediction errorswhich could be tested

electrophysiologically in future studies using the ERN.

3.3.Feedback ErrorRelated Negativity (fFERN) and evaluation of errors

AnotherERP component generated by the A@&l closely related to prediction errors,
with a later time course than the ERBIthe feedback ErreRRelated Negativity (fERN). This
potential realses maximum amplitude following negative feedback from tasks when the
subject does not know the correct answer and has his predici@xpectedlyiolated,
therefore differentiating it from the ER{{Potts et al., 2011)Many researchers grose that
the fERN is in fact the same component as the ERMply occurringat a later stage
(Nieuwenhuis, 2004; Nieuwenhuet al., 2004, 2005 The ERN would reflect a mistake
committed when theorrect response is known (i.e. simple reactiore paradigms), whereas
the fERN indicates a prediction error that bakelycome to awareness throuigiterfeedback.

As the subject progresses with a task and learns the rules, the ERN starts besahagictit
feedback is no longer necesséPptts et al., 2011)The fERNIs particularlyrelevantin tasks

with high difficulty levels orprobabilistictasks, when feedback is essential and participants
areunable to beonfident in the accurgof their judgement (Luck & Kappenman, 2012). The
RL-ERN suggests that the ERN/fERN reflect the arrival of a negative reward prediction error
signal to the ACC and the subsequent employment of the dopamine systems and motor areas
to adapt behavioyHolroyd & Coles, 2002)

Concerning OCD patients, however, this relatibmg presents some complexities.
Althoughit has been established that individualth OCD are oversensitive to errors and to
punishment, with subjects expressing a tendency to switch more after negative feedback on
probabilistic reversal learning tasi&anen et al., 2009it is still unclear why patienserform
the tasks suoptimally. A recent study has shown that fERN amplitudesaateallyblunted
in OCD patients, regardless of the enhanced ERNrass et al., 2013)s proposed by Hajcak
(2005), the ERN seems to be sensitive to the sulgesignificanceof errors, rather than to
thar external evaluation, and has been thought to reflect the degree to which errors are
considered threaning(Weinberg et al., 2016 husthe ERNis signalling more rdogenous
(self-perceived)than exogenougexternally signalledkerrors (Weinberg et al., 2016)This
could potentiallycontribute toperseveration deficitas well agheimpairmentof overt goal
directed behaviour in OCD
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Several studies havaimed to manipulate the magnitude of gains and losses in
electroencephalographic tasks with OCD participants, as well as to correlate the ERN with
symptom severityfHajcak et al., 2005; Nieuwenhuis et al., 2005; Riesel et al., 2017, 2019;
Weinberg, Dieterich, & Riesel, 2019yerhaps not surprisingly, the ERN does not seem to be
affected by extem variables, such as reward and punishment, but rather expresses the internal
evaluation of erroréWeinberg et al., 2016Not evenhighly efficaciousdrugtreatmen like
the Selective Serotonin Reuptake Inhibitors (SSRIs), thdifiestreatment for OCD, are able
to attenate ERN amplitudefEndrass et al., 2010; Stern et al., 2010)

Interestingly, a recent study has attempted to manipulate the magnitude of the ERN through
a computerised cognitiieehavioural treatment targeting ergansitivity. Two groups of
participants were tested at basel and after a computerised intervention consisting of
information and quizzes about either general health (control group) orsensitivity
(experimental group). Results suggested that the experimental group showed diminished
amplitudes of ERNMeyer et al., 2020)or this reason, amongst the units of analyses of the
RDoC, many researchers have suggested its suitability as aermarisustained threat
(Ladouceur, 2016)

Moreover, {1 is dsputed whereathe functional role of ERNs asa signal of cognitive
control(Azizian et al., 2006; Scholl & Rushworth, 20bfyeward learningHolroyd & Coles,

2002; Nieuwehuis et al., 2004)Nevertheless, theggocesses are probably both relevant to
OCD. A clear deficit concerning the execution of optimal actions can be seen in this disorder.
One possible explanation for thigl@motor inhibition deficit seen in thigopulationresulting

in rigidity that hindesp at i e nt s fexibly ladapt behaviouandmarksout OCDand

other obsessiveompulsive related disorder@merican Psychiatric Association, 2013)
(Chamberlain et al., 2021n any case, motor systems, as represented bynpleyment of
compensatory behaviour following errors doyg perseveration, seem to playrole in the

aetiology of OCD symptom@ritzmann et al., 2016)

3.4.The Readiness Potential
Another ERP poorly studied in OCRIthough undoubtedly important in this disorder
the Bereitschaftspotentiadr the Readiness Potential (RP). First reported in 1965 as a marker
of initiated voluntary actiorfKornhuber & Deecke, 2016}his brain componens initiated
around 1.5ms before the onset of motor responses and represents motor pmepatago

decision to initiate movement.
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The Supplementary Motor Area (SMA) has been indicated as the main generator of the RP
(Cunnington et al., 2003; Deecke & Kornhuber, 19&) many studies have been conducted
to address the individual 0@ibed #8985 ma famdus contr
experiment, Libet and colleagues examined conscious intention of movement while brain
activity was being recorded. Their findings suggested that motor preparation preceded the
subjective intentiontmove by an average of 800ms, castin
sense of agency and free will. If that is the case, it may be possible to argue that compulsions
generated n OCD mi ght be involuntary, tlemsin as ti
Pa ki nson6és Disorder. I ndeed, recent studies
enhanced amplitudes of the RP in this population and proposing that OCD patients have
increased action tendenci@ayan et al., 2014, 2017; Day&iva et al., 2021; Kalanthroff et
al., 2017; MoraneBeaulieu et al., 2021)t is possible that the RP and the ERN interact in
patients with OCDproducingtheir deficits in goallirected behaviour and the dissociation
between knowledge and action.

A few studies have also suggested that the ERN might be generated in the SMA-and pre
SMA (Bonini et al., 2014; Grutzmann et al., 2016; Luck&ppenman2012) Both the ACC
and the motor areas of the brain eoasideregart of a madr preparation networiNguyen
Breakspear, & Cunningto2014) which could explain the increased action tendencies in OCD
(Dayan Berger, & Anholt 2017) Given the evidence for impaired gahfected behaviour
and habitual learning in OC{@sillan, 2021)and the fast and somewhat involuntary character
of the RP(Libet et al., 1983; Libet, 1985i} is possible to infer tha@nhanced action tendencies
might be the cause of excessive reliance on habitual behaviour in(D&f2an Berger, &
Anholt, 2014, 2017) The automatic character of habjtdardwick et al., 2019Robbins &
Costa, 2017jnight explain perseveration in patients and the consequent commission of errors
once task parameters changedieg to enhanced ERN ahd amplitudeqRiesel et al., 2017).

Abnormal SMAfunction has been proposed amtherendophenotype of OC[¥an den
Heuvel et al., 2016)The authors propose that the@®A is a key region for the inhibition
network, from which the stop signalconveyedo the motor cortex through CSTC projections,
finally arriving at the DLPFQvan Velzen et al., 20147 dysfunction in this region leads to
altered recrument of the dorsal cognitive control system, which then contributes to
maladaptive behaviours, including habitgan den Heuvel et al., 2016However, the
relationship between the ERN, the RP anddO€mains unclear.

A few clues, nevertheless, are provided by Transcranial Magnetic (TMS) and Deep Brain

Stimulation (DBS) studies, with target sites in the SMA and subthalamic nucleus promoting
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good resultgLee et al., 2017; Mantovani et,@013; Tremblay et al., 2015; Tyagi et al., 2019)
Motor areas seem, therefore, a crucial feature in the OCD aet{tlapper, 2016)which await

further investigation.

