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Summary and general discussion
Th e aim of this thesis was to gain more insight in the neural underpinnings of cognitive 
control impairments in OCD. Specifi cally, we wanted to test the hypothesis that reduced 
top-down control of the dorsal cognitive fronto-striatal circuit over hyperactivated ventral 
aff ective fronto-striatal circuits and limbic regions is associated with executive control 
defi cits in OCD. Additionally, we wanted to disentangle state-dependent from trait-
related neurocognitive features in order to identify putative endophenotypes. For this 
purpose we used functional MRI and scanned 46 medication-free adult OCD patients, 
19 of their unaff ected siblings and 41 matched healthy controls during performance of 
an emotion regulation, response inhibition and a working memory task. In a follow-up 
MRI scan session we modulated excitability of the left dorsolateral prefrontal cortex with 
rTMS to specifi cally test if the ‘therapeutic’ upregulation of activity of the dorsal circuit 
results in improved emotion regulation capabilities in OCD patients and if a ‘temporary 
functional lesion’ of the dorsal circuit impairs emotion regulation in controls. Further, 
to assess morphometric changes throughout the OCD brain in relation to aging and 
clinical factors such as co-morbid diagnosis, medication use and symptom dimensions, 
we compared structural MRI scans of 412 OCD patients with those of 368 control 
subjects, collected by 6 international sites part of the OCD Brain Imaging Consortium.

In this fi nal chapter, we will discuss the main fi ndings and implications of the 
research presented in the individual chapters of this thesis. We will subsequently address 
the implications of the results for our frontal-striatal working model of OCD. We will 
expand on the role of cognition-emotion interactions and pre-SMA in OCD. Th en 
we will discuss some methodological issues regarding the work presented in this thesis. 
Lastly, we will make recommendations for future research.

Main fi ndings per chapter:
Chapter 2: What are consistent changes in regional gray and white ma  er volume in the 
OCD brain, and how are these changes related to aging and clinical factors?

In chapter 2, using a large multi-center sample, we assessed voxel-wise diff erences in 
gray matter (GM) and white matter volumes between 412 adult OCD patients and 368 
controls. Between-group comparisons were performed on the whole sample as well as 
an age-matched sample (N=645). We also assessed eff ects of aging in both groups and 
the eff ects of comorbid diagnosis, symptom dimensions, and medication status in the 
OCD sample. Our main fi ndings were i) smaller volumes of bilateral medial frontal 
and inferior fronto-insular GM and adjacent white matter, ii) greater GM cerebellar 
volume, and iii) relative preservation of putamen/insular GM volume with aging in 
OCD patients compared with controls. Th ese fi ndings were corrected for multiple 
comparisons across the brain, and were independent from medication-status. In line 
with the literature in anxiety and depression (Goodkind et al. 2015; Radua et al. 2010), 
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smaller medial frontal GM and WM volumes were more pronounced in patients with 
comorbid anxiety disorders and/or unipolar depression, and we hypothesized this is 
indicative of a common pathophysiological mechanism across aff ective disorders 
related to a shared defi cit in cognitive control and emotion regulation. In line with our 
hypothesis, we observed group-by-aging interaction eff ects in the putamen, which, at 
an uncorrected level, extended into orbitofrontal cortex and the nucleus accumbens  
(relative preservation of volume with aging). At the uncorrected level a relative loss of 
volume with aging was observed in the inferior and middle temporal gyrus, fusiform 
gyrus and parahippocampal gyrus extending into the thalamus. We also observed 
reduced volume of the thalamus in patients, this result was apparently driven by the 
older patients, since it did not survive in the age-matched analysis. We proposed that the 
relative preservation of orbito-frontostriatal regions in OCD is due to activation-induced 
neuroplasticity associated with chronic compulsive behaviors or compensatory processes 
due to cognitive dysfunction. Th e relative loss of paralimbic parts of the temporal cortex 
with older age may be related to chronic stress or anxiety, although we cannot rule 
out medication eff ects in this data-set. Th e results of the symptom dimension analyses 
topologically did not overlap with previous fi ndings (see e.g. van den Heuvel et al. 
2009). We hypothesized that results broadly agreed with the notion that the various 
subphenotypes of OCD have overlapping but also unique neural correlates. However, 
we should interpret our fi ndings with caution since we cannot exclude the possibility 
that inconsistent fi ndings are due to methodological issues, such as certain symptom 
clusters covarying with recruitment at specifi c sites, comorbidity, medication history, 
disease onset or severity.

Greater cerebellar GM volume is in line with some but not all previous VBM studies 
in OCD, and in contrast with the smaller cerebellar volumes reported in disorders 
often co-morbid with OCD (see Hoppenbrouwers et al. 2008; Phillips et al. 2015). 
Interestingly, greater cerebellar volume has also been found in off spring of alcoholics, 
suggesting a role of the cerebellum in compulsive behaviors (Hill et al. 2007). It is 
thought that the cerebellum integrates cortico-striatal information fl ow (Middleton 
and Strick 2000b), and is instrumental for cognition and emotion, as well as for 
motor control by encoding an internal model of mental representations and essential 
properties of body parts, respectively (Schutter and van Honk 2005; Ito 2008). We 
speculated that the observed cerebellar and inferior fronto-insular changes were directly 
related to cognitive dysfunction and OCD symptomatology, yet this awaits empirical 
confi rmation. Our fi ndings thus partially support the prevailing fronto-striatal models 
of OCD, but we hypothesized a greater role for the cerebellum in OCD illness models 
than is currently recognized. 

Like most previous VBM reports, we did not observe volume alterations in the 
amygdala-hippocampal complex in OCD. Recently however, we (Fouche et al. 2016) 
analysed the same data-set with Freesurfer, which uses putatively superior segmentation 
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algorithms for subcortical regions, and observed reduced volume of the hippocampus. 
Th e results showed that the reduced frontal volumes in the OBIC data-set are at least 
partially explained by a reduction in cortical thickness, and we additionally observed 
reduced cortical thickness in parietal and temporal cortex. Further, we recently 
performed a structural covariance analysis (Subira et al. 2016) in this same data-set. Th e 
results showed increased covariance in OCD patients compared with controls between 
the right centromedial amygdala and the ventromedial PFC (vmPFC), indicating 
altered connectivity between these regions. Additionally, particularly in older patients 
increased structural covariance between the bilateral ventral-rostral putamen and the left 
inferior frontal gyrus (IFG) was found. Overall these combined OBIC results provide 
additional evidence for structural brain changes in OCD involving fronto-striatal, but 
also the limbic, parietal and temporal regions and the cerebellum, and emphasize the 
contribution of altered aging-related trajectories in addition to the hypothesized altered 
neurodevelopment in OCD. To gain more insight in the signifi cance of altered brain 
structure in OCD, studies are needed that assess brain structure within-subjects over 
time during development (in pediatric samples), disease course, and during aging (adult 
samples).

Chapter 3: Is emo  on regula  on impaired in OCD pa  ents and can it be modulated using 
rTMS?

It has been thought that reduced top-down control of dorsal frontal-striatal regions 
over ventral aff ective fronto-striatal and limbic circuits underlies problems with emotion 
regulation in psychiatric patient groups including OCD patients (Phillips et al. 2003b; 
van den Heuvel et al. 2004; Mataix-Cols and van den Heuvel 2006). Th ere has been one 
recent study showing that attentional deployment can alter emotion processing in OCD 
(Simon et al. 2014). Yet, cognitive control over emotion using cognitive reappraisal, 
a strategy employed during cognitive therapy, was never studied in the disorder. We 
wanted to test whether cognitive reappraisal-related emotion regulation capabilities i) 
were impaired in OCD patients compared with controls and ii) could be modulated 
by rTMS. In Chapter 3 we therefore compared functional MRI scans recorded in 
our sample of unmedicated OCD patients with matched healthy controls while 
they performed an in-house developed OCD-specifi c emotion regulation task before 
(baseline scan session) and after a single-session of rTMS over the left dlPFC (scan 2). 
Participants processed general fear and OCD-specifi c stimuli during natural appraisal 
(‘attend’ instruction) and cognitive reappraisal (‘regulate’ instruction). Given our strong 
hypothesis the imaging analysis primarily focused on a priori regions-of-interests (ROIs) 
of the dorsal and ventral systems implicated in emotion regulation: the bilateral dlPFC, 
dorsomedial PFC (dmPFC; medial frontal wall including pre-SMA and dorsal anterior 
cingulate cortex (ACC)), the amygdala and the rostral ACC. Since it is the fi rst study on 
reappraisal in OCD and the exploratory nature of our rTMS experiment, results were 
additionally presented at whole-brain p<.001 uncorrected for multiple comparisons.
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In Iine with previous fi ndings (e.g. Simon et al. 2010, see Rotge et al. 2008 for a 
meta-analysis), we observed increased self-report distress ratings during processing of 
both fear and OCD-related stimuli in patients versus controls, combined with increased 
and/or altered timing of BOLD responses in emotion processing areas including visual 
cortex, the right amygdala and caudate nucleus. Contrary to our hypothesis, OCD 
patients seemed able to use cognitive reappraisal as a strategy to down-regulate negative 
aff ect (as indicated by the distress ratings) just as well as control subjects for the fear 
stimuli, and even to a greater extent for the OCD-related stimuli. Although this last 
fi nding is probably related to a fl oor eff ect due to OCD stimuli not being very salient 
for control subjects. When implementing cognitive reappraisal however, OCD patients 
compared with controls showed i) attenuated frontal-parietal activation (including the 
left dlPFC) and diminished dmPFC - amygdala connectivity (during regulation of 
general fear stimuli), and ii) augmented dmPFC activation (during regulation of disease-
relevant stimuli). Moreover, in patients cognitive reappraisal did not reduce subjective 
distress to the level reported by controls, nor did it lead to activation of the dlPFC. 
So although both groups recruited known control regions during emotion regulation 
(e.g. dmPFC, ventrolateral PFC) and this resulted in down-regulation of rostral ACC 
responses, patients failed to activate the dlFPC. 

Absence of dlPFC activation in the regulate versus attend contrast in OCD patients 
may be due to a ceiling eff ect with this region already being maximally recruited during 
the attend condition, possibly due to regional neural ineffi  ciency in combination with 
hyperarousal (Simon et al. 2014). Th e extent to which the dlPFC was activated during 
emotion regulation was associated with emotion regulation success (i.e. greater distress 
reduction) in our control sample. Th e dlPFC, posterior frontal regions including the pre-
SMA and the inferior parietal cortex are thought to direct attention to the reappraisal-
relevant stimulus features, and to promote the generation of mental representations 
of aff ective states, reappraisal goals and of the content of the selected reappraisal used 
for regulation purposes (Ochsner, Silvers, and Buhle 2012; Morawetz et al. 2016). We 
interpret the reappraisal-related fronto-parietal hypoactivation and the diminished 
frontal-limbic connectivity as indicating that patients are unable to control limbic 
responses over longer stretches of time (Erk et al. 2010). Th is explanation is however 
speculative and awaits empirical testing. 

