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"Destructiveness is the outcome of unlived life"
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eccentricity, but perhaps even more so because of its familiarity—as if we see

aspects of ourselves reflected in exaggeration. This recognition may evoke
empathy, but also fear or disgust. Out of all the behaviors manifested in psychiatric dis-
orders, addiction is probably one of the easiest to identify with. Who is without weakness
when it comes to pleasure and who is in full control over every facet of his life? Moreover,
the high prevalence and emergence of a broad range of new addictions (including inter-
net addiction, shopping addiction) shows that addiction extends beyond the excessive
use of substances.

M ost people are fascinated by pathological behavior. Not only because of the

In 2007 while working in a clinic for patients with severe addictions, | was perplexed
to see that the urge to use substances could overtake everything they valued in their
lives. They spend a year of their lives in recovery and the enormity of their problem was
beyond anything | had experienced, but at the same time it was easy to relate to their
stories. Their reasons for using were deeply human: looking for pleasure (wanting to feel
good) or coping with difficult emotions, such as boredom, anxiety, and self-doubt (want-
ing to feel better). | wondered how these familiar drives we all share in life could spiral
out of control to a degree where they become so destructive. What happens in the brain
of someone with an addiction, what can we learn from it? | wanted to know more to help
those who were mostly affected. With this idea in mind | wrote an open application to
the Academic Medical Center (AMC) in Amsterdam which had just started a project to
investigate deep brain stimulation as a last-resort treatment for patients with heroin or
cocaine addiction; a project that combined questions about the neural mechanisms of
addiction with the aim of finding new ways of treating it.

BRAIN STIMULATION FOR ADDICTION

Deep brain stimulation (DBS) is an intervention in which dysfunctional brain net-
works are directly modulated by electrical pulses targeted at a specific area of the brain,
delivered through implanted electrodes that are connected with a stimulator implanted
below the collar bone. One of the most exciting aspects of DBS is that we can apply
our knowledge about the neurobiology of mental disorders for therapeutic purposes
by directly intervening in the brain. There are other, less invasive, techniques available
that directly affect brain processes such as transcranial magnetic stimulation (TMS) and
transcranial direct current stimulation (tDCS), but evidence for their efficacy in treating
addiction is limited (Jansen et al. 2013; Luigjes et al. 2013a). Moreover, TMS and tDCS
can only target regions right underneath the scalp in the cortex, while DBS can target
deeper brain structures. This is especially relevant for addiction, which is closely linked
to abnormalities in subcortical brain regions, including reward and motivation centers
located in the ventral striatum. Modulating these brain regions may prove beneficial for
treating addiction. This potential became obvious after an AMC patient with obsessive-
compulsive disorder (OCD) unintentionally and effortlessly quit a long and severe nicotine
addiction following DBS for her OCD (Mantione et al. 2010). Similar cases of smoking and
alcohol reductions as an unintended “side effect” of DBS were also reported in other DBS
centers (Kuhn et al. 20073, 2009a). Together with encouraging results of DBS on addictive
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behaviors in animal studies, the time seemed right for a pilot study to investigate the
feasibility, efficacy, safety and mechanisms of DBS as a treatment for addiction (Liu et
al. 2008; Vassoler et al. 2008). This pioneering study would provide a new intervention for
addicted patients who were left with no other options for treatment. Moreover the study
would investigate the mechanisms of DBS in addiction, which may additionally provide a
better understanding of some of the brain mechanisms involved in addiction.

DEEP BRAIN STIMULATION FOR OCD

At the time we were designing the pilot study for DBS in addiction, DBS was already
established as a treatment for OCD. The first study about DBS for OCD was published in
1999 (Nuttin et al. 1999), and the studies that have been conducted over the years have
shown an overall response rate of around 5o% for treatment refractory OCD patients
(de Koning et al. 2011). In the AMC more than 20 OCD patients were treated with DBS
at the time we started the DBS for addiction study (Denys et al. 2010). Central to OCD
are intrusive and unwanted thoughts (obsessions) as well as a drive to perform repeti-
tive behaviors or mental acts (compulsions). These symptoms cause severe suffering and
the consequences can be devastating for a patient’s life. Work, family and social life are
severely burdened with the amount of time patients waste on compulsions and avoid-
ance strategies. DBS is offered as a last resort treatment for very ill patients and the
effects of DBS are often very impressive. In one example of a successful case, DBS was
able to reduce excessive cleaning and ordering from 20 hours a day to less than one hour
(Mantione et al. 2010). However, in some patients we have observed that DBS can also
induce unintended behavioral changes as side effect, including impulsivity and hypoma-
nia; side effects that may actually worsen the condition of addicted patients if treated
with DBS.

WORKING MECHANISMS OF DBS IN OCD

Recruitment of patients with heroin and/or cocaine addiction turned out to be very
difficult because of a lack of referrals and a very high dropout rate before surgery. This
created the opportunity for me to get involved in the first fMRI study in OCD patients
treated with DBS. This study aimed to investigate the neural changes induced by nucleus
accumbens (NAc) DBS and their associations with clinical improvements. In addition, a
better understanding of the therapeutic effects of NAc DBS in OCD could be informative
for its application in addiction, because there are many overlapping neural abnormali-
ties between these disorders (Fontenelle et al. 2011). One way NAc DBS may work is by
modulating the frontostriatal network: a circuitry that is thought to play a key role in
motivation, conditioning processes and inhibitory control—crucial for guiding behavior
(Fineberg et al. 2014). Abnormalities within this network are consistently found in both
OCD and addiction. For instance, decreased nodal functional connectivity strength of
the orbitofrontal cortex has been found in OCD and stimulant addiction during rest, and
this lack of functional connectivity was in both conditions correlated with the severity of
compulsive symptoms (Meunier et al. 2012). Recently, our group also found decreased

General Introduction | 13




responsiveness of the nucleus accumbens in anticipation to a monetary reward in OCD
(Figee et al. 2011). Similar results have been reported in addiction with the NAc showing
attenuated activity in response to non-drug related rewards, e.g. money or erotic pic-
tures (Volkow et al. 2012). NAc DBS is therefore expected to modulate the frontostriatal
network with effects on motivation/reward, conditioning and inhibitory control, aiding
patients with OCD to regain control over their unwanted behavior. A similar effect of NAc
DBS may be expected in the treatment of patients with refractory addiction.

COMPULSIVITY

OCD and addiction are both characterized by a profound experience of loss of con-
trol over persistent destructive behavior. In this aspect the symptoms of both disorders
show striking similarities, however, there are also differences in the nature and onset of
the symptoms. In OCD, compulsions (e.g., counting, ordering, washing and checking)
are unsuccessful ways to get a grip on the world. In other words, and paradoxically, OCD
patients lose control over their attempts to regain a sense of control. Moreover, OCD
patients are aware of the senselessness of their symptoms and generally lack pleasure
when performing them (de Haan et al. 2013). In contrast, addicted people lose control
over something that starts out in most cases as something pleasurable and perhaps even
valuable (Kennett et al. 2013). The sense of loss of control may come when, over time,
the pleasure diminishes and the costs on other aspects of life increase. Typically, at the
start, drug use is more associated with positive reinforcement and impulsivity, while
over time negative reinforcement (relief of stress) and automaticity play increasingly
important roles in the persistence and relapsing nature of addiction (Heilig et al. 2010;
Koob 2015). Animal studies suggest that this transition from goal-directed positively
reinforced behavior to compulsive drug use is associated with a shift in dopaminergic
activity in ventral to dorsal striatum (Koob & Volkow 2009; Everitt & Robbins 2013). Note
that not all addiction patients report to have experienced pleasure, for some relief of
stress or coping with negative emotions was their main drive throughout the course of
drug use (Kennett et al. 2013).

In the later stages of addiction, the experience of most addicted patients is very
similar to that of OCD patients: they have to perform the behavior resulting in a feeling
of impaired freedom. This experience of not being able to stop a certain behavior even
if it is in conflict with ones (long-term) goals is referred to as compulsivity (Denys 2013).
Because my research focused on both addiction and OCD, | became more interested in
compulsivity which seems to be the essence of the overlap between these disorders.
Compulsivity isa common phenomenon in psychiatry, present not only in OCD and addic-
tion, but also in other disorders such as eating disorders (e.g. bulimia nervosa and binge
eating disorder) (Fontenelle et al. 2011). Though compulsivity as an established concept
is not as crystallized as impulsivity, its research has rapidly expanded over the last years.
A pubmed search shows that the number of papers with compulsivity in the title or sum-
mary doubled in the last five years (from 9o per year in the period 2005-2009 to 180
in the period 2010-2015) and multiplied by six compared to the five years prior to 2005
(34 in the period 2000-2004). Surprisingly, there is no consensus about the definition of
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compulsivity, which leaves many questions unanswered: is there a common mechanism
that underlies compulsive behaviors in different disorders, are there different types of
compulsivity, is it a consistent phenomenon within a disorder, are similar brain regions
involved in different people with compulsivity? (Yicel & Fontenelle 2012) This confusion
is reflected in the lack of cross-diagnostic measures of compulsivity, and the absence of
an operationalization of compulsive behavior in a cognitive task that would allow us to
explore mechanisms and brain regions involved across disorders. Because compulsivity
plays a crucial role in both OCD and addiction, | was motivated to investigate it further
and to start with an exploration of the concept of compulsivity.

RISK AVERSION

A difference that struck me while working with patients with OCD and addiction
was their clinical presentation: OCD patients are more conscientious with their appoint-
ments, more occupied by keeping control over the external environment and—perhaps
as a result—more focused on preventing or avoiding possible harm. This is consistent
with the idea that OCD is characterized by higher levels of anxiety and risk avoidance
(Fineberg et al. 2014). However, few studies have investigated the role of risk attitude in
OCD. It may be that OCD patients are only avoiding risks related to their symptoms, or
they may have a general tendency to avoid risks. Moreover can we elucidate the neural
mechanisms underlying altered risk processing in OCD?

AIMS AND OUTLINE OF THESIS

Unfortunately, not many patients were interested in participating in the addic-
tion DBS study, which we will discuss in chapter 10. As a result, this PhD project took
a different course than planned and at times felt a bit ‘out of control. We were not
able to answer many of the questions we started out with but along the way other
new and very interesting questions arose and in a way this thesis shaped itself:

1- In Part | of this thesis, we study some of the conceptual issues around com-
pulsivity and investigate risk aversion in OCD. In chapter 2, we explore the concept
of compulsive behavior across disorders and we propose a definition of compulsive
behavior. In chapter 3, we investigate the validity of the widespread belief that OCD
patients are more risk-averse than healthy controls. For that purpose, we examine
neural activity during risk processing using functional magnetic resonance imaging
(fMRI) and simultaneously assess risk attitude using a separate behavioral paradigm
in OCD patients and in healthy controls.

2 n Part Il of this thesis focuses on DBS treatment in patients with a psychiatric

disorder and specifically in patients with OCD. In chapter 4, we review the literature
on the efficacy and safety of DBS in patients with a psychiatric disorder, including
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patients with OCD, major depressive disorder, addiction and Tourette syndrome. In
chapter 5 and chapter 6 we investigate hypomania and hyperimpulsivity as possible
side effects of DBS in psychiatric patients. Finally, in chapter 7, we explore the effects
of NAc DBS on the frontostriatal circuitry in OCD patients using fMRI and EEG.

m Part lll focuses on DBS as a treatment for addiction. In chapter 8, we present a
review of the existing pre-clinical and clinical literature to make an evidence-based
decision about the best target area for DBS in patients with an addiction. In chapter g,
we present data about the first patient of our study treated with NAc DBS for heroin
addiction. Finally in chapter 10, we describe our experiences during the recruitment of
addiction patients for DBS and we raise the question whether DBS is a feasible option
for patients with addiction.

m In Part IV we summarize our findings, put them in the context of the existing
literature and discuss their implications for future research and clinical practice.
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ABSTRACT

he term compulsivity is increasingly used in the psychiatric literature to describe
I repetitive behaviors that are experienced as ‘out of control’ as part of a variety
of disorders. As such, compulsivity is likely to be an important factor in maintain-
ing dysfunctional behavior and therefore investigation of the mechanisms underlying
compulsivity is highly relevant. However, there is a lack of consensus about the precise
meaning of the term compulsivity. This creates confusion and hampers diagnostic accu-
racy and comparison of compulsive behaviors across psychiatric disorders. Moreover,
the distinction between compulsive and impulsive behavior or habits is also unclear.
In this article we propose a definition of compulsive behavior clarifying its underlying
mechanisms, based on an exploration of the available research. Moreover we disentan-
gle compulsive behavior from related concepts impulsive behavior and habit and discuss
their interactions. This definition of compulsive behavior and its delineation from related
constructs will help researchers develop tests and theories advancing our knowledge and
treatment possibilities for these disabling behaviors.
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1. OUT OF CONTROL

e may go through life thinking we are in control of our behavior, but every-
Wone will experience moments that challenge this idea. Imagine the following
three examples: [1] You clean up dishes after recently moving the fridge to
the location of the dishwasher. For the third time this week you put the dirty plates in
the fridge without realizing it. [2] Yet again you find yourself drinking with friends deep
into the night even though you promised yourself to only have one drink this time. [3]
Ready for vacation, you are almost too late for your flight, and although you have already
checked the whole house twice, you feel like you ‘have to’ do one more check to see
whether all the windows are closed. Behavior that is not in line with an individual’s over-
all, long-term goals and is reoccurring is said to be compulsive. However, the behaviors
in these three examples seem to have different motivational drives: In the first example,
the lack of control seems to result from decreased awareness (also called ‘slip of action’),
the second example shows an underlying conflict between short-term pleasure (i.e.,
drinking with friends) and long-term goal (i.e., be clear-headed the next day), whereas
the last example describes a behavior that is driven by anticipating possible negative
consequences of not acting (i.e., burglary while on vacation). This suggests that we
are dealing with three different types of behavior: habitual, impulsive and compulsive,
respectively—likely operating through different mechanisms. Given the common occur-
rence of these behaviors in everyday life and their consequences, it isimportant to better
define and understand the notion of compulsivity and to disentangle it from those of
impulsivity and habit.

2. COMPULSIVITY IN PSYCHIATRY

2.1 CONFUSION ABOUT THE CONCEPT COMPULSIVITY

A central characteristic of many psychiatric disorders is repetitive behavior that is
experienced as ‘out of control’. The term compulsivity has become increasingly popular
in the psychiatric literature to describe such behaviors. The term compulsivity has been
used toindicate dysfunctional behaviorin psychiatric disorders such as substance-related
and other addictive disorders [e.g. substance use disorders and pathological gambling];
obsessive-compulsive and related disorders [e.g. obsessive-compulsive disorder (OCD)
and body dysmorphic disorder]; disruptive, impulse-control, and conduct disorders [e.g.
kleptomania and pyromania]; and eating disorders [e.g. bulimia nervosa and binge eat-
ing disorder] (Allen et al. 2003; Grant & Potenza 2006; Le Moal & Koob 2007; Leeman &
Potenza 2011; Rothemund et al. 2011; Flessner et al. 2012). In the psychiatric literature,
compulsivity is linked to repetitive, disruptive behaviors and it is often mentioned as a
key factor in their persistence. However, in the scientific literature there is no consen-
sus about the definition of compulsivity (Yucel & Fontenelle 2012). For instance, Dalley
colleagues (2011) refer to compulsivity as ‘actions inappropriate to the situation, which
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persist, have no obvious relationship to the overall goal and which often result in unde-
sirable consequences’, whereas Allen and colleagues (2003) conceptualize compulsiv-
ity as ‘driven to avoid harm or reduce anxiety and distress’ (for various descriptions of
compulsivity see Table 1). The former definition could be related to all three examples in
part 1 whereas the second definition describes only the behavior in the third example of
checking the house. This lack of consensus creates confusion and raises the possibility
that the term ‘compulsivity’ refers to different constructs within and across psychiatric
disorders (Yicel & Fontenelle 2012). This confusion is also reflected in the lack of agreed-
upon measurement of compulsivity such as a questionnaire or a neuropsychological test
beyond those intertwined with certain psychiatric diagnoses (e.g., Yale-Brown Obsessive
Compulsive Scale for OCD from Goodman, 1989).

2.2THE NEED FOR A BETTER CONCEPTUALIZATION OF COMPULSIVITY

In order to investigate compulsivity and to compare it across psychiatric disorders
we should first try to clearly conceptualize it. Only with a better definition will it be pos-
sible to measure and understand the meaning of compulsivity within and across differ-
ent disorders. Are compulsive behaviors in patients with OCD always the same: is the
compulsive nature of these behaviors the same as the compulsive nature of drug use
in patients with a substance use disorder and the compulsive nature of aggression in
patients with an antisocial personality disorder? A shared phenomenology across disor-
ders would suggest a common endophenotype, which could open new approaches for
future treatment and prevention. In disorders such as addiction and OCD, ‘compulsive’
behaviors are very disabling and have a devastating impact on the lives of patients and
the people around them. It should be noted, however, that not only psychiatric patients
perform ‘compulsive’ behaviors: they encompass a whole spectrum from harmless to
severely pathological. Understanding compulsive behavior may thus not only help to
understand and treat psychiatric disorders, but also further our understanding of human
behaviorin general.

2.3 AIM AND STRUCTURE OF ARTICLE

The aim of this article is to explicate and define compulsive behavior. In order to
sharpen the concept of compulsive behavior, we will disentangle compulsive behavior
from both impulsive and habitual behavior. In the literature, the distinction between
compulsivity and impulsivity or habit is not always clear and this may add to the confu-
sion. We start by defining compulsive behavior, which we then distinguish from impulsive
behavior and habits (see figure 1). We end this paper with a discussion and conclusion of
the definition of compulsive behavior.
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3. COMPULSIVE BEHAVIOR

3.1 DEFINING COMPULSIVE BEHAVIOR INSTEAD OF COMPULSIVITY

In the psychiatric literature, ‘compulsivity’ is used to refer to both compulsive
behaviors and trait or personality propensities towards compulsivity (e.g., compulsive
personality). It is the behavioral manifestations of compulsivity that are of primary inter-
est here, since these behaviors represent the primary observable phenotypical features
of compulsivity. Therefore, we only define compulsive behavior and underlying motiva-
tional processes in humans.

3.2 INVOLVING INTERNAL PROCESSES IN THE DEFINITION OF COMPULSIVE BEHAV-
IOR

Underlying affective and cognitive processes heavily influences behavior. Especially
when qualifying behavior as compulsive, the internal or motivational state of the person
needs to be taken into account. For example, how should one label the acts of buying and
using drugs as impulsive, compulsive or habitual by mere observation of the behavior
alone? It may be that the person involved is driven by the desire of getting high regard-
less of any consequences, that he* performs it as a daily routine without awareness, or
that he is driven by the idea that he will not be able to cope without the drugs while
struggling with his desire to stop using. The behavioral act might be identical based on
observation alone, but it may be labeled as impulsive, habitual or compulsive, respec-
tively, depending on the motivation underlying the behavior. Therefore the internal state
of the subject is essential to classify behavior as compulsive and to differentiate it from
other types of behavior (e.g., impulsive or habit).

3.3 DEFINITION OF COMPULSIVE BEHAVIOR

Denys (2013) suggested that the core feature of compulsivity—common to all
manifestations across psychiatric disorders—is the experience that one ‘has to’ or ‘feels
(internally) forced’ to perform an act; or in other words one feels unable ‘not to perform’
the act (Denys, 2013) . This feature of compulsive behavior is in line with that provided by
three other authors, as summarized in Table 1 (Bari & Robbins, 2013; Henden, Melberg,
& Rogeberg, 2013; Torregrossa, Quinn, & Taylor, 2008). Another generally accepted char-
acteristic of compulsive behavior is its repetitive or persistent nature (mentioned in four
out of seven definitions: Dalley et al., 2011; Fineberg et al., 2010; Bari & Robbins, 2013;
Henden et al., 2013). In addition, three out of seven descriptions highlight that com-
pulsivity/compulsive behavior is aimed to avoid or reduce potentially negative conse-
quences (Allen et al., 2003; Fineberg et al., 2010; Torregrossa et al., 2008), which indicate
an association between compulsive behavior and anticipation of a negative outcome.

1:  Throughout the manuscript ‘he’ is used that should be read as ‘he or she’
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Outcome anticipation is the (experience of the) expected outcome from transitioning
from the state one is in, to a future state. In any situation one can have positive or nega-
tive outcome anticipation. For instance, when you are passenger in a car and the driver
exceeds the speed limit, you may anticipate a thrilling ride and a faster arrival at your
destination (i.e., positive outcome anticipation) or you may expect a car accident (i.e.,
negative outcome anticipation). We postulate that the anticipation of a possible negative
future state can induce an urge to act, which in turn can result in compulsive behavior.
Moreover, the urge to act as a response on negative outcome anticipation may addition-
ally depend on the evaluation of one’s current internal state. For example, if an individual
feels distressed before being confronted with a situation that evokes negative outcome
anticipation, the individual’s urge to change his internal state will be stronger. Negative
outcome anticipation and the resulting urge may lead to the experience of being unable
not to act: the threat of what might happen or continues to happen when the compulsive
act is not performed, may induce the feeling of being forced to perform a (compulsive)
behavior. Therefore, in the present state one is expecting a possible negative future state
(negative outcome expectancy) that may induce an urge resulting in the feeling that one
‘has to’ act.

Compulsive behaviors can become pathological and seriously interfere with long-
termgoals (e.g., working on a career, raising a family). This situation is often accompanied
by a conscious awareness of this conflict during the behavior. That is, compulsive behav-
ior may serve the short-term goal of reducing tension, discomfort or anxiety resulting
from negative outcome anticipation, but the individual may at the same time be aware
that his behavior stands in the way of doing what he really deems important, such as
devoting time to his career or family. For example, a heroin addicted patient may feel
a strong need to use heroin in order to cope with current emotional problems, while he
also wants to stay abstinent because he realizes that drug use is not an effective coping
strategy over the long run and might aggravate his emotional state over time. Similarly,
an OCD patient may feel the need to wash his hands to cope with the anxiety associ-
ated with the obsessions about hurting his child—even though he recognizes the severe
consequences of long hours of washing rituals on his life. When performing a compulsive
act, individuals often appear to recognize that the behavior is ineffective and unreason-
able (Denys 2011). Thus, awareness of the conflict between the compulsive behavior and
long-term goals may contribute to the experience of feeling forced and to the internal
struggle that one experiences during compulsive behavior. On the other hand, if one the
individual is not aware of this conflict, or if the behavior and the long-term goals are in
agreement, it would more typically induce the experience of wanting to act.

