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Abstract

Obsessive compulsive disorder (OCD) is complex in its symptoms and comorbidities.
Conventional pharmacological therapies continue to only benefit half of those affected. This
dissertation investigates the neuronal correlates in OCD in two samples of OCD patients
recorded with different fMRI sequences. One study assesses differences in spontaneous brain
activity as measured by low frequency oscillations (LFOs) using percentage of amplitude
fluctuation (PerAF) in patients. The other study investigates the effect of transcranial direct
current stimulation (tDCS) on inhibition performance- a capacity known to be strongly
impaired in OCD - and underlying brain activity. We found decreased LFOs in the bilateral
cingulate gyrus, the right temporal gyrus, bilateral thalamus and right insula. These areas were
largely in line with the largest multi-site OCD resting state connectivity analysis in OCD to
date. Additionally, tDCS at the preSMA, which typically exhibits hypoactivation during
inhibition in OCD patients, was able to elicit an improved inhibition performance. tDCS
intervention also showed an increased BOLD activation in the cingulate gyrus, the bilateral
middle frontal gyrus, inferior frontal gyrus, supramarginal gyrus and cerebellum. In summary,
this dissertation provides an improved method, capturing LFOs using a more reliable,
reproducible and less biased calculation of percentage of amplitude fluctuation (PerAF) for
investigating resting state neuronal correlates of OCD. In addition, the dissertation
demonstrated how single session tDCS modulates brain regions implicated in OCD
neuropathology and transiently rescues accompanying behavioural deficits. tDCS should be
considered for future OCD treatment options. Together both studies guide the literature on novel

methods aimed at precisely capturing neuronal correlates of OCD neuropathology.
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1.0 General Introduction

1.1 Obsessive-Compulsive Disorder

Obsessive-Compulsive Disorder (OCD) has a prevalence of 2.3% in Europe (Wittchen &
Jacobi, 2005). Patients experience a reoccurring cycle of obsessions, grounded in personal fears
and anxieties, triggering patients to execute compulsions that lead to a reduction in said
anxieties. Compulsions can be incredibly diverse and encompass either checking behaviours,
such as washing hands, or mental exercises such as counting to specific numbers (American
Psychiatric Association & Association, 2013). These satisfy patients’ afflicted obsessions.
Obsessions are intrusive thoughts, which are often at odds with the patients’ self-perception and
morality. Obsessive thoughts become pervasive in the patients’ mind, forcing them to allocate
increasing time and energy to mitigate them. Eventually, this reoccurring cycle debilitates the
patients’ ability to cope with everyday tasks, compromising their quality of life and causing
substantial disability (Mancebo et al., 2008; Storch et al., 2009). Given the diversity in
expression of symptoms between patients, we can expect a similar level of multiplicity in their

neuronal pathology.

The basal ganglia, a cluster of subcortical nuclei, is important in the facilitation of goal-directed
actions and development of habits (Gremel & Costa, 2013). It is comprised of the ventral
striatum which includes the nucleus accumbens and the olfactory tubercle, as well as the dorsal
striatum, which includes the caudate nucleus and putamen (Lanciego et al., 2012). The
subthalamic nucleus (STN), internal globus pallidus (GP1), external globus pallidus (GPe), and
substantia nigra pars reticulata (SNr) are considered basal ganglia nuclei (Lanciego et al., 2012).
Originally, OCD was described using the orbitofrontal-striatal model. The model depicts
overactivity in the direct pathway where thalamus input is relayed through the orbitofrontal

cortex (OFC) to the striatum, which typically is involved in movement execution (Modell et al.,
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1989). In addition, a simultaneous underactivity in the indirect pathway, which projects back to
the OFC from the basal ganglia, is hypothesised. The indirect pathway, also labelled the
inhibitory pathway, works as a negative feedback loop to the direct pathway and inhibits actions
(Lanciego et al., 2012). In OCD the feedback loop between these two is altered, causing
hyperactivity in the obsessive (direct) pathway (Menzies et al., 2008). The hyper activation of
the direct and hypoactivation of the indirect pathways are depicted in figure 1. There is ample
evidence of OFC’s role in aspects of inhibitory control, emotional processing, and rewards
which play a role in OCD symptoms (Balasubramani et al., 2020; Elliott & Deakin, 2005;
Hikosaka & Watanabe, 2004; Schoenbaum et al., 2002). Positron emission tomography studies
additionally found increased glucose metabolic activity in the bilateral OFC, basal ganglia, and
the thalamus of OCD patients (Gargano et al., 2023; Nordahl et al., 1989; Swedo et al., 1989).
Increased glucose metabolic activity is indicative of increased neural activity in patients, as
neurons require glucose for adenosine triphosphate (ATP) and neurotransmitter production

(Mergenthaler et al., 2013).

The relatively “simple” orbitofrontal-striatal model has since been expanded in the literature to
include OCD hyperactivity in the cortico-striato-thalamo-cortical (CSTC) circuit (Fettes et al.,
2017). Increased activity in the caudate nucleus (within the striatum) inhibits GPi neurons
resulting in intensified thalamus activity. The GPi neurons are GABAergic and typically
dampen thalamus activity, as shown in figure 1 (Zheng & Monti, 2022). For this reason, OCD
primate models are induced through bicuculline (a competitive GABA antagonist) injection to
the GPi, mimicking decreased GP1 neuronal activity in OCD (Baup et al., 2008). We can further
observe that within the CSTC loop OCD patients exhibit connectivity differences between the
GPi and GPe (Calza et al., 2019). As mentioned in the previous paragraph, the GPi induced
heightened thalamus activity additionally increases OFC activity. This conversely further

intensifies the activity in the caudate nucleus via the cingulate gyrus. Some work suggests



hyperactivity of the caudate nucleus in OCD (Baxter Jr et al., 1988; Benkelfat et al., 1990;
Guehl et al., 2008). However, some papers argue the effect of caudate excitability could also
stem from the pre-supplementary motor area (preSMA) and inferior frontal gyrus (IFG)
projections, which also influence caudate nucleus hyperactivity (Jahfari et al., 2011; Xu et al.,

2016).

The CSTC circuit unquestionably does not function in isolation in the brain. Therefore, different
studies have extended the areas involved to include hyperactivity in the anterior cingulate cortex
(ACC) (Fitzgerald et al., 2005; Menzies et al., 2008; van de Veerdonk et al., 2023). On a
macrolevel, the three-network hypothesis emerged: involving hypoconnectivity within and
between the frontoparietal network (FPN), salience network and default mode network (DMN)
and associated deficiencies in switching between habit and goal-directed activities (Gursel et
al., 2018; Menon, 2011). The hypoconnectivity specifically involves the ventromedial
prefrontal cortex (vmPFC) and ACC, critical areas of the DMN, and communicating with the
caudate nucleus during goal-directed tasks (Banca et al., 2015; Tricomi et al., 2009).
Simultaneously increased activity in the OFC, amygdala and putamen, related to excessive
habit formation, was observed by other studies (Banca et al., 2015; Gillan et al., 2014; Gillan
et al., 2011; Thorsen et al., 2018). Another approach to investigating OCD relevant regions is
looking at volumetric and density alterations in the disorder. Structural studies have been able
to confirm grey matter density in the thalamus and lenticular nucleus (comprised of the putamen
and GP) of OCD patients (Radua & Mataix-Cols, 2009; Radua et al., 2010; Rotge et al., 2010).
Volume abnormalities in the ACC were also observed in OCD patients, albeit not being specific
to OCD and observed in other psychiatric disorders (Rotge et al., 2010). In overview, there is a
large amount of evidence for functional alterations in cortico-striato-thalamic regions and
networks that likely play a relevant role in the pathogenesis of the disorder. Most critical are

the hyperfunction of the direct pathway and under function of the indirect pathway. In addition,



preSMA and IFG hypofunction also influence the striatum and vice versa. Finally, OCD patients
show impairments in resting-state network switching, which are partially mediated by the ACC.
These impairments are accompanied by increased habit formation and alterations in goal

directed behaviours.

Nevertheless, despite CSTC areas having established themselves in the literature related to
OCD, there is confirmation bias associated with region of interest (ROI) studies, as this can
exclude other implicated regions and exacerbate differences in study results. Furthermore, it is
difficult to isolate OCD-specific abnormalities, as co-morbidities are relatively common.
Thorsen et al. (2018) reported that comorbidity with mood and anxiety disorders influenced
OCD-control activity during emotional processing. Most commonly, generalised anxiety
disorder and mood disorders, including unipolar depression or bipolar depression, coincide in
75.8% and 63.3% of patients respectively (Ruscio et al., 2010). Less common are also
coexisting personality disorders, which in combination with bipolar disorder make OCD

treatment more challenging (Hollander et al., 2002; Pallanti et al., 2011; Perris et al., 2019).
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Figure 1: Summary of cortio-stratal-thalamo-cortical alterations in OCD. Cortical regions
relevant for OCD pathophysiology include regions of the orbitofrontal cortex (OFC), anterior
cingulate cortex (ACC), ventromedial prefrontal cortex (vmPFC) and dorsolateral prefrontal
cortex (dIPFC). The direct pathway is net excitatory (green) and tends to facilitate behaviour,
whereas the indirect pathway (red) is net inhibitory and tends to restrain behaviour.
Hyperactivity in the obsessive (direct) pathway has been identified as a feature of OCD
symptoms. This hyperactivity is denoted by a thick line of excitatory input from the cortex to the
striatum. The striatum in turn has increased inhibitory tone (thick line) on the internal globus
pallidus (GPi) and substantia nigra pars reticulata complex (SNr), which causes decreased
inhibition (thin black line) of the thalamus. The thalamus is thereby disinhibited and increases
its excitatory input (thick black line) to the cortex. This modulation disrupts the negative
feedback loop, increasing obsessions and compulsions of OCD patients. The “hyperdirect”
pathway (blue arrows) bypasses the striatum and synapses directly on the subthalamic nucleus
(STN). Modulating this pathway has gained in prominence as a mechanism for therapeutic
intervention, as the STN is a popular region for deep brain stimulation. Squares highlight that

these neuronal connections are inhibitory, whereas arrows show they are excitatory.

1.2 Pharmacological Interventions

Currently the first line of treatment for OCD patients are selective serotonin reuptake inhibitors
(SSRIs) (Del Casale et al., 2019). These pharmacological agents bind and inhibit the
presynaptic plasma membrane transporter (SERT), thereby increasing serotonin availability in
the synaptic cleft (Zhou et al., 2009). This increases the likelihood of serotonin binding to
postsynaptic (SHT1A) serotonin receptors, resulting in increased neuronal firing. A hypothesis
for their efficacy is not only the improvement in the availability of neurotransmitters, but also

an accompanying increment of brain-derived neurotrophic factor (BDNF) which causes
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dendrite formation in serotonin synapses (Goddard et al., 2008). This is believed to bolster
synaptic plasticity, instrumental for establishing new coping mechanisms (Goddard et al.,
2008). PET studies on major depression disorder (MDD) show that downregulation of SHT1A
autoreceptors takes 8 weeks (Gray et al., 2013). Accordingly, SSRI’s have been shown to take
effect about 8 weeks after starting medication in MDD. For OCD patients, however, a first
effect seems to be perceivable even later. There is however little understanding on why OCD
efficacy to SSRIs takes longer compared to MDD patients (Koran et al., 2007). Additionally, a
higher SSRI dose is necessary for OCD patients (Fineberg et al., 2007; Hollander et al., 2002;
Stein et al., 1992). SSRIs are preferred due to their tolerability and efficacy. They are
additionally widely prescribed for many other disorders such as MDD, anxiety disorders,
bipolar depression, post-traumatic stress disorder, panic disorder and many others which make
them compatible with patient’s comorbidities. Their versatility has facilitated the study of their

side-effects and safety in diverse settings.

Frequently, SSRIs are prescribed in combination with therapy. The two most popular types are
cognitive behavioural therapy (CBT) and exposure and response prevention, where patients are
forced to confront their obsessions and fears related to them. Both therapies are rated at similar
efficacies (Ost et al., 2015). Del Casale et al. (2019) reported best results when combining CBT
or exposure and response prevention with SSRI in their meta-analysis. In any case, the issue of
refractory OCD persists. Estimates vary and depend on the heterogeneity of the sample
(Hollander et al., 2002; van Roessel et al., 2023) and the duration of the study but between 20%
to as many as 60% of patients continue to be in remission after 10 years (Bloch et al., 2013).
Patients are typically recommended to try two different SSRIs before exploring alternative
dopamine antagonists, glutamatergic interventions, and anti-inflammatory interventions, which
have safety and side-effect concerns (van Roessel et al., 2023). For culmination of the reasons

stated above, investigation into alternative non-pharmacological treatments is rising and brain
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stimulation methods are increasingly being regarded as a potential second-line treatment option

in OCD patients.

1.3 OCD And Inhibition

There have been a variety of efforts into defining psychopathological mechanisms in OCD
which are fundamental to the disorder and do not distinguish between individual obsessions
and compulsions. One attempt at this was a few recent studies investigating poor insight as a
meaningful measure for severity of disorder to which pharmacological response and task
performance can be attributed (Broekhuizen et al., 2023; Catapano et al., 2010; Koch &
Rodriguez-Manrique, 2023). Another such ascription is inhibition. As described above
obsessions represent recurrent and persistent thoughts or impulses which are perceived by the
patients as unwanted, intrusive and hard to inhibit. Compulsions are defined as repetitive
behaviours or mental thoughts which patients are unable to inhibit. Hence, a deficit in inhibition
1s considered as a core psychopathological mechanism of OCD. The deficit is assumed to be
relevant for the disorder, independent of the individual symptom profile and to represent a

crucial impairment underlying both obsessions and compulsions.

From an experimental perspective, inhibition is the ability to suppress prepotent behavioural
responses and is related to goal-directed behaviour which is likewise frequently impaired in the
disorder of OCD (Chambers et al., 2009). OCD patients have deficits in tasks of inhibitory
control, including motor response inhibition, cognitive inhibition, reflex inhibition and verbal
inhibition (Menzies et al., 2008). Additionally, inhibition deficits seem to also be present in
paediatric OCD patients, showing it is ubiquitous to the disorder and its reliability as a measure
(Britton et al., 2010; Woolley et al., 2008). Neuroimaging studies in OCD patients have linked
deficiencies in response inhibition of OCD patients to altered recruitment of CSTC circuits (van

Velzen et al., 2014). The hyperactivity in the ACC, OFC and thalamus is hypothesised to be
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compensatory for CSTC decreased activity in OCD patients (figure 1) (Maltby et al., 2005).
During a variety of inhibition and inference control tasks OCD patients have exhibited altered
CSTC connectivity, specifically as decreased activation of the right SMA and preSMA
(Fitzgerald et al., 2005; Page et al., 2009; Roth et al., 2007; Rubia et al., 2011; Woolley et al.,
2008). However, the literature is not homologous in its observations, some studies exhibited
this decreased activation in the left SMA and/or preSMA during inhibition performance (Page
et al., 2009; Rubia et al., 2010). De Wit and colleagues (2012) contrarily reported left preSMA
hyperactivation in unmedicated OCD patients and their unaffected siblings compared to HCs.
Activation values additionally negatively correlated with stop-signal response time (SSRT) in
the Stop-signal task. The stop-signal task is displayed in figure 2. Of interest is also the
increased activity in the right preSMA only of siblings compared to HCs. Indicating that in
OCD patients’ activity in the right preSMA was not significantly different from HCs, going
against previous study findings. It ought to be noted that OCD patients’ and their siblings’
SSRTs did not differ from each other in this study. The altered activation in the PreSMA was
attributed to compensatory mechanisms, related to neural processing inefficiencies in the
preSMA itself. One could reason a genetic predisposition causes preSMA inefficiency, thus
manifesting in siblings. Siblings then employ compensatory mechanisms that are no longer

attained in the OCD patients.

Differences in preSMA inhibition-activation findings can also be attributed to the specific type
of task (van Velzen et al., 2014). There are several inhibition tasks used in studies, including
the Stroop task used in our study (figure 2). Additionally, the age, medication status and duration
of illness of the sample has an influence (van Velzen et al., 2014). Nonetheless, an extensive
meta-analysis has reasserted the ubiquitous inhibition deficits of OCD, as it found patients
showed longer SSRTs without a significant difference in mean reaction time (Mar et al., 2022).

OCD patients showed impaired task error processing and inhibition performance overall
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relative to healthy controls (HCs) (Norman et al., 2019). The meta-analysis additionally found
that patients showed hyperactivation of the preSMA, dorsal ACC and anterior lateral PFC
(Norman et al., 2019). There is a clear consensus in the literature on the involvement of
inhibition deficits in psychopathological mechanisms in OCD. Therefore, inhibition tasks are

often utilised as a proxy of disease severity.

