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Chapter 1

Mrs. D., a 47-year-old married woman with refractory obsessive-compulsive 

disorder (OCD) was referred to the psychiatry department of the Academic 

Medical Center (AMC) for deep brain stimulation (DBS). For 26 years, she had 

been suffering from obsessions with dirt and compulsions consisting of cleaning 

her house. At the time of referral to our department, Mrs. D. would spend 22 

hours per day vacuuming, sweeping and scrubbing her home, corresponding 

to a total of 38 points (extremely severe OCD) on the Yale-Brown Obsessive 

Compulsive Scale (Y-BOCS). Mrs. D’s obsessive-compulsive symptoms had 

never responded to standard psychotherapeutic or drug treatment strategies 

for OCD. 

 Secondly, Mrs. D. had a long history of smoking: for 22 years she 

smoked 35 cigarettes daily, which she tried to quit several times without 

success. Mrs. D. described parallels between her cleaning compulsions and 

smoking. Comparable to the satisfactory experience of smoking, she occasion-

ally achieved a satisfactory feeling of having completed all of her cleaning 

compulsions perfectly which had become harder to achieve over time, and 

she experienced similar feelings of distress during abstinence of smoking and 

compulsions. A third problem was that Mrs. D. weighed 107 kg with a height 

of 170 cm, corresponding to a body mass index of 37 (obesity), due to excessive 

intake of high-calorie foods. 

General introduction

A case of obsessive-compulsive disorder

9
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 After extensive screening, Mrs D. was found eligible for experimen-

tal treatment of OCD with DBS. Two electrodes were implanted bilaterally 

in the nucleus accumbens and connected to a DBS stimulator. Three weeks 

after implantation, when stimulation of the electrode contacts was optimized, 

obsessive-compulsive symptoms started to improve. Mrs. D reported that she 

did not feel compelled to clean anymore and within 5 months she decreased the 

time spent on obsessions and compulsions from 20 hours to less than 1 hour a 

day, corresponding to a Y-BOCS score of 2 (subclinical OCD symptoms). She 

kept on cleaning her house daily, but now felt satisfied with only 30-60 minutes 

of cleaning and experienced that it was her own choice again. 

 Seven months after implantation, Mrs. D. realized that she wanted to 

be free of her unhealthy smoking habits as well, and that the smell and the taste 

of cigarettes had become unpleasant to her. She stopped smoking effortless 

without craving or experiencing withdrawal symptoms, despite the fact that 

her husband continued smoking 30 cigarettes a day. Two weeks after having 

quit smoking, Mrs. D. decided to also change her unhealthy eating habits. With 

the support of a dietitian, she started to lose one kg a week and lost 44 kg in 

ten months until she reached her goal of 71 kg (body mass index = 25). She 

reported that high calorie foods did no longer provide her any satisfaction and 

she developed a strong preference for healthy foods. 

 The 5-year follow-up evaluation (2013) shows that Mrs. D. now scores 

one point on the Y-BOCS, has never desired to smoke anymore, and has lost 55 

kg since implantation (weight 61 kg, BMI 21). Mrs. D. attended the AMC three 

times during the past 5.5 years when she noticed being late for work due to the 

gradual return of former obsessions and compulsions, which each time turned 

out to be associated with a battery depletion and was rescued completely after 

replacement of the neurostimulator. 

How does DBS improve obsessive-compulsive and addictive symptoms? 
This prototypical case of DBS treatment for OCD raises an important problem 

related to our psychiatric diagnostic system. In the current version of the 

Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR, American 

Psychiatric Association 2000), OCD is classified as an anxiety disorder because 

compulsive behaviors develop in response to anxiety. Mrs. D.’s smoking habits 
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can be classified in DSM-IV-TR as substance dependence, which is defined as 

persisting use of drugs despite problems, tolerance to the effect of the drug and 

withdrawal symptoms when use is reduced or stopped. Obesity due to chronic 

overeating is not considered as a mental disorder in DSM-IV-TR but bears 

addictive characteristics as well. How is DBS capable of changing behavior of 

three different disorders in one single patient? 

 Some researchers have proposed to view OCD as a disorder of 

behavioral addiction, with obsessions and compulsions being related to loss 

of voluntary control and a dependency on repetitious, self-defeating behavior 

(Holden, 2001; Denys, 2004). Based on analogies with addiction, several 

other non-drug related disorders have been proposed within this concept, for 

example pathological gambling, trichotillomania, skin-picking, compulsive 

eating, compulsive computer use, compulsive sexual behavior, and compul-

sive buying (Holden, 2001; Grant et al., 2006). When viewed as a behavioral 

addiction, patients may develop a dependency upon compulsive behaviors, 

because of their rewarding effects when performed perfectly or when compul-

sions reduce obsession-induced anxiety or distress. Similar to addiction, OCD 

patients develop a restricted behavioral repertoire at the cost of healthy reward-

ing actions and they are unable to switch to more adaptive, goal-directed 

behaviors. The concept of behavioral addiction may help to understand the 

profound behavioral changes across three different disorders following DBS 

treatment in our prototypical case. Though attractive, the behavioral addiction 

paradigm has never been tested thoroughly in OCD patients. As of yet, it has 

been suggested in literature a few times (Holden, 2001; Denys, 2004; Grant et 

al., 2006), but has not been adopted in DSM V, or being used as an experimental 

test paradigm. 

 In many other proposed disorders of behavioral addiction this concept 

is supported by substantial overlap in neuronal circuits with drug addiction. 

These include dysfunction of the motivational brain circuitry and abnormalities 

in the dopamine neurotransmitter system (Hollander et al., 2005; Grant et al., 

2006; Belin & Everitt, 2008; Stoeckel et al., 2009; Upadhyay et al., 2010; Van 

Holst et al., 2010). The motivational brain network consists of neural pathways 

that connect frontal lobe regions with the basal ganglia (Alexander, 1986) or 

striatum (which can be defined as the part of the basal ganglia that receive 

introduction
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cortical input via the internal capsule). These frontostriatal pathways are 

involved in selecting adaptive behaviors that maximize rewarding outcomes 

and help avoiding negative ones. Within the frontostriatal network, dopami-

nergic neurons are important for detecting potential alerting and rewarding 

environmental stimuli that can be used for adaptive modulation of behavior 

(Schultz, 1998). Its ability to translate potential rewarding information into 

goal directed actions while inhibiting unwanted behaviors is why this network 

is critically linked to motivation (Frank, 2011).

 Mrs. D. is engaged in a restricted set of obsessions and compulsions 

for 22 hours per day and she is unable to switch to more healthy goal-directed 

behavior, which may be reflected by dysfunctional motivational circuits. Could 

OCD then be regarded as a behavioral addiction with similar dysfunction of 

motivational brain circuits and does effective DBS for OCD modulate these 

circuits? Though frontostriatal abnormalities (Whiteside et al., 2004; Menzies et 

al., 2008; Radua et al., 2010), and alterations of the dopaminergic system (Figee 

et al., 2010) are indirect evidence for a dysfunctional motivational system in 

OCD, as of yet there is no direct evidence for altered reward or motivation 

proving the usefulness of behavioral addiction. Direct evidence would involve 

the manifestation of altered reward processes in OCD or in vivo demonstration 

of recruitment of different neuro-circuits that support these processes. 

1. So, the first question we raised was whether we could discover disturbances 

in the motivational network in OCD. To that end, we tested two different 

paradigms in OCD patients and healthy controls. We adapted a monetary reward 

paradigm to evaluate reward-related motivation with functional magnetic 

resonance imaging (fMRI) (chapter 2), and a risk-decision making paradigm 

to assess how risk-attitude affects brain responses in OCD patients (chapter 
3). We hypothesized that OCD patients would have impaired responses to 

monetary rewards in the motivational network, similar to drug and non-drug 

addictions.  In addition we expected that OCD patients would be risk-aversive 

and have exaggerated brain responses to risk. 

2. The second question we raised was whether we could change dysfunction 

of the motivational network with direct stimulation of the striatal-accumbal 
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area. We first reviewed previous DBS neuroimaging studies in OCD, addic-

tion, Tourette’s syndrome and major depressive disorder (chapter 4). Only very 

few DBS imaging data exist and exploring results for different disorders may 

maximize our insight into brain changes underlying DBS. Unlike PET imaging 

used in these previous studies, fMRI would be able to detect rapid task-related 

and functional connectivity changes to probe motivational circuit function. 

However, fMRI was never applied in fully implanted patients because of safety 

issues. In chapter 5 we describe how we resolved these issues and developed 

the first application of fMRI in DBS. In chapter 6, we repeated the fMRI reward 

paradigm from chapter 2 but now in implanted patients, as a probe for local 

DBS effects on the nucleus accumbens (NAc). To probe motivational network 

changes, we also examined how DBS influenced resting-state patterns between 

the NAc and frontal cortex. In addition, we measured electro-encephalogram 

(EEG) activity in the frontal cortex when patients were viewing OCD symptom-

eliciting pictures to evaluate DBS effects on frontal symptom regulation. Finally, 

in chapter 7 we used an inhibitory control paradigm to examine if DBS also 

affects pathways that are involved in the control of unwanted behaviors. We 

used these different imaging paradigms to test our hypothesis that effective 

DBS for OCD would be able to restore normal responses in the NAc and in the 

connected frontostriatal network. 

3. The third question was whether we could observe adaptations of dopamin-

ergic dysfunction in OCD following DBS in OCD patients. First, we reviewed 

molecular imaging studies to search for evidence of dopaminergic disturbances 

in OCD (chapter 8). Then, we examined dopaminergic changes of DBS in 

OCD using [¹²³I]iodobenzamide single photon emission computed tomogra-

phy ([¹²³I]IBZM SPECT) and measurements of the dopamine/noradrenaline 

metabolite homovanillic acid (HVA) (chapter 9). We hypothesized that effec-

tive DBS would be associated with dopaminergic changes.

4. Finally, we explored new potential DBS targets for OCD. We first reviewed the 

efficacy of all current DBS targets for OCD (chapter 10). For our final chapter 

(chapter 11), we attempted to redefine OCD symptoms as compulsivity,

which may better capture the manifestation of compulsive behaviors within 

introduction
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a broad range of psychiatric disorders. We used neuroanatomical information 

from published case reports of compulsivity linked to circumscribed brain 

injuries, to explore brain circuits of compulsivity that could be effectively 

modulated with DBS. 



15

ch 1

introduction



16



17

Neurocircuitry of

 obsessive-compulsive disorder

part 1



18



19

Chapter 2

Dysfunctional reward circuitry in

obsessive-compulsive disorder

Martijn Figee, Matthijs Vink, Femke de Geus, Nienke Vulink,
Dick Veltman, Herman Westenberg and Damiaan Denys

Biological Psychiatry, 2011, 69(9), 867–74.

Obsessive-compulsive disorder (OCD) is primarily conceived as an anxiety 

disorder, but has features resembling addictive behavior. Patients with OCD 

may develop dependency upon compulsive behaviors because of the reward-

ing effects following reduction of obsession-induced anxiety. Reward process-

ing is critically dependent on ventral striatal-orbitofrontal circuitry and brain 

imaging studies in OCD have consistently shown abnormal activation within 

this circuitry. This is the first functional imaging study to investigate explicitly 

reward circuitry in OCD. 

Brain activity during reward anticipation and receipt was compared between 

eighteen OCD patients and nineteen healthy controls, using a monetary incen-

tive delay task and functional magnetic resonance imaging (fMRI). Reward 

processing was compared between OCD patients with predominantly contam-

ination fear and patients with predominantly high-risk assessment.  

OCD patients showed attenuated reward anticipation activity in the nucleus 

accumbens compared to healthy control subjects. Reduced activity of the nucleus 

accumbens was more pronounced in OCD patients with contamination fear 
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than in patients with high-risk assessment. Brain activity during reward receipt 

was similar between patients and controls. A hint towards more dysfunctional 

reward processing was found in treatment-resistant OCD patients who subse-

quently were successfully treated with deep brain stimulation of the nucleus 

accumbens.

OCD patients may be less able to make beneficial choices due to altered nucleus 

accumbens activation when anticipating rewards. This finding supports the 

conceptualization of OCD as a disorder of reward processing and behavioral 

addiction.

Introduction

Obsessive Compulsive Disorder (OCD) is a chronic and disabling disease with 

an estimated prevalence between 1 and 3% (Ruscio et al., 2010; Fullana et al., 

2009). OCD is characterized by the presence of recurrent and anxiety provok-

ing thoughts, images or impulses (obsessions), typically followed by repetitive 

ritualistic behaviors (compulsions) to relieve anxiety. 

 The anxiety symptoms and inadequate fear responses pathognomonic 

for OCD may result from inadequate dorsal prefrontal-striatal control of 

the amygdala (van den Heuvel et al., 2004). However, obsessive-compulsive 

symptoms are not always anxiety-driven, and may also be related to cognitive 

and behavioral inflexibility, reflected by impairments in response inhibition and 

attentional set-shifting (Chamberlain et al., 2005) due to dysfunctional frontal-

striatal circuitry (Chamberlain et al., 2008; Page et al., 2009). Alternatively, OCD 

has been conceptualized as a disorder of behavioral addiction, with obsessions 

and compulsions being related to loss of voluntary control and a dependency 

on repetitious, self-defeating behavior (Holden, 2001; Denys, 2004). Compul-

sions could be viewed as addictive because of their rewarding effects following 

reduction of obsession-induced anxiety. Addictive behavior is associated with 

defective processing of natural rewards. Likewise, OCD patients were found to 

be impaired in adjusting their behavior following monetary incentives (Nielen 

et al., 2009). Reward processing is critically dependent on ventral striatal-

orbitofrontal circuitry (Tobler et al., 2009), and resting-state imaging studies 

have consistently shown abnormal metabolism in striatum and orbitofrontal 
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cortex in OCD (Whiteside et al., 2004). Moreover, recent studies have shown 

that the nucleus accumbens (NAc), as part of the ventral striatum, is a success-

ful target for deep brain stimulation in OCD treatment (Sturm et al., 2003; 

Denys et al., 2010; Huff et al., 2010). Studying reward processing and its neuro-

anatomical correlates in OCD might therefore be a fruitful approach to unravel 

its pathophysiology. However, there is surprisingly little research capitalizing 

on this idea. 

 In the present study, we sought to investigate the neural basis of 

reward system function in OCD by comparing brain activation between 

OCD patients and healthy controls during reward processing using a robust 

monetary incentive delay paradigm, which allowed modeling of both reward 

anticipation and outcome relative to neutral events. We employed a very rapid 

3D-sequence for acquiring whole-brain functional magnetic resonance images 

(fMRI), thereby increasing sensitivity of our design. Prior research in healthy 

humans showed distinct activation patterns within the frontal-striatal network 

during reward anticipation versus outcome: ventral striatum activation for 

reward anticipation and the orbitofrontal cortex (OFC) or VMFC activation for 

reward outcome (Schultz et al., 2000; Knutson et al., 2001). In OCD patients, 

obsessive-compulsive behaviors are likely to be associated with reward 

circuitry hyperactivity, reflected by findings of increased OFC-striatal activity 

at rest and in symptom provocation studies (Menzies et al., 2008; Mataix-Cols et 

al., 2004), at the expense of its responsiveness to natural rewards. Therefore, we 

expect to find decreased OFC-striatal activity during reward processing, more 

specifically, decreased reward anticipatory activation in the nucleus accumbens 

and decreased activation of the OFC related to reward feedback. In addition, 

we aimed to explore brain activation patterns in two distinct OCD subdimen-

sions. We recruited a group of OCD patients suffering from obsessive fear of 

contamination and washing compulsions, and a group of OCD patients with 

obsessive high-risk assessment and checking compulsions. Previous research 

suggests that OCD with predominant contamination fear symptoms may be 

more related to dysfunctional brain circuits for emotion processing (Mataix-

Cols et al., 2004). Because of its association with limbic regions, the reward 

system might thus be more dysfunctional in OCD patients with contamination 

fear symptoms. In addition, symptom provocation studies have consistently 

ch 2
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shown that disgust and OCD washing symptoms are related to hyperactiva-

tion of the insula (Phillips et al., 2000; Mataix-Cols et al., 2004), an area that 

is also involved in processing of personally rewarding stimuli (Enzi et al., 

2009). Therefore, decreased reward responsiveness of the insula is expected in 

contamination fear OCD.     

Methods and materials

Subjects
We included eighteen patients with a primary diagnosis of OCD (13 female; 

mean age 35) and nineteen healthy controls (13 female; mean age 34) (Table 
1). All subjects were right-handed. Patients were recruited from the outpatient 

clinic for anxiety disorders at our university hospital. All patients consented to 

participate in this study and signed an informed consent form. The study was 

approved by the Medical Ethical Review committee of our hospital. Diagno-

sis of patients was confirmed by the Mini International Neuropsychiatric 

Interview (MINI-IV) (Sheenan et al., 1998; van Vliet et al., 2007) according 

to DSM-IV criteria. Symptom severity was assessed using the Yale-Brown 

Obsessive-Compulsive Scale (Y-BOCS) (Goodman et al., 1989 I and II). We 

only included patients predominantly suffering from contamination obsessions 

with washing and cleaning compulsions on the one hand, and patients suffer-

ing from high-risk assessment obsessions, such as fear for burglary, disasters, 

etc., with checking compulsions on the other hand. The Y-BOCS symptom 

checklist was used in addition to a psychiatric interview with an experienced 

psychiatrist to validate the presence of OCD subdimensions. To rate depres-

sion and anxiety severity we used Hamilton rating scales (Hamilton, 1959 and 

1960): Hamilton Depression Rating Scale (HAM-D) and Hamilton Anxiety 

Rating Scale (HAM-A). Exclusion criteria were the presence of severe alcohol or 

substance abuse (including nicotine) and major neurological or other medical 

disorders. Nine patients were medication-free at the time of investigation. For 

the remaining patients use of various types and doses of psychotropic drugs 

were reported: selective serotonin reuptake inhibitors (n = 5, dose 20-60 mg), 

tricyclic antidepressants (n=3; dose 125-225 mg) and combined noradrenergic 

and serotonergic antidepressant (n=1; dose 45 mg). 
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Reward Task
The monetary reward task (Figure 1, see also: van Hell et al., 2010) was based 

on the monetary incentive delay (MID) task (Knutson et al., 2000). The task 

consisted of 72 trials, each lasting six seconds on average (range 3-10s). At the 

beginning of each trial a cue was presented for 500 ms signaling a potentially 

rewarding (a circle) or non-rewarding (a square) trial. Following this cue, a 

target was presented to which subjects had to respond. Feedback on perfor-

mance was given (either a reward or no reward). Subjects were instructed to 

respond as fast as possible to the target (by pressing a button) irrespective 

of cue type. The target was displayed for a time period equal to the average 

response speed of the subject during training trials. Ten practice trials were 

presented prior to the experiment. From these practice data, the shortest 

reaction time to the target was used to determine the individual time limit 

allowed for responses to the target during the task. That is, in case of a reward 

cue subjects could win two euro when they responded within the time limit. 

Subjects were rewarded in only 50% of the reward trials, allowing for maximal 

reward uncertainty (Fiorillo et al., 2003). This was achieved by increasing the 

time limit by 200 ms in half of the rewarding trials to make sure subjects would 

be fast enough to win the trial. The time limit was decreased by 200 ms in the 

other half of the rewarding trials to make sure subjects would miss the reward. 

Hence, all subjects earned the same amount (36 euro).

            The task was designed in such a way that the blood-oxygen-level-

dependent (BOLD) signal in response to anticipation of reward (i.e. time 

between cue and target) could be modeled independently from that of actual 

reward (i.e. feedback). This enabled us to differentiate between anticipation and 

outcome, which reportedly induces BOLD responses in different parts of the 

reward network (Knutson et al., 2001). To reduce colinearity between anticipa-

tion of reward and actual reward, anticipation time and intertrial interval were 

varied (3-10 sec; mean 6 sec, and 0-30 sec; mean 4.2 sec, respectively). Only one 

level of reward was used, and no loss trials were included, to obtain maximum 

power within a relatively short time period.

ch 2
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Image Acquisition
Brain imaging data were collected on a 1.5T Philips ACS-NT scanner (Philips 

Medical Systems, Best, The Netherlands) with fast gradients (PT6000). The 

head was held in place with a strap and padding. Structural and functional 

images were acquired in transverse orientation from the same section of the 

brain. The area that was scanned ranged from roughly Z= -20 to Z= +60, tilted 

somewhat anterior. The primary motor cortex and primary visual cortex were 

not included. For functional scans a navigated 3D-PRESTO pulse sequence (van 

Gelderen et al., 1995) was used with the following parameters: echo time 29.23 

ms; repetition time 19.23 ms, flip angle 9 degrees; matrix 40 × 64, 20 slices, field 

of view 160 × 256 × 80 mm; voxel size 4 mm isotropic; scan duration 1 second per 

20-slice volume. Immediately after the functional scans an additional PRESTO 

scan of the same volume of brain tissue was acquired with a high (30 degrees) 

flip angle (FA30) for the image co-registration routine. Finally, a T1-weighted 

structural image was acquired for anatomical registration purposes. A total of 

1008 functional images were acquired for each subject.

Data preprocessing and analysis
Preprocessing and analysis of individual fMRI time series data were performed 

with SPM2 (Wellcome Department of Imaging Neuroscience, London, UK). 

Figure 1
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First, all functional images were realigned to the FA30 image. Next, the struc-

tural image was coregistered to the FA30 image. The structural image was then 

registered to the T1-weighted MNI standard brain. The normalization param-

eters were then applied to all functional scans. Finally, all functional scans were 

smoothed with an 8mm at FWHM Gaussian kernel. For each individual subject 

regression-coefficients for each voxel were obtained from a general linear model 

regression analysis, using a factor matrix that contained factors representing 

event-related changes time-locked to the anticipation of neutral (36 events) and 

reward (36 events) trials. The duration for these events were on average six 

second (varying between 3 – 10 sec). The third factor modeled hemodynamic 

responses during responding to the target (72 events). Three additional factors 

described the brain response during neutral feedback (36 events), feedback of 

rewarded targets (18 events), and feedback of missed targets (18 events). To 

correct for drifts in the signal, a high-pass filter with a cut-off frequency of 

0.006 Hz was applied to the data. The task was designed such that the overlap 

between factors of interest was minimized (variance inflation factor (VIF) of 

neutral anticipation = 1.24; VIF of reward anticipation = 1.21, VIF of feedback 

of rewarded targets: 1.60; VIF of feedback of missed targets: 1.70). Factors for 

all six conditions (anticipation of neutral trials, anticipation of rewarding trials, 

response to the target, neutral feedback, feedback of rewarded targets, and 

feedback of missed targets) were convolved with a canonical hemodynamic 

response function. Group activation maps were generated for each factor using 

MULTISTAT (Worseley et al., 2002). This constitutes a mixed-effects analysis. 

Group results were tested for significance (p < 0.05, corrected for multiple 

comparisons) resulting in a critical t-value of 4.5 for every voxel. We used 

Gaussian Random Field theory as proposed by Kiebel et al. (Klebel et al., 1999). 

In the patient group, additional correlation analyses were performed between 

BOLD responses on reward processing and severity scores on the Y-BOCS, 

HAM-A and HAM-D. 

Results

Demographic and Clinical Characteristics 
Table 1 summarizes demographic and clinical characteristics for patients and 

ch 2
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healthy controls, and for OCD subgroups. No statistical significant differences 

were found between patients and controls for age and gender. The average years 

of education were slightly lower for patients compared to healthy controls. Mean 

total Y-BOCS score for the patient group was 29.6 (SD 7.3), indicating severe 

OCD. Two patients were diagnosed with comorbid major depressive disorder, 

four patients were diagnosed with additional disorders on axis 1 (social phobia, 

dysthymic disorder and hypochondria) and two patients were diagnosed with 

obsessive-compulsive personality disorder. 

          Seven patients had predominantly symptoms of contamination fear and 

eleven had high-risk assessment and checking symptoms. There was no statis-

tically significant difference between symptom subtypes in gender, Y-BOCS, 

HAM-A or HAM-D scores. There were no differences between symptom 

subtypes in medication use (χx²1 = 0.059, p = 0.808). The contamination fear 

group was significantly older than the group with high-risk assessment 

symptoms. 
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Table 1: Demographic and Clinical Characteristics of 18 OCD Patients, 19 Healthy Control 

Subjects and OCD subtypes.

  

   OCD    
(N=18)  

Controls  
(N=19)  

Statistic  
  

Contamina-‐
tion  Fear    

High-‐risk  
Assessment    

Statistic  
  

  
Gender,  
Male/Female,    
No.  
  

  
5/13  

  
6/13  

  
χ2  =  0.064  
p  =  0.800  

  
2  /5  

  
3  /8  

  
χ2  =  0.004  
p  =  0.952  

  
Age,    
mean  (SD),  y  
  

  
34  (8.3)  

  
32  (6.6)  

  
t  =  1.01  
p  =  0.371  

  
40.0  (7.5)  

  
30.6  (7.1)  

  
t  =  2.69  
p  =  0.016  

  
Education,  
mean  (SD),  y  
  

  
13  (2.37)  

  
14.6  (1.9)  

  
t  =  -‐2.29  
p  =  0.028  

  
11.6  (2.4)  

  
14  (1.8)  

  
t  =  2.35  
p  =  0.45  

  
Illness  
Duration,  
mean  (SD),  y  
  

  
19.7  (7.2)  

        
18  (6.2)  

  
20.7  (7.9)  

  
t  =  0.77  
p  =  0.54  

  
Y-‐BOCS  
obsessions,  
mean  (SD)  
  

  
14.9  (3.6)  

        
30.2  (11.7)  

  
28.5  (6.5)  

  
t  =  0.37  
p  =  0.72  

  
Y-‐BOCS  
compulsions,  
mean  (SD)  
  

  
15.2  (3.7)  

        
14.3  (7.4)  

  
14.2  (3.9)  

  
t  =  0.48  
p  =  0.96  

  
Y-‐BOCS    
total  score,    
mean  (SD)  
  

  
29.1  (8.5)  

        
15.8  (4.5)  

  
14.3  (3.1)  

  
t  =  0.82  
p  =  0.43  

  
HAM-‐A  score,  
mean  (SD)  
  

  
17.4  (8.2)  

        
17.0  (8.5)  

  
17.7  (8.7)  

  
t  =  0.13  
p  =  0.90  

  
HAM-‐D  score,  
mean  (SD)  
  

  
16.8  (6.6)  

        
17.1  (6.9)  

  
16.7  (7.6)  

  
t  =  0.08  
p  =  0.94  

  
Medication,  
Y/N,  No.    
  

  
9/18  

        
4/7  

  
5/11  

  
χ21  =  0.059  
p  =  0.808  
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Behavior
Reaction times in anticipation of reward trials were significantly faster than 

in neutral trials when no reward was expected in both patients and controls. 

Patients were generally slower than controls (408 versus 349 ms; F(1,34) = 

13.07, p = .001). However, patients and controls both reacted faster in anticipa-

tion to reward compared to no reward (385 vs. 418 ms; F(1,16) = 15.49, p < 

0.001) and this did not differ between the groups (F<1). Reaction times did 

not differ between OCD patients with contamination fear patients and patients 

with high-risk assessment symptoms (426 vs. 390 ms; F(1,16) = 1.78, p = 0.200). 

As was modeled, patients and controls all won the same amount of money (36 

euro).

Neuroimaging
Neuroimaging results are presented in Table 2, Figure 1, Figure 2 and Figure 
3. For each group, a whole-brain analysis was performed to identify activity 

during reward anticipation and receipt by contrasting activity during anticipa-

tion or receipt of reward versus no reward. Reward feedback was defined as 

the activation associated with successful versus neutral responses. Both healthy 

controls and OCD patients showed reward-related activity in the ventral 

striatum, putamen, thalamus, insula and several frontal areas (inferior, medial 

and superior frontal gyrus), indicating that the task activated reward-related 

frontostriatal areas. Compared with controls, OCD patients showed reduced 

activation of the NAc (bilateral) during anticipation of monetary gain (Figure 
2). In addition, OCD patients showed less reward anticipation activation of the 

left insula. Reduced activation of the NAc and insula were more pronounced 

in OCD with contamination fears compared to high-risk assessment OCD 

patients. BOLD differences between patient groups remained significant after 

including age as a covariate. Upon receiving rewarding feedback patients and 

controls showed comparable activation of the NAc, OFC and other regions 

belonging to the reward network (Figure 3).  
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Figure 2: Brain activation during reward anticipation in healthy control subjects and patients with

obsessive-compulsive disorder (OCD), and in patients with high-risk assessment OCD versus 

patients with contamination fear OCD. Whole brain group results thresholded at p < 0.05 

corrected.

Figure 3:

Brain activation during reward outcome in healthy control subjects and OCD patients, and in 

patients with high-risk assessment OCD versus patients with contamination fear OCD. Reward 
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Figure 4:

Explorative overview of brain activation during Reward Anticipation > Neutral Anticipation in 

Healthy Control Subjects (black bars), OCD Patients with High-Risk Assessment (grey bars), and 

OCD Patients with Contamination Fear (white bars). The regions were defined using the contrast 

Healthy Control Subjects > OCD Patients and are therefore only intended to provide information 

concerning activation levels in the OCD subgroups on an explorative basis.

outcome was defined as the activation associated with successful versus neutral responses. Whole 

brain group results thresholded at p < 0.05 corrected.

Correlation Analyses: 
No statistically significant correlations were found between BOLD responses 

during reward anticipation and symptom severity ratings on the Y-BOCS, 

HAM-D and HAM-A in the patient group. However, post-hoc ROI analyses 

revealed that the largest reduction in NAc activity during reward anticipa-

tion was found in a subgroup of nine patients. These patients suffered from 

an extremely severe, treatment-resistant form of OCD and were subsequently 

treated with deep brain stimulation of the NAc. Differences between the 

DBS-prone patients and the normal treatment-responders did not reach statis-

tical significance (p = 0.122), presumably because of the small sample-size.

Discussion
This functional imaging study is unique in examining both reward anticipation 

ch 2
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 Reward processing in OCD has only been sparsely investigated previ-

ously. Nevertheless, Remijnse et al. (2006) found in a reversal-learning task 

reduced OFC activity during monetary reward outcome. Our study confirmed 

an association between monetary reward feedback and OFC activity, but failed 

to detect a difference between patients and controls. It could be speculated 

that OCD patients in our study had primarily difficulties in estimating the 

value of a potential rewarding situation due to reduced NAc responsiveness, 

whereas subsequent appreciation and evaluation of rewards in the OFC was 

intact. Several other prefrontal areas were activated especially during reward 

feedback. Studies by Tobler et al. (2009), among others, have indicated that 

prefrontal areas subserve the individual evaluation of rewards, more specifi-

cally the integration of expected value and risk. OCD patients who suffered 

predominantly from contamination fear showed reduced ventral striatal activa-

tion when compared to patients with predominantly high-risk assessment 

and checking symptoms. This is in agreement with Rauch et al. (2007), who 

reported an inverse relationship between striatal activation and washing but 

not checking symptoms during implicit learning. Also, a study by Mataix-Cols 

et al. (2004) suggests that OCD with contamination fear may be characterized 

by dysfunctional brain circuits involved in emotion processing, whereas OCD 

with checking symptoms might be associated with regions that are important 

and receipt in a sample of OCD patients. By adapting a monetary incentive 

delay task we were able to focus on these different aspects of reward processing 

separately. Behaviorally, all subjects reacted significantly faster when a reward 

was expected, but OCD patients reacted significantly slower than matched 

healthy controls in anticipation of rewards. Compared to healthy controls, 

OCD patients showed greatly attenuated reward anticipation activity in the 

bilateral NAc. Reduced brain activity of the NAc was more pronounced in 

OCD patients with contamination fear, compared to patients with high-risk 

assessment symptoms. The difference between both patient groups in the 

absence of differences in performance speed indicates that blunted NAc activity 

is primarily accounted for by defective reward anticipation and not by motor 

impairments. Reward outcome was related to activation in various regions of 

the brain reward network, including the NAc and the OFC, but this did not 

differ between patients and controls. 
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for motor and attentional functions. The reward network, which is linked to 

limbic regions for emotion processing, may thus be more compromised in 

OCD with predominant contamination fear symptoms. Furthermore, patients 

with contamination fear showed reduced reward anticipation activity of the 

left insula, a region that is implicated in emotion perception and processing of 

personally rewarding stimuli (Enzi et al., 2009), but also in the integration of 

gustatory and olfactory inputs. Previous fMRI studies found increased activa-

tion of the left insula in OCD patients when viewing aversive pictures (Schienle 

et al., 2005) and in OCD patients with contamination fear when viewing pictures 

depicting washing or contamination (Phillips et al., 2000). The insula may thus 

be excessively activated during obsessive-compulsive symptoms, particularly 

in association to disgust-related symptoms, compromising its recruitment for 

normal reward processing.

         The NAc, as part of the ventral striatum, has been implicated as a brain region 

that is critically involved in reward processing. In healthy humans, the ventral 

striatum is activated particularly in anticipation of a reward, and in proportion 

with its expected value (Knutson et al., 2001). OCD has been associated with 

structural and functional abnormalities of the striatum (reviewed in: Menzies 

et al., 2008). Within this circuit the NAc has been successfully used as a target 

for deep brain stimulation in the treatment of severely ill therapy-refractory 

OCD patients (Denys et al., 2010; Huff et al., 2010). Interestingly, in the present 

study we found a hint towards more dysfunctional reward processing in a 

subgroup of severely ill, treatment-resistant OCD patients who subsequently 

were successfully treated with deep brain stimulation of the NAc. Together, our 

findings suggest an important role for the NAc in the pathophysiology of OCD. 

OCD patients may be less able to make beneficial choices due to defective NAc 

activation when anticipating rewards.

          Our results match up remarkably with the findings of functional imaging 

studies in addiction disorders. Blunted reactivity of the ventral striatum during 

anticipation of monetary gain was found in detoxified alcoholics (Wrase et al., 

2007), nicotine smokers (Martin-Soelch et al., 2007; Buhler et al., 2009; van Hell 

et al., 2010) and cannabis smokers (Van Hell et al., 2010). Drug-related stimuli, 

however, increase activity of the reward circuitry in drug addicts (Diekhof et 

al., 2008). Likewise, blunted responsiveness of the reward circuitry in our study 

ch 2
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is paralleled by increased activity in response to OCD-provoking stimuli in 

previous studies (reviewed by Menzies et al., 2008). Of interest, a recent case 

study showed efficacy of deep brain stimulation in the NAc in a patient with 

OCD, severe nicotine addiction and eating problems (chapter 1; Mantione et 

al., 2010). The NAc is important for focusing on potential alerting and reward-

ing environmental stimuli that can be used for modulation of behavior by 

reinforcement learning (Fiorillo et al., 2003). Therefore, the NAc may be less 

responsive when recruited during conventional reward processing due to its 

bias toward drugs of abuse in addiction, as well as toward obsessions and 

compulsions in OCD, supporting the conceptualization of OCD as a disorder 

of behavioral addiction (Holden et al., 2001; Denys, 2004). Although population 

studies show relatively little co-morbidity between OCD and substance abuse, 

dysfunctional brain reward circuitry underlying both disorders may explain 

some shared phenomena, such as a dependency on repetitious, self-defeating 

behavior that becomes more difficult to control over time. Since OCD patients 

are already fully engaged in reinforcing compulsive behaviors, they may be less 

prone to develop substance abuse. 

 The present study has a number of potential limitations. Nine of our 

eighteen OCD subjects were using medication. Post hoc, we tested for the 

effects of medication in the OCD group by comparing the activation between 

medicated and medication-free patients using a whole-brain two-sample t-test, 

which did not show any significant differences in our regions of interest. Even 

upon lowering the threshold to p< 0.001, not corrected for multiple comparisons, 

no activation related to medication was found. We take this result to indicate 

that medication use is not likely to explain the significant differences observed 

between healthy controls and OCD patients. Also, whereas the nine medicated 

subjects used different types of drugs in various, often subtherapeutic doses, 

medication use was similar in the high risk-assessment and contamination fear 

groups. 

 Attenuated reward anticipation has been demonstrated in depres-

sion (Pizzagalli et al., 2009). Although our mean HAM-D score of 16.8 ± 6.6 

is suggestive for minor to moderate depressive symptoms, only two patients 

met DSM-IV criteria for a comorbid diagnosis of depressive disorder. HAM-D 

scores were nevertheless measured in all patients as part of our routine screen-
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ing. We therefore believe these scores reflect depressive features overlapping 

with or secondary to OCD. Moreover, depression scores were not related to 

BOLD changes and group differences remained significant even when exclud-

ing the patients with a diagnosis of depressive disorder. 

 Further, we included more females than males in this study, whereas 

recent research has indicated stronger striatal activation in healthy men than 

in women if money was to be expected (Spreckelmeyer et al., 2009). However, 

gender ratios did not differ between patients and healthy controls. Patients 

were slightly less educated then healthy controls (mean difference 1.6 years 

of education), most likely due to the illness process. Finally, within the patient 

group, the contamination fear group was significantly older than the group 

with high-risk assessment symptoms, however, NAc activation remained 

significantly smaller in the contamination fear group when age was included as 

a covariate. 

 The study also has several notable strengths. The patient group was 

highly relevant for studying OCD pathophysiology since mean Y-BOCS scores 

was of high severity (29.1, SD 8.5). We employed a robust reward paradigm 

coupled with a very rapid image acquisition method, revealing activation 

differences that survived whole-brain correction for multiple comparisons, 

both between groups and within our OCD group. Also, our main difference 

in BOLD activation was found in a focus that is anatomically comparable to 

the activation focus that was found by Knutson et al. (2000) in healthy subjects 

anticipating monetary gain. 

 In conclusion, the present study suggests that OCD is associated with 

reduced NAc activity during reward anticipation, especially in contamination 

fear. This finding is consistent with a proposed role for the NAc, as part of the 

frontal-striatal network, in the pathogenesis of OCD, and supports its concep-

tualization as a disorder of reward processing and behavioral addiction. Reward 

processing and its neural underpinnings in compulsivity may be important 

avenues for future research. NAc activity during reward anticipation in OCD 

patients might be explored as a potential marker for treatment response. Also, 

studying changes in brain activity that are related to deep brain stimulation of 

the NAc in OCD patients might further elucidate its role in the disease.

ch 2
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Chapter 3

Enhanced neural responsivity to risk in

obsessive-compulsive disorder

Judy Luigjes, Martijn Figee, Philippe Tobler, Wim van den Brink,
Bart de Kwaasteniet, Guido van Wingen and Damiaan Denys

Submitted

Since patients with OCD extensively wash, clean or check, a common sense 

believe is that they are typically more risk averse than healthy controls. 

However, only a few studies have investigated risk aversion in OCD, allegedly 

reporting conflicting results. One possible explanation for the mixed findings 

may be that different OCD symptoms relate differentially to risk aversion. We 

measured risk attitude in OCD patients with different symptoms and compared 

how risk attitude modulates brain activation during the processing of risk in 

patients versus controls. Overall, OCD patients were not more risk averse than 

healthy controls. Yet, in line with symptom-specificity, patients with doubt and 

checking symptoms were more risk averse than patients with other symptoms.  

Moreover, the neuroimaging results revealed a striking opposing role for the 

insula in risk perception: risk-related activity in the insula was higher in risk 

averse patients, whereas it was higher in risk seeking controls. Thus, these 

results suggest that the insula signals value in healthy controls but signals risk 

in patients with OCD.
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Introduction
Obsessive-compulsive disorder (OCD) is characterized by repetitive intrusive 

thoughts or images (obsessions) and compulsive behaviours such as checking, 

counting or cleaning. Clinical observations and stereotypical portraits of the 

disorder in the media have led to the common-sense belief that patients have 

an abnormal risk assessment: they perceive more risk or are more averse to risk 

and therefore develop compulsions to prevent or avoid it. The common-sense 

belief is in agreement with the finding that similar brain regions are involved in 

risk processing as those implicated in OCD: striatum, insula, prefrontal cortex 

and cingulate cortex [for OCD e.g., (chapter 2; Figee et al., 2011; Stern et al., 

2011; Cocchi et al., 2012; Remijnse et al., 2013; Jung et al., 2011) and for risk 

processing e.g. (Preuschoff et al., 2006 and 2008; Christopoulos et al., 2009; 

Tobler et al., 2009; D’ Acremont et al., 2008). However, very little research has 

actually investigated the role of risk attitude and its neural correlates in OCD 

and studies that did, showed contrasting results: Patients were either more 

averse to risk and showed increased amygdala activation after having made a 

risky choice (Admon et al., 2012) or they showed no difference in the proportion 

of risky choices compared to healthy controls (Starcke et al., 2010). Additionally, 

OCD is a heterogeneous disorder and it has been suggested that abnormal (i.e. 

heightened) risk assessment may be more associated with a specific subtype of 

OCD characterized by worry about harm and checking compulsions (Rasmus-

sen et al., 2002). Therefore it would be of interest to investigate the role of risk 

attitude with respect to specific symptom dimensions and its influence on 

neural correlates of risk processing in OCD. In the present study we do this 

by using neuroimaging in a monetary paradigm with a precisely quantified 

definition of risk.