In sum, we postulate that pathological compulsive behavior should be defined as
an act based on the feeling of ‘having to’ act repetitively in response to an urge to avoid or
decrease a negative state—the urge is modulated by (a) negative outcome anticipation and
(b) the evaluation of one’s current state—in a way that diverges from achieving one’s long-
term goals, while being aware of this conflict between the behavior and one’s long-term
goals.
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4. COMPULSIVE VERSUS
IMPULSIVE BEHAVIOR

Impulsive and compulsive behavior have been viewed as opposing ends of a spec-
trum: compulsive behavior is driven by a combination of a strong need to reduce anxiety
or discomfort and an exaggerated sense of harm on one end, whereas impulsive behav-
ior is driven by the combination of a strong need for reward or pleasure and an under-
estimation of risk on the other (Hollander & Wong 1995; Fineberg et al. 2010). However,
others have pointed out an overlap between the two behaviors; arguing that both
types of behavior have a common tendency towards behavioral disinhibition (Dalley et
al. 2011; Fontenelle et al. 2011). In line with this notion, there is evidence for common
diagnostic, neurobiological and cognitive characteristics across different disorders that
are traditionally considered to be either compulsive (e.g., OCD) or impulsive (e.g., sub-
stance abuse disorders and impulse control disorders), including impairments of work-
ing memory, decision making and motor inhibition (Fontenelle et al. 2011). According
to a review on this subject, 11% of patients with opiate dependence meet diagnostic
criteria for OCD, 27% of OCD patients meet criteria for substance abuse disorders and
35% of OCD patients meet broad criteria for impulse control disorders, demonstrating
this overlap (Fontenelle et al. 2011). All three disorders (OCD, substance abuse disorders,
impulse control disorders) share abnormalities in frontostriatal brain circuitry, which is
in line with neuroanatomical models postulating distinct but interacting frontostriatal
networks in both impulsive (i.e. ventral striatum and ventromedial prefrontal cortex) and
compulsive behaviors (i.e., dorsal striatum and obitofrontal cortex) (Fineberg et al. 2010).
In sum, both overlapping and distinct underlying neurocognitive and neural mechanisms
may be involved in mediating compulsive and impulsive behaviors (Fineberg et al. 2010;
Fontenelle et al. 2011)

4.1 DIFFERENCES

In contrast to compulsive behavior, the notion of impulsive behavior has been previ-
ously defined and is more broadly agreed upon. This is reflected in the presence of a
range of validated tests and questionnaires to assess impulsive behavior. Both animal
and human behavioral studies indicate that impulsivity may consist of (at least) three
constructs: [1] a deficit in inhibiting a prepotent motor response; [2] an inclination to
choose a smaller, immediate reward over larger, delayed rewards; and [3] an inability
to use information to reflect on the consequences of a choice or action (Evenden 1999;
Broos et al. 2012). These three constructs all convey the tendency to act prematurely,
where it would have been more rational or beneficial to withhold a response, to either
wait for a larger reward, or to gather more information, respectively. As Table 2 shows,
most definitions characterize impulsivity by acting prematurely or hastily and/or without
regard for consequences (Moeller et al. 2001; Torregrossa et al. 2008; Dalley et al. 2011;
Ersche et al. 2011; Dalley & Roiser 2012; Bevilacqua & Goldman 2013; Whelan & Garavan
2013).
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Compulsive behavior on the other hand, is not characterized by a tendency to act
prematurely. On the contrary: some OCD patients even report an excess of deliberation
related to compulsive behavior (de Haan et al. in press). Loss of control may play a role
in both behaviors, but we argue that compulsive behavior seems to be characterized by
the ‘feeling’ of loss of control as a result of feeling forced from within (de Haan et al. in
press; Denys 2011, 2013), whereas in impulsive behavior the loss of control results from
premature responding, which does not necessarily entail the conscious experience of
control loss (see Figure 1).

feeling ‘forced’

to act
negative T \
awareness of

outcome anticipation

evaluation of P y
arousal urge behaviour QD long-term goals
current state

conflict

I no awareness of
positive conflict
outcome anticipation
premature

response

Figure 1: Comparison between impulsive and compulsive behavior

Dissociation between anticipation of positive vs. negative outcome may be a helpful
framework to distinguish impulsive from compulsive behavior. Impulsive behavior may
be associated with positive outcome anticipation: there is a relation with hypersensitivity
to positive outcomes (Dawe & Loxton 2004)—which more easily incites impatience, pre-
mature responses and the experience of a ‘drive’ rather than an ‘obligation’ to perform
impulsive behavior—and a relation with low negative outcome anticipation in the form of
disregard for possible negative consequences, contrary to compulsive behavior. This dis-
sociation between positive versus negative outcome anticipation may also explain some
of the differences associated with impulsive versus compulsive behaviors. For example,
positive outcome (reward) anticipation is associated with risk taking behavior (Knutson
et al. 2008), which may lead to problems observed in pathological impulsive behavior.
Negative outcome anticipation in pathological compulsive behavior on the other hand, is
associated with doubt and an excess of deliberation and awareness which paradoxically
may lead to amplification of the feelings of uncertainty (de Haan et al. in press).

Another difference between impulsive and compulsive behavior concerns the aware-

ness of the divergence between one’s current behavior and one’s long-term goals. In both
pathological impulsive and compulsive behavior there seems to be a conflict between
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the behavior—which may serve the short-term goal of achieving pleasure or decreasing
anxiety—and the long-term goals one has in life. For instance, impulsively purchasing
an expensive car may give joy in the short run, but in the long run may result in financial
problems that interfere with goals such as buying a house. While in compulsive behavior
there seems to be awareness of the dissociation between the behavior and one’s long-
term goals during the act. This is not the case in pathological impulsive behavior, where
the dissociation between the behavior and long-term goals is experienced, if at all, after
the act has been performed, in the form of regret. Increased conscious awareness in
compulsive behavior may be the result of negative outcome anticipation (preventing or
decreasing harm): to avoid a negative state vigilance is needed, thus raising conscious
awareness. Pursuing a positive state, on the contrary, might decrease overall conscious
awareness to prevent distractions and to keep a focus on the short-term goal.

4.2 SIMILARITIES

Both impulsive and compulsive behavior have been described to result from (1)
strong urges defined as an internal pressure to act that mobilizes the body (Beck et al.
1993) and (2) lack of inhibitory processes (Bari & Robbins 2013) defined as cognitive pro-
cess to restrain behavior (Aron 2007). When there is an imbalance between urges and
inhibitory processes (i.e. strong urges and/or weak inhibitory control), impulsive and
compulsive behaviors may become more prominent (Bari & Robbins 2013). The direction
of the urge may be different in impulsive versus compulsive behavior (i.e., to achieve
pleasure or to prevent harm), yet, in both impulsive and compulsive behaviors the aim
is to improve one’s internal state. We postulate that this urge to improve one’s internal
state during impulsive and compulsive behaviors is based on the individual's evaluation
of his current internal state and the anticipation of an outcome that is either positive (i.e.,
when achieving pleasure/reward is driving the behavior) or negative (i.e. when avoiding
or decreasing harm is the motivation). This anticipation of positive or negative outcome
induces arousal (i.e., psychological and physiological activation) that may result in expe-
riencing an urge to act. With positive outcome anticipation the arousal is mostly experi-
enced as excitement, whereas anticipation of negative outcome is generally associated
with anxiety.

Arousal and the resulting urge may serve to promote approach or avoidance
behavior, which can turn into impulsive or compulsive behavior, respectively. From an
evolutionary point of view, arousal is most adaptive when the stakes are high (outcome
magnitude) and the outcome is uncertain, leading to the impression that the outcome
is malleable by the behavior. Therefore, increases in expected outcome magnitude when
the outcome is uncertain would induce more arousal and lead to a stronger urge (Knutson
& Greer 2008). Both outcome magnitude (or relevance) and outcome uncertainty affect
outcome anticipation and the resulting arousal. Positive outcome anticipation will pro-
mote approach behavior, whereas negative outcome anticipation promotes avoidance
behavior. To illustrate this, think for instance of a gambling game that induces impulsive
behavior: the positive outcome magnitude is high (big sum of money) and the outcome
uncertain giving the impression it is malleable by behavior (choice) of the person. As a
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result of these two factors, gambling can lead to strong positive arousal (excitement),
driving the urge for impulsive behavior. A situation that may lead to dreadful, uncertain
outcomes may result in a stronger urge to act compulsively. For instance, when one has
possibly forgotten to turn the gas stove off, this will more likely incite compulsive behav-
ior by increasing negative arousal (anxiety). In sum, in both impulsive and compulsive
behaviors the underlying urge may be modulated by the magnitude and uncertainty of
outcome.

We propose that the urge that underlies impulsive and compulsive behavior is also
dependent on the assessment of the current internal state. Thus, the urge does not only
depend on the anticipation of a future state but also on the experienced current state.
The influence of the current internal state on the urge is demonstrated by a study show-
ing that prior negative mood induction in a group of participants with disinhibited eat-
ing style amplified the urge to eat when confronted with a food cue, while no effects
were found for prior neutral or positive mood induction. (Loxton et al. 2011). Moreover
the internal state also affects the outcome anticipations for example negative affects
increases anticipation of averse events while extreme positive affects as euphoria pro-
motes reward anticipation (Harlé et al. 2013), The evaluation of the current internal state
thus modulates the individual’s urge, which in turn determines the likelihood of perform-
ing impulsive or compulsive behaviors. Since individuals suffering from psychiatric disor-
ders are more likely to experience a disruption of their internal state (e.g., stress, mood
changes, anxiety, somatic comorbidities), they may develop more persistent forms of
impulsive and compulsive behaviors.

4.3 INTERACTION BETWEEN COMPULSIVE AND IMPULSIVE BEHAVIOR

The prominent model in addiction research postulates a shift from impulsive
towards compulsive drug taking as the condition exacerbates over time (Bari & Robbins
2013). Substance abuse may start out as an impulsive act aimed at pleasure seeking,
but over time becomes more driven by the urge to restore or prevent a negative state
induced by the long-term effects of the drug use—i.e., withdrawal symptoms but also
the consequences of addiction on one’s mental health and life (Koob & Volkow 2009).
This is not to say that drug use in advanced stages of addiction is only defined by com-
pulsive behavior: it may well be at times an impulsive or a habitual act. It seems likely
however, that compulsive behavior gets a more prominent role as addiction progresses
(Fontenelle et al. 2011). Neuroscientific evidence supports the notion that increasing
severity of the disorder is associated with higher negative outcome anticipation, indicat-
ing higher inclination towards compulsive behavior. A recent study showed a correlation
between deterioration of pathological gambling symptoms and the increase of anterior
insula activation while anticipating a monetary loss (Choi et al. 2012). Notably, this brain
region has been linked to negative emotions associated with anticipated losses (Xu et al.
2009) and with harm avoidance as a personality trait (Paulus et al. 2003).
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However, the opposite has also been suggested: chronic compulsive behaviors may
become intrinsically impulsive. In other words, a shift would occur from compulsive char-
acteristics to more impulsive characteristics (e.g., less conscious awareness of internal
struggle more premature responses) (Fontenelle et al. 2011). In some cases of OCD for
instance, the compulsive behaviors that started out as harm avoidance may gradually
evolve into premature responding with progression of the disease through a mechanism
of avoidance learning. In support of this notion, there is evidence that OCD patients who
perform compulsions more impulsively may exhibit a more deteriorative course and
longer duration of iliness than other OCD patients (Kashyap et al. 2012).

4.4 SUMMARY OF IMPULSIVE VERSUS COMPULSIVE BEHAVIOR

In sum, we postulate that compulsive behavior is characterized by the feeling of *hav-
ing to’ perform an act, in order to avoid or decrease a negative internal state. In contrast,
impulsive behavior is best described by premature responding in response to expecting
a positive internal state. In both impulsive and compulsive behaviors, the urge to act is
modulated by the evaluation of the current internal state and by outcome expectancy,
which in turn depends on magnitude and uncertainty of outcome (giving the impression
it can be influenced by behavior). In both pathological impulsive and compulsive behav-
iors there is a conflict between the act and long-term goals. In compulsive behaviors, this
conflict is experienced during the act, inducing an internal struggle and increasing the
level of conscious awareness contributing to the feeling of being forced (de Haan et al. in
press); whereas in impulsive behaviors this conflict is generally not experienced at all or
only after the act in the form of regret.

5. HABIT

The terms compulsivity and habit are frequently used together or even interchange-
ably to refer to persistent/repetitive behaviors in the face of negative consequences. For
instance, drug addiction has been referred to as a maladaptive compulsive habit (Belin et
al. 2008). However, the differences and similarities between how habits and compulsive
behaviors relate to persistent/repetitive behavior in the face of negative consequences
are not clear.

5.1 THE CONCEPT OF HABIT

The concept of habit may seem intuitive and obvious: in fact several scientific papers
investigate habit without defining it (Gillan et al. 2011; de Wit et al. 2012) . However, the
variety of descriptions in Table 3 and the ongoing debate in phenomenology on the mat-
ter (Crossley 2001) suggest otherwise. For instance, there is disagreement with regard to
the role of goal directedness in habitual behavior: some studies refer to habits as “a form
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of goal-directed, automatic behavior” (Aarts & Dijksterhuis 2000), whereas other studies
define habits by their lack of goal-directedness (de Wit & Dickinson 2009) and contrast
habits with goal-directed behaviors (de Wit & Dickinson 2009; Gillan et al. 2011).

It is beyond the scope of this paper to define the general term habit. Instead, we
merely want to point out that the definition is not straightforward and needs further clar-
ification (Sjoerds et al. 2014). In the context of compulsive behavior however, we propose
a distinction between two types of ‘automatic behavior’, both of which are referred to
as habitual: motor sequence habits and motivational habits. The concept of motivational
habits may overlap with our definition of compulsive behavior, whereas motor sequence
habits are clearly distinct from it.

5.2 MOTOR SEQUENCE HABITS

Common examples of habits are brushing our teeth, or washing hands after toilet
use, activities we do regularly and automatically and therefore can be performed while
thinking or doing something else. In these examples, habits are the result of the repetitive
execution of a sequence of acts in a fixed manner. For example, brushing teeth is usually
done by performing the same series of acts in, more or less, the same way every day.
With repetition over time, one act will initiate the next act without intermediate evalu-
ation of the outcome of each individual act (Dezfouli & Balleine 2012). Acts within the
behavioral sequence of brushing teeth will become more interlinked: one act will initiate
the next act without interference of conscious awareness or deliberation. This type of
learning results in a fixed series of actions that, once initiated, automatically follow one
another, also called ‘chunks’ of behavior. Here we refer to this type of behavior as motor
sequence habit. The automaticity of the action precisely implies decrease of conscious
awareness and absence of deliberation. The initiation of the sequence however, can be
goal-directed and mediated via motivation or conscious processing (e.g., brushing teeth
may be initiated to get fresh breath), but once initiated the behavioral sequence lacks
these qualities. This can lead to so called ‘slips of actions’: performing habitual behavior
when it is not appropriate (de Wit & Dickinson 2009). This can occur for example, when
you have to change the technique in which you brush your teeth as a result of gum
infection, and you keep brushing the sore spot as a result of the habit. In this way motor
sequence habits can also contribute to unwanted or out of control behavior. For example
walking to your fridge to take and eat a snack can become a motor sequence habit. If
you are on a diet, this habit conflicts with your overall goal of losing weight. In that case,
when you walk to the fridge and eat the snack without being consciously aware of the
act, this would amount to a ‘slip of action’ (de Wit & Dickinson 2009).

5.3 MOTIVATIONAL HABITS
Another type of behavior that becomes more automatic after repetition is a reoccur-

ring response to a motivational state (e.g., emotion, urge, craving, desire), resulting in a
stronger association between a motivational state and a specific (sequence of) behavior.
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We will refer to this behavior as motivational habit. When repeating a specific behavior
in response to a motivational state, less alternative responses seem available and the
behavior becomes more inflexible and persistent (Sjoerds et al. 2014). For instance,
walking to the fridge to get a snack could also be the result of a practiced behavioral
response to a negative emotion (e.g., the experience of sadness). In that case, the behav-
ior is driven by the urge to decrease the negative emotion, in contrast to motor sequence
habits that are performed simply out of motor schemes.

Both motor sequence and motivational habits result from repetition, induce auto-
maticity and decrease flexibility of the behavior. Motor sequence habits, however, are
characterized by sequential motor associations only; whereas motivational habits are
moreover characterized by the association of a motivational state and a response, and
thus are driven a strong motivational affective component. In both motor sequence
habits and motivational habits, the behavioral shift to automaticity is adaptive when a
fixed solution has repeatedly proven viable under similar conditions because it increases
speed and reduces energy costs (Toates 2006). The disadvantage of automaticity is that
the behavior can become maladaptive, that is, resistant to change even if it leads to
undesirable consequences.

5.4 HABITS AND COMPULSIVE BEHAVIOR

Our concept compulsive behavior can overlap with that of motivational habit when
the latter occurs in response to an urge that is produced by negative outcome anticipa-
tionand isin conflict with one’s long-term goals. When there is no conflict with long-term
goals, the behavior should be defined as motivational habit. On the other hand, when
the behavior is in conflict with long-term goals and the individual feels forced to act, the
behavior should be defined as compulsive. It becomes more difficult to distinguish two
when there is a conflict with long-term goals but no clear experience of being forced
to act. In the complete absence of the ‘having to act’ experience, we suggest to define
the behavior as motivational habit, since this is a central characteristic of compulsive
behavior=.

Motor sequence habits lack an affective component—the behaviors result from
associated motor acts—and thereby differ from compulsive behavior. Nonetheless, the
repetitive nature of compulsive behavior may induce the formation of motor sequence
habits and therefore the two may co-occur. In OCD, for instance, specific compulsive
behavior sequences may be repeated many times inducing the natural development of
motor sequence habits with a tendency to simultaneously decrease conscious aware-
ness: an OCD patient who consistently responds to any idea of contamination by washing

2:  Anelegant experimental example of motivational habits is provided by Gillan and colleagues (2013c)
who designed a task in which participants were instructed to avoid a shock by pressing a foot pedal. After over-
training (inducing habits), OCD patients showed more unnecessary avoidance responses (to devalued stimulus)
than healthy controls. These responses were associated with an urge to respond even though patients did not
differ from healthy controls in explicit contingency knowledge. The act was had become an automatic response
to the urge; however there was no conflict with long-term goals.
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his hands in a specific fashion with chloride may develop a motor sequence habit (i.e.,
the motor acts of grabbing the chloride, putting it on one’s hands, washing it etc.).
Interestingly, many OCD patients make an effort to perform their compulsions intention-
ally and ‘properly’, to have full conscious control over their actions (de Haan et al. in press)
as if they resist the diminution of conscious awareness that occurs when the behavior
becomes habitual. OCD patients may experience the shift to automatic behavior, and
the resulting decrease of awareness, as stressful because it undermines the feeling of
control over their actions. As a consequence, some OCD patients may experience that
their behavior does not feel ‘right’ when they notice a slight absence of awareness over
their actions. This leads to more deliberate repetition of the behavior until it feels ‘right’,
which paradoxically only strengthens the habituation process. Moreover, repetition of
behavior may detrimentally affect memory vividness and detail, which can decrease
memory certainty. Such uncertainty in turn sustains the anxiety and thereby the need
to perform the compulsive behavior again (van den Hout & Kindt 2004). This suggests
that in OCD, where feelings of uncertainty and the strive for conscious control play an
important role, patients actively prevent their behavior to become an unreflective motor
habit. Their resistance against habituation, however, only perpetuates their compulsive
behavior (de Haan et al. in press; Rotge et al. 2015).

6. CONCLUSION

Compulsive behavior is characterized by the feeling that one *has to’ perform a spe-
cific act. We propose that it results from an underlying urge to improve one’s internal
state, which is modulated by the evaluation of one’s current internal state and by the
anticipation of a negative outcome. In pathological compulsive behavior there is an
apparent conflict between behavior and long-term goals, which may resultin anincrease
in conscious awareness and internal deliberation that aims to ‘regain’ control but may
paradoxically contribute to the sustaining factors of compulsive behavior (de Haan et al.
in press).

Compulsive behavior differs from impulsive behavior by the direction of the outcome
anticipation (negative outcome vs. positive outcome) and the awareness of the conflict
between the behavior and long-term goals during the act. The overlapping occurrence
of impulsive and compulsive behaviors in certain psychiatric disorders including SUD
and OCD may be due to their common underlying urge to improve one’s internal state
(Fontenelle et al. 2011).

Compulsive behaviors differ from motor sequence habits with regard to the moti-
vational component (decreasing or avoiding a negative state in compulsive behavior)
and awareness (feeling of being forced to act in compulsivity vs. automaticity and motor
associations in motor sequence habits). Motivational habits seemingly overlap with
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compulsive behavior when the habit is a response to an urge driven by negative outcome
anticipation. However, in the presence of conflict with long-term goals and the experi-
ence of being forced to act, the behavior should be defined as compulsive.

6.1 LIMITATIONS

We appreciate the difficulty of defining a concept as complex as compulsive behavior.
It may very well appear to be a multifaceted construct that includes different elements
for different compulsive behaviors. Therefore we view this definition not as conclusive
but as a starting point for further investigation. Another limitation is that we have not
explicitly addressed the issue of harmless compulsive behavior versus pathological
compulsive behavior. As with impulsive behavior, we believe that compulsive behavior
becomes pathological when its performance no longer aligns with, and indeed prevents,
the achievement of the individual’s long-term goals consisting of what one values overall
in life (e.g., a stable family, establishing career, as well as good physical, social and men-
tal health). Therefore, our proposed definition of compulsive behavior excludes behav-
iors that may seem compulsive due to their repetitive nature and the experience it ‘has
to be done’, but that do not diverge from one’s long-term goals, such as bedtime rituals
by small children or seemingly bizarre rituals athletes perform before or during a game
(Denys 2013). Although there seems to be a certain internal force that accompanies these
behaviors, there is no experience of conflict, and consequently the behavior may not
be experienced as ‘out of control’. These behaviors may in fact it even facilitate reach-
ing long-term goals. A more elaborate comparison is beyond the scope of this article.