Let us examine what inhibition looks like in a healthy brain to better contextualise the OCD
studies. Chambers and colleagues (2009) found the IFG and preSMA to be most crucial for
response inhibition. There are contrasting studies emphasising the role of either the preSMA
(Chambers et al., 2007) or IFG (Floden & Stuss, 2006) in inhibitory function. One study was
able to integrate these two standpoints, as it found that fast inhibitors showed increased
connectivity between the right IFG and caudate, whereas slow inhibitors showed increased
connectivity between the preSMA and right caudate (Jahfari et al., 2011). It is unclear however,
if the excitatory influence of the preSMA on the primary motor cortex or the later occurring
inhibitory right IFG effect on the primary motor cortex was responsible for interference effects
(Jahfarietal.,2011). Sebastian and colleagues (2013) resume that action withholding and action
cancellation both recruit IFG and preSMA, while the more “simple” interference inhibition
solely recruits IFG activation. In addition Chen and colleagues (2009) found that selectively
suppressing the preSMA with TMS showed an increased in SSRT which further argues for its
core role in the mechanisms of inhibition. Different brain regions are recruited depending on
the specific inhibition task. A simple version of the Go/No-go task will likely show preSMA
activity and tasks that require working memory demands are more likely to additionally show
right dorsolateral PFC activity (Mostofsky et al., 2003; Simmonds et al., 2008). Our study
aimed to encompass a variety of inhibition neural processes and therefore we chose to record
both the Stop-signal and Stroop tasks, as depicted on figure 2. Dring the Stop-signal task

patients were asked to respond to the direction of the arrow shown. However, in 30% of the
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trials a stop signal appears with a delay, which adjusts by +£50 milliseconds depending on the
participants’ response. In the Stroop task patients are asked to respond to the colour the word is
written in and not the colour it spells. The meaning and colour of the word are congruent in
50% of the cases and incongruent in the other 50% of cases. Participants have difficulty shifting

between these two conditions.

Stop-Signal task

Fixation

30% SSD Key response
4 : =
70% | |

' " !

Oms 1sec ~1.35sec 2sec

Stroop task
Congruent 50% 50% Incongruent

Figure 2: Stop-signal task and Stroop task as performed by OCD patients during the first study.

1.4 Brain Stimulation As An Alternative Therapeutic Tool

Brain stimulation as an alternative therapeutic measure has recently gained a lot of popularity.
Improvements in the accuracy of individual white matter tractography mapping and brain
surgery navigation have allowed surgeons to target individual fibres when implanting deep

brain stimulation electrodes (Haber et al., 2021). The electrode stimulation settings can be
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adjusted to hinder maladaptive fibres from firing, successfully relieving symptoms (Visser-
Vandewalle et al., 2022). This is a substantial advancement from Jean Talairach’s capsulotomy
in the 1940s and Lars Leksell’s gamma capsulotomy in the 1980s (Leksell et al., 1979; Talairach
et al., 1949) which aimed at lesioning maladaptive brain regions or fibres using thermal or
gamma knife methods. Both are irreversible and showed efficacy when the right anterior limb
of the internal capsule, part of the CSTC pathway was dampened (Lippitz et al., 1999). These
methods have also benefited from technological advancements in stereotactic assistance.
Regardless, both surgical therapeutic options remain incredibly invasive and are therefore only

used in severe refractory OCD.

For the above-mentioned reasons repetitive transcranial magnetic stimulation (rTMS) and
transcranial electric stimulation (tES), both safe and non-invasive, have gained popularity in
the neuropsychiatric field. TMS elicits hyperpolarisation or depolarisation of surface cortical
neurons through short pulsed electric current which create a fast-changing magnetic field. The
strength of the electric current is calibrated as the subject-specific motor threshold, where the
greatest amplitude and minimum latency of the motor evoked potential can be elicited. The
frequency of the pulse among nitric oxide concentration determines whether there is an
excitatory (>5 Hz) or inhibitory (<1 Hz) effect in the synapse (Klomjai et al., 2015). The
location and duration of the stimulation also influence the effect. rTMS studies in combination
with tES studies have contributed to evidence the therapeutic relevance of the sensorimotor

network (Xu et al., 2016). The following paragraphs will outline this in more detail.
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1st appointment 2nd appointment

Groupl |+ Stop-signal Task . Stop-signal Task
& Stroop Task & Stroop Task
.o TZOmin stimulation? sham stimulation
.—Q min. 7 days apart
Group2 |+ Stop-signal Task ~_ Stop-signal Task
& Stroop Task & Stroop Task
sham stimulation r20min stimulatioﬂ

15 sec fade-in 15 sec fade-out

Stimulation / \ 2mA
—

20 minutes

15 sec fade-in & out

Sham / \
—

OmA

30 sec

Figure 3: Study design showing the two conditions participants of the first study had to

complete. Sec = seconds, min. = minimum.

1.4.1 Transcranial Direct Current Stimulation

Transcranial direct current stimulation (tDCS), one increasingly popular form of tES, contrarily
to TMS is not capable of eliciting an evoked potential, as the electric field (EF) it produces is
too weak. However, it does modify neuronal membrane polarity and thereby action potential
threshold, which has wide-reaching effects (Thair et al., 2017). Two electrodes are placed on
the scalp and the current flows from the anode (positive) to the (negative) cathode. Anodal and
cathodal tDCS have differing effects, which depend on the brain region being targeted and
electric field (EF) produced by the electrodes (Hassanzahraee et al., 2020; Jacobson et al., 2012;
Saturnino, Siebner, et al., 2019). Neck, cheek and supraorbital electrode montages have
previously been used but are at higher risk of causing skin sensations such as tingling and

irritation, as well as cranial muscle pain (Kricheldorff et al., 2022; Paneri et al., 2016). These
18



sensations are due to increased sensitivity on the face and neck, complicating blinding of the
sham condition. These montages have however, also served advantageously to assess
tolerability of different current strengths and adverse effects such as skin erythema for the same
sensitivity reasons (Woods et al., 2016). Observe figure 3 to examine our sham condition, which
had the same current fade in and out settings as stimulation to elicit possible sensations on the

scalp.

In recent years the field has published open-sourced pipelines named SimNIBS (Guilherme B
Saturnino et al., 2019) and ROAST (Huang et al., 2019) to model the EF distribution and
strength using finite element modelling for each TES electrode montage. These packages utilise
the individual’s structural T1 and T2 images to identify their cortical brain anatomy and project
defined electrode positions. On a macroscale the EF is influenced by the placement of the
electrodes, the interelectrode distance and the current applied (Laakso et al., 2016). On a
microscale neuronal modulation produced by the stimulation is influenced by a larger number
of factors: (1) neuronal density and geometry, (2) the alignment of dendrites and axons to the
EF, (3) the type and distribution of ion channels in the neurons, (4) the degree of myelination
and (5) the density of glia in that region (Arlotti et al., 2012; Rahman et al., 2013; Voroslakos
et al., 2018). The quantification of the EF is essential to examine individual tDCS effects and
to include EF strength and focality as a possible mediator to better evaluate its influence on
tDCS neuronal effects. A growing number of studies are publishing their EF calculations for
improved reproducibility (Alizadehgoradel et al., 2024; Hauser et al., 2016; Liebrand et al.,
2020; Soleimani et al., 2023). Interindividual EF can vary considerably due to cortical gyri and
sulci deciding current flow (Datta et al., 2012). Figure 4 shows how thicker gyri, in the case of
the Montreal neurological institute (MNI) 152 template, create higher EF values along the
frontal lobe. Furthermore, our study aimed to investigate the effects of skull thickness on

stimulation-related preSMA brain activation. Voroslakos and colleagues (2018) measured that
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58 £7% of the current applied at the electrodes was diffused through soft tissue surrounding the
head and an additional 16 £8% diffused through the skull, leaving only a remaining fraction to
reach the brain tissue and cerebrospinal fluid (CSF). Nevertheless, calculating the exact fraction
of current diffusion at the skull varies depending on the subject and point of stimulation as the
skull is made up of spongy bone and compact bone which have differing electrical conductivity
(McCann et al., 2019). Current diffusion is often labelled the shunting effect, as it occurs due
to current spreading through materials of less resistance/ higher electrical conductivity.
Estimations of electrical conductivity in different materials are essential to accurately model
the shunting effect, however, methods and results vary. One study incorporated magnetic
resonance current-density imaging to map current flow in the brain during stimulation, allowing
a better assessment of field changes around CSF filled sulci (Goksu et al., 2021). Saturnino and
colleagues (2019). utilised a principled approach to estimate conductivity in different tissues
and their impact on the EF, which differed depending on whether TMS, high-definition (HD)
tDCS (>2 electrodes) or standard tDCS was applied (Saturnino, Thielscher, et al., 2019). Lastly,
another meta-analysis makes the recommendation for pipelines to use their weighted average
means calculated from 56 papers (McCann et al., 2019). For this reason, absolute EF strength
values (v/m?) are not comparable across platforms, making reproducibility of exact stimulation
conditions in literature incredibly difficult. We considered this in the first manuscript of this

dissertation and focused on the ratio between EF values rather than the absolute values.

Studies investigating the effects of several sessions (~ 15-25 sessions across several weeks) of
tDCS in OCD provide evidence of a clinical efficacy (Brunelin et al., 2018) despite a large
diversity of electrode montages i.e., mainly dorsolateral prefrontal cortex, inferior frontal cortex
or preSMA. These studies indicate that tDCS appears to be a promising tool to decrease
obsessive-compulsive symptoms. However, none of these studies employed fMRI or additional

behavioural tasks to find out more about the neurobiological or behavioural mechanisms
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underlying the improvement in symptoms. This motivated our study design to include two
concurrent behavioural tasks. Upon calculating the EF for several tDCS montages, the anode at
the FC1 and cathode at FC2 were chosen as the most optimal distribution of EF strength and
focality across the right preSMA. Figure 4 shows the head model on the MNI standard brain
and on the default subject in simNIBS, as this had to be done before recruiting OCD patients.
In summary, despite EF strength values only being a proxy for stimulation effects on neurons,
we have chosen to combine MR and tDCS to more accurately investigate influences on said
effects. This includes reconstructing the EF for all patients and a cross over design allowing a

paired comparison between the two conditions (figure 3).

Figure 4: Electric field calculations using SimNIBS for 2mA current with 4x4cm anode at FCI
and 5x5cm cathode at FC2 EEG 10-20 positions. A. shows the EF modelling on the SimNIBS
sample subject’s T1 and T2 images. B. shows the EF modelling on the MNI152 template. MagnE

= Electric field magnitude in V/m.
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1.5 Intrinsic Functional Connectivity

Resting-state analyses typically observe either functional connectivity, which usually examines
the correlation in the signal between two regions or intrinsic functional connectivity, which
examines spontaneous brain activity in the form of low frequency oscillations (LFOs) of the
BOLD signal (Fox and Raichle, 2007). The LFOs are within the 0.01-0.08 Hz frequency band
and are believed to represent neural excitability. They have additionally demonstrated high
replicability (Malinen et al., 2010; Zuo et al., 2010). There is a large amount of evidence
showing alterations in LFOs, also when captured through in vivo electrophysiological
recordings, and their clinical relevance in OCD, sometimes even predicting treatment efficacy
(Welter et al., 2011; Zhang et al., 2023). The second study of this dissertation was designed to
contribute to exiting OCD intrinsic functional connectivity literature with a novel measure that
had previously not been measured in OCD patients. This measure is comprised of calculating
the percentage of BOLD fluctuations relative to the mean signal intensity for that specific voxel
(Jia et al., 2020). The BOLD signal is previously filtered to 0.01-0.08 Hz. The measure utilised
in our second study is the percentage amplitude of fluctuations (PerAF), calculated as the
percentage deviation from the mean signal intensity and then averaged across the whole time
series (Jia et al., 2020). We additionally implemented mean PerAF (mPerAF), calculated by
dividing the voxel-specific PerAF value by the global mean signal (Jia et al., 2020). There are
numerous advantages in comparison to previously employed approaches to capture LFOs,
namely amplitude of low frequency fluctuations (ALFF) and fractional ALFF (fALFF). ALFF
corresponds to the voxel-specific sum of the power of LFOs. AIFF is thus proportional to the
scale of the raw BOLD signal, an improvement which has been implemented in PerAF
calculations due to PerAF being a ratio. FALFF is constructed by dividing the sum of the power
of LFOs by the sum of power across the entire frequency range and is therefore considered a

normalised version of ALFF (Zou et al., 2008). This methodological improvement reduces
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fALFF values in areas contaminated with physiological noise, which typically show high power
in all frequencies (Kublbock et al., 2014; Meda et al., 2015). However, reproducibility
especially regarding sequence acquisition parameters in both ALFF and fALFF is not clear
(Huotari et al., 2019; Wu et al., 2011). As mentioned, PerAF has the advantage of being BOLD
scale independent. MPerAF additionally is normalised to the subjects’ average brain BOLD
intensity rather than the average voxel BOLD intensity. This improves group level analysis and
reduces false-positive findings which could be related to group acquisition or structural

differences.

A large number of studies have reported alterations in spontaneous brain activity in the form of
LFOs in patients with OCD. Most of these studies found evidence for alterations within the
already discussed CSTS circuitry. The resting state networks most frequently documented to
deviate in OCD, are the DMN (Goncalves et al., 2017; Stern et al., 2012), the salience network
(Zhu et al., 2016) and the FPN (Stern et al., 2012). This was confirmed in a previous meta-
analysis published by my research group, which identified that fronto-striatal deficiencies in
OCD lead to impairments in the interaction between the three networks (Gursel et al., 2018).
Menon first described the “triple network model” as a way of explaining psychopathology for
an array of psychiatric and neurodegenerative disorders (Menon, 2011). The same group had
earlier shown the salience network to be responsible for mediating activation between the
DMN, crucial for self-referential thoughts and internal processes and the FPN, conversely
involved in external goal directed behaviour (Sridharan et al., 2008). As thematised above, OCD
patients have a deficiency in switching between internal thoughts and goal-directed behaviour.
It is thus congruent that neurobiological pathology of OCD can be described by the triple
network model (Bruin et al., 2023). Sridharan and colleagues (2008) found the fronto-insular
cortex to be essential for switching in healthy subjects. Therefore, we could expect to see

alterations in LFOs in this area during our study comparing OCD patients to HCs.
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Gursel et al. (2018) additionally revealed dysconnectivity specifically between frontoparietal
regions and the thalamus. Therefore, we could also expect alterations in thalamus intrinsic
functional connectivity, also in line with Bruin et al. (2023). They would be in accordance with
previously reported structural and functional abnormalities in OCD (Fitzgerald et al., 2000;
Perani et al., 1995). Grey matter density alterations have also been found in the thalamus as
well as the lenticular nucleus (putamen and GP) of OCD patients (Radua & Mataix-Cols, 2009;
Radua et al., 2010; Rotge et al., 2010). This leaves interpretation if structural differences could
arise due to underlying changes in neuronal excitability of these areas. Alternatively, they could
be a result of OCD-specific altered connectivity within the CSTC circuits, as evidenced by
numerous studies (Anticevic et al., 2014; Calza et al., 2019; Harrison et al., 2009). Beucke and
colleagues (2013) especially highlight the hyperconnectivity within the OFC and basal ganglia,
contrasted to their hypoconnectivity in regards to frontal regions of the CSTC, but with likely
compensatory hyperconnectivity to other cortical areas outside of the CSTC circuits. In view
of previous findings, differences in neuronal excitability of patients as described by (m)PerAF
are expected in areas associated with the salience network and FPN, including the insula, the
ACC, the medial frontal cortex but also as mentioned within the OFC and striatum. Given the
methodological benefits of this relatively new measure (i.e., perAF and mperAF) the detected

differences might even be more distinct than reported in these earlier studies.

Finally, intrinsic functional connectivity has also shown to predict inhibition performance and
the ability of tDCS to improve these deficiencies. One study found that an increased functional
connectivity between the IFG and the preSMA in OCD was correlated with longer SSRT
(Tomiyama et al., 2022). A recent study was able to show that after 20 sessions of tDCS,
functional connectivity increased between the sensorimotor network and the DMN after
treatment (Echevarria et al., 2024). Additionally, specifically the connectivity between the

precuneus and the sensorimotor areas was positively correlated with Y-BOCS score
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improvement after tDCS. If our study finds the expected alterations in intrinsic functional
connectivity in areas of the sensorimotor network such as the precentral, postcentral gyrus, the
SMA, preSMA or the other subcortical structures (putamen, caudate nucleus, thalamus) (van
den Heuvel et al., 2016), this would strengthen the usefulness or even necessity for targeting
the sensorimotor network with tDCS. This comes in addition to its already evidenced role in
habitual behaviours, including compulsions in OCD (Bruin et al., 2023; Shephard et al., 2021;
van den Heuvel et al., 2016). Such findings would moreover be an indication to extend the focus
that lies currently mainly on the triple network model to focus towards sensorimotor network

and DMN interplay in OCD pathology.