Methods

Participants
18 OCD patients were recruited at the Psychiatric Department of the Academic 

Medical Centre Amsterdam and 16 control participants were recruited from 

the community. The diagnosis of OCD was established by a psychiatrist and 

confirmed by the Mini International Neuropsychiatric Interview (Sheenan et 
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al., 1998; van Vliet et al., 2007) according to DSM-IV criteria. OCD symptoms 

and severity were assessed using the Yale-Brown Obsessive-Compulsive Scale 

and symptom checklist (Y-BOCS, Y-BOCS-SC, Goodman et al., 1989 I and II). 

On the basis of the Y-BOCS-SC patients’ symptoms were categorised as one 

of five dimensions: (i) hoarding, (ii) contamination/cleaning, (iii) symmetry/

ordering, (iv) unacceptable/taboo thoughts (v) doubt/checking (Brakoulias 

et al., 2013): Three patients had symptoms mainly in the unacceptable/taboo 

dimension, three in contamination/cleaning, three in symmetry/ordering and 

nine in doubt/checking dimension. Ten patients were treated with serotonin 

reuptake inhibitors, one with tricyclic antidepressants (clomipramine) and 7 

patients were unmedicated (table 1). Patients were excluded from the study 

if they had a history of psychosis, bipolar disorder, developmental disorders, 

traumatic brain injury or substance dependence. Control participants were 

all unmedicated, healthy participants without a history of OCD or any other 

psychiatric disorder. The presence of anxiety and depression symptoms was 

assessed with the Hamilton Ratings Scales for Anxiety [HAM-A (Hamilton, 

1959)] and Depression [HAM-D (Hamilton, 1960)]. Pre-morbid intellectual 

functioning (IF) was estimated using the Dutch version of the National Adult 

Reading Test [DART (Schmand et al., 1991)]. The local ethical review board 

approved the study and participants provided written informed consent. Table 

1 shows demographic and clinical data. The patient group did not differ from 

the control group with regard to age, IF or gender (see table 2). Patients showed 

significantly more depression, anxiety and obsessive-compulsive symptoms 

compared to controls.  
  

Patients  (n=18)   Controls  (n=16)   Difference    

          Mean   Range   Mean   Range   P-‐value  

Age  (y)   34  (6.8)   23-‐54   36  (9.4)   22-‐58   0.599  

Gender  (M:F)   6:12      4:12      0.595  

Pre-‐morbid  IF       107  (5.4)   98-‐118   109  (4.9)   100-‐116   0.212  

HAM-‐A   11.17   0-‐26   0.44   0-‐2   0.000  

HAM-‐D   9.06   0-‐24   0.69   0-‐3   0.000  

YBOCS   23.89   12-‐33   0   0   0.000  

 
Table 1: demographic and clinical characteristics

Risk processing in OCD

ch 3
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Risk decision-making paradigm
The task is a newly adapted version of a paradigm used previously (Christo-

poulos et al., 2009; Tobler et al., 2009), which probes monetary risk processing 

in both choice and non-choice situations. In this task risk is defined as the 

variance between possible outcomes following the mean-variance approach. 

In each trial participants were presented with two monetary amounts on the 

left side of the fixation cross and two on the right side and were instructed to 

choose one side by button press within five seconds (figure 1). They had a 50% 

chance to win either amount on that side. When for example, 100 and 20 was 

shown on the left side and 40 and 80 on the right, choosing the left side would 

lead to a 50% chance of winning 100 and a 50% chance of winning 20. The high 

risk option was defined as 66% gain or loss relative to the expected value (EV) 

whereas the low risk option consisted of a 33% gain or loss relative to the EV. 

The options on each side either had an EV of 30 (low) (i.e. choice between 20 

and 40 or 10 and 50) or 60 (high) (i.e. choice between 40 and 80 or 20 and 100). 

We included no-choice situations to make sure all participants were exposed 

to high and low risk: In no-choice situations the options on both sides were 

exactly the same such that participants were forced to expose themselves to the 

presented risk by selecting one of the two options (i.e. on each side 10 and 50 

or 100 and 20 for high risk and 20 and 40 or 40 and 80 for low risk). In contrast, 

in choice situations participants could avoid exposure to specific risk levels. 

Indeed, in the present sample ten participants consistently chose only high risk 

or only low risk options, which made it impossible to compare their high versus 

low risk trials dependent on choice. Accordingly, we used presented level of 

risk as main independent variable of interest. To control for the possibility of 

outcome related activation contaminating risk-related activation we did not 

show the outcomes of each choice. The participants were informed that at the 

end of the experiment, one trial would be chosen randomly and played out to 

determine their payoff in euro.
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Figure 1: Scanner task: After fixation cross participants are presented with 

choice options and choose left or right side representing either safe or risky 

gamble. After 5 seconds choice of participants are presented by red square 

around chosen gamble. Example of trials: (A) choice trial, participant chooses 

low risk gamble (B) choice trial, participant chooses high risk gamble and (C) 

no-choice trial, participant ‘chooses’ high risk gamble. (D) no-choice trial, 

participant ‘chooses’ low risk gamble.

Measuring risk attitude
Individuals differ in their behaviour dependent on their risk attitude: with 

similar expected value a risk-averse individual will prefer lower risk, for example 

because they overweigh the worst outcome while risk seeking individuals prefer 

options with higher risk and may overweigh the best outcome (Christopoulos 

et al., 2009). To determine risk attitude, each participant performed a computer 

task before scanning. Participants were presented with a risky option (two 

amounts with equal probability) and a safe option (one amount) that they had 

to choose from. Across trials, the amount of the safe option varied according to 

a staircase method (parameter estimates by sequential testing; PEST) (Chris-

topoulos et al., 2009). For each of the three risky options (i.e., 40 and 60; 10 and 

90), the safe amount for which participants were indifferent between the risky 

option and the safe amount corresponded to the certainty equivalent (CE). The 
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EV minus the CE is the risk premium: this is the amount an individual sacri-

fices for safety when positive, or the amount the individual is willing to pay for 

risk when negative (e.g., if for a risky option with a 50/50% chance of 60 and 40 

(EV = 50) an individuals CE is 45, then the risk premium is 5 (i.e. the individual 

is willing to give up 5 for safety). With increasing variance of the gamble, the 

risk increases and a risk-sensitive person might adapt their CE to the increased 

risk. Risk aversion is the difference between the high-risk premium minus the 

low-risk premium and reflects how much the individual is influenced by risk 

(e.g., if, with a high-risk gamble of 90 and 10, the CE decreases to 30 and the risk 

premium becomes 20, whereas the low-risk premium was 5, then risk aversion 

is 20 - 5 = 15). A risk aversion of 0 is called risk neutral, above 0 risk-averse, 

below 0 risk seeking. Due to a hardware problem the data of three controls and 

one patient were lost.

Acquisition of images and preprocessing
Magnetic Resonance Imaging data were obtained using a 3.0 T Intera MRI 

scanner (Phillips Healthcare, Best, The Netherlands) equipped with a SENSE 

eight-channel receiver head coil. A spin echo-planar (EPI) sequence sensitive to 

blood oxygenation level-dependent (BOLD) contrast (TR/TE=2300ms/25ms, 

matrix size 96x96, voxel size 2.29x2.29x3 mm, 40 slices, no gap) was used to 

acquire approximately 146 images and a high resolution structural scan was 

used for anatomical reference with EPI data. 

     Imaging data were analysed using Statistical Parametric Mapping (SPM8; 

Wellcome Trust Centre for Neuroimaging, London, UK). Functional images of 

each subject were corrected for differences in slice timing, realigned, coreg-

istered with the structural scan and segmented for normalization to an MNI 

template. To account for low-frequency signal drift a high-pass filter (1/128 Hz) 

was applied and temporal autocorrelation was modelled as an AR(1) process. 

Finally images were smoothed using an 8 mm full width at half maximum 

Gaussian kernel.
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Data analysis

Behaviour
Demographical data and behavioural performance inside and outside the 

scanner were analyzed using SPSS 19. Group differences in IF and age were 

analysed using independent sample t-test, and gender was analysed using a 

chi-squared test. The significance level was set to p<0.05. After confirming 

with the Shapiro-Wilk test that risk aversion and risk premium were normally 

distributed in both groups, between group differences were analysed with an 

independent sample t-test.

         Reaction time was analysed with a mixed model ANOVA using risk level 

(high vs. low) as a between-participant variable. The overall reaction time and 

percentage of risky choices were compared between groups with an independ-

ent sample t-test. Within the patient group a chi-square test was used to test 

for differences in symptom dimension between risk averse and risk seeking 

patients.

Neuroimaging
At the first level, the onset of option presentation was modelled with a stick 

function. Choice (choice>non-choice) and risk level (high>low) were modelled 

as parametric modulators. The six realignment parameters were included to 

account for head movement. Subject contrasts were obtained for each paramet-

ric modulation, which were entered into two (choice, risk) second level random 

effects analyses using an independent sample t-test to investigate group differ-

ences for each condition.

        Statistical tests were corrected for multiple comparisons across the whole 

brain or the regions of interest using small volume correction (Worseley et al., 

1996) at the cluster level (p<0.05) using an initial height threshold of p<0.01, 

uncorrected.  A threshold of p<0.005 was used in the figures. The left side of the 

brain is shown on the right side of the figures.

ch 3
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Results

Behavioural: risk attitude and performance inside scanner in patients 
versus controls
No significant difference was found between OCD patients and healthy 

controls for risk aversion or average risk premium (i.e., difference between their 

average CE and EV; table 2). Next we looked at individual differences in both 

groups. Within the control group 3 individuals were risk seeking, 3 risk neutral, 

7 risk-averse. Within the patient group 10 were risk seeking, 0 risk neutral, 7 

risk-averse which differed significantly from the control group (0.042) indicat-

ing that healthy controls are more equally distributed over the three groups 

than patients. The highest level of risk seeking was -15 in patients and -18 in 

controls (i.e., decrease in risk premium with increased risk: 30% and 36% of EV 

respectively) while the highest level of risk aversion was 20 for patients and 24 

for controls (i.e., increase in risk premium with increased risk; 40% and 48% of 

EV respectively). Thus, there was considerable variance in risk attitude in both 

groups with both participant groups covering a wide range of risk attitudes. 

No group differences were found in the percentage of risky choices or the 

average reaction time inside the scanner. However, significant differences in 

reaction times were found between high risk versus low risk (faster for high 

risk). Again, no group differences or interaction effects (group x condition) 

were observed (table 2). 
  

RT:  reaction  time  *significant  (p<0.05)  
 

Patients  (n=18)   Controls  (n=16)   Difference    

Mean  (SD)   Range   Mean    (SD)   Range   P-‐value  

  
Risk  premium  (average)  

        
  -‐1.08  (4.74)  

  
-‐12  to  9  

  
1.15  (5.7)  

  
-‐9.6  to  7  

  
0.25  

  
Risk  aversion  (high-‐low  
premium)  

      -‐0.59  (9.4)   -‐15  to  20           3.46  (12.6)   -‐18  to  24   0.32  

  
Risky  choices  (%)  

  
35.73  (32.45)  

  
0  -‐  100  

  
22.36  (28.89)  

  
0  –  100  

  
0.21  

  
Reaction  time  all  (s)  

  
1.667  (0.26)  

  
1.34  –  2.26  

  
1.57  (0.28)  

  
0.11  –  0.21  

  
0.31  

  
RT  Risk  *  Group  
RT  Risk  
Group:  RT  high  risk  (s)  
Group:  RT  low  risk  (s)  
  

  
  

1.625  (0.23)  
1.690  (0.29)  

  
  

1.26  –  2.09  
1.33  –  2.41  

  
  

1.54  (0.24)  
1.58  (0.30)  

  
  

1.16  –  1.96  
1.11  –  2.15  

0.68  
0.04*  
0.29  
0.29  

Table 2: Behavioral results outside scanner and inside scanner.
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Pt  
nr  

Gender   Y-‐BOCS   HAMA   HAMD   Age  
onset  

Duration  
(y)  

Medication   Risk  
aversion  

Symptom  dimension  

1   M   17   13   12   16   18   SSRI   -‐15   Unacceptable/taboo  thoughts  

2   M   26   17   10   23   31   SSRI   -‐9   Contamination/cleaning  

3   V   33   24   24   8   20   SSRI   -‐9   Unacceptable/taboo  thoughts  

4   V   21   12   2   18   12   none   -‐7   Symmetry  /ordering  

5   V   30   15   16   ?      SSRI   -‐7   Contamination/cleaning  

6   V   30   9   9   29   5   SSRI   -‐7   Symmetry  /ordering  

7   V   20   15   6   18   5   none   -‐6   Contamination/cleaning  

8   M   29   1   2   15   26   SSRI   -‐5   Doubt/checking  

9   M   12   8   5   17   15   SSRI   -‐3   Unacceptable/taboo  thoughts  

10   V   26   4   6   20   16   None   -‐1   Doubt/checking  

11   M   16   8   4   15   22   None   1   Doubt/checking  

12   V   18   1   2   5   24   None   2   Doubt/checking  

13   M   32   16   15   12   17   None   3   Doubt/checking  

14   V   24   26   22   10   18   SSRI   6   Doubt/checking  

15   V   19   15   11   25   11   SSRI   12   Doubt/checking  

16   V   20   0   2   12   22   None   15   Doubt/checking  

17   V   26   17   15   20   10   SSRI   20   Doubt/checking  

18   V   31   0   0   32   2   TCA   N/A   Symmetry  /ordering  

Risk attitude and clinical data in patient group
All risk averse patients were categorised in the doubt/checking symptom 

dimension, while of the risk seeking patients three were in the unacceptable/

taboo thoughts dimension, two in the symmetry/ordering dimension, three in 

the contamination/cleaning dimension and two in the doubt/checking dimen-

sion (table 3). Note that the two risk-seeking patients with doubt/checking 

symptoms were close to risk-neutral. Accordingly, risk averse and risk seeking 

patients showed a significant difference in symptom dimension (p=0.014). On 

average, patients with doubt/checking symptoms were significantly more risk 

averse than patients with other symptoms (p=0.001). 

      We found no differences in risk-aversion or percentage of risky choices 

in the scanner between medicated and unmedicated OCD patients using an 

independent sample t-test (risk aversion, mean (SD) of medicated patients: -1.3 

(10.4); unmedicated patients: 0.7 (7.9), p=0.70; risky choices, medicated patients: 

39.4% (37.9), unmedicated patients; 28.3% (18.1), p=0.41) after confirming 

normal distribution with the Shapiro-Wilk test. No correlations were found 

between risk aversion or risky choices in the scanner with the symptom scales 

(Y-BOCS, HAM-A, HAM-D) or illness duration (r<.028 p>0.26). 

Table 3:  Clinical data OCD patients
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Neural correlates of risk processing
We examined neural processing of risk while participants were exposed to 

high versus low risk in both choice and no-choice trials combined. No main 

effects and no significant group differences were found when we compared 

brain activation induced by high versus low risk. The lack of differences in 

risk processing (e.g., high versus low risk) could be due to the large individual 

differences in risk aversion within both groups. We therefore incorporated risk 

aversion into the analysis. To assess whether risk aversion influences brain 

activation during the processing of high versus low risk we conducted a linear 

regression. First we identified regions in which risk (i.e. the high risk > low risk 

contrast) varied linearly with risk aversion in both groups and subsequently we 

tested which brain areas showed differential correlations between risk-related 

activity and risk aversion between groups. Differences in age, depression and 

anxiety scores (HAM-A and HAM-D) were accounted for by including them as 

covariates of no interest in all these models.

  No significant correlations were found between risk aversion and brain 

activation for the whole group. Comparison between groups however revealed 

that patients showed a stronger correlation between risk aversion and brain 

activation (high risk > low risk) than the control group in the insula as well as 

the dorsolateral prefrontal cortex and the pre- and postcentral gyrus (figure 
2A and table 4). Post-hoc testing within groups showed a positive correlation 

between insula activity during risk processing and risk aversion in patients 

whereas controls showed a negative correlation between risk aversion and 

activation of this region (Table 5 and figure 3). Patients also showed a positive 

correlation between risk aversion and activity in the DLPFC region (table 5 
and figure 4). No significantly stronger correlations were found for the controls 

compared to patients. These results imply that patients and controls show an 

opposite pattern of insula recruitment during risk processing: risk aversion in 

patients is correlated with higher insula activity while in controls risk seeking 

is correlated with activity in the insula. 
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Table 4: Results of regression analysis of brain activation in the high risk > low risk contrast 

against risk aversion. 

 
Test   Direction  

correlation  
Region   Side   Cluster  level    

P  value  (FWE)  
Cluster  

size  
MNI  

        X  
  
    Y  

  
    Z  

Insula   R   0.000   614   38   -‐4   2  

DLPFC   L   0.003   386   -‐34   26   26  

Group  
comparison  

Patients  >  
Controls  

Precentral  
gyrus  

L   0.003   392   -‐52   -‐8   44  

R  right,  L  left,  DLPFC  dorsolateral  prefrontal  cortex  
 

A

Figure 2

B

Figure 2  (A) Stronger correlation between risk aversion and brain activation in high risk > low 

risk contrast for in OCD patients compared to in healthy participants in the insula, dorsolateral 

prefrontal cortex, precentral to postcentral gyrus. (B) Patients show a positive correlation between 

insula activation in risk processing and risk aversion (green) while controls show a negative corre-

lation (blue), the red cluster reveals the comparison between groups.

 
Test   Direction  

correlation  
Region   Side   Cluster  level  

P  value  (FWE)  
Cluster  

size  
MNI  
X  

  
Y  

  
Z  

controls   negative   insula   R   0.009   216   36   -‐12   0  

insula   R   0.021   258   46   -‐6   -‐2  patients   positive  

DLPFC   L   0.060   208   -‐34   26   30  

R  right,  L  left,  DLPFC  dorsolateral  prefrontal  cortex.  
 

Table 5: Regression analysis of brain activation in the high risk > low risk contrast against risk 

aversion for patients and controls separately. 
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Figure 4: Trend to positive correlation for patients between dorsolateral prefrontal activation and

risk aversion

Discussion
Overall, patients with OCD are not more risk aversive than healthy controls, but 

in line with our hypothesis, the subgroup of OCD patients with mainly doubt/

checking symptoms was significantly more risk averse than the subgroup of 

OCD patients with other symptoms. In addition, compared to healthy controls, 

Figure 3: Positive correlation for (A) patients and negative correlation for (B) controls between 

insula activation and risk aversion

Insula activity 

Risk aversion >

A

Figure 3

Insula activity 

Risk aversion >

B

DLPFC activity

Risk aversion 

→

→
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OCD patients showed an opposite correlation between risk aversion and insula 

activity during risk processing: in patients insula activity positively correlated 

with risk aversion, whereas in healthy controls insula activity was negative 

correlated with risk aversion. 

 In our study patients ranged widely between risk seeking and risk 

aversion. Interestingly however, all risk-aversive patients showed symptoms in 

the doubt and checking dimension while the risk-seeking patients displayed 

more variation (contamination, ordering/symmetry, unacceptable/taboo 

thoughts and doubt/checking) in symptom dimensions. Thus, our findings 

indicate that risk aversion may play a role in a specific subset of the popula-

tion that is characterized by doubt and checking compulsions and challenge 

the view that risk aversion is a core feature of all OCD patients. This group 

of patients report obsessions about causing unintentional harm to others, fear 

that something terrible might happen, indecisiveness and checking compul-

sions. The finding that risk aversion may contribute to only a specific subtype 

of OCD suggests that for this group addressing abnormal risk-assessment in 

cognitive behavioural therapy may be most helpful. In this group risk aversion 

may lead to avoidance strategies that in turn may contribute to the maintenance 

of anxiety underlying OCD pathology (Maner et al., 2006). 

 Patients showed stronger activation in the right insula to high versus 

low risk with increasing risk aversion whereas controls showed stronger 

activation in the same region with increasing risk seeking (i.e. decreasing risk 

aversion). Parts of the insula have been associated with the urge for risk taking 

in healthy controls (Xue et al., 2010) and in non-human species (Ishii et al., 

2012), which is in line with our finding that activation in this region is associ-

ated with risk seeking in healthy controls. Our dissociation between patients 

and controls may suggest that at least some parts of the insula assume a differ-

ential role in the two groups: for healthy controls this subregion signals value 

but for OCD patients it seems to signal perceived risk. Nevertheless in both of 

these functions the insula may be important to integrate bodily interoceptive 

signals with awareness to choose appropriate actions in the face of high risk. 

The insula may play such a role (Xue et al., 2010; Maner et al., 2006) in an 

individually adjusted manner (Kuhnen et al., 2005; Paulus et al., 2003).

 A potential limitation of our study was the limited number of trials per 
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condition, making it impossible to investigate interactions between risk and 

choice. Additionally, in the paradigm used in this study risk was related to the 

variance of money that could be earned while there was no risk of losing money. 

Therefore risk aversion was not based on loss prevention but on a preference 

for more certainty in gain. In pure gain contexts risk aversion could result from 

perceiving the lowest possible outcome as extremely small or from perceiving 

more variance. OCD patients may have different neural responses during loss 

versus reward anticipation (Choi et al., 2012) and including losses could have 

affected risky choices in OCD irrespective of symptoms. However, a previous 

study (Gillan et al., 2013) using both gains and losses nevertheless confirmed 

our result that risk may not alter decision making in OCD. Furthermore, the 

range between risk seeking and risk aversion was higher in both the OCD and 

healthy control group than expected based on a previous study using a similar 

task (Christopoulos et al., 2009). However the mean risk aversion of the healthy 

participants did not differ substantially from those in this study [i.e., 7% of EV in 

our study compared to 9% of EV in the previous study]. This increased variance 

in risk attitude may be due to the heterogeneity of our group in terms of age 

and IF compared to the group of college students used in the previous study. 

Another potential limitation is the fact that 10 patients were using serotonin-

reuptake inhibitors (SRIs) and one patient was using an tricyclic antidepres-

sant while 7 other patients were unmedicated. Serotonin neurotransmission 

is correlated with successful withholding of responses, whereas low serotonin 

promotes early responding (Cools et al., 2008). Nevertheless, in our study SRI 

use did not explain the risk profiles of patients since no differences in risk-

aversion or propensity for risky choice were found between medicated and 

non-medicated OCD patients. 

 In sum, OCD patients with mainly doubt/checking symptoms were 

more risk averse than other patients. The elevated insula activation during 

risk processing suggests that for risk-averse OCD patients the insula might be 

involved in an increased perception of risk which may contribute to precaution-

ary compulsions in this group.  



51

ch 3

Risk processing in OCD



52



53

part II 

Neuroimaging deep brain stimulation

in obsessive-compulsive disorder
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Chapter 4

Neuroimaging deep brain

stimulation in psychiatric disorders

Martijn Figee, Pepijn van den Munckhof,
Rick Schuurman and Damiaan Denys

Chapter in: Deep Brain Stimulation:
A New Frontier in Psychiatry. Berlin;

Heidelberg: Springer, 2012, p. 225-239

Neuroimaging may help to understand the mechanism of action of deep brain 

stimulation for psychiatric disorders at existing targets and to explore future 

targets. To this end, we will discuss structural and functional imaging studies of 

obsessive-compulsive disorder, major depressive disorder, Tourette syndrome 

and addiction, and the neuro-anatomical changes in these disorders induced 

by DBS.

Introduction
Until the 1990’s, psychosurgery almost exclusively employed ablative lesions. 

Targeting was based on anatomic studies and animal experiments, and further 

developed by correlating clinical effects to autopsy findings (Moniz 1936; 

Talairach et al. 1949). In 1999, Vandewalle et al. and Nuttin et al. introduced 

deep brain stimulation (DBS) as an experimental treatment for, respectively, 

Tourette syndrome (TS) and obsessive-compulsive disorder (OCD) (Vande-

walle et al. 1999; Nuttin et al. 1999). The TS target in the thalamus was based 
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on the thalamotomy target from Hassler and Dieckman (1970), whereas the 

OCD target in the anterior limb of the internal capsule (ALIC) was based on 

the capsulotomy target for treatment-refractory OCD (Bingley et al. 1977). 

Meanwhile, neuroimaging of psychiatric disorders evolved from basic struc-

tural computer tomography (CT) and magnetic resonance (MR) imaging 

techniques to more sophisticated functional modalities, including positron 

emission tomography (PET), functional MR imaging (fMRI) and diffusion 

tensor imaging (DTI). These techniques have greatly expanded our knowledge 

of the pathogenesis of psychiatric disorders, and helped us to understand the 

therapeutics of DBS. Neuroimaging may also serve to identify potential new 

DBS targets for psychiatric disorders. This chapter discusses the neuroimag-

ing studies of OCD, major depressive disorder (MDD), TS and addiction, and 

DBS-related brain changes in these disorders.          

Obsessive-compulsive disorder

Neuroimaging of OCD pathology
Numerous structural and functional imaging studies have related OCD to 

pathology of the cortical-striatal-thalamic-cortical network (CSTC) (Whiteside 

et al., 2004; Menzies et al., 2008; Radua et al., 2010). The most consistent struc-

tural imaging findings are increased gray matter volume of the basal ganglia, 

particularly the caudate nucleus and putamen, in association with decreased gray 

matter volume of the anterior cingulate cortex (ACC) and orbitofrontal cortex 

(OFC) (Radua et al., 2010; Menzies et al., 2008). DTI revealed white matter tract 

abnormalities in the medial frontal cortex (MFC) and in the corpus callosum 

(Bora et al., 2011), and in the ACC and ALIC, suggesting disrupted cortical-

cortical connections (Lehman et al., 2011), and frontal cortical - ventral striatal 

connections (including the nucleus accumbens (NAc)), thalamus and brain-

stem (Lehman et al., 2011). Functional imaging studies identified hyperactivity 

in the head of the caudate nucleus and OFC during resting-state (Whiteside et 

al., 2004) and during OCD symptom provocation, along with hyperactivity of 

the thalamus, dorsolateral prefrontal and parietal cortex, ACC and limbic areas 

(Rotge et al., 2010). Improvement of OCD symptoms following treatment with 

selective serotonin reuptake inhibitors (SSRI) or cognitive behavioral therapy 
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(CBT) is related to a decrease of hyperactivity of the OFC and caudate, and 

the functional correlation between these structures (Saxena and Rauch, 2000). 

This latter finding suggests that OCD is not only related to hyperactivity of 

CSTC nodes, but also to increased functional coupling between these nodes. 

This view is supported by more recent evidence from resting-state fMRI studies 

that revealed excessive coupling between CSTC nodes, especially between the 

ventral striatum and the OFC (Harrison et al., 2009; Sakai et al., 2010), of which 

the latter is correlated with symptom severity (Harrison et al., 2009). Increased 

coupling was found also between the dorsal and ventral striatum, which is 

thought to underlie compulsive drug seeking as well (Belin & Everitt, 2008). 

Both OCD and addiction have been related to NAc dysfunction during reward 

processing (chapter 2, Figee et al., 2011, Hommer et al., 2011). Activation of 

the prefrontal cortex and ventral striatum is related to healthy reward process-

ing (Knutson et al., 2001), whereas the dorsal striatum contributes to habitual 

control of behavior (Tricomi et al., 2009). Increased coupling between frontal 

and striatal regions and between ventral and dorsal striatum may thus reflect a 

shift from healthy goal-directed behavior towards compulsive habits. 

In summary, neuroimaging studies in OCD confirm dysfunction in all CSTC 

nodes: structural abnormalities and hyperactivity in the OFC, ACC, basal 

ganglia and thalamus, in association with dysfunctional white matter connec-

tions and functional connectivity between these nodes. 

Neuroimaging and DBS for OCD
Current DBS targets for treatment-refractory OCD are all located within the 

CSTC network (de Koning et al., 2011): the anterior limb of the internal capsule 

(ALIC), the ventral striatum/ ventral internal capsule (VS/VC), nucleus accum-

bens (NAc), subthalamic nucleus (STN) and the inferior thalamic peduncle 

(ITP). How effective are these targets, and how does DBS modulate CSTC brain 

dysfunction in OCD? 

ALIC & VC/VS

Bilateral DBS targeted at the ALIC and VC/VS results in 45% symptom 

improvement, with a responder rate (defined as >35% symptom improvement) 

Neuroimaging DBS in psychiatry

ch 4



58

of 19 out of 31 patients (de Koning et al., 2011). Two studies mapped functional 

brain changes related to acute ALIC stimulation, when no clinical effects had 

occurred yet. High frequency ALIC stimulation of the 10 days after electrode 

implantation in one OCD patient induced blood-oxygen-dependent (BOLD) 

activation of the bilateral striatum, pons and frontal, temporal and occipital 

cortex (Nuttin et al., 2003). High frequency VC/VS stimulation two weeks after 

implantation in six OCD patients induced 15O-CO2 PET activation of the dorsal 

striatum (putamen), ventral globus pallidus, thalamus, subgenual ACC (sgACC) 

and medial OFC (Rauch et al., 2006). Low-frequency stimulation elicited no 

activation patterns that differed from non-stimulation, supporting the widely 

held hypothesis that only HF DBS is effective for psychiatric disorders. Of note, 

acute changes in putamen and OFC following bilateral VC/VS stimulation were 

right-sided, which is puzzling because the right side of the ALIC contains less 

and wider bundles than the left side (Axel et al., 1999). Exact stimulation locali-

zations were not mentioned in these two acute DBS imaging studies, but it 

could be inferred from related clinical data (Greenberg et al., 2006) that ventral 

striatal/NAc as well as more dorsal internal capsule electrode contacts were 

stimulated, in both unipolar and bipolar modes. Clinical response of chronic 

ALIC DBS was related to decreased PET activity in the OFC in two OCD patients 

after three to six weeks of stimulation (Abelson et al., 2005) and in two OCD 

patients after 3 months of continuous stimulation (Nuttin et al., 2003). In the 

latter study, OFC deactivation was also noted in a non-responder and seemed 

to occur irrespective of monopolar or bipolar stimulation, high voltage (9V) 

or low voltage (4V and 5.5V), and white matter stimulation only (2 patients) 

or stimulation of NAc gray matter as well (1 patient). Six OCD patients were 

scanned with glucose PET preoperatively and after 3-26 months of continuous 

ALIC stimulation (van Laere et al., 2006). Chronic ALIC DBS decreased activity 

in the sgACC (Brodmann area 32), right dorsolateral prefrontal cortex and right 

anterior insula. The ALIC connects frontal cortical areas with basal ganglia, 

thalamus and brainstem, which are all activated by ALIC stimulation initially. 

However, chronic and therapeutic ALIC DBS seems to specifically inhibit 

frontal cortical areas and normalize OFC hyperactivity. 
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Nucleus Accumbens (NAc)
Bilateral DBS targeted at the NAc resulted in 51% symptom improvement with 

a responder rate of 11 out of 19 patients, whereas unilateral DBS targeted at the 

right-sided NAc resulted in only 21% symptom improvement with a responder 

rate of only one out of 10 patients (de Koning et al., 2011). Functional brain 

changes related to NAc DBS in OCD patients have not been published yet. 

However, ALIC stimulation in the Belgian studies (Nuttin et al., 2003; van 

Laere et al., 2006) likely involved NAc stimulation as well, since they used large 

quadripolar electrodes (model Pisces Quad 388 (Medtronic) with contact points 

3 mm long and separated from adjacent contacts by 6 mm) and high voltages 

(up to 10.5V) at several electrode contact points, including the most ventral 

contact located in the NAc. OCD patients in this study displayed bilateral NAc 

hyperactivity before implantation of ALIC electrodes, which normalized after 

chronic stimulation (van Laere et al., 2006). 

Subthalamic Nucleus (STN)
Bilateral DBS targeted at the STN resulted in 31% symptom improvement with 

a responder rate of 12 out of 16 patients (Mallet et al., 2008), but the responder 

criterion was less stringent than in the ALIC, VC/VS and NAc studies (25% 

versus 35% symptom-improvement, respectively). Although there is no neuro-

imaging evidence for direct STN involvement in OCD pathology, STN DBS may 

be effective for OCD by normalizing frontal hyperactivity through the indirect 

inhibitory CSTC pathway. Indeed, Le Jeune et al. (2010) found decreased ACC 

activity during STN DBS in 10 OCD patients, as measured with glucose PET 

imaging and, similar to the ALIC findings, therapeutic effects correlated with a 

decrease of OFC hyperactivity.

Inferior Thalamic Peduncle (ITP)
Bilateral ITP DBS resulted in 49% symptom improvement, with a responder 

rate of five out of five patients (Jiménez-Ponce et al., 2008). ITP DBS is likely 

to alter OFC activity because the ITP is a major connecting point between the 

thalamus and OFC (Axer et al., 1999), though there are no functional imaging 

data of ITP DBS available in OCD.  
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  In summary, the current DBS targets for treatment-refractory OCD, which 

are all located within the CSTC network, result in 44% symptom improvement, 

with a responder rate of 47 out of 71 patients. DBS targeted at the ALIC, VC/

VS and STN induces local and global functional changes within the connected 

CSTC network, and clinical responses are related to normalization of OFC 

hyperactivity. DBS targeted at the NAc seems to normalize disease-related NAc 

hyperactivity, which restores its local reward function and decreases excessive 

frontostriatal coupling. 

Major depressive disorder

Neuroimaging of MDD pathology
The symptomatology of MDD and its underlying brain circuitry is less consist-

ent and more heterogeneous compared to OCD, involving brain systems that 

regulate mood and emotions, reward processing and motivation, attention and 

memory, stress responses, energy, sleep, appetite and libido (Drevet et al., 2008). 

Cortico-limbic systems subserving these various processes in MDD have been 

characterized by a dorsal motor and sensory circuit that involve premotor,

temporal and sensory cortices, and a ventral reward and emotion regulating 

circuit that includes the ventral ACC, OFC and the ventral striatum, hippocam-

pus and amygdala, extending into a visceral network with hypothalamus and 

brainstem (Drevets et al., 2008). 

 Structural MRI studies have consistently related MDD to volumet-

ric deficits within the cortico-limbic circuit, e.g. reduced volume of the OFC, 

sgACC, superior temporal gyrus, basal ganglia, and volumetric reductions of 

amygdala and hippocampus that may have developed secondary to the illness 

(Lorenzetti et al., 2009, Drevet et al., 2008). Resting-state fMRI and PET findings 

reveal hypoactivity of dorsomedial and dorsolateral prefrontal cortices, along 

with hyperactivity of the ventral cortico-limbic circuit. Hyperactivity is particu-

larly found in the sgACC, which is related to depression severity and can be 

reversed by pharmacotherapy (Sacher et al., 2011). Both increases and decreases 

of functional connectivity have been found between limbic and cortical struc-

tures (Hasler & Northoff, 2011, de Kwaasteniet et al., 2013). DTI studies report 

dysfunctional white matter tracts between frontal and temporal cortices, as 
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well as in ACC fibers (Maller et al., 2010). 

 The anhedonia of depression could be viewed as a state of reduced 

motivation to seek rewards and to engage with all aspects of the world (Alcaro 

& Panksepp 2011). In accordance, attenuated ventral striatal responses to 

reward and dysfunctional mesolimbic dopaminergic neurotransmission often 

have been observed in MDD (Pizzagalli et al., 2009; Robinson et al., 2011; 

Nestler & Carlezon, 2006). Dysfunction of the brainstem, ventral striatum and 

limbic system may lead to the characteristic hedonic-emotional disturbances 

of MDD, with hyperactive sgACC reflecting impaired modulatory control over 

pathological limbic responses.

 In summary, neuroimaging studies of MDD reveal pathology in the 

cortico-limbic network: reduced volumes and hyperactivity in sgACC, orbito-

frontal and temporal cortices, amygdala and hippocampus, and hypoactivity in 

dorsal cortical regions. Dysfunctional white matter connections and functional 

connectivity are found between cortical and limbic structures and between 

frontal and temporal cortices. 

Neuroimaging and DBS for MDD

Two of the three currently used DBS targets for MDD are located in the ventral 

cortico-limbic network, the NAc and the VC/VS. The subcallosal cingulate 

gyrus (SCG) connects with both dorsal and ventral networks. 

Nucleus Accumbens (NAc)
Bilateral DBS targeted at the NAc resulted in a 36% MDD symptom improve-

ment after one year with a responder rate (50% reduction) of five out of ten 

patients (Bewernick et al. 2010). Similar to OCD patients, MDD patients have 

blunted NAc responses during reward processing (Pizzagalli et al., 2009), 

which may reflect anhedonia. One week of acute stimulation at the lowest two 

contacts in the NAc core and shell did not produce subjective antidepressive 

effects, however in a descriptive case study, one patient reported the sudden 

urge to visit the famous Cologne Cathedral, and another patient wished to take 

up her old bowling hobby again (Schlaepfer et al., 2008). These acute hedonic 

improvements were accompanied by increased PET metabolism in the NAc 
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compared to pre-surgery. Acute NAc DBS also increased metabolism in the 

connected amygdala and decreased activity in medial and dorsal cortical areas. 

Following 6 months of chronic NAc stimulation in seven MDD patients, local 

changes of NAc metabolism were no longer observed. However, metabolism 

across its connected ventral network seemed to have normalized with decreased 

metabolism in the OFC, sgACC and thalamus, and in the amygdala in respond-

ers compared to non-responders (Bewernick et al. 2010). Metabolic decreases 

were found in the posterior ACC and caudate nucleus, and increases in the 

precentral gyrus. In parallel with the neuroimaging findings of DBS for OCD, 

acute stimulation of the NAc seems to restore its local function, seemingly 

reducing excessive activity in the connected frontostriatal and limbic network.  

Ventral striatum/ ventral internal capsule (VS/VC)
In an open study, bilateral VC/VS DBS resulted in 47% symptom improvement 

after 1 year with a responder rate of 7 out of 15 MDD patients (Malone et al. 

2009). Since therapeutic VC/VS stimulation in OCD modulates frontal cortical 

areas, basal ganglia, thalamus and brainstem and also improves mood, it may 

affect similar brain regions in MDD. However, there are thus far no functional 

imaging data of VC/VS DBS in MDD. 

 

Subcallosal cingulate gyrus (SCG)
Bilateral DBS targeted at the SCG (which includes sgACC) resulted in a 

49% symptom improvement after 1 year with a responder rate of 22 out of 

49 MDD patients (Lozano et al., 2008 and 2011; Puigdemont et al., 2011). The 

SCG connects with all cortico-limbic network nodes that are involved in MDD 

pathology, including the sgACC, ACC, OFC, NAc, hypothalamus, amygdala, 

and brainstem. In addition, the SCG contains cortico-cortical fibers to dorso-

lateral prefrontal, temporal and parietal cortices. Accordingly, SCG DBS was 

found to modulate brain activity in all of these nodes. Mayberg et al. (2005) 

confirmed (15O-H2O) PET hyperactivity in the sgACC and decreased activity 

in dorsal cortical regions in five MDD patients compared with matched healthy 

controls. In three patients that were subsequently implanted with electrodes at 

the SCG, therapeutic DBS decreased sgACC hyperactivity and increased dorsal 

prefrontal hypoactivity. The authors replicated this finding with 18F-FDG-PET 
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in a second sample of eight SCG DBS responders (Lozano et al., 2008). However, 

in this study, DBS not only decreased SCG gray matter metabolism, but also 

increased activity in the adjacent white matter, which suggests that SCG DBS 

may either inhibit or excite gray matter network nodes through direct activation 

of local white matter. SCG DBS also reduces activity in the OFC, medial frontal 

cortex, anterior insula and hypothalamus, and increases metabolism in anterior 

and posterior cingulate, premotor, and parietal regions (Mayberg et al., 2005; 

Lozano et al., 2008).

 
Medial Forebrain Bundle (MFB)
Coenen et al. (2009) used DTI to explore the mechanism of transient hypoma-

nia after STN stimulation in Parkinson’s disease. Hypomania was related to 

stimulation of the STN electrode contact that had white matter connections 

with the medial forebrain bundle (MFB). Based on this observation, and the 

fact that the MFB is connected to the dopaminergic ventral tegmental area and 

to all effective DBS targets for MDD, the authors recently proposed the MFB as 

a potential DBS target for MDD treatment (Coenen et al., 2011). 

In summary, DBS for treatment-refractory MDD has been targeted at the 

ventral cortico-limbic network (NAc and VC/VS), which resulted in a 42% 

symptom improvement and a responder rate of 12 out of 25 patients. DBS at 

both dorsal and ventral networks (SCG) induced 48% symptom improvement, 

with a responder rate of 22 out of 49 patients. NAc DBS may induce acute 

hedonic improvement in MDD by restoring NAc function, which is followed 

by normalization of excessive activity in OFC, sgACC, thalamus and amygdala. 