We think it is most likely that dmPFC hyperactivation during OCD-regulation 
could be a compensatory mechanism. Th e unpublished analysis of the sibling data 
(Th orsen et al., manuscript in preparation) supports this notion. Namely, preliminary 
fi ndings indicate that although the subjective distress ratings of the siblings were similar 
to those of the controls, their brain activation patterns during OCD-related emotion 
regulation were more similar to patients. We cannot exclude the possibility however 
that dmPFC hyperactivation in patients versus controls is an indication of the low 
emotional impact that OCD stimuli had for the control group, or the result of patients 
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(un)consciously (Moyal, Henik, and Anholt 2014; Ochsner, Silvers, and Buhle 2012) 
dampening emotional responses with distraction (Sheppes and Levin 2013; Simon et 
al. 2014; Kanske et al. 2012). We also observed that patients compared with controls 
reported less use of cognitive reappraisal in everyday life, and that reappraisal use and 
reappraisal-related recruitment of the bilateral dmPFC and the thalamus were inversely 
related to symptom severity in patients. Taken together, our fi ndings suggest that only 
patients that are relatively less aff ected by the disorder are able to implement reappraisal 
in everyday-life as well as in the context of the experiment. Based on these results we 
conclude that reduced cognitive control over emotions is at least a contributing factor 
in OCD pathophysiology. 

We subsequently aimed to assess if high-frequency rTMS over a subject-specifi c task-
related left dlPFC functional hotspot would boost regulatory control in OCD patients, 
and if low-frequency dlPFC rTMS would decrease emotion regulation capabilities in 
controls. Contrary to our hypothesis, rTMS did not signifi cantly change subjective 
distress ratings. In line with our hypothesis and the literature, frontal activation was 
generally modulated by rTMS in the expected direction. Th ere was an increase of frontal 
activation after high-frequency rTMS and a decrease in frontal activation after low-
frequency rTMS compared to placebo (sham rTMS), but only for the picture viewing 
contrast (i.e. the baseline condition-independent contrast). On the emotion regulation 
contrast, however, contrary to our hypothesis, increasing activity of the dlPFC with 
10Hz rTMS in patients resulted in reduced emotion regulation-related recruitment of 
regions of the dorsal (dorsal ACC) and ventral (ventrolateral PFC) cognitive circuit and 
the limbic circuit (parahippocampal gyrus) in comparison with sham-rTMS (see chapter 
3, Table S3.4, uncorrected level). Reducing activity of the dlPFC with 1Hz rTMS in 
controls, on the other hand, resulted in increased regulation-related recruitment of a 
limbic region (hippocampus) compared to sham-rTMS. dlPFC rTMS also modulated 
activity changes over sessions in these circuits, as well as in the cerebellum, and occipito-
temporal regions associated with visual processing in opposing fashion (relative reduction 
of activation in these circuits over sessions after 10Hz, relative increase after 1 Hz). An 
interpretation of the observed diff erences in brain activity we observed for the emotion 
regulation contrast on scan 2 is that inhibition of the dlPFC in controls resulted in 
increased task-related cognitive eff ort (increased hippocampal activity) and stimulation 
of the dlPFC in patients induced increased task-related neural effi  ciency (with relatively 
reduced dorsal frontal activity compared to the sham condition). Further, our analyses 
comparing the change in brain activation over sessions suggested that low-frequent and 
high-frequent rTMS may have diff erentially aff ected the change in emotional saliency 
network activity in patients and controls. We proposed that dlPFC rTMS aff ected more 
automatic (bottom-up) rather than top-down eff ortful regulatory processes (Gyurak, 
Gross, and Etkin 2011). We speculate that high-frequency rTMS over dlPFC may thus 
be benefi cial for fear extinction learning, an implicit regulatory process that is known 
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to be defi cient in OCD (Milad et al. 2013). Th is warrants future (pre)clinical studies 
investigating the eff ect of rTMS on fear extinction and exposure therapy in OCD. 

Chapter 4 & 5: Do the neural correlates of response inhibi  on cons  tute a candidate 
endophenotype of OCD?

Previous studies showed that increased latency of the response inhibition process (i.e. 
longer stop-signal reaction time; SSRT) and associated widespread changes in gray matter 
density and frontoparietal white matter integrity constitute putative endophenotypes of 
OCD (Chamberlain et al. 2005; Menzies et al. 2007; Chamberlain et al. 2007; Menzies, 
Williams, et al. 2008; Chamberlain and Menzies 2009). In chapter 4 we compared 
functional MRI scans of our cohort of unmedicated OCD patients, their unaff ected 
siblings and matched healthy controls recorded during the performance of a response 
inhibition task to assess to what extent these previously described morphological 
changes were functionally relevant. Given our strong a priori hypotheses regarding the 
regions involved in the task, we applied a ROI approach focusing on the bilateral pre-
SMA, IFG, subthalamic nucleus and inferior parietal cortex for the inhibition contrast 
(comparing successful stop with successful go trials; (Aron and Poldrack 2006; Aron 
2011; Hampshire et al. 2010; Mars et al. 2007). Further, we compared the groups 
on error-related brain activity in the anterior cingulate cortex, a region implicated in 
increased error-sensitivity in OCD (Fitzgerald et al. 2005). Our choice of ROIs and 
their location converge with the results of recent meta-analyses on inhibition-related 
brain activation published after our report (Cieslik et al. 2015; Rae et al. 2014; Cai et 
al. 2014). 

In line with our hypothesis and previous reports (Menzies et al. 2007; Chamberlain 
et al. 2007) both patients and siblings showed higher SSRT compared with controls, 
albeit for siblings this did not reach statistical signifi cance. Also, during inhibition both 
patients (left-lateralized) and siblings (bilateral) showed hyperactivation of the pre-SMA, 
which may therefore represent a candidate endophenotype of OCD. Moreover, patients 
showed hypoactivation of the right inferior parietal cortex and IFG compared to both 
the controls and the sibling group, which possibly contributes to their behavioral defi cit. 
More effi  cient inhibition (i.e. shorter SSRT) was associated with increased activation 
of the pre-SMA in patients (left-lateralized) and siblings (right-lateralized), which is 
in line with studies in healthy subjects and nonhuman primates demonstrating the 
relevance of the pre-SMA for inhibitory control (see (Aron 2011; Nachev, Kennard, 
and Husain 2008). In both patients and siblings higher indices of OCD symptoms 
were associated with lower right pre-SMA activation, suggesting that right-lateralized 
pre-SMA recruitment is state-dependent. In siblings this was also the case for the right 
inferior parietal cortex. Contrary to our hypothesis, the groups did not diff er in ACC 
activation during error processing. We did not observe any eff ect related to co-morbidity 
on the results. We thus concluded that the observed pre-SMA hyperactivation in OCD 
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patients and siblings is a task-relevant compensatory mechanism, rather than being 
related to confl ict or error-signals. Bilateral rather than right-lateralized task-related 
pre-SMA activation in OCD patients and siblings, in the context of left pre-SMA not 
signifi cantly being recruited by controls, may be an indication of neural ineffi  ciency. 
Studies in healthy aging suggested that there is a dediff erentiation of lateralized brain 
responses during task performance, known as the HAROLD model (hemispheric 
asymmetry reduced in OLD; (Cabeza 2002). Th is model posits that due to neuronal 
dysfunction participants are not able to activate networks as selectively or effi  ciently as 
participants without the dysfunction, and therefore during task-performance recruit 
bilateral and/or additional brain regions (Schneider-Garces et al. 2010). We speculated 
that pre-SMA hyperactivation is due to a spreading or increase of regional brain activity 
and refl ects either regional or network-level ineffi  cient neural processing. We further 
speculated that this compensation mechanism of upregulation of activation in task-
related brain regions is maximally eff ective in siblings without OC symptoms, but tends 
to fail in OCD.

We hypothesized that control impairments in OCD would be related to dorsal 
cognitive network impairments which could be related to dysfunction of the dorsal 
circuit itself, or to faulty interactions with the ventral/limbic network. To see if the 
results from chapter 4 were related to changes in functional connectivity (FC) within 
the dorsal and ventral regions of the inhibition network (Kang et al. 2013; Schlosser 
et al. 2010), or possibly associated with abnormal connectivity with the amygdala (as 
main node of interest from the limbic circuit), we performed a connectivity analysis on 
the same data in chapter 5. Th e psycho-physiological interaction analysis showed that 
during inhibition there is more negative coupling between the left IFG and bilateral 
amygdala in patients and - at a more lenient statistical threshold - in siblings compared 
with controls. Contrary to our hypothesis, we did not observe changes in FC between 
any of the other ROIs of the inhibition network. Although there was no relationship 
with the SSRT, negative coupling of the left IFG with the amygdala in patients and 
siblings was accompanied by increased task-related activation of the left pre-SMA. Th e 
follow-up dynamic causal modeling analysis suggested a condition independent bottom-
up infl uence of the left amygdala on the left IFG in healthy controls, and the more 
positive the IFG-amygdala coupling was, the better the task performance. In patients, 
on the other hand, functional coupling between the left IFG and bilateral amygdala was 
top-down, whereas in siblings it was bidirectional. Th ese fi ndings suggest that bottom-
up signals from the amygdala to the IFG during this task are benefi cial, possibly through 
enhancing attention allocation to the stop-signal and increasing processing speed (Davis 
and Whalen 2001; Schaefer and Gray 2007). We proposed that in patients, and to a 
lesser extent in siblings as well, the altered connectivity between the IFG and amygdala 
resulted in ineffi  cient processing within the inhibition network and compensatory 
hyperactivation of the pre-SMA. 



Summary & Discussion

179

Chapter 6: Do the neural correlates of visuo-spa  al working memory cons  tute a 
candidate endophenotype of OCD?