1.6 Main Aims And Scope

This dissertation project aims to enhance existing literature on the neuronal correlates of OCD
using novel methods and reducing bias through whole-brain analysis. It set out to accomplish
this by conducting the first concurrent task fMRI tDCS stimulation study in OCD patients.
Additionally, it 1s the first to utilise (m)PerAF as spontaneous brain activity parameters to
distinguish between HC and OCD patients. The results and methods used in this dissertation
could provide guidance for future long-term studies looking to validate tDCS therapeutic
effects. TES as an effective non-invasive intervention, could drastically improve quality of life

for the large percentage of OCD patients that do not respond to first-line treatment options.

Project 1: tDCS induced activation and performance differences during inhibition

perjormance.

The first project aimed to implement a concurrent tDCS-fMRI design where patients would
perform two inhibition tasks, each lasting 10 minutes, in the scanner while receiving either 20
minutes of tDCS or only a 30 second stimulation as sham. Patients received both conditions
with on average one week apart in a randomized order. The study set out to answer whether

tCDS would improve response inhibition of patients in the Stroop and Stop-signal task (results
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not part of the current thesis). Furthermore, we tested whether tDCS compared to sham would
increase activation during inhibition in the preSMA and vmPFC. Finally, the study also
examined if the expected BOLD signal increase would be correlated with an improvement in
response inhibition. Instrumental for the implementation of tDCS as an intervention is also
categorising whether its efficacy is EF strength dependent so long-term studies can better design

their trials.

Project 2: (M)PerAF as a new approach for measuring spontaneous brain activity in OCD.

Given previous studies reporting significant alterations in low frequency oscillations and their
association with tDCS effects, the second project aimed to investigate differences in low
frequency oscillations between OCD patients and HCs, as measured by percentage amplitude
of fluctuation (PerAF) and the further normalised measure (mPerAF). PerAF calculates the
percentage of BOLD fluctuations compared to the mean signal and averages this across the
whole time series for that voxel. PerAF can additionally be averaged by dividing it by the global
mean, i.e. mean PerAF (mPerAF), which has been shown to have better test-retest reliability.
PerAF has been proposed as an innovative and scale-independent method for investigating
spontaneous brain activity. This is in part as PerAF is not proportional to the scale of the BOLD
signal. The data for this study were acquired during a separate PhD project to the one described
above, using different fMRI sequences. The whole-brain analysis aimed to test whether
expected reduction in spontaneous brain activity in CSTC circuit related areas, including the
thalamus, the vimPFC, the ACC and basal ganglia structures were reproducible. In addition we
wanted to test for hypothesised compensatory alterations of spontaneous brain activity in the

preSMA and IFG.
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ABSTRACT

Inhibition deficits constitute a core characteristic of obsessive-compulsive disorder (OCD).
There is evidence in healthy individuals that transcranial direct current stimulation (tDCS) of
the pre-supplementary motor area (preSMA) leads to a significantly improved inhibition
performance. Against this background we investigated the effects of preSMA tDCS on
inhibition performance and the underlying neural correlates in patients with OCD. Using a
double-blind, randomized, sham-controlled, cross-over design (i.e., tDCS sham vs. tDCS
stimulation) we investigated the effects of 2mA anodal tDCS stimulation of the right preSMA
in a sample of 46 OCD patients. The present study is, to our best knowledge, the first study
applying concurrent tDCS-fMRI in patients with OCD. tDCS was applied using the MRI-
compatible NeuroConn DC-Stimulator which allowed for a concurrent stimulation, while
patients performed an inhibition (i.e., Stroop) task in a 3 T MRI. Imaging data were analysed
using a multivariate partial least squares (PLS) approach. tDCS stimulation (vs. sham) was

associated with increased activation in a fronto-parieto-cerebellar network comprising, amongst
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others, the precentral, middle frontal and inferior frontal gyrus, the anterior cingulate and the
superior parietal lobe. On the performance level, tDCS stimulation (vs. sham) was linked to an
improved inhibition performance in terms of an increased percentage of correct responses in
the Stroop task. Present results indicate that tDCS in patients with OCD goes along with an
improved inhibition performance as well as activation increases in regions known to be
involved in inhibition, motor, and cognitive control. Thus, our findings suggest that tDCS might

be a promising method to improve specific impairments in OCD.

INTRODUCTION

Obsessive-compulsive disorder (OCD) is a debilitating psychiatric disorder affecting 1% of the
general population (Kessler et al., 2012). It is characterized by time-consuming obsessions (i.e.,
repetitive intrusive thoughts) and compulsions (i.e., repetitive behaviours that serve to
counteract anxiety caused by obsessive thoughts). One major characteristic of OCD is an
impaired response inhibition as measured by, for instance, the Stroop or the stop-signal task
(SST) (Abramovitch et al., 2013; Lipszyc & Schachar, 2010; Mar et al., 2022). In successful
response inhibition one manages to inhibit a specific automatic process (such as, in case of the
Stroop task, reading the name of a colour word shown in a colour different from the word or,
in case of the SST, performing a motor action in response to the appearance of a stop signal).
Problems with inhibition are self-evident in the phenomenology of OCD since patients are
obviously unable to properly inhibit their obsessions and compulsions. Accordingly, OCD
patients have repeatedly been shown to be impaired in their inhibition performance by
demonstrating an increased response time and/or percentage of errors during the Stroop
incongruent condition (i.e., when word reading has to be inhibited) (Bannon et al., 2002;
Schlosser et al., 2010; Zhang et al., 2015) or an elevated stop-signal reaction time in the SST

(Mar et al., 2022; McLaughlin et al., 2016).
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In the healthy brain, response inhibition has been linked to increased activation in a network of
regions comprising mainly the presupplementary motor area (preSMA), the motor cortex
including the precentral gyrus, the dorsolateral prefrontal cortex (DLPFC), the medial
prefrontal cortex (mPFC), the subthalamic nucleus, the posterior parietal cortex (PPC) and the
right inferior frontal gyrus (IFG) (Li et al., 2006; Sharp et al., 2010; Zandbelt et al., 2013).
Previous studies also reported high activation of IFG (Aron et al., 2007) and pre-SMA (Chao
et al., 2009) to be related to good performance on the SST in healthy subjects. In addition, a
recent activation likelihood estimation meta-analysis investigating brain activation in
association with inhibition performance in the Stroop task (Huang et al., 2020) pointed at the
involvement of a network containing the right cingulate cortex, the left dorsolateral prefrontal

cortex, bilateral inferior frontal gyri, the right superior frontal gyrus and the temporal cortex.

Interestingly, the regions found to be altered in OCD patients in association with inhibition
performance are only partly overlapping with those regions found to be relevant for inhibition
in healthy subjects. Thus, Norman et al. (2019) who performed a large meta-analysis on the
neural substrates of error processing and inhibitory control comprising data from 239 OCD
patients and 229 healthy control subjects found inhibition-related hypoactivation in OCD in the
rostral and ventral anterior cingulate cortices, the thalamus/caudate, the anterior insula/frontal
operculum, the supramarginal gyrus, and the medial orbitofrontal cortex in association with
longer inhibitory control reaction times. Single studies, however, provided also some evidence
for a decreased inhibition-related activation in, amongst others, the preSMA, the thalamus, the
orbitofrontal cortex, the IFG and the striatum in OCD (Page et al., 2009; Roth et al., 2007; van

Velzen et al., 2014; Woolley et al., 2008), but also for an increased activation of pre-SMA in

association with reduced activation of the IFG (de Wit et al., 2012).

Studies in healthy controls indicate that transcranial direct current stimulation (tDCS), a non-

invasive brain stimulation treatment that uses direct electrical currents to stimulate specific
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parts of the brain, might be an effective technique to improve specific cognitive processes
including inhibition performance (Narmashiri & Akbari, 2023; Yu et al., 2015). In healthy
controls, tDCS of the preSMA has been found to increase inhibition performance in terms of
an improvement in inhibiting responses when a stop signal was presented in the SST task (Hsu
et al., 2011) as well as in terms of an increased stopping speed along with an increased blood-
oxygen level dependent (BOLD) response in the preSMA and ventromedial prefrontal cortex

(vmPFC) (Yu et al., 2015).

Surprisingly, comparable studies in OCD have — to our best knowledge - not been performed,
up to now. Against this background, in the current study we employed an MRI-compatible tDCS
device in a sample of patients suffering from OCD to stimulate the brain while patients were
performing the Stroop inhibition task in the MRI. Given the relevance of the preSMA for
inhibition performance we chose the right preSMA as the main target of anodal stimulation. In
addition, given previous studies showing that intensity of the stimulation effects (i.e., electric
field strength) and individual brain anatomy are critical determinants of the final stimulation
effects (Antonenko et al., 2021; Arlotti et al., 2012; Datta et al., 2012; Opitz et al., 2015; Russell
et al.,, 2013), we investigated potential effects of these parameters in the framework of a

mediation analysis (for more details please refer to the methods section).

Imaging data were analysed using an event-related approach with partial least squares (PLS)
(Mclntosh et al., 1996), a multivariate analysis technique that identifies whole-brain patterns of
covariance related to the experimental design. PLS uses singular value decomposition to
classify the fMRI data into orthogonal latent variables (LVs) explaining the maximum amount

of covariance between the task conditions and the fMRI signal.

In contrast to the classical mass univariate approach which compares activity independently at
each voxel, PLS relies on activity patterns from several voxels. Since PLS is sensitive to

magnitude of spatial variability in activation and allows for testing how distributed patterns of
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BOLD activation across multiple voxels relate to experimental variables, it is often more
powerful than the classical univariate approach (Davis et al., 2014; Norman et al., 2006).
Moreover, and even more importantly, PLS is insensitive to interindividual variability in mean
brain activation (Davis et al., 2014). Given the well-known clinical heterogeneity of OCD and
its associated variability in neural activation, there is strong reason to assume the presence of a
high interindividual variability in mean brain activation in our patient sample. For the purpose
of neutralising the effects of this interindividual variability (which is known to impact detection
power also in the context of within-subject designs) we opted for employing the PLS method
instead of the classical univariate approach. We expected anodal tDCS over the preSMA to be
associated with both a stimulation-related improvement in inhibition performance as well as an
increased activation in regions shown to be relevant for inhibition, such as the preSMA and the

IFG.

This study set out to study two hypotheses: (1) tDCs as compared to sham stimulation will be
associated with a significant improvement in response inhibition and (2) tDCS as compared to
sham stimulation will be associated with an increased activation during inhibition in preSMA
and vmPFC. The increased activation will be correlated with an improvement in response

inhibition.

METHODS

Participants

A total of n =47 patients with OCD as the primary diagnosis according to DSM-5 criteria were
included in the study. Of the 54 patients originally recruited, 7 patients were excluded due to
study drop-out (1), major artefacts (2), impedance exceedance (2), button-box malfunction (1)
task incompletion (1). Furthermore, one participant was excluded from the field strength

analysis, as their T1 hindered the calculations. Adequate power was measured considering
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studies measuring tDCS effects on Stroop inhibition performance on healthy participants, as
there were no studies in OCD patients with comparable design. The necessary sample size was
calculated (based on a paired t-test given medium effect sizes of 0.5 — 0.6). Given a sample size
of 39 — 54 participants, medium size effects (0.5 — 0.6) can be detected with a reasonable power
of 0.95. Based on these considerations, our sample size of 46 patients seems to be adequate.
One patient was excluded from all electric field (EF) and skull thickness related analysis,
because he did not have session specific T1 images (there was an export issue with their session
two T1). Recruitment took place at several hospitals in and around Munich including the
Psychosomatic Clinic in Windach, the Tagesklinik Westend, the Psychiatry at the LMU Clinic
and the Schon Klinik Roseneck. All diagnoses were made by an experienced psychiatrist from
the respective hospital specialized in the treatment of OCD. Inclusion criteria comprised right-
handedness, age 18-65 years, at least a score of 8 in the Y-BOCS scale, willingness, and ability
to provide consent and 8 weeks of stable medication/non-medication treatment. Exclusion
criteria encompassed neurological disorders (including epilepsy, seizures), psychiatric
comorbidities (incl.., schizophrenia, schizo-affective disorder, bipolar disorder, substance
abuse, PTSD, and personality disorders), incompatibility with MRI scanners (e.g., intracranial
implants, pacemakers, or defibrillators), pregnancy, any additional psychopharmacological
medication (e.g. antipsychotic medication) and benzodiazepine intake within 24 hrs of either

appointment.

Patients had a mean age of 31.4 (table 1). n = 14 patients were drug-naive or medication-free
for at least 8weeks. No patients were excluded due to comorbidities and n = 32 patients had one
or more comorbid diagnoses. To assess clinical severity of obsessive-compulsive symptoms,
patients filled out the self-rated version of the Yale-Brown Obsessive-Compulsive Scale (Y-
BOCS) (Goodman et al., 1989) as well as the Y-BOCS checklist. In addition, the Hamilton

Depression Rating Scale (HAMD-D) (Hamilton, 1960) was used to assess depressive and the
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Hamilton Anxiety Rating Scale (HAM-A) (Hamilton, 1959) was employed to assess anxiety
symptoms. Potential tDCS side-effects were assessed by standardized questionnaires
immediately after the tDCS-MRI session (table S1). The present study was approved by the
Ethics Committee of the Klinikum rechts der Isar in Miinchen and it was in accordance with
the Declaration of Helsinki and was registered under

https://www.isrctn.com/ISRCTN99571476. All participants gave their informed consent to the

study.

Image Acquisition

Image acquisition was conducted on a 3 T Philips Ingenia (Philips Healthcare, Best, the
Netherlands) using a 32-channel (SENSE) head coil. Imaging consisted of a T1-weighted 3D
MPRAGE sequence (230 slices, sagittal orientation, 368 x 317 matrix, 0.7 mm isotropic
resolution, TR = 11 ms, TE = 5.2 ms, flip angle = 8°), and a T2*-weighted echo-planar imaging
(EPI) imaging sequence (TR = 1000 ms, TE = 30 ms, flip angle = 60°, MB factor = 2, matrix
size = 64 x 62, field of view = 192 x 192 x 118.5 mm, 64 transverse slices, 3.0 mm slice
thickness, whole brain coverage, 3 x 3 x 3 mm? resolution). A series of 660 whole-brain volumes
was recorded. In addition, a DTI sequence, another T2* sequence, a resting state fMRI sequence

and a FLAIR sequence were acquired in the same imaging session.

Study Design and Paradigm

The study was conducted at the Klinikum rechts der Isar, and had a double-blind, randomized,
sham-controlled, cross-over design (tDCS sham vs. tDCS stimulation). Randomisation was
performed before study initiation, assigning each participant number its group/condition order.
Each patient participated in the study on two distinct days, separated by a 7-day interval to
avoid any potential carryover effects. Prior to both tDCS-MRI sessions, patients completed a

consent form and a comprehensive questionnaire outlining inclusion/exclusion criteria.
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All patients underwent a total of around 50-60 minutes of MRI scanning. The Stroop task was
started after the Stop-Signal task, each lasting around 10 minutes, therefore encompassing the

entire tDCS stimulation (or tDCS sham stimulation) duration.

The Stroop task was presented in an event-related design and consisted of a congruent and an
incongruent condition. In the congruent condition, colour words were presented in the colour
denoted by the corresponding word while in the incongruent condition colour words were
displayed in one of three colours not denoted by the word. The target stimulus was presented in
the centre of the display screen. Two possible answers were presented below, and patients had
to indicate the colour by pressing one of two buttons. Stimuli were presented in 48 congruent
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and 48 incongruent combinations of four colour words ““red,” “green,” “yellow,” and “blue”
written in the German language and corresponding colours were presented in a pseudorandom
sequence. Stimulus presentation time was 1500 ms with a randomised interstimulus interval of
between 0.5 s and 4 s with a mean of 1 s. The Stroop task was implemented using Psychopy
running on a PC which was connected to a video projector. The stimuli were projected on to a

transparent screen inside of the scanner tunnel which could be viewed by the subject through a

mirror system mounted on top of the MRI head coil.

tDCS

The tDCS device that we employed in the current study was the MRI-compatible NeuroConn

DC-Stimulator (https://www.neurocaregroup.com/de/technologie/dc-stimulator). To ensure

both methodological accuracy (e.g., low impedance) and safety of stimulation application, the
experimental set-up inside and outside the scanner was tested extensively, examined by our in-
house physicist as well as experts from NeuroConn and adhered strictly to the guidelines
provided. For electrode placement optimization targeting the preSMA, we employed electrical

field calculations using SImNIBS (http://www.simnibs.org). The optimal electrode placement
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for stimulating the preSMA was determined using an EEG 10-20 cap. The anodal stimulation
site was located over the centre point of the FC1 with a 3x3 rubber electrode; the cathode was
placed over the centre point of the FC2 using a 4x4 rubber electrode. Prior to electrode
application, the patient's hair and scalp were prepared using Ten20 electrode paste to improve
skin conductivity underneath the electrodes. The tDCS was configured at a current of 2 mA,
with a fade-in and fade-out duration of 15s, and variable stimulation duration of either 30 s
(sham condition) or 1200 s (stimulation condition). Impedance was maintained below 15 ohms

once the 2mA threshold was reached.