Similar to NAc DBS, stimulation of SGC white matter normalizes MDD hyper-

activity of the OFC and sgACC, however additional changes are found in the 

hypothalamus. Furthermore, SCG DBS uniquely stimulates cortico-cortical 

fibers, which normalizes hypoactivity in DLPFC and parietal cortex. 

ch 4

Neuroimaging DBS in psychiatry



64

Figure 1: Brain changes related to therapeutic DBS in OCD and MDD                
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Addiction

Imaging studies in addicted subjects suggest that excessive drug use is associ-

ated with increased dopaminergic activity in the NAc and ventral tegmental 

area (Koob & Volkow, 2010). Decreased activity in these reward regions may 

be responsible for the anhedonic withdrawal effects that drive compulsive drug 

taking, in association with disrupted activity of DLPFC, OFC and ACC reflect-

ing impaired inhibitory control and impulsivity. Although all of these brain 

structures could be potential DBS targets for addiction, only the ALIC/NAc 

has been actually targeted in a total of seven addicted humans (Luigjes et al., 

2011; Sun & Liu, 2012). In addition, beneficial effects of STN DBS on addictive 

behaviors are reported in the treatment of Parkinson’s disease (Luigjes et al., 

2011). No imaging studies are available that have investigated the mechanism 

of therapeutic DBS in addicted patients. As reported elsewhere in this chapter, 

NAc DBS may normalize dysfunctional activity in the NAc and in connected 

frontal areas (Bewernick et al., 2010), which may be therapeutic for addiction 

by reducing craving, increasing salience of natural reinforcers and improving 

inhibitory control. Finally, SCG DBS might be effective for addiction based 

on its role in emotional control and findings of increased sgACC metabolism 

after intravenous methylphenidate in addicted subjects compared to controls 

(Volkow et al., 2005). 

Tourette syndrome

Neuroimaging of TS pathology
TS is hypothesized to be caused by a failure of inhibition of the somatosensory 

‘premonitory urges’ and associated motor enactments that constitute tics (Mink, 

2001). Structural MRI studies reported reduced caudate nucleus volumes in 

children and adults with TS, and reduced putamen en globus pallidus volumes 

in TS patients with comorbid OCD (Peterson et al., 2003; Bloch et al., 2005). 

However, high-precision surface-based diffeomorphic MRI techniques in 

drug-naïve TS adults failed to show volume differences in the basal ganglia or 

thalamus (Wang et al., 2007). Recent voxel-based brain morphometry in adult TS 

patients showed reduced grey matter volumes in the medial OFC, ACC, ventro-
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lateral PFC, operculum, amygdala and hippocampus, whereas the volumes of 

the primary somatosensory cortex, putamen and right dorsal premotor cortex 

were increased (Draganski et al., 2010). Although these cortical grey matter 

changes were not associated with comorbid OCD, a negative correlation was 

detected between ventral striatal volume (NAc) and OCD-symptom severity. 

DTI analysis revealed white matter tract abnormalities in the corpus callosum, 

the anterior and posterior limb of the internal capsule, and long association 

fiber pathways such as the superior longitudinal fascicle (Draganski et al., 2010; 

Neuner et al., 2010). 

 FMRI imaging studies identified TS-related hyperactivity in brain 

regions that are thought to represent features of the premonitory urges, such 

as the somatosensory and posterior parietal cortices, putamen, amygdala and 

hippocampus (Wang et al., 2011). Furthermore, hyperactivity was observed 

throughout the motor pathway, including the primary motor cortex, PFC, 

supplemental motor area, the posterior part of ACC, putamen, globus pallidus, 

thalamus and substantia nigra (Bohlhalter et al., 2006; Wang et al., 2011). 

In contrast, CSTC network nodes that exert top-down control over motor 

pathways, such as the caudate nucleus and the anterior part of ACC, were 

shown to be hypoactive (Wang et al., 2011).

 In summary, recent fMRI studies in TS patients have identified patho-

logical activity in the CSTC circuits, the preceding sensory premonitory urge, 

and the failed inhibition of both phenomena. The conflicting structural MRI 

results on basal ganglia volumes may be explained by the use of different 

measuring techniques or, alternatively, may reflect the parallel existence of both 

hyperactive premonitory urge/tics and hypoactive inhibitory CSTC circuits.

Neuroimaging and DBS for TS
To date, four DBS targets have been used for treatment-refractory TS: the 

medial part of the thalamus, the internal part of the globus pallidus, the 

external part of the globus pallidus, and the ALIC/NAc (for review see Acker-

mans et al., 2012). Reported symptom improvement varied between 24% and 

95%. Thus far, only one group used neuroimaging to investigate brain changes 

of therapeutic DBS in TS (Vernaleken et al., 2009; Kuhn et al., 2012). Three TS 

patients who showed good responses to 6 months of medial thalamic DBS were 
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scanned during DBS on and off with [18F]fallypride PET to measure striatal 

and extrastriatal dopamine D2/3-receptor binding. With DBS on, D2/3-receptor 

availability of TS patients was higher then matched healthy controls in the 

thalamus, temporal cortex, caudate nucleus and putamen, which could reflect 

D2/3-receptor upregulation as a result of chronic DBS. When DBS was switched 

off for one hour, thalamus D2/3-receptor availability decreased by 7 to 18% 

in two bilaterally stimulated patients, suggesting increased dopaminergic 

transmission after DBS discontinuation. D2/3-receptor binding in one left side 

stimulated patient decreased with 6.4% in the left thalamus but increased with 

28% in the contra-lateral right thalamus. Conversely, putamen D2/3-receptor 

availability increased during DBS off in the patients with bithalamic DBS, but 

decreased in the patients with unilateral thalamic stimulation. These results 

suggest that therapeutic thalamic DBS in TS modulates dopaminergic trans-

mission in the motor striatal circuit: bilateral thalamic stimulation causes local 

dopamine decrease in the thalamus and an increase in the putamen, whereas 

opposite changes are reported after unilateral stimulation. 

Conclusions and future perspectives

Structural and functional neuroimaging studies have revealed dysfunction of 

cortico-striatal-limbic networks in OCD, MDD, addiction and TS. Functional 

imaging studies that investigated the mechanism of action of therapeutic DBS 

are limited, and have mainly focused on OCD and MDD (Figure 1.1-4). DBS 

of the ALIC, VC/VS and NAc normalizes frontostriatal coupling and excessive 

activity in the OFC and ACC, which may be therapeutic for OCD and MDD 

by restoring goal-directed behavior and improving emotional, cognitive and 

behavioral control. DBS-induced restoration of local NAc activity seems related 

to acute hedonic and motivational changes in OCD and MDD. Similar to these 

ventral striatal DBS targets, SCG DBS in MDD normalizes OFC and sgACC 

hyperactivity, although its specific antidepressant effects may also be linked to 

reversal of hypoactivity in dorsal and parietal cortical areas and to its effects 

on hypothalamus metabolism. Thalamic DBS for TS modulates dopaminergic 

transmission in motor striatal areas. Although there are no imaging data of DBS 

for addiction, NAc DBS may be the best choice because it normalizes activity 
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in the ventral striatal reward system and in frontal inhibitory control areas. 

Stimulation of the SCG has never been tried for addiction but might normalize 

sgACC hyperactivity in response to compulsive drug taking.  Despite the recent 

advances in the field of psychiatric neuroimaging, most current psychiatric 

DBS targets have not been based on neuroimaging results. Only the SCG was 

defined on fMRI and PET imaging findings in MDD patients. Recently, the 

MFB was proposed as a new MDD target based on fiber tracking imaging of 

mood changes following STN DBS in Parkinson’s disease. The elucidation of 

the mechanism of action of current DBS targets and the search for better brain 

targets would profit from more studies reporting on baseline/preoperative 

activity of the diseased network, the exact neuroanatomical location of active 

electrode contacts and stimulation parameters, and DBS-induced changes of 

both the diseased network and concomitantly modulated networks (which 

may explain DBS-related side-effects). The combination of neuroimaging and 

DBS offers a unique research tool to understand brain networks of psychiatric 

diseases and how to effectively modulate them.  
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Introduction
Over the past 20 years, deep brain stimulation (DBS) of various targets has 

been successfully applied for the treatment of neuropsychiatric conditions in 

more than 100.000 patients (Lozano and Lipsman, 2013). The DBS target for 

a particular disorder is still predominantly based on previous effective stereo-

tactic lesions, and little is known about the underlying brain changes of DBS. 

Neuroimaging techniques are crucial for understanding the mechanism of 

action of current targets and to explore future targets. Combining DBS with 

neuroimaging techniques may offer a unique opportunity to reveal how brain 

circuits are related to motor and cognitive-emotional processes. 

 Neuroimaging studies in implanted patients have predominantly used 

positron emission tomography (PET) or single photon emission computed 

tomography (SPECT) to track metabolic or blood flow changes related to effec-

tive DBS (Dormont et al, 2010). Unlike PET and SPECT imaging, fMRI is able 

to detect rapid task-related and functional connectivity changes that may better 

probe the neural effects of DBS. At our institution, we apply DBS targeted at 

the nucleus accumbens (NAc) for treatment of refractory obsessive-compulsive 
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disorder (OCD). We have observed that DBS induces fast and remarkable 

improvement of mood, anxiety and obsessive-compulsive symptoms (Denys 

et al, 2010), suggesting that local stimulation modulates neural function of 

broader networks. Hence, we set out to explore if we could safely and reliably 

apply fMRI in these patients to probe therapeutic local and network brain 

changes. 

Potential problems of fMRI with DBS  

       First, we evaluated documentation of safety and quality of fMRI with 

DBS. At the time of our investigation (2010), fMRI in fully implanted DBS 

patients had never been performed before due to safety issues. In-vitro testing 

and clinical case-reports indicates that the MRI static and gradient magnetic 

field and radiofrequency pulses may induce heating or movement of the DBS 

system, or interfere with neurostimulator function (Medtronics, 2006; Zrinzo 

et al, 2011). In addition, the metallic implants may cause significant artifacts 

and/or distortion of the MRI image. Finally, if MRI would increase brain tissue 

temperature around the electrode, this may cause local cerebral blood flow 

changes interfering with potential therapeutic signals (Carmichael et al, 2007). 

Therefore, the manufacturer MRI guidelines recommend to only perform MRI 

scans in DBS patients if absolutely necessary using strict parameters that are 

assumed to be safe: scan at 1.5 T with a transmit/receive head coil, limit the 

displayed average head SAR to 0.1 W/kg or less, limit the gradient dB/dT to 20 

T/s or less and program the neurostimulator to off, 0V and bipolar (Medtro-

nics, 2006). Seven case-studies reported on intraoperative fMRI in a total of 20 

subjects (18 Parkinson’s disease, 1 essential tremor, 1 OCD) with externalized 

leads, before implantation of the neurostimulator (Rezai et al, 1999; Jech et al, 

2001; Nuttin et al, 2003; Stefurak et al, 2003; Hesselmann et al, 2004; Arantes 

et al, 2006; Phillips et al, 2006). FMRI scans were obtained at 1.5 T according to 

manufacturer guidelines, expect for one study that scanned 5 patients on a 3 T 

machine (Phillips et al, 2006). No adverse events were reported in any of these 

studies and despite significant image artifacts, brain activation signals related 

to stimulation or to sensorimotor task performance were demonstrated around 

the electrode and across the brain. However, these studies were all performed 

during the intraoperative phase, and it has been argued that at this time residual 
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anesthesia effects and local edema or microlesions due to lead placement may 

limit or alter fMRI results (Phillips et al, 2006; Jech et al, poster presentation 

HBM 2011). Moreover, at this time no lasting clinical effects have occurred yet 

because the neurostimulator has not been implanted. Safety testing of fMRI 

with fully implanted devices was only performed in phantoms (Carmichael 

et al, 2007). A gel-filled phantom with an implanted Medtronic Kinetra DBS 

system (unipolar stimulation, pulse width 60 μs, 130 Hz, 3 V) was scanned for 

5 minutes with 1.5 T and 3 T MRI scanners. No significant RF-induced heating 

was detected in the 1.5 T scanner, and only moderate temperature elevations 

at 3 T. No damage or alteration of neurostimulator settings was observed after 

scanning. FMRI induced in the DBS system low-frequency voltages of which 

it can be assumed that they were below the thresholds for neuronal stimu-

lation. Together, available documentation suggests that fMRI could be safely 

applied at 1.5 T using strict scanning parameters in patients with the electrodes 

implanted, whereas DBS did not seem to interfere with the function of the 

implanted neurostimulator in phantom models.   

Methods of fMRI with fully implanted DBS
We first acquired pilot data of healthy individuals to optimize image quality 

within the strict limits of the MRI guidelines for DBS. Next, we tested fMRI 

image quality and safety in two DBS implanted patients that performed a 

simple finger-tapping task for 5 minutes in the scanner. Finally, we performed 

full fMRI sessions in 16 OCD patients that had been treated with DBS targeted 

at the NAc for at least one year. All patients had bilateral electrodes implanted 

(model 3389 Medtronic, platinum/ iridium conductor wires, with four 0.5 mm 

platinum/ iridium stimulating electrodes), which were connected to infracla-

vicular neurostimulators (bilateral Soletra or unilateral Activa PC, Medtronic, 

titanium cover) via subcutaneous extensions (model 7482 Medtronic, platinum/ 

iridium wires with stainless steel connection blocks). 

 Effective stimulation for OCD requires voltages that are often two 

times higher than those needed for movement disorders, and higher voltages 

were never tested properly with fMRI. Therefore, we decided to follow the 

manufacturer guidelines and program the stimulator to 0V, off, bipolar just 

before scanning, allowing measurement of neuronal activity related to clini-

The application of fMRI in DBS
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cally effective DBS for OCD, as symptom recurrence usually takes several days 

after the modulator has been switched off. Note that these settings may be less 

optimal for Parkinson’s disease where symptoms often reoccur immediately. 

Prior to scanning, we tested whether batteries were sufficiently charged, we 

tested for possible open circuits by measuring electrode impedance and battery 

current, and reviewed the programmed parameters for reference. Finally, we 

instructed patients to minimize head movements because this may amplify 

interaction of the DBS device with magnetic fields. 

 FMRI data were collected on a 1.5T Siemens Avanto. To minimize 

exposure of the DBS device to the pulsed radio-frequency field, we scanned all 

subjects using a transmit/receive (Tx/Rx CP) Head Coil. Specific absorption rate 

(SAR) levels were limited to 0.1 W/kg. We performed two scanning sessions of 

43.3 minutes each, separated by 8 days: one structural MRI scan, one resting-

state fMRI scan and two task-related fMRI scans. For functional scans, 2D-EPI 

(echo planar imaging) was used (TR = 2000ms; TE = 30ms; FA = 90°; matrix

64×64; 25 slices; FOV = 256×256mm; slice thickness = 4mm; slice gap = 0.4mm; 

80, 370 and 505 volumes respectively), and the first 10 volumes were discarded. 

A T1-weighted structural image was acquired for anatomical registration 

purposes. All subjects consented to participate in this study and signed an 

informed consent form. The study was approved by the Medical Ethical Review 

committee of our hospital.

Safety results

We observed no serious adverse events during or after the 2 pilot scans or the 

32 scanning sessions. One patient reported slight hyperventilation related 

to claustrophobia during scanning, which she had experienced previously 

without DBS as well.  Two patients experienced a mild headache that they had 

also reported before scanning and was probably related to caffeine withdrawal. 

However, significant changes in the neurostimulator settings were observed 

after the majority of scanning sessions. The stimulator switched on during 

scanning 2 times bilaterally and 12 times unilaterally, with voltage remain-

ing at 0V so no effective stimulation could have induced. Notably, one patient 

reported tingling sensations in the head during scanning at the side were the 

electrode had been switched on, but was found to be in good health after careful 
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Figure 1: single subject’s EPI series viewed from axial sections of patient with bilateral NAc 

electrodes. Image distortion and signal drop out can be observed around the electrodes and 

lead extension connections.  Significant activation (finger tapping > rest; tresholded at p < 0.005, 

uncorrected) can be observed in the motor cortex, supplementary motor area and cerebellum.

medical examination. On nine occasions, scanning modulated the neurostimu-

lator pulse-width from 60 to 210 microseconds and the frequency from 2 to 30 

Hertz, and on 12 occasions the active contact point was altered from the two 

most dorsal contacts (2 and 3) bipolar, to the upper and lower contacts (0 and 

3). We were able to reprogram each neurostimulator back to its original settings 

immediately after scanning and all stimulators continued to function normally.

Reliability results 
Functional 2D-EPI images from the pilot data revealed significant drop out 

artifacts located bilaterally around the electrodes and parietal cortex, probably 

corresponding to the place where the steel connection blocks of the extensions 

are connected to the leads (figure 1). Despite these artifacts, we were able to 

measure significant activation signals related to 30-second blocks of finger 

tapping in sensorimotor brain regions. 
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We repeated this reward paradigm along with two other fMRI paradigms 

in 16 DBS implanted patients when they were stably treated with DBS for at 

least one year, and after 8 days of DBS discontinuation. Detailed methods and 

results are described in chapters 6 and 7. Figure 3 shows that we were able 

to reliably estimate group activation differences around the NAc target area 

between patients and healthy controls (Figee et al., 2013). Moreover, we calcu-

lated acceptable temporal signal-to-noise ratios in the NAc region that did not 

change significantly between the two scanning sessions.  

Figure 3: group x session interaction during reward anticipation in the NAc target region at p < 

0.005 uncorrected, in 9 implanted patients (DBS on and off) and 13 healthy controls.

Next, we confirmed in a second implanted patient that we were also able to 

measure activation around the NAc target area (figure 2), using a monetary 

incentive delay paradigm (see also chapters 2 and 6).

Figure 2: sagittal, coronal and axial views of functional MRI scan from one patient with bilateral 

NAc electrodes, depicting BOLD signals (T>3) related to monetary rewards (reward anticipation 

> neutral) in the NAc. Cross-hair position = 15, 13, -5 (MNI).
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Finally, we could measure resting-state connectivity patterns between the 

prefrontal cortex and the NAc seed region, by excluding voxels with signal 

dropout around the DBS lead (chapter 6). 

Conclusion
We demonstrated that fMRI could be reliably used in OCD patients with fully 

implanted DBS systems to study local and network neural changes underly-

ing effective NAc stimulation. However, despite the application of strict safety 

guidelines, fMRI scanning significantly modulated neurostimulator settings in 

most patients, probably due to interaction with radiofrequency pulses. Given our 

own clinical observations that minimal modulation of the stimulation param-

eters is able to produce substantial symptomatic changes or serious adverse 

events, we suggest to perform fMRI with OCD patients only with the stimula-

tor switched off at 0V, bipolar. Using these settings in our experiments, fMRI 

caused no adverse events and we were still able to measure clinical relevant 

brain changes, as OCD symptoms did not relapse within the first hours after 

DBS discontinuation. Moreover, fMRI during active stimulation has only been 

performed in movement disorders, with significantly lower voltages than those 

that would be needed for treatment of obsessive-compulsive symptoms (Kahan 

et al, 2012).
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Chapter 6

Deep brain stimulation restores frontostriatal

network activity in obsessive-compulsive disorder

Martijn Figee, Judy Luigjes, Ruud Smolders, Carlos-Eduardo Valencia-Alfonso, 
Guido van Wingen, Bart de Kwaasteniet, Mariska Mantione, Pieter Ooms,

Pelle de Koning, Nienke Vulink, Nina Levar, Lukas Droge,
Pepijn van den Munckhof, Richard Schuurman, Aart Nederveen,

Wim van den Brink, Ali Mazaheri, Matthijs Vink and Damiaan Denys

Nature Neuroscience, 2013, 16(4), 286–289. 

Little is known about the underlying neural mechanism of deep brain stimu-

lation (DBS). We show that DBS targeted at the nucleus accumbens (NAc) 

normalizes NAc activity, reduces excessive connectivity between the NAc 

and prefrontal cortex, and decreases frontal low-frequency oscillations during 

symptom provocation in patients with obsessive-compulsive disorder (OCD). 

Our findings suggest that DBS is able to reduce maladaptive activity and 

connectivity of the stimulated region. 

Deep brain stimulation (DBS) of a specific target may cause fast and remarkable 

improvement in a variety of motor and cognitive-emotional processes (Kringel-

bach et al, 2011), suggesting that local stimulation modulates neural function 

of broader networks. Obsessive-compulsive disorder (OCD) has become a 
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successful indication for DBS (chapter 10) (Denys et al, 2010). Core features of 

OCD are compulsions and obsessions that impair goal-directed motivational 

behavior. These core features are associated with dysfunction of the nucleus 

accumbens (NAc) (chapter 2, Figee et al., 2011) and its connectivity with the 

frontal cortex (Harrison et al., 2009; Menzies et al., 2008). We hypothesized that 

NAc DBS would improve OCD by normalizing NAc-frontal network function. 

We investigated NAc-frontal network modulation of DBS in 16 OCD patients 

using functional magnetic resonance imaging (fMRI) and electroencephalo-

graphy (EEG). The stimulation was targeted at the NAc (NAc-DBS, see 

Methods) and patients showed stable clinical improvements on active DBS 

treatment (DBS ON) for at least one year. Turning the stimulators off (DBS 

OFF) for one week resulted in an increase of 50% in obsessive-compulsive 

symptoms, of 80% increase in anxiety and of 83% increase in depressive 

symptoms (Supplementary Table 1). We used three experimental paradigms 

that have previously demonstrated clinically relevant abnormalities in OCD 

patients and probe aspects of brain function that we expected to change follo-

wing NAc DBS. 

 

To examine brain activity in the immediate surroundings of the NAc target

(Fig. 1a), we probed NAc activity during fMRI scanning using a reward antici-

pation task (Methods, Supplementary Fig. 1) that requires goal-directed 

behavior, measures NAc responsiveness and has previously revealed blunted 

NAc activity in OCD patients, especially patients that were candidates for 

DBS3. Nine OCD patients and 13 matched healthy controls underwent two 

scanning session with one week in between. NAc activity changed signifi-

cantly (P = 0.031) between DBS OFF and ON in patients compared to repeated 

measures in controls (Fig. 1b, Supplementary Table 3 and Supplementary 
Fig. 5). During DBS OFF the NAc activity in patients was lower compared to 

controls. In contrast, the patients with DBS ON had similar NAc activity as the 

controls. These results suggest that DBS normalizes NAc activity. 
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Figure 1: DBS normalizes brain activity around the target area (NAc).

(a) In red: region-of-interest (ROI) for analyzing blood-oxygenation-level–dependent (BOLD) 

responses. (b) DBS-induced changes in the right NAc (reward anticipation–no-reward antici-

pation (mean ± s.e.m.); group × scan session interaction: F = 4.47, P = 0.031). NAc activity increased 

from DBS OFF to ON (t = 2.79, P(cor) = 0.050), and was lower in patients compared to controls 

during DBS OFF (*; t = - 3.165, P(cor) = 0.010).

Next, we investigated whether NAc-DBS also affected frontostriatal network 

connectivity. We performed a resting-state experiment that enabled us to probe 

stimulatory effects on the NAc-frontal network (Supplementary Fig. 3), as 

previous studies have demonstrated excessive NAc-frontal coupling in OCD 

(Harrison et al., 2009). Resting-state fMRI scans revealed that DBS reduced 

the connectivity between the NAc and the lateral prefrontal cortex (lPFC) and 

medial prefrontal cortex (mPFC) (Fig. 2a, Supplementary Table 4, Supple-
mentary Fig. 4). Follow-up testing showed that connectivity was stronger in 

patients (N = 11) than controls (N = 11) during DBS OFF but not during DBS 

ON (Supplementary Table 5 and Supplementary Fig. 5). Notably, we found 

a strong correlation (r = 0.72) between DBS-induced changes in connectivity 

and changes in obsessions and compulsions (Fig. 2b), suggesting that DBS 

reduces OCD symptoms by decreasing excessive frontostriatal connectivity.

DBS restores frontostriatal network in OCD
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Fig 2. DBS normalizes excessive frontostriatal connectivity. 

(a) Left: the left NAc (red) and right NAc (blue) seed regions. Right: The group×session interac-

tion reveals  DBS-related connectivity changes between the left NAc and mPFC (Z = 4.29, 

PFWE = 0.002) and lPFC (Z = 3.85, PFWE = 0.017) in red and between the right NAc and mPFC 

(Z = 4.47, PFWE = 0.050) and lPFC (Z = 4.53, PFWE = 0.001) in blue; purple indicates overlap. 

(b) Graph illustrating the correlation  (r = 0.72, P = 0.013) between changes in OCD symptoms 

(YBOCS: Yale-Brown Obsessive-Compulsive Scale) and changes in functional connectivity 

between the left NAc and lPFC.

Previous studies have shown low-frequency EEG oscillations (2-5 Hz) over 

the frontal cortex to be associated with goal-directed behavior and severity of 

obsessions and compulsions (Pogarell et al., 2006; Knyazev, 2012). Therefore, 

we examined whether NAc stimulation modulated low-frequency oscillations 

over the frontal cortex. We recorded EEG (see Methods) while patients (N = 13) 

rated pictures with OCD-related and unrelated content (Fig. 3a) .We found that 

DBS attenuated the increase in low-frequency activity elicited by symptom-

provoking stimuli (Fig. 3b-c and Supplementary Fig. 5).

These results suggest that DBS tapered the frontal brain response evoked by 

symptom-provoking events.
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Fig. 3. DBS modulates frontal low-frequency EEG oscillations in response to disease-

related symptom-provoking stimuli. (a) Patients rated the valence and arousal and whether the 

stimulus induced any symptoms (Supplementary Material). (b) Time/frequency representation 

showing the differences in frequency power over time elicited by the symptom-provoking and 

non-symptom-provoking stimuli (at t = 0). The black squares show the time/frequency analysis 

window selected for statistical testing based on the grand-average. (c) Average power values in 

the analysis window. DBS attenuated the increased low-frequency power elicited by symptom-

provoking stimuli (session × condition, F(1,12) = 10.65, P = 0.007). The response to symptom-

provoking stimuli was larger than for non-symptom-provoking stimuli when DBS was OFF 

(T(1,12) = 3.84, P(cor) = 0.004) but not when DBS was ON.

The modulation of NAc activity and frontostriatal connectivity by DBS 

suggests that it is able to restore disease related brain networks to a healthy 

state. Although no comparable study exists that examined network changes of 

DBS with fMRI and EEG in fully implanted patients, previous findings of local 

and distant DBS effects (chapter 4) (van Laere et al., 2006; Bewernick et al., 

2010; McIntyre and Hahn, 2010) have led to the hypothesis that DBS resets the 

neural output of the stimulated nucleus by overriding disruptive oscillations 

between brain network nodes (McIntyre and Hahn, 2010). Our study fits with 
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this hypothesis, and goes further to demonstrate that DBS normalizes NAc 

activity and restores intrinsic frontostriatal network dynamics. This restoration 

in turn correlates with symptom improvement. Inferring from fiber-tracking 

studies, we speculate that DBS normalizes NAc-frontal synchronization 

through antidromic stimulation of the ventral internal capsule that connects 

the mPFC with the NAc or alternatively indirectly by stimulation of corticotha-

lamic pathways (Lehman et al., 2011; Haber et al., 2006). 

 Patients with OCD are obsessed with specific pathogenic stimuli 

and feel compelled to act in a particular way at the cost of healthy goal-

directed behavior. The neural correlates of this imbalance may be found in 

OCD-symptom related frontostriatal hyperactivity (Menzies et al., 2008) along 

with blunted NAc processing (chapter 2) (Figee et al, 2013). NAc targeted DBS 

induced an average symptomatic change of 50% that was strongly correlated 

to frontostriatal network changes. Our results suggest that DBS interrupts a 

pathological frontostriatal loop allowing a shift from excessive processing of 

disease-related towards behaviorally relevant stimuli and restoration of goal-

directed behavior. This process may explain how stimulation of a relatively 

small target area can lead to rapid, broad and clinically relevant symptom 

improvements. 

Methods

Participants.
Sixteen OCD patients (27 to 59 years) and 13 healthy controls (25 to 56 years) 

participated in the experiments after written informed consent was obtained. 

All experimental procedures were approved by the Medical Ethics Committee 

of the Academic Medical Center, University of Amsterdam. Symptom severity 

was assessed using the Yale-Brown Obsessive-Compulsive Scale (Y-BOCS) 

(Goodman et al., 1989 I and II), the Hamilton Depression Rating Scale 

(HAM-D; Hamilton, 1960), and the Hamilton Anxiety Rating Scale (HAM-A; 

Hamilton, 1959). Healthy control subjects were only included if they were free 

of psychoactive drugs and mental disorders according to the Mini International 

Neuropsychiatric Inventory (MINI; Sheenan et al., 1998; van Vliet et al., 2007). 

Patients and controls were matched for age, gender and years of education. 
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Demographics of the study group and clinical details of patients are summa-

rized in Supplementary table 1. 

 Participants were excluded from the fMRI analyses: (1) when no 

second scan was available (3 patients and 1 control for reward experiment 2 

patients for resting state); (2) when movement during scanning was > 4 mm 

(1 patient for reward experiment 2 patients and 2 controls for resting state); (3) 

one patient was excluded from both fMRI experiments because of deviating 

electrode placement disturbing the signal in the NAc region of interest (4) when 

participants executed less than 50% of the task trials of the reward experiment 

(3 patients). Two patients were excluded from the EEG experiment because they 

had incomplete datasets, and one due to a lack of pictures rated as symptom 

provoking.

DBS settings. 
All patients had electrode implantation in the same target area (see Denys et al., 

2010). We included only patients that had completed the optimization phase of 

one to two years during which they were evaluated every 2 weeks for severity 

of symptoms and optimal stimulation parameters. All 16 patients received 

monopolar stimulation on the two dorsal contact points, implying that the most 

effective stimulation area was located at the border of the NAc core and anterior 

limb of the internal capsule. 

fMRI data acquisition. 
fMRI data were collected on a 1.5T Siemens Avanto. To minimize exposure of the 

DBS device to the pulsed radio-frequency field, we scanned all subjects using a 

transmit/receive (Tx/Rx CP) Head Coil, turned off the DBS system two minutes 

before patients entered the scanner, and programmed it at 0V in bipolar mode. 

Specific absorption rate (SAR) levels were limited to 0.1 W/kg. For functional 

scans, 2D-EPI (echo planar imaging) was used (TR = 2000ms; TE = 30ms;         

FA = 90°; matrix 64×64; 25 slices; FOV = 256×256mm; slice thickness = 4mm; 

slice gap = 0.4mm; reward experiment = 370 volumes; resting-state experiment 

= 80 volumes), and the first 10 volumes were discarded. A T1-weighted struc-

tural image was acquired for anatomical registration purposes.
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Reward task.
The task was based on the monetary incentive delay task (chapter 2) (Supple-
mentary Fig. 1) and involved responding to a target to earn or prevent losing 

money. One hundred eight trials, each lasting 3–7s, were presented during 

fMRI. Each trial started with a cue predicting rewarding, neutral or loss 

outcomes, followed by presentation of a target to which subjects had to respond 

and ending with feedback on performance. Cues had 3 levels of reward or 

loss (Supplementary Fig. 1) to enhance reward uncertainty and motivation, 

but we analyzed responses to all levels together to optimize power. The time 

to respond was limited by adjusting target presentation, based on individual 

reaction times during training immediately prior to the experiment. This 

assured that all subjects performed almost equally (Supplementary Table. 2) 

and were rewarded in 67% of the reward trials, and could avoid loss in 67% of 

the loss trials. 

fMRI data analysis.
Because the NAc is mainly implicated in reward anticipation (chapter 2) 

(Knutson et al., 2001; Figee et al, 2011), we focused on BOLD differences 

between the anticipation of rewarding and neutral outcomes. Preprocessing 

and analysis of individual BOLD time series were performed using SPM5 as 

in Figee et al, 2011 (chapter 2). Voxel-wise event-related statistics contained 

the following conditions: reward anticipation (time between reward cue and 

target, 36 events), no-reward anticipation (time between neutral cue and 

target, 36 events) and target presentation. Data were high-pass filtered at  

.006 Hz. Exploratory whole-brain analysis confirmed that reward anticipation 

specifically activated frontostriatal areas (NAc, caudate, putamen, thalamus, 

insula, and several frontal areas) across all subjects. A region of interest (ROI) 

analysis was performed to test for effects of DBS (DBS ON vs. DBS OFF) on 

NAc responses, using the contrasts reward anticipation vs. no-reward (neutral) 

anticipation. We chose this ROI because it was closest to the stimulated region. 

We furthermore expected to find the largest effects in this region because of 

its role in goal-directed motivational behavior and our previous findings of 

dysfunctional anticipatory reward activity of this region in OCD patients that 

had not received DBS treatment yet (chapter 2; Figee et al, 2011). We defined 
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the NAc ROI on the basis of the AAL atlas and as part of the caudate nucleus 

below Z=0mm (MNI coordinates=[±10,14,-8], Fig. 1a) (Tzourio-Mazoyer 

et al., 2002). NAc ROI data were used for correlation analysis between DBS 

effects and clinical measures (severity scores on Y-BOCS, HAM-A, HAM-D). 

Additional explorative whole-brain group analyses were performed to test for 

potential effects of DBS in the NAc on brain regions outside the ROI (t > 3, 

Supplementary Fig. 2). Although our focus was on NAc BOLD differences 

between the reward and neutral anticipation contrasts, we performed explora-

tory analyses comparing NAc BOLD responses during neutral vs. loss anticipa-

tion and monetary feedback, which yielded no significant DBS related changes 

during anticipation of losses (group x scan interaction P = 0.118 (rNAc) and

P = 0.106 (lNAc)), during reward feedback (P = 0.150 and 0.115) or during loss 

feedback (P = 0.901 and 0.321).

Resting-state data analysis 
Data analysis was performed using SPM8 and REST toolbox (http://resting-fmri.

sourceforge.net). Images were realigned, co-registered with the T1, normalized 

to the MNI template, resampled at 4×4×4 mm3, spatially smoothed (8mm at 

FWHM), linearly detrended and band-pass filtered (0.01Hz < f < 0.08Hz). In line 

with Di Martino et al. (2008), we defined spherical seed ROIs (radius = 4mm) 

for the NAc centered at [±9, 9, -8] (Fig. 2a). The ROIs were modified using the 

anatomical scan of each subject to exclude voxels in the ventricle or with signal 

dropout around DBS lead using MRIcron (http://www.cabiatl.com/mricro/). We 

correlated the seed reference with the whole brain, correcting for white matter, 

CSF, global signal fluctuations and motion. The correlation coefficients were 

transformed to Z-scores resulting in spatial maps. The individual Z-score maps 

were entered into a factorial ANOVA with the factors group (patient versus 

control) and scan session (1 versus 2). The ROI was the prefrontal cortex, which 

was anatomically defined using the WFU Pickatlas. Statistical tests were family 

wise error (FWE) rate corrected for multiple comparisons across the entire 

brain or the target ROI (P < 0.05) on the cluster level using a height threshold of 

P < 0.001.  Significant group × scan interactions were followed by simple effects 

testing. We correlated the functional connectivity strength difference in the 

peak voxel from the within-patient analysis in the lPFC with the difference in 
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clinical scores (HAM-D, HAM-A and Y-BOCS). To avoid dependency between 

the definition of the lPFC ROI and symptom differences, the peak voxel was 

defined for each subject separately using a leave-one-out procedure.

EEG Symptom-provocation Paradigm
We recorded EEG and EOG (electro-oculogram) at 512Hz using 64 shielded 

Ag/AgCl electrodes (Advanced Neuro Technology B.V., Enschede, the Nether-

lands) following the international ‘10/10’ system. We used a task designed to 

investigate symptom-like brain activity. Patients were exposed for 2 seconds 

to a set of 200 pictures, preselected to include 50 OCD, 50 neutral, 50 negative 

and 50 positive pictures. The neutral, positive and negative pictures were 

obtained from the IAPS picture set (Lang et al., 2008) and the OCD pictures 

were obtained from the Internet. Patients (N = 13) rated arousal, valence 

and the presence of symptoms and if the picture was symptom-provoking or 

non-symptom-provoking. We matched the valence and arousal ratings between 

self-rated symptomatic and non-symptomatic pictures in order to isolate the 

symptomatic component.

EEG data analysis
Data were analyzed using EEGlab 9.4.6 (Delorme et al., 2011) and Fieldtrip 

(Oostenveld et al., 2011). The data were band-pass filtered between 0.5 and 

40 Hz to exclude line noise, muscle- and DBS artifacts from the data. The data 

were subsequently epoched into 3-second windows around the stimulus ([-1 

2]) and the epochs were checked for large artifacts. We then used independ-

ent component analysis (ICA), to remove eye-blinks and other residual noise-

sources from the data. The epochs were again checked and were considered 

artifact free. 

    Trials were matched using an iterative procedure on the subject level that 

matched the number of symptom-provoking and non-symptom provoking 

stimuli and using paired-samples t-test checked for differences in valence 

and arousal between categories. The procedure was repeated until the t-tests 

were not significant or 10.000 iterations were performed. We obtained Time 

Frequency Representations of power (TFR) by convolving a hanning-window 

with an adaptive time-window of three cycles over the data. The TFRs were 
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Supplementary Figure 1: the monetary incentive delay task. Above, three different cues are 

depicted, predicting monetary rewards (circle), no rewards (triangle) or monetary losses (square). 

The cues had 3 levels of reward or loss: € 0.50 (1 horizontal line), χ€ 1.00 (2 horizontal lines), or 

€ 2.00 (3 horizontal lines). In the example, a blue circle (cue) is presented with 1 horizontal line 

for 500 milliseconds signaling a rewarding outcome of χ€ 0.50. After a variable delay of 1-3 sec, 

an orange acclamation sign (target) is presented for a variable time (depending on the individual 

reaction times on training trials) to which subjects have to respond in time. At the end of each 

trial, feedback of the amount won during the current trial and the total amount are presented.

relative-change baseline corrected from -0.75 to -0.25 before stimulus 

onset. The average TFRs were computed by subtracting the average TFR of 

non-symptom provoking stimuli from the average TFR of symptom provoking 

stimuli. To compute statistics, we used repeated measures ANOVAs in PASW 

statistics 18.0. in PASW statistics 18.0. 

Supplementary tables and figures
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Patients  (n=16)   Controls  (n=13)   Difference  Demographics  

Mean   Range   Mean   Range   P-‐value  

Age,  mean  (SD),  y.   45  (9.7)   27-‐59   45  (9.2)   25-‐56   0.791  

Gender  (%  Males).   56.3      53.8      0.902  

Education,  mean  (SD),  y.   14  (2.2)   8-‐17   15  (3.6)   12-‐23   0.131  

Smoking  (%  Yes).   31.3      46.2      0.412  

                 
Clinical  details  patients                   

Mean  illness  duration   26.2  yrs  (range  8-‐48  yrs)        

OCD  subtypes   Contamination  fear  (n=9)  
High-‐risk  assessment  (n=5)  

     

   Perfectionism  (n=2)        

Co-‐morbid  diagnosis   Major  depressive  disorder  (n=4)  
Panic  disorder  (n=1)  
Obsessive-‐compulsive  personality  
disorder  (n=1)  

     

Medication   Clomipramine  125-‐225  mg  (n=2)  
Citalopram  60  mg  (n=2)  
Paroxetine  60  mg  (n=1)  
Fluoxetine  (n=1)  
None  (n=10)  

Average  DBS  voltage   4.8V  (range  3.5-‐6.2V)  

DBS  frequency   130  Hz  (n=12)  
185  Hz  (n=4)  

DBS  pulse-‐width   90  μs  (n=12)  
120  μs  (n=2)  
150  μs  (n=2)  

                 
DBS  OFF   DBS  ON     Clinical  scales  patients  

Mean   Range   Mean   Range   P-‐value  

YBOCS  total   29.9  (5.7)   15-‐40   19.9  (6.9)   6-‐32   <  0.0013  

YBOCS  obsessions   14.3  (3.1)   9-‐20   9.8  (3.8)   0-‐15   <  0.0013  

YBOCS  compulsions   15.1  (3.4)   6-‐20   10.1  (3.5)   6-‐18   <  0.0013  

HAM-‐D   26.9  (8.7)   13-‐40   14.7  (9.4)   0-‐30   <  0.0013  

HAM-‐A   30.4  (10.3)   11-‐51   16.9  (9.1)   13-‐40   <  0.0013  

 

Supplementary Table 1: demographics of the study sample and clinical details

OCD: Obsessive-Compulsive Disorder; YBOCS: Yale-Brown Obsessive-Compulsive Scale; 

HAM-D: Hamilton Rating Scale for Depression; HAM-A: Hamilton Rating Scale for Anxiety. 

¹ independent sample t-test. ²Chi-square test. ³Paired t-test
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Patients      Controls      Interaction    

DBS  OFF   DBS  ON   P-‐value1   P-‐value2   scan  2   scan  1   P-‐value1   P-‐value2   P-‐value3  

R.  NAc  
(SEM)  

-‐0.60  
(0.29)  

0.06  
(0.27)  

0.025   0.050   0.25  
(0.20)  

0.13  
(0.23)  

0.616   1   0.031  

L.  NAc  
(SEM)  

-‐0.36  
(0.30)  

0.10  
(0.31)  

0.195   0.390   0.10  
(0.16)  

0.13  
(0.19)  

0.901   1   0.372  

Supplementary Table 2: NAc response over the two scanning sessions.

Mean percentage of right and left NAc BOLD signal change (± SEM) during reward anticipation 

in 9 patients and 13 controls for the two scanning sessions. P¹ value is for difference between the 

two scanning sessions (paired t-test). P² value is after Bonferroni correction. P³ value is for group 

x scanning session interaction. Abbreviations: R: right; L: left; NAc: Nucleus Accumbens; SEM: 

standard error of mean. 