In chapter 6 we compared functional MRI scans recorded in our sample of unmedicated 
OCD patients, siblings and controls while they performed a visuo-spatial Nback 
working memory task with three increasing working memory load conditions (N1-
3) and a baseline (N0). Given our strong a priori hypotheses about the brain regions 
involved in this task (Owen et al. 2005) we used a ROI approach which included the 
bilateral dlPFC, pre-SMA/premotor cortex, precuneus, inferior parietal cortex and the 
dorsal ACC (dACC). We compared brain activation associated with general working 
memory task performance (N123>N0 contrast) across the groups and additionally 
looked at task load-dependent changes. In line with our hypothesis and previous studies 
(e.g. van der Wee et al. 2003), we showed that OCD patients are less accurate than 
controls and siblings, specifi cally during trials with the highest working memory load 
(N3). Also, during general working memory task performance both patients and siblings 
showed hyperactivation of the left pre-SMA/premotor cortex, dlPFC and precuneus. 
Similar to the results from chapter 4, upregulation in the task-related network was 
more extensive in siblings than patients, including all the fronto-parietal ROIs except 
the right pre-SMA/premotor cortex. Moreover, upregulation in siblings was also greater 
in amplitude, with siblings showing increased activation of the right dACC and left 
preSMA compared with OCD patients. In patients, hyperactivation of the left pre-SMA 
and dlPFC, but not precuneus, was more pronounced in the group of patients with 
better task performance (which co-occurred with less co-morbidity and higher IQ). 
Contrary to our hypothesis and the results from chapter 3 and 4, task-related brain 
activation in patients was not signifi cantly related to OCD severity. In line with the 
literature, task-related activation signifi cantly increased with higher working memory 
load in controls (see Schneider-Garces et al. 2010), whereas in OCD patients (Koch et 
al. 2012) and in siblings (a novel fi nding) activation reached ceiling at N2. Th is pattern 
of brain activation plateauing at higher task loads has previously been observed in other 
samples with a predisposition for psychiatric disease (Callicott et al. 2000; Mannie et al. 
2010), and is similar to that seen in healthy aging. It is thought that the aging-related 
(or in our case hypothesized disorder-related) decrease in neuronal processing effi  ciency 
results in limited neural resources that subsequently reach full capacity at lower task-loads 
Th is is known as the Compensation-Related Utilization of Neural Circuit Hypothesis 
(CRUNCH; Reuter-Lorenz and Cappell 2008). Given our hypothesis about a dorsal-
ventral imbalance and the results from chapter 5, we wondered whether aberrant FC 
with the amygdala was related to defi cient task performance and hyperactivations in 
the left pre-SMA, dlPFC and precuneus. Generalized psycho-physiological interaction 
analysis showed that patients with OCD - and especially those with low task accuracy, 
more co-morbidity and lower IQ  - had increased positive FC between the amygdala and 
the left dlPFC (compared to both controls and siblings) and the pre-SMA (compared to 
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controls only). We speculated that this increased frontal-amygdala connectivity refl ected 
a growing uncertainty about task performance as working memory load increases (Stern 
et al. 2013). Overall, these data suggest that, like in chapter 4-5 and possibly chapter 3, 
in OCD patients and to a lesser extent in siblings, frontal task-related recruitment was 
modulated by its connections with amygdala, and this relates, at least to some extent, to 
defi cient task performance. 

Overall results in rela  on to the wider literature on OCD and cogni  ve 
control
The extended frontal-striatal model of OCD: Is there evidence for an imbalance between 
dorsal and ventral CSTC and limbic circuits in OCD?

Although probably a highly simplifi ed version of real interactions, our working 
model predicted that reduced cognitive control and anxiety in OCD were related to 
1) hypoactivation of the dorsal circuit, which would lead to a reduction in top-down 
control over 2) ventral fronto-striatal and limbic regions, that we hypothesized to be 
hyperactivated and in their turn would negatively infl uence dorsal circuit functioning 
(Phillips et al. 2003b; van den Heuvel et al. 2011). Th e results presented in this thesis 
were partially in agreement with the predictions of this working model. We indeed 
observed structural and functional changes in the dorsal and ventral cognitive circuits 
and limbic circuits in OCD, but the fi ndings do not support a clear-cut dorsal-ventral 
imbalance. Below I will discuss our fi ndings and relate these to the fronto-striatal 
model of OCD. See Table 7.1 for an overview of the results of the studies of this thesis 
subdivided for the diff erent fronto-striatal loops and the limbic circuit. See Figure 7.1 
for a summary of the relationship between task-performance, frontal hyperactivations 
and frontal-amygdala connectivity in the three cognitive control tasks. 

To summarize, across the three cognitive control tasks we observed impaired 
performance in OCD patients (i.e. higher SSRT, lower N-back accuracy, higher distress 
ratings), whereas in siblings performance was similar to that in controls. In the functional 
studies, however, the observed direction of activation patterns in these fronto-striatal 
circuits were not uniform in and showed both trait-related and state-dependent (i.e. 
eff ects of task, task-load and disease-load) infl uences. We found hyper-activation of 
dorsal cognitive frontal regions during control tasks as a trait feature present in both 
patients and their unaff ected relatives compared with controls (chapter 3-6). Th e extent 
of the upregulation of activation in the (nodes of the) task-related dorsal frontal-parietal 
regions was related to relative preservation of executive performance in both groups 
(chapter 4,6). However, upregulation to putatively increase functional neural effi  ciency 
was state-dependent and only possible to a certain extent. Upregulation was limited 
as a function of study group: i) hyperactivations during cognitive control tasks were 
higher in amplitude or extended to additional regions in siblings compared with OCD 
patients (chapter 4,6); and ii) only in OCD patients compared with controls, but not 
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in siblings, we observed task-specifi c hypo-activations in dorsal cognitive fronto-parietal 
circuits (chapter 3-6) and ventral cognitive circuit (only during response inhibition, 
chapter 4). Upregulation in both groups also plateaued at higher task load (chapter 
6). Further, multiple factors associated with higher disease load such as higher OCD 
severity, lower IQ, and more co-morbidity negatively infl uenced activations in the 
dorsal cognitive circuit (chapter 3, 4, 6). Across the three cognitive control tasks we also 
showed altered frontal-amygdala connectivity in OCD patients, and to a lesser extent 
in their unaff ected siblings, compared with healthy controls (chapter 3,5,6). Th ese 
changes in temporal coactivation patterns between frontal task-related regions and the 
amygdala in OCD patients were diff erent in direction per task (see Figure 7.1) and 
coincided with i) poorer task performance (chapter 6), ii) with altered emotion-related 
amygdala responding (chapter 3), and iii) with the altered recruitment of task-related 
dorsal frontal-parietal and ventral cognitive regions (chapter 3-6). Th e VBM analysis 
(chapter 2) showed volume reductions in dorsal medial and inferior frontal gray and 
white matter and increased volume of the cerebellum in OCD patients versus controls. 
We also observed altered aging-related trajectories in ventral cognitive, aff ective and 
limbic circuits. Impaired cognitive control in OCD and altered functioning of control 
networks may be related to these structural changes. Th e regions of dorsolateral and 
dorsomedial PFC showing functional changes (chapter 3, 6) partially overlapped with 
regions of the dlPFC and dmPFC showing gray and white matter volume reductions in 
OCD patients (chapter 2). Th e region of IFG showing hypoactivation (chapter 4) was 
adjacent to the region showing volume reduction in chapter 2, whereas the pre-SMA 
(hyperactivated in chapter 4 and 6) did not show structural abnormalities in the OBIC 
data-set. 

First, an explanation of our results is that there is primarily decreased effi  ciency in the 
dorsal cognitive fronto-parietal circuit resulting in secondary compensation mechanisms 
in OCD patients and siblings similar to the CRUNCH hypothesis (Reuter-Lorenz and 
Cappell 2008) discussed above. Compensation then is successful in siblings, who have 
relatively intact performance and show hyper-activations in bilateral dorsal cognitive 
task-related brain regions. In OCD patients compensation mechanisms are failing, 
especially in those with higher disease load. Th is results in impaired cognitive control 
task performance patients, and is associated with a mixed BOLD activation pattern 
including both dorsal hyperactivations as well as hypo-activations in task-related dorsal 
and ventral cognitive brain regions, depending on the exact task performed.

Second, our frontal-amygdala connectivity results seem to provide some evidence for 
the hypothesis of inference of limbic circuits on frontal executive control in OCD. In 
this scenario increased limbic responses in OCD patients result in a dual task situation 
with reduced resources for control task performance in dorsal and ventral cognitive 
circuits due to the necessity to regulate the aberrant limbic responses. In chapter 6, we 
showed that the group of OCD patients with lower working memory task accuracy had 
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less frontal hyperactivation and more positive pre-SMA-amygdala coupling compared 
with the high-performing OCD group. Similarly, in chapter 5, the patients with more 
inverse top-down IFG-amygdala coupling during inhibition were those with more pre-
SMA hyperactivation. In chapter 3, the patient group showed higher baseline distress 
scores and altered amygdala responses during emotion processing and this coincided 
with disruption of frontal-amygdala temporal coactivations and aberrant dorsal frontal 
activation during emotion regulation. Th is seems to suggest that the alterations in 
frontal-amygdala coupling and frontal hyperactivations are related, although the 
underlying mechanisms seem intricate and may vary per task. Altered frontal-amygdala 
coupling may be related to the extent of emotional arousal induced by the task or the 
presence of OCD symptoms. Interactions between arousal state, task-specifi cs (such 
as the task-load and specifi c executive functions it taps into) and a variation in disease 
load of included OCD samples could explain our as well as previous mixed reports on 
hypo- or hyperactivation of the dorsal cognitive fronto-striatal circuit during various 
executive control tasks (e.g. (Remijnse et al. 2006; van der Wee et al. 2003; Gu et al. 
2008; Maltby et al. 2005; Woolley et al. 2008; Menzies, Chamberlain, et al. 2008; Page 
et al. 2009)). 

Either changes in both or in only one of the cognitive fronto-striatal circuits and the 
limbic circuit could underlie cognitive control dysfunction in OCD and explain our 
observed fi ndings. One way to test the relatedness between these circuits is to target a 
single circuit, for instance with TMS on the dorsal cognitive circuit as we did in chapter 
3. Against our predictions however, modulation of the dlPFC with rTMS infl uenced 
emotion-regulation related activity of nodes of the dorsal cognitive and ventral cognitive 
fronto-striatal, and the limbic circuit in a similar - and not opposing - direction (see 
chapter 3, Table S3.4; uncorrected level). Th is fi nding argues against a straightforward 
dorsal/ventral fronto-striatal imbalance as a model for disease in OCD, and probably 
refl ects the intricate eff ects of TMS on interconnected fronto-striatal and limbic regions. 

Like the mixed fi ndings in the dorsal cognitive circuit, we also did not observe 
uniform ventral fronto-striatal hyperactivation across our cognitive controls tasks 
(see Table 7.1). Alterations in the ventral cognitive circuit were specifi c to response 
inhibition, in which we observed hypo- (instead of hyper-) activation of the right IFG 
(see above). With regards to the aff ective circuit (vmPFC (orbitofrontal cortex (OFC), 
rostral/subgenual ACC, nucleus accumbens) we did not fi nd hyperactivations in the 
group eff ects during cognitive control task performance. During emotion regulation 
we only observed a negative correlation between disease severity and deactivation of the 
vmPFC (rostral ACC) during regulation of fear stimuli, suggesting impaired control 
over this region in patients that were more severely aff ected.

With regards to the sensorimotor circuit, we observed aging-related volume 
preservation in the putamen, but no functional alterations. Despite their role in motor 
control and inhibition (Aron 2011), we did not observe alterations in putamen (nor 
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caudate or pallidum) activation during stop-signal task performance in OCD, even 
when we explored our group-interaction analysis at the uncorrected level (unpublished 
data). 