Data analysis

Performance in the Stroop task was analysed using SPSS 28.0.0.1 (https://www.ibm.com/de-

de/products/spss-statistics). To investigate potential performance differences between the two

conditions (i.e., Stroop inhibition performance during tDCS stimulation vs. Stroop inhibition
performance during tDCS sham) we performed two non-parametric paired Wilcoxon tests for
percentage of correct responses (incongruent condition — congruent condition) and mean
response times (incongruent condition — congruent condition). Non-parametric tests were

employed since data were not normally distributed.

fMRI preprocessing and analysis

47 patients with OCD were included in the analysis upon excluding participants whose task
performance values were outliers. fMRI data were preprocessed using SPM 12. Realignment
of images of a functional time series was completed to account for in-scanner head motion.
Data was then normalised to a standard template in Montreal Neurological Institute space. This
included coregistration, CAT12 segmentation, creation of a DARTEL template based on tissue
probability maps and normalisation by DARTEL. Signal to noise ratio was increased by

applying a 6 x 6 x 6 kernel gaussian filter. A band-pass filer 0.01-0.08 (or 0.1 Hz) was also
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applied to the data to remove the frequencies which are not of interest such as noise related to
scanner drift, coils, cardiac noise etc. Excessive head motion was established with framewise
displacement (FD), calculated as the sum of the absolute values of the derivatives of the 6

motion parameters derived from SPM12 (Power et al., 2012).

Partial Least Squares Analysis

The imaging data recorded during the Stroop task were analysed using a non-rotated event-
related partial least squares approach (Mclntosh et al., 2004). This multivariate analysis
technique identifies whole-brain patterns of covariance related to conditions of an experiment.
Each brain voxel has a weight, referred to as salience, which specifies how strongly the voxel
contributes to the covariance explained by a so-called latent variable (LV). Each LV contains a
pair of vectors relating brain activity and experimental design. In the mean-centred event-
related PLS, LVs highlight the dominant patterns of cross-covariance between the fMRI data
and task conditions within the mean-centred matrix decomposed with singular value
decomposition. For the non-rotated version of the PLS, one examines patterns exclusive to a

specific contrast of conditions.

The LVs were determined with a permutation test using 2000 permutations, each event had a
temporal window size of 14 time-points (i.e., equivalent to 14 seconds) post-stimulus onset,
called lags. Permutation tests assesses whether the effect represented in each LV can statistically
be differentiated from noise. LVs consist of three components: cross-block variance, singular
values describing the proportion of covariance of each LV; design-saliences which display the
difference between tasks across groups and time and brain saliences, with weights assigned to
each voxel at each lag. PLS additionally calculates temporal brain scores which are subject,
design-salience, lag and LV specific. These are calculated as the dot product of design-saliences

and the subjects’ singular brain activity (Krishnan et al., 2011). To answer our hypothesis on
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the effect of tDCS on the inhibition (incongruent) condition, we contrasted between task

conditions (i.e., incongruent > congruent) and timepoints (tDCS > sham).

Furthermore, the reliability of each voxel’s contribution to a particular LV was tested by
submitting all saliences to a bootstrap estimation of the standard errors (SEs), using 2,000
bootstraps. The bootstrap ratio (BSR) is calculated by dividing salience by the SE. Reported are
peak voxels with a salience/SE ratio >3.0 or <-3 for negative correlations (p<.001), analogously
to z-values £3, therefore a confidence interval of >99% if the bootstrap distribution is normal
(Bellec et al., 2008; Efron, 1981; Krishnan et al., 2011; McIntosh & Misic, 2013; Samson et al.,
2023). For the one-sample t-test differentiating between conditions, however, a stricter
salience/SE ratio of >5.0 or <-5 was chosen (Samson et al., 2023). This paper reports the peak
coordinates from time lags at which the temporal brains score profiles maximally differentiate
(lag 6, see figure 3) (Addis et al., 2004; Mclntosh et al., 2004) with a spatial extent threshold
of 100 voxels. Of note, lag 6 (i.e., 6 seconds post stimulus) corresponds to the canonical model
of the haemodynamic response function resembling a gamma function peaking at 5 to 6 seconds
following neuronal activation (see supplementary figure S3) (Bush & Cisler, 2013; Wink et al.,
2008). Results based on lags 5, 7 and 8 are reported in the supplementary material. The figures

were created using ITK-SNAP and ParaView programs (Madan, 2015; Yushkevich et al., 2006).

Electric Field Modelling

The EF on the grey matter was calculated to quantitively assess the variation in dosage between
sessions and subjects. The software SimNIBS was used to calculate the EF induced by
individual tDCS set-up (charm — SimNIBS documentation). The exact centre coordinates and
orientation of the underlying electrode gel were visible on the T1 images and identified using
the regionprops MATLAB function. Individual patient T1 and T2-weighted images were

segmented and meshed to create tetrahedral head models using SImNIBS: charm (Puonti et al.,
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2020). SimNIBS assigns isotropic conductivity values for the fifteen different head tissues
assigned in the head models. The two above mentioned electrode rectangular sizes were
simulated, with an electrode thickness of 2mm and a stimulation intensity of -2mA at the anode
and 2mA at the cathode. The EF strength and focality were extracted from the individual grey
matter region with field strengths higher than the 99.9th percentile (for an illustration of these
parameters see supplementary figure S1). MNI coordinates [-6, 11, 60] with a 10mm radius
were selected as the ROI for the preSMA, according to the HMAT atlas (Mayka et al., 2006).
This allowed the calculation of the mean EF intensity at the ROI with the SImNIBS python
package. The mean EF intensity was measured identically for an additional 33 ROIs taken from
the Desikan-Killiany-Tourville Atlas (Alexander et al., 2019) (figure 5). Figure 5 was created
using python seaborn.clustermap. The cortical surface of each subject was reconstructed using
FreeSurfer software with automatic “recon -all” pipeline (version 7.4.0;
https://surfer.nmr.mgh.harvard.edu/). This process includes the predefined steps: bias
correlation, skull stripping, tissue intensity normalization, Talairach system transformation, and
segmentation of grey/white matter. No manual corrections were performed. Subsequently, we
extracted the thickness data of the preSMA in both hemispheres, as defined by the HMAT atlas

(Mayka et al., 2006).

Mediation analysis

Finally, to investigate the potential influence of the two influencing factors that are known to
affect individual tDCS stimulation effects, i.e. EF strength and skull thickness (for details
regarding thickness calculation please refer to the supplement), we performed a mediation
analysis to assess potential effects of these influencing factors on stimulation-related changes
in inhibition performance. Since there were no significant stimulation-related changes in mean
response times (see results section), the mediation analysis was performed only for the

percentage of correct responses (% correct). Thus, the stimulation-related change in the
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percentage of correct responses (i.e., % correct congruent-incongruent for stimulation-sham)
constituted the dependent variable, stimulation-related changes in the inhibition-associated
brain activation during the Stroop incongruent condition (i.e., PLS brain scores for the
incongruent condition for stimulation-sham) the independent variable and EF the mediating
variable. Another analogue model was set up with thickness of our anodal stimulation region
(i.e., right preSMA) as mediating variable. Using these models, we aimed at investigating both
a potential indirect (i.e., mediated via EF strength or right preSMA thickness) effect of
stimulation-related brain activation on stimulation-related inhibition performance as well as a
potential direct effect of EF strength or right preSMA thickness on stimulation-related inhibition
performance. Structural equation modelling was performed using the program Amos 26.0.0
(http://amosdevelopment.com) applying a maximum-likelihood algorithm for estimating path
coefficients. We used bootstrapping procedures which make no a priori assumptions about the
distribution of the paths. The goodness of fit index (GFI) was used to assess the goodness-of-
fit of the two models. Collinearity between brain activation and EF strength (or, respectively,
preSMA thickness) was checked using linear regression. This yielded no significant results

indicating a statistically negligible collinearity between the two variables.

RESULTS

Category Description
Sex (male/female) (32/14)
Age (mean, SD) (31.4,11.2)
Duration of illness
(mean, SD) (15.6, 10.5)
Medication (yes/no) (32/14)
Y-BOCS total (mean,
SD) (20.2,5.6)
Y-BOCS obsessions
(mean, SD) (10.0, 3.1)
Y-BOCS compulsions
(mean, SD) 2, 21
Comorbidity (yes/no) | (32/14)
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HAM-D (mean, SD) (19.9, 9.6)
HAM-A (mean, SD) (19.9,9.9)

See supplementary table

tDCS side effects S1

Table 1. Demographic and clinical data of patients (n=46).

Performance data

The paired Wilcoxon test for the percentage of correct responses (incongruent condition —
congruent condition) yielded a significant result (z=2.28, n=46, p=0.02) indicating a
significantly larger percentage of correct responses for the stimulation condition. The paired
Wilcoxon test for the mean response times (incongruent condition — congruent condition)

yielded no significant result (z=1.19, n=46, n.s.).
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Figure 1. Inhibition performance outlined as % correct trials and response time in
milliseconds. A non-parametric paired Wilcoxon signed-rank test was performed between the

two conditions.

Imaging data

Condition effects. A mean-centred non-rotated PLS was performed to examine, in a first step,

the condition effects comparing incongruent vs. congruent trials, independent of timepoint (i.e.,
stimulation condition). The PLS found a significant condition-LV (p<0.001), where the
incongruent condition of both timepoints had positive brain scores, indicating a greater activity
for the incongruent condition (shown in red in the singular image of lag 6, figure 2). The
congruent conditions had negative brain scores, which were significantly different to the
incongruent condition (p<0.05), thus indicating that for the congruent condition activity was
greater in the negative brain salience regions (shown in blue in the singular image of lag 6,
figure 2). Figure 2p illustrating activation across the different lags shows, for our condition of

interest (i.e., incongruent condition), largest activation for lag 6.

Figure 2. Condition effects, lag 6

X y z BSR Appro.P Cluster Size Location

Positive Salience Regions

inferior frontal gyrus,

-50 12 26 5.7371 0.0000 6346 precentral gyrus
paracingulate gyrus,
8 22 34 5.2192 0.0000 2628 cingulate gyrus (anterior)
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Negative Salience Regions

parahippocampal gyrus (posterior),
temporal fusiform cortex

22 34 20 -5.9242 0.0000 2281 (posterior)
-44  -78 34 -5.4345 0.0000 811 middle occipital gyrus
b.
40 T T T T T T
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Figure 2. Condition Effects A. Clusters where peak voxels have a salience/standard error ratio

(i.e. Bootstrap ratio; BSR) of >5 or <-5 for the latent variable (LV) describing 100% of all the
variance for our desired contrast comparing incongruent > congruent. Red clusters indicate
increased activation for the incongruent condition, blue clusters illustrate increased activation
for the congruent condition. Lag 6 represents the brain activity at 6 TRs post stimulus onset
(i.e., 6 seconds post stimulus given our sequence with a TR of 1 second). B. Temporal brain
scores plot displaying the mean brain scores and standard deviation across all 46 subjects for
each condition during the first 8 TRs post stimulus onset. Brain scores are subject, design-

salience, lag and LV contrast specific. Note the positive and negative peaks are at around 5-6

seconds after stimulus onset.
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Condition-by-timepoint effects. To answer our main research question (i.e., how tDCS

stimulation affects brain activation patterns during inhibition performance), in a second step,
the interaction between condition (i.e., incongruent > congruent) and timepoint (i.e., tDCS >
sham) was investigated. The PLS found a significant interaction-LV (p<0.034) with positive
brain scores for stimulation-incongruent and sham-congruent conditions, indicating increased
activation during tDCS compared to sham for the incongruent compared to the congruent
condition (figure 3). The opposite contrast (i.e., increased activation during sham compared to

tDCS) did not display any significant results.

Figure 3. Condition-by-timepoint effects, lag 6

Cluster
X y z BSR Appro.P Size Location
Positive Salience Regions
middle frontal gyrus,
32 -2 54 5911 0.0000 1781 precentral gyrus
supramarginal gyrus (posterior),
-58 42 28 5.2458 0.0000 582 parietal operculum cortex
-36  -46 -30 5.1341 0.0000 390  cerebellum left VI and left Crus I
inferior frontal gyrus (pars
48 22 18 4.7996 0.0000 216 opercularis & pars triangularis)
cingulate gyrus (anterior),
4 26 26 4.6234 0.0000 409 parcingulate gyrus
superior parietal lobule,
-32 -54 46 4.5217 0.0000 297 angular gyrus
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middle frontal gyrus,
30 0 50 4.1581 0.0000 152 precentral gyrus

Negative Salience Regions

-48  -70 38 -4.9701 0.0000 230 angular gyrus
precuneous cortex,
18  -54 18 -3.8626 0.0001 160 supracalcarine cortex

Figure 3. Condition-by-timepoint effects Clusters where peak voxels have a salience/standard

error ratio (i.e. Bootstrap ratio; BSR) of >3 or <-3 (p<0.001) for the latent variable (LV)
describing 100% of all the variance for our desired contrast comparing conditions and
timepoints. Yellow, green, red and pink clusters (i.e., positive salience regions) indicate
increased activation during tDCS compared to sham for the incongruent compared to the
congruent condition. Blue clusters (i.e., negative salience regions) illustrate increased
activation for the opposite contrast (i.e., increased activation during sham compared to tDCS
for the incongruent compared to the congruent condition). Lag 6 represents the brain activity
at 6 TRs post stimulus onset (this sequence had a TR of 1s). n=47 subjects. Results based on

lags 5, 7, and 8 are reported in the supplementary material (figure S2).

Mediation analysis

Results of the mediation analysis with EF strength as the mediating variable showed no
association between stimulation-related changes in brain activation and stimulation-related
changes in inhibition performance ( = 0.008, n.s.), no association between stimulation-related
changes in inhibition performance and EF strength (B =-0.05, n.s.), and no indirect association
between stimulation-related changes in brain activation and stimulation-related changes in
inhibition performance (i.e., mediated by EF strength) (f = 0.003, n.s.) (figure 4). The GFI of

the mediator ROI model was 0.99, indicating an adequate model fit.
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Results of the mediation analysis with right preSMA thickness as the mediating variable showed
no association between stimulation-related changes in brain activation and stimulation-related
changes in inhibition performance (f = 0.03, n.s.), no association between stimulation-related
changes in inhibition performance and thickness ( = -0.11, n.s.), and no indirect association
between stimulation-related changes in brain activation and stimulation-related changes in
inhibition performance (i.e., mediated by thickness) (B =-0.03, n.s.) (figure 4). The GFI of the

mediator ROI model was 0.96, likewise indicating an adequate model fit.

electric field
strength

IE

0.003 005

preSMA 0.008 inhibition
activation performance

skull
thickness

IE
-0.03 -0.11

preSMA 0.03 inhibition
activation performance
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Figure 4. Mediation Analysis investigating potential effects of electric field strength and skull
thickness (n=46). The p-values are depicted on the lines linking the associations and

mediations.

Finally, the assessment of the mean EF intensity for the 33 ROIs taken from the Desikan-
Killiany Atlas showed strongest intensities around our target region, the preSMA, as well as

moderate to weak intensities in more distant areas (figure 5).
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Figure 5. Mean electric field at 34 different regions of interest, averaged across the two

sessions, and normalised across all subjects for comparison (n=46).

DISCUSSION

Behavioural and brain activity results
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In the current study we investigated whether tDCS over the preSMA was able to improve
inhibition performance in OCD patients, as had been previously observed in healthy
participants (Yu et al., 2015). Irrespective of stimulation timepoint, patients performing the
Stroop task displayed a significant increase in percentage of correct responses during
stimulation in comparison to sham. On a cerebral level, this improved inhibition performance
during tDCS compared to sham was associated with an increased activation in a fronto-parieto-
cerebellar network comprising, amongst others, the preSMA, the IFG, the anterior cingulate,
the superior parietal lobe and parts of the cerebellum. Hence, present findings indicate tDCS’s
ability to improve inhibition performance in OCD which has been shown to be impaired in
patients (Berlin & Lee, 2018; Snyder et al., 2015; van Velzen et al., 2014). These inhibitory
improvements are expected to be sustained after multiple session of stimulation, demonstrated

by a recent study also targeting the preSMA (Alizadehgoradel et al., 2024).