4. The current studies
The ability to inhibit prepotent actions and thoughts in favour of-dwatted behaviour
is essentiag{Chambers et al., 2009; Lop&osa et al., 2021; MacLeod, 200&hd it is
strikingly evident that inhibitory control deficits arethe very core of obsessha®mpulsive
symptomatology, leading to both obsessions and compulgiansv/elzen et al., 2014)
Indeed, actions and thoughts seem to be regulated by overlapping brain nétwopkg v a | k a
et al., 2022; Guo et al., 28} with results from DBS studies showing that stimulation of the
subthalamic nucleus (STN), a link between the DLPFC and the dACC, leads to interruption
of the compulsive actions and thoughts repetitive cfiyagi et al., 2019)Nevertheless, the
relationship between motor and cognitive inhibition is yet to be expléBemd & Robbins,
2013)
This thesis, thus, aimed at investigating inhibitory mechanisms of actions and thoughts in
OCD patients through behavioural paradigms and electroencephalographicgecdfdr
this purpose, four experiments were desigheclsing orthree main ERPs, namely: i) the
Error-Related Negativityii) the Error Positivity; and iii) the Readiness Potenfifdose
components were specifically selattdue to thextensive reseah suggesting their role in
inhibitory mechanismésee Section 3 of the introductigt)eir generators (dAACC and SMA),
and their capability of elucidating tielationship between cognitive and moatnormalities
in OCD.They will, therefore, be presented in all experimental chapkesiding light on
neuml activity across different study manipulatiomsdp ar t i ci pant sé groups
The first study (Chapter 3) assesses a large sample of participants with OCD and matched
healty volunteers, aiming to consolidate basal differences in both groups regarding cognitive
flexibility (as measured by the Intra/Extra Dimensional Set Shifting task (IE@¥pcribed in
Chapter 2), behavioural inhibition (assessed through the Stop SigiNd-Go task
(SSGNG), see Chapter 2), error monitoring, mismatch detection and action tendencies, as
measured by evemelated potentials (ERN, Pe, and RP, respectively). It was hypothesised
that: (i) individuals with OCD would present impairments in cageitlexibility, committing
a higher number of Extra Dimensional (ED) errors, as previously shown by Chamberlain and

colleaguegChamberlain et al., 2021(i) patients would show impairments in response
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inhibition as measured by the probability of responding to stop signals and by longer stop
signal reaction times (SSRT), as hitherto demonstrated in the lieetistar et al., D22); (iii)
participants in the OCD group would present higher amplitudes of ERN, Pe, and RP,
corroborating former studig®ayan et al., 2017; Riesel, 2019; Riesel, et al., 2CIW) (iv)
enhanced ERN and RP ampliesdwould correlate to severity of OCD symptoms and higher
reliance on habitual control and impairment in cognitive flexibility, in alignment with the
theory of an imbalance between gdakected and habitual responding in OCD (Gillan et al.,
2011).

Study?2 (Chapter 4) is part of a feasibility trial conducted in the National Health Service
(NHS), aiming to investigate the effects of Habit Reversal Therapy (HRT) through a mobile
application as a component of Treatment as Usual (TAU), versus TAU only in OCD.
Behavioural (IED and SSGNG), clinical and electroencephalographic measures (the same as
above) were collected from both groups of OCD participants, and it was hypothesised that the
HRT group would present higher symptom improvement, lower anxiety levghgriguality
of life reports and lower amplitudes of RP, given the competitive nature of HRT
(Chamberlain et al2009; Holmes et al., 200Ree et al., 2019)and ERN, as heretofore
shown by soothing effects of ritugldobson et al., 2017)

The third study (Chapter 5) was designed to conclude on the effects of training motor
habits by studying participants with and without OCD,-dub v i d e d i n-apfa p(paés and
per the mobile application used to train the motor sequences) groups. This was done to allow
for comparisons between the effects of the app training versus TAU and versus an OCD
group not submitted to any interventions, plus a healthy control githgw practising the
motor habits or not. Electroencephalographic measures were once again recorded alongside
the original behaviour measures, clinical questionnaires, ancepelft questionnaires. It was
hypothesised that the OCD group practising thevapuld show improvements in
behavioural inhibition and diminished amplitudes of ERN and RP when compared te the no
app group, which was expected to not show any symptoms/deficits alterations.

Finally, the fourth study (Chapter 6) consisted of an onlipeement assessing patients
with OCD and healthy volunteers in their abilities to inhibit memories and actions.
Participants completed the St§mnal Task, the RIF paradigm and the Stovetop Checking
Task(van den Hout & Kindt, 203), in addition to clinical and seleport questionnaires. It
was hypothesised that: (i) patients would perform worse than healthy volunteers in the SST;
(i) participants with OCD would not show a RIF effect, as previously demonstrated by

Demeter andolleaguegDemeter et al., 2014and (iii) the OCD group would show lower
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levels of memory confience and accuracy in the stovetop {@&lkns et al., 2020A

summary of all chaptersé goals and hypot hese
The next chapter will introduce the methods for data acquisition and analyses and the

main paradigms utilised in this task, being followed bycHeand detailed chapters for each

study.
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CHAPTER 21 METHODS

Though this be madness, yet there is method in it.
Hamlet, Act Il, Scene 2

William Shakespeare

This chapter describes the methods for data acquisition and analyses of the
electroencephalographic (EEG) recordings, behavioural paradigms, arepsetfand clinical
guestionnaires employed in the thesis. Procedures were kept consistent throughouttdhe face
face studiesn order to allow for comparisons between differerdugps of participants and

conditions.Detailedstudy-specific procedures will be described in each experimental chapter.

1. General overview of studies

First and foremost, it is important brieflp describethe electroencephalographic
(EEG)studies, given that, albeit conducted separately, are eoraptary parts of this thesis.
Two extensive EEG studies were designaiining at comparing patients with OCD and
age/gender matched control participants to esklthe hypothesthat introducing a new motor
habit could benefit the treatment of OCD.

The first study, which shall be described in more detathapter 4, was conducted at
a clinical facility in Hertfordshire, where the Highly Specialised OClidic is based, as part
of an NHS feasibility trial designed to assess the acceptability and tolerabilibdo€inga
nortmaladaptive habias an interventional component of hateiversal therap{HRT) in the
treatment ofobsessiveeompulsive disorderGiven the fact that it was a clinical trial, only
patient groups were assessed as part of this study, randomly divided into those receiving HRT
in combination with treatment as usyd@lAU), and thosdollowing TAU protocol sdely.
Patients were evaluated at three tipzénts, namely: (i) baseline (prior to any intervention);
(i) midterm (after six weeks of TAU or after six weeks of HRT training); and (iii) endpoint
(following completion of interventionslorty patients werexpected to complete the trial, 20
in each group. This study is currently ongoing, witlpatients having completdzhseline and
midpoint assessmentfollowing treatment as usual, and ompleting both timepoints

following habitreversal therapy. Thiial was approvedy the Hertfordshire Partnership
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Foundation Trust (HPFTthroughthe Integrated Research Application System (IRA8)h
the identification 233606.