Our data does provide some additional evidence for a role of the thalamus in OCD. 
During emotion regulation, OCD disease severity was inversely correlated with the 
recruitment of the thalamus, suggesting thalamus dysfunction in those more severely 
aff ected. Our fi nding of reduced thalamic volume disappeared in OCD patients after 
proper age-matching with the control group, this is in accordance with results from a 
recent analysis of subcortical volume alterations in 4000 adult OCD patients (Boedhoe 
et al., in press) that also did not fi nd signifi cant thalamus alterations in this group. A 
recent study (Hibar et al. submitted manuscript) combining genetic and neuroimaging 
data regarding volumes of subcortical structures identifi ed two genetic variants (one 
related to glutamatergic signalling) which were both associated with thalamic volume 
as well as OCD risk, suggesting further investigation of this structure in relation to 
glutamatergic neurotransmission in OCD is warranted. 

Our working model did not predict involvement of the cerebellum in OCD. We 
observed increased cerebellar responses during symptom provocation in OCD and a 
relative reduction in activation of this region after 10Hz rTMS in OCD. Also, cerebellar 
volume was increased in OCD patients versus controls. Th ese results suggest a role for 
this region in the mediation of OCD symptoms and/or in compensation mechanisms 
in OCD (Schutter and van Honk 2005; Ito 2008).

To summarize, the observed structural and functional changes in OCD patients in 
this thesis were found across the brain including all of the fronto-striatal circuits (dorsal 
and ventral cognitive, aff ective, and sensorimotor), the (para)limbic circuit, parts of 
parietal cortex associated with the dorsal cognitive circuit, and the cerebellum. Our 
fi ndings are in line with more recent ideas about the functions of the diff erent fronto-
striatal circuits in health and OCD (Milad and Rauch 2012; van den Heuvel et al. 2016), 
namely that cognitive control is exerted through the intricate dynamics between these 
control circuits (Dosenbach et al. 2007; Graybiel 2008; Egbert and Barandiaran 2014). 
Also, our results are in agreement with the notion that the diff erent ventral and dorsal 
frontal regions are part of distributed networks, working closely together with posterior 
regions in parietal cortex (Dosenbach et al. 2008). Recent data suggest that two networks 
work partly in parallel during executive control functions, such as working memory 
and inhibition. A fronto-parietal network (including the dlPFC, inferior parietal cortex, 
precuneus) is important for rapidly adjusted control on a trial-by-trial basis in response 
to feedback. A cingulo-opercular network (including the dorsal ACC/medial superior 
frontal cortex, anterior insula/frontal operculum, and thalamus) is involved in stable 
set-maintenance of task mode and strategy, and performance monitoring. It has been 
proposed that the cerebellum acts as an interface between these networks, comparing 
its input with its encoded internal models and generating error-codes (for dlPFC and 
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inferior parietal cortex), which support the rapid continuous fi ne-tuning of control and 
decision making (Dosenbach et al. 2008; Ito 2008). We observed changes in OCD 
in all these networks: upregulation of activation in cingulo-opercular network (dorsal 
ACC, pre-SMA) as well as the fronto-parietal network (dlPFC, inferior parietal cortex, 
precuneus) in siblings, mixed hyper- and hypoactivation in these networks in patients, 
and altered structure and function in the cerebellum in patients.

Up-regulation of control networks is a probably an unspecifi c mechanism in OCD 
patients and 1st degree relatives and is seen across multiple tasks: it has previously been 
seen during cognitive switching (Remijnse et al. 2013), and error-processing (Riesel 
et al. 2011; Grutzmann et al. 2014) in OCD. Th is is in line with impairments on 
multiple control tasks in OCD (Abramovitch, Abramowitz, and Mittelman 2013). Th e 
data suggests that compensation mechanisms mediated by increased control network 
recruitment are state dependent and may be a resilience factor. Th is fi nding of state-
related infl uences on recruitment of frontal regions including pre-SMA is contrary to 
results from endophenotype studies on the error-related negativity in OCD (Riesel et 
al. 2011; Riesel et al. 2015; Olvet and Hajcak 2008). Th e sibling data also suggests that 
trait-dependent ineffi  ciency in cognitive control networks may be a vulnerability factor 
for developing OCD. It remains to be established what the exact underlying biochemical, 
structural, and functional network-level neuronal vulnerability factors are. Given that 
it has recently been shown that volume reduction in the cinguloopercular network GM 
is not only present in OCD, but is a common feature across many psychiatric groups 
(including anxiety disorders, uni- an bipolar depression, and schizophrenia; Goodkind 
et al. 2015), it may be a general vulnerability factor for psychopathology. Similar to the 
alterations in frontal-amygdala coupling which we observed in OCD, and which are 
also found in anxiety disorders and depression (e.g. Goldin et al. 2013; Johnstone et al. 
2007).

Based on our results and the literature, functional brain changes in OCD seem 
dynamic, dependent on specifi c task and arousal state, and cannot be summarized or 
generalized by simple predictions about circuits or regions being hypo- or hyperactivated 
(Cocchi et al. 2012; Monteiro and Feng 2016; Sale et al. 2015). Th is necessitates 
dynamic network level analyses during task performance to further elucidate the 
interactions within control networks during executive function (Cocchi et al. 2012; 
Sale et al. 2015).  Additionally, our data suggest that described frontal-parietal and 
frontal-amygdala defi cits and putative fronto-parietal compensation mechanisms during 
cognitive control function are at least partly state-dependent and under the infl uence 
of multiple factors associated with higher disease load. We did not fi nd evidence for a 
clear-cut dorsal-ventral imbalance in OCD during cognitive control. However, the role 
of frontal-amygdala interactions during executive control deserves further attention to 
explore the possibility of ‘limbic interference’ in OCD. Th e data suggests to expand 
the ‘extended fronto-striatal model of OCD’ even further (Menzies, Chamberlain, et 



Summary & Discussion

185

al. 2008; Milad and Rauch 2012), and future studies should investigate the role of 
the cerebellum during cognitive control processes in OCD. Also, the role of the pre-
SMA in OCD needs further investigation, since our interpretation of compensatory 
hyperactivation seems at odds with the clinical use of inhibitory rTMS over the pre-
SMA as a promising treatment strategy (see Berlim, Neufeld, and Van den Eynde 2013 
for a meta-analysis). 

Emo  on-cogni  on interac  ons in OCD: is there evidence for ‘limbic interference’?

As discussed in the previous section impaired cognitive control in OCD patients may be 
the result of i) a primary dysfunction due to ineffi  ciency of the dorsal cognitive circuit and/
or ii) a dual task situation with reduced resources for control task performance in dorsal 
and ventral cognitive circuits due to the necessity to regulate aberrant limbic responses. 
Evidence for limbic dysfunction in OCD comes from previous studies (e.g. Simon et 
al. 2014; Admon et al. 2012; van den Heuvel et al. 2004) as well as chapter 3 where we 
observed altered responsiveness of the amygdala and hippocampus (uncorrected level) 
during fear and OCD-related emotion processing. In the FC analyses we observed that 
co-activation patterns between the amygdala and various frontal regions associated with 
cognitive control (pre-SMA, dlPFC, and IFG) were altered in OCD patients and siblings 
during the performance of an emotion regulation, response inhibition, and a working 
memory task. Altered frontal-amygdala coupling during these tasks is a novel fi nding in 
OCD patients and unaff ected siblings, and awaits replication in an independent sample. 

As described in chapter 1, the amygdala is involved in aff ective processing as well 
as cognitive control processes (Ray and Zald 2012) and it has widespread cortical and 
subcortical connections. Reciprocal infl uence between the amygdala and the IFG, 
dlPFC and pre-SMA may be exerted via their direct connections (albeit connections are 
relatively sparse for the latter two regions). Indirectly, infl uence may be exerted multi-
synaptically via the vmPFC (OFC and subgenual ACC) or dorsal ACC (important 
frontal cortical hubs), or via subcortical structures such as the striatum, thalamus or 
brain stem arousal systems (Pessoa 2008; Das et al. 2005; Ghashghaei, Hilgetag, and 
Barbas 2007; Ray and Zald 2012). 

Altered frontal-amygdala coupling in the diff erent tasks may be a refl ection of 
altered attentional processing, emotional arousal or motivational state (a desire to 
perform well and to avoid mistakes). Biased attention towards task-related processes 
could be benefi cial for task performance by improving processing speed. In a complex 
task requiring integration of multiple subprocesses such as attention and inhibitory 
control, it could also hamper task performance by reducing resources. Similarly, altered 
frontal-amygdala coupling could also be a refl ection of attention towards task-unrelated 
processes detrimental for task performance, such as increased self-referential processing 
related to anticipation of negative events, confl ict, or the presence of OC symptoms. 
A recent study (Comte et al. 2016) tried to disentangle the eff ects of negative valence, 
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confl ict, and attention on FC between prefrontal cortex and the amygdala. Th e authors 
observed increased positive coupling between the amygdala and the dACC during 
confl ict, and between the amygdala and dlPFC and dACC during negative valence 
processing in healthy controls. Changes in functional coupling may result from altered 
structural connectedness (e.g. Admon et al. 2012). Also, the way emotional arousal 
in patients modulates FC and task-related recruitment (Robbins and Arnsten 2009), 
may additionally vary within subjects as a function of previous exposure to stressful life 
events and stress reactivity (Radenbach et al. 2015).  

If indeed altered frontal-amygdala coupling interferes with recruitment of task-
related regions and subsequently task performance in OCD, the underlying mechanisms 
are not yet clear. It is conceivable that altered synaptic input within task-related nodes 
could result in diminished effi  ciency of processing within networks (by reducing signal-
to-noise ratios), and altered output may reduce processing capacity for task-specifi c 
processes. Further, reductions in the functional segregation of networks may impair 
parallel processing or the ability to switch between networks responsible for diff erent 
task-related subprocesses.