There are surprisingly few fMRI-tDCS concurrent studies in OCD patients, despite the field
moving towards this format (Brunelin et al., 2018; Ekhtiari et al., 2022; Esmaeilpour et al.,
2020). The present study which is, to our best knowledge, the first study applying concurrent
tDCS-fMRI in patients with OCD indicates that a 2mA single-session tDCS (compared to sham)
over the preSMA induces activation increases in, amongst others, the preSMA and the IFG and
thus in areas that have previously been shown to be altered during inhibition tasks in OCD
patients (de Wit et al., 2012). In addition, present findings show a tDCS-associated activation
increase in several regions that a large meta-analysis (Norman et al., 2019) found to be
decreased in OCD patients during inhibition. These regions contain the cingulum, the orbital
frontal cortex, the IFG, the cerebellum, and the angular gyrus. Consequently, our findings
provide first and, preliminary, evidence that tDCS stimulation of the preSMA and neighbouring
regions (Figure 5) can improve inhibition performance and normalize altered neuronal activity

in patients with OCD. Two additional aspects should not go unmentioned. First, the opposite
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contrast outlining the contrast sham>stimulation for incongruent>congruent was not
significant. And, second, our PLS analysis contrasting the incongruent with the congruent
condition independent of stimulation condition showed significant activation in several regions
(i.e., the cingulum, the inferior/middle/superior frontal gyrus, and the superior parietal gyrus)
that have been demonstrated by a recent meta-analysis (Huang et al., 2020) to be involved in
inhibition performance in healthy young individuals and which partly showed an additional
increase in activation during tDCS. Together, our findings in association with the results of
previous studies indicate that 1., in general, patients with OCD seem to employ regions and
networks during inhibition that are partly overlapping with those regions found to be activated
in healthy young individuals during these processes, 2. activity in some — mainly motor-related
- regions (Sallard et al., 2018; Schroeder et al., 2020; Tomiyama et al., 2022), some of which
have previously been shown to exhibit a decreased activity in OCD during inhibition, seem to
experience an increase in activation during tDCS, and 3. this activation increase might

constitute the mechanism enabling a significantly improved behavioural performance.

Skull thickness and electric field

Given previous studies showing that EF strength and individual brain anatomy are critical
determinants of the final stimulation effects (Antonenko et al., 2021; Arlotti et al., 2012; Datta
et al., 2012; Opitz et al., 2015; Russell et al., 2013) we investigated a potential influence of
these parameters by means of a mediation analysis. We found no mediation with EF strength as
the mediating variable between preSMA activation and inhibition performance. The same was
observed when examining a potential mediating effect of skull thickness. Additionally, the
mediation analysis found no direct association between any of the individual factors. One
reason for the lack of association might be that tDCS does not exert very focal stimulation
effects. As illustrated in Figure 5, although the strongest EF intensities are expectedly detectable

around the stimulation target region, i.e., the preSMA, various additional areas present at least
48



moderate or light EF intensities. Hence, preSMA activation or thickness might not be indicative
of overall association between stimulation-driven underlying brain activity and inhibition

performance.

Finally, the question of whether stimulation efficacy is driven by brain-state (Batsikadze et al.,
2013; Li et al., 2019) or by the angle and intensity (Albizu et al., 2020; Arlotti et al., 2012;
Soleimani et al., 2023) at which the current traverses neurons in the grey matter continues to be
unresolved. Modelling of the EF field has recently gained a lot of popularity to better account
for interindividual changes in brain anatomy. This study shows that modelling alone does not
necessarily answer this question. Studies with larger sample sizes and a decreased

interindividual variability in brain anatomy might be necessary to further elucidate this.

Inhibition as a measure of stimulation efficacy

tDCS effects are said to last between 20 to 30 min after a single session, dependent on session
duration (Hassanzahraee et al., 2020; Nitsche & Paulus, 2001). For sustained OCD symptom
alleviation at least 20 repeating sessions are alleged to be necessary (Bation et al., 2019; D'Urso
et al., 2016; Narayanaswamy et al., 2015). Therefore, we expected to not find any significant
improvement in OCD symptoms. Rather, this study aimed to investigate the underlying
neuronal correlates responsible for the plasticity changes during long-term tDCS intervention,
by examining short term changes in brain activation or, broadly speaking, the general
mechanisms underlying the effects of the stimulation. Given our set-up (i.e., concurrent tDCS-
fMRI) we believe that current findings contribute to a better understanding of these
mechanisms, predominantly since depolarisation changes in a target region of tDCS can lead to

increased activation in an extended network best identified during simultaneous stimulation.

Limitations
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The choice of utilising an inhibitory task as an indicator of intervention efficacy was due to
inhibition deficits being assumed to constitute a core characteristic, largely independent of
clinical profile, within OCD (Snyder et al., 2015). For this reason, the study did not differentiate
between symptom profile when including subjects in the study. Nevertheless, symptom
heterogeneity in our OCD sample should be mentioned as a limitation since in cannot be
excluded that tDCS effects differ depending on the individual symptom profile. Equally, the
study recognises that in including both medicated and non-medicated patients it cannot preclude
medication effects on tDCS response. Furthermore, a multi-session tDCS study following our
parameters would allow us to explore the connectivity and behavioural effects over time, which
would be beneficial for investigating future therapeutic application. Another essential
exploration would be including a healthy control group in the study to juxtapose the patient

findings detailed in this study.

Conclusion

Anodal tDCS in OCD patients can successfully improve inhibition performance in the Stroop
task when targeting the preSMA for a 20-minute stimulation duration. In the field’s continued
effort to establish different types of transcranial electric stimulation (tES) as non-invasive
therapeutic interventions, future studies should aim to further investigate the relevance of skull
thickness, EF patterns, as well as brain activity and state during stimulation. To the end of
increasing knowledge about the mechanisms underlying tES to prospectively establish

optimized tES treatment schemes for different psychiatric disorders.
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SUPPLEMENTARY FIGURES
side effects tDCS

mean SD

headache 0.66 0.74
itch 043  0.72
tingling sensation 091 0.79
burning sensation 0.72  0.95
neck pain 0.57 0.86
scalp pain 0.57 0.89
fatigue 1.84 1.09
impaired concentration 1.30  0.89
mood change 036 0.64
side effects total 7.02 435

side effects sham

mean SD

headache 0.60 0.85
itch 038 0.53
tingling sensation 1.00  0.92
burning sensation 0.79 098
neck pain 0.67 0.84
scalp pain 0.52  0.75
fatigue 1.84 1.03
impaired concentration 122 0.92
mood change 0.58 0.86
side effects total 7.43  4.56

Table S1. tDCS side-effects during sham and stimulation
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Figure S3. Condition-by-timepoint effects at lags 5, 7 and 8

Lag 5

X

y y/ BSR  Appro.P Cluster Size Location

Positive Salience Regions

32 -2 58 6.6284  0.0000 3911 middle frontal gyrus, precentral gyrus
Supramarginal gyrus (posterior), parietal
-60 -42 26 5.1179  0.0000 728 operculum cortex
-10 6 4 4.8881 0.0000 283 Left caudate
Frontal operculum cortex, inferior frontal
40 24 4 4.7682  0.0000 413 gyrus (pars triangularis)
Temporal fusiform cortex (posterior),
-44 42 -16  4.5949  0.0000 344 inferior temporal gyrus (posterior)
-14 728 4.1482  0.0000 188  Intracalcarine cortex, precuneous cortex
Negative Salience Regions
-48  -70 38  -5.1354 0.0000 180 Lateral occipital cortex (superior)
Lag 7

X

y V4 BSR  Appro.P Cluster Size Location

Positive Salience Regions
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supramarginal gyrus (posterior & anterior),
-58 44 26 5.2932  0.0000 345 parietal operculum cortex

inferior temporal gyrus (temporoccipital),
-50 -50 -10  4.5327  0.0000 237 middle temporal gyrus (temporoccipital)

inferior frontal gyrus (pars triangularis,
54 22 22 43491  0.0000 211 pars opercularis)

Negative Salience Regions

14 -56 12 -4.2739 0.0000 143 precuneous cortex, intracalcarine cortex

Lag 8

-

o

>

&

—— e

X Yy z BSR  Appro.P Cluster Size Location

Positive Salience Regions

supramarginal gyrus (posterior), angular
-62 -50 28 49131  0.0000 276 gyrus

Figure S2. Condition-by-timepoint effects at lags 5, 7 and 8
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ABSTRACT

Resting state fMRI (rs-fMRI) Studies have shown that patients with obsessive-compulsive
disorder (OCD) exhibit alterations in cortical excitability and neuronal synchronisation.
Amplitude of low frequency fluctuations (ALFF) is a measure used assess the intensity of low
frequency oscillations (LFOs) between 0.01-0.1Hz, which are believed to reflect neural activity.
Amplitudes of these LFOs are of particular interest as they have shown to range depending on
brain area and task. However, ALFF requires standardization and current methods show several
shortcomings. To this end, percentage amplitude of fluctuations (PerAF) represents a new

approach that has been shown to be valid and more reliable.

To attain an improved understanding of OCD pathophysiology, this study investigated
alterations of PerAF in a sample of OCD patients. Rs-fMRI data and Yale-Brown Compulsive
Obsessive Scale (Y-BOCS) scores of 47 OCD patients and 36 age- and sex-matched healthy
controls were obtained. Using RESTplus, the data were preprocessed and PerAF at each voxel
was calculated. Groups were compared using t-tests for independent samples, and results were

correlated with Y-BOCS scores.

Compared to controls, OCD patients showed significantly lower PerAF in the bilateral cingulate
gyrus and the right temporal gyrus. Additionally, OCD patients also displayed significantly

decreased LFOs signal intensity in the bilateral thalamus and the insula. Notably, these
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differences showed a trend in correlating with patient-reported compulsion severity and

duration of illness.

These results indicate that (m)PerAF identifies differences in spontaneous brain activity
between OCD patients and healthy controls. Our study shows alterations in LFOs that seem to
be neuropathologically relevant for the disorder of OCD but further studies are certainly needed

to assess the reliability of this relatively new analysis approach.

INTRODUCTION

Resting-state functional magnetic resonance imaging (rs-fMRI) relies upon blood-oxygen level
dependent (BOLD) signal fluctuations to study the functional architecture of the brain under
rest. These BOLD signals are believed to represent neural activity (Biswal et al., 1995; Hillman,
2014), with synchronicity of the BOLD signal between pairs of regions being interpreted as a
sign of interaction, i.e., functional connectivity (FC). Observations arising from these
synchronous BOLD fluctuations have defined seven networks: the default mode network
(DMN), dorsal attention network (DAN), frontoparietal network (FPN), limbic network, visual
network, and the salience network, also referred to as the somatosensory and cingulo-opercular
network (CON) (Yeo et al., 2011). FC analyses are a common tool to study brain function under
rest and have proven particularly valuable in investigating the pathophysiology of psychiatric
brain disorders, including obsessive-compulsive disorder (OCD). Various studies have
demonstrated disruptions in the cortico-striato-thalamo-cortical (CSTC) circuit in patients with
OCD (Calza et al., 2019; Gargano et al., 2023; Posner et al., 2014), thereby providing important
information for the development of therapeutic strategies such as deep-brain stimulation (DBS)
(Haber et al., 2021). Moreover, synchronized activity can also be detected between sets of
regions, referred to as resting-state networks (RSNs). Disruption of network integrity and the
interplay between these networks have also been observed in various psychiatric conditions.
For example, a meta-analysis demonstrated that OCD patients display hypoconnectivity within
and between several RSNs which could contribute to the development of the condition (Gursel

etal., 2018).

In addition to FC, rs-fMRI can be used to study spontaneous brain activity (SBA) by examining
low frequency oscillations (LFOs) of the BOLD signal. These LFOs are within the 0.01 — 0.08
Hz frequency band and are believed to represent neural excitability, being most prominent in

the mid-brain structures associated with the default mode network (DMN) which is generally
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known to predominate brain activity in the resting state. Studies conducted in patients with
chronic pain have confirmed that LFOs show high replicability, providing evidence for their

potential as a biomarker (Malinen et al., 2010; Otti et al., 2013; Zuo et al., 2010).

A popular metric for examining LFOs is the amplitude of low frequency fluctuations (ALFF)
which corresponds to the voxel-specific sum of the power of LFOs. ALFF has been shown to
be a reliable and sensitive parameter in between-group analyses (Kublbock et al., 2014; Zang
et al., 2007; Zuo et al., 2010). However, ALFF depends on the scale of the raw BOLD signal
and is therefore measured in arbitrary units. Despite efforts to normalise ALFF, it remains
sensitive to various factors, including tissue differences and physiological noise (Zang et al.,

2007).

To improve specificity to neural activity, ALFF can be further normalised by dividing the sum
of the power of LFOs by the sum of power across the entire frequency range. This reduces the
influence of global signal changes and non-neural noise, resulting in a metric called fractional
ALFF (fALFF) (Zou et al., 2008). One major asset of this procedure is furthermore that areas
contaminated with physiological noise, which typically show high amplitudes in the entire
frequency range, would show reduced fALFF values and so selectively targets artifacts.
Accordingly, studies confirmed that fALFF shows improved subject specificity and decreased
interaction with physiological noise. (Kublbock et al., 2014; Meda et al., 2015; Zuo et al., 2010).
Studies additionally were able to improve sensitivity to neural activity in spatial proximity with
cisterns, ventricles, and sagittal sinus, all areas with low signal to noise ratio when using fALFF.
(Bu et al., 2019; Meda et al., 2015; Zang et al., 2004). Despite these advantages, studies have
demonstrated that ALFF has superior replicability and test-retest reliability compared to fALFF
(X. Chen et al., 2018; Zuo et al., 2010). It is not clear how the two parameters compete with
varying TR and sequence acquisitions. Wu et al. (2011) found ALFF was significantly affected
by TR choice and suppressed with smoothing. Meanwhile, Huotari et al. (2019) believed ALFF
to show minimal effect on sampling rate yet fALFF values increasing significantly over the TR
values of the sequence. Moreover, fALFF is normalised to the average voxel BOLD intensity
rather than the average brain BOLD intensity which can create false-positive effects when

comparing regions with higher average intensity values.

To address these limitations, Percentage Amplitude of Fluctuations (PerAF) has been proposed
as an innovative and scale-independent method for investigating LFOs. PerAF is not
proportional to the mean value of the time series, unlike ALFF. This is crucial as BOLD signal
intensity has arbitrary units which is not ideal for direct comparison. PerAF calculates the
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percentage of BOLD fluctuations compared to the mean signal and averages this across the
whole time series (Jia et al., 2020). PerAF can be additionally averaged by dividing it by the
global mean, i.e., mean PerAF (mPerAF), which has been shown to have better test-retest

reliability (Jia et al., 2020).

Analyses based on the amplitude of low frequency fluctuations have been widely applied to
investigate alterations in patients with OCD. It has even been suggested that voxel-wise
analyses might be particularly suitable for the investigation of OCD as OCD findings tend to
show more alterations in SBA in local regions, compared to findings in disorders such as
schizophrenia which tend to demonstrate changes mainly in large-scale FC (Yu et al., 2021).
Against this background, the present study investigates potential changes in PerAF in a sample
of OCD patients. We hypothesize that PerAF is a suitable metric to differentiate between OCD
patients and healthy controls. Furthermore, we believe that the methodological advances of

PerAF could contribute to an enhanced understanding of OCD pathophysiology.

METHODS
Participants

Patients were recruited from the Psychosomatic Hospital Windach and diagnosed by an
experienced psychiatrist based on the criteria of DSM-5 for OCD. In addition, the Yale-Brown
Obsessive-Compulsive Scale (Y-BOCS) was used to assess OCD symptoms in patients before
the scanning procedure (Goodman et al., 1989). HCs without a history of psychiatric illnesses

were recruited through online and newspaper advertisements.

Exclusion criteria for both groups were: a history of clinically relevant head injuries, seizures,
neurological disorders, schizophrenia, autism, substance and alcohol abuse, mental retardation,
pregnancy, and any severe medical condition, as well as general MRI exclusion criteria. Other
co-morbidities were not an exclusion criterion. Differences in age and sex between the two
groups (HC vs. OCD) were analysed using a two-sample t-tests and a chi-square test
respectively. The present study was approved by the Ethics Committee of the Klinikum rechts
der Isar and was in accordance with the Declaration of Helsinki. All participants gave their

informed consent to the study prior to participation.

Image Acquisition
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Imaging data were obtained using a 3T Philips Ingenia MRI Scanner with a 32-channel head

coil at Klinikum Rechts der Isar, Miinchen.

High-resolution anatomical T1-weighted images were acquired using a magnetization-prepared
rapid acquisition gradient echo (MPRAGE) sequence with the following parameters: TR of
11.08 ms, echo time (TE) of 5.1 ms, flip angle of 8°, matrix size of 368 x 318 and 230 slices

with a resolution of 0.7 x 0.7 x 0.7 mm?>. The scan duration was 299 seconds.