6.2 FURTHER RESEARCH

Our proposed operational definition of pathological compulsive behavior has at
least four different components that can be investigated: [1] the feeling of ‘having to’act
repetitively [2] in response to an urge—which is modulated by (a) the anticipation of a nega-
tive outcome to be avoided or minimized and (b) the evaluation of one’s current internal
state—[3] in a way that diverges from achieving one’s long-term goals [4], while there is
awareness of this conflict between the behavior and one’s long-term goals. For instance,
it is feasible to explore the hypothesis that changing negative outcome expectancy by
manipulating outcome magnitude and/or uncertainty would induce or increase compul-
sive behavior. Additionally, the effects of the degree of conflict of compulsive behavior
with an overarching goal on the self-reported elements [1] and [4] could be tested empiri-
cally. Moreover, it would be interesting to investigate to what extent patients, who con-
duct so-called pathological compulsive behaviors (e.g., compulsions in OCD, compulsive
drug use in SUDS, compulsive eating in eating disorders, compulsive gambling), report
about: [1] the feeling of having to act; [2a] the expectation of negative outcomes prior
or during the behavior; [2b] evaluation of current internal state; [3] the effect that the
behavior has on achieving long-term goals; [4] the awareness of conflict between the
behavior and long-term goals while the behavior is performed. This data would allow a
comparison between disorders and behaviors and provide evidence of the validity of our
current concept for the investigation of compulsive behavior in psychiatry.
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Additionally, the conceptualization of compulsive in contrast to impulsive
behavior may encourage the development of measurements to dissociate the two types
of behavior. Subjective reports of awareness of inner conflict and the experience of hav-
ing to act would indicate compulsive behavior, whereas no awareness or the experience
of a hasty, premature response, rather points to impulsive behavior. The anticipation
of positive versus negative outcomes could also be manipulated and dissociated in
neuropsychological tests or measured by subjective reports. For both compulsive and
impulsive behavior we propose that arousal and the urge to act in a manner that may
conflict with long-term goals play a central role. This urge and arousal may be evoked
and manipulated in neuropsychological tests or measured by self-report measures.

We aimed to provide a clear definition of compulsive behavior, and we hope that this
work will encourage the development of 1) tools that measure and characterize compul-
sive behavior in normative and pathological samples; 2) strategies aimed to the preven-
tion, management and treatment of compulsive behaviors in psychiatric disorders where
compulsivity drives adverse and disabling psychosocial outcomes; 3) neurocognitive
tasks that investigate the behavioral and neural processes mediating compulsive behav-
ior, the knowledge of which could advance the existing pharmacological or neuromodu-
latory treatments of psychiatric disorders where compulsive behaviors are key.
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ABSTRACT

xtensive washing, cleaning or checking of patients with obsessive-compulsive
Edisorder (OCD) are often interpreted as strategies to avoid harm and as an
expression of the widespread belief that OCD patients are more risk-averse, i.e.
have negative attitude towards risk. However, despite its clinical significance, the neural
basis of risk attitude in OCD is currently unknown. Here, we investigated neural activity
during risk processing using functional magnetic resonance imaging and simultaneously
assessed risk attitude using a separate behavioral paradigm in OCD patients with dif-
ferent symptoms versus healthy controls. We found opposite insula responses to high
versus low risk in OCD patients compared to those in healthy controls: a positive correla-
tion between insula activity and risk-aversion in patients versus a negative correlation in
healthy controls. Although OCD patients overall were not more risk-averse than controls
there were differences between subgroups of OCD patients: patients with doubt/check-
ing symptoms were more risk-averse than other patients. Taken together, OCD patients
show a reversed pattern of risk processing by the insula compared to healthy controls.
Moreover, the data suggest that increased activation of the insula signals an abnormal
urge to avoid risks in the subpopulation of OCD patients with doubt and checking symp-
toms. These results indicate a role for the insula in excessive risk-avoidance relevant to
OCD.
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INTRODUCTION

linical observations and stereotypical portraits of obsessive-compulsive disorder

(OCD) in the media have led to the common-sense belief that these patients

have an abnormal risk assessment: they perceive more risk, are more averse to
risk, and therefore develop compulsions to prevent or avoid these perceived dangers
such as contamination or harm to self or others. This believe has resonated with sci-
entists (Steketee & Frost 1994) and is in agreement with the finding that similar brain
regions are involved in risk processing and OCD: striatum, insula, prefrontal cortex and
cingulate cortex [e.g. OCD: (Figee et al. 2011; Jung et al. 2011; Stern et al. 2011; Cocchi et
al. 2012; Remijnse et al. 2013), risk processing (Preuschoff et al. 2006, 2008; d’ Acremont
& Bossaerts 2008; Christopoulos et al. 2009; Tobler et al. 2009; Mohr et al. 2010; Holper
et al. 2014)]. However, very little is known about the role of risk attitude and its neu-
ral correlates in OCD and available studies are inconsistent: OCD 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). However, the relation between risk
attitude (indicating risk aversion) in OCD and the underlying neural mechanisms of risk
processing has never been investigated.

In the present study we measured risk attitude and brain activation during risk pro-
cessing separately using two behavioral paradigms that exposed participants to more
or less risk and functional magnetic resonance imaging (fMRI). This design enabled us
to compare behavioral and neural differences in risk processing between groups and
moreover to investigate whether risk attitude affected neural processing of risk differ-
ently in OCD patients compared to healthy controls (HC).

METHODS

PARTICIPANTS

A total of 18 OCD patients were recruited at the Psychiatric Department of the
Academic Medical Centre of the University of Amsterdam and 16 control subjects were
recruited from the community. Due to a hardware problem the data from the behavioral
paradigm of three controls and one patient were lost and subsequently the behavioral
data and regression analysis for risk attitude and fMRI contrasts were based on 17 OCD
patients and 13 control subjects. The groups were matched for age, pre-morbid intel-
lectual functioning and gender (see table 1). The diagnosis of OCD was established
by a psychiatrist and confirmed by the Mini International Neuropsychiatric Interview
(Sheehan et al. 1998; van Vliet & de Beurs 2007) according to DSM-IV criteria. Patients
with a history of psychosis, bipolar disorder, developmental disorder, traumatic brain
injury or substance dependence were excluded from the study. The control group
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consisted of medication-free, healthy subjects without a history of OCD or any other
psychiatric disorder. The study was approved by the Medical Ethics Committee of the
Academic Medical Center of the University of Amsterdam and all participants gave writ-
ten informed consent.

Table 1: Demographic and clinical data of patients and healthy controls.

Total group 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
Patients (N=17) Controls (N=13) Difference
Regression analysis Mean Range Mean Range P-value
Age (y) 34(7.0) 2354 34 (8.4) 22-48 0.978
Gender (M:F) 6:11 2:11 0.222
Pre-morbid IF 107 (5.1) 100-118 108 (4.6) 100-114 0.777
HAM-A 11.82 0-26 0.38 0-2 0.000
HAM-D 9.59 2-24 0.77 0-3 0.000
YBOCS 23.47 12-33 0 0 0.000

Abbreviations: HAM-A: Hamilton Ratings Scale for Anxiety; HAM-D: Hamilton Ratings Scale for Depression;
YBOCS: Yale-Brown Obsessive-Compulsive Scale.

STUDY PROCEDURE

On the day of testing subjects were first assessed for clinical and demographic data,
then they conducted a computer task outside the scanner to assess risk attitude and
finally they carried out a separate risk processing paradigm during an fMRI scanning
session.

ASSESSMENTS

Clinical characteristics

OCD symptoms and OCD severity were assessed using the Yale-Brown Obsessive-
Compulsive Scale and the related symptom checklist (Y-BOCS, Y-BOCS-SC (Goodman
WK 1989). The presence of anxiety and depression symptoms was assessed with the
Hamilton Rating Scales for Anxiety [HAM-A (Hamilton 1959)] and Depression [HAM-D
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(Hamilton 1960)]. Pre-morbid intellectual functioning (IF) was estimated using the Dutch
version of the National Adult Reading Test [DART (Schmand et al. 1991)]. As expected,
patients showed significantly more depression, anxiety and obsessive-compulsive symp-
toms than controls (table 1).

Ten patients were treated with serotonin reuptake inhibitors, one with a tricyclic
antidepressant (clomipramine) and seven patients were unmedicated (table 1).

Measuring risk attitude (outside scanner)

Individuals differ in their choice behaviour in accordance to their risk attitude: with
similar expected value risk-averse individuals prefer the low-risk gamble, for example
because they overweigh the relative loss provided by the worst outcome whereas risk-
seeking individuals prefer gambles with higher risk and may overweigh the relative gain
provided by the best outcome (Christopoulos et al. 2009). To determine risk attitude,
each participant performed a computer task before the scanning session previously used
by(Christopoulos et al. 2009). In each trial participants were presented with a gamble
(two amounts with equal probability) and a safe alternative (one amount) that they had
to choose from. In different blocks there were three gambles all with the same expected
value (EV: the average of the two outcomes) but different levels of risk (formalized as
variance): 40 and 60 (low-risk), 30 and 70 (medium risk), 10 and go (high-risk). For each of
these risky gambles different safe alternatives were presented and each time the partici-
pant made a choice between the safe and risky alternative. The safe amount for which
participants were indifferent between the risky and safe alternative was determined by
varying the safe alternative according to a staircase method (parameter estimates by
sequential testing; PEST). The determined safe amount (i.e. where participants are indif-
ferent between choosing the risky or the safe alternative) corresponds to the certainty
equivalent (CE) which was calculated for each level of risk (Christopoulos et al. 2009).

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 CE minus the low-risk CE and reflects how much the individual is influenced
by risk (e.g., if, with a high-risk gamble the CE is 70, while with a low-risk gamble the
CE is 55, then risk-aversion is 70 - 55 = 15). A person with no difference between the CE
of a high and low risk gamble would appear to be unaffected by the level of risk and is
therefore called risk-neutral. By contrast, a person is called risk-averse when the CE of
the high-risk gamble is larger than the CE of the low-risk gamble (risk aversion higher
than o) and risk seeking when the inverse is true (risk aversion smaller than o).

Risk processing paradigm (inside scanner)

The task is an adapted version of a paradigm used previously (Christopoulos et al.
2009; Tobler et al. 2009) which probes monetary risk processing in both choice and non-
choice situations. Just as in the behavioral task risk is defined as the variance between
possible outcomes following the mean-variance approach of finance theory (Markowitz
1959). Each trial consists of two periods. In the first period participants are presented
for 4.5 seconds with two gambles, both of which are made up of two monetary values
(amounts) and matched for EV. One gamble is presented on one side and the other on
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the other side of the central fixation cross and participants are instructed to choose one
of the two sides by button press within the 4.5 seconds (Figure S1). The response time
(i.e. the time from the onset of the gambles until the button press) is measured in each
trial. When participants do not respond in time they are presented with a red cross indi-
cating their late response and the trial is repeated. When participants respond in time,
the second period occurs. In this period, the gambles from the first period are presented
with a red rectangular around the gamble of the chosen side for 1 second. During the
intertrial interval, which varies between 2.7 and 7.4 seconds, a fixation cross is shown.

In each trial, participants have a 50% chance to win either amount on the chosen side
(i.e. one of the two components of the chosen gamble). When, for example, 50 and 10
is shown on the left side and 40 and 20 on the right side, choosing the left side leads to
a red rectangular around 50 and 10 on the left side and a 50% chance of winning 50 and
a 50% chance of winning 10. To control for the possibility of outcome related activation
contaminating risk-related activation and impacting subsequent choice behaviour 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 Euros.

In each choice trial, the presented monetary values make up a high or a low-risk
gamble, such that one side is riskier than the other. The high-risk gamble is defined as
66% gain or loss relative to the EV, whereas the low-risk gamble consists of a 33% gain or
loss relative to the EV. The gambles on each side have an EV of either 30 (i.e. the low-risk
gamble has the possible outcomes of 20 and 40 whereas the high-risk gamble has the
possible outcomes of 10 and 50) or 60 (i.e. possible outcomes of low-risk gamble: 40 and
80; possible outcomes of high-risk gamble: 20 and 100).

To expose all participants to both high and low risk we included no-choice situations.
In no-choice situations the gambles on both sides are exactly the same such that partici-
pants are forced to undergo the presented risk by selecting one of the two sides (i.e. on
each side 10 and 50 or 20 and 100 for high-risk and 20 and 40 or 40 and 8o for low-risk).
In contrast, in choice situations participants can avoid exposure to specific risk levels
resulting in only riskier choices (high-risk gamble) or safer choices (low-risk gamble).
Indeed, in the present sample, 10 participants consistently chose only high-risk or only
low-risk gambles, which made it impossible to compare their high versus low-risk trials
dependent on choice. We used the presented level of risk as main independent variable
of interest to investigate risk processing in OCD patients versus HC. The percentage of
risky choices served as a proxy for risk attitude.

ACQUISITION OF IMAGES AND PRE-PROCESSING
Magnetic Resonance Imaging data were obtained using a 3.0 T Intera MRI scan-

ner (Phillips Healthcare, Best, The Netherlands) equipped with a SENSE eight-channel
receiver head coil. A spin echo-planar (EPI) sequence sensitive to blood oxygenation
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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 254 volumes and
a high resolution structural scan was used for anatomical reference with EPI data.

Imaging data were analyzed 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, co-registered with the structural
scan, segmented for normalization to an MNI template and resampled at 2x2x2 mm3. To
account for low-frequency signal drift a high-pass filter (1/128 Hz) was applied and tem-
poral autocorrelation was modeled as an AR(1) process. Finally images were smoothed
using an 8 mm full width at half maximum Gaussian kernel.

DATA ANALYSIS

Behaviour

Demographical data and behavioral performance inside and outside the scanner
were analyzed using SPSS 19. Group differences in IF and age were analyzed using
independent sample t-tests, and gender was analyzed using a % test. The significance
level was set at p<o.05. After confirming with the Shapiro-Wilk test that the distribu-
tions of risk-aversion and CE (average CE of three risky gambles) in both groups did not
significantly deviate from normality, between-group differences were analyzed with an
independent sample t-test.

Response times in the scanning task were analyzed with a mixed model ANOVA
using risk level of trial (high vs. low) as a within-participant variable and group as a
between-participant variable. The response times and percentages of risky choices were
compared between groups with an independent sample t-test.

Neuroimaging

At the first level, the onset of the first period (i.e., presentation of gambles) was
modeled with a stick function. Risk level (high>low) was modeled as a parametric
modulator for both choice and no-choice trials. The six realignment parameters were
included to account for head movement. Subject-specific contrasts were obtained for
the parametric modulator and entered into second-level random effects analyses using
an independent sample t-test to investigate group differences. Moreover a linear regres-
sion was conducted to determine whether risk attitude (i.e., level of risk-aversion per
subject as measured by behavioral task) influences brain activation differently between
groups in the high versus low risk contrast using a factorial model ANOVA.

Statistical tests were corrected for multiple comparisons across the whole brain at
the cluster level (p<o.05, family-wise error correction) using a cluster-forming threshold
of p<o.01. The figures are presented at a threshold of p<o0.005 uncorrected for visualiza-
tion with the left side of the brain on the right side of the figures.
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RESULTS

RISK ATTITUDE AND PERFORMANCE IN PATIENTS VERSUS CONTROLS

The data showed that the risk attitude measures were similar for both groups: no
significant difference between OCD patients and HC in mean risk-aversion or mean risk
premium during the risk attitude assessment prior to the scanning session (p=o0.25; table
2). In agreement with this, the ranges of risk attitudes were similar in both groups: the
highest level of risk-seeking was -15 in patients and -18 in controls while the highest level
of risk-aversion was 20 for patients and 24 for controls. These results indicate that OCD
patients are not more risk-averse than HC and that both groups are heterogeneous and
vary considerably in their risk attitudes.

In the scanner task response times (RTs) differed between high-risk versus low-risk
gambles with shorter RTs for selecting the high-risk gamble. However, there were no
significant group differences or group x condition interaction effects. In line with similar
risk attitudes in both groups prior to scanning, we also observed no significant group
differences in the percentage of high-risk choices during the task in the scanner (table 2).

NEURAL CORRELATES OF RISK PROCESSING

We examined neural processing of risk while participants were exposed to high
versus low risk (figure S1). No significant main effects and no significant differences
between patients and controls were found when we compared brain activation induced
by high versus low-risk. To test whether risk attitude affected neural processing of risk
differently across groups we performed a linear regression analysis between risk attitude

Table 2: Risk attitude and behavioral results of risk processing paradigm

Risk attitude Patients (N=17) Controls (N=13) Difference
(outside scanner) Mean (SD) Range Mean (SD) Range P-value
Risk aversion -0.59(9.4)029  -15t020 3.46 (12.6) -18t0 24 0.32
(high-low premium)

Risk processing para- Patients (N=18) Controls (N=16) Difference
digm (inside scanner) Mean (SD) Range Mean (SD) Range P-value
Risky choices (%) 35.73 (32.45) 0-100 22.36 (28.89) 0-100 0.21

RT Risk * Group 0.68

RT Risk 0.04*
Group: RT high risk (s) 1.625 (0.23) 1.26 -2.09 1.54 (0.24) 1.16-1.96 0.29
Group: RT low risk (s) 1.690 (0.29) 1.33-2.41  1.58(0.30) 1.11-2.15  0.29

Abbreviations: RT: reaction time
*significant (p<o0.05)
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(i.e., level of risk-aversion) and the high versus low risk fMRI contrast. This revealed an
interaction effect with group: patients showed a stronger correlation between risk-
aversion and brain activation (high-risk > low-risk) than controls in the insula (T=5.95,
P.,e<0.001), dorsolateral prefrontal cortex (T=5.99, P, <0.001) and pre- and postcen-
tral gyrus (T=4.33, P,,.=0.001; T=4.23, P <0.032: figures 1A, 2 and table 3; all statisti-
cal tests were whole-brain cluster-level corrected). These results remained significant
after controlling for differences in anxiety and depression scores. Follow-up testing to
determine the direction of the association within groups showed a positive correlation
between insula activity during risk processing and risk-aversion in patients (T=6.11,
P.,e=0.001: figure 1 B, 2 A and table 3), whereas controls showed a negative correlation
between risk-aversion and activation of this region (T=5.64, P =0.047: figure 1B 2 B and
table 3). Patients also showed a positive correlation between risk-aversion and activity in
the DLPFC (T=5.57, P_,.=0.004) and activity in the precentral gyrus (T=4.34, P, .=0.021:
table 3 and figure 2 C). 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: high-risk situations resulted in high-
er insula activation in risk-averse patients and in risk-seeking HC. Moreover compared
to HC, patients showed stronger activation increases in the DLPFC and pre/postcentral

gyrus with risk-aversion during risk processing (table 3).

Table 3: Comparison of regression analysis between groups

Cluster
level P
Direction of value Cluster  MNI
Test correlation Region Side (FWE) T size X Y z
Insula R 0.000 5.95 1572 48 -14 12
DLPFC L 0.000 5.99 840 -32 28 32
Precentral gyrus L 0.001 4.33 682 -64 -30 26
Group Patients > Pre/postcentral
comparison controls gyrus L 0.032 4.23 407 -48 -4 44
Controls Negative Insula R 0.047 5.64 304 36 6 12
Insula R 0.001 6.11 758 48 2 -6
DLPFC L 0.004 5.57 579 -34 26 30
Patients Positive Precentral gyrus L 0.021 4.34 433 -64 -28 30

Comparison of regression analysis of brain activation in the high-risk > low-risk contrast against
risk aversion between groups. R: right; L: left; DLPFC: dorsolateral prefrontal cortex. For overlap
between different insula and DLPFC clusters see figure 1 B and C
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Figure 1: Preferential correlations between risk-related activation and risk-aversion of patients com-
pared to controls. (A) Stronger correlation between risk-aversion and brain activation in high-risk >
low-risk contrast in OCD patients compared to healthy participants in the insula, dorsolateral prefron-
tal cortex, precentral and postcentral gyrus. (B) Patients show a positive correlation between insula
activation in the high-risk > low-risk contrast and risk-aversion (green) while controls show a negative
correlation (blue); the red cluster reveals the comparison between groups. (C) Patients show a positive
correlation between dorsolateral prefrontal cortex activation in the high-risk > low-risk contrast and
risk-aversion (green), the red cluster reveals the comparison between patients and controls.
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Figure 2: Correlations between insula activation and risk-aversion. Positive correlation for (A) patients

and negative correlation for (B) controls between insula activation and risk-aversion. Blue points in (A)
represent patients within doubt/checking symptom dimension.
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POST-HOC EXPLORATION OF RISK ATTITUDE
AND CLINICAL DATA IN THE PATIENT GROUP

The lack of differences in risk attitude between groups may be due to the hetero-
geneity of the disorder where different subgroups of OCD show different levels of risk
attitude. To explore this hypothesis, patients were allocated to one of five OCD symp-
tom dimensions: (i) hoarding, (i) contamination/cleaning, (iii) symmetry/ordering, (iv)
unacceptableftaboo thoughts (v) doubt/checking according to the YBOCS symptoms
checklist (Brakoulias et al. 2013). When patients scored on multiple dimensions, they
were assigned to the dimension for which they reported most symptoms. We excluded
patients with predominantly hoarding symptomes, as there is evidence that this dimen-
sion may be independent from OCD (Pertusa et al. 2008). All seven risk-averse OCD
patients belonged to the doubt/checking subgroup, whereas the 10 patients in the risk-
seeking group consisted of three patients with mainly unacceptable/taboo thoughts,
two with mainly symmetry/ordering symptoms, three with mainly contamination/
cleaning symptoms, and only two with mainly doubt/checking symptoms (table Sz1).
Note that the two risk-seeking patients with mainly doubt/checking symptoms were
close to being 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 symp-
toms (p<0.001), and this remained significant after controlling for whether patients used
medication (p=0.001), indicating that the differences between groups were not due to
differences in medication use.

To test whether medication use affected risk attitude or the number of risky
choices in the scanner we used an independent sample t-test to compare medicated and
unmedicated OCD patients. We found no differences in mean risk-aversion or percentage
of risky choices in the scanner between medicated and unmedicated OCD patients: -1.3
(10.4) vs. 0.7 (7.9) (p=0.70); risky choices, medicated and unmedicated patients: 39.4%
(37.9) vs. 28.3% (18.1) (p=0.41).

DISCUSSION

Contrary to common belief, patients with OCD were not more averse to risk than HC
in the present task. Regardless, HC and OCD patients showed an opposite correlation
between risk-aversion and insula activity during risk processing: insula activity correlated
positively with risk-aversion in patients, whereas in HC insula activity correlated nega-
tively with risk-aversion. Moreover OCD patients showed stronger activation increases in
the DLPFC and pre/postcentral gyrus with risk-aversion during risk processing.