Albeit informative, this trial was unable tmnclusivelyaddresghe impact of HRT in
OCD, given the lack of a patient group receiving no intervention. In addition, the absence of a
control group hindered the possibility of drawing robust conclusions about the effects of a new
habiton brain activity Therefore, a secnl EEG study was designed, comprising a patient and
a matched control group either learning the motor H{#iet exact same intervention given to
the HRT grouppr not receiving any interventioiihis experiment consisted of two sessions,
separated by a mth, mimicking the previous studyhirty-six patients have completed the
study,14 compri$abgtoh®fodmmi agdt he ohabitdé one.
30 participants completed the sthuadbyi,t 6e qourad up
Data collection for this experiment was conducted in Cambridge, with the same EEG system
as the one used in the NHsudy. Ethics approval was obtained by the Department of
Psychology of the University of Cambridg@EC 16/EE/0465pand by theCambridge and
Peterborough NHS Foundation Trust (CPFT) with the identification IR@E51.Chapter 5
describes this study in deft Figure 1 depicts a flowchart oftiset udi es 6 desi gn.
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Figure 1. Flowchartof thestudies presented in this thesis
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compulsive disorder and by healthy volunteers, all matched in age, gender, dihe I&ter
was assessed through the National Adult Reading Test (N&¥RI3on & Willison, 199)

Patients with OCDQvere recruited through two main sources: for the NHS clinical trial,
patients were referred by their local (Hertfordshire) mental health teams (Community Mental
Health Services (CMHS) or Improving Access to Psychological Therapies (IAPT)); whereas
patientsthat took part in thé&Cambridge studywere recruited through social media (online

posts andCD charities advertisemen@onversely participants in théealthycontrol group

(Cambridge study onlyyere recruited through social media and fly#esed around the town.

Inclusion criteria for both studies established that participdrasld: (i) be 185 years

old; (ii) have no history of neurological disorder or brain trauma,; (iii) have no current or
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previous history of alcohol and drug abuse) (ot be taking anticonvulsant drugs; (v) have
normal or correctetb-normal hearing and vision; (vi) have no motor disabilit€soup
specific criteria established that patients had to score 16 or higheiB@C6 (described in
more detail later in thehapter) and have OCD as their primary diagnosis (comorbiditees
invariably presen{Mathes et al., 2019) Psychiatric conditions such asitism spectrum
disorder(ASD) and psychosis were excludedn the other hand, the healthy control group
shauld not present any history of psychiatric disorders and could not be taking psychiatric
medication. In addition, scores higher than 42 on the sly&ssompulsive inventory (OCI
described later) or scores indicating depression as measured by the MADRS were exclusion
criteriafor the control sample

Screening was conducted by a trained clinician in the NHS trial, and by trained
researchers in the Cambridge study. For the latteo]laborator psychiatrist was available to
clarify doubts about diagnesthrough a telephone assessment with the patient. All participants
completed the Mini International Neuropsychiatric Intervig®heehan et al., 1998y the
Modified Mini Screen(OASAS, 2002)the MADRS, and the OCI (exclusive for participants
of the Cambridge study). Demographic data such as scholaihnicity, working
circumstance, among others, were also colled®adticipant data from each study will be

described in detail in the relant chapters.

2. Electroencephalographic recordings

All participants followed the same protocol prior to electroencephalographic
recordings, in order to enhance the quality of the EEG data. Subjects receivadadn e
messagewith instructions the day before the testing session, asking them to refrain from
alcohol for a minimum of 12h, and from caffeine for at least the 4h preceding the experiment,
given the known effects of these substances on cognitive functioning anddtiaty (Chen
et al., 2020; Dager & Friedman, 2000; Dimpfel et al., 1993; Fairbairn et al., 2021; Jung et al.,
2014) It was also requeted that participants washed their hair before the experiment, and that
they did not apply gels or conditioners to it, as these substances could interfere with the
el ectrodesd r ecor di-opgwere noMadldwedtalsa, assame glectiodes ma |
were placed on the forehead and cheeks. Finally, a restful night of sleep the night before the
recordings was recommended, and the researcher kept a record of all these information during

the session.
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EEG data was acquired with a Net Amps 300 (Electriesmidgsic Inc. (EGI)) amplifier
connected to a high density X2Rctrode geodesic sensor net (EGI). Data was referenced to
vertex (electrode Cz), and 1 mpedandomgisewer e k
ratio (SNR). Recordings were measuredinnmicv ol t s (e¢V) and the samp
500Hz.

Data acquisition was performed at two main sites: the Herchel Smith Building for Brain
and Mind Sciences, part of the biomedical campus of the University of Cambridge, in a room
specially designed for EEG testing, and the NHS highly specialised OCD sa&rRosanne
House, in Welwyn Garden City, Hertfordshire. For the latter, clinical rooms were used, given
the absence of specialised facilities, and the researcher aimed at minimising potential noise to

the data. Figuré depicts a typical acquisition seitj at Rosanne House.

Figure 2. EEG data acquisition setup in a clinical facility.

2.1.Pre-processing
EEG data were preprocessed with customised scripts from MATLAB (The
MathWorks Inc., 2021) EEGLABDelorme & Makeig, 2004yersion 14.1.1.b and ERPLAB
(LopezCalderon & Luck, 2014)ersion 830 plugins. A detailed description of the pre
processing pipeline can be found below.
2.1.1. Importing data
Event lists based on triggers from the S8gnal Go/NeGo Task were extracted from
the EEG raw data through a customised ERPLAB script. Events wemnémerally converted

into numbers, which enabled the creation oflsed epochs.
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2.1.2. Resampling and filtering
Continuous EEG data were resampled to 250Hz, a common step to preserve memory
and disc storage on the computer. Afterwards, a-pagsfilter of 0.1Hz and a lowpass filter
of 30Hz were applied. This excludes from the dataset any signal below 0.1Hz and above 30Hz,
which are not likely to result from the brain functions of interest for the study. Due to edge
artifacts caused by filterind,5 seconds of data were then removed from the boundaries of the

dataset.

2.1.3. Channel selection
Electrodes located on the neck, forehead, and cheeks were excluded, since the signal in
their location tends to insert noise to the overall dathbety electroegs were removed st
of this step [E1, E8, E14, E17, E21, E25, E32, E38, E43, E44, E48, E49, E56, E57, E63, E64,
E68, E69, E73, E74, E81, E82, E88, E89, E94, E95, E99, E100, E107, E113, E114, E119,
E120, E121, E125, E126, E127, E128), resulting in @ehkls for the subsequent analyses.

An il lustration of the electrodesd® distribut
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Figure 3. HydroCel Geodesic Sensor Net channel distrdouti

Figure retrieved from EGI User Manual.

2.1.4. Epoching
Events were thenmported and segmented into Hiased epochs. Those varied
depending on the components being analysed, with different timeframes and stimuli being
analysed. A detailed description of the creation of epochs for each ERP component is found
below.

2.1.4.1ERN
As anerrorrelated component, epochs for the ERN are resploeged on trials when
an error has been committed. Epochs ranged f8@®ms to400ms, with timepoint Oms as the
erroneous response. Baseline correction was performed2@ims to Omaviean amplitudes
were calculated between 0 and 100 ms at electrode Fz, following visual inspantiom
accordancevith previous literaturéRiesel, 2019)
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2.1.4.2Pe
The Error Positivity epochs followed the same structure as the ERN, being also
responsdocked to errors. Data was segmented betw260 ms (preesponse) ta00 ms,
with a baseline correction fror@00ms to Omdviean amplitudes were calculated between 200
and 400 ms at electrode Pz, following visual inspection and in accordathc@revious
literature(Endrass et al., 2010)

2.1.4.3.RP
Finally, the Readiness Potential was respdasked to Go trials, which require a
movement. Since this is an ERP that measures motor preparation, the signal is expected prior
to Oms (response), therefore baseline correction was performed in the pasigj@efrom Oms
(response) to 200ms. Data segmentation was performed 260ms to200ms. Mean
amplitudes were calculated betwe&@0 and 0 ms at electro@z, following visual inspection

and in accordance with previous literat(iDayan et al., 2014; Wen et al., 2018)

2.1.5. Channel cleaning, reeferencing, and artifact removal
After segmenting the data into epochs, data was cleaned with the EEGLAB plugin
6clean_rawdatadéd, which detects and extezl udes
noise ratio. Channels were considered for removal if they presented a flat line (ndsiggal
recorded) for 10s or more and/or if the line noise exceeded 5 standard deviations (likely to not
constitute brain signal). Removed channels were then interpolated (a process in which signal
is estimated based on neighbouring electrodes), ensuahgubry dataset remained with 90

electrodes.