Supplementary Figure 2: Changes for each individual patient in DBS OFF and DBS ON. In red: 

mean of all patients with standard error bars. (a) Mean percentage of right NAc BOLD signal 

change (regression coefficients) during reward anticipation. (b) Functional connectivity change 

between left NAc and right lateral PFC. (c) Frontal low-frequency EEG power in response to 

symptom-provoking stimuli.

  

 Seed  
NAc  

Region   BA   Side   P   Cluster  
size  

Z   MNI  
  X                        Y                    Z  

Left   lPFC   45   Right   0.017   38   3.85   50   32   26  
   mPFC   32/10   Left   0.002   64   4.29   -‐18   48   14  

Right   lPFC   45   Right   0.001   73   4.53   50   32   26  
   mPFG   32/10   Left   0.050   26   4.47   -‐18   44   1  

Supplementary Table 3: Frontal clusters that showed significant interaction effect (group x 

scan) in connectivity strength with NAc seed. Abbreviations: BA Brodmann area; lPFC lateral 

prefrontal cortex; mPFC medial prefrontal cortex; P is cluster level P value, family wise error 

(FWE) corrected. Z is for voxel level Z-score.
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Supplementary Figure 3. Functional connectivity maps of NAc seed across all subjects. 

Functional connectivity map of left NAc seed is shown in red while map of right NAc seed is 

shown in blue, overlap in purple. The connectivity maps of each NAc seed (PFWEcorrected < 0.05 

cluster level) were combined between groups. The NAc seeds showed the strongest positive 

coupling around the seed region and the contralateral homologous region. Furthermore, positive 

coupling was found with the orbitofrontal cortex, the anterior cingulate cortex, amygdala and the 

parahippocampal gyrus. The functional connectivity of the left NAc seed extended somewhat 

further than the right NAc and included the posterior cingulate cortex and precuneus and the 

middle temporal lobe extending to the inferior temporal lobe. 

Test	   Seed	  
NAc	  

Direction	  of	  
comparison	  

Region	   BA	   Side	   P1	  

	  
P2	   Cluster	  

size	  

Z	   MNI	  

X	  	  	  	  	  	  	  	  	  Y	  	  	  	  	  Z	  

Between	  
groups	  

Left	   Patients	  
DBS	  OFF	  >	  
Controls	  

lPFC	   45	   Right	   0.025	   0.050	   34	   3.70	   50	   32	   22	  

mPFC	   32/10	   Left	   0.104	   0.208	   19	   4.29	   -‐26	   48	   2	  

Right	   Patients	  
DBS	  OFF	  >	  
Controls	  

lPFC	   45	   Right	   0.068	   0.136	   23	   3.60	   50	   32	   22	  

mPFG	   32/10	   Left	   0.034	   0.068	   30	   3.68	   -‐30	   48	   6	  

sPFG	   	   Left	   0.029	   0.058	   32	   4.05	   -‐6	   16	   50	  

Within	  
group	  

(patients)	  

Left	   DBS	  OFF	  >	  
DBS	  ON	  

lPFC	   45	   Right	   0.029	   0.058	   24	   4.43	   30	   32	   10	  

Supplementary Table 4. Additional differences in frontostriatal connectivity strength 
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Supplementary Figure 4. Illustration that shows a strong overlap in the location (lateral PFC) of 

functional connectivity change with the left NAc in the three tests of experiment 2: Interaction 

effect (group x session) in green, within patient group effect in yellow, between group effect 

(patients DBS OFF vs controls) in violet. 

between patients and controls, and within patients between DBS OFF and ON. 

Abbreviations: BA Brodmann area; DBS deep brain stimulation; lPFC lateral prefrontal cortex; 

mPFC medial prefrontal cortex; sPFG superior prefrontal gyrus; P1 is cluster level P value, family 

wise error (FWE) corrected. P2 value is after additional Bonferroni correction. Z is for voxel level 

Z-score.
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            Patients   Controls                       Difference                                

DBS  OFF   DBS  ON   Scan  2   Scan  1           P-‐value  

Earning,  mean,  euro  (SD)   12.7  (1.8)   11.3  (3.9)   12.3  (2.5)   12.6  
(1.5)  

0.481  

0.592  

Reaction  time  reward  
trials,  mean,  ms  (SD)  
  

267  (45)   291  (70)   248  (43)   282  
(47)  

0.5051  
0.0012  
0.943  

Reaction  time  neutral  
trials,  mean,  ms  (SD)  

317  (39)   345  (55)   306  (50)   311  
(55)  

0.261  

0.0982  

Supplementary Table 5: Performance reward experiment. Both groups responded faster when 

DBS restores frontostriatal network in OCD
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Supplementary Figure 5: voxel-wise analysis in 9 patients and 13 controls. Group x session 

interaction during reward anticipation in the nucleus accumbens at p < 0.005 uncorrected.

they expected to win money as compared to neutral outcomes (mean reaction time 279 sec. vs. 

324 sec., P < 0.001), indicating enhanced motivation for rewards. Patients and controls responded 

significantly faster during the second scanning session on reward trials (P = 0.001), and to a lesser 

extent on neutral trials (P = 0.098), which likely reflects learning effects for both groups.

1. Between groups.  2. Between scanning sessions. 3. Group x scanning session.
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Chapter 7

Deep brain stimulation modulates frontostriatal

inhibitory control in obsessive-compulsive disorder

Martijn Figee, Matthijs Vink, Judy Luigjes, Guido van Wingen, Pelle de Koning, 
Nienke Vulink, Aart Nederveen, Ali Mazaheri and Damiaan Denys

Submitted

Deep brain stimulation (DBS) targeted at the nucleus accumbens (NAc) has 

become an effective treatment for therapy-refractory obsessive-compulsive 

disorder (OCD) (Denys et al, 2010). We have recently demonstrated that NAc 

DBS for OCD normalizes ventral striatal reward responses and its connectivity 

with the prefrontal cortex (chapter 6; Figee et al, 2013; Smolders et al, 2013), 

leading to the therapeutic modulation of the ventral motivational frontostriatal 

network. In the current study, we extend our previous findings and report that 

DBS also restores the sensorimotor frontostriatal pathways that are involved in 

inhibitory control.

 

Patients with OCD are unable to stop unwanted compulsive behaviors, which 

has been linked to dysfunctional brain networks of motivational (chapter 2; 

Figee et al, 2011) and inhibitory control (Woolley et al., 2008; Roth et al., 2007; 

Page et al., 2009). We measured brain activity related to inhibitory control with 

functional magnetic resonance imaging (fMRI; 1.5T Siemens Avanto, repeti-

tion time 2 s, echo time 30 ms, voxel size 3.6 mm isotropic) in 8 DBS implanted 
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OCD patients (mean age 44.6 yr, SD = 10.9, 4 women), first with DBS on (DBS 

ON) and then after one week DBS off (DBS OFF). These 8 patients were part of 

a larger sample of 16 DBS-implanted OCD patients (Figee et al., 2013) and were 

chosen based on the availability of appropriate behavioral data and scanning 

data. To minimize exposure of the DBS device to the pulsed radio-frequency 

field, we used a transmit/receive (Tx/Rx CP) Head Coil, limited specific absorp-

tion rate levels to 0.1 W kg−1, turned off the DBS system 2 min pre-scanning, 

and programmed it at 0 V bipolar (chapter 5). We also performed repeated 

scanning in 13 gender-, age- and education-matched healthy controls (mean 

age 46.1 yr, SD = 9.3, 6 women). We probed frontostriatal inhibitory control 

using a stop-signal task that requires responding to a go-signal and inhibit-

ing this response after an occasional stop-signal (see Zandbelt et al., 2010 and 

2011). The probability that a stop-signal would occur and a response was to 

be withheld was indicated via cues. In this way, we could focus on reactive 

inhibition (i.e. outright stopping in response to a stop-signal), and proactive 

inhibition (i.e. the anticipation of a potential stop signal). We assessed brain 

activity related to reactive inhibition by calculating the difference in activa-

tion during successful inhibition versus unsuccessful inhibition. Proactive 

inhibition was calculated as the parametric effect of stop-signal probability on 

go-signal (response-inhibition) activation. We assessed activation differences 

over the two scans between patients (DBS ON and OFF) and controls in the 

right striatum and right inferior frontal cortex using a region-of-interest (ROI) 

approach, as these frontostriatal regions were found to be involved in reactive 

and proactive inhibition in our previous experiments (Zandbelt et al., 2010 and 

2011). These ROIs were defined in healthy individuals performing the same task, 

using a cluster-level threshold (p < 0.001; cluster probability, p < 0.05, family-

wise error (FWE) corrected (Zandbelt et al., 2010 and 2011). We also performed 

voxel-wise whole-brain analyses to explore activation changes outside these 

regions of interest using FWE corrections for multiple comparisons. 

Turning the stimulators off for one week resulted in a 37% increase in obsessive-

compulsive symptoms as measured with the Yale Brown Obsessive Compulsive 

Scale (t7 = −2.74, p = 0.003). At baseline, compared to controls, OCD patients 

had intact reactive inhibition as measured by the latency (measured by stop-
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signal reaction time: F < 1) and accuracy of inhibition (F < 1), and the level of 

activation in the striatum (F < 1). None of these measures changed due to DBS 

(group x scan interaction for all measures: F < 1). Behaviorally, DBS did not 

significantly change proactive inhibition (the effect of stop-signal probability 

on mean go-signal response time) compared to changes over time in controls 

(group x scan interaction F1,19 = 1.85, p = 0.19). However, DBS induced signifi-

cant changes in proactive inhibitory activation in the right striatum (group x 

scan interaction F1,19 = 5.74, p = 0.027) and right inferior frontal cortex (group x 

scan interaction F1,19 = 7.63, p = 0.012). Patients with DBS OFF had lower activity 

in these regions than healthy controls (t19 = -2.18, p = 0.042 right striatum;

t19 = -2.68, p = 0.015 right inferior frontal cortex), whereas activity in the patients 

with DBS ON did no longer differ significantly from controls (t19 = 1.78, p=0.91 

right striatum; t19 =1.56, p = 0.135 right inferior frontal cortex). These results 

suggest that DBS normalizes frontostriatal activity during proactive inhibition. 

DBS-induced brain activity changes were not correlated with changes in obses-

sions and compulsions. Explorative whole-brain group analyses revealed that 

reactive and proactive response inhibition activated regions across all subjects 

very similar to that reported on previously (Zandbelt et al., 2010), but yielded no 

significant group or scan differences.

Figure 1. DBS normalizes brain activity in frontostriatal network (A) Regions of interest (ROIs) 

for blood oxygenation level–dependent (BOLD) responses: 1. right dorsal striatum/putamen 

(blue) 2. right inferior frontal cortex (pink). (B) DBS-induced changes during proactive inhibition 

in the two ROIs. Activity in both regions increased from DBS OFF to DBS ON and was lower in 

patients than in controls during DBS OFF. * Significant (p < 0.05) group differences in post hoc 

analyses. Error bars indicate 95% confidence intervals. a.u., arbitrary units; HC, control subject; 

OCD, obsessive-compulsive disorder patients; r., right.

DBS modulates inhibitory control in OCD
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The normalization of striatal and inferior frontal inhibitory control by DBS 

suggests that it is able to restore the frontostriatal network to a healthy state, 

in line with and extending our recent observations. In these experiments, we 

found DBS in OCD restores the ventral frontostriatal network involved in 

motivational control (chapter 6; Figee et al., 2013; Smolders et al., 2013). The 

current findings imply that DBS also restores the sensorimotor frontostriatal 

pathways that are involved in inhibitory control. As stimulation in this patient 

group was most effective at the border of the NAc core and the ventral internal 

capsule (see also Denys et al., 2010), dorsal striatal and inferior frontal modula-

tion likely occurred via ventral-dorsal internal capsule connections, which have 

found to be excessive in OCD (Harrison et al., 2009). Alternatively, NAc DBS 

may have influenced dorsal pathways indirectly by stimulation of corticotha-

lamic pathways (Lehman et al.,  2011). 

          DBS specifically affected neural processes underlying proactive inhibi-

tion. Rather than reacting upon an external stimulus, proactive control must 

be setup in advance internally according to one’s expectation (Aron, 2011), and 

is probably at play when one has to control the urge to perform a compulsion. 

Moreover, proactive in contrast to reactive control depends more on frontostri-

atal dopaminergic neurotransmission (Zandbelt et al., 2011; Eagle et al., 2011). 

We have recently demonstrated striatal dopamine release during effective NAc 

DBS for OCD (chapter 9; Figee et al., 2013). DBS-induced dopamine release may 

thus be one of the underlying mechanisms of improved frontostriatal proactive 

control. Patients with OCD are unable to stop unwanted compulsive beha-

viors, which several studies have linked to impaired striatal and inferior frontal 

activation during response inhibition (Woolley et al., 2008; Roth et al., 2007; 

Page et al., 2009). We confirmed these frontostriatal impairments in OCD and 

showed that they can be reversed by DBS along with symptom improvement. 

These results suggest that DBS for OCD interrupts a pathological frontostriatal 

loop, allowing successful inhibition of unwanted behaviors and restoration of 

goal-directed actions. 
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Chapter 8

Imaging the neurochemistry of

obsessive compulsive disorder

Martijn Figee, Jan Booij and Damiaan Denys
 

Chapter in:
Neuroimaging Psychiatric Disorders,

Cambridge University Press, 2010.

Abnormalities of neurotransmission in frontostriatal circuits may play a pivotal 

role in the pathophysiology of OCD. Involvement of serotonin, dopamine and 

glutamate is likely, because these are important regulators of neuronal activity 

within the frontostriatal network and drugs that modulate their activity can be 

effective in OCD treatment. However, their exact function in OCD is unclear. 

Here, we systematically reviewed all imaging studies on neurotransmission in 

OCD that have used single photon emission computed tomography (SPECT), 

positron emission tomography (PET) and magnetic resonance spectroscopy 

(MRS). Results from SPECT and PET studies suggest that OCD is related 

to diminished serotonergic input into the frontostriatal circuits, along with 

dopaminergic hyperactivity in striatum. MRS studies demonstrate an associa-

tion between OCD and elevated striatal glutamate levels. Improvement of 

obsessions and compulsions in response to serotonin reuptake blockade is 

related to normalization of dopaminergic and glutaminergic hyperactivity. 

Together, these results indicate that OCD is related to frontostriatal seroton-

ergic deficits, however dopaminergic and glutaminergic abnormalities in the 

striatum appear to be the most important treatment targets.
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Introduction
Obsessive Compulsive Disorder (OCD) is a chronic psychiatric disorder that 

is characterized by the presence of recurrent and anxiety provoking thoughts, 

images or impulses (obsessions), typically followed by repetitive ritualistic 

behaviors (compulsions) to relieve anxiety. The prevalence of OCD is estimated 

to be between one and three percent (Ruscio et al., 2010; Fullana et al., 2009). 

Without adequate treatment, obsessions and compulsions can become 

extremely time-consuming, causing significant impairments in social and 

occupational functioning. Effective treatment options for OCD are cognitive 

behavioral therapy, pharmacotherapy or psychosurgical interventions. 

 Approximately 40%-60% of OCD patients respond to pharmaco-

therapy with drugs that increase intrasynaptic serotonin (Denys 2006; Soomro 

et al., 2008). Hence, it is often suggested that OCD is related to a dysfunc-

tion of brain serotonin systems. Central dopaminergic systems are likely to be 

involved as well, since patients that don’t respond to treatment with serotonin 

reuptake inhibitors (SRIs) can be successfully augmented with dopamine 

receptor antagonists (Fineberg et al., 2006; Bloch et al., 2006). Finally, the poten-

tial efficacy of glutamate modulating drugs in OCD (Denys, 2006) suggests 

glutaminergic abnormalities in OCD. 

 Functional imaging studies indicate involvement of the cortico-striatal–

thalamic–cortical circuit in OCD pathophysiology (Saxena and Rauch 2000; 

Menzies et al. 2007) and within this circuitry, the neurotransmitters serotonin, 

dopamine and glutamate are important regulators of neuronal activity. The 

exact function of these neurotransmitters in OCD, however, is still unclear. 

They may be directly implicated in the pathophysiology of OCD, or only related 

to treatment effects. Dysfunctional neurotransmission may be primary, e.g. 

the result of structural (genetic) defects, or secondary to the illness. Seroton-

ergic, dopaminergic and glutaminergic neurotransmission in OCD has been 

examined using pharmacological challenge experiments, investigations into 

metabolites, genetic association studies and animal models. However, these 

are all indirect measures of neurotransmission, and taken together, they did not 

reveal consistent results. Neurochemical imaging techniques allow for a more 

direct examination of neurotransmission systems in OCD patients. Aspects of 

dopaminergic, serotonergic and glutamatergic systems can be visualized with 
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single photon emission computed tomography (SPECT) and positron emission 

tomography (PET). In addition, glutaminergic neurotransmission can be 

measured using ¹H magnetic resonance spectroscopy (¹H MRS). 

 SPECT and PET studies may visualize neuroreceptors, but what is 

exactly being measured with these imaging techniques? SPECT and PET 

techniques measure binding of radiopharmaceuticals to neurotransmit-

ter transporters or receptors in brain regions of interest, e.g. the serotonin 

transporter (SERT), the dopamine transporter (DAT), the serotonergic 5HT2a 

receptor or the dopaminergic D1  and D2/3  receptor. Binding of a specific radiop-

harmaceutical will occur only if receptors or transporters are available on the 

surfaces of synaptic membranes. Thus, altered binding reflects altered avail-

ability of transporters or receptors. Receptor availability may alter due to up- or 

downregulation, as a compensatory mechanism in response to neurotrans-

mission. For example, receptors become temporarily unavailable for further 

stimulation when they are internalized back into the neuronal cell shortly after 

receptor activation, and prolonged activation may decrease the actual number 

of receptors by lysosomal degradation (Gray and Roth, 2001). SERT and DAT 

are transporter proteins that are located on membranes of the presynaptic 

terminals of serotonin and dopamine producing neurons, respectively. Because 

of this localization, decreased availability of SERT may reflect degeneration 

of serotonergic neurons originating from the raphe nuclei and decreased 

availability of DAT may have been caused by degeneration of dopaminergic 

neurons. More specific, degeneration of nigrostriatal or mesocortical neurons 

is reflected by loss of striatal and cortical DATs, respectively. Finally, availability 

of receptors and transporters can change in response to short-term alterations 

in synaptic concentrations of serotonin and dopamine, because of competi-

tion with the tracer for binding. For example, lower synaptic serotonin levels 

means less competition and thus, more available binding sites for serotonergic 

radiotracers. 

 ¹H MRS is a complementary technique to structural magnetic 

resonance imaging (MRI), which can graphically visualize a spectrum of 

magnetic resonances that corresponds to different metabolic compounds in a 

brain region of choice. It can be used to measure human brain levels of gluta-

mate and its precursor and metabolite glutamine (together: Glx). Glx was found 

Imaging neurochemistry of OCD
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to have a direct relation to glucose metabolism in a combined 18F-fluoroglucose 

PET and ¹H MRS study (Pfund et al., 2000), which suggests it is a marker of 

brain activity.

 To explore the role of these neurotransmitters in OCD, we will review 

all PET and SPECT binding studies on serotonin and dopamine, and all avai-

lable ¹H MRS research into glutamate levels in OCD. We will try and combine 

these findings into a pathophysiological model for dysfunctional neurotrans-

mission in OCD. Eight studies have investigated serotonergic neurotransmis-

sion in OCD, by comparing the availability of SERT or 5-HT2a receptors between 

patients and healthy controls. In another eight studies, dopaminergic function 

was examined measuring density of DAT or dopamine D1, D2/3 receptors. We 

will report on combined SERT and DAT studies for each transporter separately. 

Six studies performed binding scans before and after treatment with SRIs, to 

study how this affects serotonergic and dopaminergic neurotransmission. Five 

studies used ¹H MRS to estimate brain levels of glutamate in OCD patients 

and healthy controls, including one study that performed measures before and 

after SRI treatment. To the best of our knowledge, no SPECT or PET studies 

have been performed on imaging of the central glutamatergic system in OCD 

patients. For a summary of the different studies discussed in this review see 

table 1. 

Imaging studies on the serotonergic system
Using radiotracers that predominantly bind to SERT in brain areas where this 

transporter is highly prevalent, e.g. midbrain-pons and thalamic regions, most 

SERT studies demonstrated decreased SERT availability in OCD, although 

increased availability was reported in early-onset patients (Pogarell et al., 2003). 

SERT decreases in thalamic regions were related to OCD severity and duration. 

Two studies investigated postsynaptic serotonergic 5-HT2a receptors in OCD, 

showing either increased or decreased availability of the 5-HT2a receptors. 

Simpson et al. (2003) were the first to study SERT availability in OCD, using 

PET and ¹¹C-(+)-6ß-(4-Methylthiophenyl)-1,2,3,5,6 ,10ß-hexahydropyrrolo

[2,1-a]isoquinoline ([¹¹C]McN 5652), which is a potent and selective PET 

tracer for SERT. Comparing 11 OCD patients and 11 age-matched healthy 

control subjects, they failed to show statistical significant differences in SERT 
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binding within striatal, limbic or cortical areas. This might be partially due to 

low OCD severity scores in this study (mean Y-BOCS scores of 20±4 points). 

Subsequent studies used SPECT imaging to measure uptake of iodine-123-

labeled 2ß-carbomethoxy-3ß-(4-iodophenyl)tropane ([¹²³I]ß-CIT). Uptake of 

this radiotracer reflects predominantly binding to SERT in extra-striatal brain 

regions. On the other hand, in the striatum, where density of DAT is much 

higher than that of SERT, it mainly indicates binding to DAT (Laruelle et al., 1993 

and 1994). The first study using ß-CIT found an increase of SERT availability 

in midbrain-pons, but this was only statistically significant for the early onset 

patients (< 17 years) and it was not correlated with clinical severity measures 

(Pogarell et al., 2003). The lack of differences in the late-onset OCD group 

might be explained by older age and more co-morbid depression within this 

group, since these factors are associated with decreased SERT binding (Pirker 

et al. 2000; Malison et al., 1998). SERT is crucial for maintaining a constant 

level of intrasynaptic serotonin and thus, increased SERT may suggest higher 

levels of intrasynaptic serotonin in the early-onset OCD group. Alternatively, 

higher SERT might be indicative of an inability to compensate for serotonergic 

deficits in early-onset patients, which is compatible with research suggesting 

early-onset OCD is a more severe and SRI-resistant subtype (Rosario-Campos 

et al. 2001). Three other ß-CIT SPECT studies demonstrated decreased SERT 

availability within midbrain-pons regions. Stengler-Wenzke et al. (2004) found 

reduced SERT availability in 10 patients compared to 7 controls, Hasselbalch 

et al. (2007) in 9 patients and 9 controls, and Hesse et al. (2005) comparing 

15 patients with 10 controls. In the latter study, SERT reductions were also 

reported in the thalamus/hypothalamus in correlation with OCD severity and 

duration, suggesting SERT alterations in thalamic regions are stronger related 

to OCD and occur in the process of illness. Consistent with these results, two 

studies found reduced SERT in thalamic regions to be strongly correlated with 

OCD severity. Zitterl et al. (2007) demonstrated reduced SERT in thalamus and 

hypothalamus, comparing 24 obsessive-compulsive checkers with 24 controls. 

Decreased thalamic SERT was not only correlated with more severe checking 

symptoms, but also with shorter illness duration, suggesting that transporter 

dysfunctions develop early in the course of OCD. Reimold et al. (2007) showed 

reduced thalamic SERT availability in 9 OCD patients when compared with 19 
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age-matched controls, using the PET tracer 3-amino-4-(2-dimethylaminome

thylphenylsulfanyl)-benzonitrile ([¹¹C]DASB). In contrast, van der Wee et al. 

(2005) reported no differences in SERT related ß-CIT binding in either midbrain-

pons or thalamus between 15 drug-naïve OCD patients and 15 controls. This 

might have been caused by measuring ß-CIT uptake after 4 hours, since it is 

uncertain whether this is long enough to visualize SERT optimally (Laruelle et 

al. 1994, Pirker et al. 2000). 

 Two groups investigated availability of the 5-HT2a receptor with 

PET tracers that selectively bind to these receptors. Using [18F]Altanserine 

PET, Adams et al. (2005) reported increased 5-HT2a receptor availability in 

both the left and the right caudate nuclei in 15 OCD patients compared to 15 

matched controls, which was unrelated to OCD severity. No between-group 

differences were found in other subcortical or cortical regions. Increased 

5-HT2a receptor availability in this study most likely signifies lower concentra-

tions of synaptic serotonin causing more availability of 5-HT2a receptors and 

up-regulation. Since patients in this study were not drug-naïve, up-regulation 

might have occurred secondary to previous SRI treatment. Perani et al. (2008) 

showed reduced 5-HT2a receptor availability in several cortical brain regions 

of 9 drug-naïve OCD patients compared to 6 matched control subjects, using 

the radiotracer (R)-(+)-4 -(l-hydroxy-1-(2,3-dimethoxyphenyl)methyl)-N 

-2-(4-fluorophenylethyl)piperidine, ([¹¹C]MDL). Reduced 5-HT2a availability in 

orbitofrontal and dorsolateral frontal cortex was significantly related to OCD 

severity but not to disease duration. Decreased 5-HT2a receptor density within 

these cortical regions could reflect receptor down-regulation. Although 5-HT2a 

receptor up-regulation would be expected as a compensation for lower seroto-

nin in OCD, down-regulation may indicate further attenuation of serotonergic 

activity at the postsynaptic level in more severe and untreated OCD patients. 

Another possible explanation is that OCD is related to a primary dysfunction of 

cortical 5-HT2a receptors, which might be genetic. Genetic research examining 

associations between OCD and polymorphisms of the 5-HT2a-receptor-gene 

has produced conflicting results (Saiz et al., 2008).

               Together, findings from SERT and 5-HT2a imaging studies suggest lower 

synaptic serotonin in OCD patients, causing presynaptic SERT decreases to 

compensate for this, and up-regulation of postsynaptic striatal 5-HT2a receptors 
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to increase sensitivity for the remaining serotonin. Since specifically decreased 

thalamic SERT availability was related to illness severity, and to either short or 

long duration of OCD, this might be an important marker for OCD, but it is still 

debatable whether the deficit is primary or secondary to the illness. Interest-

ingly, serotonergic deficits were not compensated by SERT decreases in early-

onset OCD patients, which might shed some light on the cause of refractoriness 

to SRIs in this clinical subgroup. In a group of untreated patients, serotonergic 

neurotransmission was diminished due to a dysfunction of postsynaptic 5-HT2a 

receptors in cortical brain regions. 

Imaging studies on the dopaminergic system
Central dopaminergic neurotransmission in OCD has been imaged with 

SPECT and PET radiotracers that predominantly bind to striatal DAT, D1 or 

D2/3 receptors. It is not possible to separately visualize D2 and D3 receptors 

because all available radiotracers bind with equal affinity to both subtypes. 

Most studies on presynaptic striatal DAT demonstrated increased availability 

in OCD, whereas one study reported decreased availability. All dopamine 

D1 and D2/3 binding studies demonstrated decreased striatal availability in 

OCD. None of these dopaminergic alterations were related to clinical OCD 

measures. Using SPECT and [¹²³I]N-(3-iodopropen-2-yl)-2χ-carbomethoxy-3χ-

(4-chlorophenyl) tropane ([¹²³I]IPT), Kim et al. (2003) demonstrated statisti-

cally significantly increased DAT availability within the right basal ganglia of 

15 OCD patients, compared to 19 age-matched healthy adults. Non-significant 

increases were shown in the left basal ganglia. Although five OCD patients 

had a co-morbid tic disorder and seven patients had depressive disorder, this 

did not influence DAT availability. Using ß-CIT SPECT, Pogarell et al. (2003) 

found non-significant increases of striatal DAT availability in 9 predominantly 

drug-naïve OCD patients compared to 10 healthy control subjects that were not 

properly matched regarding age and gender. Van der Wee et al. (2004) reported 

significant increased striatal DAT binding in 15 drug-naïve OCD patients, 

relative to 15 controls. This was statistically significant only for left basal 

ganglia. Contrasting these previous results, Hesse et al. (2005) found reduced 

striatal DAT in 15 OCD patients compared to 10 controls. DAT increases in this 

study may have been overestimated due to age differences between patients 
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and controls. 

 Using iodine-123-labelled iodobenzamide ([¹²³I]IBZM) SPECT, Denys 

et al. (2003) showed statistically significantly decreased D2/3 receptor availabil-

ity in the left caudate nucleus within a group of 10 OCD patients compared to 

10 matched healthy controls. They also demonstrated differences between the 

left and the right caudate nuclei for D2/3 availability and for volume, suggesting 

laterality in the pathophysiology of OCD. D2/3 differences in this study could 

not be explained by polymorphisms in the dopamine D2 receptor gene. Schneier 

et al. (2008) found comparable striatal D2/3 decreases in 8 predominantly drug-

naïve OCD patients compared to 7 control subjects. However, these findings 

were not statistically significant, possibly owing to the lack of coregistration 

with MRI for adequate analysis of striatal subregions. The authors did report 

significantly decreased D2/3 availability for a second group of 7 patients with 

OCD and comorbid generalized social anxiety disorder (GSAD), which is in 

line with their previous research showing decreased D2/3 availability in GSAD 

patients (Schneier et al., 2000). Using PET imaging and the selective D2/3 antag-

onist [11C]raclopride, Perani et al. (2008) demonstrated statistically significantly 

decreased D2/3 binding in dorsal caudate, dorsal putamen and ventral striatum 

of 9 drug-naïve OCD patients compared to 9 controls. D2/3 alterations were more 

prominent in the ventral striatum. Olver et al. (2009) reported reduced avail-

ability of dopamine D1 receptors in caudate nucleus and putamen of 7 OCD 

patients relative to 7 healthy controls, using PET and the selective D1 receptor 

antagonist [¹¹C]-SCH23390. 

 Taken together, findings from DAT, D1 and D2/3 receptor binding 

studies suggest higher synaptic dopamine levels in the striatum of OCD 

patients, causing presynaptic DAT elevations for compensatory dopamine 

reuptake, along with down-regulation of postsynaptic D1 and D2/3 receptors 

to attenuate dopaminergic neurotransmission. Contrary to the serotonergic 

findings, alterations in dopaminergic neurotransmission were not related to 

severity, duration or onset of OCD, suggesting dopaminergic alterations are 

secondary to the illness.  

Serotonergic and dopaminergic changes in response to SRI-treatment
SRIs occupy already at low doses 80% of the SERTs, which will decrease their 



109

availability for binding to a SERT-tracer. Long-term SRI treatment might cause 

SERT down-regulation to further increase serotonergic transmission, as has 

been shown in animals (Benmansour et al., 2002). Accordingly, all studies inves-

tigating SRI-induced SERT changes in OCD patients demonstrated decreases 

of SERT availability (reflecting occupancy of the SERT by the SRI together with 

a possible down-regulation) in midbrain-pons and thalamic regions. Only 

thalamic SERT occupancy was related to symptom improvement, suggesting 

this is important for the therapeutic efficacy of OCD. SERT occupancy was 

increased following 12 weeks of treatment with citalopram 40 mg in 2 OCD 

patients (Pogarell et al., 2005), following one-year treatment with citalopram 

60 mg in 5 patients (Stengler-Wenzke, et al. 2006), and following 12 weeks of 

clomipramine 150 mg treatment in 24 obsessive-compulsive checkers (Zitterl 

et al., 2008). In the latter study, lower baseline SERT was a marker for OCD 

severity and poor treatment response. The only group investigating 5-HT2a 

receptor availability after SRI treatment reported no statistically significant 

alterations following 12-38 weeks of effective treatment with various SSRIs in 

11 OCD patients (Adams et al., 2005). Measures were performed in the caudate 

nuclei where it can be difficult to detect 5-HT2a receptor alterations owing to 

low 5-HT2a density. 

 SSRIs have been demonstrated to decrease striatal dopamine in animal 

experiments using D2/3 receptor imaging and microdialysis (Dewey et al., 1995). 

Dopaminergic changes in response to SRI treatment have also been shown in 

healthy and depressive subjects (Smith et al., 1997; Fowler et al., 1999). Three 

studies suggest that OCD response to SRI treatment is related to dopamin-

ergic changes. A 12-week treatment period with 40 mg citalopram in 2 drug-

naïve OCD patients led to a 40% increase in DAT availability in striatum, as 

measured with ß-CIT SPECT (Pogarell et al., 2005). This finding is surprising, 

since it suggests that OCD treatment with SRIs increases synaptic dopamine 

levels although others mechanisms may be involved as well (Booij et al., 2007). 

Treatment response in these 2 patients was only mild and the exact decreases in 

YBOCS scores were not reported. A SPECT study with[¹²³IIPT found decreased 

DAT binding of 37% in the right basal ganglia after a 16 week treatment with 

SRIs in 10 OCD patients (Kim et al., 2007). Correlation was found between 

symptom improvement and changes of basal ganglia DAT binding. Moresco et 
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al. (2007) reported a slight but statistically significant increase in striatal [¹¹C]

raclopride binding to D2/3 receptors, varying from 6.9% to 9.7%, in 7 drug-naïve 

OCD patients who responded to 12 week treatment with 150-300 mg fluvox-

amine. D2/3 availability normalized to a level that was previously observed 

in healthy subjects. No significant correlation was found between clinical 

measures and baseline D2/3 receptor availability, or between YBOCS changes 

and post-treatment receptor availability. 

 In conclusion, the therapeutic efficacy of SRIs in OCD is related to 

occupancy of SERT, especially in thalamic regions, but not to changes in 5-HT2a 

receptors. Moreover, successful SRI treatment in OCD induces decreases 

of DAT-, and elevations of D2/3 receptor availability in striatum, indicating 

normalization of striatal dopaminergic hyperactivity. How serotonin reuptake 

blocking agents induce dopaminergic changes in OCD treatment is specula-

tive. Dopaminergic and serotonergic neurons are located closely to each other 

within the striatum. Animal studies suggest that in case of SRI-induced eleva-

tion of serotonin, striatal DAT will transport significant amounts of serotonin 

into dopaminergic terminals (Zhou et al., 2005). Consequently, the competition 

between dopamine and serotonin for DAT binding will reduce dopaminergic 

signaling. Additionally, SRIs are able to cause direct dopaminergic alterations 

independent of changes in synaptic serotonin (Koch et al., 2002). Finally, seroto-

nin has been found to have inhibitory effects on the firing rate of dopaminergic 

neurons (Dewey et al., 1995; Kapur & Remington, 1996). Of interest, there are 

some indications that dopaminergic changes are related to higher SRI doses 

(Koch et al., 2002), and SRI treatment in OCD is only efficacious when using 

high doses. 

Glutaminergic studies
Five studies have used ¹H MRS to measure human brain levels of glutamate 

and its precursor and metabolite glutamine (Glx). The results of these studies 

suggest elevated caudate Glx levels in OCD, which are normalized in response 

to SRI treatment. Decreased Glx levels in the anterior cingulate cortex (ACC) 

were also found, however this was not illness-specific. Moore et al. (1998) first 

hypothesized increased caudate Glx in OCD, after having found that paroxetine 

treatment in a 9-year-old boy with OCD led to a reduction of left caudate Glx. 
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Consistent with this hypothesis, Rosenberg et al. (2000) demonstrated higher 

Glx levels in the left caudate nucleus of 11 drug-naïve OCD children compared 

to 11 matched healthy children. Glx levels decreased after 12 weeks of treat-

ment with 10-60 mg of paroxetine to levels comparable with those of controls 

and these decreases were correlated with improvement of OCD symptoms. In 

two studies, no caudate Glx abnormalities were found in adult medicated OCD 

patients. Whiteside et al. (2006) found no differences in caudate Glx between 15 

stably SRI treated patients and 15 controls, while Starck et al. (2008) reported no 

differences between 8 predominantly medicated patients and 12 controls. These 

results seem to be in agreement with the pediatric MRS studies, where caudate 

Glx normalized after SRI treatment. In the Starck study, however, caudate 

Glx levels were positively correlated with OCD severity. Two studies reported 

statistically significantly reduced Glx levels in ACC of OCD patients. Rosenberg 

et al. (2004) showed reduced Glx ACC concentrations in 20 drug-naïve children 

with OCD, compared to 14 matched controls. However, comparable reductions 

were found in a group of 14 children with major depressive disorder, indicating 

this finding is not specific to OCD. Yücel et al. (2008) showed reduced ACC Glx 

in 10 female (mostly medicated) OCD patients compared to healthy females, 

but no differences for male OCD patients. Again, this suggests that reduced 

ACC Glx is not specific to OCD. 

 In summary, OCD may be related to glutaminergic hyperactivity in 

the caudate nucleus, which can normalize after successful SRI treatment. As a 

potential marker of brain activity, increased caudate Glx may indicate striatal 

hyperactivity in OCD. In addition, OCD may be related to reductions of ACC 

Glx levels, however, this is likely to be less specific for OCD, since it was only 

found in female OCD patients, and comparable reductions were found in 

depressed patients. 

Conclusion

Results from SPECT and PET binding studies suggest that OCD is related to 

decreased presynaptic SERT availability in thalamic and midbrain-pons regions, 

along with increased postsynaptic 5-HT2a receptor availability in cortical areas, 

indicating diminished serotonergic input into the frontosubcortical circuits. 
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In addition, elevated DAT availability and lower density of dopamine D1 and 

D2/3 receptors in striatum suggest dopaminergic hyperactivity. Whereas only 

serotonergic changes are related to OCD course and severity, dopaminergic 

changes are related to symptom improvement in response to SRI treatment. This 

suggests obsessive-compulsive symptoms are primarily caused by a serotoner-

gic deficit, leading to secondary dopaminergic alterations that can be success-

fully reversed with drugs that increase synaptic serotonin. Serotonergic deficits 

may cause increased striatal dopamine levels by disinhibiting the dopamine 

system. Serotonergic projections originating from the brain stem raphe nuclei 

inhibit the firing of the dopamine cells projecting from the substantia nigra, 

while in the striatum and cortex they inhibit synaptic release and/or synthesis 

of dopamine (Kapur & Remington 1996). Findings from a recent PET study by 

Wong et al. (2008) suggest dopaminergic hyperactivity in the striatum due to 

serotonin deficits in 3 patients with Tourette syndrome and co-morbid OCD. 

 ¹H MRS studies demonstrate striatal glutaminergic hyperactivity 

in OCD, which is normalized in response to SRI treatment. Both dopamine 

(through D1 and D2/3 receptors) and serotonin (through 5-HT2a receptors) have 

a modulatory influence on the excitatory activity of glutamate and the inhibitory 

activity of GABA in the cortico-striatal–thalamic–cortical circuit. Glutamate is 

an inhibitor of serotonin release and vice versa (Becquet et al., 1990). Decreased 

serotonergic activity in OCD may therefore lead to increased dopaminergic 

neurotransmission, through diminished inhibition of GABA interneurons on 

glutamate projection to the striatum.

 How these neurotransmitter changes might be related to the expression 

of OCD symptoms can only be speculated. Patients with obsessive thoughts are 

often excessively focused on the potential negative consequences of their own 

behavior, for example being constantly worried one might have caused a fire 

or explosions due to the possibility of not having turned off the gas properly. 

Compensatory compulsive behaviors, e.g. repetitively checking the gas, may be 

temporarily rewarding in that they are experienced as reassuring and anxiety 

relieving. Several lines of evidence suggest that mesolimbic dopamine neurons 

are important in detecting potential alerting and rewarding environmental 

stimuli that can be used for modulation of behavior by reinforcement learning 

(Schultz, 1998). It can be speculated that dopaminergic hyperactivity in the 
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ventral striatum leads to obsessive awareness of potential alerting events, 

along with inadequate rewarding of compulsive behaviors. Dopamine-induced 

reward processing may be enhanced by serotonergic deficits in the raphe nuclei 

as was reported in rats with lesioned midbrain serotonergic neurons (Fletcher 

et al., 1999). Serotonergic depletion has been demonstrated to cause behaviors 

that might explain some of the obsessive-compulsive symptoms, like disinhi-

bition of motor activity, decreased cognitive flexibility and increased focused 

attention (Olvera-Cortés et al., 2008). 