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 propensity to seek risk (i.e. decreasing risk-aversion). Growing evidence
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suggests that the insula is involved in interoceptive processing (i.e. perception of internal
feelings of the body) and the evaluation of interoceptive states contributing to subjective
feelings and emotions (Craig 2002). Additionally neuroeconomic studies have pointed to
arole of the insula in risk processing (Kuhnen & Knutson 2005; Huettel 2006; Preuschoff
et al. 2008; Burke & Tobler 2011). Risk processing in humans is not only a deliberate
calculation of probability but also involves the evaluation of affective states (Mukherjee
2010). Taken together these findings have led to the hypothesis that the insula is critically
involved in the affective processes underlying risk processing (Paulus et al. 2003; Gowin
et al. 2014a). Our data concur and raise the possibility that interoceptive processes may
play a particularly prominent role in the subgroup of OCD patients with doubt and check-
ing symptomes.

Moreover, the insula may also be involved in expressing the affective components of
risk into behaviour. In agreement with this notion, some evidence suggests that activity
in the insula may be associated with an urge for risk taking in HC (Xue et al. 2010) and
in non-human species (Ishii et al. 2012) which is in line with our finding that risk-related
insula activation is associated with risk-seeking in HC. The finding that activity in the same
region of the insula in patients is correlated with risk-aversion may suggest that at least
some parts of the insula assume a differential role in the two groups: for HC this subre-
gion may signal urgency to take risk whereas for OCD patients it could signal urgency to
avoid risk. Alternatively, in both groups the insula may signal general arousal or urgency
but this is experienced more strongly by risk-averse patients and by risk-seeking healthy
control participants. In both cases, the insula seems to play an important role in the inte-
gration of bodily interoceptive signals with awareness appropriate actions (i.e. approach
or avoid) in the face of high risk. The insula may play such a role (Xue et al. 2010; Ishii et
al. 2012) in an individually adjusted manner (Paulus et al. 2003; Kuhnen & Knutson 2005).

Additionally, risk-averse OCD patients showed increased recruitment of the DLPFC
and precentral gyrus during risk processing in contrast to healthy controls. This contrasts
with healthy controls (Tobler et al. 2009; Holper et al. 2014) and may reflect increased
collaboration between prefrontal regions and the insula when patients process risk. The
DLPFC has been implicated in executive functioning and working memory and may play
arole in integrating risk information with other information to form a decision (Mohr et
al. 2010).

No differences in risk attitude were found between groups, suggesting that in
general, OCD patients are not more risk averse than healthy controls. Consistent with
the behavioral results no overall neural differences were found during risk processing
between groups. A possible explanation for this lack of differences between groups but
the finding that the groups differ in correlation between risk attitude and neural cor-
relates is that OCD is a heterogeneous disorder and different subtypes of OCD show
differences in risk attitude. Indeed post-hoc analyses showed that all risk-averse OCD
patients expressed doubt/checking symptoms and this subgroup was more risk-averse
than patients with other symptoms. Patients with doubt/checking symptoms report
obsessions about causing unintentional harm to others, fear that something terrible
might happen, indecisiveness and checking compulsions. Interestingly, the heightened
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risk-aversion of this group became apparent here even in situations in which only gains
could occur. 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
behavioral therapy may be helpful.

Several limitations are worth mentioning. One potential limitation of our study was
the relatively strong behavioral consistency of our subjects, which made it impossible to
investigate potential interactions between risk and choice. Additionally, in the paradigm
used in this study, risk arose from 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 a pure gain context, risk-aversion could
result from perceiving the lowest possible outcome as relative loss or from perceiving
more variance. OCD patients may have different neural responses during actual 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.
2013b) using both gains and losses nevertheless confirmed our result that on average risk
processing is unaffected in OCD. A further limitation could be that the range between
risk-seeking and risk-averse extremes 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) (note though that the mean risk-aversion of the healthy participants here did
not differ substantially from that shown in the previous 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 intellectual functioning
compared to the group of college students used in the previous study.

Another potential limitation is the fact that 10 patients were using serotonin-reup-
take inhibitors (SSRIs) and one patient was using a tricyclic antidepressant whereas 7
other patients did not receive medication. Serotonin neurotransmission is correlated
with successful withholding of responses and risk avoidance, whereas low serotonin pro-
motes early responding and risk taking (Cools et al. 2008; Long et al. 2009). In the pre-
sent study we did not find any differences in risk-aversion or propensity for risky choice
between medicated and unmedicated patients and differences in risk-aversion between
patients with doubt/checking symptoms and other patients remained significant after
controlling for medication use. Therefore it seems unlikely that in our study SRI medica-
tion explains the risk profiles of patients. However for comparisons within the OCD group
the sample size is small and this has to be taken into account when interpreting the dif-
ferences between risk-averse and risk-seeking patients.

In conclusion, we found elevated insula activation during risk processing in risk-
averse OCD patients, which may suggest that the insula is involved in an increased urge
to avoid risk in these patients. Increased avoidance signaling in the insula might contrib-
ute to the development of risk-avoidant strategies in this group, which in turn could lead
to persistence of the disorder.
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Figure S1: Schematic overview of scanner task. After viewing a fixation cross participants are pre-
sented with two gambles in the first period and choose the left or right side. In choice trials (A,B) the
gambles differ in risk, in no-choice trials (C,D) they do not. After 4.5 seconds the choice of participants
is represented by a red square around the chosen gamble in slide 2. Examples of trials: (A) choice
trial, participant chooses low-risk gamble (B) choice trial, participant chooses high-risk gamble; (C)
no-choice trial, participant ‘chooses’ high-risk gamble (D) no-choice trial, participant ‘chooses’ low-risk
gamble.
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ABSTRACT

urgery in psychiatric disorders has a long history and has regained momentum
S in the last few decades with deep brain stimulation (DBS). DBS is an adjustable
and reversible neurosurgical intervention using implanted electrodes to deliver
controlled electrical pulses to targeted areas of the brain. It holds great promise for ther-
apy-refractory obsessive-compulsive disorder (OCD), several double blind controlled and
open trails have been conducted and the response rate is estimated around 54%. Open
trials have shown encouraging results with DBS for therapy-refractory depression and
case reports have shown potential effects of DBS on addiction. Another promising indi-
cation is Tourette’s syndrome (TS) where potential efficacy of DBS is shown by several
case series and few controlled trials. Further research should focus on optimizing DBS
with respect to target location and increasing the number of controlled double-blinded
trials. Additionally new indications for DBS and new target options should be explored in
preclinical research.
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INTRODUCTION

urgery in psychiatric disorders involves ablative and stimulation techniques and
S has a long and turbulent history. The significant progress of our understanding
of the pathophysiology of psychiatric disorders—thanks to preclinical and neu-
roimaging studies and the development in technology of the last decades— has enabled
the implementation of permanent deep brain stimulation (DBS) in psychiatric disorders.
With DBS, surgically implanted electrodes deliver controlled electrical pulses to targeted
areas of the brain. Compared to ablative neurosurgery, DBS is reversible and adjustable;
the settings of the stimulation can be changed and the electrodes can be removed from
the brain. The objective of this review is to give an overview of the recent research in
the field of DBS and psychiatry. We will start with a short introduction of the history of
surgery for psychiatric disorders, a description of the procedure and team requirements
for DBS for psychiatric disorders.

HISTORY OF SURGERY FOR PSYCHIATRIC DISORDERS

At the Berlin Medical Congress of 1889, the Swiss psychiatrist Gottlieb Burckhardt
(1836-1907) presented his operative findings and outcomes of selective removal of the
left frontotemporal cerebral cortex in a small series of six patients with various diagnoses,
one with chronic mania, one with primary dementia and four with primdre Verriicktheit,
a clinical category equivalent to schizophrenia (Burckhardt 1891). Burckhardt claimed
success in three of his six patients but his unconventional work was heavily criticized
by international medical colleagues, and he discontinued the project after publication
of his surgical results in 1891 (Manjila et al. 2008). In 1910, the Estonian neurosurgeon
Lodovicus Puusepp (1875-1942) disrupted the “association fibers” between the frontal
and parietal cortex in three patients with manic depression or “epileptic equivalents”
(Puusepp 1937). It wasn't until 1935 when neurologist Egas Moniz (1874-1955), regarded
by many as the founder of modern psychosurgery, and neurosurgeon Almeida Lima
(1903-1985) performed the first prefrontal leukotomies in 20 psychiatric patients, suf-
fering from schizophrenia, bipolar disorder, and anxiety disorders (Moniz 1936). The
American neurologist Walter Freeman (1895-1972) and neurosurgeon James Watts
(1904-1994) began performing leukotomies in 1936 (Freeman & Watts 1937), and their
modified lobotomy technique was adopted by neurosurgeons around the world. By 1949
it was estimated that 10,000 lobotomies had been performed in the USA, with similar
numbers collectively in Great Britain (Swayze 1995).

Moniz was awarded the Nobel Prize in 1949 for the “discovery of the therapeutic
value of prefrontal leukotomy in certain psychoses”, but the procedure was at that time
already regarded as unethical and unscientific. Beside the often-expressed fundamental
moral reservations, the technical procedure itself, with operations merely performed
by eye, was also discredited. In 1949, the French neurosurgeon Talairach (1911-2007)
therefore presented the use of a stereotactic frame to selectively coagulate the fron-
tothalamic fibers in the anterior limb of the internal capsule at the IV International
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Congress of Neurology in Paris (Talairach et al. 1949). Hereafter, stereotactic psychosur-
gery quickly replaced the prefrontal lobotomy, and was applied for various psychiatric
disorders: anterior capsulotomy for general anxiety disorder and obsessive-compulsive
disorder (OCD), cingulotomy for addiction, bipolar disorder, depression, OCD, schizoaf-
fective disorder and schizophrenia, subcaudate tractotomy for depression, OCD and
schizophrenia, anterior callosotomy for schizoaffective disorder and schizophrenia [for
review see (Leiphart & Valone 2010)], thalamotomy for Tourette’s syndrome (Hassler
& Dieckmann 1970), hypothalamotomy for addiction (Dieckmann & Schneider 1978),
aggressiveness (Sano 1962) and sexual disorders (Roeder 1966), and amygdalotomy
for aggressive behaviour associated with mental impairment (Narabayashi et al. 1963).
Although stereotactic psychosurgery in the early years almost exclusively employed
ablative lesions, experimental DBS in psychiatric patients was already performed in the
19505 by research groups at the Mayo Clinic in Rochester and Tulane University in New
Orleans (Bickford et al. 1953; Heath et al. 1955).

Since the introduction of psychoactive drugs like chlorpromazine, reserpine, lithium,
haloperidol, imipramine and diazepam in the 1950s and 1960s, the number of patients
requiring stereotactic psychosurgery decreased enormously. Nowadays, it is only applied
in treatment-refractory psychiatric disorders. Since the 1987 publication from Benabid et
al. on thalamic DBS in Parkinsonian patients with tremor (Benabid et al. 1987), DBS has
virtually replaced ablative lesions in stereotactic neurosurgery for both movement and
psychiatric disorders.

PROCEDURE FOR IMPLANTATION

For electrode implantation, a stereotactic head frame is attached to the patient’s
skull. Then, the patient isimaged with the frame on, to localize the target(s) on magnetic
resonance imaging (MRI) or computer tomography (CT). After burr holes are made in
the patient’s skull, stereotactic frame guidance is used to place the leads in the targeted
area. The lead is then connected to an extension cable and tunneled under the scalp and
skin of the neck to a subcutaneous pocket in the subclavicular or abdominal area that
holds the internal pulse generator (IPG). The IPG lifetime depends on parameter set-
tings, after which it needs to be surgically replaced. Since DBS in psychiatric disorders
generally requires high amperages, IPGs are often replaced after 9-18 months. The
recent development of rechargeable IPGs has prolonged their lifetime significantly.

ADMINISTERING STIMULATION

The implantable IPG contains a battery for power and a microchip to regulate the
stimulation settings. The activity of the electrodes can be programmed externally with
a portable appliance communicating with the pulse generator through telemetry. The
electrodes have various contact points (mostly four), which can be stimulated separately,
thereby enabling adjusted of the anatomical reach of the stimulation area. Frequency,
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intensity, and pulse width are also programmable. The programming facility has the
advantage that, afterimplantation, the stimulation can be optimized in order to increase
the therapeutic effects and to decrease side effects.

TEAM REQUIREMENTS

DBS in psychiatric disorders requires a multidisciplinary collaboration between the
departments of neurosurgery and psychiatry. Careful patient selection is key in DBS
treatment. Therefore, a psychiatrist with expertise in the specific psychiatric disorder
of the DBS indication is needed to diagnose the severity of symptoms, presence of co-
morbidity, and to evaluate in- and exclusion criteria. Patients should only be included
when all other available treatments for the disorder were administered. Additionally,
psychological and social evaluation is required preferably by psychologists and special-
ized nurses to assess the patient’s motivation, the patient’s support structure and his/her
social functioning. The last step in the patient selection is to exclude medical conditions
or structural brain abnormalities contra-indicative for surgery.

The surgery is performed by a neurosurgical team with specific expertise in
stereotactic and functional neurosurgery. Performing neurosurgery on awake patients
poses challenges for the surgical team. Psychological assistance from the psychiatric
team who is familiar with the patient is therefore recommended as long as the patient is
awake.

DBS programming is carried out during regular follow-up visits by an expert
psychiatrist and a team including psychologists or specialized nurses. The team has to be
trained to assess symptoms and side effects, and has to understand the technical aspects
of DBS. For some patients, it can be beneficial to optimize the effect of DBS with the help
of cognitive behavioral therapy, for which trained behavioral therapists are needed.

Since DBS for psychiatric disorders is still an experimental treatment, system-
atic investigation of it's efficacy, possible side effects and underlying mechanisms of
action is needed (Kuhn et al. 2009b), and needs to be carried out by a multidisciplinary
investigational team.
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DBS IN THERAPY-REFRACTORY
OBSESSIVE-COMPULSIVE DISORDER

RATIONALE

Obsessive-compulsive disorder (OCD) is characterized by anxiety-provoking intru-
sive thoughts and repetitive behaviour that are severe and time consuming (more than
one hour per day) and causes distinct distress. If left untreated, it can have a devastating
effect on occupational functioning, relationships and social activities. Specific treat-
ments for OCD such as pharmacotherapy with serotonin reuptake inhibitors and cog-
nitive behavioral therapy (CBT) provide 40% to 60% symptom reduction in half of the
patients. Approximately 10% of patients remain severely affected and suffer from treat-
ment-refractory OCD (Denys 2006). For a small proportion of these treatment-refractory
patients, DBS may be appropriate. It is estimated that since 1999 over 100 patients with
OCD have received experimental DBS in five different brain targets: the anterior limb of
the internal capsule (ALIC), nucleus accumbens (NAc), ventral capsule/ventral striatum
(VC/VS), subthalamic nucleus (STN) and inferior thalamic peduncle (ITP).

Circuits connecting orbitofrontal cortex (OFC), medial prefrontal cortex (mPFC),
basal ganglia and thalamus are central to OCD pathophysiology (Greenberg et al. 2010b).
OCD is associated with hyperactivity of this cortical-striatal-pallidal-thalamic-cortical
network (Mclntyre & Hahn 2010). Although the exact mechanism of DSB is unknown, it
is hypothesized that DBS inhibits or functionally overrides this pathological hyperactiv-
ity (Rauch et al. 2006). Although studies combining imaging and DBS that may confirm
the inhibitory characteristics of DBS, are sparse, it's suggested that hyperactivity in the
OFC correlates with the severity of OCD, and that OFC activity normalizes following DBS
(Abelson et al. 2005; Le Jeune et al. 2010).

EFFICACY OF DBS FOR OBSESSIVE-COMPULSIVE DISORDER

We identified four open and seven controlled studies with a blinded on-off phase.
The inclusion ratio per study ranged from 4 to 27 OCD-patients (Table 1). Considering
the amount of larger studies with DBS in OCD, case studies were excluded. One study
(Greenberg et al. 2010a) was omitted from final efficacy analysis because of its design
that included results from earlier studies.
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Table 1. Overview of published studies of deep brain stimulation for therapy-refractory obsessive-
compulsive disorder

Study Target Nr of patients  Follow-up Period Response
(months)
Abelson et al. 2005* ALIC 4 4-23 Responder 50%
Denys et al. 2010! NAc 16 21 Responder 56%
Goodman et al. 2010* VC/VS 6 12 Responder 33%
Greenberg et al. 2006 VC/VS 10 36 Responder 40%
Huff et al. 2010* Right-NAc 10 12 Responder 10%
Jimenez-Ponce et al. 2009 ITP 5 12 Responder 100%
Mallet et al. 2008* STN 16 3 months of Responder* 75%
stimulation
Nuttin et al. 1999! ALIC 4 Not mentioned In 3 out of 4 some
beneficial effects
were seen
Nuttin et al. 2003 ALIC 6 3-31 Responder 50%
Sturm et al. 2003 NAc 5 24-30 Responder 60%
(Y-BOCS scores not
mentioned)

Abbreviations: ALIC: the anterior limb of internal capsule; NAc: nucleus accumbens; VC/VS: ventral capsule/
ventral striatum; STN: subthalamic nucleus; ITP: inferior thalamic peduncle.

Responder definition: >35%Y-BOCS reduction.

Responder* definition: >25%Y-BOCS reduction

*Controlled studies

Anterior Limb of Internal Capsule

The ALIC contains fibers connecting the prefrontal cortex and the subcortical nuclei,
including the dorsomedial thalamus. The choice of the ALIC as a brain target for DBS was
based on the experience with the anterior capsulotomy for therapy-refractory OCD. This
ablative procedure had shown positive response in approximately 5o% of participants
(Mindus et al. 1994).

In 1999, Nuttin et al. published the first article on bilateral ALIC DBS in four patients.
The authors reported beneficial effects in three of four patients (Nuttin et al. 1999).
Another study by the same group in 2002 described six patients with DBS in the ALIC
for a period of 21 months (Nuttin et al. 2003). Four patients participated in a crossover
evaluation; three showed a 35% or greater reduction in symptoms on the Yale-Brown
Obsessive Compulsive Scale (Y-BOCS) (Goodman WK 1989). Abelson et al. (2005) report-
ed two responders out of four patients in a randomized on—off sequence of four 3-week
blocks, followed by an open stimulation phase.
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Ventral Capsule/Ventral Striatum (VC/VS)

Subsequently, adjacent structures of the internal capsule were targeted for DBS.
The ventral striatal area contains the ventral caudate nucleus and NAc. It is thought to
be associated with motivation and reward. Combined with the ventral capsule (VC), it is
referred to as the VC/VS region. This brain target was chosen based on the experience
with sucaudate tractotomy [for review see (Leiphart & Valone 2010)] and gamma knife
capsulotomy at the ventral region of the ALIC for treatment-refractory OCD (Abelson et
al. 2005). In 2006, Greenberg et al. conducted a study with 10 patients who underwent
bilateral stimulation of the VC/VS. Eight patients were observed for 3 years (Greenberg et
al. 2006). Four of eight patients were considered responders (235% symptom reduction).
A combined study on the long-term results from 26 patients with ALIC/VC/VS implanta-
tion by the same American and Belgian groups reported an overall responder rate of 62%
after a mean of 31.4 months of follow-up (Greenberg et al. 2010a). Refinement of the
implantation site to a more posterior location, toward the junction of the anterior cap-
sule, anterior commissure (AC), and bed nucleus of the stria terminalis (BST), improved
the results. A study by Goodman et al. (2010), using a blinded, staggered-onset design
of six OCD patients with VC/VS DBS, showed four of six responders after 12 months’
follow-up.

Nucleus Accumbens

The NAc is located where the head of the caudate and the anterior portion of the
putamen meet, just beneath the ALIC, and plays a key role in the reward circuitry (Drevets
et al. 2001; Knutson et al. 2001; Schultz 2004; Doyon et al. 2005). The NAc is considered a
promising target for DBS because there is evidence of dysfunction of the reward system
in OCD. A study by Figee et al. (2011) showed attenuated reward anticipation activity in
the NAc of OCD patients compared with healthy controls. Sturm et al. (2003) published
the first DBS results of unilateral, right-sided NAc implantation in four OCD patients. This
open study considered three out of four patients as responders, although no Y-BOCS
scores were reported. A subsequent double-blind study by the same group in 2010 with
10 OCD patients reported only one responder at 1-year follow-up, although five patients
were considered partial responders (=25% symptom improvement) (Huff et al. 2010). In
2010 Denys et al. published a study on 16 patients with bilateral NAc DBS for OCD (Denys
et al. 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. Nine of 16 patients
were defined responders during follow-up.

Subthalamic Nucleus

The STN is part of the basal ganglia and is located ventral to the thalamus, dorsal to
the substantia nigra, and medial to the corticospinal tract. Studies of DBS in Parkinson'’s
disease (PD) highlighted the presumable role of the STN in behavioral alteration and
reducing OCD symptoms. After initial positive results in case studies (Mallet et al.
2002; Fontaine et al. 2004), Mallet et al. (2008) reported on the efficacy of bilateral STN
stimulation in 16 OCD patients. Twelve of 16 patients were categorized as responders,
although responders were defined by a mean decrease of 25% or greaterinY-BOCS score
in this study.
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Inferior Thalamic Peduncle

The ITP links the thalamus and the orbitofrontal cortex (OFC) and is part of the
orbitofrontal-thalamic system. Because these structures are central in the pathophysiol-
ogy of OCD (Greenberg et al. 2010b), it was hypothesized that electrical stimulation of
this white matter bundle could reduce OCD symptoms. The only study on DBS for OCD
in the ITP was an open study conducted by Jiménez-Ponce et al. (Jiménez-Ponce et al.
2009). They reported five of five responders on the Y-BOCS after 12 months’ follow-up.