When interpreting our FC fi ndings we need to consider the limitation that we used 
diff erent methods of FC analyses (PPI, gPPI, DCM) and with only partially overlapping 
seed regions across the 3 tasks. Also, the relationship of altered FC with clinical measures 
such as disease severity (chapter 3 and 6 only) and co-morbid diagnoses (chapter 6 only) 
was not assessed consistently. Nevertheless, a number of observations can be made about 
these frontal-amygdala FC changes during cognitive control task performance in OCD. 
Firstly, instead of patients versus controls showing attenuated or increased responses in 
a similar direction per task, our data indicated that the direction of frontal-amygdala 
coupling was either in opposite directions or absent (i.e. there was no signifi cant co-
activation between the regions in one of the groups). Opposing functional relationships 
of BOLD brain activation between brain regions may refl ect a diff erent balance of 
excitatory and inhibitory neuromodulatory action on synaptic activity in patients versus 
controls (Williams et al. 2006). Secondly, the relationship between frontal-amygdala 
coupling and task performance was diff erent in the groups (see Figure 7.1), suggesting 
nonlinear associations such as an inverted U-shape, although an overall fi t across the tasks 
is not possible given the third issue. Namely, the sign of altered frontal-amygdala co-
activation patterns in OCD patients and siblings versus controls diff ered per task. Th is 
is a puzzling fi nding, contrary to previous predictions (Cardoner et al. 2011), but may 
be related to diff erences between the tasks and state (e.g. level of arousal, negative aff ect 
or symptoms) induced in the diff erent groups during task performance. Also, regardless 
of the sign of frontal-amygdala co-activation patterns (inverse, positive or absent), PPI 
results (without additional analyses on eff ective connectivity) do not provide answers 
about the top-down/bottom-up nature of this interaction, nor whether it is indicative 
of feedback or feed-forward processing.
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In general, our fi nding of altered frontal-amygdala connectivity in OCD is in line 
with the notion that OCD is characterized by alterations in distributed brain networks. 
It converges with previous fi ndings in OCD of connectivity changes within task-
related fronto-parietal networks, and limbic and default-mode networks, and altered 
connectedness between these networks during resting-state (e.g. Stern et al. 2012; 
Gottlich et al. 2014; Kang et al. 2013) and task performance (Beucke et al. 2012; 
Schlosser et al. 2010; Cocchi et al. 2012). However, the signifi cance of these frontal-
amygdala alterations for the pathophysiology of OCD and how to understand these in 
the context of each task remains an open question. Th ere is a fairly extensive literature on 
cognition-emotion interactions and the role of the amygdala during emotion regulation 
and working memory, but less so for inhibition. Below I will elaborate what altered 
frontal-amygdala coupling may mean in the context of each task.
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Figure 7.1: Summary of the diff erent rela  onships between frontal-amygdala coupling 
and task performance and pre-SMA ac  va  on in OCD pa  ents and siblings across the 
three cogni  ve control tasks (Chapter 3-6). 

In grey results from emotion regulation task (chapter 3); in uniform black results from response inhibition 
task (chapter 4-5); in dotted black results from working memory task (chapter 6). Top left: frontal-amygdala 
coupling across the three tasks in patients, and to lesser extent siblings, versus controls (positive coupling 
during working memory, negative coupling during inhibition, absent coupling during emotion regulation). 
Bottom left: relationship between pre-SMA activation and task performance across the three tasks (positive 
correlation during inhibition and working memory, no relationship during emotion regulation). Top 
right: relationship between frontal-amygdala coupling and pre-SMA activation across the tasks (chapter 
5: increased negative IFG-amygdala coupling correlated with increased pre-SMA activation in patients and 
siblings; chapter 6: more positive frontal-amygdala coupling in OCD patients versus siblings, associated 
with less pre-SMA activation in patients (versus siblings); chapter 3: no relationship). Bottom right: 
relationship between frontal-amygdala coupling and task performance (over the three groups (patients > 
siblings / controls) more positive (working memory) or negative (inhibition) frontal-amygdala coupling was 
associated with worse task performance; no relationship during emotion regulation). 

- Diminished dmPFC-amygdala coupling during emo  on regula  on in OCD

Th e diminished coupling we observed between the amygdala and dmPFC in OCD 
patients may be related to increased emotional arousal experienced by this group. Despite 
some studies observing inverse coupling between frontal regions and the amygdala 
during emotion regulation in healthy controls (e.g. Johnstone, 2007), frontal-amygdala 
co-activation has also been observed during processing of negatively valenced stimuli 
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(Comte et al. 2016; Williams et al. 2006) and emotion regulation (Banks et al. 2007). 
Banks et al. (2007) observed similarly positive FC in healthy controls between the 
amygdala and frontal cortex including a region in the superior frontal gyrus that is 
partially overlapping with our dmPFC seed during emotion regulation. In the Banks 
et al. study increased strength of the functional coupling between the amygdala and 
the dmPFC during reappraisal correlated with reduced negative aff ect. Th e results from 
Banks et al. suggest that the diminished dmPFC-amygdala coupling in OCD patients 
may refl ect increased emotional arousal. Th is interpretation would be in line with a 
previous study showing reduced coupling of the amygdala and the dACC and OFC 
in OCD patients during anticipation of losses in a risky choice game (Admon et al. 
2012). With PPI diff erences in functional coupling are assessed as a function of task. 
Th e absence of dmPFC-amygdala coactivation may be due to FC in the attend and 
regulate condition being equal and cancelling each other out (see also Beucke et al. 
2012). Increased arousal in the regulation condition in patients versus controls could 
be related to increased self-referential processing, increased eff ort, or the experience of 
higher confl ict (Cardoner et al. 2011).

DmPFC-amygdala uncoupling and dlPFC hypoactivation in OCD during emotion 
regulation may be related alterations in vmPFC-amygdala connectivity and there have 
been some imaging-genetics studies linking it to altered serotonergic and dopaminergic 
neurotransmission. Similar to our fi ndings, Johnstone et al. (2007) described uncoupling 
between a frontal region (IFG) and the amygdala during emotion regulation in remitted 
major depressive disorder, which was associated with positive temporal co-activation 
of the vmPFC and the amygdala. Studies in animals and humans have shown that the 
vmPFC plays a key role during fear extinction and is involved in both automatic and 
voluntary control of emotion (Phillips, Ladouceur, and Drevets 2008; Johnstone et al. 
2007; Ray and Zald 2012). Th ere are various lines of evidence for a role for vmPFC 
dysfunction underlying altered emotional responding in OCD as well as in other in 
mood and anxiety disorders. We observed an eff ect of disease severity on vmPFC down-
regulation during emotion regulation (chapter 3). Alterations in vmPFC function and 
coupling have been observed previously in OCD during error processing (Grutzmann 
et al. 2014), and resting-state (Fitzgerald et al. 2010). Moreover, we (de Vries et al. 
submitted manuscript) analysed the resting state data collected of the OCD patients 
included in chapter 3-6 and showed increased functional coupling between the vmPFC 
and amygdala in OCD patients versus controls. Results from structural studies also 
provide evidence for altered coupling between the vmPFC and the amygdala in OCD 
(Subira et al. 2016), especially with co-morbid depression (Cardoner et al. 2007). 
Altered amygdala-vmPFC coupling is not specifi c for OCD, however. Functional and 
structural coupling between the vmPFC and amygdala has been associated with genetic 
polymorphisms related to serotonergic neurotransmission in healthy individuals (short- 
versus long-allele of the 5’ promotor region of the serotonin-transporter; Pezawas et al. 



Summary & Discussion

191

2005). Relative uncoupling of vmPFC and the amygdala in this study was associated 
with increased measures of harm avoidance, a personality trait associated with (the 
vulnerability for developing) anxiety and OCD (Ettelt et al. 2008). Th is polymorphism 
(short- versus long-allele of the 5’ promotor region of the serotonin-transporter) may 
be associated with OCD (Hu et al. 2006), but this fi nding needs replication. Also, 
this same polymorphism has been associated with smaller volumes of the ventrolateral 
PFC/IFG and greater attention bias to emotional stimuli (Beevers et al. 2010). Further, 
polymorphisms related to dopaminergic neurotransmission have also been related 
to altered amygdala connectivity with the dlPFC (Blasi et al. 2009) and vmPFC 
(Lachman et al. 1996) during emotion processing, and have also been associated with 
OCD (Karayiorgou et al. 1997; Schindler et al. 2000; Denys et al. 2006). Whereas we 
observed altered timing of amygdala responsiveness during the processing of emotional 
stimuli, neuroimaging studies have inconsistently reported structural and functional 
alterations in the amygdala in OCD (see also discussion in chapter 3). Possibly, mixed 
reports on amygdala involvement in OCD (e.g. Simon et al. 2010; Rotge et al. 2008)) 
refl ect diff erences in included samples in underlying state- (e.g. medication status, task-
specifi cs) and trait (presence of genetic polymorphisms) eff ects on frontal-amygdala 
coupling. 

We showed that emotion regulation in OCD patients is associated with altered 
recruitment of dorsal frontal regions and dmPFC-amygdala uncoupling, and we 
propose this is related to increased emotional arousal. Future studies should elucidate 
how state-dependent factors such as behavioural arousal measures, and trait-factors 
such a polymorphisms related to serotonergic or dopaminergic neurotransmission 
infl uence emotion regulation in OCD. With additional future FC analyses in our 
combined resting-state and task-related data-set we would also be able to specifi cally 
test the hypothesis that individual variations in vmPFC-amygdala coupling relates to 
diff erential amygdala coupling with the task-related network and task performance. 
DNA was collected in our sample of patients, siblings and controls. Depending on the 
distribution of these genetic polymorphisms in our samples, future analyses exploring 
the eff ects of these on task-related brain and frontal-amygdala coupling may be feasible.

- Posi  ve frontal-amygdala connec  vity during working-memory in OCD

We observed increased FC between the amygdala and the pre-SMA and dlPFC in 
OCD patients during working memory, and especially in the low-performing OCD 
patients with lower IQ and higher anxiety and depressive symptoms. Compared to 
the high-performing OCD group and the siblings, the low-performing group showed 
reduced frontal activations (see Chapter 6, supplemental table S6.3). Previously, our 
group observed that amygdala activation correlated with dlPFC hypoactivation in OCD 
patients during the performance of a planning task (van den Heuvel et al. 2011). Th e 
question remains whether in the subgroup of OCD patients with worse performance 
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the dorsal recruitment is reduced due to ineffi  ciency in the dorsal cognitive circuit itself, 
or whether positive coupling with the amygdala in this group interfered with dorsal 
compensation mechanisms. 

Increased FC of the amygdala with task-related brain regions (dlPFC and pre-SMA) 
especially in low-performing OCD patients during the Nback task may be related to 
increased emotional arousal related to anticipation of failure and/or uncertainty about 
decision making. One way the amygdala could exert infl uence on the pre-SMA and 
dlPFC is via its projections to arousal systems such as the nucleus basalis of Meynert 
in the basal forebrain, involved in cortical arousal mechanisms and attention (Pessoa 
2008). We speculate that during higher load-levels of Nback task low-performing 
participants were increasingly uncertain about task performance. Th ey may have been 
aware of errors, since errors often require ‘stopping and restarting’ to confi dently update 
a remembered set of locations. 