Datawerethen rereferenced to average, a traditional step in ERP analyses that ensures
that positive and negati ve @ackson&molger,2004) | s un
This is particularly important given the nature of ERPs, which consist of differences in potential

between recording pointsuck, 2005)

Finally, artifacts introduced by the ppeocessing steps were detected following
ERPLABGs functions. Four major sources of ar

2.1.5.1.Sampleto-sample voltage threshold
The purpose of this function is to detect sudden shifts in voltages between one sample
and the one immediately following it and reject segis of data that exceed the threshold set.
The function was applied throughout the epoch and in every channel, detecting voltage shifts
above 50¢V.
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2.1.5.2.Moving window peako-peak threshold
This step is applied in order to remove eye blinks, one of the strongest sources of noise
on EEG datdlLuck, 2005) from the dataset. Eye blinks have a distinctive feature from ERPs,
presenting different polarities above and below the eye when they occur. For this reason, it is
relatively straightbrward to isolate those by searching for the most positive and the most
negative peaks in an epoch, which will 1ikel

and searched for blinks in all channels for the length of the epoch.

2.1.5.3.Blocking
Blockingr ef er s to i nstances in which the EEG
brain activity. To remove those, a function was employed, searching for periods of time above
or equal to 100ms where blocking occurred. Plus or minus Was the thresholdhosen,

and the entirety of the epoch was scanned.

2.1.5.4 Steplike artifacts
Finally, artifacts caused by saccadic eye movements were detected. Threshold was set

at 5& Vand the whole duration of the epoch was searched.

Once artifact detection was completed, channels were visually checked prior to artifact
rejection. Electrodes that presented more than 20% of the epochs marked for rejection were
excluded. In order to keep the dataset homogeneous across participanttjingon§i90
electrodes each, all deleted channels were interpolated once again. This resulted in a second
step of artifact detection, following the procedures outlined above and a new visual inspection.
Participants that did not fulfil the quality criterigere thus excluded from analyses. Fig8re
depicts an example dataset following first and second artifact rejection step. The topAfjgure
consists of a dataset prior to visual inspection of channels, whereas the bottd®) one

represents a dataset wh@hannels were manually rejected and posteriorly interpolated.
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Figure 4. First and second artifact rejection summaries
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3. EEG Data Analyses

Following artifact detectiongach participantdata were transformed tm ERP files,
containingan average dfials in all conditions(bins). Those were thesubmitted tca grand
average comprisingdata from all participants in a determined condition @leHV and all
responsdockedstop trials).Grand averages were thplotted and visually inspected, which
enabled thédentification of channels and latenciedhere the amplitudes were maximdion
each ERP Individual amplitudes measured in microvoltere thus obtained based on the
visual inspection and previous literagucorsidering a specific channel and time range
EEGLAB and ERPLAB were used at this step
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4. Behavioural paradigms
4.1.StopSignal Go/NeGo Task (SSGNG)

The SSGNG task is a combination of two classic paradigms of behavioural inhitfigon
StopSignal Task(Lappin & Eriksen, 1966; Logan & Cowan, 1984; Vince, 1948} the
Go/NoGo Task(Gordon & Caramazza, 1982 this thesis, an adaptation of the task
previously used by Yand colleaguefye et al., 2014, 2016yas employed.

In this task, participants see arrows at the centre afdimgputerscreen and must respond
either with their left oright handto the direction of the arrow. Black arrows are considered
0Godi al s, whereas red ones represeniGodt)r.i al s
Occasionally, thoughlack arrows turn recand an auditory tone is plad consistingof a
0 St o pldthdse instances, subjects are required to cancel the initiated moyetmehtis
measured by the Stefignal Reaction Time (SSRTparameter(lLogan & Cowan, 1984;
Verbruggen etal.,, 2019) The c¢ o mbi-Goabt iaonnd oohikéshhbidtask rathea | s
morecomprehensive, since both inhibition and cancellatioactbns can be measuréduo
et al., 2018)

The task consisted of six blocks, each containing 80 trials. A gtamtice block (20 trials)
preceded the task and ensured that participants understood the instructions cBuwéttly.
accuracy and speed were emphasiskd.distribution of stimuli wagredetermined;onsisting
of 75% &G0b (360), 8% ANo-God (40), and 17%dGtopd (80) trials. An averageinhibition
accuracywas also prstipulated as 50%naintained thoughastepup/downtracking algorithm
that adjustethe StopSignal Delay (SSD)y 50ms The initial estimate of the SSD was 200ms.

A typical trial consisted of a bladixation cross displayetbr 2000ms followed bythe
presentation of thetimulusfor 1000ms periodin which participants were required to respond
otherwise a new trial would start. Figurelepictsatypical @Gog Stod  a n G o tdidso
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Figure 5. Typical trials in the SSGNG task
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Adapted fron¥e et al., 2014.

The task was run in MATLABand so were data analys¥ariablessuch agprobability of
responding to a stop trial, successful go angmesponses, reaction time, SSD and SSRT are
reported in each study. SSRT was calculatgdg the integration methdqWerbruggen et al.,
2019) Participants that violated the ravedelor thatpresentecccuracy in the first or fourth

guartiles €25% or >75%) were excluded from analyses.

4.2.Intra-Extra DimensionalSetShifing Task(IED) - Cambridge Neuropsychological
TestAutomated BatteryCANTAB), Cambridge Cognition

The IED is a widely used and recognigadk designed to measuregnitive flexibility
(Chamberlain et al., 2007, 2021) Composed of nine stages, it
learn and unlearn rulasrough feedback, with attentional demarstigting either intra or
extradimensionally Subjects argresented witha pair of compoundstimuli comprising
exemplars of shape and line perceptual dimensandsequired to choose the correct @te
each trial. Initially, there is nmformation on which stimulus should be chosemadicipants
must selectone and follow feedbackEach compoundstimulus consists oftwo relevant

dimensionsshapes and lineShe Intra DimensiondlD) Shift is specified when contingencies
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are reversednd the previous shape, for instance, isomgerrewarded, requiring the subject
to attend to the alternatighape. Finally, the Extra Dimensioli&D) shift alters contingencies
by switching therule from shapes to lineslemanding an attentional shift to the previously
unrewarded dimensioMain outcome measures dtee number of errors throughout the task,
number of stages completed, number of errors when ID and BB a& specified, and number
of trials required to complete the ta&&hamberlain et al., 2021figure6 deprctsan example

of a trial. The task was administered bath CANTAB touch screen devices aodpersonal
laptops.

Figure 6. Example trial of the IED task.