LIMITATIONS AND SAFETY

Side effects of DBS are related to either the surgical procedure or to the stimulation
itself. Bleeding rates of DBS surgery are between 0.2 and 5% (94). Other reported side
effects related to the operation are wound infection and perioperative headache (Denys
etal. 2010). Side effects related to the stimulation vary widely. They are usually reversible
by cessation or adjustment of stimulation parameters. Acute mood changes during the
first few days of stimulation have been reported, such as transient sadness, anxiety and
euphoria, sometimes to the extent of hypomanic and manic symptoms (Goodman et
al. 2010). Transient hypomania is the side effect most commonly observed immediately
after stimulation in DBS for OCD patients. Transient hypomanic episodes seem to occur
more often in the VC/VS-NACc region. Chronic mood improvement is an unintended but
favorable side effect of DBS because most treatment-refractory OCD-patients suffer
from co-morbid major depression. Antidepressive effects were reported after NAc, ALIC
and VC/VS stimulation (Abelson et al. 2005; Greenberg et al. 2006; Denys et al. 2010).
Because no mood improvement was observed following STN stimulation (Manjila et al.
2008), thisimprovement seems to be related to DBS of the ventral striatum in particular.
Stimulation cessation can result in severe worsening of mood. However, this worsening
can be reversed by reactivation of the stimulation.

CONCLUSION AND FUTURE DIRECTIONS

DBS is a promising therapy for treatment-refractory OCD patients as 44 out of 82
patients were defined responders, resulting in an average overall response rate of 54%.
Because of the various study designs with differing outcome measures, duration of fol-
low-up and limited number of subjects, a clarifying comparison of the efficacy per brain
target remains difficult. Further research should focus on optimizing this therapy with
respect to target location, patient selection and management, and further investigation
of its mechanism of action.
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DBS IN THERAPY-REFRACTORY
DEPRESSION

RATIONALE

Major Depressive Disorder (MDD) has a lifetime prevalence of 15-20% (Kessler
et al. 2005). With adequate treatment, most MDD patients recover to a normal level
of functioning. However, up to 40% of patients who respond to antidepressant treat-
ment develop residual symptoms despite optimized treatment (Fava & Davidson 1996)
. Furthermore, up to 33% of patients do not reach remission criteria despite adequate
sequenced antidepressant treatment, resulting in therapy-resistant depression (TRD)
(Rush et al. 2006).

Althoughthe exact pathophysiology of MDD remains unknown, a convincing network
model has been described (Mayberg 2009). According to this model, there is a dysregula-
tion between ventral limbic regions (including anterior insula, hippocampus, subcallosal
cingulate and brain stem) and dorsal cortical regions (including prefrontal cortex, premo-
tor area, parietal cortex), with increased limbic activity and decreased cortical activity in
MDD. Similarly, reversal of this pattern has been found during mood improvement and
depression remission (Kennedy et al. 2001; Sheline et al. 2001; Davidson et al. 2003).

EFFICACY OF DBS FOR DEPRESSION

We identified four open studies using a unique caseload and one study describing
the follow-up results after three years (Table 2). The inclusion ratio ranged between eight
and 20 patients. At the time of writing, no controlled studies on DBS for depression have
been published.

Ventral Capsule/Ventral Striatum

The VC/VS as a potential DBS target for TRD was based on research with this target
in OCD (Nuttin et al. 1999; Greenberg et al. 2006) in which in addition to improvement
of OCD symptoms improvement of depressive symptoms was also seen. Malone et
al. (2009) included 15 highly refractory depressive patients, in whom electrodes were
implanted bilaterally in the VC/VS region following the dorsal-ventral trajectory of the
anterior limb of the internal capsule (Giacobbe et al. 2009). They found a response rate
of 40% after 6 months and 53.3% at last follow-up (mean 23.5 months, +14.9 months).
Remission rates were 20% at 6 months and 40% at last follow-up. The mean Hamilton
Depression Rating Scale (HDRS) score decreased from 33.1 at baseline to 17.5 after 6
months follow-up.
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Table 2. Overview of published studies of deep brain stimulation for therapy-refractory depression

Study Target Nr of patients Follow-up Period Response
(months)
Malone et al. 2009 VC/VS 15 6 Response 40%

Remission 40%
Last follow up* Remission 20%
Response 53.3%
Bewernick et al. 2010  NAc 10 12 Response 50%

Remission 30%

Lozano et al. 2008 SCG 20 12 Response 55%

Remission 35%

Follow up: SCG 20 36 Response 75%
Kennedy et al. 2011 e
Remission 50%
Last follow up** Response 64.3%

Remission 42.9%

Puidgemont et al. SCG 8 6 Response 87,5%
2011

Remission 37.5%

12 Response 62.5%

Remission 50%

Abbreviations: NAc: nucleus accumbens; SCG: subcallosal cingulate gyrus;
VC/VS: ventral capsule/ventral striatum.
*mean last follow-up was 23.5 months, +14.9 months

**|ast follow up between 3-6 years

Nucleus Accumbens

Bewernick et al. (2010) selected the NAc as target for DBS in TRD. Similar to the VC/
VS area, Denys et al. (2010) observed a substantial mood improvement in OCD patients
treated with bilateral NAc DBS. Furthermore, major depression appears to be associated
with hypoactivation of the NAc during reward outcome, which is thought to be associat-
ed with the anhedonic aspects of depression (Puigdemont et al. 2012). The NAc receives
projections from the ventral tegmental area (VTA), which produces dopamine, and from
regions involved in emotional processing, including the OFC and amygdala (Nauta &
Domesick 1984). Stimulating the NAc could therefore modulate neural activity in other
emotion and motivation centers in the brain (Schlaepfer et al. 2007). Bewernick et al.
(2010) included 10 TRD patients which were implanted with bilateral DBS electrodes. A
response was defined as a 50% reduction on HDRS - 28 item, and remission as a score
of 10 or lower on HDRS. Response and remission rates after 12 months were 50% and
30% respectively. The mean HDRS score decreased from 32.5 at baseline to 20.8 after 12
months follow-up.
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Subcallosal Cingulate Gyrus

The Subcallosal Cingulate Gyrus (SCG), which includes Brodmann area 25 (BA25),
is a key hub in the mood regulating circuit (Mayberg 2003; Seminowicz et al. 2004).
Depression is associated with increased activity of SCG during rest and during perfor-
mance of emotional tasks (Seminowicz et al. 2004; Clark et al. 2006; Drevets et al. 2008;
Mayberg 2009; Keedwell et al. 2010). Conversely, decreased activity in this region follow-
ing antidepressant treatment, transcranial magnetic stimulation and electroconvulsive
therapy has been found (Mayberg et al. 2000; Agid et al. 2007). These findings suggest
that the SCG is an important region in the pathophysiology of depression. Therefore this
region became of interest for DBS (Lozano et al. 2008).

Lozano et al (2008) investigated the effects of DBS in 20 TRD patients by
implanting bilateral electrodes in the SCG. From baseline to 12 months of stimulation,
the mean HDRS -17 item score decreased from 24.4 to 12.6. After 12 months follow-up,
they reported a response rate of 55% and a remission rate of 35%. After three years of
follow-up, response rates were 75%, and remission rates 50% (Kennedy et al. 2011). At
last follow-up (range 3-6 years), the average response rate was 64.3%, and the average
remission rate was 42.9%. Recently, Puigdemont et al. reported on 8 TRD patients with
DBS in the same target area (Puigdemont et al. 2012). At six months follow-up, response
and remission rates were 87.5% and 37.5% on HDRS -17 item respectively. At one-year
follow-up these rates were 62.5% and 50%.

LIMITATIONS AND SAFETY

Side effects directly related to the stimulation are limited in DBS for depression.
Studies reported an increase of anxiety and tension, hypomania and insomnia (Malone
et al. 2009; Bewernick et al. 2010). All these side effects were transient and could be
stopped by cessation or adjustment of stimulation parameters.

CONCLUSION AND FUTURE DIRECTIONS

DBS is a promising therapy for treatment-refractory depression, with a compara-
ble short- and long-term clinical efficacy between the different brain targets. The fact
that DBS is clinically effective in different brain targets, together with positron emission
tomography (PET) findings showing decreased metabolism in SGC and other prefron-
tal regions following NAc DBS (Bewernick et al. 2010), suggests that DBS may indeed
modulate the pathological neural network involved in depression. However, possible
clinical improvement due to the placebo effect cannot be ruled out. Furthermore, DBS
patients got more supportive care compared to non-DBS patients, with more frequent
follow-up visits. The attention of health care professionals and more frequent visits alone
could be the cause of clinical improvement in DBS patients. Therefore, double blind
controlled crossover studies are needed to determine whether DBS is an efficacious anti-
depressant treatment. Moreover, neuroimaging and neuropsychological studies of DBS
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in TRD are needed to improve our understanding of the pathophysiology of depression
and the mechanism of action of DBS. It is the general clinical impression that reduction
of TRD symptoms takes longer than OCD symptoms following DBS. Another common
clinical observation is that TRD symptoms during the optimization period are more
prone to extreme fluctuations so that TRD patients are more difficult to stabilize over
time than OCD patients. Given the risk for suicide, TRD patients need to be monitored
very carefully.

DBS IN THERAPY-REFRACTORY
ADDICTION

RATIONALE

Drug-addiction has detrimental effects on the affected individuals and their envi-
ronment and it poses a heavy burden on society as a whole. Addiction is a new indica-
tion for DBS, but the rationale to consider DBS as a potentially effective treatment for
addiction is similar to that in depression and OCD and can be summarized in three main
reasons: First, case reports and animal research have shown promising results for DBS
for addiction [e.g. (Kuhn et al. 2007a; Vassoler et al. 2008)]. Second, preclinical research
and neuroimaging studies in the last two decades have increased our understanding of
the underlying pathophysiological mechanisms behind addiction by showing affected
salience attribution and cognitive control in addiction (Volkow et al. 2004; Flagel et al.
2009). The main brain structures involved in these processes are the ventral tegmental
area, OFC, striatum, insula, amygdala, cingulated gyrus, dorsolateral prefrontal cortex
and inferior frontal gyrus (Koob & Volkow 2009). Third, relapse rates after treatment for
addiction are high (50-70% after one year of completing treatment) and a substantial
number of patients do not respond at all to treatments. It is therefore important to keep
searching for new interventions (O'Brien & McLellan 1996; McLellan 2002).

EFFICACY OF DBS FOR ADDICTION
We identified three studies in which the indication of DBS treatment was addiction
and 10 other studies in which the remission of addiction was a non-intended side effect

of DBS in patients who were treated for a different disorder (Table 3). No controlled stud-
ies on DBS and addiction have thus far been published.
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Table 3. Overview of published studies of deep brain stimulation for therapy-refractory addiction

Follow-up
Nr of Period Comorbid

Study Addiction  Target patients (months) Response disorder
Miiller et al. 2009 Alcohol NAc 3 12-15 2 resolved -

1 improved
Zhou et al. 2011 Heroin NAc 1 84 1 resolved -
Kuhn et al. 2011 Alcohol NAc 1 12 1 resolved -
Kuhn et al. 2007 Nicotine NAc 10 30 3 resolved AD/OCD/TS

7 unchanged
Kuhn et al. 2009 Alcohol NAc 1 12 1 improved DP/AD
Mantione et al. 2010  Nicotine NAc 1 24 1 resolved [e]eb]
Neuner et al. 2009 Nicotine NAc 1 36 1 resolved GTS OCD
Witjas et al. 2005 DDS STN 2 18 2 resolved PD
Ardouin et al. 2006 PG STN 7 40 (mean) 7 resolved PD
Smeding et al. 2007 PG STN 1 42 1 worsened after PD

DBS and stopped

after changing

settings

+ medication
Bandini et al. 2007 PG, DDS STN 2 6-12 2 resolved PD
Knobel et al. 2008 DDS STN 1 18 1 improved PD
Lim et al. 2009 DDS STN 19 16 (mean) 5 worsened PD

8 unchanged

6 resolved

Abbreviations: AD: anxiety disorder; DBS: deep brain stimulation; DDS: dopamine dysregulation syndrome;
DEP: depression; NAc: nucleus accumbens; OCD: obsessive-compulsive disorder; PD: Parkinson’s disorder;
PG: pathological gambling; STN: subthalamic nucleus; TS: Tourette syndrome.

Subthalamic nucleus

The first studies to report a possible effect of DBS on addiction were studies on STN
DBS in Parkinson’s disease. In patients with Parkinson'’s disease, dopamine replacement
therapy can sometimes develop into addictive use of medication called “dopamine dys-
regulation syndrome” (DDS). Additionally, DDS is associated with the onset of impulse
control disorders, such as pathological gambling (PG), compulsive shopping or hyper-
sexuality (Evans & Lees 2004). The first two case series on this subject by Ardouin et al.
and Witjas et al. described nine patients with DDS or pathological gambling (PG), who
improved or resolved their addiction after STN DBS (Witjas et al. 2005; Ardouin et al.
2006). Similarly, Knobel et al. (2008) described an improvement of DDS after STN DBS.
However, Smeding et al. described the opposite effect: a patient without a history of
addictive behaviours developed a pattern of pathological gambling after STN DBS treat-
ment despite a clear reduction of levodopa and dopamine agonist treatment (Smeding
et al. 2007). Lim et al. (2009), described a mixed outcome in 19 patients with STN DBS:
five worsened on their DDS or PG behaviour, six resolved their addictive behaviours, and
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in eight patients DDS or PG remained unchanged. In many of these patients, changes
in the use of levodopa or dopamine agonist treatment after DBS could have influenced
their addictive behaviours as well. In the study by Lim et al. (2009), there was a relation
between poor outcome on behavioural symptoms and the use of higher post-surgery
medication use. It is therefore difficult to deduce from these reports the direct effect of
STN DBS on addictive behaviours.

Nucleus accumbens

Four studies illustrated a change in addiction after NAc DBS intended to treat
another psychiatric disorder (Kuhn et al. 20073, 20093; Mantione et al. 2010). The first
study was a single case report by Kuhn et al. (2007a) who described a patient treated
for anxiety and depression with NAc DBS who had comorbid alcohol dependence. Even
though the DBS treatment had a negligible effect on the anxiety and depressive symp-
toms, he was able to reduce his alcohol intake to moderate amounts that lasted during
the one-year follow-up period. In a second report by Kuhn et al. (2009a) about patients
treated with NAc DBS for psychiatric disorders (obsessive-compulsive disorder, anxiety
disorder or Tourette’s syndrome) three out of 10 smoking patients stopped smoking after
NAc DBS and never relapsed during the 30 month follow-up period, a much higher rate
than unaided smoking cessation in the general population. The third and fourth study are
case reports about patients who quit smoking and remained abstinent in the follow-up
period after DBS for OCD (Mantione et al. 2010) and Tourette’s syndrome (Neuner et al.
2009). In contrast to the first case report, both patients showed symptom improvements
for the primary diagnosis.

There are only three published articles that describe addiction as indication for DBS
treatment, all of them using the NAc as target area. The choice of the NAc as target area
was based on the above-described reports, animal research (Liu et al. 2008; Vassoler et
al. 2008; Knapp et al. 2009; Henderson et al. 2010) and the central role the NAc is thought
to play in affected reward processing in addiction (Koob & Volkow 2009). A case series by
Miller et al. (2009) reported three patients with severe refractory alcohol dependence
receiving bilateral NAc DBS. In all patients craving disappeared, two patients remained
abstinent during one-year follow-up, and the other patient reduced his alcohol consump-
tion considerably. Using a similar approach, another case report by Kuhn et al. (2011)
described a patient with alcohol dependency that reduced his alcohol use to occasional
consumption after eight months of DBS and completely stopped drinking after one year
of treatment. The third case report by Zhou et al. (2011) described a patient suffering
from chronic heroin dependence who refrained from drug use after NAc DBS during a
follow-up period of six years. Interestingly, the patient remained drug free after two to
three years of DBS treatment when the IPG was turned off and later removed.
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LIMITATIONS AND SAFETY

A major limitation is that most of the reported patients were treated primarily for
anotherdisorder, which makes it difficult to determine whether the found effect on addic-
tion is caused directly by the DBS, or whether it is an indirect result following improve-
ment of the main disorder, such as lifestyle changes or altered medication use. Most side
effects reported were transient. In the articles describing STN DBS, mild apathy was
reported in two patients (Ardouin et al. 2006) and emotional instability and vivid dream-
ing in one patient (Smeding et al. 2007). In the articles describing NAc DBS, a hypomanic
episode of two weeks was reported in one patient (Miller et al. 2009), and mild confusion
and urinary incontinence in the 12 hours following surgery in another patient (Zhou et al.
2011). To explore and establish the efficacy and safety of DBS in addiction, the results of
careful explorative studies have to be awaited.

CONCLUSIONS AND FUTURE RESEARCH
DBS might be a promising therapy for treatment-refractory addiction, however no
controlled trails with DBS for addiction have been published at this time. The NAc seems

a promising target area for DBS in addiction, as we showed in a recent review of both
animal and human research (Luigjes et al. 2012).
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DBS IN THERAPY-REFRACTORY TOURETTE'S
SYNDROME

Tourette’s syndrome (TS) is a childhood-onset condition characterized by motor and
vocal tics that are chronic (duration of >1 year) (Kurlan 2010). Psychopathology is com-
mon and includes a wide variety of disorders, including OCD, attention deficit hyperac-
tivity disorder (ADHD), and various degrees of personality disorders (Hariz & Robertson
2010). Although symptoms mostly improve by early adulthood, a significant number of
patients fail to respond to standard pharmacological or behavioural therapies (Cavanna
et al. 2011). TS is considered a movement disorder, but has psychiatric components
and will therefore be shortly discussed in this review. The application of DBS in therapy
refractory TS was pioneered by Vandewalle et al. (1999). About 60 patients with TS have
thus far been treated by DBS (table 4) targeting different areas of the thalamus, different
areas of the internal segment of the globus pallidus (GPi), the NAc, the STN and the ALIC.
The rationale behind the different targets varies: some studies target sensimotor areas
to mediate movement dysfunctionality, while others target areas in the cortico-striatal
network to mediate the compulsive element of the disorder especially in patients with
co-morbid OCD. Three studies (with unique caseload) have used a double blind controlled
designfortesting the efficacy of DBS (Maciunas et al. 2007; Welter et al. 2008; Ackermans
et al. 2011), two studies used an open label design in a larger group of patients [5 and 18
respectively (Servello et al. 2008; Martinez-Fernandez et al. 2011)], other studies are case
reports or case series. Two double blind (Maciunas et al. 2007; Ackermans et al. 2011)
controlled studies used the thalamus as target area and showed moderate improvement
in the blinded condition (14% and 37% respectively), with further improvement in open
follow-up assessment phase (44% and 49%). The third blinded controlled study (Welter
et al. 2008) compared the effects of thalamic stimulation, GPi stimulation, stimulation
in both areas and sham stimulation in three patients and found the best effects for GPi
stimulation. Furthermore, an improvement of symptoms is reported in all but two other
studies: one first reported no change in symptoms in one patient (Dueck et al. 2009)
and another reported a worsening of symptoms in one patient (Burdick et al. 2010).
Side effects that are reported using the different target areas include: psychosis, anxi-
ety, depression, effects on libido and decreased energy (Visser-Vandewalle et al. 2003;
Houeto et al. 2005; Maciunas et al. 2007; Welter et al. 2008). In one case report, a suicide
attempt was described after several years of NAc DBS in aTS patient who had a decrease
of 44% on the Yale Global Tic Severity Scales (Neuner et al. 2010). Together these studies
show promising results for the application of DBSin TS, however the amount of stimula-
tion targets used and the wide variety of stimulation parameter settings make it difficult
to compare studies and to decide which target area is most effective and safe. Additional
complications in the search for best target area are the different co-morbidities that
accompany many of these patients and the phenotypic variability of the disorder (Hariz
& Robertson 2010). In further research, larger and more blinded controlled trails will be
needed to establish the efficacy of DBS in TS and to decide on which target area is most
suitable.
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Table 4. Overview of published studies of deep brain stimulation for therapy-refractory Tourette

syndrome.
Follow-up
Nr of Period
Study Target patients (months) Response Comorbid disorder
Vandewalle et al. 2003! CM-Pf Voi 3 8-60 Mean
Follow up: 82% Tic reduction
Ackermans et al. 2010  CM-Pf Voi 2 72-120 85 Tic reduction
Diederich et al. 2005 GPi 1 14 47%
Welter et al. 2008°* CM-Pf and 3 20-60 Mean
GPi GPi: 78%
CM-Pf: 45%
Both: 60%
Flaherty et al. 2005 ALIC 1 18 23%
Shields et al. 20083 CM-Pf Voi 3 46%
Ackermans et al. 2006*  CMPf Voi 2 12 85% Tic reduction
GPi 93% Tic reduction
Kuhn et al. 2007 NAc 1 30 41% on OCD
Shahed et al. 2007 GPi 1 6 84% PD, impulsivity
Bajwa et al. 2007 CMPf Voi 1 24 66%
Servello et al. 2008 CM-Pf Voi 18 3-18 65% OCD/DEP/ agression
Follow up:
Porta et al. 2009 CM-Pf Voi 15 24 52%
Servello et al. 2009 ALIC/NAc 4 10-44 Mean 66% OCD
Maciunas et al. 2007*  CM-Pf Voi 5 3 Mean OCD/DEP/ ADHD
14% (blinded
comparison)
44% follow-up
Dehning et al. 2008. GPi 1 12 88%
Neuner et al. 2009° NAc 1 36 44% OCD
Vernaleken et al. 2009  CM-Pf Voi 1 6 36% OCD/ADHD/ DEP
symptoms
Zabek et al. 2008 Right NAc 1 28 80%
Gallagher et al. 2006 GPi right 1 Several improvement of
months tics contralateral
and continuation
of tics ipsilateral
to electrode
Martinez Torres et al. STN 1 12 97% Tic improve-  PD
2009 ment
Dueck et al. 2009 GPi 1 12 No benefit Mental retardation
Burdick et al. 2010 ALIC/NAc 1 30 17% worsening oCcD
Ackermans et al. 2011*  CM-Pf Voi 6 3+6 Mean
(blinded 37% (blinded
compari-  comparison)
son) 49% follow-up
12
Martinez-Fernandez et  GPi 5 3-24 Mean 29% Dystonia/ ADHD
al. 2011
Lee et al. 2011 CM-Pf Voi 1 18 58%
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Abbreviations: ADHD: attention deficit hyperactivity disorder; ALIC: the anterior limb of internal capsule;
CM-Pf: centre median parafascicular complex; DEP: depression; GPi: globus pallidus internus; OCD: obses-
sive-compulsive disorder; NAc: nucleus accumbens; PD: Parkinson’s disorder; STN: subthalamic nucleus;
Voi: ventralis oralis internus.