 In conclusion, studies that have visualized neurotransmission in OCD 

clearly indicate abnormalities of serotonin, dopamine and glutamate systems 

in OCD pathophysiology, but more research is needed to unravel how these 

abnormalities are related to each other and to the behavioral aspects of OCD.  
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a. Serotonin Transporter

Table 1.: Neurochemical imaging studies in OCD discussed in this chapter a. Serotonin 

Transporter 

Research  
group  
  

Imaging  method  
  

Patients  
(controls)  
        

Demographics  
patient-‐group  

Clinical  characteristics  
  

Changes  in  SERT  
availability  

Correlation  
with  OCD    
  

Simpson  et  
al,  2003  
  

[11C]McN5652  PET  
  

11  (11)  
  

5  female  6  male  
mean  age  31±12  
  

heterogeneous  
Y-‐BOCS  20±4  
age  of  onset  17±6  
duration:  not  reported  
HAM-‐D  6±4  
drug-‐free  

no  differences      
dorsal  caudate,  dorsal  
putamen,  ventral  striatum,  
midbrain,  thalamus,  
hippocampus,  amygdala  
and  anterior  cingulate  

No  

Pogarell  et  
al,  2003  
  

ß-‐CIT  SPECT   9  (10)  
  

4  female  5  male  
mean  age  34±11    
  

heterogeneous  
YBOCS  23±8  
age  of  onset  22±13  
illness  duration  12  yrs  
BDI  16±9  
2  drug-‐free  
7  drug-‐naive  

midbrain-‐pons  ↑  
  

No  
  

van  der  
Wee  et  al,  
2004  
  

ß-‐CIT  SPECT     15  (15)  
  

4  female  11  male  
mean  age  31±9    
  

heterogeneous  
YBOCS  23±4  
10  juvenile  onset  
5  adult-‐onset  
illness  duration  12±7  
yrs  
HAMD  8±4  
drug-‐naive  

no  differences  
thalamus,  midbrain,  pons  
    
  
  

No  

Stengler-‐
Wenzkle  et  
al,  2004  
  
  

ß-‐CIT  SPECT     10  (7)   6  female  4  male    
mean  age  29±9  
  

heterogeneous  
YBOCS  30±  3    
age  of  onset:  not  
reported  
illness  duration  14  yrs  
BDI  7  
drug  free    

midbrain/brainstem  ↓  
  
thalamus–  
hypothalamus  ↓  (trend)  
  

No  

Hesse,  
2005  
  

ß-‐CIT  SPECT    
  

15  (10)  
  

7  female  8  male    
mean  age  32±12  
  

heterogeneous  
Y-‐BOCS  25±9  
illness  duration  16±9  
yrs    
age  of  onset:  not  
reported  
BDI  7±4  
drug-‐free    

midbrain/brainstem  ↓  
  
thalamus–hypothalamus  ↓  
  

thalamus-‐
hypothala
mus  
  
brainstem  
(trend)    
  

Hasselbalc
h  et  al,  
2007  
  

ß-‐CIT  SPECT     9  (9)  
  

5  female,  4  male  
mean  age  32  ±  11  

Y-‐BOCS  22    
age  of  onset  18    
duration  14  yrs  
HAMD  1  
drug  free    

midbrain-‐pons  ↓  
  

No  

Zitterl  et  
al,  2007  
  

ß-‐CIT  SPECT     24  (24)  
  

11  female,    
13  male  
  

OC-‐checkers  
Y-‐BOCS  25±5    
age  onset  22±9  years  
illness  duration  16±11  
yrs  
HAMD  6±3  
drug  free    

thalamus–hypothalamus  ↓  
  

thalamus-‐
hypothala
mus  
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Research  
group  
  

Imaging  
method  
  

Patients  
(controls)  

  

Demographics  
patient-‐group  

Clinical  characteristics  
  

Changes  in  5HT2a  
availability  

Correlation  with  
OCD  severity  
  

Reimold  et  
al,  2007  
  

[11C]DASB  PET  
  

9  (19)  
  

5  male,  4  female  
age  44±9  
  
  

Y-‐BOCS  21±8    
illness  duration  22±9  
age  at  onset  22±9    
BDI  15±12    
2  drug  free    
7  drug  naive  
  

midbrain-‐thalamus  ↓  
  

thalamus  

Adams  et  al,  
2005  

[18  F]altanserin  
PET  
  

15  (15)  
  

8  female,  7  male  
age  38    
  

YBOCS  30±7  
illness  duration16±10  yrs  
age  of  onset  8-‐48  years  
HAMD  6±3  
7  drug-‐free  
8  drug-‐naive  
  

caudate  nucleus  ↑  
  

no  

Perrani  et  al,  
2008  

[11C]MDL  PET   9  (6)   3  female,  6  male  
age  31±7    
  

Y-‐BOCS  29±4  
duration  19±9  yrs  
age  at  onset  13±7  
drug-‐naive  

dorsolateral,  frontal  
polar,  and  medial  
frontal  cortex,  anterior  
and  middle  cingulate  
cortex,  parietal  and  
temporal  associative  
cortex  ↓  

OFC,  DLFC,  
lateral  and  
medial    
temporal  cortex,  
inferior  parietal  
lobule  

b.: 5HT2a Receptor

c: DAT Receptor

 

Research  
group  

Imaging  
method  
  

Patients  
(controls)  

  

Demographics  
patient-‐group  

Clinical  characteristics   Changes  in  DAT  
availability  

Correlation  
with  OCD  
severity  

Kim  et  al,    
2003  
  

IPT  SPECT  
  

15  (9)  
  

4  female,  11  male  
age  29±11      
  
  

YBOCS  30±7  
age  of  onset  19±10  
duration  9±8  
7  MDD  
5  tics  
drug-‐free/  drug-‐naive  

striatum  ↓  
  

no  

Pogarell,  
2003  
  

ß-‐CIT  SPECT   9  (10)  
  

4  female  5  male  
mean  age  34±11    
  

YBOCS  23.0±8.2  
age  of  onset  22±13  
illness  duration  12  yrs  
BDI  16±9  
2  drug-‐free  
7  drug-‐naive  

striatum  ↑  non-‐significant    
  
  

no    

Van  der  
Wee,  2004  
  

ß-‐CIT  SPECT     15  (15)  
  

4  female  11  male  
mean  age  31±9    
  

YBOCS  23±4  
10  juvenile  onset  
5  adult-‐onset  
illness  duration  12±7  yrs  
HAMD  8±4  
drug-‐naive  

left  caudate  and  left  
putamen  ↑    
  
right  caudate  and  right  
putamen  ↑  non-‐significant      
  
  

no    
  

Hesse  et  al,  
2005  
  

ß-‐CIT  SPECT    
  

15  (10)  
  

7  female  8  male    
mean  age  32±12  
  

Y-‐BOCS  25±9  
age  of  onset:  not  reported  
illness  duration  16±9  yrs    
BDI  7±4  
drug-‐free    

striatum  ↓  
  

no    
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d: D2/3 or D1 Receptor

 
Research  
group  
  

Imaging  
method  

Patients  
(controls)  

  

Demographics  
patient-‐group  

Clinical  
characteristics  
  

Changes  in  D2  
availability  

Correlation  
with  OCD  
severity  

Denys  et  
al,  2004  

IBZM  SPECT   10  (10)   7  female,  3  male  
age  36±12  
  

Y-‐BOCS  26±7  
age  of  onset  17    
illness  duration  16  yrs    
HAMD  12±5    
8  drug-‐free  
2  drug-‐naive  

left  caudatus  ↓   no  
  

Schneier  et  
al,  2008  
  

IBZM  SPECT  
  

8+8  (7)  
  
  

OCD:  
age  33±12  
  
  
OCD+GSAD:  
1  female,  6  male  
age  36±8    
  

OCD:  
Y-‐BOCS  23±6  
age  of  onset  16±8    
HAMD  10±6    
4  drug-‐naive  
4  drug-‐free  
  
OCD+GSAD:  
YBOCS  21±6  
age  of  onset  17±14  
HAMD  15±4  
6  drug  naïve  
1  drug-‐free  

OCD:    
no  differences  
striatum  
  
  
OCD  +  GSAD:  
striatum  ↓  
  

no    
  

Perani  et  
al,  2008  
  

[11C]Raclopride  
PET  
  

9  (9)  
  

3  female,  6  male  
age  31±7        
  

Y-‐BOCS  29±4  
age  of  onset  13±7  
illness  duration  19±9  
no  co-‐morbidity  
drug-‐naive  

dorsal  caudate  &    
dorsal  putamen  ↓  
ventral  basal  
ganglia  ↓  
  

no  
  

Olver  et  al,  
2008  

[11C]-‐SCH23390  
PET  

7  (7)   3  female,  4  male  
age  40±14  
  

Y-‐BOCS  22±8    
illness  duration  19±11  
HAMD  12±5  
5  drug-‐free  
  2  drug-‐naïve  

D1    availability:  
caudate  nucleus  ↓    
&  putamen  ↓  
  

  no    
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e: Changes after SRI treatment

 
Research  
group  
  

Imaging  
method  

Patients  
  

Demographics  
  

Clinical  characteristics  
  

Changes  after  SRI  treatment   Correlation  
with  response  
  

Pogarell  et  
al,  2005  
  

ß-‐CIT  SPECT    
  

2  
  

Male  
age  21  and  24    
  

duration  of  illness  10&8  yrs  
age  of  onset  11  &  16      
drug-‐naive    
  
12  week  citalopram  40  mg  
mild  response  
no  YBOCS  scores  

SERT  midbrain  pons  ↓    
38%  &  35%,    
DAT  striatum  ↑    
34%  &  46%  
  

no  
  

Stengler-‐
Wenzke  et  
al,    
2006  
  
  

ß-‐CIT  SPECT    
  
  

5  
  

3  female,  2  male    
age  29±6  
  
  

Y-‐BOCS  32±3  
age  of  onset  12    
illness  duration  16  yrs  
citalopram  60  mg    
all  responders  
57%  YBOCS↓  

SERT  midbrain/brainstem  ↓  
thalamus  ↓  
  

thalamus    
  

Adams  et  
al,  2005  
  

[18F]altanserin  
  

11  
  

not  reported   YBOCS  30    
12-‐38  wk  treatment  
paroxetine  (60–80  mg)  
sertraline  (50–150  mg)  
fluoxetine  (60–80  mg)  
citalopram  (60–80  mg)    
all  responders  
↓  40%  YBOCS  

no  sign.  5-‐HT2A  changes  in  
orbito-‐frontal  cortex,  
cerebellum,hippocampus,  
ventral  lateral  frontal  cortex,  
insula,  lentiform  nuclei,  
anterior  cingulate,  caudate  
nuclei,  temporal  cortex,  dorsal  
lateral  prefrontal  cortex,  
thalamus,  parietal  cortex  

no    
  
  

Moresco  et  
al,  2007  
  
  

[11C]Raclopride  
PET  
  

9  
  

2  female,  5  male  
mean  age  29±5    
  
  

YBOCS  30±5  
age  of  onset  n.r.  
duration  of  illness  n.r.  
12  wk  treatment  
fluvoxamine    
233±50  mg  
6  responders  

D2/3  dorsal  caudate  and  
putamen  ↑  6.9%  -‐  9.7%,  
  
  

no  

Kim  et  al,  
2007  
  

IPT  SPECT  
  
  

10  
  

1  female,  9  male  
age  29±11    
  

illness  duration  6±5yrs    
Y-‐BOCS  33±6    
16  wk  SRI  treatment  
6  fluoxetine  73±5mg  
3  paroxetine  53±6mg    
1  clomip  250  mg  
all  responders    
43%  YBOCS  ↓  
  

DAT    right  BG  ↓  36.7%  
left  BG  ↓  n.s.  
  

associations  
with  clinical    
improvement  

Zitterl  et  
al,  2008  
  

ß-‐CIT  SPECT     24  
  

11  female,    
13  male  
  

OC-‐checkers  
Y-‐BOCS  25±5    
age  onset  23±10  years  
illness  duration  16±11  yrs  
drug-‐free    
12  wk  treatment  
clomipramine  150  mg    
YBOCS  ↓  28%  

SERT  thalamus–hypothalamus  
↓  47.8%  
  

negative  
associations  
both  at    
baseline  and  
after  treatment  
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Research  
group  
  

Imaging  
method  

Patients  
(controls)  

  

Demographics  
  

Clinical  characteristics  
  

Glx  changes     Correlation  with  OCD  severity  
  or  treatment  response  
  

Rosenberg  
et  al,  2000  

1H  MRS  
1.5  T  

11  (11)   7  female,  4  male  
mean  age  11±3    
  

CYBOCS  30±5    
age  of  onset  10±2  
illness  duration  1±1  yrs  
HAMD  8±5  
12  wks  treatment    
paroxetine  10-‐60  mg  
9  responders  

left  caudate↑  
  
↓  23.2%  after  
treatment  
  

decrease  correlated  with    
symptom  decrease    
  

Rosenberg  
et  al,  2004  

1H  MRS  
1.5T  
  
  

20  (14  C  +  
14  MDD)  

11  female,  9  male    
age  11±  3  
  

CYBOCS  26±5  
illness  duration  4±3  
HAMD  8±7  
drug-‐naive  

ACC  ↓    
OCD  (15.1%)  and  
MDD  (18.7%)    
  

not  analyzed  

Whiteside  
et  al,  2006  

1H  MRS  
1.5T  
  
  

15(15)   6  female,  9  male  
age  41±7  
     
  

Y-‐BOCS  24±3  
age  of  onset  18±8  
illness  duration  23±10  
HAMD  9±4  
stable  on  medication    

caudate  no  sign  
changes  
ROF  WM  ↑  
  

corr  with  severity  OCD  
and  anxiety  and  depression  (n.s.)  
  

Starck  et  
al,  2008  

1H  MRS  
1.5T  
  
  

8  (12)   3  female,  6  male  
age  33±8  
  

YBOCS  23±3  
age  of  onset  13±4  
illness  duration19±8  
BDI  16±9  
5  SSRI    
1  clom  +  quet  +  nitraz  +  
alimemazine  
2  hypnotics  
1  drug-‐naıve  

right  caudate  no  
diff  
ACC  no  diff  
occipital  cortex  ↓  
  

caudate  ↓    
occ  ↓    
corr  with  OCD  severity  
  
  

Yücel  et  al,  
2008  

1H  MRS  
3T  
  
  

20(26)   10  female,  10  
male  
age  34±11  
  

YBOCS  20±5  
illness  duration  13±11  
BDI-‐II  10±8  
12  med:  4  fluox,    
1  fluvox,  2  cital,    
1  venlaf,  4  clomi    
  

ACC  ↓  females     corr  OCD  severity  (females)  

f: Glutamate 



119

Chapter 9

Deep brain stimulation induces striatal dopamine 

release in obsessive-compulsive disorder

Martijn Figee, Pelle de Koning, Sanne Klaassen, Nienke Vulink,
Mariska Mantione, Pepijn van den Munckhof, Richard Schuurman,

Guido van Wingen, Thérèse van Amelsvoort, Jan Booij and Damiaan Denys

Biological Psychiatry, 2013, Aug 9, Epub ahead of print.

Obsessive-compulsive disorder (OCD) is a chronic psychiatric disorder 

related to dysfunctional dopaminergic neurotransmission. Deep brain stimu-

lation (DBS) targeted at the nucleus accumbens (NAc) has recently become 

an effective treatment for therapy-refractory OCD, but its effect on dopami-

nergic transmission is unknown. We measured the effects of NAc DBS in 15 

patients on the dopamine D2/3 receptor binding potential (D2/3R BP) in the 

striatum with [¹²³I]iodobenzamide single photon emission computed tomog-

raphy ([¹²³I]IBZM SPECT). We correlated changes in D2/3R BP with plasma 

levels of homovanillic acid (HVA) and clinical symptoms. Acute (1 hour) and 

chronic (1 year) DBS decreased striatal D2R BP compared to the non-stimulated 

condition in the putamen. D2/3R BP decreases were observed already follow-

ing one hour of stimulation and were related to increased HVA plasma levels, 

implying DBS-induced dopamine release. D2/3R BP decreases in the area 

directly surrounding the electrodes were significantly correlated with changes 

in clinical symptoms (45% symptom decrease). 
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           DBS-induced striatal dopamine release, in association with increased HVA 

plasma levels and improved clinical symptoms, suggest that DBS may compen-

sate for a defective dopaminergic system. DBS-induced striatal dopamine 

release, in association with increased HVA plasma levels and improved clinical 

symptoms, suggest that DBS may compensate for a defective dopaminergic 

system.

Introduction
Deep brain stimulation (DBS) has become an effective treatment for therapy-

refractory obsessive-compulsive disorder (OCD) (chapter 10). The effects of 

DBS are substantial with on average almost 50% improvement of obsessive-

compulsive symptoms (chapter 10). Despite these promising clinical observa-

tions, remarkably little is known about the underlying mechanism of action. 

OCD has been related to abnormalities in dopaminergic neurotransmission, 

predominantly on the basis of clinical evidence and molecular imaging studies. 

For example, dopamine receptor antagonists are effective as an adjunct to 

selective serotonin reuptake inhibitors (SSRIs) in reducing symptoms in OCD 

(Vulink et al., 2009) and dopamine agonists may induce obsessive-compulsive 

behavior (Borcherding et al., 1990). Molecular imaging studies consistently 

showed decreased dopamine D2/3 receptor binding in OCD (chapter 8), 

most prominently in the ventral striatum (Perani et al., 2008). Most effective 

DBS targets for OCD are in or around the ventral striatum (chapter 10), and 

animal studies suggest that DBS in this area increases dopamine levels in the 

stimulated area or prefrontal cortex (Sesia et al., 2010; van Dijk et al., 2011). 

We therefore hypothesized that striatal dopamine release may be one of the 

key mechanisms of action behind DBS for OCD. We analyzed dopaminergic 

changes of DBS targeted at the border of the nucleus accumbens (NAc) core 

and anterior limb of the internal capsule in OCD patients, using [¹²³I]iodoben-

zamide single photon emission computed tomography ([¹²³I]IBZM SPECT) and 

plasma measurements of the dopamine metabolite homovanillic acid (HVA), 

which is thought to partially reflect central dopaminergic and noradrenergic 

changes. 
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Materials and methods

Study participants
We included 15 DBS-implanted patients with OCD and 18 age- and gender 

matched healthy controls (Table 1). Patients were recruited from the outpa-

tient clinic for DBS at the Academic Medical Center (AMC), Amsterdam, The 

Netherlands. Healthy control subjects were only included if they were free of 

any mental disorder, had no family history of any psychiatric disorder and 

reported no history of head trauma, neurological or other medical disorders, 

alcohol or substance abuse. Participants provided written informed consent 

prior to participation and the local Ethics Committee approved this study. 

 All included patients had a primary diagnosis of OCD according to 

DSM-IV criteria, established by a psychiatrist and confirmed by the Mini 

International Neuropsychiatric Interview (Sheenan et al., 1998; van Vliet et 

al., 2007). Eight patients had predominantly OCD symptoms of the subtype 

contamination fear, four patients had predominantly high-risk assessment and 

checking symptoms, two patients mainly suffered from perfectionism and one 

patient had somatic obsessions. Mean duration of illness was 25.9 years (range 

8-48 years). Four patients were diagnosed with comorbid major depressive 

disorder, one patient was diagnosed with comorbid panic disorder, and three 

patients were diagnosed with comorbid obsessive-compulsive personality 

disorder. Nine patients were medication-free for at least one year at the time 

of this investigation. Six patients had been using medication before the study 

for 11 to 63 months (mean 23 months). Because of potential interference with 

[¹²³I]IBZM binding to dopamine D2/3 receptors, medication was discontinued 

according to its pharmacological half-life: 16 days before the first scan for 

clomipramine (3 patients), 12 days for paroxetine (1 patient), 24 days for fluox-

etine (1 patient), and one week for fluvoxamine (1 patient). At the day of the 

imaging session and within 24 hours before each scanning session, participants 

were not allowed to consume coffee, alcohol or nicotine as these substances 

have been associated with increased striatal dopamine release. Four patients 

and two controls smoked. Patients were chosen from a larger clinical DBS 

sample when they had finished the treatment optimization phase and remained 

clinically stable after at least one year of stimulation. At this stage, 12 patients 

DBS induces dopamine release in OCD
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had Y-BOCS decreases of more than 25%, corresponding to responder-status, 

and 3 patients experienced less than 25% decrease (12% in 1 patient and 17% 

in 2 patients). 

Table 1. Demographics of the study sample

	  

	   Patients	  (n=15)	   Controls	  (n=18)	   Statistic	  

Age,	  mean	  (SD),	  years	   43.8	  (10.1)	   38.3	  (17.9)	   t	  =	  1.048	  
P	  =	  0.303	  

Gender,	  Male:	  Female,	  Number	   7:8	   9:9	   χ2
	  =	  0.133	  

P	  =	  0.716	  

 

DBS settings 
All patients had electrode implantation in the same target area (for details see 

Denys et al., 2010), i.e. two quadripolar electrodes (Model 3389, Medtronics 

Inc., Minneapolis, MN) with contact points 1.5-mm long and separated from 

adjacent contacts by 0.5 mm were implanted bilaterally following the anterior 

limb of the internal capsule into the target nucleus, with an anterior angle 

of approximately 75° to the intercommissural line. Target coordinates for the 

electrode tip were 7 mm lateral to the midline, 3 mm anterior to the anterior 

border of the anterior commissure, and 4 mm inferior to the intercommissural 

line. We included only patients that had completed the optimization phase of 

one to two years during which they were evaluated every 2 weeks for severity 

of symptoms and optimal stimulation parameters. For all 15 patients, receiv-

ing monopolar stimulation on the two dorsal contact points, the most effective 

stimulation area was located at the border of the NAc core and anterior limb 

of the internal capsule. At time of entrance of the study, patients were stimu-

lated with an average of 4.8 Volt (range 3.5-6.2V), a frequency of 130 Hertz (11 

patients) or 185 Hertz (4 patients), and a pulse-width of 90 microseconds (12 

patients), 130 microseconds (2 patients), or 150 microseconds (1 patient). 

Symptom measures
We assessed symptom severity in patients during chronic stimulation (session 

1: clinically stable after at least one year of stimulation), during DBS OFF 

(session 2: after eight days of DBS discontinuation), and during acute stimu-
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lation (session 3: one hour after turning the stimulator back on). Symptom 

severity was assessed using the Yale-Brown Obsessive-Compulsive Scale 

(Y-BOCS) (Goodman et al., 1989 I and II), the Hamilton Depression Rating 

Scale (HAM-D) (Hamilton, 1960), and the Hamilton Anxiety Rating Scale 

(HAM-A) (Hamilton, 1959). 

SPECT data acquisition 
All patients were scanned on three separate occasions: during chronic stimula-

tion, DBS OFF and acute stimulation (sessions 1-3). All healthy controls were 

scanned once. Subjects received a potassium iodide solution to block thyroid 

uptake of free radioactive iodide. For administration of the radiotracer, we used 

a sustained equilibrium/constant infusion technique to achieve stable regional 

brain activity levels during scanning (Boot et al., 2008; Booij et al., 1997). In 

session 1, dopamine D2/3 receptors (D2/3R) were measured with the well-

validated radiotracer [¹²³I]IBZM while the patients were on chronic DBS stimu-

lation. In this session, approximately 80 MBq [¹²³I]IBZM (specific activity>200 

MBq/nmol and radiochemical purity>95%) was administered intravenously 

as bolus, followed by 3 hours of continuous infusion of 20 MBq/h [¹²³I]IBZM. 

Acquisition of the images started 2 hours after the bolus injection when a state 

of sustained binding equilibrium can be expected (Booij et al., 1997). Also the 

healthy controls were scanned using this paradigm. In session 2, patients were 

scanned after eight days DBS discontinuation (DBS OFF). In session 3, one 

hour after session 2, patients were scanned after 1 h acute stimulation. For 

sessions 2 and 3, approximately 80 MBq [¹²³I]IBZM was administered intrave-

nously as bolus, followed by 5 h of continuous infusion of 20 MBq/h [¹²³I]IBZM. 

In the interval 2 to 3 h after [¹²³I]IBZM bolus injection patients were scanned to 

measure D2/3R in the DBS OFF situation. Then, the stimulation was reactivated 

and one hour later (i.e., the interval between 4 and 5 h after [¹²³I]IBZM bolus 

injection) the patients were scanned again to assess the effects of acute stimu-

lation, since previous [¹²³I]IBZM SPECT studies showed that one hour after the 

induction of dopamine release, a new steady state was established (Booij et al., 

1997). SPECT scans were acquired on a 12-detector single slice brain-dedicated 

scanner (Neurofocus 810, which is an upgrade of the Strichmann Medical 

Equipment), with a full-width at half maximum resolution of approximately  
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6.5 mm, throughout the 20 cm field-of-view 

(http://www.neurophysics.com). After positioning of the subjects with the 

head parallel to the orbitomeatal line, axial slices parallel and upward from 

the orbitomeatal line to the vertex were acquired in 5 mm steps. Each acquisi-

tion consisted of approximately 10-12 slices with 5 min scanning time per slice, 

acquired in a 64×64 matrix. The energy window was set at 135-190 keV. 

MRI data acquisition 
Co-registered T1-weighted structural images of all implanted patients were 

acquired on a 1.5 Tesla Siemens MAGNETOM Avanto Scanner. To minimize 

exposure of the DBS device to the pulsed radio-frequency field, we scanned 

all subjects using a transmit/receive (Tx/Rx CP) head coil. Two minutes before 

patients entered the scanner, the DBS system was turned off and programmed 

at 0 V in bipolar mode. Specific absorption rate (SAR) levels were limited to 0.1 

W/kg. For T1-weighted structural images the following parameters were used: 

field of view 256 mm, voxel size 1 x 1 x 1 mm³, slice thickness = 1 mm. 

SPECT data analysis 
SPECT data were reconstructed and analyzed blind to clinical data. Our 

primary outcome parameter was non-displaceable binding potential (BPND) of

[¹²³I]IBZM, as a measure of D2/3R availability. BPND was calculated as

[¹²³I]IBZM binding in the target tissue minus activity in the reference tissue 

divided by activity in the reference tissue. We used binding in the occipital 

cortex, which is devoid of D2/3R, as reference tissue. We first performed attenu-

ation correction of all SPECT images and then reconstructed them in 3D mode 

(http://www.neurophysics.com) (Boot et al., 2008; Booij et al, 1997). With these 

3D images we performed two different region-of-interest (ROI) analyses:

1. For quantification of BPND in the striatum and its subdivisions in patients 

and controls we used standard templates with fixed ROIs on the 3D SPECT 

images (Fig. 1a). Striatal BPND was calculated by first selecting three consecu-

tive SPECT slices, representing the most intense striatal binding. Next, standard 

templates with fixed ROIs were manually placed on the striatum and occipital 

cortex, which we used for the calculation of the ratio of specific striatal (caudate 

nucleus and putamen) to occipital binding (BPND). 
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Figure 1A: example of transverse SPECT slice with fixed regions-of-interest (ROI) placed on the 

striatum, caudate nucleus, putamen and occipital cortex. 

Figure 1B: example of two corresponding coronal MRI and SPECT slices with ROI of stimulated 

area (red) based on a manually delineated sphere around the active contact points (white asterisk).

2. For quantification of BPND in the stimulated area of the patients we defined 

ROIs based on the individual co-registered MRI scans (Fig. 1b). We manually 

re-aligned each individual SPECT scan to the MR data in all three dimensions 

followed by an automated registration based on a mutual information algorithm 

with in-house software (van Herk et al., 2000). We calculated the radius of the 

electrode activation centers for each patient using the individual DBS voltage 

settings in the following formula: R (mm) = √(Voltage/3) * 3 (Butson et al., 

2006).  Next, ROIs were manually delineated on the MR image by drawing 

a 3D sphere of radius R around the centers of the active electrode points. We 

also manually delineated ROIs around the occipital cortex on each MRI slice 

and then calculated the ratio of specific binding in the ROI to occipital binding 

(BPND). 

HVA data acquisition and analysis
Ten ml blood was collected for assessment of peripheral HVA levels during the 

three sessions (chronic stimulation, DBS OFF, acute stimulation), right after 

each SPECT scan acquisition. Timing of HVA samples was standardized to limit 

diurnal variation. The blood samples were collected in ice-chilled polypropyl-

ene tubes containing EDTA. Tubes were centrifuged at 3000 rpm for 15 min 
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at 4°C and plasma was stored at −20°C until analysis. Plasma levels of HVA 

were determined by liquid chromatography (HPLC, Shimadzu, Eindhoven, 

the Netherlands) and electrochemical detection  (DECADE 1 equipped with a 

VT-03 cell at a potential setting of 700 mV vs. Ag/AgCl reference electrode at 

40°C. (ANTEC Leyden, Zoeterwoude, the Netherlands). The sensitivity of the 

method for HVA was 2ng/mL plasma and the coefficient of variation was less 

then 6% (Westenberg and Verhoeven, 1988) .  

Statistics
We used repeated measures ANOVA to analyze symptomatic and dopamin-

ergic changes between the three sessions and a two-sample t test for compar-

ing patients and healthy controls. We included hemisphere in our analyses of 

DBS-induced [¹²³I]IBZM binding because the stimulation was applied in the 

left and right hemisphere and based on previous studies we expected that this 

would result in different effects on either side (Kuhn et al., 2012). Correlation 

analyses were performed applying Pearson’s correlation. All statistical tests 

were computed with SPSS for Windows 18.0 (SPSS Inc. Chicago, IL, USA). 

Results

Symptom changes
Figure 2 summarizes clinical changes related to DBS. Active stimulation 

(acute or chronic stimulation) compared to DBS OFF was related to an average 

35% improvement of obsessive-compulsive symptoms, 49% improvement 

of depressive symptoms and 46% improvement of anxiety symptoms. All 

symptom scores changed significantly over the three sessions, with increases 

from chronic stimulation to DBS OFF, and decreases from DBS OFF to acute 

stimulation (YBOCS F(2, 13)=10.42, P=0.002; HAMD F(2, 13)=13.08, P=0.001; 

HAMA F(2, 13)=9.16, P=0.003). 
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Figure 2: DBS-induced symptom changes. Abbreviations: YBOCS: Yale-Brown Obsessive 

Compulsive Scale; HAMD: Hamilton Depression; HAMA: Hamilton Anxiety; Error bars 

indicate SEM

Changes in dopamine D2/3 receptor binding 
Table 2 and Figure 3 summarize striatal [¹²³I]IBZM BPND changes related 

to DBS. Irrespective of DBS condition, OCD patients had significantly lower 

striatal [¹²³I]IBZM BPND than healthy controls (Table 2), also when including 

age as a covariate. Active stimulation (acute or chronic) compared to DBS OFF 

was related to an average 10.2% decrease of striatal BPND and an average 20.1% 

decrease of BPND in the stimulated area. Repeated measures ANOVA for the 

three scanning sessions showed a significant time by hemisphere interaction in 

the putamen (F(2, 13)=6.34, P=0.012). Contrasts showed an increase of BPND 

in the putamen from chronic stimulation to DBS OFF in both hemispheres 

(P=0.044), which reversed more rapidly in the left than right putamen after 

acute stimulation (P=0.002). Although we found a similar pattern of results 

in the caudate and in the stimulation area, that is BPND increases from chronic 

stimulation to DBS OFF followed by a reversal from DBS OFF to acute stimu-

lation, these changes were not significant. Nevertheless, we found a positive 

correlation between [¹²³I]IBZM BPND changes and YBOCS-changes in the 

stimulation area between chronic stimulation and DBS OFF (r = 0.536,

P = 0.039). BPND changes in putamen and caudate were not correlated to 
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changes in YBOCS-scores. BPND changes in the putamen remained statistically 

significant when including medication, OCD subtype, treatment response, age 

or duration of illness as covariates. 
	  

 

BPND	  (SEM)	  
ROI	  

controls	   1.chronic	  	  	  	  	  	  	  	  	  	  
stimulation	  

2.DBS	  
OFF	  

3.acute	  
stimulation	  

P1	   change	  
1	  »	  2	  

change	  
2	  »	  3	  

Caudate	  	  	  	  	  	  	  left	   1.28	  (0.06)	   0.89	  (0.10)	   1.01	  (0.16)	   0.86	  (0.10)	   0.082	   13.5%	   -‐14.9%	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  right	   1.16	  (0.04)	   0.78	  (0.10)	   0.87	  (0.15)	   0.85	  (0.09)	   0.001	   11.5%	   -‐2.3%	  

Putamen	  	  	  	  	  	  left	   1.43	  (0.06)	   0.91	  (0.10)	   1.03	  (0.13)	   0.90	  (0.08)	   0.015	   13.2%	   -‐12.5%	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  right	   1.20	  (0.06)	   0.87	  (0.10)	   0.96	  (0.11)	   0.95	  (0.07)	   <0.001	   10.3%	   -‐1.0%	  

Stimulated	  region	   	   0.52	  (0.15)	   0.62	  (0.17)	   0.41	  (0.13)	   	   19.2%	   -‐21.0%	  

Figure 3: D2/3 receptor binding potential in controls and patients; Error bars indicate SEM 

Table 2. [¹²³I]IBZM binding potential in controls and patients

ROI: region of interest; BPND: non-displaceable binding potential; SEM: standard error of mean; 

DBS: deep brain stimulation. P¹ is for BPND difference between controls and the average of 

sessions 1-3 in patients (independent t-test).

Peripheral dopaminergic changes (HVA)
Patients with or without stimulation had higher plasma HVA levels than healthy 

controls (Fig. 4). Our results of lower [¹²³I]IBZM BPND during stimulation 

indicate increased dopamine. Therefore, we tested the hypothesis that stimula-

tion would increase plasma HVA levels, as a peripheral indication of dopamine 
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Figure 4: Plasma homovanillic acid levels in controls and patients; Error bars 

indicate SEM

release. Active stimulation (acute or chronic) compared to DBS OFF induced 

an average 17.8% increase in plasma HVA levels. HVA decreased significantly 

from chronic stimulation to DBS OFF (t(13)=2.37, P = 0.034), which correlated 

with increases in obsession scores (r = -0.699, P = 0.013). HVA did not change 

significantly from DBS OFF to acute stimulation. 

Discussion
This study shows that DBS targeted at the NAc for OCD induces a reduction in 

striatal D2/3R binding. Patients that had been stimulated for either one hour or 

one year had improved symptom scores along with lower availability of striatal 

D2/3 receptors as measured by [¹²³I]IBZM binding, compared to DBS OFF for 

one week. 

      To the best of our knowledge, no other study has investigated in vivo dopami-

nergic changes of acute and chronic DBS, using a combination of central and 

peripheral measures. Increased postmortem tissue concentrations of dopamine 

have been found in the NAc shell of rats after acute stimulation of that area 

(Sesia et al., 2010), and acute stimulation of the NAc core increased dopamine 

release in prefrontal areas but not in the stimulated area, as measured with in 
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vivo microdialysis (van Dijk et al., 2011). Comparable to our findings, chronic 

DBS decreased D2/3R availability in the putamen of three patients with Parkin-

son’s disease with globus pallidus internus (GPi) electrodes (Nakajima et al., 

2003) and of two patients with Tourette’s disorder with thalamic electrodes 

(Kuhn et al., 2012), although the latter study found opposite results in the 

thalamus. Decreased D2/3R availability in these studies may reflect increased 

competition with the radiotracer caused by dopamine release, or alternatively, 

diminished D2/3R affinity or a structural receptor decrease due to down-

regulation. BP decreases in our study likely reflect dopamine release because 

they occurred already during the first hour of stimulation. Although concurrent 

HVA increases during stimulation also indicate dopamine release, results in the 

chronic stimulation condition may still be explained by D2/3R down-regulation. 

 Dopamine release in the putamen suggests direct excitatory effects 

of DBS on this structure, which is situated adjacent to the stimulation site at 

the border of the NAc and internal capsule.  Alternatively, stimulation may 

have spread from the ventral to the dorsal striatum through spiraling striato-

nigro-striatal pathways (Haber et al., 2000), as there is evidence for functional 

hyperconnectivity between these regions in OCD (Harrison et al., 2009). 

 The finding of stimulation related D2/3 decreases, away from values 

in healthy controls, may seem paradoxical and warrant clarification. Similar 

to our finding, lower striatal D2/3R BP in OCD patients relative to controls has 

been consistently reported in other studies (chapter 8) (Denys et al., 2004; 

Perani et al., 2008; Schneier et al., 2008), which is usually interpreted as D2/3R 

down-regulation due to increased dopaminergic neurotransmission. However, 

recent acute dopamine depletion studies indicate that lower D2/3R availability 

might actually be also related to decreased endogenous dopamine (Martinez et 

al., 2009). Pharmacological-induced dopamine depletion can induce obsessive-

compulsive symptoms (de Haan et al, 2005), and habitual responding (de Wit 

et al., 2012), whereas dopamine agonists can improve compulsive behaviors 

in drug-addicted subjects (Ersche et al., 2011). These lines of evidence and the 

fact that our OCD patients were all non-responders to dopamine antagoniz-

ing agents, implies an underlying dopaminergic deficit in this refractory group 

which is compensated by stimulatory dopamine release. Lower D2/3R availability 

in patients without stimulation (DBS OFF) may thus reflect increased receptor 
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occupancy or down-regulation related to intrinsic compensatory dopamine 

release, which is further aggravated by DBS. Finally, the presently observed 

dopamine release induced by DBS may compensate for serotonergic deficits, 

as OCD has been related to serotonergic deficits combined with dopaminer-

gic hyperactivity (Perani et al., 2008). DBS-induced dopamine release might 

also explain why higher voltages can induce behaviors that have been linked 

to excessive striatal dopaminergic activity, such as impulsivity, pathological 

buying (Luigjes et al, 2011) and tics (unpublished observation). 

 The present study has a number of potential limitations. We have only 

scanned our healthy control subjects once, so we cannot rule out that changes 

over the three sessions in patients are not related to stimulation but rather to 

spontaneous fluctuations in time. However, we found D2/3R BP changes in the 

range of 10 to 21%, which is highly unlikely in case of spontaneous fluctua-

tions, since the reproducibility of the measurement of dopamine release with 

the bolus/constant infusion [¹²³I]IBZM SPECT technique is high in humans 

(Kegeles et al., 1999). Moreover, D2/3R and HVA changed in the same direction 

during acute and chronic stimulation. Together, these characteristics strongly 

support an effect of stimulation. Variance in BPND values was larger in the 

stimulation area compared to putamen and caudate nucleus, which could be 

related to the lower BPND than in the in the putamen and caudate nucleus and 

may explain why BPND changes in the stimulation area failed to reach signifi-

cance levels. In addition, our current non-stimulation condition of 8 days DBS 

discontinuation is not a true baseline pre-treatment measure for comparison 

with stimulation conditions. Other results may have been found when compa-

ring patients before implantation with acute and continued stimulation. Never-

theless, symptom severity during DBS OFF in the present study was compa-

rable to severity that patients reported before implantation (see Denys et al., 

2010). Also, longer DBS discontinuation than 8 days may have yielded stronger 

dopaminergic changes, however we felt that the severity of symptom relapse 

had to be balanced against the scientific value. Notably, DBS discontinuation or 

acute activation was followed by changes in anxiety and mood within seconds 

or minutes, and changes in obsessions and compulsions occurred within the 

first minutes till hours. Thus, our measures appear to reflect clinical relevant 

changes. Another potential limitation is the fact that we cannot completely 
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rule out the possibility that the plasma HVA changes we found do not only 

reflect central dopaminergic changes but also noradrenergic changes.  Finally, 

we could not accurately delineate striatal areas on co-registered MRI scans due 

to artifacts around the electrodes, and for safety reasons images were acquired 

on a 1.5T MRI scanner with low SAR-values resulting in relatively low grey to 

white matter contrast in the striatum. 

 In conclusion, DBS targeted at the NAc appears to release dopamine in 

the striatum, which is related to improved control over obsessive-compulsive 

behaviors. These changes hint at a causal role of dopamine in the therapeutic 

efficacy of DBS, but future research should clarify whether they co-occur with 

other mechanisms. 
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Chapter 10

Targets for deep brain stimulation

in obsessive-compulsive disorder

Martijn Figee, Mariska Mantione, Pepijn van den Munckhof,
Rick Schuurman and Damiaan Denys 

Psychiatric Annals 2010, 40(10), 492-498

Since its introduction for treatment of therapy refractory obsessive-compulsive 

disorder (OCD) in 1998, it is estimated that deep brain stimulation (DBS) 

has been applied to 100 OCD patients worldwide using various brain targets. 

This paper reviews the effects of five different targets in OCD. The combined 

preliminary results suggest a 40 to 60% symptom decrease in at least half the 

patients. The efficacy, the time to response and the type of symptoms that 

improve depend on the target of choice. Although side effects occur, most of 

these are transitory and linked to specific stimulation parameters that may 

be changed. DBS research has opened up the opportunity to investigate how 

various symptom layers of OCD, such as anxiety, obsessions, compulsions, and 

depressed mood are related to brain activities within the frontostriatal network.

Introduction
Obsessive-compulsive disorder (OCD) is a chronic psychiatric disorder charac-

terized by obsessions and compulsions. Obsessions are recurrent and distur-

bing thoughts causing anxiety or unease, such as the fear to be contaminated 

or to hurt someone, and the need for symmetry or perfectionism. Compulsions 

are acts with a ritual character that are performed to neutralize the anxiety 
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caused by the obsessions, such as cleaning, washing, checking, classifying or 

counting. Approximately two percent of the general population suffers from 

OCD (Fullana et al., 2009; Ruscio et al., 2010). Though three out of four patients 

experience an average symptom decrease of 35% with selective serotonin 

reuptake inhibitors or behavioral therapy, eventually, one out of ten patients 

cannot be helped with these regular treatments (Denys, 2006). 

 In case of severe treatment-refractory OCD that is incapacitating in 

all aspects of daily life, an OCD patient might be candidate for neurosurgi-

cal treatment. For decades, neurosurgeons have made lesions in the anterior 

limb of the internal capsule (ALIC) and the basal ganglia by means of classic, 

ablative neurosurgery (Lipsman et al., 2007). During the past two decades, a 

shift has occurred in the field of stereotactic neurosurgery since deep brain 

stimulation (DBS) became an established reversible and adjustable method for 

the alleviation of movement disorders. For the first deep brain stimulation to 

be performed, it was plausible to choose selective stimulation of the ALIC in 

order to imitate the effects of earlier capsulotomies. Since then more targets 

have been explored, and as OCD is one of the few diseases in psychiatry in 

which more functional data on neuroanatomical correlates are becoming avail-

able linking specific brain areas to its pathophysiology, DBS can nowadays be 

applied in OCD with a more rational approach. This article presents a review of 

various DBS targets in treatment refractory OCD.