T2*-weighted rs-fMRI data were obtained using echo-planar imaging (EPI) with the following
parameters: TR of 2.7 s, TE of 33 ms, flip angle of 90°, matrix size of 96 x 94 and a field of
view of 192 x 192 x 141 mm. 64 transverse slices with 2.0 mm thickness, covering the entire
brain with a resolution of 2 x 2 x 2 mm?® were acquired in ascending slice order. The scanning
protocol incorporated a multiband factor of two, allowing for the simultaneous recording of two
slices (starting with slice 1 and 33). A series of 200 whole-brain volumes was recorded. This
equated to all subjects being scanned for 9 minutes during which they were instructed to keep

the eyes closed, relax, and avoid falling asleep.

A subset of 10 controls had resting-state data which was acquired in a previous study using a
T2*-weighted EPI sequence with a resolution of 1.7 x 1.7 x 2 mm. We corrected for the

difference in voxel size by including it as a covariate in the two-sample t-test.
Preprocessing

Functional and structural MRI data were preprocessed using the RESTplus v1.21 toolbox
(Huang et al., 2020), which incorporates tools from REST (Song et al., 2011), DPARSF (Yan
& Zang, 2010) and SPM 12 (The Wellcome Centre for Human Neuroimaging;

http://www.fil.ion.ucl.ac.uk/spm). The data were slice-time corrected, realigned, and

normalised to a standard Montreal Neurological Institute template. This process included co-
registration, segmentation, creation of a DARTEL template based on tissue probability maps,
and normalisation by DARTEL. Preprocessing steps for images with different voxel sizes were
performed separately until normalization, after which all data processing steps were conducted
on the combined dataset. To increase signal to noise ratio, the data were smoothed with a 6 x 6
x 6 mm? full-width at half maximum gaussian filter, following previous studies including those
by the developers of the PerAF method (Jia et al., 2020; Zhao et al., 2018). The data were
detrended, and nuisance covariates regression was performed, including head-motion
regression with a Friston 24-parameter model, as previous research indicated this increases test-

retest reliability for PerAF. A band-pass filter 0.01-0.1 Hz) was applied to the data to remove
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unwanted frequencies. Excessive head motion was calculated with the framewise displacement
(FD) method integrated into RESTplus , calculated as the sum of the absolute values of the
derivatives of the 6 motion parameters derived from SPM12 (Power at al., 2012). 9 subjects
were removed due to a mean FD of larger than 0.2. A two-sided independent samples t-test
revealed no significant differences in mean FD between OCD patients and HC (t (81.0) = 0.85,
p = 0.40).

First-level Analysis

The RESTplus postprocessing toolkit was used to calculate PerAF and mPerAF. For each voxel,
the percentage deviation from the mean signal intensity is calculated and then averaged across
the whole time series, resulting in voxel-wise PerAF values (Jia et al., 2020). Additionally,
PerAF was standardized by dividing it by the global mean signal, resulting in mPerAF (Jia et
al., 2020). Confounding white matter and cerebrospinal fluid components, as well as the six
head motion parameters generated during realignment, were added as nuisance covariates to

the first level analyses.
Second-level Analysis

PerAF and mPerAF maps for each participant were z-transformed and entered into a second-
level analysis using SPM 12. A two-sided independent samples t-test was performed to
investigate group differences in PerAF and mPerAF between HC and OCD patients. During the
second-level analysis, differences in voxel size were included as a covariate. A whole-brain
grey matter mask was applied, and all results were based on an FDR-corrected threshold of p <
0.05 and an extent threshold of £ < 5 voxels. To ensure correctness of methods, the analyses

were independently verified by two researchers.
Correlation with Clinical Characteristics

Average PerAF and mPerAF values were extracted from clusters showing significant group
differences. These values were then correlated with clinical scores (i.e., obsession and
compulsion Y-BOCS scores as well as duration of illness) using Pearson correlation. To account
for multiple testing, significance levels were adjusted to the number of significant clusters for
each parameter according to the Bonferroni method, resulting in p (0.05/3) =0.017 for PerAF,
and p (0.05 / 6) = 0.008 for mPerAF. Additionally, the effect of medication on PerAF and
mPerAF values was tested with a Welch’s t-test if the populations passed the Shapiro-Wilk
normality test or a Mann-Whitney test (also referred to as non-paired Wilcoxon test) in the case

the data was not normally distributed.
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RESULTS

Participants

Initially, 83 (47 OCD, 36 HC) participants were recruited. HC (Muge = 34.4, SD = 11.0) and
OCD patients (Mage = 32.9, SD = 11.7) did not significantly differ in age (¢ (82.0) = 0.64, p =
0.54) or gender (%*>=0.26, p=0.61). The demographic and clinical characteristics of the subjects
are shown in table 1. 18 patients had co-morbidities. At the time of scanning, 34 patients were
receiving medication, 16 were medication-naive or stopped medication at least 1 week before
scanning (table 1). Five controls and four patients were excluded due to head movement. In
total, data of 51 patients with OCD (30 female) and 41 HC (22 female) matched for age and

gender were included in the study.

Table 1: Demographic and Clinical Characteristics for Healthy Controls and OCD patients
Healthy Controls | OCD Patients
(n=36) (n=47) p-value
Demographics
Age, Mean (SD) 34.44 (11.03) 32.85 (11.70) 0.54
Gender, Males (%) 16 (44%) 19 (40%) 0.61
Clinical Characteristics
Medication (Yes/No) - 31/ 16 -
Age of Onset (Mean/ Min/ Max) | - 17.36/ 5 /57 -
Y-BOCS Total, Mean (SD) - 20.55 (6.04) -
Y-BOCS Obsessions, Mean (SD) | - 10.40 (3.27) -
Y-BOCS Compulsions Mean | - 10.15 (3.95) -
(SD)
SD = standard deviation, Y-BOCS = Yale-Brown Obsessive-Compulsive Scale

Imaging Group Differences

Compared to HC, OCD patients displayed significantly decreased PerAF and mPerAF values
in the bilateral cingulate gyrus, as well as the right temporal gyrus (figure 1, table 2).
Additionally, significantly decreased mPerAF values were observed in the right insula, as well
as in the bilateral thalamus in the control group (figure 2, table 3). The opposite contrast (OCD

> HC) yielded no significant results at p < 0.05 FDR-corrected.
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Figure 1: Independent t-test showing clusters at p = 0.05 FDR-corrected, and k > 5. Results
show significant increases in percent amplitude fluctuations (PerAF) in the bilateral cingulate

gyrus and right temporal gyrus of healthy controls compared to OCD patients.

PerAF t-test, HC > OCD
Cluster
X y z P-value T-value Cluster Size Location #
-6 -12 32 0.022 5.05 97
42 28 0 0.023 4.76 16
8 -14 28 0.031 4.39 19 Cingulate Gyrus Right 3

Table 2: Summary of group level PerAF results.
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Figure 2: Independent t-test showing clusters found at p = 0.05 FDR-corrected, and k > 5.
Results show significant increases in mean percent amplitude fluctuations (mPerAF) in the
bilateral cingulate gyrus, the bilateral thalamus, the right temporal gyrus, and right insula of
healthy controls compared to OCD patients.

mPerAF t-test, HC > OCD
Cluster

X Yy z  P-value T-value Size Location Cluster #
-6 -14 28 0.015 5.06 131

16 -14 14  0.015 4.98 15

44 -28 0 0.018 4.60 26

& -8 30  0.018 4.57 31 Cingulate Gyrus Right 4

42 -6 16  0.020 4.42 28
-12 -14 12 0.022 4.33 19

Table 3: Summary of group level mPerAF results.

Correlations between (m)PerAF values and clinical characteristics

No correlations were significant after multi-comparison corrections. All our findings

demonstrate trends toward correlations. For PerAF, negative correlations could be observed
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between patient-reported compulsion and both clusters within the cingulate gyri, as well as
between duration of illness and the cluster within the right temporal gyrus (see figure 3 and
table 4). However, these results did not withstand correction for multiple testing. Correlation
analyses conducted with mPerAF did not yield any significant or trending results (see table 4).
However, medicated patients showed higher mPerAF in the right temporal gyrus, compared to
unmedicated patients, although this did also not survive the Bonferroni-corrected threshold (see
table 5 and supplementary material). Notably, medicated and non-medicated groups did not

differ significantly in symptom severity (D = 0.17, p = 0.88).
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Figure 3: Correlation between PerAF within significant clusters and patient-reported

compulsion and duration of illness. The shaded area on the graph indicates the confidence

interval for the Pearson correlation.

Table 4: Correlation between PerAF values and clinical

characteristics
Cluster1  Cluster2  Cluster 3

p-value 0.91 0.97 0.72
Obsessions

r-coefficient -0.02 -0.01 -0.05

p-value 0.03 0.72 0.05
Compulsions

r-coefficient -0.31 -0.05 -0.29
Y-BOCS p-value 0.15 0.79 0.14
total score  r-coefficient -0.21 -0.04 -0.21
Duration of p-value 0.16 0.02 0.22
illness r-coefficient -0.21 -0.34 -0.18

p-value 0.92 0.11 0.73
Medication

test MW (243) MW (319) W (0.35)
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Table 4: Effect of obsessions, compulsions, and medication on cluster-wise PerAF of OCD
patients. (MW = results from Mann-Whitney tests; W = results from Welch's t-test)

Table 5: The effect of clinical characteristics on their mPerAF values

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

p-value 0.51 0.53 0.38 0.96 0.17 0.87

Obsessions  r-coefficient 0.1 0.09 0.13 -0.01 0.21 -0.02
p-value 0.21 0.85 0.33 0.17 0.87 0.89

Compulsions r-coefficient ~ -0.19 0.03 0.15 -0.2 0.03 0.02
Y-BOCS total p-value 0.64 0.64 0.26 0.36 0.39 0.99
score r-coefficient ~ -0.07 0.07 0.17 -0.14 0.13 0.00
Duration of  p-value 0.75 0.34 0.38 0.80 0.26 0.30
illness r-coefficient -0.05 -0.14 -0.13 -0.04 -0.17 -0.16
p-value 0.66 0.67 0.00 0.52 0.66 0.83

MW MW MW

Medication  test W (0.45) W (0.43) (386) W (0.65) (268) (238)

Table 5: Effect of obsessions, compulsions, and medication on cluster-wise mPerAF of OCD

patients. (MW = results from Mann-Whitney tests; W = results from Welch's t-test)

0.7

0.6

Cluster 3

0.5

0.4

0.0 1.0
Medication
Supplementary Figure 1: A violin plot shows the difference in cluster 3 mPerAF values between
medicated (n = 31) and unmedicated (n = 16) patients as assessed by a Mann-Whitney test.
The medicated group had significantly higher beta values (Mann-Whitney U statistic = 386.0,
p =0.002)
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DISCUSSION
(m)PerAF

In this study, we investigated differences in LFOs between OCD patients and HCs using PerAF
and mPerAF. As hypothesized, PerAF and mPerAF successfully differentiated between OCD
patients and HCs, providing new insights into spontaneous fluctuations at rest in OCD patients

and contributing to an improved understanding of the underlying pathophysiology.

Notably, the group comparison revealed decreased spontaneous fluctuations in OCD patients,
compared to HCs. No increases in spontaneous fluctuations were detectable in any region.
Using both metrics, decreased LFOs were observed in the bilateral cingulate gyrus and right
temporal gyrus. Additional decreases were detected with mPerAF, including the bilateral
thalamus and right insula. Interestingly, decreased PerAF in the bilateral cingulate was
associated with increased patient-reported compulsions, indicating that less spontaneous
fluctuations in these regions are related to stronger compulsions. Additionally, PerAF in the
temporal gyrus decreased with duration of illness, suggesting that the longer patients have been
diagnosed with OCD, the less activity they display in the temporal gyrus. However, LFOs in
the temporal gyrus were stronger in medicated compared to unmedicated patients, indicating a

potential therapeutic effect.

The cingulate cortex is known to be critically involved in cognitive control processes
(Hoffstaedter et al., 2014; Schulz et al., 2011), as well as in OCD pathophysiology (van de
Veerdonk et al., 2023). Hence, decreased intrinsic activity in this part of the brain might be
related to patients” impaired ability to objectively evaluate the outcomes of their actions and,
consequently, control specific behaviour. Compulsions, such as compulsive checking, might be
the behavioural response to decreased activity in this region. This corresponds well to the
findings from the correlational analysis, indicating a trend in compulsions increase with
decreased LFOs of bilateral cingulate gyri; notably, a relationship was observed for both

clusters independently.

The literature on the relationship between LFOs of the cingulate gyrus with OCD is
inconsistent. A recent meta-analysis reported increased fALFF within the left medial cingulate
gyrus (Li et al., 2023) suggesting increased spontaneous fluctuations in this region, which
somewhat opposes the findings made in the present study. However, fALFF has several
methodological limitations and, therefore, cannot be directly compared with (m)PerAF. To

recapitulate: ALFF is calculated as the average square root across each frequency between 0.01-
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0.08 Hz of that voxel (Zang et al., 2007). Normalising each timepoint signal intensity to the
mean value of the time series, is a methodological improvement which made PerAF no longer
proportional to the mean intensity of the timeseries (unlike ALFF). Furthermore, to enhance
group comparison, the PerAF of each voxel is divided by the global mean PerAF of each
participant to create mPerAF. This makes mPerAF also mathematically distinct from fALFF, as
fALFF is a ratio of power of all frequencies to power of lower frequencies. This makes a direct

comparison with the results of the mentioned meta-analysis challenging.

Other studies have provided indirect evidence for increased activity of the anterior cingulate
gyrus (ACC), showing that regions associated with the CSTC loop are increasingly modulated
by the ACC in OCD patients (Diwadkar et al., 2015) or that metabolic activity decreased in
OCD patients after therapeutic capsulotomy which correlated with clinical improvement (Zuo
et al., 2013). On the other hand, some studies indicate that the function of the cingulate gyrus
might be reduced in patients with OCD. Data derived from a large sample of almost 300
children demonstrated that heightened performance monitoring, a risk factor for OCD, is
associated with decreased volume in the ACC, suggesting less structural integrity of the
cingulate gyrus in youth at risk for OCD (Gilbert et al., 2018). Another study reported that the
longer the illness persists, the less activity of the ACC can be found (Medvedeva et al., 2020).
Nevertheless, there is a lack of direct evidence for altered SBA in the cingulate gyrus in patients
with OCD. This might be due to different implications of the methods used in these studies,
specific involvement of anatomic subdivisions of the cingulate gyrus, or heterogeneities in the
underlying samples. Future research should address these issues when investigating SBA in
OCD patients. However, the bilateral affection of the cingulate gyrus as well as the
independently observed correlation with compulsion severity provides strong evidence for the

relevance of decreased SBA in the cingulate gyrus for OCD pathophysiology.

Furthermore, we found decreased PerAF and mPerAF in the right temporal gyrus. A previous
study observed decreased ALFF in the temporal gyrus and attributed this to
pathophysiologically relevant OCD-specific (DMN and FPN) network dysconnectivity (Yu et
al., 2021). Interestingly, this study also reported that spontaneous fluctuations in the temporal
gyrus decrease with the duration of OCD illness, similar to our observations. Moreover,
previous research has linked poor disease insight, a recognized subtype of OCD as well as a
disease reinforcing mechanism, with less ALFF within the temporal gyrus (Fan et al., 2017).
However, insight is not rated in the Y-BOCS. Thus, decreased SBA in the right temporal gyrus

might indicate the presence of patients of the poor insight subtype within our sample who were
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not identified with our behavioural assessment. Such classification of OCD subtypes should be
addressed by future studies, since it may provide important insights into neuropathological

heterogeneities within OCD.

The significantly lower mPerAF that we observed in the bilateral thalamus may be linked to
OCD-specific alterations in neural circuitry including a potential impact on thalamo-striatal
connectivity (Mennes et al., 2011; Zuo et al., 2010). Accordingly, two recent meta-analyses
have reported hypoconnectivity between the thalamus and the striatum within the CSTC circuit
(Gursel et al., 2018; Liu et al., 2022). This is not surprising as thalamus-striatum connectivity
is involved in cognitive control and hypofunction of this network is found already at illness
onset (Fitzgerald et al., 2011; Posner et al., 2014). Moreover, studies have demonstrated that
OCD patients display less structural integrity within the thalamus, specifically a reduction in
thalamus size along with deficits in the connecting fibre tracts (Piras et al., 2021; Weeland et
al., 2022). Hence, reduced thalamic spontaneous fluctuations integrate well into the literature

and could contribute to dysfunction of OCD-specific neural circuitry.