*incl 1 pt from Vanderwalle et al. 1999

%incl 1 pt from Huerto et al. 2005

31 patient receiving two times DBS in different target

“incl 1 pt from Vanderwalle et al. 2003

5Neuner et al. 2010 reports suicide attempt in follow-up study
* Controlled studies

NEW INDICATIONS FOR DBS

Modulating the functionality of brain areas involved in the regulation of food intake
by means of deep brain stimulation could be a promising new treatment option in eating
disorders like obesity (Halpern et al. 2008) and also anorexia nervosa (AN). In obesity,
both the hypothalamus and NAc are considered as potential targets. Several animal
studies have investigated the efficacy of DBS in the lateral hypothalamus or in the ven-
tromedial hypothalamus on food intake and weight loss in animal models (Brown et al.
1984; Ruffin & Nicolaidis 1999; Sani et al. 2007). In 1974, Quaade et al. (1974) reported
suppression of appetite and minimal weight loss after stereotactic electrocoagulation
of the lateral hypothalamus (LH) in three obese patients. Additionally, Mantione et al.
(Mantione et al. 2010) reported a 44 kg weight loss in a patient with severe obsessive-
compulsive disorder who underwent bilateral NAc DBS. However, hypotheses regarding
the possible positive effects of DBS on obesity are mainly generated by animal studies,
and by conceptual frameworks based on the current knowledge of the neurobiology of
the regulation of feeding.

Human imaging studies in anorexia nervosa (AN) patients show ventral (limbic) and
dorsal (cognitive) neural circuit dysfunction which resemble dysfunctions in psychiat-
ric disorders like OCD and MDD (Kaye et al. 2009). Given the symptomatic similarities
between anorexia nervosa and OCD, and the efficacy of NAc DBS in OCD, the NAc or
associated brain areas in the cortico-striato-thalamo-cortical circuits may be effective
targets for DBS in AN. Alternatively, Israél et al. (2010) observed a lasting remission of
chronic AN after DBS in the subgenual cingulated cortex for severe treatment refractory
depression, and Barbier et al. (2011) described a case of successful anterior capsulotomy
in AN and OCD. Further (pre)clinical research is needed to explore how promising DBS
may be in the treatment of obesity and AN.
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FINAL CONCLUSIONS

The application of DBS in psychiatric disorders has a promising prospect but still
remains investigational. OCD and TS are the only disorders in which double-blinded
controlled trials have been used to examine the efficacy of DBS. In both disorders, more
research is needed to find the most effective target area(s), which may consist of more
than one neuro-anatomical location due to variability in the phenomenology of the
disorder. DBS in depression and addiction is promising as well, however double-blinded
controlled trials are needed to confirm this effect. In addiction especially it is too early
to draw conclusions since only case reports or series have been published. Additionally,
more research into the mechanisms of action using neuro-imaging and animal experi-
ments could greatly contribute to optimizing DBS as a treatment in psychiatry in terms
of target location and stimulation settings.
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ABSTRACT

Background: Deep brain stimulation of the ventral striatal area (VS-DBS) has shown
promising results in the treatment of patients with psychiatric disorders. Most studies
consistently report hypomania as a prominent side effect of VS-DBS.

Objective: Gain more insight into the incidence, risk factors and course of hypomania as
a side effect of VS-DBS to improve prevention and management.

Methods: We searched for studies with data about the incidence of hypomanic symp-
toms, individual or stimulation related differences between patients with and without
hypomania and the course of hypomania associated with VS-DBS.

Results: 26 studies reported on 107 patients, of which 19 (17.8%; 95% Cl 10.5-25.0%) suf-
fered from hypomania. In the group with hypomania, the proportion of males was higher
(84.2% vs. 50.0%, p=0.002), the mean amplitude of stimulation was lower (4.24V vs.
5.45V, p=0.021), and monopolar stimulation more common (84.2% vs. 61.1%, p=0.122).
In 12 out of 19 patients with hypomania (63.2%), adaptation of stimulation parameters
resolved hypomania.

Conclusion: Hypomania is a relatively frequent side effect in males treated with VS-DBS.
The observed low amplitude in cases with DBS-induced hypomania is likely to be a
consequence rather than the cause of hypomania. In future research a more systematic
evaluation of hypomania and its relation to treatment outcome is needed.
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INTRODUCTION

eep brain stimulation (DBS) is a reversible treatment that entails the implanta-
D tion of electrodes by a neurosurgeon and modulation by the treating physician
using a remote control device. DBS has been used in the treatment of patients
with movement disorders for over 20 years (Kern & Kumar 2007). Currently, the use of
DBS as a treatment for neuropsychiatric disorders, including obsessive-compulsive disor-
der (OCD), major depressive disorder (MDD), Tourette Syndrome (TS) and substance use
disorder (SUD: alcohol, heroin), is explored with promising results (Luigjes et al. 2013b).
These studies also provide us with information about side effects of DBS in patients with
neuropsychiatric disorders. One of the most frequently described side effects of DBS
of the ventral striatal (VS-DBS) is hypomania, both in efficacy studies (Bewernick et al.
2010; Denys et al. 2010) and in case reports (Haq et al. 2010; Tsai et al. 2010).

Hypomania is an episode of abnormally and persistently elevated mood orincreased
irritability, characterized, for example, by increased talkativeness, reduced need for sleep
and increased self-confidence. Hypomania and mania are a well-known adverse event of
DBS in the subthalamic nucleus (STN-DBS) in Parkinson’s disease, occurring in 4% (95%
Cl 0-12%) of patients (Temel et al. 2006). Hypomania may be very disrupting sometimes
leading to financially and socially irresponsible, and at times, criminal behaviors (Mandat
et al. 2006). Hypomania can be the direct effect of DBS but could also be mediated by
an elevation of index symptoms or changes in dopaminergic medication after DBS treat-
ment. One study demonstrated that hypomania was the direct result of DBS by revers-
ing and reproducing a hypomanic state with stimulation of specific contacts (Ulla et al.
2011). Moreover, several reports describe the complete reversal of severe mania after
readjustment of stimulation parameters while maintaining the beneficial motor effects
(Mandat et al. 2006; Raucher-Chéné et al. 2008).

However, much less is known about hypomania as side effect of VS-DBS. We focused
on the following questions: (1) do the reported symptoms fulfill the criteria of hypomania
(2); are they a direct consequence of stimulation or associated with alleviation of index
symptoms; (3) what is the incidence; (4) what is the course of hypomania; and (5) are
there individual or stimulation-related risk factors. We used data from published studies
to investigate the incidence of hypomania, individual or stimulation-related factors that
are associated with its occurrence, and the course of hypomania during VS-DBS.
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METHODS
LITERATURE SEARCH

A PubMed search was performed using the following key words: deep brain stimula-
tion in combination with nucleus accumbens, internal capsule or ventral striatum and
deep brain stimulation in combination with obsessive-compulsive disorder, depression,
Tourette syndrome or addiction. All abstracts were reviewed and the studies considered
eligible were retrieved. The final selection of studies was based on the full article. To
identify additional eligible articles, the reference lists were also screened. All original
articles reporting on deep brain stimulation in the ventral striatum region and published
in English were included except when the focus was not clinical and therefore lacked the
necessary information. Moreover papers that reported patients twice or for follow up
measurements were excluded.

OUTCOME MEASURES

According to DSM-5, a hypomanic episode is characterized by (1) a distinct period
of persistently elevated, expansive or irritable mood, lasting throughout at least 4 days,
that is clearly different from the usual non-depressed mood and (2) by three or more of
the following seven symptoms: inflated self-esteem or grandiosity; decreased need for
sleep; more talkative than usual or pressure to keep talking; flight of ideas or subjective
experience that thoughts are racing; distractibility; increase in goal-directed activity or
psychomotor agitation; excessive involvement in pleasurable activities that have a high
potential for painful consequences.

When the necessary data (demographic, clinical or DBS settings) about patients with
hypomania were not available in the paper, we contacted the authors to collect addi-
tional information.

PREDICTORS OF HYPOMANIA

The main patient-related predictors for the occurrence of hypomania included age,
gender, and psychiatric comorbidity. The main stimulation-related predictors were volt-
age, frequency, bandwidth and polarity of stimulation. Predictors of hypomania will be
reported for the total group of DBS VS patients since the number of patients for each
disorder separately is too small (table 3).

If individual characteristics (Nuttin et al. 2003; Sturm et al. 2003) or DBS parameters
(Sturm et al. 2003; Greenberg et al. 2006; Bewernick et al. 2010) for the total group or
for the hypomania patients (Bewernick et al. 2010) were not reported, the means were
calculated after excluding patients from these studies. If only the information about the
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hypomania patients was available (Greenberg et al. 2006; Bewernick et al. 2010) these
patients were included in the hypomania group but the patients without hypomania had
to be excluded.

COURSE OF HYPOMANIA

Hypomania was referred to as transient when the symptoms disappeared within
days without intervention and persistent when intervention was necessary (i.e., chang-
ing stimulation parameters, admission to hospital and/or pharmacotherapy).

STATISTICAL ANALYSIS

For each study we calculated the percentage of male participants, patients with
comorbid disorders, and monopolar stimulation as well as the mean age, mean volt-
age and mean band width for both patients with and without hypomania The relation
between these factors and hypomania was tested with a t-test for independent samples.
To adjust for differences in study sizes we used the weighted t-test as described by Bland
et al., (Bland & Kerry 1998). For the dichotomous variables (gender, comorbidity, polar-
ity) the chi-square test was used for comparison. To calculate effect sizes Cohen’s d was
calculated for age, voltage and bandwidth and Cohen’s h for proportions of male par-
ticipants, patients with comorbid disorders and monopolar stimulation where the effect
size is considered small from 0.2-0.5, medium from o0.5-0.8 and large above 0.8.

RESULTS
STUDIES

A total of 33 studies were identified that reported on VS-DBS in patients with a neu-
ropsychiatric disorder. From these 33 studies, 7 studies were excluded. Three follow-up
studies of patients already present in original reports were excluded (Greenberg et al.
20103; Bewernick et al. 2012; Voges et al. 2013) except for the studies of Nuttin et al.
(Nuttin et al. 1999, 2003). Here the second report was used because the initial paper was
a short report and did not provide the necessary information. A case report (Haq et al.
2010) about a patient previously described in a larger study (Goodman et al. 2010) was
also excluded. Two other studies were excluded because they lacked the necessary infor-
mation: the study of Kuhn et al. (2011) was not aimed at clinical reporting and the study
of Okun et al. (2007) was aimed at testing different parameter settings for each patient
and therefore did not report the final settings for the patients.

This resulted in a total of 26 studies including 107 patients for this review: 63 OCD

patients, 28 MDD patients, 9 TS patients and 7 SUD patients (Anderson & Ahmed 2003;
Nuttin et al. 2003; Sturm et al. 2003; Abelson et al. 2005; Flaherty et al. 2005; Greenberg
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et al. 2006; Kuhn et al. 2007b, 20083, 2013; Schlaepfer et al. 2007; Plewnia et al. 2008;
Aovizerate et al. 2009; Chang et al. 2009, 2010; Malone et al. 2009; Miller et al. 2009;
Neuner et al. 2009; Servello et al. 2009; Bewernick et al. 2010; Burdick et al. 2010; Denys
et al. 2010; Goodman et al. 2010; Huff et al. 2010; Tsai et al. 2010; Zhou et al. 2011;
Valencia-Alfonso et al. 2012). An overview of these studies can be found in table 1. Of
these 107 patients, 56.4% was male, the mean age was 40.3 years, and in 41.1% of the
patients psychiatric comorbidity was reported.

After contacting the authors for more information it appeared that in five studies, the
number of hypomanic patients differed from the published data; 6 instead of 8 (Denys et
al. 2010), 1 instead of 2 (Malone et al. 2009; Huff et al. 2010), 1 instead of 4 (Goodman et
al. 2010) and 3 instead of o (Bewernick et al. 2012). These confirmed cases of hypomania
were used in all further analyses.

INCIDENCE OF HYPOMANIA

Of 107 patients, 19 experienced either a transient (n=7) or a persistent (n=12) episode
of hypomania (17.8% 95% Cl 10.5-25.0%). The included studies only report the presence
of hypomania but do not clarify how hypomania was defined. Therefore it was impossible
to confirm whether patients who reported to have experienced hypomania met DSM-5
criteria for that episode. An overview of the hypomanic patients can be found in table 2.

CLINICAL PREDICTORS OF HYPOMANIA

Table 3 shows the potential predictors of hypomania for all diagnostic subgroups
separately. Of the 107 patients reported in these 26 studies, 44 had a comorbid psychi-
atric disorder, 37 had no comorbid psychiatric disorder and for 26 patients no data were
available. Because of the large proportion of missing data we were not able to make a
formal comparison between patients with and without comorbid disorders.

No significant difference was found in age between patients with (38.5 years) and
without (39.4 years) hypomania (table 4). However, men were more likely to experience
hypomania than women: in the group with hypomania 84.2% was male versus 50.0% of
the group without hypomania x?(1)=7.34, p=0.007).
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Table 4. Comparison of means between patients with and without hypomanic symptoms

Hypomania No-hypomania Comparison effect
Mean SD/ Cl Mean SD test size*

Gender 84.2% 67.8-100.6 50.0% 39.2-60.8 c2=7.34 0.75

(man) p=0.007

Age 38.5 14.6 39.4 5.7 T=-0.25 0.09
(16) (71) p=0.808

Voltage 4.24 1.23 5.45 1.36 T=2.43 0.68
(19) (65) p=0.021

Frequency 133.16 13.79 132.61 12.85 T=0.11 0.00
(19) (68) p=0.914

Pulse Width  131.84 60.27 121.71(70) 49.63 T=0.51 0.00
(19) p=0.614

Polarity 84.2% 67.8-100.6 65.5% 55.2-75.8 €2=2.39 0.44

(mono- P=0.122

polar)

Abbreviations: hyp: group with hypomania; no-hyp: group without hypomania; SD: standard deviation;
Cl: confidence interval

* Cohen’s d for comparison mean and Cohen’s h for comparison proportions

DBS PREDICTORS OF HYPOMANIA

Mean amplitude was lower for patients with hypomania than for patients without
hypomania (4.24 V versus 5.45V; t(27)=2.43 p=0.021). Groups did not differ on frequency
or pulse width. Patients experiencing hypomania received monopolar stimulation more
often than patients without hypomania, but this difference was not significant (84.2%
versus 65.5%; x*(1)=2.39 P=0.122).

COURSE OF HYPOMANIA

Of the 19 patients with VS-DBS-induced hypomania, 12 (63.1%) did not remit spon-
taneously (persistent hypomania) whereas 7 (36.9%) recovered spontaneously in the
course of days without any intervention (table 2). In case of persistent hypomania, the
parameter settings had to be adjusted (e.g. decreasing voltage) for the hypomania to
resolve.
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DISCUSSION

We reviewed 26 articles for hypomania following deep brain stimulation of the ven-
tral striatum area. Of the 109 patients in these studies, 19 reported a DBS-induced epi-
sode of hypomania (17.8%). Being male and receiving DBS with a relatively low voltage
were associated with the occurrence of a hypomanic episode, whereas age, bandwidth
and frequency were not.

The fundamental question whether the reported side effects fulfill the criteria of a
hypomanic episode cannot be answered for most of the reviewed studies. However, two
case reports give a more detailed description of the hypomanic symptoms suggesting
that at least in some cases a full hypomanic episode followed VS-DBS (Chang et al. 2010;
Tsai et al. 2010). Unfortunately in most other studies, criteria for diagnosing hypoma-
nia were not clearly described. Moreover, different standards could have been applied:
Some studies may have reported hypomania as a side effect with minor symptoms (e.g.
mood elevation) whereas others reported an official diagnosis of a hypomanic episode
only if patients met DSM-5 criteria (e.g. a symptomatic period of at least four days).
When researchers re-evaluated the patients with hypomania on our request, the number
of hypomania cases was reduced in five of the 26 studies (Malone et al. 2009; Bewernick
et al. 2010; Denys et al. 2010; Goodman et al. 2010; Huff et al. 2010). This suggests an
overestimation of hypomania as side effect of DBS in the initial reports. Moreover, in
case of the event of severe hypomanic symptoms, researchers may have adapted stimu-
lation parameters within the four-day period. In some cases other side effects, such as
an increase in impulsivity, may have been initially misdiagnosed as hypomania (Luigjes
et al. 2011). To get a better understanding of hypomania as an adverse event of DBS
in neuropsychiatric patients, a more systematic evaluation with a validated hypomania
assessment scale (including symptom duration) is needed.

A second question is whether the hypomanic symptoms are a direct effect of stimu-
lation or whether they are induced by an improvement of index symptoms resulting
in temporarily mood elevation (euphoria). In the latter scenario the mood elevation is
expected to be transient and depended on the effect on index symptoms. At least two-
thirds of the VS-DBS associated hypomanic episodes were not transient, and there are
reports of non-transient episodes of hypomania in patients with persisting OCD symp-
toms (Chang et al. 2010; Tsai et al. 2010). Therefore in most cases these symptoms seem
to be stimulation induced rather than just a sign of symptom relief.

The incidence of VS-DBS-induced hypomania of one in five neuropsychiatric patients
should be interpreted cautiously, because many of the included studies consisted of very
small samples. The inclusion of case studies — specifically the four case studies (Kuhn et
al. 2008a; Chang et al. 2009, 2010; Tsai et al. 2010) which reported hypomania as a side
effect — may bias the estimation of incidence of hypomania. On the other hand, when
we only used studies with at least 10 patients (Greenberg et al. 2006; Malone et al. 2009;
Bewernick et al. 2010; Denys et al. 2010; Huff et al. 2010), the incidence of hypomania was
very similar (19.7%), suggesting that an incidence of approximately one in five (95% Cl
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10.5-25.0%) is probably a valid point estimate. The incidence we found in neuropsychiat-
ric disorders is higher than the incidence of hypomania found in a review STN DBS stud-
ies in Parkinson’s disease (4%, 95% Cl 0-12%) (Temel et al. 2006). This difference could be
due to the location of stimulation (VS versus STN), the index disorder (neuropsychiatric
versus Parkinson’s disease) or a different pattern of psychiatric comorbidity. However,
we should interpret this difference in incidence with caution because the reported 4%
with STN stimulation in Parkinson’s disease may also be an underestimation: there was
less focus on behavioral complications in the first DBS reports included in the STN review
and all transient hypomania cases or those which resolved naturally within a few days
were excluded. Therefore the incidence of hypomania in VS-DBS in neuropsychiatric
disorders seems higher compared to STN DBS in Parkinson’s disease but this difference
may be less pronounced than current findings suggest.

The lower mean amplitude in patients with a hypomanic episode compared to
patients without a hypomanic episode was surprising. In the Parkinson literature on
DBS in the subthalamic nucleus higher voltages are associated with an increased risk of
(hypo)mania (Chopra et al. 2012) Similarly, the four case reports of patients with OCD or
Tourette syndrome that discussed hypomania as an unwanted side effect (Kuhn et al.
20083; Chang et al. 2009, 2010; Tsai et al. 2010) concluded that decreasing the ampli-
tude reduced and resolved all hypomanic symptoms. The most likely explanation for our
unexpected finding is that we used the mean amplitude of the clinically optimized final
settings, after hypomania was observed, because these were the only settings reported
in most studies. In sum, the lower mean amplitude in the group with hypomania may
well be the consequence rather than the cause of this adverse event.

The difference in percentage of monopolar stimulation between the groups with and
without hypomania was considerable (respectively 84.2% vs. 65.5% monopolar stimula-
tion), but not significant (p=0.122). The small number of patients with a hypomanic epi-
sode and the effect size bordering on medium however may indicate a lack of power. In
studies on STN DBS in patients with Parkinson'’s disease (Chopra et al. 2012), monopolar
(compared to bipolar) stimulation tended to be a risk factor for the occurrence of a manic
episode. Compared to bipolar stimulation, monopolar stimulation results in a broader
electrical distribution with thus a broader spread into adjacent structures, and this may
increase the risk of side effects (O’'Suilleabhain et al. 2003; Kuncel & Grill 2004; Volkmann
et al. 2006). Altogether, these findings suggest that monopolar stimulation may be asso-
ciated with hypomanic side effects and that changing the stimulation from monopolar to
bipolar should be considered as a viable option to reducing (the risk of) these side effects.

Similar to STN DBS in Parkinson’s disease (Chopra et al. 2012), men were at a higher
risk to develop ventral striatum DBS-induced hypomania.

We could not quantitatively test the effect of comorbid psychiatric disorders on

DBS-induced hypomania due to the large number of missing data. However, qualitative
inspection revealed that the two patients with a diagnosis of bipolar | disorder showed
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hypomanic symptoms during DBS, suggesting that a history of (hypo)manic periods
could be a risk factor DBS-induced hypomania. If patients with a history of bipolar disor-
der receive VS-DBS, close observation for hypomanic symptoms seems to be warranted.

The precise neurobiological mechanisms underlying VS-DBS-induced hypomania
are still unknown. Stimulation of the ventral striatum (including the internal capsule)
may affect fronto-striatal-limbic connective pathways and local brain structures like the
nucleus accumbens, i.e. networks and regions important for mood and emotional regu-
lation (Haber et al. 1995; Morgane et al. 2005) and for reward and salience attribution
(Smith et al. 2011), respectively. Altered functioning of the ventral striatum in bipolar
Il patients was found to be associated with greater reward sensitivity and fun seeking
(Caseras et al. 2013). It is therefore plausible that modulation of the nucleus accumbens
and/or the fibers of passage in the ventral striatal area may induce hypomanic symp-
toms, such as changes in mood and reward seeking. For a better understanding of the
neurobiological mechanisms underlying hypomania it is important to look at the subre-
gion within the VS that are targeted by DBS and compare the these specific locations
with each other. However, this was not possible due to variability within target locations
by different research groups and sometimes within the same research group, due to lack
of specificity in the papers about the used target location and because there are several
contact points on the DBS leads that can be activated. For instance the most ventral
contact point can be placed in the nucleus accumbens and the most dorsal in the inter-
nal capsule. In most studies the contact points used for stimulation vary across patients
and within patients the activated contact points can be adjusted along the course of the
treatment. Therefore in this review we are not able to examine the effect of the precise
location within the ventral striatal area on hypomania. In future prospective studies this
information is critical to take into account.