Efficacy of DBS in OCD

At present (2010), approximately 100 patients with treatment refractory OCD 

have received experimental DBS treatment. Efficacy of DBS has been reported 

in eight double-blind controlled studies (Abelson et al., 2005; Nuttin et al., 1999; 

Nuttin et al., 2003; Greenberg et al., 2006; Okun et al., 2007; Mallet et al., 2008; 

Huff et al., 2010; Goodman et al., 2010; Denys et al., 2010) and six case studies 

(Mallet et al., 2002; Anderson et al., 2003; Fontaine et al., 2004; Aouizerate et 

al., 2004; Aouizerate et al., 2005; Franzini et al., 2010). Five targets have been 

used for DBS in OCD: the anterior limb of the internal capsule (ALIC), the 

ventral capsule/ ventral striatum (VC/CS), the nucleus accumbens (NAc), the 

subthalamic nucleus (STN) and the inferior thalamic peduncle (ITP) (Fig. 1). 

Efficacy results are summarized in table 1.
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Fig. 1. Deep brain stimulation targets in OCD

a, Coronal T2- weighted MRI at 3 mm anterior of the anterior commissure (AC) showing the 

nucleus accumbens (NAc), anterior limb of the internal capsule (ALIC), and ventral striatum (VS) 

or ventral caudate. b, Axial T2 MRI at the level of the AC showing the ALIC, VS, bed nucleus of the 

stria terminalis (BST), and inferior thalamic peduncle (ITP). c, Axial T2 MRI at 4 mm below the 

AC showing the subthalamic nucleus (STN) (Adapted from: de Koning et al, 2011)

ALIC
DBS in OCD was initiated in 1998 at the Karolinska institute in Stockholm 

where two patients received bilateral implantation in the ALIC, but the results 

were never published (personal communication S. Andreewitch). In 1999, the 

Leuven Group reported on bilateral ALIC DBS in four patients (Nuttin et al., 

1999). In a subsequent paper, these four patients and two others were followed-

up for a period of 21 months (Nuttin et al., 2003). Three out of four patients who 

completed the study experienced a ≥35% decrease of symptoms. An average 

symptom change of 40% was observed in the double-blind controlled part of 

the study in which the stimulator was put on and off. In 2005, the Michigan 

Group reported another study of implantation of electrodes in the ALIC of 

four patients. Patients were stimulated in a double blind way in a phase of four 

times three weeks with the stimulator on or off, followed by an open phase 

(Greenberg et al., 2006). Only one patient had a decrease of more than 35% in 

the double-blind phase. In the open phase, this patient progressed from severe 

disability to relatively normal life with 73% improvement over baseline in 8 

months. Another patient who experienced only a 17% decline in the double-

blind phase, showed improvement in the open phase with a final reduction 
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of 44% after completing an intensive behavioral treatment program. In the 

two patients who were considered responders, PET scans showed decreased 

activity of the orbitofrontal cortex. In another case study of ALIC DBS, a patient 

experienced 79% reduction of symptoms at three-month follow up (Anderson 

et al., 2003). At 10-month follow-up, the patient was able to return to work with 

compulsions in complete remission. These first studies show that the ALIC is a 

potential effective target for the treatment of therapy refractory OCD. However, 

the effects are modest and subsequent targets were localized in a more ventral 

position. 

VC/VS
In 2006, an American-Belgian group published the results of ten patients with 

bilateral stimulation of the VC/VS (Greenberg et al., 2006). Eight of them were 

followed during three years after bilateral implantation. Over these three years, 

OCD symptoms improved from severe to moderate with a 30% decrease on 

average. Four of eight patients were considered responders with a symptom 

reduction of at least 35%. The Leuven Group, the American-Belgian Group and 

a group from the university of Florida published the combined results of VC/

VS DBS in 26 patients (Greenberg et al., 2010). During this period, targeting 

within the VC/VS evolved from anterior to a more posterior area. The percent-

age of responders was 62% at 36 months with more effective stimulation at 

lower currents at the more posterior targets. A recent pilot study reported on 

VC/VS in six treatment refractory OCD patients (Goodman et al, 2010). Patients 

were stimulated at either 30 or 60 days post-surgery under blinded conditions. 

Four of six patients (67%) were responders with a decrease of at least 35% of 

symptoms. Interestingly, depressive symptoms improved significantly in all 

patients. 

NAc
A German Group aimed at the right NAc as stimulation target in four OCD 

patients (Sturm et al, 2003). In three out of four patients, open stimulation 

resulted in nearly total recovery from both anxiety- and OCD symptoms at 24 

to 30 months. The lack of effect in the fourth patient appeared to be caused by 

a displacement of the electrode in the caudo-ventral direction thereby missing 
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the target area. The same group subsequently published a double-blind study 

on unilateral right-sided NAc DBS in 10 OCD patients (Huff et al., 2010). A 

modest improvement of merely 10% was observed in the double-blind part 

of the study, which was initiated six months after the stimulator had been 

implanted. At one-year follow-up, five out of ten patients showed symptom 

decreases of more than 25%, and one patient more than 35%. Depression scores 

improved within one year, but anxiety failed to respond. Denys et al. published 

a study on 16 patients with NAc DBS for OCD in 2010. This study consisted of 

an open 8-month treatment phase, followed by a double-blind, crossover phase 

with randomly assigned 2-week periods of active or sham stimulation. It ended 

with an open 12-month maintenance phase. This resulted in an average 46% 

symptom decrease after 8 months. Nine of 16 patients were responders during 

follow-up. These nine individuals had a mean Y-BOCS score decrease of 72% 

(23.7 points). The average symptom decrease at 21 months’ follow-up for all 16 

individuals was 48% (17.5 points). In the double-blind, sham-controlled phase 

(n=14), the mean Y-BOCS difference between active and sham stimulation was 

25% (8.3 points).

 A case study on one patient with OCD and depression reported a 

marked but delayed reduction of symptoms up to 52% at 15 months follow 

up (Aouizerate et al., 2004). An Italian group recently reported delayed effects 

of NAc stimulation in two OCD patients (Franzini et al., 2010). On average, 

symptoms improved by 38% after one year of stimulation in the first patient 

and after two years in de second patient with depression scores improving 

concomitantly.

STN
The STN was long known as an effective target for DBS in Parkinson treat-

ment, and in some patients positive effects of STN stimulation on OCD 

symptoms were reported (Fontaine et al., 2004; Mallet et al., 2002). In 2008, the 

French Group reported on the efficacy of bilateral STN stimulation in 18 OCD 

patients (Mallet et al., 2010). STN DBS resulted in positive effects on compul-

sive behavior but appeared to have no effect on mood and global functioning 

within the first six months.
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Thalamic Peduncle
In 2007, a case reports in patients with OCD and major depression was published 

targeting the inferior thalamic peduncle (ITP) (Jimenez et al., 2007). ITP stimu-

lation showed a significant reduction of obsessive and compulsive symptoms. 

This finding was substantiated by the same Mexican group that described a 

49% reduction of symptoms following open stimulation of the bilateral ITP in 

five patients with OCD (Jimenez-Ponce et al., 2009). 

In conclusion, DBS in ALIC, VC/VS, NAc, STN and ITP has shown to be effec-

tive in therapy-refractory OCD. Fifty-eight of  94 reported patients experienced 

a ≥35% reduction of obsessive-compulsive symptoms. Sixty-two percent of the 

patients are thus considered responders making DBS a promising technique. 

However, efficacy varied strongly, not only between different brain targets 

but also among patients targeted at the same area. Moreover, DBS at different 

targets appears to modulate different symptoms of OCD: VC/VS DBS improved 

mood, obsessions and compulsions whereas STN DBS predominantly improved 

compulsions. Another significant difference was the time to response between 

the different studies. In the earlier studies, Mallet et al. (2002) and Nuttin et 

al. (1999) reported an acute relief of anxiety and obsessions whereas in the 

later studies of Nuttin et al., reduction of obsessions and compulsions was not 

observed until a week of stimulation (Nuttin et al., 2003). Sturm et al. (2003) 

reported onset of clinical improvement a few days to several weeks after the 

beginning of the stimulation. In the study from Abelson et al. (2005), beneficial 

effects were seen within the three-week blinded study-period, whereas Mallet 

et al. (2008) reported improvement of symptoms after three months, Aouizerate 

et al. (2004) after nine months, and Franzini et al. (2010) only after one year up 

to two years. 
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Table 1a: studies on deep brain stimulation in obsessive-compulsive disorder (OCD)
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Year   Author  
  

Side   Target   (n)   Diagnosis   Mean  Y-‐BOCS  
pre-‐operative  

Mean  Y-‐BOCS  post-‐operative  

1999   Nuttin  
et  al  

Bilateral   Anterior  limb  of  
internal  capsule  

4   OCD   No  Y-‐BOCS  
Scores  reported.  

In  3  of  4  patients  effects  were  found.  

2003   Nuttin  
et  al  

Bilateral   Anterior  limb  of  
internal  capsule  

6   OCD      Cross-‐over  phase:  stimulation  off:  
32.3  ±  3.9;  stimulation  on:  19.8  ±  8  

2003   Anderson  
et  al  

Bilateral   Anterior  limb  of  
internal  capsule  

1   OCD   34   7  

2005   Abelson  
et  al  

Bilateral   Anterior  limb  of  
internal  capsule  

4   OCD   32.8   Open  stimulation:  23;  Double  blind  
phase:  1  patient:  at  least  35%  
decrease,  1  patient:  17%  decrease,    
2  patients:  non-‐responders.  

2006   Greenberg  
et  al  

Bilateral   Anterior  limb  of  
internal  capsule  

10   OCD   34.6  ±  0.6   Open  stimulation:  after  3  months:    
25  ±  1.6;  after  36  months  (8  patients):  
22.3  ±  2.1  

2008   Greenberg  
et  al  

(combined  
res.)  

Bilateral   Internal  capsule  /  
ventral  striatum  

26   OCD   34.0  ±  0.6   Open  stimulation:  after  3  months:  
21.0  ±  1.8;  after  36  months:    
20.9  ±  2.4  

2010   Goodman  
et  al  

Bilateral   Internal  capsule/  
ventral  striatum  

6   OCD   33.7   After  12  months:  18  ±  4.1  

2003   Sturm    et  al   Unilateral   Nucleus  accumbens  
(right)  

4   OCD   No  Y-‐BOCS  
scores  reported.  

3  of  4  patients  almost  complete  
remission  of  anxiety  and  OCD  
symptoms.  

2009   Hoff  et  al   Unilateral   Nucleus  accumbens  
(right)  

10   OCD   32.2  ±  4   Open  stimulation:  after  12  months:  
25.4  ±  6.7;  Cross-‐over  phase:  
stimulation  on:  25.9  ±  6.4;    
stimulation  off:  31.1  ±  5.0  

2010   Denys  et  al   Bilateral   Nucleus  accumbens   16   OCD   33.7  ±  3.6   Open  stimulation:  after  8  months:  
  18  ±  11.4;  after  21  months:  16.2  ±8.6;    
Double  blind  cross-‐over  phase:  
stimulation  on:  25.8  ±  9.3;  
stimulation  off:  30.7  ±  4.5;  
stimulation  off  29.5  ±  11.4;  
stimulation  on:  17.6  ±  10.1  

2004   Aouizerate    
et  al  

Bilateral   Nucleus  accumbens  
+  caudate  nucleus  

1   OCD  +  
depressiv
e  disorder  

25   Open  stimulation:  after  12  months:  
10;  after  15  months:  14;    
after  27  months:  12  

2010   Franzini  
et  al  

Bilateral   Nucleus  accumbens   2   OCD   34   Follow  up  after  24-‐27  months:  21  

2002   Mallet    et  al   Bilateral   Subthalamic  
nucleus  

2   OCD  +  
Parkinson  

No  Y-‐BOCS  
scores  reported.  

Patient  1:  58%  improvement;    
patient  2:  64%  improvement  

2004   Fontaine    et  
al  

Bilateral   Subthalamic  
nucleus  

1   OCD    +  
Parkinson  

32   Follow  up  after  1  year:  1  

2008   Mallet  et  al   Bilateral   Subthalamic  
nucleus  

18   OCD   32.3   Cross-‐over  phase:  stimulation  on:    
19  ±  8;  stimulation  off:  28  ±  7  

2009   Jiménez    et  
al  

Bilateral   Inferior  thalamic  
peduncle  

5   OCD   35   At  12  months  follow-‐up:  17.8  
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Mechanism of action of DBS in OCD
Since OCD has been associated with hyperactivity of the CSTC network (White-

side et al, 2004), efficacy of DBS in OCD is most likely related to functional 

changes within this network. Electrical stimulation appears to be effective 

because it is assumed to induce a reset of network oscillatory patterns across 

the CSTC network (McIntyre and Hahn, 2009). Studies in OCD combining 

DBS treatment with neuroimaging methods have confirmed changes within 

the CSTC network (chapter 4). A positron emission tomography (PET) study 

in six OCD patients, which was carried out two weeks after implantation of 

electrodes in the VC/VS demonstrated DBS-induced activation of the orbito-

frontal cortex (OFC), anterior cingulate cortex, striatum, pallidus and thalamus 

(Rauch et al., 2006). It is of note, however, that at that moment no clinical effects 

of DBS had been occurred. Post-operative functional magnetic resonance 

imaging (MRI) in one OCD patient with ALIC DBS showed increased activity 

in the frontal cortex and striatum compared to pre-operative brain activity 

(Nuttin et al., 2003). In the same study, clinical response after three months 

of continuous stimulation was related to a relative decrease of hyperactivity 

in the OFC as measured with PET imaging. A study by Abelson et al. (2005) 

showed decreased PET activity in the OFC after three to six weeks of ALIC 

DBS in two OCD responders, but not in the non-responders. In conclusion, 

sparse neuroimaging research suggests that DBS is effective in OCD because it 

induces functional changes, not limited to the target area, but observable in the 

complete CSTC network such as decreased activity in the OFC.

Side effects of DBS in OCD
Potential complications of DBS can arise (1) as a result of surgery (‘procedure 

related’), (2) due to the implanted device (‘device related’) or (3) due to stimula-

tion or cessation of stimulation. A potential risk of surgery is intra-cerebral 

hemorrhage. This was reported in one out of ten patients by Greenberg et al. 

(2010), and in one patient in the sample of Mallet et al. (2008). One patient 

had a single intraoperative generalized tonic-clonic seizure following electrode 

implantation (Greenberg et al., 2006). Superficial surgical wound infection after 

implantation was reported in one of ten patients by Greenberg et al. (2010) 

and in two of sixteen patients by Mallet et al. (2008). In the latter study, the 

Table 1b: studies on deep brain stimulation in obsessive-compulsive disorder (OCD)
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implanted electrodes had to be removed. Other studies did not mention proce-

dure related complications. Device-related side effects were reported by Green-

berg et al. (2010), where a break in the electrode and subcutaneous extension 

cable required a replacement in one patient. Also, patients have reported that 

they disturbingly feel the material within their body, to the extent that some 

patients wanted it to be removed (one out of four patients: Nuttin et al., 2003). 

Side effects of stimulation can be divided in acute effects and effects of chronic 

stimulation. The latter can be subdivided in effects on mood, cognition and 

personality. Stimulation may cause various acute physical and mental side 

effects, most of which are transitory and disappear after adaptation of stimu-

lation parameters. Okun et al. (2007) reported acute olfactory, gustatory and 

motor sensations which were strongly associated with the most ventral electrode 

positions, as well as physiological responses such as autonomic changes, 

increased breath rate, sweating, nausea, cold sensation, heat sensation, fear, 

and panic episodes. All effects reversed when DBS was stopped or parameters 

were changed. Acute mood changes during the first few days of stimulation of 

the ALIC and NAc have been reported by Okun et al. (2007), such as transient 

sadness, anxiety, euphoria or giddiness, sometimes to the extent of hypomanic 

symptoms (five of ten patients: Greenberg et al., 2006; two of ten patients: Huff 

et al., 2010; four of six patients: Goodman et al., 2010). Chronic mood improve-

ment is an unintended but favorable side effect of DBS since most treatment 

refractory OCD patients suffer from comorbid major depression. Patients 

start to laugh, experience blissful feelings and describe that they can see the 

world more bright and clear within seconds after stimulation. Abelson et al. 

(2005) reported improvement of depression in one out of four patients while 

stimulating the ALIC. Decreased depression scores following VC/VS stimula-

tion were found by Greenberg et al. (2006) and following NAc stimulation by 

Denys et al. (2010). Anti-depressive effects seem to be especially related to DBS 

of the ventral striatum (Greenberg et al, 2006; Denys et al, 2010; Goodman 

et al., 2010; Aouizerate et al., 2005; Franzini et al., 2010). No improvement of 

depression was found following STN stimulation (Mallet et al., 2008). Apart 

from transient diminished concentration and verbal perseverations (Green-

berg et al., 2010), DBS has not been associated with cognitive decline. Some 

patients did complain about memory and language problems but this has not 
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been confirmed with neuropsychological tests. Gabriëls et al. (2003), Abelson 

et al. (2005), Aouizerate et al. (2005), Goodman et al. (2010) and Greenberg et 

al. (2006) reported no decline in cognitive and executive functioning. On the 

contrary, in the latter study, a group analysis revealed significant improvements 

in memory recall. Gabriëls et al. (2003) reported no major adverse or harmful 

personality changes after one year of DBS using the Minnesota Multiphasic 

Personality Inventory (MMPI). Neither patients nor family members did report 

changes in personality in the study of Abelson et al. (2005). Finally, remission 

of alcohol dependency (Kuhn et al, 2007) and unintended, effortless smoking 

cessation was observed following bilateral stimulation of the NAc (Kuhn et al, 

2007; Mantione et al., 2010), supporting the idea of compulsivity with common 

circuitry in the processing of diverse rewards.

Follow-up treatment
Although studies indicate that DBS has the potential to significantly improve 

OCD symptoms in treatment refractory patients, they also show that complete 

remission rarely is achieved. In addition, patients often continue having 

problems in daily life functioning after DBS, even when most OCD symptoms 

have disappeared. Compulsions and avoidance behavior that have been around 

almost life-long in most therapy refractory OCD patients may have become 

habitual. Therefore, follow-up treatment with behavioral therapy may be 

essential to motivate patients implementing the effects of DBS in their daily 

lives (Abelson et al., 2005; Gabriëls et al., 2003; Mantione et al., under review). 

Studies are needed to investigate the additional efficacy of behavioral therapy 

following DBS. 

Conclusion
DBS has been applied in therapy refractory OCD in an experimental setting 

for approximately a decade in approximately 100 patients. Stimulation of five 

different targets resulted in variable efficacy, from no response till almost 

complete remission of symptoms. Overall, DBS in OCD may effectuate a 

decrease of 40 to 60% of symptoms in at least half of patients. Stimulating the 

VC/VS improves mood, obsessions and compulsions, whereas STN stimulation 

only improves compulsions. Most side effects are transitory and reverse after 



147

adaptation of stimulation parameters. The various stimulated brain areas, in 

many cases developed empirically, are still in agreement with recent theoreti-

cal findings on the neuroanatomy of OCD. DBS is probably effective in OCD 

because it modulates pathological activity within the CSTC network, result-

ing in a decrease of hyperactivity. DBS may be more effective when patients 

are followed up with behavioral therapy after surgery. DBS certainly has the 

potential of becoming preferential treatment for a specific group of seriously 

ill, therapy refractory OCD patients due to the small risk of the operation, the 

reversible nature of the technique, and the possibility to optimize treatment 

postoperatively. 
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Chapter 11

Neurosurgical targets for compulsivity:

what can we learn from acquired brain lesions? 

Martijn Figee, Ilse Wielaard, Ali Mazaheri and Damiaan Denys

Neuroscience and Biobehavioral Reviews 2013, 37(3), 328–339

Treatment efficacy of Deep Brain Stimulation (DBS) and other neurosurgical 

techniques in refractory Obsessive-Compulsive Disorder (OCD) is greatly 

dependent on the targeting of relevant brain regions. Over the years, several 

case reports have been published on either the emergence or resolution of 

obsessive-compulsive symptoms due to neurological lesions. These reports can 

potentially serve as an important source of insight into the neuroanatomy of 

compulsivity and have implications for targets of DBS. For this purpose, we 

have reviewed all published case reports of patients with acquired or resolved 

obsessive-compulsive symptoms after brain lesions. We found a total of 37 case 

reports describing 71 patients with acquired and 6 with resolved obsessive-

compulsive symptoms as a result of hemorrhaging, infarctions or removal 

of tumors. Behavioral symptoms following brain lesions consisted of typical 

obsessive-compulsive symptoms, but also symptoms within the compulsivity 

spectrum. These data suggests that lesions in the frontostriatal circuit, parietal 

and temporal cortex, cerebellum and brainstem may induce compulsivity. 

Moreover, the resolution of obsessive-compulsive symptoms has been reported 
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following lesions in the putamen, internal capsule and fronto-parietal lobe. 

These case reports provide strong evidence supporting the rationale for DBS 

in the ventral striatum and internal capsule for treatment of compulsivity and 

reveal the putamen and fronto-parietal cortex as promising new targets. 

1. Introduction
Compulsivity encompasses the repetitive, irresistible urge to perform a 

behavior, the experience of loss of voluntary control over this intense urge, the 

diminished ability to delay or inhibit thoughts or behaviors, and the tendency to 

perform repetitive acts in a habitual or stereotyped manner (expert consensus 

meeting, Denys et al., 2010). Compulsivity occurs in a broad range of psychi-

atric disorders, such as drug addiction, Tourette’s syndrome, impulse control 

disorders and eating disorders, but it is epitomized by obsessive-compulsive 

disorder (OCD). OCD is a chronic psychiatric illness in which the person 

suffers from recurrent and disturbing thoughts (obsessions) that cause distress 

and ritualistic acts (compulsions) that are usually performed to neutralize the 

distress (Diagnostic and Statistical Manual of mental disorders (DSM-IV-TR, 

2000). Previous research estimated that pharmacotherapy and behavioral 

therapy provide on average a 40-60% symptom reduction in half of OCD 

patients, however, approximately 10% of patients remain severely affected and 

suffer from treatment-refractory OCD (Denys, 2006). For a small proportion of 

treatment-refractory patients, ablative neurosurgery or deep brain stimulation 

(DBS) may be appropriate (de Koning et al., 2011). DBS involves the implanta-

tion of electrodes that send electrical impulses to specific locations in the brain. 

In contrast to ablative neurosurgery, DBS is reversible and adjustable. The 

location in the brain is chosen according to the type of disorder to be addressed 

and its putative neuroanatomical correlates (Rauch, 2003). Numerous neuro-

imaging studies have related OCD to pathology in the cortical-striatal-pallidal-

thalamic-cortical (CSTC) network (Saxena et al., 1998; Menzies et al., 2008). 

In the CSTC network, information from limbic and associative cortices is 

integrated in the striatum, projected on to the globus pallidus, subthalamic 

nucleus and substantia nigra and then returned to the cortex through a thalamic 

relay (Alexander, 1986). The CSTC network integrates cortical with subcortical 

information for the selection of automatic motor and cognitive programs that 
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maximize rewarding outcomes, and these features are dysfunctional in OCD 

(e.g. chapter 2, Figee et al., 2011). Accordingly, targets that have been used 

for DBS treatment in over 100 patients with OCD are all located within the 

CSTC-circuit: the anterior limb of the internal capsule (ALIC), ventral capsule/ 

ventral striatum (VC/VS), nucleus accumbens, subthalamic nucleus and the 

inferior thalamic peduncle (chapter 10). However, stimulation of these differ-

ent targets has resulted in variable efficacy, ranging from a minimal response 

to almost complete remission of symptoms. 

 We argue that neuroimaging data by itself may be inadequate as a 

theoretical basis for choosing DBS targets, given that any hyper/hypo activa-

tion in a region could be a symptom of the illness, rather than its cause. In 

this paper, we will explore a new avenue to achieve reliable information on 

potential targets for DBS in OCD. We will review available neuroanatomical 

information from case reports of patients with acquired or remitted OCD due to 

infarctions or other brain lesions. We believe that lesion studies provide a very 

strong foundation for a possible link between a brain region and a behavior 

(in this case compulsivity). Furthermore, circumscribed brain lesions that 

induce or resolve obsessive-compulsive symptoms may reflect important brain 

network nodes that can be inhibited or excited with DBS. Ultimately, the goal 

of our endeavor is to use the information yielded by lesion studies as a potential 

guide for defining optimal brain targets for therapeutic DBS in OCD and other 

compulsive disorders.

2. Methods
Published studies of case reports with acquired OCD were identified through 

searches of electronic databases (e.g. PsycINFO, PubMed) and reference lists 

of scientific articles. We searched for: obsessive-compulsive disorder (OCD), 

obsessive-compulsive behavior (OCB), obsession, compulsion, stereotyped 

activities, lesion, injuries, damage, CVA, hemorrhage, tumor, infarction, stroke, 

disease, Parkinson’s, Huntington’s, Wilson’s, Tourette’s, Sydenham chorea, 

basal ganglia, lenticular (nuclei), striatum, caudate, putamen, nucleus accum-

bens, globus pallidus, internal capsule, limbic system, amygdala, brainstem, 

hypothalamus, pineal region, cerebellum, frontal, parietal, temporal and occip-

ital lobe or cortex. These words were entered in different combinations in the 
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electronic databases. We included all studies that contained cases of patients 

with acquired obsessive-compulsive symptoms due to a neurological lesion, 

or due to a disease that affected brain tissue or closed head injuries. We only 

included case reports that also reported neuroanatomical data using Computed 

Tomography (CT) or structural Magnetic Resonance Imaging (MRI), or using 

functional imaging like Positron Emission Tomography (PET) or functional 

MRI. This pursuit yielded an initial sample of 42 articles that reported a total 

of 87 cases, published between 1954 and 2012. From this sample, we excluded 

three articles because of the lack of individual patient information (Alegret et 

al., 2001; Giroud et al., 1997; Berthier et al., 2001). Additionally, two studies were 

excluded for methodological reasons: one study did not provide detailed neuro-

imaging information (McKeon et al., 1984), while the other did not describe an 

acquired brain lesion (Giedd et al., 1996). Articles that reported improvement or 

disappearance of obsessive-compulsive symptoms after brain injury were also 

included (Fujii et al., 2005; Yaryura-Tobias & Neziroglu, 2003; Oh et al., 2011; 

Diamond et al., 2011; Daumézon et al., 1954; Solyom et al., 1984). A total of 37 

case reports (articles) dated from 1988 until 2011 were included, containing 

71 cases of acquired compulsivity and 6 cases of remitted compulsivity. The 

age-range of the patients were 4-78 yrs., mean age 44.8 yrs. (sd: 21.5 yrs.), 

male/female ratio was 3:2. 

3. Results
The case reports will be grouped, presented and discussed according to the brain 

structure involved. If a specific brain region is related to many cases we will 

only describe a few exemplary ones into more detail. Table 1 summarizes the 

numbers of patients for each region, table 2 summarizes which symptoms are 

related to the affected brain regions and supplemental table 1 lists all included 

case reports with more detailed information. Brain regions implicated to be 

involved with symptoms of OCD through case studies, neuroimaging studies 

and DBS targets are illustrated in figures 1-3 respectively. We will begin with 

studies on lesions that result in the inducement of OCD symptoms, followed by 

studies reporting remission of OCD-symptoms.of OCD symptoms, followed 

by studies reporting remission of OCD-symptoms.
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Inducement of OCD-symptoms

Basal ganglia (unspecified)
Involvement of the basal ganglia is the most often described finding in case 

reports on acquired OCD. Twenty-six case reports (33 individual patients) 

mentioned development of OCD following infarcts, tumors or calcifications in 

the basal ganglia. In 24 out of 33 patients, the basal ganglia were exclusively 

involved. For example, Chacko and colleagues (2000) presented four patients in 

which late-onset OCD symptoms followed infarcts or calcifications of uni- or 

bilateral basal ganglia (although, the exact basal ganglia structures were not 

reported). Patients with basal ganglia lesions developed classic ego-dystonic 

obsessive-compulsive symptoms, like fear of harming (others), religious obses-

sions and compulsive checking, ordering and counting. However, behaviors 

within the broader obsessive-compulsive spectrum were also noted, e.g. 

compulsive hair combing and mirror checking, pathological jealousy and 

hypochondria. Other obsessive-compulsive symptoms that have been reported 

after basal ganglia lesions include: ‘needing to know’ obsessions, contamina-

tion fear, washing, repetition and stereotypical or ritualistic behaviors. Mood 

and personality changes including apathy were also observed in a few cases, 

as well as cognitive decline. In summary, these studies taken together suggest 

that lesions in the right or left basal ganglia are linked to the onset of typical 

symptoms of OCD such as contamination fear, high-risk assessment, checking 

and counting, but also to symptoms within the obsessive-compulsive spectrum. 

Caudate nucleus/ nucleus accumbens 
The acquirement of OCD symptoms were linked to lesions of the caudate 

nucleus in 11 patients, and to lesions of the nucleus accumbens in three patients. 

Thobois et al. (2004) for example, presented a 24-year-old male who started 

compulsively avoiding using words and sentences containing exactly 10 letters 

or words after removal of a hematoma located at the head of the left caudate 

nucleus. Importantly, these compulsions were described as ego-dystonic, but 

not associated with anxiety. Tonkonogy & Barreira (1989) described a case of 

OCD due to bilateral caudate atrophy, whereas OCD symptoms were related to 

lesions of caudate in combination with other striatal structures in three cases 
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of Laplane et al. (1981) and Weilburg et al. (1989). Weilburg et al. (1989) wrote 

about a 24 year old student who exhibited contamination fear obsessions and 

washing, checking and counting compulsions, related to left-sided (potential 

congenital) abnormalities in the head of the caudate nucleus and putamen. An 

8 year old girl with a tumor affecting the ventral striatum/ nucleus accumbens, 

developed compulsive readjustment of her glasses for a ‘just-right’ feeling and 

vocal and motor tics (Peterson et al., 1996). In this case other areas were also 

affected such as the thalamus, hypothalamus and internal capsule. The nucleus 

accumbens was also affected, in combination with orbitofrontal cortical 

damage, in two patients with compulsive hoarding (Anderson et al., 2005). In 

summary, these studies found that lesions to the caudate nucleus are linked 

to the emergence of typical ego-dystonic obsessions and compulsions without 

changes in anxiety. 

Putamen
The acquirement of OCD symptoms after lesions in the putamen was reported 

in in 11 patients. For example, a lesion of the left putamen was found in a woman 

who exhibited obsessive worries and severe compulsions consisting of repetitive 

stereotypic behaviors (Daniele et al., 1997). A combination of anorexia nervosa 

(food-related preoccupations and compulsive exercising) and OCD occurred 

after a putaminal lesion in one case (Uher and Treasure, 2005).  We found one 

case of purposeless hoarding of possessions related to bilateral putamen calcifi-

cations in a 70-year old woman (Slama et al., 2012).  In summary, lesions in the 

putamen were more often related to repetitive behaviors.

Globus pallidus
The globus pallidus was involved in 5 patients with lesion-acquired OCD. 

Laplane et al. (1989) described three patients with checking and counting 

compulsions, stereotypy and apathy following bilateral globus pallidus lesions. 

Demirkol et  al. (1999) described a 17-year-old male with bilateral globus pallidus 

lesions, who subsequently developed washing and orderliness compulsions. 

This patient also developed stuttering and Tourette’s syndrome with simple and 

complex motor and vocal tics. Interestingly, globus pallidus lesions were related 

to development of trichotillomania in a 34-year old male patient (Escalone et 



155

al., 1997). Like Tourette’s syndrome, trichotillomania could be classified as an 

impulse control disorder, which both fall within the compulsivity spectrum. In 

summary, it appears that globus pallidus lesions are predominantly related to 

compulsions and impulse-control disorders like tics and trichotillomania.

Internal capsule
Obsessive-compulsive symptoms following lesions of the internal capsule have 

been mentioned in three cases. In one case, the internal capsule was involved 

exclusively: a 32-yr old male developed a fear of harming others as well as 

repetitive mental rituals (e.g. repeating sentences/words) after an infarct in the 

right internal capsule (Hugo et al., 1999). 

Thalamus
Two studies reported involvement of the right thalamus, in combination with 

the brainstem and ventral striatum (one patient, Peterson et al., 1996), or in 

combination with the pineal region and basal ganglia (one patient, Rushing 

et al., 2006). The behavioral effects consisted mainly of compulsions or tic-like 

behaviors: checking, compulsively pinching people, tapping doors and tables 

(Peterson et al., 1996), finger movements and tics (Rushing et al., 2006).  One 

study reported compulsive eating that started after a left-sided medial thalamic 

stroke (Cerrato et al., 2004). 

Limbic system
OCD is currently classified as an anxiety disorder and anxiety has mostly been 

associated with pathology of the limbic system (LeDoux, 2003). However, only 

one case-report (Peterson et al., 1996), consisting of two patients with tumors 

that affected various brain structures, has described involvement of lesions 

in limbic and paralimbic structures, such as the cingulate gyrus, fornix and 

hypothalamus. It also must be noted that these limbic lesions were in combi-

nation with lesions outside the limbic system. Associated behavioral effects 

consisted mostly of intrusive compulsions and motor tics. 

Frontal cortex
Thirteen case reports (19 patients) mentioned the emergence of OCD that was 
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related to frontal lobe lesions. Donovan & Barry (1994) presented a case of a 

22-year-old male with infarction of the right frontal lobe and a left subfron-

tal contusion, who thereafter experienced compulsive rhythmic activities 

and counting symptoms devoid of anxiety. The constellation of behavioral 

symptoms was associated with features of a frontal lobe syndrome, e.g. depres-

sion, personality changes and cognitive decline. In two cases, a combination of 

anorexia nervosa and compulsive studying occurred after right frontal lesions 

(Trummer et al., 2002). The other behavioral symptoms after frontal lobe lesions 

consisted of compulsive or stereotypic behaviors without obsessions (e.g. 

checking, counting, washing and ‘the need to know’), otherwise additional 

brain structures like the temporal and parietal lobes were involved too. In two 

case reports, checking compulsions without cognitive decline developed after 

lesions of the orbitofrontal cortex (OFC) (Kim & Lee, 2002; Ogai et al., 2005). Of 

note, 12 patients developed hoarding symptoms after OFC lesions (Anderson 

et al., 2005; Cohen et al., 1999; Hahn et al., 2001; Volle et al., 2002). OFC injured 

patients started collecting worn-out objects, paper, household utensils, or in 

some cases specific objects like toy-bullets, corn or cars. Hoarding compul-

sions after OFC lesions were usually ego-syntonic and devoid of obsessions or 

other obsessive-compulsive symptoms. In summary, a relatively large number 

of case studies link frontal lobe lesions to compulsive or stereotypic behaviors 

without obsessions, and hoarding behavior was often found after OFC lesions. 

Parietal lobe
The parietal lobe was found to be involved in three cases reporting the acquire-

ment of OCD symptoms. One case report described a patient with obsessive-

compulsive symptoms, in particular ‘need to know’ obsessions and checking 

compulsions, following an isolated lesion of the right parietal lobe (Simpson & 

Baldwin, 1995). The other cases (Mahendran et al., 2000; Paradis et al., 1992) 

described contamination fear, need for symmetry and washing compulsions 

after right and left parietal injuries, in combination with frontal and temporal 

cortical damage. Neuropsychological deficits were also mentioned, e.g. 

impaired planning, spatial processing and flexibility. 
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Temporal lobe
Involvement of the temporal lobe lesions in the acquirement of OCD symptoms 

was described in six case reports, with symptoms consisting of fear of harming, 

repetition and washing compulsions, repetitive mental rituals and in one 

case compulsive shopping. Depressive symptoms were also described, as well 

as aggressive thoughts and apathy. One patient also suffered from memory 

impairment, in combination with personality changes (Hugo et al., 1999). 

Cerebellum
The cerebellum was mentioned in two case reports. A calcified mass in the 

right posterior fossa causing cerebellum displacement was associated with 

the emergence of compulsive checking and washing, along with stereotyped, 

automatic motor activities and dysphasia (Gonzalez & Philpot, 1998). A combi-

nation of right superior cerebellar peduncle and left basal ganglia infarctions 

was related to the compulsive urge to shake arms (Ward et al., 1988).

Brainstem
Two case reports (two patients) mentioned involvement of the brainstem in 

acquirement of OCD symptoms. Damage to the periaqueductal grey and 

right red nucleus in combination with the thalamus was related to compulsive 

checking and ordering in one patient (Peterson et al., 1996). The second patient 

developed the compulsion to say or hear specific names or phrases (Mordecai et 

al., 2000) following germinoma of the peduncles and pons, which also affected 

the internal capsule, basal ganglia and frontal lobes. Mood lability, aggressivity, 

delusions and suicidal ideation were also part of the behavioral consequences.

Hypothalamus and pineal area
New-onset anorexia nervosa in combination with obsessive-compulsive 

symptoms was reported after hypothalamic tumors in two cases (Uher and 

Treasure, 2005). We found four cases with onset of compulsive behaviors in 

combination with diabetes insipidus after pineal region tumors (Barton 1987; 

Mordecai et al., 2000; Rushing et al., 2006; Mittal et al., 2010). However,

compulsive behaviors did not resolve after successful tumor treatment and may 

have been caused by co-occurring (unspecified) basal ganglia pathology in the 
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latter three cases. 

We will now present the results of studies reporting remission of OCD-symptoms 

following brain lesions.

Remission of OCD-symptoms

Six case studies reported remission of OCD-symptoms after acquired brain 

lesions in the left putamen, left internal capsule genu, frontoparietal cortex and 

frontal lobe. 

Putamen
Two case reports described acute remission of contamination fear OCD 

symptoms after hemorrhage of the left putamen. The first patient (Yaryura-

Tobias & Neziroglu, 2003) had been suffering from OCD for 6 years, with 

symptoms consisting of fears of germ contamination, obsessions with harm 

related to his family and compulsive spitting. His symptoms had been 

unresponsive to adequate treatment with sertraline 200 mg/day but became 

fully remitted following a hemorrhage of the left putamen. Interestingly, after 

the hemorrhage was reabsorbed all OCD symptoms returned. The second 

patient (Fujii et al., 2005) had been suffering from contamination fear and 

checking OCD for 15 years despite treatment with several antidepressants and 

antipsychotics. His OCD symptoms improved markedly following a hemor-

rhage of the left putamen, specifically his compulsions. However, the patient 

reported to still have contamination fear obsessions but felt less necessity to 

wash his hands or check something repetitively. 

Internal capsule genu
Resolution of contamination fear and compulsive hand washing occurred in a 

73-yr woman after a left internal capsular genu infarction (Oh et al., 2011). 

Frontal lobe 
Three case studies have reported on the resolution of OCD after frontal lesions. 

Diamond et al. (2011) reported on resolution of aggressive obsessions, checking 
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compulsions and impulsive behavior within weeks after a right frontoparietal 

infarct (posterior frontal and anterior parietal cortex including the central 

sulcus) in a 43-yr woman. Daumézon et al. (1954) described the disappearance 

of obsessional symptoms after left prefrontal subdural hematoma and Solyom et 

al. (1984) reported improvement of compulsive doubt, checking, hand washing, 

and shower taking after left frontal lobe damage due to a suicide attempt with 

a gun. 

In summary, remission of obsessive-compulsive symptoms occurred after 

lesions in the left putamen, left internal capsule genu, left frontal lobe and right 

posterior frontoparietal cortex. 

4. Discussion
In our review, brain lesion studies on a total of 77 patients (aged 4-78 yrs) with 

acquired or resolved OCD were discussed in order to obtain a better under-

standing of the disorder’s neurological substrates and potential targets for DBS. 

Injuries in several brain areas were related to the onset of obsessive-compulsive 

symptoms, suggesting that there is no single hot-spot in the brain for OCD. 

Lesions within the CSTC-circuit, specifically the basal ganglia, internal capsule 

and frontal lobes, primarily appeared to be intrinsically linked to the acquire-

ment of OCD symptom. In addition several other brain regions were related to 

symptoms of OCD, such as the cerebellum, brainstem, hypothalamus, pineal 

region, parietal and temporal cortices. The behavioral consequences of brain 

injuries were not restricted to typical OCD but also consisted of bodily and 

hypochondriac obsessions, anorexia nervosa, impulsivity, tics and repetitive 

behaviors. These latter symptoms are better captured by the broader concept 

of compulsivity (expert consensus meeting, Denys et al., 2010; Fineberg et al., 

2010). Although the concept of compulsivity is not yet universally engrained in 

psychiatry, these case studies provide evidence for its neuroanatomical validity. 