Retrievedirom the Cambridge Cognition websitetdtps://www.cambridgecognition.com/cantab/cogniive

tests/executivéunction/intraextradimensionalsetshiftied/

4.3.Mobile application(app)- (Banca et al., 2020)

This app was designed tgenerate motor habits through sequences of finger tapping
movementsrandomly generated for each particip&#ch sequence is composed of sixeso
that must be performed by pressing circles on the screen with either the index, middle, or ring
finger of the dominant handr a combination of two of those fingeBRifferent levels guide
subjects and assist withd learning processyith cluessuch as sounds amblours. Once
participants have mastered the sequencbses are no longer available, testingal
automaticity Speed and accuracy are rewarded through points that appear on the screen after
eachtrial.

Participants were instructed to learn two sequereaash associatedth a symbolReward

schedules varieith each sequence, being continuous for one and variable for the other (37% of
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trials). A practice scheduledepresentg by a calendarn the screen defined that both
sequences should be practised twice déilythe period of 30 day#\ full practice consted
of 20 completedrials, as measured by a loading bar on the top of the s¢B=sta et al.,
2020) After the month of praate, participants wergvited for a second session of testing.

Figure7 illustrates the app.

Figure 7. Depictionof the appand practice schedule.
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fromBanca et al., 2020.

5. Clinical questionnaires

5.1.YaleBrown Obsessiv€ompulsive Scale {BOCS - (Goodman et al., 1989)

The Y-BOCS is a widely recognisesemistructured clinical interview to assess the
severity ofobsessiosand compulsions i@CD (Fineberg et al., 2020being employedoth
for patientselectionfor interventions(Tyagi et al., 2019)and for assessing outcomes of
treatment(van Westen et al., 2015t consists of10 questions, subdividedccording to
guestions relatingtd o b s es si ons 6 ,dhatdatesymmptompbaded dmee sperd
performingthem, interferencen daily activities, distresscausedresistance, and attensgb
control them. ltems are rated by a trained clinicieesearcheon a scale ranging from 1
(AMnoneodo) t o dypicahteresholdecomsitieysso@sove 16n theclinical range
with most studies including patients that meet thierion (Storch et al., 2015)

The Y-BOCS checklis{Goodman et al., 19893 another instrument that assesses OCD
symptoms, though focusing on dimensions of the disorder. It consists of a ¢isiafon

obsessions and compulsions subdivided into categagggdssive, contaminatipgexual,
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hoarding/saving, religious, need for symmetsgmatic, and miscellaneous obsessipns
cleaning/washing, checking, repeating, counting, ordering, hoarding/collecting, and
miscellaneous compulsionghat are rated based on their pastwrent presencgendicating
primary OCD dimension.

5.2.Montgomery Asberg Depression Rating Scale (MADRS(Montgomery & Asberg,
1979)

The MADRS is a tefitem semistructured interviewthat measures depressive symptoms
using the previous 7 days of the particigast as ieferencéMontgomery& Asberg, 1979)
Designed to be more sensitive to changes caused by antidepressants than the Ratimton
Scale(Hamilton, 1960)it is conducted by a trained cliniciaesearcheand scored on a scale
ranging fromO to 6, with higher scoremdicating higher levels of depressio@lassial

thresholdsstipulate scores higher thaix asbeingout of the normal range

5.3.Mini International Neuropsychiatric Review (MINI) Sheehan et al., 1998)
This structureddiagnostic interview aimg assesshe presence of psychiatric disorders
through i Y e s &N oo@uestions It is conducted by a trained clinician/researched

facilitates the identification of comorbidities ati confirmation of the primary diagnosis.

5.4.Modified Mini Screen (MMS)(OASAS, 2002)

The MMS is a 24tem structured interview, developed to assess maoiety, and
psychotic disorders t hr Quesgdns efidéreesl by participaiitN o 0
should then be further explored via tei International Neuropsychiatric Interview (MINI)

(Sheehan et al., 1998)

6. Selfreport measures

6.1.ObsessivCompulsive InventorfOCI) - (Foa et al., 1998)

This questionnaire comprises 42 items subdivided in 7 subscales, namely: (i) washing; (ii)
checking; (iii) doubting; (ivprdering; (v) obsessing; (vi) hoarding; and (vii) neutralising- A 5
point likerts cal e ranging from O (Anot at all o) to
Higher scores are, thus, indicative of higher OCD symptomatology. The scale presents good
psychometric properties (internal consistency, -tesést reliability, and discriminative and

convergent validity)(Foa et al., 1998)
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Due to recent criticism, though, total scores were calculated based onitem A2rsion,
which discards the hoarding and neutralising itgiisramovitch et al., 2021)The final
guestionnaire assesses four OCD dimensions (washing, checking, ordering, and obsessing) and
demonstrates good to excellent psychometric propéAieamovitch et al., 2021

6.2.Sheehan Disability Scale (SpSSheehan, 1983)

The SDS is awidely usedshort selfreport scale developed to measure functional
impairment in psychiatric disorders. It assesses three main domains, namely: (i) social life; (ii)
work life; and(iii) family life. Each of those is rated by the participant from 0 to 10, with higher
scores indicating higher disability. Ratings from each dimension are then summed to achieve

the final score.

6.3. StateTrait Anxiety Inventory (STA$ and STAT) - (Spielberger et al., 1983).

These questionnaires measure state (S3)Adnd trait (STAIT) anxiety, each comprising
20 items that are rated through-pd i nt Li kert scale ranging frc
much so0). The st aofanxietyeattieivesyrmoraestshatshe gadiciphne v e | s
is completing the questionnaires, whereas the trait version rates how the individual generally
feels. Higher scores indicate higher levels of anxiety on both scales. This instrument presents

good psychonteic properties (Spielberger, 1989).

6.4.Intolerance of Uncertainty Scale (IYS(Buhr & Dugas, 2002; Carleton et al., 2007)

The IUS is a selfeport questionnaire developed to measure how acceptable an individual
finds the possibility of a negative event occurrii@arleton et al., 2007)t was originally
designed in 1994Freeston et al., 1994) French, and translated and validated to the English
language in 2002Buhr & Dugas, 2002)Both versions include 27 items, further subdivided
into four or five factors. Items are rated on-pdint Likert scale, ranging fromdm ( inot at
characteristic of meo) to 5 (fAentirely char
multifactorial mode[Sexton & Dugas, 2009¢sulted in a short version composed of 12 items
(Carleton et al.2007)and subdivided into two fact®only. The first refers to the idea that
uncertainty should be avoided at all costs (Prospective Anxiety), whereas the second factor
measures the idea that uncertainly makes one unable to act (Inhibitory Afiatigton et
al., 2007; Sexton & Dugas, 200®Both versions were used inighthesis and the bifactorial

model was applied.
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6.5.Padua Inventory Washington State University Revision-fWSUR - (Burns et al.,
1996)

The Padua Inventory (Pganavio, 1988is the most commonly used sedport measure
of compulsivity (Hook et al., 2021)being mostly employed for the study of OCD. This
guestionnaire has been revised and adapted several times, resulting in a shorter version with 39
items organised in five subdea (obsessive thoughts about harm to self/others; obsessive
impulses to harm self/others; contamination obsessions and washing compulsions; checking
compulsions; and dressing/grooming compulsions). Iltems are rated-pniat %.ikert scale

O= Anot coat tw 4 = Avery mucho). Hi gher scor es:s

6.6.Creature of Habit Scale (COHS (Ersche et al., 2017)

The COHS is a selfeport questionnaire developed to assess habitual behaviour, aiming at
disentangling routine and automatic{frsche et al., 2. It is composed of 20 items, rated
onabpoint Likert scale ramgitng 5 r(ofmy.tResatdiglty oan
are obtained by summing the items, with higher scores suggesting more reliance on habitual

behaviour.