In addition, our study demonstrated decreased mPerAF in the right insular cortex. This finding
is consistent with previous research reporting decreased LFOs in the insula (Li et al., 2023), as
well as reduced structural integrity of the insula in OCD patients (Rus et al., 2017; Stevens et
al., 2022), indicating functional and structural deficits. Another study showed decreased insular
ALFF values to be correlated to Y-BOCS compulsion scores in non-medicated OCD patients
(Zhu et al., 2016). However, no assessment of insight was done here to explore whether
symptom type skewed the observation, as it has been shown that insula task activation and
dysconnectivity to the medial orbital frontal cortex plays a key role in poor insight in OCD
(Broekhuizen et al., 2023; Koch & Rodriguez-Manrique, 2023). The anterior insula is
furthermore an important component of the resting state salience network (Cauda et al., 2011),
which has proven critical in OCD pathology (Y. H. Chen et al., 2018; Fan et al., 2017; Gursel
et al., 2020; Hu et al., 2019; Zhu et al., 2016). The salience network as well as the insula per se
are generally associated with interoception and the integration of bodily and emotional
perceptions into awareness (Craig, 2003). Aberrant insula activity in OCD patients might be
linked to abnormalities in subjective perception, resulting in an increased urge to engage in
behavioural reactions (Eng et al., 2022). Other studies associated dysfunction of the insula with
depressive symptoms in OCD patients and altered risk processing (Luigjes et al., 2016; Zhou
et al., 2022). These studies suggest that the insula plays an important role in various symptoms

associated with OCD, although the exact function remains to be fully identified. Again, a
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differential involvement of its anatomical subdivisions, as well as interdependence with OCD

subtypes, seems plausible and requires further investigation.

PerAF and mPerAF group differences show a large overlap, with both metrics indicating
decreased values in the bilateral cingulate gyrus, as well as the right temporal gyrus. However,
the mPerAF differences between the control and OCD patients were more extensive, including
significant alterations in the bilateral thalamus and right insula. The temporal gyrus is in the
sylvian fissure, the insula is located in the sylvian cistern and the thalamus next to the
quadrigeminal cistern (Kucukyuruk et al., 2012; Liliequist, 1956). Since mPerAF normalises
individual PerAF values with their global mean, it is plausible that subject-specific variations
in tissue vascularisation and heart rate, amplified in signal near the cisterns have been accounted
for with mPerAF. Thus, this normalization potentially enhances the group-level contrast
(Kalcher et al., 2013). Future studies should particularly address which of the two parameters,

PerAF or mPerAF, is more reliable.
Limitations

The findings of the study presented here must be considered under some limitations. Results of
the correlational analyses did not surpass corrections for multiple testing, although the
Bonferroni method is quite conservative and carries the risk of inflating false negatives.
Moreover, we observed increased compulsion scores associated with bilateral decreases in
cingulate LFOs and a correlation between duration of illness and temporal gyrus LFOs that has
been reported before. Despite not surviving multiple correction, these consistencies render the

findings of the correlational analysis plausible.

Finally, our sample was quite heterogeneous, lacking documentation of poor insight, anxiety
and depression levels. This could also partially explain why only a trend in the correlations was
observed. In addition, not all patients were unmedicated, and when examining medication, the
study only considers the current 8-week period before data acquisition according to previous
research (Shin et al., 2014). Lifetime medication would be a more indicative measure to
consider. Symptom heterogeneity could additionally contribute to disparities between (f)ALFF
and (m)PerAF results, as patients differed in their individual symptom profiles albeit this makes
results more representative of the general OCD population. Future studies may nevertheless
want to account for such symptom profiles and subtypes to attain a more differentiated

understanding of the clinical landscape of OCD.

Conclusion
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To the authors’ knowledge, this is the first study to analyse (m)PerAF in OCD patients. The
results indicated reduced SBA in the bilateral cingulate gyrus which was associated with a trend
in increased compulsions in OCD patients, as well as reduced spontaneous fluctuations in the
temporal gyrus that decreased with the duration of illness. Moreover, we found reductions in
thalamic spontaneous fluctuations, which may be linked to altered CSTC circuitry, and reduced
spontaneous fluctuations in the insula, potentially related to alterations in interoception.
(M)PerAF showed potential in enhanced affinity in regions proximal to cisterns. Additionally,
if proven to have improved re-test reliability and reproducibility compared to (f)ALFF,
(m)PerAF could become an instrumental metric in studying OCD. We believe that further
studies should employ this approach to further investigate differences between PerAF and
mPerAF and further contextualise present findings. Overall, our findings demonstrate that
(m)PerAF successfully differentiates between OCD patients and HCs and is a promising

biomarker for future investigations of neuropsychiatric pathophysiology.
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4.0 General Discussion

4.1 Using tDCS To Modulate Inhibition In Patients

The present dissertation has successfully captured novel methods with which to quantify brain
activity in OCD patients. We were able to successfully record BOLD measurements during
inhibition task completion and non-invasive brain stimulation in OCD patients. Irrespective of
the sequence order in which the stimulation was received, patients displayed a significant
increase in the percentage of correct responses in the Stroop task during the stimulation
condition in comparison to sham. Alongside this improvement in inhibition there were
alterations in the fronto-parieto-cerebellar network, which included increased activation in the
preSMA, the IFG, the ACC, the superior parietal lobe and parts of the cerebellum and thus in
regions known to be highly relevant for inhibition and cognitive control. Hence, this dissertation
indicates tDCS can improve inhibition in OCD, which is a ubiquitous deficit in OCD patients
(Berlin & Lee, 2018; Snyder et al., 2015; van Velzen et al., 2014). We expect such inhibitory
improvements to be sustained and, most probably, even stronger after multiple sessions of
stimulation. A study recently demonstrated that with 10 repeating sessions of 2mA tDCS to the
preSMA, albeit with a different electrode montage, it was able to show improved inhibition
performance, in the form of significantly higher accuracy and reduced response times (RTs) in
the inhibition trials up to a month post-intervention (Alizadehgoradel et al., 2024). There were
unfortunately no fMRI recordings, making the comparison between underlying brain activation

changes in our study and theirs difficult.

There have been additional studies investigating 10-20 multi-session tDCS effects in OCD, as
summarised by this meta-analysis (Brunelin et al., 2018). The largest limitation facing such
studies are their small power, as most only have a sample of around 10 participants.

Narayanaswamy and colleagues (2015) showed anodal left preSMA tDCS successfully
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increased preSMA activation during inhibition trials in their single case study, restoring OCD-
typical preSMA hypoactivity during inhibition. This was additionally paired with symptom
improvement following the 10 sessions (Narayanaswamy et al., 2015). PreSMA reduced
activity during inhibition trials relative to HCs has generously been reported (Fitzgerald et al.,
2005; Page et al., 2009; Roth et al., 2007; Rubia et al., 2010; Rubia et al., 2011; Woolley et al.,
2008). 10 sessions of cathodal preSMA stimulation equally resulted in Y-BCOS score
improvement in a different study, while opposite anodal stimulation worsened symptoms for
most patients (D'Urso et al., 2016). Both these studies placed their other electrode outside of
the 10-20 EEG coordinate system. We, however placed the anode lateral to the right preSMA
and the cathode lateral to the left preSMA. It is likely that the direction of current has little
influence on symptom and brain activity changes, so long as the EF reaches the preSMA
bilaterally. The same was observed with the anodal left dorsolateral PFC and cathodal preSMA
electrode montage of Alizadehgoradel et al. (2024). Meanwhile, Bation and colleagues (2019)
did not find a larger improvement in Y-BOCS scores in the stimulation group compared to sham
when applying tDCS to the OFC. Further studies are needed that incorporate fMRI recordings
to better understand the underlying mechanisms associated with Y-BOCS score and inhibition
performance improvement. This would allow enhanced insights into why Alizadehgoradel and
colleagues (2024) found long-term improvements in only one of two inhibition tasks, despite

both measuring response inhibition.

Our study set out to explore whether BOLD activation observations are in concert with
measurable task performance improvement. This could then allude to BOLD activation changes
being necessary for behavioural changes or vice versa no BOLD activation changes during
stimulation being indicative of an accompanying lack of inhibition performance differences.
We found that observed inhibition performance improvement in the Stroop task did occur in

concert with increased BOLD activation in the ACC, the bilateral middle frontal gyrus, IFG,
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supramarginal gyrus and cerebellum during stimulation. These observed BOLD activation
alterations however did not correspond to a stimulation-induced decrease in reaction time in
incongruent Stroop task trials. Hereby, our study adds to the evidence that increased activation
in the preSMA, IFG, ACC, and other regions in the superior parietal lobe could be imperative
for inhibition performance improvement. Additionally, momentarily reversing deficiencies
found in OCD patients in the preSMA (de Wit et al., 2012; Nachev et al., 2007), the ACC

(Norman et al., 2019)(see results in manuscript 2) and IFG (van Velzen et al., 2014).

4.1.1 Limitations Of FMRI

FMRI limitations encompass primarily the design of the study and this, in turn, can pertain to
data acquisition considerations or data analysis interpretations. Limitations include signal to
noise ratio alterations of specific sequences due to introducing tES cables into the scanner and
headcoil. Additionally, head motion in patient populations and during task completion are to be
considered, paired with the varying efficacy of head motion correction approaches (Goto et al.,
2016). When examining the neuronal correlates of inhibition, the literature primarily reports
concurrence of activation to be observed in a predominantly right-lateralized network involving
the right preSMA, right middle/inferior frontal gyrus, bilateral inferior parietal regions,
occipital regions and putamen (Nachev et al., 2007; Simmonds et al., 2008; Verbruggen &
Logan, 2008). Even in a task with a relatively low complexity, such as inhibition tasks, findings
between different studies are often relatively inconsistent. Tasks are chosen to adhere to either
block or event-related fMRI task design. These have varying advantages and disadvantages
which influence the BOLD activation contrasts between task conditions and baseline. Block
designs are preferential for tasks which do not fit a trial-by-trial framework such as continuous
exercises. Additionally, they optimise signal-to-noise ratio, as task conditions are clearly
differentiated from baseline by forming blocks of identical trial types (Petersen & Dubis, 2012).
Block designs, however, do not distinguish between correct and incorrect trials within a block,
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instead averaging the two responses. They therefore do not represent the complexity and
magnitude of the neural processes involved (Meltzer et al., 2008). In our case distinguishing
between successful and unsuccessful inhibition trials was inherently crucial, therefore steering
us towards an event-related design. The event-related design looks to extract neuronal activity
from evoked haemodynamic responses and improves temporal resolution of fMRI analyses.
Unfortunately, the signal-to-noise ratio is lower compared to block designs. Inclusion of jittered
fixation frames in between trials allowed the haemodynamic response to return to baseline

while still successfully describing a trial-type specific time course (Miezin et al., 2000).

Discrepancies in experimental observations described in the literature are because fMRI is only
a proxy for neuronal activity. These recordings can also be influenced by acquisition sequences
and environmental factors such as cardiovascular signals (Turner, 2016). The BOLD signal
records the ratio between the strongly paramagnetic deoxygenated and non-magnetic
oxygenated haemoglobin. Oxygen binds to the iron ion at the centre of each of the four heme
groups, hence in deoxygenated haemoglobin there are unpaired electrons at each iron centre,
which causes its strong paramagnetic characteristics (Marengo-Rowe, 2006; Zborowski et al.,
2003). Increases in blood flow result in an increase in oxygenated haemoglobin and decrease
in deoxygenated haemoglobin at the site of brain activation. The BOLD signal captured with
EPI sequences thus simply represents changes in magnetic susceptibility of that voxel. Through
neurovascular coupling, neuron and astrocyte activity elicits subsequent regional cerebral blood
flow changes to restore oxygen levels. This cause a net decrease in deoxygenated haemoglobin
concentration, which leads to an increase in the MR T2* signal (Turner, 2016). For this reason,
the magnetic susceptibility changes due to increased oxygenated haemoglobin have a delay of
6 seconds from neuronal excitation (Bush & Cisler, 2013; Wink et al., 2008). This delay can
additionally vary slightly depending on tissue perfusion and more largely due to pathological

conditions such as ischemic stroke and hypertension (Girouard & ladecola, 2006). During either
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study, we unfortunately did not inquire about hypertension in participants. Furthermore, MR
T2* signal is not always correlated to neuronal activity in the healthy brain. Specifically, a
reduction in neuronal activity does not necessarily result in a decrease in BOLD signal
(Schridde et al., 2008). Additionally, distinguishing the signal from neuronal activity to oxygen
absorption rate at these voxels is incredibly challenging. These metabolic changes could be

intrinsic to that area or being observed as a result of metabolic changes in other connected areas.

FMRI has gained a lot of popularity in the last two decades due to its high spatial resolution,
with fMRI voxel sizes typically ranging between 2-3 mm?. Advances in MR sequence design
have allowed the implementation of slice acceleration using multiband echo planar imaging
(EPT) at 3T (Xu et al., 2013). Nonetheless, multiband sequences also employed in the current
study bring their own additional risk of other artefact formations, which is why slice acquisition
acceleration and acquisition of too many slices at once should be avoided (Wall, 2023). Using
a multiband factor of 2 in data acquisition of the first study described in this dissertation,
allowed us to cut down repetition time to 1 second. Meaning we were able to acquire an entire
3D volume of the whole brain every second. Since we were scanning patients, who are already
prone to more movement, while additionally receiving stimulation and performing button
presses, we wanted to account for as much movement as possible to reduce movement-related
false positive findings (Maknojia et al., 2019). Accounting for head motion during acquisition
is not sufficient, as studies have found that even with nuisance regression and band pass filtering
head motion can still influence connectivity outcomes (Hallquist et al., 2013). Hallquist and
colleagues (2013) recommend a simultaneous filtering approach. For our rs-fMRI study we did
successfully apply band pass filtering following nuisance regression, which performs better
than the opposite. There was however no option to complete this simultaneously for the

RESTplus toolbox utilised.
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Finally, the context of an MR scan can be incredibly challenging for patients. In part due to
being exposed to a hospital environment which sometimes triggered symptoms, but also due to

being exposed to constant noise and distractions within the scanner.

4.1.2 Limitations Of TDCS

Variations in EF strength and focality are to be expected between patients and sessions. The
individual brain anatomy varies depending on age and other environmental factors. Replicating
exact electrode placement between the two sessions was impossible in our study, as we did not
have access to expensive neurosurgery Neuronavigation systems and were therefore limited to
EEG 10-20 placement. When electrode location was assessed via the T1 and T2 images of each
session, we found electrode position and orientation to have slightly shifted between the
sessions, in some participants more than others. Therefore, the need to quantify altering EFs
post-hoc per subject and session was instrumental. The section below will highlight why despite
having included these calculations in our manuscript, some considerations are essential to

evaluating their validity.

Saturnino and colleagues (2019) investigated the effect of modelling EF using different tissue
conductivities found in the literature for different types of tES montages. They found that in the
case of two-electrode tDCS the grey matter conductivity uncertainty, in comparison to other
tissues, was most relevant for EF calculations (Saturnino, Thielscher, et al., 2019). EF
modelling for each individual participant’s cortical gyrification and volume was therefore
imperative. Especially as variability in cortical gyrification in disorder-relevant regions is more
likely in patients (Fan et al., 2013; Park et al., 2023). Against this background, in the current
study the potential influence of subject-specific EF strength values at the preSMA were
therefore investigated using a mediation analysis. The analysis found no direct or indirect
mediation effect of preSMA EF on the influence of stimulation-related preSMA brain activation

on the stimulation-related inhibition. It neither found any association between the individual
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measures. The investigation was aimed to additionally gain insight on whether tDCS has
activity-selectivity: the assumption that tDCS will preferentially modulate specific forms of
ongoing activity. A previous study with a bihemispheric tDCS montage targeting sensorimotor
regions through tDCS stimulation during an online motor task showed dose dependent regional
cerebral blood flow (CBF) recruitment and motor task improvement (Shinde et al., 2021). Only
the highest dosage of 4 mA was able to additionally show indirect regional CBF effects in
functionally connected regions for this set-up. While this is only a surrogate measure for
neuronal depolarisation effects of tDCS, it demonstrates why accounting for dosage is vital. EF
strength at sensorimotor or inhibition related areas could explain recruitment of other areas
during either Stop-signal or Stroop inhibition task. Extending the mediation analysis to other
functionally connected ROIs could have resulted in other findings, which were not originally

envisioned when only the preSMA was included.