Other regions outside the VS have been used as DBS target for psychiatric disorders.
Studies investigating DBS of the subcallosal cingulate gyrus for MDD (Lozano et al. 2008,
2011; Kennedy et al. 2011; Holtzheimer PE et al. 2012; Puigdemont et al. 2012), inferior
thalamic peduncle for OCD (Jiménez-Ponce et al. 2009) and centromedian-parafascicular
and ventralis oralis complex of the thalamus in Tourette Syndrome (Servello et al. 2008)
did not report hypomanic symptoms following DBS. As with STN DBS in Parkinson’s dis-
ease, STN DBS as treatment for OCD was associated with the occurrence of hypomanic
symptoms. In a study including 16 patients, three serious and three non-serious adverse
events of hypomanic symptoms were reported. It has been hypothesized that STN DBS
can cause hypomania by activation of the medial forebrain bundle, a structure of fib-
ers that is also connected to the ventral striatum and regarded as key structure of the
mesolimbic-dopamine system (Coenen et al. 2009). However, the first pilot DBS study
targeting the medial forebrain bundle directly for treatment of MDD does not report any
hypomanic symptoms in the first six patients (Schlaepfer et al. 2013).

An additional factor to take into account in future studies is the relationship between
hypomania and treatment outcome. Stimulation induced intraoperative mood changes
and laughter has been found to predict symptom improvement in OCD using the nucleus
accumbens and the anterior limb of the internal capsule as target region (Haq et al.
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2011). Although the association between these changes and hypomania are not clear, it
indicates that it may be possible to use stimulus induced emotional behavior to better
predict outcome. Unfortunately, for this review we did not have the information avail-
able to investigate this relationship.

A limitation is that we did not correct for multiple comparisons. The effect of voltage
would not have survived multiple comparison correction, however the medium effect
size of 0.68 suggests that this may be the result of the reduced power caused by the
increased significance threshold. Sample sizes were rather small but at this time these
are all patients with neuropsychiatric disorders that have been treated with VS-DBS and
therefore this overview is the best possible representation of the target population.

In conclusion, hypomania is a relatively frequent and important adverse event espe-
cially in male patients with a neuropsychiatric disorder treated with monopolar, VS-DBS.
The lower amplitudes in patients with hypomania compared to patients without hypo-
mania is likely to be a consequence rather than a cause of DBS-induced hypomania. The
data also suggest that instead of lowering the voltage, switching from monopolar to
bipolar stimulation may be an alternative strategy to resolve the problem. Moreover,
patients at higher risk for hypomania (males with a history of bipolar disorder) should
start off at lower voltages and with bipolar stimulation to prevent the occurrence of
hypomania. Further development on VS-DBS in neuropsychiatric disorders would bene-
fit from a comprehensive assessment hypomania and its relation to treatment outcome.
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ABSTRACT

Background: Deep Brain Stimulation (DBS) is an adjustable, reversible, non-destructive
neurosurgical intervention using implanted electrodes to deliver electrical pulses to areas
in the brain. DBS has recently shown promising results as experimental treatment of
refractory obsessive-compulsive disorder (OCD). The novelty of the treatment requires
careful observation of symptoms and possible side effects in patients.

Cases: This case report describes two patients with treatment-refractory obsessive-com-
pulsive disorder in whom increased voltage of DBS targeted at the nucleus accumbens
(NACc) increased impulsivity.

Results: Voltage increase of stimulation resulted in an immediate inflation of self-con-
fidence, irritability, and impulsive behaviour and was only reversed after lowering the
voltage.

Conclusions: The mechanisms behind DBS are not yet fully understood. Possibly,
stimulation in the area of the NAc affects the cortico-striatal circuitry, which plays an
important role in impulsivity. Location and amplitude of stimulation might be critical in
inducing these behaviours. These two cases underline the importance of a careful clinical
assessment of impulsive behaviours during DBS for OCD.
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INTRODUCTION

Deep Brain Stimulation (DBS) is an adjustable and reversible intervention using sur-
gically implanted electrodes that deliver carefully controlled electrical pulses to precisely
targeted brain areas. DBS is a commonly accepted treatment for advanced Parkinson'’s
disease (PD) but has been applied recently in patients with treatment-refractory psy-
chiatric disorders such as obsessive-compulsive disorder and major depressive disorder
(Malone et al. 2009; Denys et al. 2010). The novelty of the treatment requires careful
observation of symptoms and possible side effects in patients. We therefore observed
specific behavioural changes related to direct changes of electrical brain stimulation.
Here we report two patients with OCD where changes in voltage of bilateral stimulation
in the area of the nucleus accumbens (NAc) were associated with appearance and disap-
pearance of impulsivity.

CASE REPORTS
PATIENT 1

Patient 1, a 53-year-old man with severe, refractory OCD that commenced at the age
of six, was referred for DBS in 2008. His obsessions involved an explicit desire for absolute
certainty. His compulsions involved gathering information, questioning people, hoard-
ing and checking. Following a stressful period in 1999, he developed a series of recurrent
depressive episodes. At intake, the score on the Yale Brown Obsessive Compulsive Scale
(Y-BOCS) was 32 (extremely severe OCD), the score on the Hamilton Anxiety Rating
Scale (HAM-A) was 18 (mild anxiety), and the score on the Hamilton Depression Scale
(HAM-D) was 23 (moderate depression). Patient was treated with clomipramine 225 mg
and quetiapine 600 mg daily. After signing informed consent, he was included in the DBS
study (See for details, Denys et al. 2010). Two electrodes (Model 3389; Medtronics, Inc.,
Minneapolis, MN) were implanted bilaterally with the deepest contact positioned 7 mm
lateral to the midline, 4 mm below and 3 mm anterior to the anterior border of the ante-
rior commissure, with the following stimulation parameters: monopolar stimulation with
contacts 2 and 3 negative; pulse width go microseconds; frequency 130 Hz; and voltage

3.5V.

After 20 weeks a modestreduction of obsessive-compulsive symptoms was observed,
reaching a Y-BOCS score of 24 (severe) concomitant with a slight decrease of depressive
symptoms (HAM-D 18: moderate depression) but without change in anxiety score. His
wife, however, reported behavioural changes of the patient: from a timid, socially with-
drawn, rigid, anxious man before treatment he became more assertive and outgoing.
Moreover he was able to throw away things he had hoarded. Because the patient subjec-
tively experienced only moderate improvement of his OCD symptoms, the voltage was
graduallyincreased from 3.5V to 5.0V, which did not further reduce obsessive-compulsive
symptoms. The patient however increasingly showed higher self-confidence, agitation,
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verbal disinhibition, and aggressive behaviour. His temper would flare up very easily;
he reported road rage, and thoughts about inflicting pain on people that irritated him.
According to his wife he could be verbally aggressive. He acknowledged his shift towards
more aggressive, impulsive behaviour and was concerned about it. With full understand-
ing of the patient, the voltage was reduced to 4.3V. Subsequently, he reported a rapid
decrease of impulsive aggression and a decline of self-confidence with an increase of
empathy towards friends and family. However, at the same time his anxiety and depres-
sive mood slightly increased. After battery replacement, the patient reported increased
agitation and verbal disinhibition and requested a lowering of the voltage. The voltage
was set at 3.5V leading to an immediate decline in aggression and impulsivity.

PATIENT 2

Patient 2 is a 45-year old man who had surgery in 2007 for severe refractory OCD. He
had a long history of OCD starting at the age of 12 with contamination fear, perfection-
ism and obsession with his physical appearance. He displayed compulsive cleaning, hand
washing and a strong need for symmetry. He was known with a single manic episode in
1999 and a single depressive episode after his divorce in 2002. The depression receded
upon starting a new relationship with his present girlfriend. Just before surgery, he scored
28 points on the Y-BOCS (very severe), 14 on the HAM-D (mildly depressed), and 24 on
the HAM-A (mild anxiety). The patient used 40 mg citalopram and 300 mg quetiapine
daily. He underwent a bilateral stereotactic procedure similar to patient 1. His parameter
settings were: monopolar stimulation with contacts 2 and 3 negative, frequency 130 Hz
and pulse width 120 ps, voltage 3.5V.

During the three months after surgery, his Y-BOCS decreased till a score of 12 (mild)
and remained at that level for a year. In order to further reduce symptoms, the voltage
was gradually increased to 5.0V over the course of g months. There was a further reduc-
tion of his symptoms with a final Y-BOCS of 7 (subclinical), a HAM-A of 4 (no anxiety) and
HAM-D of 2 (no depression). However, the patient also became gradually more impul-
sive, irritable and verbally disinhibited. He reported increased self-confidence, a reduced
need of sleep, felt more energetic and reported more conflicts at work with colleagues.
He was not concerned about these changes and did not want to lower the voltage. After
battery replacement, the voltage was increased to 5.6 V over a period of one and a half
years to enhance treatment effectiveness. Unfortunately, there was little to no direct
effect on OCD symptoms and only a slight improvement in mood. Moreover, patient
then reported several side effects: irritability, increased anger, trouble sleeping and his
temper flared up very easily. He admitted problems at work where he was accused of
stealing and sexual harassment. He also reported impulsive shopping that created finan-
cial problems. In order to evaluate treatment effectiveness and adverse effects, the stim-
ulator was turned off for two days. After these two days the patient reported an increase
of obsessions and compulsions, but also felt as if he was “waking up”. He realised that he
spend too much money and started to worry about the future. Together with the patient
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a decision was made to set the voltage at 4.0 V. Subsequently, his impulsive and agitated
behaviour decreased, as well as his self-confidence. There was only a moderate effect on
his OCD symptoms.

DISCUSSION

These two cases illustrate that DBS in the area of the NAc may cause immediate
changes in impulsivity related to the applied voltage in patients with obsessive-compul-
sive disorder.

The first possible explanation for the observed changes in these patients is to
understand their impulsivity in the context of a hypomanic episode which is commonly
observed the first three to four days following stimulation of the effective contact points.
A recent case report describes a patient who endures a hypomanic episode after an
increase of voltage that involves irritability and aggressive behaviour (Tsai et al. 2010).
However, the clinical picture of these two cases differed from our observations in other
patients with typical hypomanic symptoms following DBS. First, the increased impulsiv-
ity was not associated with mood elevation or restlessness. Second, hypomanic symp-
toms previously observed after the stimulator was activated for the first time were always
transient with a duration of maximum 3-4 days (Denys et al. 2010). These observations
seem to correspond with other reports (Malone et al. 2009; Greenberg et al. 2010a; Huff
et al. 2010). Moreover Greenberg and colleagues (2010a) explicitly state that hypomanic
symptoms in their group were not associated with behavioural impulsivity and another
study reported disinhibition and impulsivity after DBS in the ventral striatal area which
was associated with a worsening of depression (Malone et al. 2009). These reports sup-
port the idea that impulsivity and hypomania after DBS may be unrelated side effects.

It is plausible that stimulation in the area of the NAc affects the cortico-striatal
circuitry which is shown to be involved in the modulation of impulsivity (Cardinal et al.
2001; Dalley et al. 2008; Fineberg et al. 2010). Though the precise mechanism of action
of DBS is still debated, it has been hypothesized that DBS may affect distant nuclei by
stimulating prodromic and antidromic efferent and afferent axons (McCracken & Grace
2007; Hammond et al. 2008; Lujan et al. 2008; Gradinaru et al. 2009). Both human and
animal research suggests that high frequency stimulation of the NAc affects activity in
the orbitofrontal cortex (OFC) (McCracken & Grace 2007; Schlaepfer et al. 2007). How
NAc DBS affects impulsivity is still to be determined. However, a recent animal study
suggests that the precise location of the stimulation target may lead to different changes
in impulsivity. Furthermore they found that the amplitude of stimulation was the most
important parameter in the change of behavioural outcome (Sesia et al. 2008), suggest-
ing that location and voltage of stimulation may be of influence on impulsive behaviour.
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CONCLUSIONS

These two case reports suggest that increasing the voltage of DBS in the area of the
NAc may affect impulsivity in patients with OCD. In both patients increased impulsiv-
ity could be redressed by reducing the voltage of the stimulation. Precise location and
amplitude of stimulation might be critical in inducing these behaviours. However, the
exact mechanisms whereby these changes occurred remain to be investigated. Because
of the potential devastating effects of these behaviours on the patient’s life and his sur-
roundings, clinicians should carefully assess impulsivity and aggression during DBS.
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ABSTRACT

ittle is known about the underlying neural mechanism of deep brain stimulation

L (DBS). We found that DBS targeted at the nucleus accumbens (NAc) normalizes

NAc activity, reduced 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.
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able improvement in a variety of motor and cognitive-emotional processes

(Kringelbach et al. 2011), suggesting that local stimulation modulates neural
function of broader networks. DBS has recently become an effective treatment strategy
for obsessive-compulsive disorder (OCD) (Denys et al. 2010). Compulsions and obses-
sions that impair goal-directed motivational behavior are core features of OCD. These
core features are associated with dysfunction of the nucleus accumbens (NAc) and its
connectivity with the frontal cortex (Menzies et al. 2008; Harrison et al. 2009; Figee et al.
2011). We hypothesized that NAc DBS would decrease obsessive-compulsive symptoms
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 electroencephalography (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 clini-
cally relevant abnormalities in OCD patients and probe aspects of brain function that we
expected to change following NAc DBS.

D eep brain stimulation (DBS) of a specific target may cause fast and remark-

We probed NAc activity during fMRI scanning (Fig. 1a) using a reward anticipation
task (Methods, Supplementary Fig. 1) that requires goal-directed behavior, measures
NAc responsiveness and has previously revealed blunted NAc activity in OCD patients,
particularly those who were candidates for DBS (Figee et al. 2011). Nine OCD patients and
13 matched healthy controls underwent two scanning session, separated by 1 week. NAc
activity changed significantly (P = 0.031) between DBS OFF and ON in patients compared
with 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 in 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 anticipation (mean + s.e.m.); group x scan session interac-
tion: F = 4.47, P = 0.031). NAc activity increased from DBS OFF to ON (t = 2.79, P_ = 0.050), and was
lower in patients compared to controls during DBS OFF (*; t = - 3.165, P

(cor)

=0.010).
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We then investigated whether NAc DBS also affected frontostriatal network con-
nectivity. 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 dem-
onstrated 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 (IPFC) and medial prefrontal cortex (mPFC) (Fig. 2a, Supplementary
Table 4, Supplementary 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 correla-
tion (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.
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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 groupxsession interaction
reveals DBS-related connectivity changes between the left NAc and mPFC (Z = 4.29, P,,, = 0.002)
and [PFC (Z = 3.85, P, = 0.017) in red and between the right NAc and mPFC (Z = 4.47, P,,, = 0.050)
and [PFC(Z = 4.53, P, = 0.001) in blue; purple indicates overlap. (b) Graph illustrating the correlation

(r=o0.72, P=0.013) lgggween changes in OCD symptoms (YBOCS: Yale-Brown Obsessive-Compulsive

Scale) and changes in functional connectivity between the left NAc and [PFC.

Low-frequency EEG oscillations (2-5 Hz) over the frontal cortex are associated
with goal-directed behavior and severity of obsessions and compulsions (Pogarell et
al. 2006, Knyazov et al. 2012). Thus, 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 symp-
tom-provoking stimuli. (a) Patients rated the valence and arousal and whether the stimulus induced
any symptoms (Methods). (b) Time/frequency representation showing the differences in frequency
power over time elicited by the symptom-provoking and non-symptom-provoking stimuli (at t = o).
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 (mean + s.e.m.). DBS attenuated
the increased low-frequency power elicited by symptom-provoking stimuli (session x condition, F,,
= 10.65, P = 0.007). The response to symptom-provoking stimuli was larger than for non-symptom-
provoking stimuli when DBS was OFF (T, .=3-84, P, =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 com-
parable study exists that examined network changes of DBS with fMRI and EEG in fully
implanted patients, previous findings of local and distant DBS effects (Van Laere et al.
2006; Bewernick et al. 2010; Mclntyre & 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 (Denys et al. 2010; McIntyre & Hahn 2010). Our study fits
with this hypothesis, and goes further, demonstrating 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
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DBS normalizes NAc-frontal synchronization through antidromic stimulation of the ven-
tral internal capsule that connects the mPFC with the NAc or alternatively indirectly by
stimulation of corticothalamic pathways (Haber et al. 2006; Lehman et al. 2011).

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 cor-
relates of this imbalance may be found in OCD-symptom related frontostriatal hyper-
activity (Menzies et al. 2008) along with blunted NAc processing (Figee et al. 2011).
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) partici-
pated 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 WK 1989), the Hamilton Depression
Rating Scale (HAM-D), and the Hamilton Anxiety Rating Scale (HAM-A) (Hamilton 1960).
Healthy control subjects were only included if they were free of psychoactive drugs and
mental disorders according to the Mini International Neuropsychiatric Inventory (MINI)
(Sheehan et al. 1998). Patients and controls were matched for age, gender and years
of education. Demographics of the study group and clinical details of patients are sum-
marized 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 symp-
tom provoking.
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DBS SETTINGS.

All patients had electrode implantation in the same target area (see 2). 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 stimula-
tion parameters. All 16 patients received monopolar stimulation on the two dorsal con-
tact 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 oV in bipolar mode. Specific absorption rate
(SAR) levels were limited to 0.1 W/kg. For functional scans, 2D-EPI (echo planarimaging)
was used (TR = 2000ms; TE = 30ms; FA = 90°; matrix 64x64; 25 slices; FOV = 256x256mm;
slice thickness = 4mm; slice gap = 0.4mm; reward experiment = 370 volumes; resting-
state experiment = 8o volumes), and the first 10 volumes were discarded. A T1-weighted
structural image was acquired for anatomical registration purposes.

REWARD TASK.

The task was based on the monetary incentive delay task (Figee et al. 2011)
(Supplementary 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 (Figee et al. 2011), we
focused on BOLD differences between the anticipation of rewarding and neutral out-
comes. Preprocessing and analysis of individual BOLD time series were performed using
SPMs as in (Figee et al. 2011). Voxel-wise event-related statistics contained the follow-
ing conditions: reward anticipation (time between reward cue and target, 36 events),
no-reward anticipation (time between neutral cue and target, 36 events) and target
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presentation. Data were high-pass filtered at .006 Hz. Exploratory whole-brain analysis
confirmed that reward anticipation specifically activated frontostriatal areas (NAc, cau-
date, 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) anticipa-
tion. We chose this ROl 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 moti-
vational behavior and our previous findings of dysfunctional anticipatory reward activity
of this region in OCD patients that had not received DBS treatment yet3. We defined the
NAc ROl on the basis of the AAL atlas and as part of the caudate nucleus below Z=omm
(MNI coordinates=[+10,14,-8], Fig. 1a) (Tzourio-Mazoyer et al. 2002). NAc ROl 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 exploratory analyses com-
paring NAc BOLD responses during neutral vs. loss anticipation and monetary feedback,
which yielded no significant DBS related changes during anticipation of losses (group x
scan interaction P = 0.118 (right NAc) and P = 0.106 (left NAc)), during reward feedback
(P = 0.150 and o.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 4x4x4 mm (Figee et al. 2011), 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.mccauslandcenter.sc.edu/mricro/mricron/install.html/). We correlated the
seed reference with the whole brain, correcting for white matter, cerebrospinal fluid,
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 ROl 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 x 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 IPFC with the difference in clini-
cal scores (HAM-D, HAM-A and Y-BOCS). To avoid dependency between the definition
of the IPFC ROI and symptom differences, the peak voxel was defined for each subject
separately using a leave-one-out procedure.
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Supplementary Fig. 7 depicts normalized EPI scans from two DBS-implanted sub-
jects illustrating that the nucleus accumbens ROI (red) and the region of signal dropout
around the electrode are not overlapping. Nevertheless, we re-analyzed our data to
further rule out the possibility that our results were affected by signal measured from
the dropout region. We re-analyzed the data by removing the parts of the ROl that would
extend into the electrode dropout region based on the normalized but unsmoothed func-
tional images instead of T1-weighted scans. We then extracted the ROl time series from
these unsmoothed images and correlated these with the smoothed remaining brain.
Results from this re-analysis are similar to the first analysis (Supplementary Table 6 and
Supplementary Fig. 6), i.e. DBS-induced changes in functional connectivity between the
NAc and mPFC/IPFC, confirming that our results unlikely reflect false positives related to
electrode artifacts.

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 Netherlands) 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 5o positive pictures. The neutral, posi-
tive and negative pictures were obtained from the IAPS picture set (Lange et al. 1988)
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

Datawereanalyzedusing EEGlabg.4.6 (Delormeetal. 2011) and Fieldtrip (Oostenveld
et al. 2011). The data were band-pass filtered between o.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 independent 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 stimuliand 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 relative-change baseline corrected from -0.75 to -0.25 before stimulus onset. The
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average TFRs were computed by subtracting the average TFR of non-symptom provok-
ing stimuli from the average TFR of symptom provoking stimuli. To compute statistics,
we used repeated measures ANOVAs in PASW statistics 18.0.

SUPPLEMENTARY MATERIAL

Possible outcomes‘ ‘ Example winning trial ‘

neutral loss

1151 11

+0.5 -0 +0

reaction in time 1l reaction too slow

variable time

variable time

outcome

Supplementary Figure 1: the monetary incentive delay task. Left, 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), €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 €o.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.

e
uring

symptom-provoking stimuli ()

between NAc and PFC
Low-frequency pamer &

mean £ SE

Functional connectivity change

3
2 260 £ 5 &
OBS OFF OBs ON D85 OFF 085 ON

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 (regres-
sion 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.

DBS OFF DBS ON
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Supplementary Table 1: demographics of the study sample and clinical details

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 0.79*
Gender (% Males). 56.3 53.8 0.90?
Education, mean (SD), y. 14 (2.2) 8-17 15 (3.6) 12-23 0.13*
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 ps (n=12)

120 ps (n=2)

150 ps (n=2)
Clinical scales patients DBS OFF DBS ON

Mean Range Mean Range P-value
YBOCS total 29.9 (5.7) 15-40 19.9(6.9) 6-32 <0.001°
YBOCS obsessions 14.3(3.1) 9-20 9.8(3.8) 0-15 <0.001®
YBOCS compulsions 15.1(3.4) 6-20 10.1(3.5) 6-18 <0.001®
HAM-D 26.9 (8.7) 13-40 14.7 (9.4) 0-30 <0.001®
HAM-A 30.4 (10.3) 11-51 16.9(9.1) 13-40 <0.001®

Abbreviations: OCD: Obsessive-Compulsive Disorder; YBOCS: Yale-Brown Obsessive-Compulsive Scale;

HAM-D: Hamilton Rating Scale for Depression; HAM-A: Hamilton Rating Scale for Anxiety

*independent sample t-test

% Chi-square test
3 Paired t-test
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Supplementary Table 2: NAc response over the two scanning sessions.