6.7.Habitual Tendencies Questionnaire (HI<{Ramakrishnan et al., 2022)

This questionnaire measures habitual tendencies in the general population through 11 items
that ask about behaviours, attitudes, beliefs, and thinking styles related t¢Raimgkrishnan
et al., 2022)being further subdivided into three factors (preference for regularity, aversion to
novelty, and compulsivity). The scale is rated on-poiht Likert scée, ranging from 1
(Astrongly disagreeo) to 7 (Astrongly agree

tendencies.

6.8.SelfControl Scale (SOS (Tangney et al., 2004)

The SCS was designedwithh e i nt enti on of measuring oneo
impulses, break habits, and preserve-datipline. Itcomprises36 items, rated on a Likert
scale ranging from 1 (Anot at all l i ke meo)

higher levels of sel€ontrol(Tangney et al., 2004)

6.9.Habitual SelControl Questionnaire (HSCQ (Schroder et al., 2013)
This questionnaire assesses giegcted behaviour and persistent goal pursuit, represented

by items that measure se&lbntrol and healthy behaviours despite challenging scenarios
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(Schroder etl.,, 2013) The 14 items are rated on a Like
stronglyo) to 5 (fAagree strongiconwo), with hig

6.10. Big Three Perfectionism Scale (BTR$Smith et al., 2016)

The BTPS is a measure of perfectionism, a personality trait commonly associated with
OCD (Pozza et al., 2019; Wu & Cortesi, 2008)assesses three highmder global factors
(rigid perfectionism, sel€ritical perfectionism, and narcissistic perfectionism) through 45
items rated on a-poi nt Li ker't scale ranging from 1

strongl y o) .reprdserg strenger gedectiorness tré@snith et al., 2016)

6.11. Edinburgh Handedness Inventory (BH(Oldfield, 1971)

This scale measures laterality, an essential component of brain an@ysests &
Vingerhoets, 2016; Odénburg et al., 2019; Shadli et al., 202fhrough items concerning
everyday activities (i.e. brushing teeth, throwing a ball). Participants are asked to choose their
preferred hand for each of those tasks and to mark the chosen hand twicatEmanyvhich
a strong preference exists. Scores are then summed for all eight activities, rangirg0filom
to 400 ¢50 = always left:25 = usually left; 0 = no preference; 25 = usually right; and 50 =

always right) indicating laterality.

6.12. National AdultReading Test (NART (Nelson & Willison, 1991)

The NARTIs a widely recognised and used measure of intelligence, which correlates to 1Q
scores as predicted by the Wechsler Adult Intelligence Scales (WWd&tgsler, 1955, 1981
2008. It was originally developed in 1982 for the British language and consists of a list of 50
words that do not abide by phonetic rules, resulting in previous knowledge prerequisite
(Nelson, 1982). This instrument has been revised a number of times, idaawmKvith new
versions of the WAIGBright et al., 2018Nelson & Willison, 1991) In this thesis, the 1Q
calculations were based on the 1991 verdieigon & Willison, 1991)which has the revised
version of the WAIS (WAISR, Wechsler, 1981) as reference.
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7. Statistical analyses

Parametric tests werngilised following the assumption®f normaity and homogeneous
variances tested respectively bthe ShapireWilk a nd L e v e iinecéss ofbreached s .
assumptions, neparametric equivalents tfe tests were applieDifferences between groups
were measured through independsample t-tests (Student and MankVhitney, for
parametric and neparametrictesting, respectivelywhen two or less vables were being
assessedand through Analyses of Variance (ANOVA) when three or more variables were
present. Pairedsample itests (Student or Wilcoxon for parametric and neparametric
purposes, respectivelywvere applied to verify differencewithin participans 6 groups.
Relationships between variables were measured through correlations (Pearson for parametric
testing and Spearman for nparametricassessment). Individual chapters describe the

analyses appd.

60



61

CHAPTER 31 NEUROCOGNITIVE PROFILE OF OBSESSIVEOMPULSIVE
DISORDER AND MATCHED CONTROLS

Time travels at different speeds for different people.
| can tell you who time strolls for, who it trots for,
who it gallops for, and who it stops cold for.
As you like it, Act Il, Scene 2

William Shakespeare

1. Introduction

Despite the common sense and the grammat
O C D(&ennell & Boyd, 2014; MacMaster & Rosenberg, 2021dividuals with and without
ObsessiveCompulsive Disaler (OCD) present differences in genefrunblatt, 2021)
chemical (Biria et al., 2021) neural (Robbins et al., 2019)cognitive (Vaghi, 2021)
behavioural (Chamberlain et al., 2005; Gillan & Robbins, 2Q014nd affective status
(Goodwin, 2015)

Albeit still unclear, the caasion of OCD seems to be multifactorial, sharing both
nature(Grunblatt, 2021; Mahjani et al., 202ahd nurturgPauls et al., 2014lements. For
instance, endophenotype studies suggest common abnormal mechanisms betwidaalsdiv
with OCD and their unaffected firsiegree relative@Chamberlain et al., 2007; Vaghi, 2021)
which poses the question as to why some people are more at risk of developing the disorder
than others.

Whilst unable to conclusively awsr this question and given tlecipient longitudinal
researcl{Pinto et al., 2006 )rosssectionalrials can provide important information regarding
baselindunctioning in individuals with and without OCD. Understanding basic deficits sheds
light on underlying mechanisms of the condition, contributing not only to the discovery of
target sites for intervention, but to the development of efficacious treatneewntsllginsel,

2014)
As pillars of basic research, endophenotypes can be defined as heritable intermediate

phenotypes, bridging the gap between genotypes and behavioural manifestations of a condition
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(Gottesman & Gould, 2003)\s measurable biomarkers of risk for the development of diseases
(Beauchaine, 2), endophenotypes have been extensively studied in a plethora of psychiatric
conditions, with OCD being amongst thgBzdok & MeyerLindenberg, 2018; Juli et al.,
2021; Roffman, 2019)

Six main neurocognitive endophenotypes have been identified hitherto in Obsessive
Compulsive Disorder, namely: i) plannirig associated to dorsolateral prefrontal cortex
(dIPFC) and putamen raded connectivity ; ii) response inhibitiorrelated to supplementary
motor area (SMA) overactivation; iii) action monitorindinked to anterior cingulate cortex
(ACC) overactivation; iv) decisiemakingi related to orbitofrontal (OFC) dysfunction; v)
working memoryi1 related to frontoparietal dysfunction; and vi) cognitive flexibility
associated with ventrolateral prefrontal cortex (VIPFC) and caudate reduced connéBériity
& Robbins, 2013; Chamberlain & Menzies, 2009; de Vries et al., 2014; de Wit et al., 2012,
Marzuki et al., 2020; Menzies et al., 2007; Riesel, 2019; Vaghi, Vértes, et al., 2017; Vaghi,
2021 Zhang et al., 2015)n this study, given the nature of the paradigms employed, cognitive
flexibility, inhibition, and actioamonitoring will be discussed ifurtherdetail.