Negative emotional state (by means of negative emotional distractors) in healthy 
subjects has been shown interfere with performance during a working memory task. 
Th is interference related to emotional arousal was associated with increased amygdala 
and reduced dlPFC activation (Dolcos et al. 2013). Increased amygdala activation in 
healthy controls during working memory task has also been associated with improved 
performance (shorter reaction times; Schaefer et al. 2006). Th e authors suggested that 
transient increased amygdala responses during high-load WM performance could be 
understood as a vigilance response to motivationally relevant stimuli and a performance-
enhancing modulation of attentional processes (Schaefer et al. 2006; Davis and Whalen 
2001). However, when performing a working memory task during the anticipation 
of a negative event increased amygdala activation has been associated with increased 
reaction times (Erk, Abler, and Walter 2006). Patients with OCD, and especially those 
with lower IQ and more frequent co-morbid depression, may anticipate failure more 
than controls. Also, these subjects may be more uncertain during decision making, 
even during the relatively easy N1 condition. A recent study by Stern et al. (2013) 
showed heightened subjective uncertainty during decision making in OCD patients 
versus controls. Increased uncertainty in OCD was associated with hyperactivation of 
regions related to emotion processing including the amygdala and the vmPFC, and with 
increased functional coupling. It remains an open question if subjective uncertainty is 
the result of an altered limbic response or vice versa. To help understand the origin of 
our results, future studies should assess if altered frontal-amygdala connectivity in OCD 
correlates with increased measures of self-reported and physiological emotional arousal 
and subjective uncertainty. 

- Inverse top-down frontal-amygdala coupling during inhibi  on in OCD

During response inhibition we observed inverse IFG-amygdala coupling in patients and 
siblings: directionality of connectivity between these regions was top-down in patients, 
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bi-directional in siblings and bottom-up in controls. Th is fi nding of increased top-down 
processing seems contrary to our general hypothesis of reduced top-down control in 
OCD patients. Possibly, changes in top-down and bottom-up processing in OCD are 
subprocess-specifi c. As illustrated in the previous section, amygdala activation during 
working memory task performance in healthy subjects was related to focused attention 
probably mediated by bottom-up processing from the amygdala, whereas amygdala 
activation during the anticipation of a negative event (like performance anxiety in 
patients) may be associated with top-down processing. Amygdala activation has been 
previously observed during confl ict tasks such as the emotional Stroop (Etkin et al. 
2006), during a stop-signal task when including an emotional component (Sagaspe, 
Schwartz, and Vuilleumier 2011) or contrasting failed-stop with successful-stop trials 
and go-trials with failed-stop trials (Congdon et al. 2010), suggesting a role of the 
amygdala in attention as well as confl ict during these tasks. Also, regarding the role 
of the IFG, it has been proposed that diff erent neural ensembles in the inferior frontal 
cortex work together during inhibition, but are involved in diff erent subprocesses: the 
detection of the stop-signal and inhibition of the motor response, respectively (Aron 
2011). To our knowledge, altered amygdala coupling has not been observed before 
during response inhibition. We propose that the observed top-down IFG-amygdala 
coupling in OCD patients during inhibition may be related to an increased attentional 
oddball eff ect of the infrequently presented stop-signal (Rubia et al. 2011; Kim, Kang, 
et al. 2003). Alternatively, it may refl ect the resolution of the confl ict associated with 
opposing task instruction (going vs. stopping; Etkin et al. 2006). Anatomically, the 
top-down infl uence of the IFG on the amygdala could be exerted directly (our DCM 
models only included this option, see also Curcic-Blake, Swart, and Aleman 2012), 
but could also be eff ected via projections to the thalamus or striatum, important nodes 
in the response inhibition network (Aron 2011), or via the dACC, a region important 
for confl ict resolution (Ghashghaei, Hilgetag, and Barbas 2007). Diff erences in brain 
activation patterns during confl ict tasks in OCD patients have previously been related 
to increased coupling between cingulate cortex and the dlPFC (Schlosser et al. 2010), 
and caudate nucleus (Kang et al. 2013), respectively. To test if altered IFG-amygdala 
coupling during inhibition is indeed related to oddball eff ects future studies should 
include an oddball control condition during inhibition tasks, such as used by Rubia et 
al. (2011). 

Taken together, our results across the three tasks showed that impaired cognitive 
control task performance in OCD patients is associated with a mixed pattern of 
hyper- and hypo-activations in the dorsal cognitive circuit. Given its relationship with 
performance preservation, dorsal hyperactivations in OCD patients and siblings seem 
compensatory, which on the one hand is suggestive of primary decreased effi  ciency 
within the dorsal circuit itself. On the other hand, our results also suggest a second 
mechanism, namely that altered coupling with the amygdala in OCD patients may 
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have interfered with recruitment of dorsal cognitive task-related brain regions during 
working memory and emotion regulation and with the ventral cognitive circuit during 
inhibition. Th e exact mechanism of this putative ‘limbic interference’ is unknown but 
it seems state-dependent, since direction of eff ects did not converge across the tasks. In 
general, it remains to be elucidated how exactly cortical and subcortical regions, part 
of the dorsal and ventral cognitive and the limbic circuit infl uence each other in health 
and in OCD during performance of cognitive tasks. We propose that the altered frontal-
amygdala coupling observed in OCD is i) related to altered attentional processing, 
emotional arousal and/or motivational state, and ii) may interfere with cognitive task 
performance. We cannot ascertain if a single mechanism, defi ciency within the dorsal 
circuit or limbic interference, or both mechanisms explain our fi ndings in OCD. Fronto-
limbic alterations as well as fronto-striatal changes are not specifi c for OCD, but have 
also been reported in other psychiatric disorders such as depression and anxiety, and 
may represent a common susceptibility factor for psychopathology. We expect, however, 
that together with alterations in fronto-striatal circuits, understanding frontal-amygdala 
interactions may be meaningful for understanding OCD pathophysiology. Further, 
fully understanding fronto-striatal and frontal-limbic interactions and identifying 
possible protective factors associated with successful neural compensation mechanisms 
may open up new treatment avenues in OCD.

What is the role of the rostral premotor regions (pre-SMA/PMD) in OCD?

We observed hyperactivation during working memory and response inhibition in OCD 
patients and siblings in a pre-motor region we called pre-SMA (chapter 4/5) or pre-SMA/
premotor cortex (chapter 6). During both tasks activation was in the pre-SMA (within 
the SMA mask of WFU Pickatlas; Maldjian et al. 2003) but also extended more laterally 
to the rostral dorsal premotor cortex (pre-PMD; Picard and Strick 2001; Hanakawa et 
al. 2002). Anatomical, electrophysiological and neuroimaging studies in humans and 
nonhuman primates have shown that the rostral premotor regions pre-SMA and pre-
PMD are functionally part of prefrontal cortex, and are, in contrast to the more caudal 
premotor cortex, involved in cognition rather than motor function (see Hanakawa et 
al. 2002; Picard and Strick 2001; Boussaoud 2001; Akkal, Dum, and Strick 2007). Pre-
SMA and pre-PMD are functionally connected to regions in lateral PFC such as the 
dlPFC, and are both active during executive control tasks such as working memory and 
spatial attention (Boussaoud 2001; Hanakawa et al. 2002). Th ey may be considered part 
of the dorsal cognitive fronto-striatal circuit. Further, it is not surprising that the region 
showing hyperactivation in patients and siblings is overlapping with both regions, since 
it is thought that instead of functioning in discrete modules, there are rostral-caudal 
gradients in function of neural ensembles within the supplementary and pre-motor 
cortices (Nachev, Kennard, and Husain 2008; Picard and Strick 2001). 
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Th ere are various functions attributed to the pre-SMA and pre-PMD. Both pre-
SMA and pre-PMD have been associated with rule-based behavior and the coding of 
complex condition-action associations (Nachev, Kennard, and Husain 2008; Hanakawa 
et al. 2002). However, other regions that are part of the cingulo-opercular network 
(that putatively includes the pre-SMA) have also been implicated in set-maintenance 
(Dosenbach et al. 2007). Th e pre-PMD is thought to be involved in the cognitive 
manipulation of representations in short-term memory, and in subvocalisation during 
cognitive tasks (Hanakawa et al. 2002). Th e pre-SMA has a supposed role in the control 
of emotions, either directly (Kalisch 2009; chapter 3) or via connection to the ventral 
cognitive and aff ective CSTC circuits (Wager et al. 2008). Th ere is strong evidence for a 
role of the pre-SMA in the inhibitory control of body movement and confl ict resolution 
of two competing procedures (Picard and Strick 2001).Th e pre-SMA is thought to 
use contextual cues to suppress the active but inappropriate response, and facilitate 
the selection of an appropriate action (i.e. proactive switching; response inhibition). 
Further, regions in the posterior medial frontal cortex (including pre-SMA, dorsal ACC) 
are involved in confl ict monitoring, i.e. monitoring the level of control that is needed 
during goal-directed behavior (Ridderinkhof et al. 2004). Th e dorsal ACC and pre-
SMA are hypothesized to work in concert during control processes, updating action 
values in response to internal (errors, confl ict) and external (change in context, cues) 
events and the recent reinforcement history (Ullsperger and King 2010; Hikosaka and 
Isoda 2010). It is thought that the pre-SMA implements a mode of general pro-active 
control, whereas the dorsal ACC is involved in motivational decision-making and 
reactive control. In situations requiring a switch from automatic to controlled processing 
(e.g. errors, confl ict, change of context) the pre-SMA as such may enable mechanisms 
for the selective improvement in information processing by reducing interference from 
irrelevant information, whereas the dorsal ACC recruits processes to enhance general 
responsiveness (Ullsperger and King 2010; Hikosaka and Isoda 2010). 

As reviewed above, in the literature there is no consensus about the exact role of the 
pre-SMA/PMD, and thus we can only speculate about the specifi c role of the pre-SMA/
PMD hyperactivation in OCD symptomatology and cognitive dysfunction. Interpreting 
pre-SMA/PMD hyperactivations as compensatory and benefi cial for executive control 
as we did as well as others (Grutzmann et al. 2014; Ciesielski et al. 2012; Ciesielski et 
al. 2011) seems somewhat at odds with the promising results of multi-session inhibitory 
rTMS over this region in clinical studies in treatment-refractory patients (Mantovani 
et al. 2010; Berlim, Neufeld, and Van den Eynde 2013; Gomes et al. 2012). Th ere 
are several factors to consider here. Firstly, how multi-session inhibitory rTMS over 
bilateral pre-SMA improves symptoms in OCD and how it relates to brain activation 
patterns and cognition is unknown. In clinical psychiatry, for instance, both stimulatory 
high-frequency as well as inhibitory low-frequency rTMS over the dlPFC has been 
shown to have antidepressant eff ects (Schutter 2009, 2010; Berlim, Van den Eynde, 
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and Jeff  Daskalakis 2013). Th e eff ects of frontal rTMS on symptom improvement may 
be the result of network reorganisation rather than aff ecting activation in one frontal 
region per se, and rTMS eff ects may be mediated by alterations of dopamine in either 
interconnected cortical (Cho and Strafella 2009) or subcortical regions such as the 
striatum (Strafella et al. 2001; Strafella et al. 2003). Secondly, studies using rTMS on the 
pre-SMA in OCD have only been performed in treatment-resistant patients, often using 
medication, who may have a diff erent neurocognitive profi le than the ones included in 
the samples in this thesis.