The case reports were consistent with the observation that the DBS of specific 

CSTC-nodes are therapeutic for patients that suffer from OCD and concomi-

tant other symptoms of compulsivity, such as eating-disorders, addiction or 

compulsive auto-mutilation (Mantione et al., 2010; Price et al., 2001). Further-

more, remission of obsessive-compulsive symptoms after lesions in the left 
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putamen, left internal capsule genu and right posterior frontoparietal cortex, 

indicate that these structures may be important targets for DBS treatment of 

compulsivity. Cortical and subcortical lesions inducing or resolving compul-

sive behaviors were often left-sided, potentially owing to a general left-brain 

dominance in motor planning (Barber et al., 2012).

 How might one explain that lesions within these brain regions may 

cause both improvement and exacerbation of compulsivity? OCD is associ-

ated with hyperactivity of the CSTC circuit and research suggests that high-

frequency DBS inhibits or functionally overrides this pathological network 

hyperactivity (McIntyre & Hahn, 2010). Infarctions or tumors may cause 

normalization of CSTC hyperactivity by inhibition of the affected network 

node. Conversely, our case studies indicate that lesions may also cause hyper-

activity, as was for example noted after a caudate tumor (Gamazo-Garran et al., 

2002). Moreover, depending on the inhibitory or excitatory role of the damaged 

brain structure within the network, a lesion may be followed by a decrease or 

increase of behavioral symptoms. Finally, injuries may be therapeutic by cutting 

of aberrant connectivity within the CSTC circuit. Evidence for network effects 

of a single lesion was provided in some cases, for example left-sided putaminal 

hemorrhage decreased left-sided activity in subcortical and cortical regions in a 

patient with improved OCD (Fujii et al., 2005). Injuries may eliminate aberrant 

connectivity between network nodes, allowing for a normalized interaction 

within the CSTC, which corresponds with increasing evidence that effective 

DBS primarily restores network function (Kringelbach et al., 2011).  

Implications for OCD pathophysiology and DBS targets
OCD is highly suitable for DBS treatment due to its relatively clear and distinct 

neuro-anatomic correlates.  There have been numerous structural and functional 

imaging studies linking an aberrant CSTC circuit to compulsivity (Whiteside et 

al., 2004; Menzies et al., 2008; Radua et al., 2010). However, patients in imaging 

studies have mostly been suffering from compulsive behaviors for many years 

so it is impossible to detangle whether these findings are cause or consequence 

of the illness. The presented case studies would support a causal role in the 

pathology of the corticostriatal circuit and OCD and reveal that alterations 

within this circuit induce compulsivity acutely in previously healthy individu-



161

als, or conversely, cause complete resolution in patients that had been suffering 

from compulsivity for many years. The question then becomes which regions 

can be reasonable candidates as targets for DBS. We will now list some of these 

candidates. 

Basal ganglia 
The onset of typical symptoms of OCD was most frequently reported after 

lesions of the caudate nucleus and putamen. These structures have often been 

linked to OCD pathophysiology, e.g. increased volumes of caudate nucleus 

and putamen were found in a meta-analysis of 430 OCD patients compared to 

healthy controls (Radua et al., 2010). A relatively great number of case reports 

involved caudate lesions, specifically the head of the caudate, which is the same 

location that was significantly hyperactive in idiopathic OCD patients compared 

to healthy controls in a meta-analysis of Whiteside et al. (2004). Acquired 

caudate lesions may thus have caused OCD by inducing hyperactivity, as was 

demonstrated in one OCD case report that found FDG-PET hyperactivity of 

the bilateral caudate head following a tumor in the caudate nucleus (Gamazo-

Garran et al., 2002). Of particular importance is that lesions in the left putamen 

were related to immediate resolution of compulsivity. Based on the role of the 

putamen in the CSTC-network, it could be speculated that putaminal lesions 

may normalize OCD-related hyperactivity of the CSTC by disinhibition of the 

internal globus pallidus, which decreases hyperactivity of the thalamus and 

prefrontal cortex. The head of the caudate head and putamen may thus be 

effective DBS targets for treatment of OCD. Indeed, DBS has been success-

fully applied for OCD treatment in an area encompassing the ventral caudate, 

nucleus accumbens and ventral capsule (Greenberg et al., 2010; Goodman 

et al., 2010), which is located where the head of the caudate and the anterior 

portion of the putamen meet. Injury of the nucleus accumbens was related to 

symptoms within the compulsive-impulsive spectrum. In keeping with this 

observation, disorders within the compulsive-impulsive spectrum, e.g. OCD 

and addiction, have been successfully treated with DBS of the nucleus accum-

bens (Mantione et al., 2010; Valencia-Alfonso et al., 2012). Tic-related behaviors 

following globus pallidus and thalamus lesions are in line with successful DBS 

treatment of Gilles de la Tourette targeting the globus pallidus internus and 
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centre-median/parafascicular nucleus of the thalamus (reviewed in: Welter et 

al., 2010). 

Internal capsule
Three OCD cases were related to internal capsule injuries, and remission of 

compulsivity symptoms was found after an infarct in the genu of the left internal 

capsule. Studies using diffusion tensor imaging (DTI) reported abnormalities 

in this region in OCD (Cannistraro et al., 2007; Nakamae et al., 2011), which 

is located just behind the DBS target (anterior limb of the internal capsule, 

ALIC) that has been used by several groups for OCD treatment (reviewed in 

Koning et al., 2011). Infarction of the left internal capsule may have resolved 

OCD by reducing orbitofrontal-subcortical hyperactivity, as imaging studies 

suggest that response to ALIC DBS in OCD patients is mediated by decreasing 

OFC hyperactivity (Abelson et al., 2005; Rauch et al., 2006). Although both DBS 

and stereotactic surgery of the internal capsule is usually performed bilaterally, 

this case report suggests that left-sided modulation might be sufficient for OCD 

treatment.

Cortical regions 

Although many case reports mentioned onset of OCD after frontal, parietal 

and temporal lesions, the exact locations were difficult to pinpoint because 

of a general lack of neuroanatomical details. Moreover, DBS in any of these 

large cortical areas would likely have widespread, perhaps undesirable effects. 

Indeed, most cortical lesions were related to compulsions accompanied by 

personality changes and severe cognitive decline. 

Orbitofrontal cortex
Compulsive checking without cognitive decline or psychiatric co-morbidity was 

described after infarction of the left OFC, including the left medial orbital gyrus. 

Exactly this left-sided orbitofrontal region was found to be hyperactive in OCD 

versus control subjects in a meta-analysis of resting-state studies (Whiteside 

et al., 2004) without significant right-sided differences or global OFC changes. 

The OFC is important for inhibitory control and decision-making (Damasio et 

al., 1994). A combined fMRI and spectroscopy study suggests that frontal cortex 
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hyperactivity during inhibitory control may be compensatory in OCD patients 

for reduced neuronal integrity and viability (Yucel et al., 2007). OFC lesions 

were frequently reported to precede compulsive hoarding, which may explain 

executive dysfunction and loss of inhibitory control that have been related to 

these behaviors (McMillan et al., 2012). 

Parietal cortex
Resolution of OCD symptoms occurred after a right posterior frontoparietal 

infarct (posterior frontal and anterior parietal areas; Diamond et al., 2011). 

Modulation of this right frontoparietal cortex might be effective for OCD 

treatment through its connections with the dorsolateral prefrontal cortex and 

basal ganglia. These connections are highlighted by two cases of acute OCD 

following a right inferior parietal infarct that induced changes in regional blood 

flow in the basal ganglia, temporal, and orbitofrontal areas (Hamlin et al., 1989; 

Simpson & Baldwin 1995). Involvement of the parietal cortex in OCD might 

be further explained by its role in the integration of sensory information and 

converting this to motor output (Andersen & Buneo, 2002) and also its role in 

planning and response inhibition. Imaging studies have demonstrated reduced 

metabolism and gray matter alterations in the parietal lobes (Menzies et al., 

2008), specifically the parts of the parietal lobes that were also involved in 

our case reports, the inferior parietal lobe and the parietal areas bordering the 

temporal lobe. 

Temporal cortex
Predominantly checking and repetition compulsions were observed following 

temporal lobe lesions. It could be speculated that checking and doubting in 

these cases may have developed secondary to dysfunctional memory formation 

in the temporal cortex (van den Hout & Kindt, 2003 and 2004). Temporal lobe 

white and gray matter reductions was related to severity of checking compul-

sions in a morphometric imaging study of 50 OCD patients (van den Heuvel et 

al., 2009). 

 Although DBS of cortical grey matter may not be feasible, cortical 

activity can be modulated with repetitive transcranial magnetic stimulation 

(rTMS) and transcranial direct current stimulation (tDCS). Low- and high-
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frequency rTMS targeted at the dorsolateral prefrontal cortex (DLPFC), OFC, or 

superior motor area has been found to show only transient effects on obsessive-

compulsive symptoms (Blom et al., 2011). Moreover, tDCS of the DLPFC in one 

OCD patient yielded only anti-depressive and anxiolytic effects (Volpato et al., 

2012). The case of OCD remission after a right posterior frontoparietal infarct 

suggests that this cortical region may be a better target for rTMS or tDCS in 

OCD treatment. 

Other brain regions
Primarily stereotyped motor activities were reported after a lesion in the 

cerebellum, a structure that is typically involved in learning motor sequences 

(Gómez-Beldarrain et al., 1998). Whole-brain studies show gray matter altera-

tions in the cerebellum of OCD patients (Kim et al., 2001; Pujol et al., 2004). 

Brainstem lesions seemed to cause compulsive symptoms sometimes together 

with mood lability and delusions. The brainstem contains the serotonergic 

neural networks of the raphe nuclei whose ascending efferents project to several 

cerebral structures, e.g. the caudate nucleus and putamen (Nolfe et al., 1998), as 

well as the mesocorticolimbic dopaminergic network projecting to for example 

the nucleus accumbens (Aouizerate et al., 2004), both important pathways in 

the pathophysiology of OCD. Recent diffusion tensor imaging research has 

stressed the importance of the brainstem in the clinical effectiveness of DBS 

at the VC/VS and nucleus accumbens targets for OCD (Lehman et al., 2011).  

 We have not found case reports of compulsivity related to lesions of 

other areas that have been used as DBS targets for OCD, e.g. the subthalamic 

nucleus or inferior thalamic peduncle. Although OCD is primarily regarded 

as an anxiety disorder, we found no case reports describing exclusive involve-

ment of the limbic system, including the amygdala. Additionally, most patients 

with acquired OCD did not experience anxiety. For example, caudate and 

putamen lesions were mostly related to compulsivity and not anxiety. Accord-

ingly, structural imaging findings revealed increased caudate and putamen 

volumes in OCD but not in anxiety disorders (Radua et al., 2010) and functional 

imaging studies have often failed to demonstrate clear pathology of the limbic 

system in OCD (Whiteside et al., 2004). The amygdala plays a major role in 

fear conditioning (LeDoux, 2003; Davis, 1992) and may become dysfunctional 
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when OCD progresses, but not at time of onset. It should also be noted that 

pediatric OCD typically starts with compulsions, before the development of 

obsessions and anxiety (Kalra & Swedo, 2009). The present case-studies thus 

seem to confirm the recent notion that OCD may develop first as a propensity 

to habitual and repetitive behaviors in the basal ganglia, followed by anxiety in 

the limbic system, and by obsessions in cortical areas as post hoc rationaliza-

tion of otherwise inexplicable compulsive urges (Robbins et al., 2011). Conse-

quently, DBS of the basal ganglia may act directly on compulsive behaviors 

so that cortical compensation is no longer needed. In agreement, specifically 

compulsions resolved after putamen infarction (Fujii et al., 2005) and also after 

DBS of the subthalamic nucleus (Mallet et al., 2008). 

Conclusion
Case reports on lesion-acquired OCD provide strong evidence supporting the 

rationale for DBS in the ventral striatum and internal capsule for treatment of 

compulsivity and reveal the putamen and frontoparietal cortex as promising 

new targets. The present data indicate the left putamen as the optimal candi-

date target for OCD treatment. However, the putamen has never been targeted 

before and its activity can also be modulated with DBS of the ALIC, VC/VS and 

STN (chapter 4; Montgomery and Gale, 2008). Direct or magnetic stimula-

tion of the frontoparietal (motor) cortex seems an interesting intervention to 

explore. However, this review suggests that compulsive behaviors primarily 

stem from basal ganglia pathology and therefore DBS of these subcortical areas 

would be the most likely candidates for treatment of OCD. 

ch 11
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Figure 1: Acquired brain lesions related to resolution and onset of compulsivity.

Figure 2: Abnormal regions in OCD from structural and functional imaging studies
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Figure 3: Current DBS targets for OCD
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Supplemental information

  
Brain  area   N   Reference  

Basal  ganglia  –  
unspecified  

1  
4  
1  
1  
1  
1  
1  
1  

Carmin  et  al.,  2002  
Chacko  et  al.,  2000  
Gamazo-‐Garran  et  al.,  2002    
Mittal  et  al.,  2010  
Mordecai  et  al.,  2000  
Ward  et  al.,  1988  
Muneoka  et  al.,  2011  
Rushing  et  al.,  2006  

Caudate  Nucleus  
  
  
  
  
  

1  
1  
2  
1  
1  
1  

Chacko  et  al.,  2000  
Patzold  et  al.,  2002  
Weiss  et  al.,  2000  
Tonkonogy  et  al.,  1989  
Gamazo-‐Garran  et  al.,  2002  
Peterson  et  al.,  1996  

Putamen   1  
1  
1  
1  
1  
1  

Rohtfeld  et  al.,  1995  
Daniele  et  al.,  1997  
Uher  &  Treasure,  2005  
Slama  et  al.,  2012  
Fuiji  et  al.,  2005                                                          OCD  disappearance  
Yaryura-‐Tobias  et  al.,  2003            OCD  disappearance  

Caudate  &  putamen   1  
1  
1  
1  

Thobois  et  al.,  2004  
Weilburg  et  al.,  1989  
Williams  et  al.,  1988  
Laplane  et  al.,  1989  

Globus  Pallidus   1  
1  
2  

Demirkol  et  al.,  1999  
Escalone  et  al.,  1997  
Laplane  et  al.,  1989  

Globus  Pallidus  &  
Putamen  

1   Laplane  et  al.,  1989  

Internal  Capsule   1  
1  
1  
1  

Hugo  et  al.,  1999  
Mordecai  et  al.,  2000  
Peterson  et  al.,  1996  
Oh  et  al.,  2011                                                                OCD-‐disappearance  

Nucleus  Accumbens   1  
2  

Peterson  et  al.,  1996  
Anderson  et  al.,  2005  

Frontal  Cortex   4  
1  
1  
3  
1  
1  
2  
1  
1  
1  
1  
2  
1  
1  
1  

Childers  et  al.,  1998  
Donovan  et  al.,  1994  
Hugo  et  al.,  1999  
John  et  al.,  1997  
Kant  et  al.,  1996  
Trummer  et  al.,  2002  
Mahendran  et  al.,  2000  
Mordecai  et  al.,  2000  
Paradis  et  al.,  1992  
Swoboda  et  al.,  1995  
Ward  et  al.,  1988  
Weiss  et  al.,  2000  
Diamond  et  al.,  2011                                      OCD-‐disappearance  
Daumézon  et  al.,  1954                              OCD-‐disappearance  
Solyom  et  al.,  1984                                            OCD-‐disappearance  
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Table 1: overview of all OCD-related regions in published case-reports, with numbers of patients

ch 11

Orbitofrontal  cortex   1  
1  
1  
1  
9  

Kim  et  al.,  2002  
Cohen  et  al.,  1999  
Hahn  et  al.,  2001  
Volle  et  al.,  2002  
Anderson  et  al.,  2005  

Parietal  cortex   1  
1  
1  
1  
1  

Simpson  et  al.,  1995  
Mahendran  et  al.,  2000  
Paradis  et  al.,  1992  
Peterson  et  al.,  1996  
Diamond  et  al.,  2011                                    OCD-‐disappearance  

Temporal  cortex   1  
1  
1  
1  
1  
1  

Raj  et  al.,  2011  
Hugo  et  al.,  1999  
Muneoka  et  al.,  2011  
Hugo  et  al.,  1999  
Mahendran  et  al.,  2000  
Anderson  et  al.,  2005  

Cerebellum   1  
1  

Gonzalez  et  al.,  1998  
Ward  et  al.,  1988  

Amygdala   1   Anderson  et  al.,  2005  

Hypothalamus   2  
1  

Uher  &  Treasure,  2005  
Peterson  et  al.,  1996  

Brainstem   1  
1  
1  

Mordecai  et  al.,  2000  
Peterson  et  al.,  1996  
Weiss    et  al.,  2000  

Thalamus   1  
1  
1  

Cerrato  et  al.,  2004  
Peterson  et  al.,  1996  
Rushing  et  al.,  2006  

Pineal  region   1  
1  
1  
1  

Barton,  1987  
Mittal  et  al.,  2010  
Mordecai  et  al.,  2000  
Rushing  et  al.,  2006  
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Table 2a: specifics of brain lesions and related symptoms

  
Brain  area   Main  site(s)  of  lesion   (Observed)  Behavioral  symptoms   References  
Basal  ganglia–  
unspecified  

Left  basal  ganglia    
  
  
  
  
Right  basal  ganglia    
  
  
  
Bilateral  basal  ganglia    

Obsessions:  needing  to  know,  fear  of  inability  
to  remember  
Compulsions:  checking,  urge  to  shake  arm  
Other:  compulsive  motor  activities,  expressive  
aphasia  
Obsessions:  sexual  nature  about  God,  
harming  
Compulsions:  no  mentioned  
Other:  no  mentioned  
Obsessions:  harming  
Compulsions:  checking,  counting,  repetition,  
ordering,  saying  or  making  others  say  
Other:  pathological  jealousy,  reassurance,  
mood  lability,  aggression  and  psychotic  
symptoms  
  

Carmin  et  al.,  2002  
Mittal  et  al.,  2010  
Ward  et  al.,  1988  
Muneoka  et  al.,  2011  
  
Chacko  et  al.,  2000  
  
  
  
Chacko  et  al.,  2000  
Mordecai  et  al.,  2000  
  

Caudate  Nucleus   Left  caudate  
  
  
Right  caudate  
  
  
Bilateral  caudate  

Obsessions:  high-‐risk  assessment  
Compulsions:  checking,  stereotypies  
Other:  tics  
Obsessions:  hypochondriac  worries  
Compulsions:  no  mentioned  
Other:  no  mentioned  
Obsessions:  thought  about  killing,  
contamination  fear  
Compulsions:  washing,  cleaning,  pinching  
people  and  tapping  objects  
Other:  poor  insight,  mood  changes  
  

Peterson  et  al.,  1996  
Weiss  et  al.,  2000  
  
Chacko  et  al.,  2000  
  
  
Tonkonogy  et  al.,  1989  
Gamazo-‐Garran  et  al.,  
2002  
Patzold  et  al.,  2002  
Weiss  et  al.,  2000  
  

Putamen   Left  putamen  
  
  
  
  
  
Right  putamen  
  
  
Bilateral  putamen  

Obsessions:  contamination  fear,  
harming  and  aggressive  behavior,  
worries  
Compulsions:  washing,  repetitive  stereotypic  
behavior  
Other:  personality  changes,  cognitive  decline  
Obsessions:  obsessions  with  food    
Compulsions:  eating  rituals,  exercising  
Other:  no  mentioned  
Obsessions:  religious  
Compulsions:  praying,  hoarding  
Other:  torsonial  dystonia,  ideas  of  
persecution,  depression  

Fuiji  et  al.,  2005    
OCD  disappearance  
Yaryura-‐Tobias  et  al.,  
2003  OCD-‐  
disappearance  
  
Daniele  et  al.,  1997  
Uher  &  Treasure,  2005  
Rohtfeld  et  al.,  1995  
Slama  et  al.,  2012  
  

Caudate  &  
putamen  

Left  caudate  and  
(anterior)  putamen  
  
Left  caudate  
(head)  and  
putamen  
  
Bilateral  caudate  and  
right  putamen  
  

Obsessions:  no  mentioned  Compulsions:  
avoiding  10-‐letter  words  or  sentences  
Other:  personality  changes  
Obsessions:  contamination  fear  
Compulsions:  washing,  counting,  checking  
Other:  mood  problems,  auditory  and  olfactory  
hallucinations  
Obsessions:  no  mentioned  
Compulsions:  counting,  stereotyped  activities  
and  rituals  
Other:  apathy  
  

Thobois  et  al.,  2004  
  
  
Weilburg  et  al.,  1989  
  
  
  
Williams  et  al.,  1988  
Laplane  et  al.,  1989  

Globus  Pallidus   Bilateral  globus  
pallidus  

Obsessions:  fear  of  harming  others,  sexual  ,  
contamination  fear  
Compulsions:  washing,  ordering,  checking,  
counting,  timing  
Other:  trichotillomania,  urge  to  spit,  apathy,  
no  anxiety  
  

Demirkol  et  al.,  1999  
Escalone  et  al.,  1997  
Laplane  et  al.,  1989  
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Globus  Pallidus  &  
Putamen  

Bilateral  (dorsal)  
globus  pallidus  and  
(ventral)  putamen  

Obsessions:  no  mentioned  
Compulsions:  checking,  counting,  stereotypy  
Other:  apathy  and  passivity  
  

Laplane  et  al.,  1989  

Nucleus  
Accumbens  

Nucleus  accumbens   Obsessions:  no  mentioned  
Compulsions:  readjustment  of  glasses  for  
‘just-‐right’  feeling    Other:  tics  
  

Peterson  et  al.,  1996  

Internal  Capsule   Right  internal  capsule  
  
  
Left  internal  capsule  
  

Obsessions:  fear  of  harming  
Compulsions:  repeating  sentences/words  
Other:  personality  changes  
Obsessions:  same  daily  ingestion  of  milk  and  
medicines  
Compulsions:  cleaning,  washing  
Other:  no  mentioned  
  

Hugo  et  al.,  1999  
  
  
  
Oh  et  al.,  2011  OCD-‐
disappearance  

Frontal  Cortex   Right  frontal  
  
  
  
  
  
  
  
  
Left  frontal  
  
  
  
  
  
Bilateral  frontal  
  
  
  
  
  

Obsessions:  aggressive  obsessions,  
contamination  fear,  need  for  symmetry,  
remembering,  needing  to  know  
Compulsions:  checking,  rhythmic  
compulsions,  counting,  studying,  food  
avoidance/refusal,  washing,  memorizing,  
collecting  information  
Other:  impulsive  behavior,  depression,  
cognitive  and  personality  changes,  anxiety  
Obsessions:  numbers,  hypochondriac  fear  for  
another  aneurysm,  fear  of  saying  bad  sentence  
Compulsions:  counting,  repetition,  washing,  
shaking  arm,  shouting  
Other:  cognitive  impairment,  personality  
changes  
Obsessions:  obsessional  doubt,  
contamination  fear  
Compulsions:  checking,  walking  to  the  left,  
washing  
Other:  depression,  personality  changes,  
cognitive  decline  

Diamond  et  al.,  2011  
OCD-‐disappearance  
Donovan  et  al.,  1994  
Hugo  et  al.,  1999  
Kant  et  al.,  1996  
Trummer  et  al.,  2002  
Paradis  et  al.,  1992  
Swoboda  et  al.,  1995  
  
Hugo  et  al.,  1999  
John  et  al.,  1997  
Mahendran  et  al.,  2000  
Ward  et  al.,  1988  
  
  
Daumézon  et  al.  (1954)  
Solyom  et  al.  (1984)  
OCD-‐disappearance  
Hugo  et  al.,  1999  
Ward  et  al.,  1988  
Weiss  et  al.,  2000  
  

Orbitofrontal  
cortex  

Left  medial  OFC  
  
  
Right  orbitofrontal  
paramesial  region  
  
Left  orbitofrontal  
region  
  
  
  
Bilateral  orbitalis  
medial  gyri    
  
  
Mesial  and  inferior  
prefrontal  region  

Obsessions:  ‘something  wrong  would  happen’    
Compulsions:  checking  
Other:  no  mentioned  
Obsessions:  none    
Compulsions:  compulsive  car  borrowing  
Other:  depression  
Obsessions:  none    
Compulsions:  Hoarding  toy  bullets,  turning  off  
electric  switches,  reading  signs  aloud,  naming  
brands  of  passing  cars  
Other:  none  
Obsessions:  none    
Compulsions:  Hoarding  domestic  appliances  
and  worn-‐out  objects  
Other:  none  
Obsessions:  none    
Compulsions:  Hoarding,  compulsive  eating    
Other:  inertia,  amnesia  
  

Kim  et  al.,  2002  
  
  
Cohen  et  al.,  1999  
  
  
Hahm  et  al.,  2001  
  
  
  
  
Volle  et  al.,  2002  
  
  
  
Anderson  et  al.,  2005  

Parietal  cortex   Right  parietal  
  
  
  
Left  parietal  

Obsessions:  remembering,  needing  to  know,  
contamination  fear,  need  for  symmetry  
Compulsions:  checking,  washing  
Other:  suicidal  ideation  
Obsessions:  no  mentioned  
Compulsions:  repetition,  washing  
Other:  personality  changes,  cognitive  deficits  

Simpson  et  al.,  1995  
Paradis  et  al.,  1992  
  
  
Mahendran  et  al.,  2000  
  

Table 2b: specifics of brain lesions and related symptoms
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Temporal  cortex   Right  temporal   Obsessions:  shopping,  fear  of  harming  
Compulsions:  shopping  
Other:  depression,  personality  changes  
(apathy  and  withdrawal),  memory  impairment  
  

Raj  et  al.,  2011  
Hugo  et  al.,  1999  

Cerebellum   Cerebellum   Obsessions:  no  mentioned  
Compulsions:  washing,  checking  
Other:  no  mentioned  
  

Gonzalez  et  al.,  1998  

Hypothalamus   Hypothalamus   Obsessions:  no  mentioned  
Compulsions:  compulsive  counting  
Other:  anorexia  nervosa,  diabetes  insipidus  
  

Uher  &  Treasure,  2005  

Brainstem  &  
thalamus  

Peri-‐aquaductal  grey,  
right  red  nucleus  and  
right  posto-‐inferior  
thalamus  

Obsessions:  no  mentioned  
Compulsions:  checking,  ordering,  evening  up,  
list  making,  ritualized  behavior  
Other:  tics  and  ADHD  
  

Peterson  et  al.,  1996  

Thalamus   Left  medial  thalamus   Obsessions:  no  mentioned  
Compulsions:  compulsive  eating  
Other:  repeating  the  same  questions    
  

Cerrato  et  al.,  2004  

Brainstem   Pons  and  peduncles  
  
  
  
Bilateral    substantia  
nigra  and  red  nuclei  

Obsessions:  no  mentioned  
Compulsions:  saying  certain  phrases/names    
Other:  incongruent  affect,  delusions,  suicidal  
ideations  
Obsessions:  no  mentioned  
Compulsions:  readjusting  her  glasses  until  
"just  right"  feeling    
Other:  motor  tics  
  

Mordecai  et  al.,  2000  
  
  
  
Peterson  et  al.,  1996  

Pineal  region      Obsessions:  no  mentioned  
Compulsions:  finger  movement  and  pacing,  
saying  certain  phrases/names,  checking,  
motor  activities  
Other:  diabetes  insipidus,  tics,  psychosis  

Barton,  1987  
Rushing  et  al.,  2006  
Mordecai  et  al.,  2000  
Mittal  et  al.,  2010  

  
 

Table 2c: specifics of brain lesions and related symptoms
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N   Reference   Sex  

(age)  
Main  site(s)  of  lesion   Behavioral  symptoms  

9   Anderson  et  al.,  
2005  

F  (69)  
M  (27)  
M  (31)  
F  (74)  
M  (35)  
M  (28)  
M  (47)  
F  (70)  
M  (33)  

Mesial  and  inferior  prefrontal  
region  (involved  in  all  9  
patients).  
Additional  regions:  anterior  
cingulate,  temporal  lobe,  
nucleus  accumbens  and  
amygdala  
  

Hoarding    
Hoarding    
Hoarding  
Hoarding  
Hoarding  
Hoarding  
Hoarding  
Hoarding  
Hoarding  
  

1   Barton  1987   M  (15)  
  

Large  pineoloma  
  

Obsessions  and  diabetes  
insipidus.      
  

1   Carmin  et  al.,  
2002  

M  (78)   Left  basal  ganglia  infarct   Needing  to  know  obsessions  and  
checking  compulsions.  
  

1   Cerrato  et  al.,  
2004  

M  (52)   Ischemic  lesion  of  the  left  
medial  thalamus  

Compulsive  eating,  repeating  
questions  
  

4   Chacko  et  al.,  
2000  

F  (76)  
  
F  (61)  
  
F  (77)  
  
  
F  (70)  
  
  

Bilateral  basal  ganglia  infarcts  
  
Bilateral  basal  ganglia  infarcts  
  
Right  basal  ganglia  infarct  
  
  
Bilateral  basal  ganglia  
calcifications  

Pathological  jealousy;  checking  
compulsion.  
Harming  obsessions,  counting  
and  repetition  compulsions.  
Obsessions  of  sexual  nature  
about  God  and  of  harming  
others,  no  compulsions.  
Reassurance;  checking,  
repetitive  and  ordering  
compulsions  
  

1   Chacko  et  al.,  
2000  

F  (77)   Right  caudate  head  ischemia   Hypochondriac  worries  about  
dental  diseases,  visiting  doctors.    

4   Childers  et  al.,  
1998  

M  (36)  
  
M  (37)  
  
M  (38)  
  
  
M  (41)  

Left  frontal  hematoma  
  
Left  frontal  skull  fracture  and  
hematoma  
Basilar  skull  fracture,  frontal  
contusion  and  intracerebral  
hemorrhage  
Right  frontal  temporal  
contusion,  right  subdural  
hematoma  and  left  skull  
fracture  
  

Post-‐traumatic  amnesia  (PTA),  
obsessively  ruminated,  anxiety  
PTA,  obsessive  object  
arrangement,  ordering  
PTA,  obsession  about  former  
girlfriend,  compulsively  touching,  
handling  and  arranging  
Compulsive  cleaning,  obsession  
with  details  of  activities  

1  
  

Daumézon  et  al.  
(1954)  
OCD-‐
diseapparance  
  

M   Left  prefrontal  subdural  
hematoma  

Remission  of  OCD    

1  
  

Cohen  et  al.,  1999  
  

M  (51)  
  

Right  orbito-‐frontal  paramesial  
injury  after  subarachnoid  
hemorrhage  
  

Compulsive  car  borrowing  
  

1   Daniele  et  al.,  
1997  

F  (63)   Left  putamen  (anterior)  lesion   Obsessive  worries  and  repetitive  
stereotypic  behaviors;  
personality  changes;  cognitive  
decline  

1   Demirkol  et  al.,  
1999  

M  (17)   Bilateral  globus  pallidus  lesion   Washing  and  ordering  
compulsion  

Table S1a: overview of all included case-reports

ch 11

Targets for compulsivity: lessons from acquired lesions 



174

  
1   Diamond  et  al.,  

2011  
OCD-‐
diseapparance  

F  (43)   Right  posterior  frontoparietal  
infarct  

Resolution  of  aggressive  
obsessions,  checking  
compulsions  and  impulsive  
behavior    
  

1   Donovan  et  al.,  
1994  

M  (22)   Right  frontal  lobe  infarct  (left  
subfrontal  contusion)  

Checking,  rhythmic  compulsions;  
no  obsessions  
  

1   Escalone  et  al.,  
1997  

M  (34)   Bilateral  globus  pallidus  infarct   Fear  of  harming  others,  sexual  
obsessions,  contamination  fear,  
compulsive  hand-‐washing,  
checking  and  counting;  
trichotillomania,  urge  to  spit  
  

1   Fuiji  et  al.,  2005  
  
OCD-‐
diseapparance  
  

M  (58)   Left  putamen  hemorrhage   Resolution  of  contamination  fear  
obsessions  and  washing  
compulsions  
  

1   Gamazo-‐Garran  
et  al.,  2002  

M  (16)   Bilateral  caudate  tumor,  also  
affecting  other  basal  ganglia  

Compulsive  checking;  pinching  
people  and  tapping  objects;  
mood  changes  
  

1   Gonzalez   et   al.,  
1998    
  

F  (67)   Calcified  mass  in  right  posterior  
fossa  with  displacement  
cerebellum  
  

Compulsive  checking  and  
washing.  

1  
  

Hahn  et  al.,  2001  
  

M  (46)  
  

Left  orbitofrontal  injury  after  
subarachnoid  hemorrhage  
  

Hoarding  toy  bullets,  turning  off  
electric  switches,  reading  signs  
aloud,  naming  brands  of  passing  
cars  
  

1   Hugo  et  al.,  1999   M  (32)   Right  internal  capsule  infarct  
(and  generalized  atrophy)  

Fear  of  harming,  repeating  
sentences  and  words;  personality  
changes  
  

3   Hugo  et  al.,  1999   M  (41)  
  
M  (59)  
  
  
  
F  (46)  

Right  frontal  hematoma  
  
Bilateral  frontal  lobe  and  
anterior  temporal  atrophy  
  
  
Aneurysm  left  internal  carotid  
artery  

Checking  and  counting  
compulsions  
Obsessional  doubt  and  checking  
compulsion;  depression  and  
personality  changes;  cognitive  
decline  
Obsession  with  numbers  and  
with  ‘having  another  aneurysm’;  
counting  compulsion;  mild  
cognitive  impairment  
  

1   Hugo  et  al.,  1999   M  (41)   Right  anterior-‐inferior  
temporal  lobe  

Fear  of  harming  others;  
depression;  personality  changes  
(apathy  and  withdrawal);  
memory  impairment  
  

1   John  et  al.,  1997   M  (53)   Left  frontal  tumor   Obsessional  fear  of  saying  bad  
sentence  
  

1  
  

Kant  et  al.,  1996   M  (16)   Right  frontal  depressed  
fracture  (closed  head  injury)  

Checking  and  counting  
compulsions;  depression;  
cognitive  and  personality  
changes  
  

Table S1b: overview of all included case-reports
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1  
  

Kim  et  al.,  2002  
  

M  (66)  
  

Left  medial    
OFC  infarct  
  

Obsession  ‘something  wrong  
would  happen’  and  checking  
compulsions  

1   Laplane  et  al.,  
1989  

M  (53)  
  
  

Bilateral  caudate  and  right  
putamen  lesion  

Counting  compulsion,  
stereotypy,  rituals;  apathy  
  
  

2   Laplane  et  al.,  
1989  

M  (23)  
  
F  (27)  

Bilateral  globus  pallidus  
damage  
Bilateral  globus  pallidus  lesion  
  

Compulsive  counting;  extreme  
apathy,  no  anxiety  
Timing  activities  compulsively  

1   Laplane  et  al.,  
1989  

M  (?)   Bilateral  (dorsal)  globus  
pallidus  and  (ventral)  putamen  

Checking  and  counting  
compulsions,  stereotypy;  apathy  
and  passivity  
  

1   Mahendran  et  al.,  
2000  

M  (37)   Left  frontal  infarct,  also  
involving  parietal  and  temporal  
lobes  

Repetition  and  washing  
compulsion;  personality  changes;  
cognitive  deficits  

1   Mittal  et  al.,  2010   M  (17)   Pineal  tumor,  and  left  basal  
ganglia  infarct    

Checking  compulsions  and  
compulsive  motor  activities  
  

1   Mordecai  et  al.,  
2000  

M  (13)   Bilateral  basal  ganglia  
germinoma,  also  affecting  
internal  capsule,  frontal  lobes,  
peduncles  and  pons  

Compulsion  to  say  or  make  
others  say  certain  names  or  
phrases.  Mood  lability,  
aggression  and  psychotic  
symptoms.  
  

1   Mordecai  et  al.,  
2000  

M  (15)   Suprasellar  germinoa   Compulsively  saying  certain  
phrases  or  names,  psychosis  and  
diabetes  insipidus.  
  

1   Muneoka  et  al.,  
2011  

F  (68)   Left  basal  ganglia  infarct  and  
right  temporal  cortex  

Obsessive  fear  of  inability  to  
remember  names  of  persons  or  
on  labels  and  compulsive  
checking.    

1   Oh  et  al.,  2011  
  
OCD-‐
diseapparance  

F  (74)   Left  internal  capsule  genu  
infarct  

Remission  of  cleaning  and  
washing  compulsions,  obsession  
with  daily  ingesting  same  
amount  of  milk  and  medicines.  
    

1   Paradis  et  al.,  
1992  

F  (36)   Right  frontal  parietal  damage   Contamination  fear,  need  for  
symmetry;  washing  and  checking  
compulsions  
  

1   Patzold  et  al.,  
2002  

F  (42)   Bilateral  caudate  atrophy  due  
to  Huntington  Disease  

Obsessive  thought  about  killing  
her  neighbor;  no  compulsions  
  

1   Peterson  et  al.,  
1996  

M  (7)   Left  caudate  tumor,  also  
involving  left  parietal  cortex,  
corpus  callosum,  left  
cingulated  gyrus  and  fornix.    
  

Compulsive  stereotypies  and  tics  

1   Peterson  et  al.,  
1996  

F  (8)   Tumor  affecting  nucleus  
accumbens,  ventral  striatum,  
internal  capsule  and  
hypothalamus.  
  

Tics  and  compulsive  
readjustment  of  glasses  for  ‘just-‐
right’  feeling  

1  
  
  

Peterson  et  al.,  
1996  

M  (4)   Lesion  involving  the  
periaquaductal  grey,  right  red  
nucleus  and  right  postoinferior  
thalamus  

Checking,  ordering  and  evening  
up  compulsions;  list  making  and  
ritualized  behavior  

Table S1c: overview of all included case-reports
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1   Rai  et  al,  2011   F  (40)   Right  temporal-‐lobe  
hemorrhage  
  

Obsessions  and  compulsion  to  
shop  
  

1   Rohtfeld  et  al,  
1995  

M  (27)   Bilateral  putamen  lesions   Religious  obsessions  and  praying  
compulsions;  torsional  dystonia.  
  

1   Rushing  et  al,  
2006  

M  (10)  
  

Pineal  germinoma  extending  
to  thalamus  with  lesions  in  
bilateral  basal  ganglia.  

Compulsive  finger  movement  
and  pacing,  tics  and  diabetes  
insipidus.    
  

1   Solyom  et  al.  
(1984)  
OCD-‐
diseapparance  
  

   Left  frontal  lobe  damage  by  
bullet  

Reduction  of  compulsive  doubt,  
checking,  hand  washing,  and  
shower  taking.  

1   Simpson  et  al.,  
1995  

M  (71)   Right  inferior  parietal  infarct   Obsession  with  remembering  
and  needing  to  know  and  
checking  compulsions;  suicidal  
ideation  
  

1   Slama  et  al.,  2012   F  (70)   Bilateral  putamen  lesion   Hoarding  
  

1   Swoboda  et  al.,  
1995  

M  (70)   Right  posterior  frontal  infarct   ‘Remembering’  and  ‘needing  to  
know’  obsessions  with  
compulsive  memorizing  and  
collecting  information;  
depression    
  

1   Thobois  et  al.,  
2004  

M  (24)   Left  caudate  and  (anterior)  
putamen  hematoma  

Compulsively  avoiding  using  10-‐
letter  words  or  sentences;  
personality  changes  
  

1   Tonkonogy  et  al.,  
1989  

F  (36)   Bilateral  caudate  atrophy   Contamination  fear  obsessions  
and  compulsive  cleaning,  with  
poor  insight  
  

2   Trummer  et  al.,  
2002  

F  (23)  
  
  
M  (24)  

Right  frontal  lobe  venous  
malformation  
  
Right  frontal  lobe  oligo-‐
astrocytoma  
  

Compulsive  studying,  food  
avoidance  and  anxiety  
  
Compulsive  studying;  refusal  of  
food  and  depression  

1  
  

Uher  &  Treasure,  
2005  

M  (19)   Right  putamen  lesion  
  

Eating  rituals  and  preoccupation,  
compulsive  exercising.  

2   Uher  &  Treasure,  
2005  

F  (23)  
F  (10)  

Tumor  hypothalamus  
Tumor  hypothalamus  

Anorexia  nervosa  and  OCD  
Anorexia  nervosa,  compulsive  
counting  and  diabetes  insipidus.  
  

1  
  

Volle  et  al.,  2002  
  

M  (40)  
  

Bilateral  orbitalis  medial  gyri    
injury  after  tumor  resection  
  

Hoarding  
  

1   Ward  et  al.,  1988   M  (62)   Left  basal  ganglia  Infarct,  also  
involving  right  superior  
cerebellar  peduncle    
  

Urge  to  shake  arm  and  episode  
of  expressive  aphasia.  
  

2   Ward  et  al.,  1988   F  (59)  
  
M  (43)  

Frontoparietal  tumor  
  
Left  frontal  mass  

Transiently  feeling  compelled  to  
walk  to  the  left    
Feeling  compelled  to  shake  arm  
or  to  shout  
  
  

              Table S1d: overview of all included case-reports
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1   Weilburg  et  al.,  
1989  

M  (24)   Left  caudate  nucleus  (head)  
and  putamen  abnormalities  

Contamination  fear  obsessions,  
washing,  counting  and  checking    
compulsions;  mood  problems,  
auditory  and  olfactory  
hallucinations  
  

2   Weiss  et  al.,  2000   F  (70)  
  
M  (75)  

Left  caudate  head  infarct  
  
Bilateral  caudate  infarcts  

High-‐risk  assessment  obsessions  
and  compulsive  checking.      
Contamination  fear  and  washing  
compulsions  
  

1   Weiss  et  al.,  2000   F  (53)   Bilateral  frontal  white  matter  
abnormalities,  lesion  central  
pons  
  

Contamination  fear  and  washing  
compulsions.    