Cognitive flexibility refers to the ability to adjust behaviour and/or thigkas a result of
changes in the environment and feedb@ikamberlain et al., 2021 ssential for an adaptive
life, this executive function has been reported as abnormal in numerous studies of OCD and
related disorder@Chamberlain et al., 2021; Vaghi, 202Wjith paients demonstrating higher
rigidity (Chamberlain et al., 2007, 2021)

A robust and reliable measure of cognitive flexibility can be obtained with theHrtra
Dimensional Seshifting Task (IED Cambridge Neuropsychological Test Automated Battery
(CANTAB), Cambridge CognitionjRobbins et al., 1998)n this paradigm, participants are
required tachoose the appropriate alternative amongst two either simple or compound stimuli,
which present lines and shapes as relevant dimentasnberlain et al., 2021Ipitial stages
of the task assess participants6é abilities
shapes, for instance. Once rules are | earne
capabilities of adjusting behaviour accordingly and switching to the new rule. Although these
initial stages already engage flexible behaviour, notable deficits in OCD have been reported
later in the task, specifically when subjects are required toagtefition extradimensionally
(Chamberlain et al., 2021)ndeed, Chamberlain and colleagues (2021) have redidhe
literature, carrying out a metmalysis of the application of the task in OCD, and suggested
that ExtraDimensional (ED) shift deficits are a robust finding in OCD, with medium to large

effect sizes, not attributable to age or 1Q differences. Tkoes propose that cognitive
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inflexibility, hence, is at the core of OCD symptomatology and might explain patients strains
in suppressing the repetitive cycle of obsessions and compul€ibamberlain et al., 2021)

A second endophenotype with clear contributions to the maintenance of OCD symptoms,
response inhibition can be defined as the ability to supprepetpre responses in favour of
goaldirected actiongBari & Robbins, 2013; Chambers et al., 200B)is cognitive function
is crucial for everyday functioning, and inhibitory defi¢ialso known as impulsivity, are
considered the core of several psychiatric disor(ias & Robbins, 2013)

Functional Magnetic Resonancendging (fMRI) studies suggest the engagement of
corticalstriatatthalamiccortical (CSTC) circuitsn inhibition (Robbins, 2007; van Velzen et
al., 2014) a circuitry consistently shown tee abnormal in OCXRobbins et al., 2019)
Particularly, brain regions such as the anterior cingulate cortex (ACC), ireipptementary
motor aregpre-SMA), the inferior frontal gyrus (IFG), and the basal ganglia are thought to be
responsible for the inhibitory deficits seen in OQ%on et al., 2014Bari & Robbins, 2013;

Riesel, 2019; Rubia et al., 2010; Tyagi et al., 2019; van Velzen et al., 2014)

Classic and robust measures of inhibitory control include the Sitpmal (SST)Lappin &

Eriksen, 1966; Logan & Cowan, 1984; Vince, 19484 the Go/Ng5o (GNG)(Gordon &
Caramazza, 1982psks. In those paradigms, response inhibition is meashredgh the
ability to suppress motor responses -odl owi
stimulus, which represents a cue that shall not be attended. Different inhibitory process are
activated in the SST and GNG, namely response cancelighe ability to deter an already

initiated movement) and response suppression (the capacity to prevent a motor response from
initiating) (Guo et al., 2018)Typical findings of the SST suggest longer reactiores

required by participants with OCD to inhibit responses, as meédoy the Stojbignal
Reaction Time (SSRT), and higheMargal.o2B22)bi | i t y
Electroencephalographic (EEG) evidence, conversely, indicate enhanced action tendencies in
OCD, as measured by the Readiness Potential (RR)nington et al., 2003; Daydiva et

al., 2021; Deecke & Brnhuber, 1978)This EvertRelated Potential (ERP) represents a marker

of motor preparation and is thought to be generated in the Supplementary Motor Area (SMA)
(Cunnington et al., 2003; Nguyen et al., 203®nce its utility as a neural underpinning of
inhibitory control(Dayan et al., 2017; MorarBeaulieu et al., 2021; Takashima et al., 2019)

A third and final endophenotype of relevance for the current study is action monitoring.
This function refers to oneb6s abidhavibup t o €
accordingly, essential aspects of an adaptivéMfeuwenhuis et al., 2005; Riesel et al., 2015)

Rooted in the ACC, a brain region hosting a lstanding debate regarding its function as
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home to cognitive contrgBehrens et al., 2007; Kennerley et al., 20@63onflict monitoring
(Botvinick et al., 2004; Botvinick, 2007Most importantly, though, is the plethora of evidence
suggesting action monitoring deficits in OCD, both in adults and paediatric sgiMplesiki

et al., 2020) which could ex@in enhanced levels of perfectionigiedeljkovic & Kyrios,
2007; Pozza et al., 201®) this population.

Another endophenotype of OCD, EnRelated Negativity (ERN) is the most well
established marker of action mtming (Gillan et al., 2017; Perera et al., 2019; Riesel, 2019;
Weinkerg, Dieterich, et al., 2015} his ERP consists of a negative deflection in the EEG signal,
peaking between 50 and 100 ms after the commission of an error in speeded-tieaetiasks
(Falkenstein et al., 1991; Gehring et al., 1983)jdence 8ggests that the ERN is generated in
the ACC, the same region thought to generate another ERP, thé’gEsitivity (Pe) (Bellato
et al., 2021; Endrass et al., 2008, 2010; Herrmann et al., .2Z00i4) component represents
error awareness and affective evaluation of edassen & de Bruijn, 2020; Ullsperger et al.,
2014) with higher amplitudes indicating higher awareness of mistékal&enstein et al.,
2000; Wessel, 2012; Wessel et al., 201Byidence suggests that both components are
abnormal inOCD, corroborating a hyperactivation of ACRobbins et al., 2019and
exaggerated action monitoring in the disor@@&itlan et al., 2017; Marzuki et al., 2020; Perera
et al., 2019; Riesel et al., 2015; Vaghi, 2021)

In order to establish basal differences between patients with OCD and healthy volunteers,
this study investigated the three ER&bove mentioned (RP, ERN, Pe) through a-Sigpal
Go/No-Go task (SSGNG). Additionally, cognitive flexibility was measured via the IED task,
and OCD symptomatology was assessed with #HOCS. Depression scores, as measured
by the MontogmeryAsberg Depession Rating ScaldMADRS), alongside ratings of
intolerance of uncertainty and anxiety were also obtained. It was hypothesised that individuals
with OCD would differ from control participants in all measures, and that higher amplitudes
of ERN and RP wdd correlate with a longer SSRT and a higher probability of responding to

stop signal, respectively.

2. Methods
2.1.Participants
Given the nature of this study, which combines samples from two distinct settings
(ANHS trialb 7 see Chapter 4, and "the Cambridge studgée Chapter 5), participants were

recruited somewhat differently (see Chapter ethods). The final sample of this study,
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therefore, comprised 67 (n=40 from NHS trial) subjects with OCD and 44 healthy westinte
(HV), matched by age and gender. Since medication was not an exclusion criterion for
participants in the OCD group, the vast majority of individuals were taking psychotropic drugs.
The most common ones were Selective Serotonin Reuptake Inhibitors),(88REly: (i)
sertraline (N=20); (ii) escitalopram/citalopram (N=9); (iii) fluoxetine (N=8); (iv) paroxetine
(N=4); and (v) norspecified SSRI (N=4). Alternative medications included: (i) venlafaxine
(N=1); (ii) pregabalin (N=1); (iii) clomipramine (N=1Jiv) olanzapine (N=1); (v) quetiapine
(N=3); (vi) benzodiazepines (N=1); (vii) zolpidem (N=1); (viii) beta blockers (N=1); (ix} non
specified medication (N=1). Fifteen participants were unmedicated. For a review of inclusion/
exclusion criteria, pleasefer tochapter 2. Table 1a in the results section depicts demographic

characteristics of both samples.