A second mediation analysis in our study examined whether skull thickness above the preSMA
mediated preSMA activation or inhibition performance. Our analysis found that skull thickness
did not mediate preSMA activation or inhibition performance nor inhibition performance
through preSMA BOLD activation. This could be as target accuracy and focality with tES is
limited, due to the afore mentioned low conductivity of the skull coupled with the
comparatively high conductivity of CSF. This combination causes the EF to spatially disperse
intrinsically and to hereby limit the achievable spatial resolution (Dmochowski et al., 2012).
When only quantifying skull thickness, the relatively large volume of CSF surrounding the
preSMA is ignored. Close to the CSF the EFs have the tendency to point in the lateral direction
(towards CSF) enforcing a field direction normal to the cortical sheet, compromising targeting
accuracy (Saturnino, Siebner, et al., 2019). Another limitation of the second mediation analysis
is that it lacks information on the proportion of spongy and compact bone observed at the skull

above the preSMA. The different bone types have differing conductivity values, thus deeming
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skull thickness an incomplete measure. These results paired with investigations showing a wide
variety in spatial distributions of axonal and dendritic terminal polarisation, suggest tDCS
specific effects could arise from selective modulation of active circuits or biasing of different

synaptic inputs instead (Bikson et al., 2013).

Studies have reported that EF spatial focality is strongly dependent on electrode position (Klaus
& Schutter, 2021; Videira et al., 2022). Evaluating differences in EF location and strength
between multiple timepoints is essential to better understand varying tDCS effects (Klaus &
Schutter, 2021). There has been growing evidence on how relatively minor anatomical
differences such as skull thickness (Antonenko et al., 2021; Opitz et al., 2015), CSF thickness
(Mosayebi-Samani et al., 2021; Opitz et al., 2015), local tissue variability (Russell et al., 2013),
general subcutaneous fat (Truong et al., 2013), neuron orientation to the field (Arlotti et al.,
2012) and gyrification (Datta et al., 2012; Opitz et al., 2015) can alter tDCS neuromodulatory
effects. These characteristics not only range per individual but also vary depending on the
electrode position and orientation of that session, which once more highlights the importance
of EF modelling (Foerster et al., 2019; Klaus & Schutter, 2021; Saturnino et al., 2015; Videira

et al., 2022).

Commonplace EF modelling software only allows studies to investigate the uniform direct
current EF. With this model, distant current sources on the head create an EF in the brain where
stimulation establishes a gradient of polarization across a neuron’s morphology. Depolarisation
happens at the anode, hyperpolarization at the cathode and virtually no change near the centre
(Akiyama et al., 2011; Bikson et al., 2004). Conclusions of Akiyama et al. (2011) and Bikson
et al. (2004) were based on in vitro recording of rat hippocampal slices. Conversely, when
consulting human cortex modelling, cortical gyrification leads to both directions of current flow
in neighbouring neurons, complicating the overall polarisation effects. Aberra et al. (2023) more

recently investigated neuronal polarisation in a morphologically realistic human cortical neuron
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model. They found that the polarisation of soma, axon and dendrites across EF varied by cell
type, albeit axonal and dendritic terminals being overall more polarised than the soma in all
neuron types. Polarisation of any neurons, including even interneurons was not correlated with
the tangential current of the electrodes. Pyramidal cell somatic polarisation was strongly
correlated with the normal component of the EF but had weaker correlations with the axonal
and dendritic polarisation, more important for overall excitatory effect (Aberra et al., 2023).
The normal component has previously been given a lot of importance in EF modelling, due to
its comparative strength to the weaker tangential component (Miranda et al., 2013). Generally,
both the high-definition (HD) set-up, which uses four circular cathodes and one anode, as well
as the regular tDCS, showed depolarisation and hyperpolarisation beneath the anode, with
bimodal distributions of peak polarisation in the dendrite and axon (Aberra et al., 2023). This
could explain why, rather than EF distribution, the area covered by the electrode over the M1
was indicative to whether cortical excitability/inhibition was observed in another study

(Foerster et al., 2019).

In summary, complexities of EF projection to the pyramidal neuros in the cortex result in tES
montages stimulating large areas, which make it difficult to attribute an experimental outcome
to the stimulation of a particular brain region. Our design aims to circumvent this by identifying
the brain activity changes between the sham and stimulation timepoints of the same participant.
This way we could identify areas attributed to behavioural improvements and other
experimental outcomes. To better outline this causality, concurrent tES-fMRI or tES-EEG
studies are needed. Another recent trend in tES is the designing of so called closed-loop studies,
which record brain activity before, throughout and after the stimulation to better understand

effects derived from it (Ekhtiari et al., 2022; Stecher et al., 2021).
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4.1.3 Task Limitations

One of the aims of the first study was to assess whether tCDS targeting the right preSMA of
OCD patients was able to improve inhibition performance of these patients. Previous tDCS
studies had indicated these effects to be measurable using both Stroop and Stop-signal tasks in
healthy and ADHD patients (Cai et al., 2016; Narmashiri & Akbari, 2023; Schroeder et al.,
2020; Tomiyama et al., 2022; Yu et al., 2015). Some of these studies performed the task
following tDCS application (Cai et al., 2016; Tomiyama et al., 2022; Yu et al., 2015), while
others reported both online and offline task effects (Narmashiri & Akbari, 2023; Schroeder et
al., 2020). Our study was able to demonstrate a tDCS-induced improvement in inhibition
performance in the Stroop task and an associated increase in inhibition-relevant brain activity.
The improvement in inhibition performance was detectable in terms of an increased response
velocity, yet we did not observe a significant improvement in inhibition accuracy. Null findings
following a single session of tDCS are common in the literature. One meta-analysis examined
single session tDCS effect on working memory and language production tasks and found it had
no reliable influence on either (Horvath et al., 2015). Schroeder and colleagues (2020)
examined 45 tDCS studies on HCs and concluded that Stop-signal task performance modulation
from a single session of tDCS was quite unlikely. Furthermore, the task variation in this meta-
analysis significantly shaped behavioural outcomes at least as much as technical tDCS
parameters, which could explain significant findings of some studies in HCs. These
observations are also in line with the aforementioned proposal of functional specificity and non-
focal nature of tDCS (Bikson et al., 2013). Nonetheless, the study was not able to do an
extensive variable moderation analysis, leaving us to speculate (Schroeder et al., 2020). Poor
effect sizes on modulation of inhibitory performance after a single session tDCS in HCs are not
necessarily directly applicable to OCD patient studies. OCD-specific deficiencies in inhibition

tasks have a multitude of underlying mechanisms that contribute to performance effects
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differently depending on the task design. This makes their sensitivity to being altered by tDCS
not comparable to HCs. Studies have shown that OCD patients have greater avoidance habits
and hyperactive neural error-signals (Gillan et al., 2014; Riesel, 2019; Riesel et al., 2019).
These differences depend on the type of task being performed and are exacerbated when speed
is prioritised, while not being significant between OCD and HCs when accuracy is encouraged
(Riesel, 2019; Riesel et al., 2019). Another key component for activity specificity is taking into
consideration online vs offline effects. Narmashiri and Akbari (2023) investigated the effect
online tDCS had on cognitive task performance in 69 studies. Online task design compared to
offline task completion showed significantly larger effect size in inhibition RT. It curiously
showed a significantly larger effect size in working memory accuracy but a significantly lower

effect size in flexibility accuracy in online studies (Narmashiri & Akbari, 2023).

Finally, yet another aspect to highlight is the variability of cognitive mechanisms that different
tasks target. Sebastian et al. (2013) differentiates between inference inhibition, action
withholding and action cancellation, listed in order of complexity of demands. The study set
out to build a task which incorporated all subprocesses, showing that depending on task
parameters they can capture different behaviours. When comparing action cancellation with
action withholding they found increased activation in the bilateral IFC, preSMA, right striatum
and left inferior parietal lobule (Sebastian et al., 2013). Deficits observed in OCD patients
differ, for example Chamberlain and colleagues (2006) found action cancellation, assessed with
the stop-signal task, correlated with OCD disease severity, while cognitive flexibility deficits
were not found to be correlated in both Chamberlain et al. (2006) and Britton et al. (2010).
However, Bohne and colleagues (2008) found action restrain impairments to be inconsistent
and only observed in patients with an early onset of the disorder. The relevance of these
different inhibitory sub-processes might explain why studies using different inhibition tasks

reported partly inconsistent results. The Stroop task is more challenging to categorise.
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Participants must refrain from reading the word and simply focus on the colour it is printed in.
However, since these are the colours red, blue, green and yellow, our brain would read them in
milliseconds speed. Therefore, it could be argued the participant is withholding the action of
responding to the meaning of the word, forcing themselves to refocus on the colour it is printed
in. There is a lot of disparity on the definition between these subprocesses, making it hard to

directly compare previous findings.

4.2 Altered Intrinsic Functional Connectivity in OCD

The present dissertation successfully executed the calculation of the novel methods PerAF and
mPerAF in resting-state fMRI (rs-fMRI). The results presented indicate that (m)perAF
identifies differences in LFOs between OCD patients and HCs, providing new insights into
spontaneous brain activity in OCD patients and contributing to an improved understanding of

the underlying pathophysiology.

We expected to find alterations in LFOs in areas related to the CSTC loop, as well as in those
areas involved in inhibition performance, as underlined in the previous study. Markedly, the
group comparison revealed decreased LFOs in OCD patients, compared to HCs. Both metrics
found decreased LFOs in the bilateral cingulate gyrus and right temporal gyrus. Additionally,
mPerAF detected decreases in the bilateral thalamus and right insula. There were some trends
in correlations, but none were significant after multiple comparisons. Decreased PerAF in the
bilateral cingulate was associated with increased Y-BOCS compulsion scores. Lower LFOs in
the cingulate gyrus were found in patients with higher compulsions, thus emphasizing the
clinical relevance of these LFO alterations. PerAF additionally decreased in the temporal gyrus
with duration of illness whereas mPerAF in the temporal gyrus was significantly higher in
medicated patients. This suggests that the longer patients have been diagnosed with OCD, the
less activity they display in the temporal gyrus, whereas medication seems to rather have a

therapeutic effect in this case on LFOs irregularities.
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Bruin et al. (2023) published the largest resting state connectivity analysis in OCD conducted
to date, which found no differences in fronto-striatal connectivity between OCD patients and
HCs. The only alteration in functional differences within the basal ganglia were found between
the thalamus and the caudate. This is in line with (m)PerAF also only observing significant
changes in LFOs in the thalamus and no other stratal regions in our study. Despite our rs-fMRI
study finding altered LFOs in parts of the CSTC circuit (e.g., the thalamus) in the present OCD
sample, our hypothesis to detect the “classical” CSTC changes could not be corroborated by
the present findings. A possible reason for discrepancies with other studies which found other
alterations in the basal ganglia could be their use of pre-determined seeds, which has previously

featured heavily in rs-fMRI analyses.

Switching or mediating activation between DMN, involved in self-referential thoughts and
internal processes, and FPN, involved in external goal directed behaviour, is assumed to
constitute the underlying neurobiological function of the salience network (Menon, 2011). This
notion of the salience network switching between DMN and frontoparietal network has been
conceptualized in the “triple network model” (Gursel et al., 2018; Menon, 2011; Stern et al.,
2012). OCD patients’ inability to switch attention between internal thoughts and goal-directed
behaviour may thus constitute a central mechanism underlying obsessive-compulsive
behavioural patterns. Sridharan and colleagues (2008) have found the ACC and right insula to
be critical in switching between the DMN and executive networks in HCs. In line with this
Stern et al. (2012) investigated connectivity between the FPN and the DMN in OCD patients
and found altered connectivity between the anterior insula and the DMN. Another functional
connectivity study highlighted the importance of cortical networks, particularly involving the
insula and cingulate cortex in the pathophysiology of OCD (Cocchi et al., 2012). Our study’s

bilateral cingulate gyrus alterations in PerAF and mPerAF, as well as PerAF differences in the
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right insula between the groups might likewise be an indicator of these deficiencies in network

switching.

The bilateral thalamus has been widely implicated in the pathophysiology of OCD, especially
in the framework of an alteration within the CSTC circuit. Studies reporting on thalamic volume
alterations have seen contrasting results, with some reporting increases (Atmaca et al., 2019;
Atmaca et al., 2007) in volume and others reporting decreases in volume (Jurng et al., 2021;
Weeland et al., 2022). Weeland and colleagues (2022) conducted a large multi-cite study and
showed larger thalamic volumes in children with OCD yet smaller thalamic volumes in adults
with OCD. Additionally, only symptom severity in adults was negatively associated with
volume. Our (m)PerAf findings showing decreased spontaneous brain activity in the bilateral
thalamus might be related to these grey matter alterations, albeit the extent of these structural

alterations is certainly much lower than the observed LFO changes.

The alterations found in the second study are in concordance with previous literature,
contributing evidence to specific regions which should be revised further. It should also be
noted that there were no significant LFO increases in patients compared to healthy individuals.
This is partly in line with previous, albeit methodologically different, studies. Thus, the present
study differs not only with regards to the analysis parameter (i.e., (m)perAF), but also stands
out through its comparatively large study size and its unbiased design, not including any pre-
determined seeds or ROIs. It further has implemented multiple comparison thresholds, which
previous studies variably do (Bennett et al., 2009). Nonetheless, a limitation of applying a new
intrinsic functional connectivity method, is that there is a lack of studies testing its reliability
using different statistical methods. Therefore, we have no evidence for an improvement or lack
thereof of (m)PerAF’s test-retest reliability and replicability albeit previous findings suggest an

improved test-retest reliability predominantly for the mPerAF parameter. Nevertheless,
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additional studies are certainly needed to assess the reliability and replicability of this relatively

new resting state measure.

95



5.0 Conclusions & Outlook

Implementation of tCDS as a potential therapeutic agent has so far seen poor study design,
including open label studies (Bation et al., 2016; Dinn et al., 2016; Najafi et al., 2017), low
number of subjects and no EEG or MRI biomarker measurements (Brunelin et al., 2018; D'Urso
et al., 2016). tDCS as an alternative therapeutic has wide-reaching implications, as it is mobile
and relatively easy for patients to implement with non-specialised personnel at the clinic or
alternatively on their own. Not only for these reasons, tDCS is increasingly being applied as an
add-on therapy in hospital care for several different disorders or mental states. With causal
modulation of cerebral excitability with tDCS, we expected to momentarily restore functional
abnormalities in the OCD-relevant brain circuity. In principal accordance, we expected the
intervention to be associated with behavioural and clinical improvement in our study. Clinical
improvement was not achieved from a single session of tDCS. At first sight, this seems
somewhat surprising considering that we assume a close association between inhibition
capacities and compulsions as well as, albeit to a lesser degree, obsessions. Our findings
however suggest that single session tDCS has the capacity to, potentially transiently, improve
behavioural inhibition without leading to a perceived amelioration of compulsions or
obsessions. This, in turn, may have various reasons including heterogeneity of clinical
characteristics, limited self-awareness (which is necessary for a patient to realize a potential,
even transient, symptom relief) or study-design related aspects (i.e., inhibition performance was
recorded during tDCS whereas assessment of clinical symptoms could only be performed about
an hour after tDCS. Alternatively, it is also conceivable that the relationship between inhibition
capacities and clinical symptoms is not as close as assumed and single session tDCS simply
does not have a significant effect on symptomatology. Despite this limitation, the changes in
inhibition-related BOLD activations and the improvement in inhibition performance indicate

that it might be worthwhile to apply this study design in the context of a multi-session study.
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Future studies could make use of HD tDCS montages, which consist of usually 4 circular
cathode electrodes surrounding one circular anode. They are designed to produce more focal
polarisation, reducing current in off-target structures. One study comparing the HD montage to
the standard tDCS montage found stronger, longer-lasting motor cortex excitability
enhancements, as measured by TMS, with the HD montage (Kuo et al., 2013), In concordance,
Aberra and colleagues’ (2023) morphologically realistic cortical neuron models showed that
HD montages also produced higher maximum neuronal polarisation in the gyral crown. We
were unable to implement an HD montage, as the tDCS-MRI compatible device and cables we
had access to limited its configuration to a single anode and cathode. The manufacturer,
Neurocare, has only recently released MR compatible components allowing for more

electrodes.

The areas showing significant (m)PerAF differences were neuropathologically relevant and
plausible, thereby providing valuable insights into the underlying pathophysiology. LFOs in
patients were all weaker compared to those in healthy individuals thus suggesting a lack of
spontaneous brain activity in these networks known to be relevant for diverse processes as
discussed above. The second study presented suggests multiple avenues for future research.
Particularly, a methodological (m)PerAF study is necessary, where with a larger OCD sample,
the effect of different preprocessing parameters on PerAF and mPerAF are reported. This would
aid in reconfirming the preprocessing choices that were made, following Jia et al. (2020).
Additionally, the field requires investigation of these parameters on different rs-fMRI

acquisition sequences, necessary to elucidate reproducibility of these metrics.

In conclusion, the two projects included in this dissertation reaffirmed key neuronal correlates
of OCD. They additionally provide future studies with well documented metrics to replicate

these studies in larger samples and/or less heterogenic samples.
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