Finally, it is conceivable that upregulation of pre-SMA/pre-PMD activation, as seen 
in our endophenotype studies, may be benefi cial for some but not other cognitive tasks. 
Th ere are two studies linking compensatory activation of the pre-SMA with dorsal ACC 
dysfunction during confl ict monitoring in OCD (Grutzmann et al. 2014; Yucel et al. 
2007). Although highly speculative, it may be that in OCD there is an impairment in 
ACC mediated reactive control and an overreliance on pre-SMA mediated pro-active 
control during cognitive control processes, which results in more rigid or selective 
condition-action associations, which may be benefi cial for some tasks but not others. 
Based on their work on error-related negativity in students with high obsessive-
compulsive symptom scores, Cavanagh et al. (2010 ) suggested that this group may 
be able to function during response selection of values that have been integrated over 
time (such as the stop-signal during a response inhibition task), but may be unable 
to compensate for rapidly overcoming well-learned stimulus-response associations 
(e.g. during a reversal learning paradigm). Th is notion seems similar to the increased 
habitual responding, and impaired cognitive infl exibility observed in OCD (Gillan et al. 
2011). Gillan et al. (2011) have hypothesized that a dysfunctional orbito-frontostriatal 
system associated with goal-directed actions, may induce a shift towards overreliance 
on the habit system. Th e state eff ects we observed (increased pre-SMA activation with 
lower YBOCS scores) seems contrary to this idea that pre-SMA activation is mostly 
present in individuals with more compulsivity, but YBOCS scores may not be directly 
related to habitual responding as measured with with instrumental or shock-avoidant 
learning tasks. Moreover, disease duration rather than disease severity may be a greater 
predictor of this shift towards habitual responding in OCD. Future studies should 
aim to shed further light on the role of the pre-SMA/pre-PMD in OCD patients and 
unaff ected relatives. Possibly, pre-SMA hyperactivation while putatively benefi cial for 
working memory and inhibition task performance in OCD, has adverse side eff ects 
related to the representation of more rigid condition-action associations. Future studies 
could investigate this hypothesis by assessing how inter-individual variation in pre-
SMA hyperactivation, in general as well as treatment-resistant OCD samples, relates to 
variation in cognitive control task performance across a range of tasks including habit 
learning. 
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Methodological considera  ons

In this thesis we set out to test how cognitive control impairments in OCD relate to 
functional and structural brain changes including dorsal and ventral frontal-striatal 
circuits, as well as the limbic circuit. To this aim we had a medium-sized group of 41 
control subjects, 46 OCD patients, and a subset of their unaff ected siblings perform 
three cognitive control tasks during functional MRI scanning. We additionally obtained 
structural scans from a large sample of OCD patients and controls included in the 
OBIC data-set to assess volume changes across the brain. We used an in-house developed 
OCD-specifi c emotion regulation task, since we expected that disease-specifi c emotion 
processing and regulation would specifi cally challenge dorsal and ventral fronto-striatal 
and limbic function in OCD. Moreover, understanding the neural underpinnings of 
cognitive reappraisal in OCD seemed clinically relevant given it is an emotion regulation 
strategy used in CBT. We modulated activation of the dorsal cognitive circuit with 
rTMS in a second fMRI scanning session to assess how this would infl uence emotion 
regulation and activation in these circuits. On the one hand, modulation with rTMS was 
applied to test the predictions made by our working model regarding a dorsal/ventral 
imbalance which we hypothesized would be rescued by 10Hz rTMS and worsened by 
1Hz rTMS. On the other hand, the use of rTMS in combination with an emotion 
regulation task seemed of interest for future studies using rTMS in a clinical setting. We 
added a visuospatial Nback task to the fMRI scan procedure since this working memory 
task is known for robust recruitment of fronto-parietal regions including the dlPFC 
(Owen et al. 2005; van der Wee et al. 2003). Th is ensured that subject-specifi c dlPFC 
hotspot localisation for TMS was also possible in subjects without signifi cant dlPFC 
activation during emotion regulation. Subjects also performed a stop-signal task, chosen 
since response inhibition impairments were put forward as a promising endophenotype 
of OCD previously (Chamberlain et al. 2005), and as this task also probes CSTC 
function. Scanning unaff ected siblings of a subset of the OCD patients group implied 
that we were able to assess neurocognitive traits across these control tasks, putatively 
related to the genetic susceptibility for OCD. Also, sibling-specifi c fi ndings could give 
us leads about resilience factors to the development of OCD symptoms. Despite these 
merits, results of the studies included in this thesis need to be interpreted while taking 
into account the following methodological limitations. 

In general, observed diff erences in task-related BOLD activation patterns in patients 
versus controls could be directly related to dysfunction of task-related neural networks, 
or result from other processes related to the task being handled diff erently by the groups. 
For instance, a task condition may be less aff ectively neutral and more cognitively 
demanding due to the induction of symptoms, the trial context may be altered in groups 
that make more errors, and groups may adopt an alternative strategy to perform the task. 
Collecting self-reported and physiological measurements of arousal and stress during 
fMRI task performance (e.g. anxiety ratings, heart rate, pupil diameter, skin conductance 
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resistance saliva cortisol measurements) is labour-intensive. We did not include it in our 
already hefty study protocol. Nevertheless, including these in-scan measurements as well 
as indices of individual variation in stress-reactivity and previous exposure to stressful 
life-events in our fMRI analyses might have given us additional leads about the origins 
of the observed BOLD changes in OCD patients and siblings. We advise future studies 
to include these. Similarly, future studies using cognitive control tasks in OCD should 
incorporate adequate control conditions in their task design in order be able to identify 
and disentangle eff ects of emotional valence, attention and confl ict on frontal-amygdala 
coupling.

Function of the aff ective orbitofronto-striatal circuit is of great interest when studying 
disorders characterized by compulsivity such as OCD (see also Monteiro and Feng 2016 
for a recent summary of exciting fi ndings of this circuit in OCD mouse models). Th e 
absence of group-level functional MRI changes in the OFC during working memory 
and inhibition may be due to use of these specifi c tasks (Owen et al. 2005; Cieslik et al. 
2015). It seems more likely, however, that signal-dropout in this region in the functional 
MRI scans due to susceptibility artefact played a role as well. Based on previous studies 
we would have also expected to fi nd (altered) OFC recruitment during OCD-related 
symptom-provocation and emotion regulation in OCD (e.g. Rotge et al. 2008; Kalisch 
2009). At the uncorrected level, we indeed observed increased recruitment of anterior 
part of the superior frontal gyrus (BA10) near the border with the OFC during OCD-
related ER in OCD patients compared with controls (see chapter 3, Figure 3.2 legend). 
Future studies investigating emotion regulation in OCD should use a scanning sequence 
optimized for OFC signal (e.g. Deichmann et al. 2003; Weiskopf et al. 2007). Further, 
inclusion of a ‘typical OFC task’ such as an instrumental learning task in our fMRI 
scanning session would have given us the possibility to replicate previous endophenotype 
fi ndings in this region (Chamberlain et al. 2008). Moreover, it would have provided 
us the opportunity to test specifi c hypotheses described in the previous section about 
the relationship between habitual responding and pre-SMA activations across diff erent 
control tasks. 

Th ere are also limitations related to the specifi cs of the included samples. We 
studied OCD patients and unaff ected siblings as example populations to gain deeper 
understanding of how a varying degree of functional alterations in fronto-striatal and 
limbic circuits relate to cognitive control impairments. Changes in these neural networks 
are not specifi c for the symptom cluster associated with OCD. Th ere is great overlap 
between the neurocognitive characteristics of OCD with those of other psychiatric 
disorders including anxiety disorders, depression and ADHD (e.g. (Goodkind et al. 
2015; Radua et al. 2010; van den Heuvel, Veltman, Groenewegen, Witter, et al. 2005). 
Well-powered studies are warranted across these disorders on diff erent neurocognitive 
aspects to investigate how intricate changes in brain circuits relate to the diff erent 
constellations of behavioral changes currently grouped as psychiatric disorders in the 
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DSM. Further, our endophenotype fi ndings without an established link to genetic data 
remain putative. Th ey await replication and confi rmation by combining neurocognitive 
with genetic data.

With regards to the possible confound of medication: the sample included in our 
cognitive control study was unmedicated, whereas the OBIC sample was partially 
medicated. Inclusion of an unmedicated sample has the advantage of controlling for 
direct medication eff ects on BOLD activation patterns, but may have resulted in the 
sample not being fully representative of the overall OCD patient population. As we 
did not obtain extensive information about medication history or the familiality of 
OCD, we could not do explorative analyses on these eff ects in chapter 3-6. Inclusion 
of a partially medicated sample in chapter 2 made it possible to explore the eff ect of 
medication on regional brain volume. Based on these analyses, we do not think that 
medication eff ects explain our fi ndings, nonetheless we cannot fully exclude that subtle 
medication-eff ects may have confounded our structural MRI results.  

Regarding MRI data analysis, the multiple comparison correction levels we applied 
diff ered per chapter: ranging from FWE-correction per ROI with (chapter 6) and 
without (chapter 3, 4) adequate correction for multiple of ROIs, to an uncorrected 
p-threshold with a cluster extent (chapter 2, chapter 5). Overall, most fi ndings are 
corrected for multiple comparisons, even when using more stringent approaches (such 
as correcting adequately for the number of ROIs). Since we additionally reported on 
FWE-corrected whole-brain results at peak-voxel (chapter 3-6) or cluster-level (chapter 
2), we do not think the ROI approach obscured the involvement of unpredicted brain 
regions outside of our hypothesized regions. For the structural analysis on the OBIC 
data, we included various international samples that made use of diff erent scanner types 
and scanning sequences. Although we included these variables in our analysis models to 
control for eff ects of scanning site, this heterogeneity still may have aff ected our results. 

Further, it seems important to note that data-analytical task modeling related to 
higher error-rates in patient groups versus controls may greatly infl uence amygdala 
fi ndings. Th e results from Schaefer et al. (2006) mentioned earlier showing increased 
amygdala activation with increasing working memory load associated with improved 
performance, were obtained using an event-related fMRI analysis. When analyzing 
their data with a blocked design, diametrically opposed eff ects were observed, namely 
a decrease in amygdala activation from N1 to N3. Th is latter fi nding is in line with 
previous studies employing a similar blocked design suggesting that amygdala activation 
decreases with increased cognitive eff ort (see Schaefer et al. 2006). In our working 
memory study, trials were modeled event-like with stick functions, but presented in 
blocks per working memory load level with short inter-trial-intervals. If performance 
accuracy is high, the modeling per load-level would essentially be a blocked boxcar 
shaped regressor due to smoothing as a result of the convolving with the HRF. An 
alternative explanation for our fi ndings of increased positive fronto-amaygdala FC in 
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the low-performing OCD group would thus be that the modeled responses (accuracy 
dropped from 85% (N1) to 42% (N3), see chapter 6, Table S6.2) were more event-
like. However, contrary to this explanation is our fi nding that high-performing OCD 
patients and siblings were intermediate responders in the FC analysis between low-
performers and controls, whereas their performance was not diff erent from controls. 
We thus think it is unlikely that our results are related to the choice for a block design 
and trial modeling. Future studies assessing the interaction between the amygdala and 
frontal cortex during cognitive control tasks in OCD, however, should be aware of this 
methodological aspect.