2.2.Materials and procedure

Upon completion of the screening phase and acceptance into the study, participants
were invited to attend the testirsgssion, either at the Highly Specialised OCD Clinic at
Welwyn Garden City, Hertfordshire (for the NHS trial), or at the Her&8meith Building for
Brain and Mind Sciences (HSB), part of the University of Cambridge ("Cambridge Study").
Prior to the sessigrthough, participants of both groups completesl MontogmeryAsberg
Depression Rating Sca(®ADRS) and individuals with OCD were additionally interviewed
with the YaleBrown ObsessiwCompulsive Scale (BOCS) by a trained researcher or
clinician.

On te day preceding the testing session, participants received a reminder of the
experiment and instructions to avoid caffeine and alcohol for a minimum of 4h before taking
part in the study, and to avoid cosmetic products that could impact electroenceggtatogr
(EEG) recordings, which would be observed by the researcher the following day. Upon arrival
for data collection, participants signed the informed consent form and only then proceeded to
the experimental phase. The testing session had an approxiomatem of 2h, which
comprised about 45 minutes of participant preparation for EEG recordings (applying gel and
checking impedances), followed by the Stignal Go/NeGo Task (SSGNG seeChapter 2
for a full description of the task). Once the EEG net vemsoved, participants would also
complete the Intr&Extra Dimensional SeBhifting Task (IEDi seeChapter 2 for details), the
National Adult Reading Test (NARIT Chapter 2) and the sealéport questionnaires, namely
the Intolerance of Uncertainty ScalkJ$) and the state version tifie StateTrait Anxiety

Inventory (STALS). At the end of the session, participants t he 0 Ca mbutdibed ge st
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reimbursed for their time and applicable travel/accommodation expétetéants pertaining

to the NHS trial were not monetarigpmpensated bukceived psychological treatment (see

Chapter 4 for details).

3. Results

Given the difference in recruitment and testing setting between OCD samples, results are

presented both combi

studyo.

ni

ng participants and

3.1.Demographic and clinical characteristics results

Table & depicts demographic and clinical characteristicee#lthy volunteers (HV) and

participants in theombinedOCD group

Table 1a. Demographic and clinical characteristics of OCD patients and matched healthy controis

HV OCD

(n=44) (n=67) t df p
Gender ratio (male/female) 18/26 23/44 X2=0494 1 0.482
Age 342 (13.6) 34.8 (11.7) 025 108 0.8
YBOCS 0.0 24.9 (5.7) = i z
MADRS 53 (4.2) 16.7 (9.7) -8.16 06 <0.001%
IUS 242 (8.3) 41.9 (8.3) 10.45 102 <0.001*
STAI-State 27.3 (6.6) 44.7 (12.5) -0.03 97 <0.001*

* p < 0.05 level (2-tailed)

OCD: Obsessivweompulsive disorder; HV: Healthy volunteers:BOCS: YaleBrown ObsessiveCompulsive

Scale; MADRS: MontgomeiiyAsberg Depession Rating Scale; IUS: Intolerance of Uncertainty Scale; STAI

The StateTrait Anxiety InventoryState

Results comparing both OCD samples are depicted in Table 1b.

Table 1b. Demographic and clinical characteristics of OCD patients in the NHS and Cambridge samples

NHS CAMBRIDGE
(n=40) (n=27) t df p
Gender ratio (male/female) 12/28 11/16 X*=0.825 1 0.364
Age 38.5(11.7) 29.4 (9.6) 33 64 0.002
YBOCS 26.7 (4.7) 22.1(6.2) 34 64 0.001
MADRS 15.95 (8.7) 18 (11.1) -0.82 64 0.41
[US 44.1 (7.36) 38.8 (8.75) 2.66 64 0.01
STAI-State 49.2 (12.6) 38.2(9.3) 3.88 64 <.001
IQ 106.7 (9.1) 110.8 (6.3) -2.02 62 0.048

*p < 0.05 level (2-tailed)
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Y-BOCS: YaleBrown ObsessiveCompulsiveScale; MADRS:Montgomery Asberg Depression Rating Scale;
IUS: Intolerance of Uncertainty Scale; ST&1 The StateTrait Anxiety InventoryState

3.2.Behavioural paradigms

3.2.1. Intra-Extra Dimensional Set Shifting Task (IED)

Results of the IED are illustrated in Figure 1, repreaing the percentage of participants
attempting each stage of the tagBf particular interest, stage 8 constitutes the extra
dimensional shift of the task, when participants must attend to the lines rather than the

previously reinforced shapes.

Figure 1a. IED stagescomparing HV and OCD

OCD =67
HV =33
100 n.s.

STAGE1 STAGE2 STAGE3 STAGE4 STAGES STAGE6 STAGE7 STAGES8 STAGE9
=HV mOCD

~1 (=] -l
(=} (=] o

[*)]
[=}

Subjects passing each stage (%)
W - N
o o [=]

[3%]
(=}

—
o

n.s.: not significant (p>.05).

A nonparametric independent sampldegt was used to calculate differences between
groups on the Extr®imensional Shift (ED$ stage 8) stage of the task, given that the Shapiro
Wilk test indicated nomormal distributions (p<0.01). The MaWihitney test for the ED
errors indicated no differences between groups (Ma&hitney U=1027.5n1=33, n2=67,
p=0.567, d=0.07, twetailed). Mean and standard deviation for the HV group were (M=11.9,
SD=30.4) and for OCD (M=17.3, SD=39.2).

67



Figure 1b.ED stagescomparing both OCD samples
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Results of the Extr®imensional Shift (stage 8) of the IED task did not show a significant
difference between the two OCD groups (Mafthiney U= 594.000n1=40,n2=27, p=0.49,

d=0.1, twotailed). Means and standard deviations for the NHS and Cambridge samples were

M=23.17(49.3) and M=8.52(10.68), respectively.

3.2.2. StopSignal Go/NeGo Task (SSGNG)
Table 2a depicts the results of the SSGNG task.

Table 2a. Stop Signal Go/No-Go Task results

HV OCD

(n=42) (n=61) U P d
Probability of responding to stop (%) 48.4 (7) 52.5(6) 809.50 0.002 -0.37
Probability of responding to No-Go (%) 8.3 (10) 13.3 (16) 1052.00 0.121 -0.18
Probability of error on Go (%) 4.2 (15) 5.2(13) 1003.00 0.062 -0.22
Correct Go Reaction Time (ms) 468.48 (315.12) 403.25 (185.6) 1536.00 0.09 0.2
SSD (ms) 249.17 (271.12) 184.73 (163.44) 1493.00 0.156 0.165
SSRT (ms) 200.98 (33.74) 200.91 (34.51) 1051.00 0.92 -0.01

* p < 0.05 level (2-tailed). Mann-Whitney test used.
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As can be seen in Table 2a, results indicated that patients presented higher probability of
responding to the stop signal, suggesting impaired response inhibition and an inability to cancel

already initiated actions.

Results comparing the performancebaith OCD samples on the SSGNG task are
presented in Table 2b.

As shown in Table 2b, patients from different samples did not differ in any behavioural

measures, confirming the deficits in stopping actions as linked to the diagnosis of OCD.

3.3.Electroencephalgraphic results

Grand averages of each ERP fatlb HV vs OCD and NHS vs Cambridge patients
alongside scalp topographies, are presented in E@Qute 2.1.1, 2.2, 2.2.1, 2.3, and 2.3.1

Black circles indicate the electrodes used for the analyses of each ERP.

Figure 2.1. ERNHV vs OCD

A significant difference was found between groups (M#fntney U=1549.000n1=42,
n2=60, p=0.05, d=0.23, twtiled), with the OCD group obtaining a meain-3.57(SD=5.9)
and the HV group presenting a mean@b3(SD=4.93). Confirming the original hypothesis,
patients did, indeed, present more enhanced ERN amplitudes than healthy volunteers.
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