1   Williams  et  al.,  
1988  

F  (46)   Bilateral  caudate  cavitation,  
also  involving  right  putamen  

Stereotyped  activities:  
purposeless  finger-‐typing  
movements  
  

1   Yaryura-‐Tobias  et  
al.,  2003  
OCD-‐
diseapparance  
  

M  (33)   Left  putamen  hemorrhage   Resolution  of  contamination  
fear,  obsession  with  harm  and  
aggressive  behavior  

 

Table S1e: overview of all included case-reports

Targets for compulsivity: lessons from acquired lesions 



178



179

part V

Discussion



180



181

Chapter 12

Summary, discussion and

methodological considerations

In the introduction we presented Mrs. D., suffering from typical OCD 

symptoms with severe contamination obsessions and cleaning compulsions, as 

well as from smoking addiction and chronic overeating. We observed analogies 

between these behaviors, and more important, they all appeared to respond 

to DBS treatment. The main aim of this thesis was to understand how DBS 

is able to alleviate obsessive-compulsive and addictive behaviors together. To 

answer this question we have considered the behavioral addiction paradigm 

with its associated circuits that are involved in motivation. We used functional 

and nuclear imaging (fMRI en SPECT), electroencephalography (EEG) and 

peripheral dopamine measures to investigate if OCD patients have abnormali-

ties in these pathways, and if they can be reversed with DBS.

Summary of findings 

OCD is related to frontostriatal reward dysfunction
In the first part of this thesis we confirmed that OCD is related to dysfunction 

of the motivational network. OCD patients with cleaning or checking compul-

sions displayed blunted activity of the nucleus accumbens (NAc) and insula 

when they were anticipating monetary rewards, which was most pronounced in 
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treatment-resistant OCD patients who subsequently were successfully treated 

with DBS. Blunted anticipatory reward activation in the NAc is also found in 

addiction, and this finding thus supports the conceptualization of OCD as a 

disorder of behavioral addiction. In chapter 3 we examined risk-attitude and the 

neural correlates of risk processing in OCD. Patients with doubt and checking 

symptoms were more risk averse than patients with other OCD symptoms. 

Risk-related activity in the insula was higher in risk averse patients, whereas 

it was higher in risk seeking controls, suggesting that the insula signals value 

in healthy controls but signals risk in patients with OCD. These neuroimaging 

findings suggest that patients with OCD may not be able to recruit the NAc 

and insula properly for the processing of healthy rewards because of excessive 

recruitment related to a dependence on precautionary obsessive-compulsive 

behaviors. 

DBS restores frontostriatal network activity 
Next, we examined if DBS for OCD is able to reverse these patterns of aberrant 

activity in the motivational network. In chapter 4 we first reviewed PET imaging 

studies of DBS in OCD and other mental disorders. This review indicates that 

DBS of the ventral striatum or internal capsule is able to modulate activity in 

the frontostriatal network, especially activity in the nucleus accumbens and 

prefrontal cortex, but also in the amygdala, insula and thalamus. These fronto-

striatal-limbic changes may be therapeutic for both OCD and major depres-

sive disorder by restoring goal-directed behavior and improving emotional, 

cognitive and behavioral control. In chapter 5 we report how we developed 

the first application of fMRI in DBS implanted patients to enable us to examine 

local and network changes more precisely. In chapters 6 and 7 we measured 

frontostriatal brain activity with functional MRI and EEG in OCD patients 

when they were stably treated with DBS and after 8 days of DBS discontinu-

ation. We found that effective DBS for OCD restored NAc reward responses 

and normalized connectivity between the NAc and frontal cortex. In addition, 

DBS normalized frontostriatal and insula activity related to inbitory control. 

Finally, DBS reduced excessive EEG activity in the frontal cortex when patients 

were viewing OCD-provoking pictures. DBS induced an average symptomatic 

change of 50% that was strongly correlated to frontostriatal network changes. 
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These results suggest that DBS interrupts a pathological frontostriatal loop 

allowing a shift from excessive processing of disease-related towards behavio-

rally relevant stimuli and restoration of goal-directed behavior.  

DBS induces striatal dopamine release 
Given the role of dopamine in frontostriatal reward processing and inhibitory 

control, restoration of these circuits by DBS suggests that it may also reverse 

dopaminergic abnormalities in OCD. Our review of neuroreceptor imaging 

studies in chapter 8 confirmed dopaminergic abnormalities in OCD, in combi-

nation with serotonergic and glutaminergic abnormalities. Dopaminergic 

changes were most prominent in the ventral striatum and corresponded with 

SRI-induced symptom improvement. Consistently, in chapter 9 we found that 

effective DBS in the ventral striatum corresponded with dopaminergic changes 

as well. Patients on active stimulation compared to DBS discontinuation for 8 

days, had improved symptom scores along with lower availability of the SPECT 

radiotracer [¹²³I]IBZM that binds to striatal D2/3 receptors. DBS was also related 

to increased blood levels of the dopamine/noradrenaline metabolite HVA. 

These central and peripheral measures suggest that effective DBS for OCD 

induces striatal dopamine release. 

In search of new targets for compulsivity
In the final part of thesis we explored the most optimal DBS target for OCD. 

A review of all published efficacy studies (chapter 10) revealed that 62% 

of 94 OCD patients could be considered responders to DBS, with variable 

results depending on the target that was used. It appears that targets within 

the ventral striatum are effective for obsessions, compulsions, depression 

and anxiety, whereas DBS at the subthalamic nucleus predominantly affects 

compulsions. In the final chapter of this thesis we explored new potential 

DBS targets by distracting neuroanatomical information from published case-

reports of obsessive-compulsive symptoms related to circumscribed brain 

injuries. We searched for brain circuits related to a broader manifestation of 

repetitive, habitual or stereotyped behaviors, which we defined as compulsiv-

ity. This search supported our previous findings of frontostriatal involvement 

in compulsivity, specifically the basal ganglia, frontal cortex and connecting

Summary and discussion
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internal capsule. Brain lesions were related to prototypical OCD, but also 

to symptoms within the broader compulsivity spectrum such as Tourette 

syndrome, hoarding, compulsive eating, and impulse control disorders. In 

some cases, symptoms resolved after lesions in the dorsal striatum and internal 

capsule, suggesting these may be effective DBS targets for compulsivity.

General discussion and future directions

Dysfunction of motivational network in OCD: evidence for
behavioral addiction?

In this thesis we found evidence in support of the behavioral addiction model 

for OCD. Patients with OCD showed greatly attenuated reward anticipation 

activity in the ventral striatum (bilateral NAc) compared to controls (chapter 
2), which matches up remarkably with findings in drug and non-drug addic-

tion. Blunted reactivity of the ventral striatum in anticipation to monetary gain 

has been related to addiction of alcohol (Wrase et al., 2007), nicotine (Martin-

Soelch et al., 2003; Bühler et al., 2009) cannabis (van Hell et al., 2010), and to 

non-drug addictions, e.g. pathological gambling (Reuter et al., 2005; de Greck 

et al., 2010; Balodis et al., 2012) and binge-eating disorder (Balodis et al., 2013). 

Conversely, disorder-specific stimuli increase activity of the ventral striatum 

in drug addiction (Diekhof et al., 2008), pathological gambling (Hollander 

et al., 2005) and food addiction (Stice et al., 2010). Likewise, blunted striatal 

responsiveness in our study is paralleled with increased activity in response to 

OCD-provoking stimuli in previous studies (reviewed in: Menzies et al., 2008). 

In healthy humans, the ventral striatum is activated particularly in anticipation 

of a reward, and in proportion with its expected value (Knutson et al., 2001). 

This suggests that the ventral striatum is less responsive when recruited for 

healthy (monetary) reward processing due to its bias toward drugs in addiction, 

and due to its bias to disease-specific stimuli in OCD and other behavioral 

addictions. 

 Our second finding that links OCD with dysfunction of the motiva-

tional network is the involvement of the insula. OCD patients displayed 

diminished reward anticipatory activity in the left insula, especially patients 
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with contamination fear OCD (chapter 2). The insula is implicated in reward 

processing by integrating reward and motivation with autonomic and visceral 

information (Naqvi and Bechara, 2009). The insula is activated during process-

ing of negative rewards in healthy individuals (Liu et al., 2011), during negative 

feelings of craving in addiction (Koob and Volkow, 2010) but also during 

anticipation of food, especially in obese individuals (Del Parigi et al., 2002). 

We revealed exaggerated insula recruitment during risky choices in risk-averse 

OCD patients, which contrasted with similar patterns in healthy risk-seeking 

participants (chapter 3). Previous fMRI studies found increased activation of 

the left insula in OCD patients when viewing aversive pictures (Schienle et al., 

2005) and in OCD patients with contamination fear when viewing pictures 

depicting washing or contamination (Philips et al., 2000). The insula may thus 

be excessively activated during obsessive-compulsive symptoms, due to a bias 

to disgust-related stimuli and aversion of risk and negative outcomes, compro-

mising its recruitment for healthy rewards.  

 It must be noted that some of our neuroimaging findings in OCD 

diverge from those in drug and non-drug addictions. During reward receipt we 

found similar frontostriatal activation between patients and controls (chapter 
2). In contrast, a more generalized pattern of diminished frontostriatal reward 

processing is usually found in drug addiction and other behavioral addictions 

during both anticipatory and outcome phases (Hommer et al., 2011; Balodis 

et al., 2013). This suggests that OCD patients have primarily difficulties in 

estimating the value of a potential rewarding situation, whereas in other forms 

of addiction consummatory reward processing is also impaired. 

 Finally, the motivational network may be differentially affected 

depending on the subtype of OCD. Our results suggest that patients with doubt 

and checking compulsions are more risk-aversive than other subtypes (chapter 
3) and have less blunting of insula and NAc activity during reward anticipation 

than patients with cleaning compulsions (chapter 2).

 

Does effective DBS for OCD modulate the frontostriatal reward circuitry?
In our DBS imaging experiments (chapters 6 and 7) we demonstrated that 

effective DBS for OCD restored healthy responses in reward and inhibitory 

control networks, normalized frontostriatal communication and reduced 

ch 12
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excessive frontal responses to aversive OCD-stimuli. Also previous PET 

imaging studies indicate specific modulation of striatal and prefrontal regions 

cortex with DBS for OCD (chapter 4). In our study, DBS-related frontostri-

atal modulation specifically correlated with changes in obsessive-compulsive 

symptoms suggesting that this may reflect a direct therapeutic mechanism. In 

agreement, pathological frontostriatal hyperconnectivity in OCD has consist-

ently been replicated in resting-state imaging studies, which correlated with 

OCD severity (Sakai et al., 2010; Harrison et al., 2009 and 2012). Further studies 

should examine whether frontostriatal connectivity patterns in OCD patients 

can predict response to DBS or even guide effective targeting. 

 Our studies also suggest that DBS for OCD restores insula activity. 

In chapter 8, we show that effective NAc DBS for OCD normalizes inferior 

frontal/ insula activity during inhibitory control. One previous study has found 

changes in insula metabolism after internal capsule DBS for OCD (van Laere 

et al., 2006). In addition, NAc DBS in animals evoked BOLD activity changes 

in the insula (Knight et al., 2013). Future research should focus more on insula 

changes of DBS for OCD, for instance by using tasks from previous imaging 

findings of insula dysfunction in OCD related to abnormal processing of 

disgust (Schienle, et al., 2005) or risk aversion (chapter 3). 

 We did not explicitly examine DBS effects on networks involved in 

the regulation of mood and anxiety. Although we clearly observed that DBS 

improved mood and anxiety during our experiments, frontostriatal changes 

were statistically not directly correlated with changes on anxiety and depres-

sion scales. In previous DBS imaging studies, changes of the limbic-prefrontal 

anxiety pathways have been reported after NAc DBS for major depressive 

disorder (Bewernick et al., 2010) but not for OCD (chapter 4). Future EEG 

and fMRI studies should also use paradigms that probe affective changes to 

examine if an improved frontostriatal function in OCD is accompanied by 

alterations in mood and anxiety networks. 

 Although brain responses in patients normalized to patterns measured 

in healthy controls, these changes also occurred in three non-responders to 

DBS (less then 25% improvement on the YBOCS). We could therefore speculate 

that restored activity in motivational and inhibitory control networks enables 

most patients to overcome their OCD symptoms, but some patients fail to profit 
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from these neural changes. New studies may focus more on how frontostriatal 

changes enable patients to overcome compulsive responding. For example, it 

has been suggested that obsessive-compulsive symptoms are mediated by a 

disrupted balance between flexible, goal-directed action in the ventral striatum 

and habitual control in the dorsal striatum (Gillan et al., 2012), similar to 

addiction (Koob and Volkow, 2010). Future studies could therefore include 

paradigms that probe habitual versus goal directed responding, to test whether 

these measures correlate with frontostriatal changes of DBS and mediate its 

anti-compulsive and anti-addictive effects.

How does DBS change frontostriatal function?
We may be able to infer from our imaging results some further speculations on 

the mechanism of action of DBS. DBS applied to the ventral striatum induced 

changes both locally and more widespread in frontal cortical regions (chapters 
6 and 7). How could we explain these widespread changes and what does this 

mean for the optimal OCD target? Symptom improvement in our OCD patients 

was most prominent when we stimulated at the border of the NAc core and the 

anterior limb of the internal capsule (Denys et al., 2010). This part of the internal 

capsule contains white matter fibers that connect the NAc and prefrontal cortex 

and stimulation of these fibers may thus explain the combination of local and 

prefrontal changes. Animal models support this mechanism, suggesting that 

DBS preferentially modulates white matter network fibers (Schmuckermair et 

al., 2013; McIntyre et al., 2004 and 2010) and that most effective DBS targets 

involve stimulation of these fibers (Lehman et al., 2011; Van Dijk et al., 2013). 

Stimulation of the internal capsule may have led to afferent modulation of 

the NAc and to frontal changes via antidromic or efferent thalamo-cortical 

modulation. An alternative mechanism of action that could be inferred from 

our studies is that local stimulation of the ventral striatum modulates network 

communication. In chapter 6 we demonstrate with resting-state fMRI that 

effective DBS in OCD results in a reduction of pathological hyperconnectiv-

ity within the frontostriatal network. In the same patient group we recently 

confirmed this finding with a resting-state EEG experiment that suggested 

DBS restores normal communication from the cortex to the striatum (Smolders 

et al., 2013). 
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In summary, effective DBS for OCD appears to depend on stimulation of fronto-

striatal white matter fibers that restores accumbal and frontal cortical function 

and restore network communication from cortex to striatum. These proposed 

mechanisms support the internal capsule as an effective DBS target for OCD.  

How does DBS modulate dopamine release? 
In the last experiments of this thesis we showed that effective DBS for OCD 

induced striatal dopamine release, as was demonstrated by lower availability of 

dopaminergic D2/3 receptors in the putamen and increased blood levels of HVA 

(chapter 9). It is not possible to validate these findings against existing human 

data because neurotransmitter changes of striatal stimulation have only been 

investigated in animals. Following DBS of the NAc shell in rats, postmortem 

tissue concentrations of dopamine were increased in the stimulated region 

(Sesia et al., 2010), and decreased in the prefrontal cortex (Falowski et al., 2011). 

However, in our study we did not stimulate the NAc shell, but rather the NAc 

core and adjacent internal capsule. Stimulation of this target in rats was associ-

ated with dopamine release in the OFC but not in the stimulated area (van Dijk 

et al., 2011 and 2012). Although it is still difficult to reliably measure dopamine 

receptors in the human frontal cortex, it would be of interest for future studies 

to explore cortical effects of DBS using extrastriatal neurotracers, such as 

[18F]fallypride or [¹¹C]FLB. 

 We used a dopaminergic neurotracer with affinity to D2 receptors, so 

our results likely reflect DBS effects on indirect striatal D2 expressing pathways 

only. In these indirect D2 pathways, excitatory glutaminergic cortical input into 

the striatum is assumed to result in net GABA-ergic inhibition of output struc-

tures, whereas on the contrary, this will cause net output excitation in direct 

D1 pathways. Our findings of DBS-induced dopamine release in indirect D2 

pathways may thus reflect inhibitory striatal output on excessive cortical activity, 

resulting in improved control of obsessive-compulsive symptoms. It would be 

interesting for future studies to investigate if DBS-induced dopamine release 

in indirect D2 pathways is accompanied by decreases in direct D1 express-

ing pathways, e.g. using the D1 receptor tracer [¹¹C]-SCH23390. Moreover, 

further studies are needed to discern whether this inhibitory output caused 

by dopamine release, is accompanied by GABA-ergic increases and glutamin-
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ergic decreases. GABA-ergic and glutaminergic changes could be measured 

with ¹H magnetic resonance spectroscopy (chapter 8), though it is currently 

unknown if this technique can be safely applied in implanted patients. Finally, 

imaging studies should also apply serotonergic neurotracers to clarify whether 

stimulatory dopamine release in this group of therapy-refractory OCD patients 

primarily compensates dopaminergic or serotonergic deficits. 

Compulsivity due to brain injuries: potential new DBS targets?
In chapter 11 we provide additional neuroanatomical information from case 

reports of acquired brain lesions, supporting that compulsive behaviors most 

often originate from basal ganglia pathology, predominantly the head of 

the caudate and putamen. Frontal cortical lesions were more often related to 

compulsivity combined with personality changes and severe cognitive decline, 

and we found no case reports describing exclusive involvement of the anxiety-

related limbic system. Moreover, most patients with newly acquired OCD did 

not experience anxiety. Rather, they often experienced other forms of compul-

sive and repetitive behaviors, like tics, compulsive grooming, hoarding, eating 

or impulse control disorders. These neuroanatomical data thus support the 

concept of compulsivity that can be defined as the propensity to habitual and 

repetitive behaviors and seems primarily related to basal ganglia dysfunction. 

The National Institute of Mental Health (NIMH) has recently urged research-

ers to develop new ways of classifying mental disorders based on observable 

behaviors that can be linked to brain circuits rather than starting with an illness 

definition (www.nimh.nih.gov/research-priorities). Our neuroanatomical data 

might support the concept of compulsivity, linked to basal ganglia dysfunction, 

as one of these potential classifications.

 Resolution of compulsivity with lesions in the putamen and internal 

capsule supports the notion that striatal areas would be the most likely candi-

dates for DBS treatment of compulsivity. In agreement, specifically compulsions 

resolved after putamen infarction (Fujii et al., 2005) and DBS of the subthalamic 

nucleus was found to primarily affect compulsions (Mallet et al., 2008). Induc-

tion or resolution of compulsivity after putamen and caudate pathology matches 

neuroimaging findings of pathological hyperactivity and increased volumes of 

these basal ganglia structures in OCD (Radua et al., 2010, Whiteside et al., 2004, 
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Rotge et al., 2008). The head of the caudate and putamen may thus be effective 

DBS targets for treatment of OCD. Direct stimulation of the putamen has never 

been tried and would probably induce too many side effects. DBS of the caudate 

was tried in 57 epilepsy patients using low frequency stimulation for excitatory 

effects on the caudate, but higher inhibitory frequencies, that would also be 

needed to reduce caudate hyperactivity in OCD, induced seizures, bradykin-

esia, and sensory perception or autonomic changes (Chkhenkeli et al., 2004). 

Nonetheless, a case-report describes high-frequency caudate DBS in two OCD 

patients with positive effects on mood and OCD, but no explicit report of side 

effects (Aouizerate et al., 2009). Moreover, current striatal DBS targets for OCD 

are often located where the head of the caudate and the anterior portion of the 

putamen meet (Greenberg et al., 2010; Goodman et al., 2010). 

DBS for other disorders of frontostriatal dysfunction?
       

       Although not investigated explicitly in this thesis, we could speculate 

about the implication of our results for the understanding and treatment of 

compulsivity in other mental disorders. Similar to the findings of this thesis, 

compulsivity in addiction and eating disorders have been related to blunted 

ventral striatal activation in anticipation to rewards (Hommer et al., 2011), to 

altered frontostriatal connectivity (Volkow et al., 2011; Upadhyay et al., 2010; 

Stoeckel et al., 2009), and to increased frontal low-frequency oscillations 

(Knyazev, 2012). Normalization of frontostriatal dysfunction by DBS therefore 

suggests its potential for treatment of these other addiction-related disorders. 

 Our study of brain injury related case-reports, suggests that DBS may 

be explored for disorders within a broader compulsivity spectrum. Aberrant 

frontostriatal activation has been related to repetitive behaviors in autism 

(Dichter, 2012), and very recently DBS was tried for the first time in an autistic 

patient with self-injurious behaviors (Sturm et al., 2012). The exact neurocir-

cuitry of compulsivity in autism however is still greatly unknown and before 

expanding the application of DBS to autistic patients, the effects of various 

stimulation targets should be tried in animal models of compulsive behaviors 

in autism (Lewis et al., 2007; Schwartzer et al., 2013). Even more hypothetical, 

frontostriatal dysfunction may be tried to target with DBS in animal models of 
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compulsivity in schizophrenia (Klein et al., 2012).

 Finally, in a cohort of 100 Parkinson’s patients visiting our neuropsy-

chiatric DBS unit we have observed that DBS targeted at the STN may have 

beneficial effects on compulsivity in these patients (unpublished), which is 

supported by a recent prospective study in a cohort of 67 Parkinson’s patients 

(l’Hommée et al., 2012), and by a study showing beneficial effects of STN DBS 

on compulsive behaviors in OCD (Mallet et al., 2010). Although this thesis did 

not provide neuroanatomical evidence for direct STN involvement in OCD 

pathology, STN DBS may be effective for compulsivity by normalizing frontal 

hyperactivity through the indirect inhibitory frontostriatal pathway (chapter 
5). The role of the STN in compulsivity could be further explored in future 

neuroimaging studies of STN DBS in Parkinson’s disease. 

Methodological considerations
 

         We must consider a few methodological issues when interpreting the 

results of our studies. The most important issues concern the relative small 

study populations, the acquisition and analysis of MR data, and our DBS ON/

OFF study design.  

 The experimental design of our DBS imaging studies was extremely 

difficult for patients since we scanned them after 8 days of DBS discontinuation, 

which caused a full relapse of OCD, anxiety and depression in most patients 

(chapters 6, 7 and 9). Being confronted with this design, only 16 out of a total 

of 40 patients agreed to participate. Moreover, we had to exclude even more 

participants for each individual experiment when no second scan was available, 

when participants moved > 4 mm during scanning, when they executed less 

than 50% of the task trials of the experiments, and when deviating electrode 

placement disturbed the signal in the NAc ROI. The relatively small sample 

sizes that we were left with created some limitations. In our fMRI study in 

non-implanted OCD patients (chapter 2) we scanned 18 patients and found 

blunted NAc anticipatory reward responses compared to controls, which was 

more pronounced in contamination fear OCD patients relative to harm-avoid-

ant patients. However, we were only able to repeat this experiment in 9 DBS 

implanted patients (chapter 6), which was too little to investigate differential 
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DBS effects on NAc reward processing in OCD subtypes, and neither could 

we investigate the contribution of symptom subtypes to our other imaging 

findings. 

 We primarily analyzed changes in pre-defined region of interests 

(ROIs), such as the ventral striatum (reward experiment chapter 6), the ventral 

striatum and frontal cortex (resting-state experiment chapter 6), the right 

striatum and right inferior frontal cortex/ insula (inhibitory control experiment 

chapter 7) and putamen and caudate (SPECT experiment chapter 9). These 

ROIs were based on strong a-priori hypotheses regarding the expected frontos-

triatal effects of NAc DBS, and also on prior results in OCD from our own study 

(chapter 2) or others (Zandbelt and Vink, 2010; Martino et al., 2008). However, 

due to the small sample size, our studies were underpowered to perform whole-

brain analyses with appropriate correction for multiple comparisons, although 

we did confirm DBS-related changes in the frontostriatal circuit using an 

exploratory whole-brain analysis with liberal statistical thresholds. Neverthe-

less, the effects of DBS on regions outside the frontostriatal network should still 

be investigated in future whole brain analyses using larger study populations.  

 A potential limitation related to scan-acquisition, is the fact that we 

had to use strict safety rules for imaging of implanted patients, in order to 

minimize exposure of the DBS device to the pulsed radio-frequency field of the 

scanner (chapter 5). This may have limited neuroanatomical precision of our 

scans, as we could not use a brain scanner with a stronger magnetic field than 

1.5 Tesla, we were restricted in the optimization of our imaging parameters and 

the electrode caused some artifacts on our brain images. Finally, we had to turn 

the DBS system off just before patients entered the scanner. However, symptom 

recurrence usually takes several days after the modulator has been switched 

off and our scans therefore still reflect neuronal activity related to the effects 

of DBS. Additionally, we used EEG to measure brain activity changes during 

concurrent stimulation, as well as SPECT scans for measuring stimulation-

related dopaminergic activity. 

 Counter balancing ON and OFF conditions would have been a good 

method to correct for potential experience or learning effects between the two 

scanning sessions. However, our purpose was to examine the mechanism of 

action of therapeutic DBS. We therefore performed our first scan when patients 
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showed stable clinical improvement on active DBS treatment for at least one 

year. If we would have performed the first scan in half of the subjects after 

they had been off for one week and the second scan just after having turned 

the device on, the latter situation would very much differ from the therapeutic 

settings of DBS ON for one year. Therefore we chose to correct for learning 

effects by including a healthy control group that we scanned twice as well.

 Although the changes in [¹²³I]IBZM receptor binding that we measured 

in our SPECT study (chapter 9) clearly reflect dopaminergic changes, there is a 

great variety of opinions in the literature regarding the origins of the peri-

pheral HVA measures that we performed concurrently.  There is evidence that 

plasma HVA is produced primarily by brain dopamine neurons but to a lesser 

extent also by peripheral dopamine or central noradrenergic neurons (Davis 

et al., 1991). However, animal experiments indicate that plasma HVA changes 

after dopamine receptor agonists are the result of central and not peripheral 

effects (Davidson et al., 1987). As we compare HVA changes related to a central 

(DBS) intervention, we argue that peripheral effects are likely to be minimal in 

our study as well. However, we cannot completely rule out the possibility that 

DBS-induced HVA changes have also been influenced by central noradrenergic 

changes. 

 Finally, the non-stimulation condition of 8 days DBS discontinu-

ation that we used in all of our imaging studies may not be a true baseline 

pre-treatment measure for comparison with stimulation conditions. In fact, 

DBS discontinuation in this group could have even induced some rebound 

effects (Ooms et al., under review). Future studies should try to obtain baseline 

imaging measures before implantation. 

Conclusion

Do we now understand the origins of Mrs. D’s compulsive cleaning, as well as 

her addiction to smoking and eating, and how DBS enabled her to overcome 

these different behaviors? Our results suggest that these behaviors are rooted 

in compulsivity that can be restored with DBS. Mrs. D may have been unable to 

switch to healthy goal directed behavior for over 20 years because her motiva-

tional brain network was chronically compromised by a dependence on addictive 
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and compulsive behaviors. DBS targeted at the accumbal area restores normal 

activity and dopaminergic neurotransmission in the motivational network, 

allowing Mrs. D. to control her unwanted behaviors and refocus on healthy 

rewarding stimuli. This thesis also raises important questions for future work. 

Does DBS of the same target also affect brain networks involved in anxiety and 

depression? How are other neurotransmitters involved in the effects of DBS, e.g. 

serotonin, glutamate and GABA? Does DBS induce similar changes in addic-

tion or other disorders of compulsivity? This thesis may provide a platform for 

exploring these questions and for developing new potential therapeutic targets 

for treatment of OCD and other disorders of compulsivity. 



195

ch 12

Summary and discussion



196



197

part VI

Appendix





199

Nederlandse samenvatting

en conclusie

Dutch summary

In de introductie van dit proefschrift hebben we mevrouw D. gepresenteerd die 

lijdt aan klassieke symptomen van een obsessieve-compulsieve stoornis (OCS) 

met ernstige smetvrees en schoonmaak-compulsies, maar ook aan nicotine 

verslaving en overmatig eten. We konden overeenkomsten observeren tussen 

deze verschillende symptomen die bovendien allen gunstig reageerden op 

behandeling met diepe hersen stimulatie (DBS). Het belangrijkste doel van dit 

proefschrift was om te leren begrijpen hoe DBS zowel obsessieve-compulsieve 

gedragingen als verslavingsgedrag kan verminderen. Om deze vraag te kunnen 

beantwoorden hebben we geprobeerd OCS symptomen te verklaren vanuit het 

“behavioral addiction” paradigma met hieraan gerelateerde hersencircuits die 

betrokken zijn bij motivatie. We hebben functionele en nucleaire beeldvor-

mende methoden gebruikt (fMRI en SPECT), elektro-encefalografie (EEG) en 

perifere dopamine bepalingen, om te onderzoeken of we bij OCS patiënten 

afwijkingen konden vinden binnen deze circuits en of die afwijkingen terugge-

draaid kunnen worden met DBS. 
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OCS is gerelateerd aan afwijkingen van het frontostriatale 
beloningssysteem 

In het eerste deel van dit proefschrift hebben we bevestigd dat OCS gerelateerd 

is aan een disfunctioneel motivatie netwerk. OCS patiënten met schoonmaak- 

of controleercompulsies hadden ten opzicht van gezonde controles verminderde 

activiteit van de nucleus accumbens (NAc) en insula wanneer zij in afwachting 

waren van financiële beloningen, en dit was het meest uitgesproken bij thera-

pieresistente OCS patiënten die daarna succesvol behandeld werden met DBS. 

Verminderde activiteit van de NAc bij de verwerking van beloningen wordt ook 

gevonden bij verslaving en deze bevinding ondersteunt dus de conceptualisatie 

van OCS als een ‘behavioral addiction’ stoornis. In hoofdstuk 3 onderzochten 

we of OCS patiënten meer risicomijdend zijn en wat dit impliceert voor de 

motivationele hersencircuits. Patiënten die leden aan obsessieve twijfelzucht 

en compulsief controleren bleken sterker risicomijdend te zijn dan patiënten 

met andere OCS symptomen. Risico-gerelateerde activiteit van de insula was 

hoger bij risicomijdende patiënten, terwijl dit binnen de gezonde controlegroep 

juist hoger was wanneer deze risicozoekend waren ingesteld, wat doet vermoe-

den dat bij gezonden de insula geactiveerd wordt wanneer iets van waarde is, 

maar bij OCS patiënten wanneer iets riskant is. Deze neuroimaging bevindin-

gen suggereren dat patiënten met OCS minder goed in staat zijn om de NAc 

en insula te activeren voor het verwerken van gezonde beloningen, vanwege 

overmatig gebruik van deze structuren gerelateerd aan een afhankelijkheid 

van obsessieve-compulsieve gedragingen. 

DBS herstelt normale activiteit in het frontostriatale netwerk

Vervolgens hebben we onderzocht of DBS in staat is deze afwijkende activiteits-

patronen binnen het motivationele netwerk terug te draaien.  In hoofdstuk 4 
hebben we eerst een review gemaakt van beeldvormende PET studies van DBS 

bij OCS en andere psychiatrische aandoeningen. Deze review laat zien dat DBS 

van het ventrale striatum of de capsula interna de activiteit binnen het fronto-

striatale netwerk kan veranderen, vooral activiteit in de nucleus accumbens en 

prefrontale cortex, maar ook in de amygdala, insula en thalamus. Deze fronto-
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striatale-limbische veranderingen zouden therapeutisch kunnen zijn zowel bij 

OCS als bij de depressieve stoornis door herstel van doelgericht handelen en 

verbetering van emotionele, cognitieve en gedragsmatige controle.

In hoofdstuk 5 beschrijven we hoe we de allereerste toepassing van fMRI 

in DBS hebben ontwikkeld, wat ons in staat stelde om lokale en netwerk 

veranderingen exacter te onderzoeken. In hoofdstukken 6 en 7 hebben we 

frontostriatale hersenactiviteit gemeten met fMRI en EEG bij OCS patiënten 

op het moment dat ze stabiel behandeld werden met DBS en na 8 dagen DBS 

onderbreking. We vonden dat effectieve DBS voor OCS de beloningsrespon-

sen in de NAc herstelde en de connectiviteit tussen de NAc en de frontale 

cortex normaliseerde. Bovendien normaliseerde DBS de frontostriatale en 

insula activiteit die gerelateerd was aan inhibitoire controle. Tot slot vermin-

derde DBS overmatige EEG activiteit in de frontale cortex wanneer patiënten 

OCS-uitlokkende plaatjes bekeken. DBS gaf een gemiddelde symptoomverbe-

tering van 50% die sterk gecorreleerd was met frontostriatale netwerkverand-

eringen. Deze resultaten suggereren dat DBS een pathologische frontostriatale 

‘loop’ onderbreekt waardoor een verschuiving mogelijk wordt van overmatig 

verwerking van ziekte-gerelateerde naar gedragsmatig relevante prikkels en 

herstel van doelgericht handelen. 

DBS maakt dopamine vrij in het striatum 

Dopamine speelt een belangrijke rol bij frontostriatale beloningsprocessen 

en inhibitoire controle, dus het herstel van deze circuits door DBS suggereert 

dat het ook dopaminerge afwijkingen bij OCS kan terugdraaien. Onze review 

van beeldvormende neuroreceptor studies in hoofdstuk 8 bevestigt dopamin-

erge afwijkingen bij OCS, in combinatie met serotonerge en glutaminerge 

afwijkingen. Dopaminerge veranderingen blijken vooral op te treden binnen 

het ventrale striatum en zijn geassocieerd met symptoomverbetering door 

serotonine heropname remmers. In overeenstemming hiermee vonden we in 

hoofdstuk 9 dat ook effectieve DBS in het ventrale striatum geassocieerd was 

met dopaminerge veranderingen. Patiënten hadden tijdens actieve stimulatie, 

vergeleken met DBS onderbreking van 8 dagen, verbeterde symtoomscores 

en verminderde beschikbaarheid van de SPECT radiotracer [¹²³I]IBZM die 
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aan striatale D2/3 receptoren bindt. DBS was ook gerelateerd aan verhoogde 

bloedspiegels van de dopamine/noradrenaline metaboliet HVA. Deze centrale 

en perifere metingen suggereren dat effectieve DBS voor OCS dopamine in het 

striatum vrijmaakt. 

Op zoek naar nieuwe targets voor compulsiviteit

In het laatste deel van dit proefschrift hebben we gezocht naar het optimale 

DBS target voor OCS. Een review van alle gepubliceerde effectiviteitsstudies 

(hoofdstuk 10) onthulde dat 62% van 94 OCS patiënten beschouwd konden 

worden als DBS responders, met variabele resultaten afhankelijk van het 

target dat werd gebruikt. Het lijkt erop dat targets binnen het ventrale striatum 

effectief zijn voor obsessies, compulsies, depressie en angst, terwijl DBS in 

de nucleus subthalamicus vooral effect heeft op compulsies. In het laatste 

hoofdstuk van dit proefschrift hebben we gezocht naar nieuwe mogelijke DBS 

targets door neuroanatomische informatie te verzamelen vanuit gepubliceerde 

gevalsbeschrijvingen van obsessieve-compulsieve symptomen door lokale 

hersenschade. We hebben gezocht naar hersencircuits gerelateerd aan repeti-

tieve, habituele of stereotiepe gedragingen in bredere zin, wat we definieerde 

als compulsiviteit. Deze zoektocht bevestigde onze eerdere bevindingen dat 

het frontostriatale netwerk betrokken is bij compulsiviteit, in het bijzonder de 

basale ganglia, frontale cortex en de verbindende capsula interna. Hersen-

laesies waren gerelateerd aan prototypische OCS, maar ook aan symptomen 

binnen het bredere compulsiviteitsspectrum, zoals het syndroom van Gilles 

de la Tourette, verzameldwang, compulsief eten en impulsregulatiestoornissen. 

In sommige gevallen verdwenen symptomen volledig na laesies in het dorsale 

striatum en de capsula interna, wat suggereert dat dit effectieve DBS targets 

voor compulsiviteit zouden kunnen zijn.  

Conclusie

Begrijpen we nu de oorsprong van mevrouw D’s compulsieve schoonmaken 

en haar verslaving aan roken en eten, en hoe DBS haar in staat heeft gesteld 

over deze gedragingen heen te komen? Onze resultaten suggereren dat deze 
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gedragingen hun oorsprong vinden in compulsiviteit en dat DBS dit terug kan 

draaien. Mevrouw D was mogelijk niet in staat gedurende 20 jaar over te gaan 

tot doelgericht handelen omdat haar motivationele hersencircuit chronisch 

overbelast was door een afhankelijkheid van verslavende en compulsieve 

gedragingen. DBS gericht op de accumbale regio herstelt de normale activiteit 

en dopaminerge neurotransmissie in het motivationele netwerk, zodat Mw. D. 

weer in staat werd gesteld haar ongewenste gedragingen te controleren en zich 

te richten op gezonde belonende prikkels. Dit proefschrift werpt ook belang-

rijke vragen op voor toekomstige studies. Beïnvloedt DBS van hetzelfde target 

ook hersennetwerken die betrokken zijn bij angst en depressie? Hoe zijn andere 

neurotransmitters betrokken bij de effecten van DBS, bijvoorbeeld serotonine, 

glutamaat en GABA? Geeft DBS vergelijkbare veranderingen bij verslaving of 

andere compulsiviteitsstoornissen? Dit proefschrift kan als platform dienen 

voor verder onderzoek naar dergelijke vragen en naar nieuwe potentiele targets 

voor de behandeling van OCS en compulsiviteit. 
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Jitschak, ik mocht je vervangen in 2005 toen je tijdelijk naar Newcastle uitvloog en 

jij bood mij daarmee de kans tot de vaste staf toe te treden. Prof. dr. D.H. Linzen, 

je was de eerste bij wie ik in 1996 aan kon kloppen toen ik mij als co-assistent 

aangetrokken voelde tot wetenschappelijk onderzoek. Prof. dr. B.P.R. Gersons, je 

hebt mij als opleider psychiatrie altijd gestimuleerd onderzoek te gaan doen. Guido, 

binnen en buiten het AMC heb ik veel aan jou gehad als raadgever en vriend. Pim, 

ik kijk uit naar de voortzetting van onze boeiende discussies in de bergen. Eric, 

jammer voor ons dat je naar het Noorden vertrok maar gelukkig treffen we elkaar 

nog rond het DBS depressie onderzoek en hopelijk ook weer in de bergen. 

 De PTSS groep, onder leiding van Prof. dr. M. Olff, ik heb met veel plezier 

met jullie gewerkt aan een gezamenlijke klinische afdeling en kijk uit naar gedeelde 

onderzoeksprojecten. 

 Mijn dierbare intervisieleden: Anita, Ingeborg, Evelyne, Joost, Coen en 

Ivo, dank voor jullie maandelijkse raad, gezelligheid en eenpansmaaltijden. Ik zal 

er weer vaker bij zijn nu dit werk af is. Prof. T.A.H. Doreleijers, Theo, joggend hield 
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ik beloof er vanaf nu ook weer vaker te zijn voor jullie. Clynn, Mark, Ruben en 
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het leven, voetbal en dit proefschrift. Jullie terugkerende vraag “Wanneer is nou 
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eindelijk dat feestje?”, was een belangrijke stimulans dit werk af te maken. 

Clynn en Mark, onbeschrijfelijk veel dank voor de organisatie van het feest en 

alles rondom deze promotie als mijn paranimfen. Mariken, je hebt me altijd 

sterk gemotiveerd door te gaan en ik kijk uit naar jouw promotie. 

 Mijn gehele familie, dank voor jullie steun die altijd voelbaar was. Mijn 

moeder, Aline, je trots is voor mij een constante drijfveer geweest, net als de 

trots van Henk, ondanks dat hij er niet meer is. Bart, ik deel mijn werk altijd 

graag met je vanwege je interessante en prikkelende vragen. Galina, dank 

voor je schoonmoederlijke en professionele steun, je bent me lang geleden 
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samen met Coen toonde je je altijd betrokken bij de voortgang van dit werk 

maar waakte je ook zusterlijk over mijn grenzen, waarvoor dank. Theo, jij trok 

mij over de streep toen je me adviseerde mijn behoefte aan veelzijdigheid te 
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brutaal mijn laptop dichtklapten en mij veroverden met jullie humor en liefde. 
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Moving the Brain-

Neuroimaging motivational

changes of deep brain stimulation

in obsessive-compulsive disorder.

Martijn Figee   

Deep brain stimulation (DBS)

is a neurosurgical technique that involves

the implantation of electrodes in the brain.

DBS enables electrical modulation

of abnormal brain activity for treatment of 

neuropsychiatric disorders such as

obsessive-compulsive disorder (OCD).

Mrs. D. has been suffering from OCD for

more than 20 years, which caused her to 

compulsively clean every detail of her house 

and have obsessive thoughts about dirt and 

contamination. DBS helped her to overcome

all of her obsessions and compulsions but

also helped her stop smoking and overeating.

How is DBS capable of changing these

different disorders in one single patient?

This thesis will answer this intriguing

question by studying brain networks related

to reward and motivation in OCD patients,

and how effective DBS influences

these networks.