We would also advise future studies on emotion regulation in OCD to consider 
the following issues. First, adequate symptom provocation outside the patients’ natural 
environment such as inside an fMRI scanner is challenging. Th ere is still a debate in the 
literature about the merits of using individually tailored stimuli versus a standardized 
stimulus set when aiming to improve emotion induction (Simon et al. 2010). We chose 
to use a standardized matched stimulus set counter-balanced across instructions and 
sessions. Th is could have resulted in suboptimal emotion induction since it meant that 
OCD patients probably partly viewed some OCD-related stimuli that were not relevant 
to their type of OCD. Our approach aimed to control for diff erences in processing related 
to stimulus-associated arousal, valence, complexity, and luminance. Using matched but 
diff erent stimuli over two sessions we also aimed to reduce confounding habituation 
or sensitisation eff ects (van den Heuvel et al. 2004). Second, we modeled the design of 
our emotion regulation tasks on those previously successfully used in healthy subjects 
(Ochsner et al. 2002) and anxiety (Goldin et al. 2008), including a relatively long 
duration of stimulus presentation. Given more recent fi ndings (e.g. Simon et al. 2010), 
future studies on emotion regulation in OCD may consider the use of an individually 
tailored versus a standard stimulus set, and a shorter stimulus duration within a blocked 
design for optimal emotion induction and optimal task effi  ciency. 

Finally, there is a number of limitations regarding the rTMS experiment that need to 
be taken into account when interpreting the results. First, due to chance, co-morbidity 
rates diff ered between the OCD samples (more co-morbidity in the OCD sample 
randomised to receiving real rTMS versus sham rTMS). Second, we used a fi xed-order 
design in the rTMS experiment, which may have resulted in the TMS results being 
confounded by learning eff ects. Our reasoning was two-fold: i) a fi xed order meant we 
could obtain a functional rTMS hot-spot based on analysis of the scans of the fi rst session; 
ii) it enabled comparison of the three control tasks across the largest sample of subjects, 
without confounds of task order or rTMS. A balanced within-subjects repeated design 
might have improved power, but this would have taken an additional measurement 
which has its drawbacks such as habituation to task stimuli and potential dropout of 
subjects. Th ird, the predictions made by our working model for the TMS modulation 
part of the experiment may also have been assessed using a simpler emotion provocation, 
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rather than the more complex emotion regulation task. When visualising rTMS eff ects 
with fMRI time is a crucial factor, since neural eff ects of the stimulation taper off . 
Reducing the number of conditions may have improved reliability of BOLD activation 
measurements by increasing task effi  ciency as well as  have decreased task duration. Th is 
may have made us more sensitive to detect any small eff ects induced by the rTMS. In a 
similar vein, we based our rTMS protocol on those being successfully used in treatment 
studies (see Berlim, Van den Eynde, and Jeff  Daskalakis 2013; Berlim, Van den Eynde, 
and Daskalakis 2013; Berlim, Neufeld, and Van den Eynde 2013). Future studies, 
however, should consider using theta-burst or other patterned stimulation protocols 
since they may be more optimal for inducing long-lasting brain changes as well as being 
less uncomfortable for study subjects due to its short stimulation duration (Suppa et al. 
2016). Fourth, it may be that an individual’s state during TMS procedures infl uences 
the eff ects of stimulation. Despite rTMS being performed by the same persons with a 
standardized routine, we did not assess nor control our subjects’ state during the rTMS 
procedure. Future studies studying the eff ect of TMS on cognition should take these 
aspects into account. 

Clinical implica  ons and future direc  ons
Improving cogni  ve reserve in OCD?

Our data suggest that compensatory upregulation of fronto-parietal networks may be 
a resilience factor to the development or progression of OCD. First, activation in the 
task-related network during inhibition and working memory was higher in amplitude 
and greater in extent in siblings than in patients. Second, hyperactivation was most 
prominent in those patients with lower disease load: lower OCD severity (chapter 3 
and 4) or higher IQ and lower co-morbid depression and anxiety ratings (chapter 6). 
Variations of load-dependent fronto-parietal hyperactivation in OCD patients and 
siblings may refl ect varying degrees of cognitive reserve. In healthy individuals a linear 
increase in BOLD activation with increasing WM load is associated with higher WM 
performance (see Stern 2009; Heinzel et al. 2014). Th is ‘youthful’ response (large 
diff erence between BOLD activation of load N3 versus load N1) has been proposed as 
a biomarker for cognitive reserve (Stern 2009). It is thought that low BOLD activation 
in WM regions at low WM load refl ects high neural effi  ciency, and a relatively high 
BOLD WM activation at high load indicates high neural capacity. During healthy aging 
performance deteriorates, and this linear pattern is lost, similar to the plateauing of 
regional BOLD activation we observed from N2 to N3 in our patient and sibling group. 

Th ese observations suggest a number of avenues for future research. Firstly, it may 
be that load-dependent brain activation patterns during the Nback task can be used as a 
biomarker for cognitive reserve in the OCD patient group as well. Given the role of these 
fronto-parietal circuits in various functions associated with cognitive control including 
behavioral inhibition, attention and working memory (Criaud and Boulinguez 2013), 
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upregulation of this circuit may generalize to improved general executive control function 
in OCD. Future research should aim to assess if the between-subject variability in load-
dependent frontal-parietal activation is related to task performance not only during a 
working memory task such as the Nback task, but also across diff erent executive control 
tasks. Secondly, it may be clinically relevant to see if it is possible to increase network 
effi  ciency or capacity in OCD patients. Brain activation may be upregulated using 
cognitive training, brain stimulation methods such as TMS, direct current or deep brain 
stimulation, or neurofeedback. Cognitive training may increase network effi  ciency, as 
it has been shown that in older adults cognitive training resulted in a more ‘youthful’ 
BOLD response, and concomitant improved task performance (Heinzel et al. 2014). 
Multi-session rTMS could be used to modulate task-related frontal-parietal activation 
(Reithler, Peters, and Sack 2011). Th ere have also been some preliminary studies showing 
that modulating brain activation through real-time fMRI or EEG neurofeedback may 
result in a reduction of symptoms in major depressive disorder (Linden et al. 2012), 
and OCD (Deng et al. 2014; Buyukturkoglu et al. 2015). In general, the mechanisms 
of clinical change due to CBT, medication, cognitive training or neuromodulatory 
techniques such as rTMS and neurofeedback still need to be elucidated. WM-related 
BOLD responses may potentially be used to identify patients that could benefi t from 
cognitive training and non-invasive brain stimulation, and be subjects in studies on these 
treatment strategies in OCD (Heinzel et al. 2014; Jones and Berryhill 2012). Further, 
WM-related BOLD responses may be used as tool to assess if the diff erent treatments 
used in OCD aff ect fronto-parietal network effi  ciency or capacity. Additional leads may 
come from data-driven multi-modal imaging approaches for instance using support 
vector machines (e.g. Hoexter et al. 2013), which can explore if group-membership or 
dimensional scores can be predicted from these BOLD responses. Performing a follow-
up study specifi cally comparing frontal-parietal, as well as frontal-striatal and frontal-
limbic BOLD responses before and after treatment such as CBT in OCD would be a 
fi rst step. We have recently begun collaborating on such a study with the OCD-team led 
by dr. Kvale at Haukeland University Hospital, Bergen, Norway.

The role of rTMS in OCD: targe  ng the pre-SMA or dlPFC?

A more fundamental avenue of research stemming directly from the results in this thesis 
is to further elucidate the role of the pre-SMA in OCD, and how to understand our 
fi nding of compensatory pre-SMA upregulation in light of the use of clinically-applied 
multi-session inhibitory rTMS over this region in OCD. It is unknown what the eff ects 
of multi-session 1Hz rTMS over pre-SMA have on functionality (neuroplasticity) of 
this region in OCD. At any rate, there is still debate about the exact role of the pre-SMA 
during executive function and emotional control (as reviewed above). Possibly, TMS-
induced sustained reduction of baseline activation would result in increased capacity 
of this region, but this is highly speculative. Clinical improvement may alternatively 
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be related to multi-synaptic rTMS eff ects on connected fronto-striatal or parietal 
regions, or on network dynamics. It is also conceivable that the extent of the pre-SMA 
hyperactivation in individual patients is related to their treatment response to rTMS 
over the pre-SMA. Future studies should aim to replicate our fi ndings of compensatory 
pre-SMA hyperactivation during cognitive control tasks in OCD and siblings. Further, 
an fMRI study before and after multi-session 1Hz pre-SMA rTMS in OCD patients 
using a variety of tasks aimed at pre-SMA function including a motor task (Mantovani 
et al. 2013), confl ict tasks (e.g. (Yucel et al. 2007; Rubia et al. 2011), a habit task (Gillan 
et al. 2015; Voon et al. 2015), a working memory task, and measures of structural 
integrity and functional connectivity may help clarify these issues. 

An imaging study comparing the eff ects of TMS over pre-SMA versus the dlPFC 
on cognitive control and fronto-striatal and limbic function seems also warranted. 
Despite promising results of the few clinical studies using multi-session rTMS in OCD 
in general, a recent meta-analysis showed that studies targeting the dlPFC seemed less 
eff ective than those targeting the pre-SMA (Berlim, Neufeld, and Van den Eynde 2013). 
It is unknown how multi-session rTMS over the dlPFC and pre-SMA infl uences the 
(balance between) diff erent CSTC circuits and relates to alterations in serotonergic 
function, as well as changes in dopaminergic and glutamatergic neurotransmission 
important for the balance of the direct and indirect pathways within these circuits. A 
direct comparison of these dorsal frontal target locations may give direction to future 
clinical TMS studies in OCD.

To conclude, we showed compensatory up-regulation of dorsal frontal regions and 
altered frontal-amygdala coupling during cognitive control task performance in OCD. 
Future research should be aimed at understanding if assessment of these neurocognitive 
characteristics can be of use in treatment studies in OCD, for example as indicators of 
cognitive reserve and by predicting response to certain treatments. Further, it remains 
to be elucidated whether infl uencing these neurocognitive functions and enhancing 
compensatory mechanisms, can contribute to better control over emotional and 
behavioral disturbances and result in symptom reduction in OCD.