Patients Controls Interaction
P- P- P- P- P-
DBSOFF  DBSON value!  value? scan 2 scan 1 value!  value? value?
R. NAc -0.60 0.06 0.025 0.050 0.25 0.13 0.616 1 0.031
(SEM) (0.29) (0.27) (0.20) (0.23)
L. NAc -0.36 0.10 0.195 0.390 0.10 0.13 0901 1 0.372
(SEM) (0.30) (0.31) (0.16) (0.19)

Mean percentage of right and left NAc BOLD signal change (+ SEM) during reward anticipation in g patients

and 13 controls for the two scanning sessions. P* value is for difference between the two scanning sessions

(paired t-test). P2 value is after Bonferroni correction. P? value is for group x scanning session interaction.
Abbreviations: R: right; L: left; NAc: Nucleus Accumbens; SEM: standard error of mean.

Supplementary Table 3: Frontal clusters that showed significant interaction effect (group x scan) in

connectivity strength with NAc seed.

Seed Region BA Side P Cluster size z MNI
NAc
X Y 4
Left IPFC 45 Right 0.017 38 3.85 50 32 26
mPFC 32/10 Left 0.002 64 4.29 -18 48 14
Right  IPFC 45 Right 0.001 73 4.53 50 32 26
mPFG 32/10 Left 0.050 26 4.47 -18 44 1

Abbreviations: BA: Brodmann area; IPFC: 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, over-
lap in purple. The connectivity maps of each NAc seed (P, <o.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 con-
nectivity 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

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.
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Supplementary Table 4: Additional differences in frontostriatal connectivity strength between
patients and controls, and within patients between DBS OFF and ON.

Test Seed  Directionof  Region BA Side P! p? Cluster Z MNI
NAc comparison size Y Z
Between Left Patients IPFC 45 Right 0.025 0.050 34 3.70 32 22
groups DBS OFF >
Controls mPFC  32/10 Left 0104 0208 19 429 26 48 2
Right  Patients IPFC 45 Right 0.068 0.136 23 3.60 32 22
DBS OFF >
Controls mPFG  32/10 Left 0034 0068 30 368 -30 48 6
SPFG Left  0.029 0.058 32 4.05 16 50
Within Left DBS OFF > IPFC 45 Right 0.029 0.058 24 4.43 32 10
group (pa- DBS ON
tients)

Abbreviations: BA: Brodmann area; DBS: deep brain stimulation; IPFC: lateral prefrontal cortex; mPFC: medial

prefrontal cortex; sPFG: superior prefrontal gyrus; P*is cluster level P value, family wise error (FWE) corrected.

P2 value is after additional Bonferroni correction. Z is for voxel level Z-score.

Supplementary Table 5: Performance reward experiment. Both groups responded faster when
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.

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) 0.48'
0.59?
Reaction time reward trials, 267 (45) 291 (70) 248 (43) 282 (47) 0.505*
mean, ms (SD)
0.001?
0.94°
Reaction time neutral trials, 317 (39) 345 (55) 306 (50) 311 (55) 0.26!
mean, ms (SD)
0.098?

* Between groups
? Between scanning sessions
3 Group x scanning session
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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.

Supplementary Figure 6. Normalized EPI scans
from two DBS-implanted subjects illustrating
that the nucleus accumbens ROI (red) and the
region of signal dropout around the electrode are
not overlapping. Coronal view shows right and
left ROI, sagittal view shows right ROI.
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Supplementary Figure 7. Overlap in frontal-NAc connectivity between original analysis and re-analysis
accounting for artifacts. Overlap, in purple, between the interaction effects in the reanalysis (with ROl
time series extraction from normalized EPIs) in blue compared to original analysis in red. Left panel:
right NAc seed. Right panel: left NAc seed.
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Supplementary Table 6. Re-analysis of frontal-NAc connectivity strength (group x scan), account-
ing for artifacts. To rule out the possibility that our results were affected by signal measured from
the dropout region, we re-analyzed our data without spatial smoothing prior to extraction of the
ROI time-course for the connectivity analysis. Additionaly, we removed the parts of the ROI that
would extend into the electrode dropout region based on normalized but unsmoothed functional
images (EPIs) instead of T1-weighted scans. The table depicts frontal clusters that showed signifi-
cant interaction effect (group x scan) in connectivity strength with NAc seed. Note that in this re-
analysis, we replicated our results, i.e. significant DBS-induced changes in functional connectivity
between the NAc and mPFC/IPFC (see also Supp. Fig. 6).

MNI
Cluster level
Seed NAc Region Side P value (FWE) X Y z
Right IPFC Right 0.001 50 32 18
mPFG Left 0.030 -18 40 14
Left IPFC Right 0.230 50 36 22
mPFC Left 0.058 -18 44 14

Abbreviations: IPFC: lateral prefrontal cortex; mPFC: medial prefrontal cortex; FWE: family wise error.
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ABSTRACT

eep Brain Stimulation (DBS) is an adjustable, reversible, non-destructive neu-

D rosurgical intervention using implanted electrodes to deliver electrical pulses

to areas in the brain. DBS is currently investigated in psychiatry for the treat-

ment of refractory obsessive-compulsive disorder, Tourette syndrome and depressive

disorder. Although recent research in both animals and humans has indicated that DBS

may be an effective intervention for patients with treatment-refractory addiction, it is

not yet entirely clear which brain areas should be targeted. The objective of this review

is to provide a systematic overview of the published literature on DBS and addiction and

outline the most promising target areas using efficacy and adverse event data from both
pre-clinical and clinical studies.

We found seven animal studies targeting six different brain areas: nucleus accum-
bens, subthalamic nucleus, dorsal striatum, lateral habenula, medial prefrontal cortex
and hypothalamus, and 11 human studies targeting two different target areas: nucleus
accumbens and subthalamic nucleus.

Our analysis of the literature suggests that the nucleus accumbens is currently the
most promising DBS target area for patients with treatment-refractory addiction. The
medial prefrontal cortex is another promising target, but needs further exploration to
establish its suitability for clinical purposes. We conclude the review with a discussion on
translational issues in DBS research, medical ethical considerations and recommenda-
tions for clinical trials with DBS in patients with addiction.
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INTRODUCTION

eep brain stimulation (DBS) is a neurosurgical intervention in which implanted

D electrodes deliver electrical pulses to stereotactically targeted areas of the

brain. It has been used as treatment for movement disorders for over 20 years

(Kern & Kumar 2007) and has recently shown promising results as experimental treat-

ment of psychiatric disorders such as obsessive compulsive disorder, Tourette syndrome

and depressive disorder [(Nuttin et al. 1999; Vandewalle et al. 1999; Mayberg et al. 2005)

for review see (Greenberg et al. 2008)]. A wide range of other possible applications for

DBS have been suggested over the last years (Halpern et al. 2008; Hernando et al. 2008;
Kuhn et al. 2008b) — one of which is addiction.

The reasons to consider DBS as an intervention for addiction are threefold. (1)
Preclinical studies and case studies have reported promising results for DBS as a treat-
ment for addiction (Kuhn et al. 2007a; Levy et al. 2007; Miller et al. 2009). (2) The recent
understanding of neural pathways that are affected in addiction has created a new range
of possibilities for treatments that directly target and normalize affected brain circuits.
And (3) new effective interventions are needed for patients who do not benefit from cur-
rent treatments, since addiction is a chronic relapsing brain disorder seriously affecting
both individual and public health (Leshner 1997). A substantial number of patients suffer
multiple relapses and show a chronic course of the disorder despite several treatments:
abstinence rates after one year of completing treatment are about 30-50% (O’Brien &
McLellan 1996; McLellan 2002).

A well-documented rationale for the choice of the target area in the brain is required
in order to investigate the effectiveness, safety and feasibility of DBS in treatment
refractory addiction. Therefore, the objective of this review is to find the most promis-
ing target area for DBS in addiction. For this purpose we examined original published
reports on empirical studies about DBS in addiction in animals and humans. In the first
step a PubMed search was conducted using various terms for ‘addiction’ and ‘deep brain
stimulation’. In the second step, the reference lists of all papers from the first step were
screened for additional articles fitting the inclusion criteria. Only papers that focused on
the effects of DBS on addiction that were written in English were included. This search
resulted in seven animal studies (summarized in table 1) and 11 human studies (sum-
marized in table 2).

We separately discuss the findings from pre-clinical and clinical studies taking into
account both efficacy and safety for each of the target areas. Specifically, we discuss
(1) which of the target areas used for DBS in animal research directed at the reduction
of drug seeking behavior has been most effective and resulted in the least severe side
effects, and (2) which of the target areas used for DBS in humans have been most effec-
tive in terms of a lasting reduction of drug consumption and resulted in the least severe
side effects.
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NEUROCIRCUITRY UNDERLYING ADDICTION

Although the neuropathophysiology of addiction can be appreciated at multiple
levels, from the molecular and cellular level to the interplay of networks systems in the
brain, here, given the nature of deep brain stimulation we focus on the neuroanatomi-
cal brain circuits that were elucidated by different types of animal and human imaging
research. A useful framework has been provided by Koob and Volkow in a recent review
(Koob & Volkow 2009). According to the authors the addiction cycle is characterized
by three stages: ‘binge/intoxication’, ‘withdrawal/ negative affect’ and ‘preoccupation/
anticipation’ (craving), and involves aspects of both impulsivity and compulsivity. In the
binge/intoxication stage the nucleus accumbens is considered to play a key role together
with the ventral tegmental area, whereas the extended amygdala is seen as central
structure in the withdrawal/negative affect phase. A more dispersed network of brain
regions is associated with the preoccupation/anticipation phase that is involved in crav-
ing and relapse, processes responsible for the chronic nature of the disorder. The main
brain structures involved in these processes include the (orbito) frontal cortex, striatum,
amygdala, hippocampus, and insula, which are involved in subjective experiences of
drugs while disrupted inhibitory control involves the cingulate gyrus, dorsolateral pre-
frontal, and inferior frontal cortices. All the brain structures involved could be potential
targets for deep brain stimulation. Effective DBS would optimally interfere witch the
neuroanatomical circuits of all three stages.

ANIMAL STUDIES

At time of writing, seven studies have investigated the effects of DBS in animal mod-
els of addiction, using six different target areas; nucleus accumbens (NAc), subthalamic
nucleus (STN), dorsal striatum, lateral habenula, medial prefrontal cortex (mPFC) and
lateral hypothalamus (see table 1 and figure 1c-h). To test the impact of DBS on drug seek-
ing behavior, different models of addiction were used in these studies (for a description
see table 3). In order to have a valid control group, all animals in these experiments were
implanted with electrodes but only the experimental group was stimulated (DBS “on”)
whereas the control group was not (DBS “off"). Typically, the animals were stimulated
only before and/or during experiments. Most studies used continuous high frequency
stimulation (> 100 Hz), though two additionally tested low frequency stimulation: 20 and
10 Hz (Levy et al. 2007; Friedman et al. 2010), while three gave trains of pulses with pauses
in between (Levy et al. 2007; Liu et al. 2008; Friedman et al. 2010). With the exception of
two studies (Liu et al. 2008; Friedman et al. 2010) rats were stimulated bilaterally. Three
different substances were used in the addiction paradigms; ethanol, cocaine and mor-
phine. DBS effects on sucrose self-administration or water consumption were evaluated
to control for possible side effects in some studies, while effects on learning/memory or
depression-like behavior were tested in others.
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Table 3: Animal models of addiction

Substance
Model administration Description Outcome measurement
The animal has to perform an action or a
fixed number of instrumental responses
Self- (such as pressing a lever) to obtain a Number of lever presses / nose
Fixed ratio Administration rewarding substance pokes or rewards

Self-

Progressive ratio Administration

The animal has to progressively increase
their effort to obtain a rewarding sub-
stance

Number of lever presses/nose
pokes. The final ratio completed is
defined as break point

Self-

Instrumental responses do no longer
result in the delivery of the rewarding

Number of lever presses/nose

Extinction phase Administration substance pokes

After the extinction phase, instrumental
responding is reinstated by administer-
ing a priming dose of the drug to the
animal

Number of lever presses/nose
pokes

Drug-induced Self-
reinstatement Administration

A substance is repeatedly administered
in a specific context. In the test phase
the animal is free to choose between the
drug-associated context and a neutral Time spent in drug-associated

Conditioned place Experimenter

preference administration context. context
After repeated administration of a sub-
stance, an increased locomotor response
Psychomotor Experimenter is observed indicative of a sensitized
sensitization administration response to the substance. Locomotor activity

NUCLEUS ACCUMBENS AND DORSAL STRIATUM

Four out of seven animal studies targeted the NAc for DBS (see fig 1C) (Liu et al.
2008; Vassoler et al. 2008; Knapp et al. 2009; Henderson et al. 2010). All four studies
showed a significant reduction of drug-related behaviors following high frequency DBS
in either core or shell. Two studies examined the effect of DBS on ethanol consumption
(Knapp et al. 2009; Henderson et al. 2010), a third examined the effects of DBS on rein-
statement of cocaine seeking behavior (Vassoler et al. 2008), and in one study (Liu et al.
2008) rats were given morphine in a conditioned place preference paradigm. There were
no effects of NAc DBS on sucrose self-administration or water consumption and none
of the studies reported unusual behaviors in the experimental compared to the control
groups. Overall, these animal studies suggest that high frequency NAc DBS attenuates
drug-related behavior in rats with no apparent side effects. It should be noted that in
addition to NAc DBS, Vassoler and colleagues (2008) also examined DBS effects in the
dorsal striatum (figure 1H) on cocaine reinstatement in rats. In contrast to the NAc
experiment, they failed to find any significant effects on cocaine reinstatement.
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SUBTHALAMIC NUCLEUS

Rouaud and colleagues (2010) examined the effect of high frequency STN DBS (fig-
ure 1D) on cocaine and sucrose (food) self-administration. The DBS “on” group showed
increased motivation to work for sucrose but decreased motivation to work for cocaine
using a progressive ratio self-administration experiment. However, when every lever-
press was followed by a reward (fixed-ratio 1) no difference was found between the “on”
or “off” group, suggesting that STN stimulation did not affect the consumption of readily
available drugs or sucrose, but made them less willing to work for cocaine. In addition, no
effect of STN DBS was found on regular food (chow) intake.

LATERAL HABENULA

One study used the lateral habenula (figure 1E) as target for DBS in a self-adminis-
tration experiment with cocaine (Friedman et al. 2010). Stimulation with alternating sets
of high and low frequency patterns (combined pattern DBS) resulted in a decrease of
lever presses during self-administration and during extinction. The effect of DBS applied
on the first day of extinction was still present on drug-induced reinstatement after
six extinction sessions (up to 7-8 days). It should be noted, that no effects were found
with only high frequency stimulation (100 Hz) on cocaine self-administration, whereas
only low frequency stimulation (10 Hz) resulted in an increase of self-administration.
Additional experiments showed that the effects that were observed with combined pat-
tern DBS were not the result of a decreased ability to press a lever or depressive like
manifestations. Furthermore, in a separate study from the same group (Friedman et al.
2011), a significant decrease in lever presses for sucrose after combined pattern DBS of
the lateral habenula was found.

MEDIAL PREFRONTAL CORTEX AND LATERAL HYPOTHALAMUS

A somewhat different approach was used by Levy and colleagues (2007), who stimu-
lated the mPFC (figure 1F) of rats 30 min a day for 10 consecutive days during abstinence
after a period of cocaine self-administration. DBS reduced the number of lever responses
for cocaine, but not for sucrose, in the extinction phase and under a progressive ratio
schedule. Similar effects were obtained using low frequency stimulation (20 instead of
100 Hz). These results imply that repeated stimulation of the mPFC could be effective
in reducing addiction-related behaviors at both high and low frequency stimulation.
Other behaviors, including spatial learning and memory and general locomotor activity
were unaffected. Finally, high frequency stimulation of the lateral hypothalamus (LH)
(figure 1G) during 10 days of abstinence from cocaine self-administration also resulted in
reduced lever responses during extinction phase, but no effect was found in a progres-
sive ratio schedule. DBS of the LH did not affect sucrose seeking (Levy et al. 2007).
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Taken together, stimulation of the NAc, STN, lateral habenula and mPFC all seemed
to be effective in reducing various aspects of drug seeking behavior or drug consump-
tion. This was generally achieved without clear signs of side effects other than food or
water intake. An increase in sucrose seeking behavior was observed in the study using
STN stimulation (Rouaud et al. 2010) and a decrease of sucrose seeking was found in
the study with lateral habenula stimulation (Friedman et al. 2010). Both can be consid-
ered undesirable side effects because it might indicate a changed motivation for natural
reinforcers. No effects were found of STN stimulation on low cost self-administration
behavior suggesting that stimulation of the STN might reduce the incentive value of the
drugs but not the consumption when the drug is available. Although a cautionary remark
should be made concerning the differences in stimulation parameters used in these stud-
ies (see Table 1), our conclusion is that stimulating the NAc with high frequency DBS or
the mPFC with both high and low frequency DBS seems to result in the most robust
effects. The NAc s the only area that has been used in different studies, underscoring the
need for preclinical confirmation studies for the mPFC.

HUMAN CASE STUDIES

As of today there are no published randomized controlled trials on the effect of DBS
in alcohol or drug dependent patients. The available clinical evidence is restricted to 11
case reports or case series. In these studies two target areas have been used: the nucleus
accumbens (NAc) and the subthalamic nucleus (STN) (see table 2 and figure 1A/B). Five
reports described the NAc as target area for DBS — three reported on the remission of
addiction as a non-intended side effect of DBS during the treatment another psychiatric
disorder (Kuhn et al. 20073, 2009a; Mantione et al. 2010) and in two studies the indica-
tion for DBS was addiction (MUller et al. 2009; Zhou et al. 2011). We found six reports that
described the effects of STN DBS on addiction; in all these studies the indication for DBS
was Parkinson’s disease. Here we provide a summary of these case studies.

Nucleus accumbens

The first study that examined the effects of NAc DBS on addiction was a retrospec-
tive case series by Kuhn and colleagues (2009a). They found that three out of 10 patients
treated with high frequency NAc DBS (5 bilateral, 5 unilateral) for different disorders
(e.g. depression, OCD) stopped smoking; a much higher quit rate than unaided smok-
ing cessation in the general population. All patients that retrospectively reported any
attempt to quit smoking after surgery were successful. Successful quitters were less
addicted, more motivated to quit, and were stimulated at higher mean voltages than
non-attempters (5.7V versus 4.4V). None of the quitters relapsed during the 30 months
follow up period.

In a single case study (Kuhn et al. 2007a), a patient was treated with bilateral high
frequency NAc DBS for severe agoraphobia with panic attacks and depression. Before
surgery the patient also met criteria for alcohol dependence. DBS had a negligible effect
on the anxiety symptoms, but rapidly and drastically reduced alcohol consumption
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without any particular motivation. The patient claimed to have lost the desire to drink
and felt no longer a pressing need to consume alcohol. He did not reach abstinence but
reduced his intake to moderate amounts and continued this pattern during a one-year
follow-up period.

Figure 1. Atlas illustrations of electrode placement

These Atlas illustrations show the location of electrode placement in the used brain areas for both
animals and humans.

Human brain: (A) bilateral nucleus accumbens (B) bilateral subthalamic nucleus

Rat brain: (C) bilateral nucleus accumbens 1.2 mm anterior to bregma (D) bilateral subthalamic nucle-
us -3.7 mm anterior to bregma (E) unilateral lateral habenula -3.8 mm anterior to bregma (F) bilateral
medial prefrontal cortex 3.2 mm anterior to bregma (G) bilateral hypothalamus -2.5 mm anterior to
bregma (H) dorsal striatum 1 mm anterior to bregma

Brain Navigator™ release 2.0 (2009), Paxinos G and Watson C, eds-in-chief, Elsevier, Boston, MA,
USA, www.brainnav.com
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Muller and colleagues (Muller et al. 2009) were the first to report on three patients
who were treated with bilateral, high frequency NAc DBS for alcohol dependence.
Patients were between 36-40 years, had been drinking from their early teens and had
not responded to different types of therapy. In all three patients, craving fully disap-
peared after NAc DBS; two patients remained abstinent during one year follow up and
the other patient reduced his alcohol consumption considerably. In one patient, a hypo-
manic episode of two weeks was reported that remitted after adaptation of stimulation
parameters. This patient also reduced his nicotine consumption from 40 to 15 cigarettes
per day. No other side effects were reported.

In another single case study, a patient was successfully treated for obsessive com-
pulsive disorder with bilateral high frequency NAc DBS (Mantione et al. 2010). She was
a heavy smoker and reported repeated unsuccessful attempts to quit smoking before
surgery. Ten months after the DBS surgery she decided that she no longer wanted to
be a smoker and quit the next day. In the two-year follow up evaluation she was still not
smoking and there was no desire to start again.

Finally Zhou and colleagues (2011) described a patient addicted to heroin who
refrained from drug use after bilateral, high frequency NAc DBS during follow up period
of six years in total. The patient was 24 year, had been using 1-1.5 grams of heroin for over
five years and did not respond to any previous interventions. Additionally, he decreased
the number of cigarettes he smoked from 40 per day before surgery to 10 a day after
surgery. After two to three years the pulse generator was first put off and later removed.
Subsequently patient remained drug free throughout the 3 year follow up period. Mild
confusion and urinary incontinence were reported as transient side effects after surgery
from which he fully recovered within 12 hours.

SUBTHALAMIC NUCLEUS STIMULATION

Finally, there are several reports in which high frequency STN DBS in patients with
Parkinson’s disease either induced or reduced addictive behaviors. Some Parkinson
patients treated with dopamine replacement therapy develop an addictive pattern of
medication use called "dopamine dysregulation syndrome” (DDS) which in turn is associ-
ated with the onset of impulse control disorders, including pathological gambling, hyper-
sexuality and compulsive shopping (Evans & Lees 2004). In four case studies (Witjas et
al. 2005; Ardouin et al. 2006; Bandini et al. 2007; Knobel et al. 2008) with a total of 12
patients with DDS or pathological gambling, bilateral STN DBS resolved these addictive
behaviors. Importantly, all of these patients drastically reduced or stopped the use of
levodopa or dopamine agonist treatment. However, another case report (Smeding et
al. 2007) described a patient without a history of addictive behaviors who developed a
pattern of pathological gambling after high frequency bilateral STN DBS despite a clear
reduction of levodopa and dopamine agonist treatment. In another study, 19 Parkinson
patients with DDS or impulse control disorders were followed after STN DBS treatment
(18 bilateral and one unilateral) (Lim et al. 2009). The study showed mixed results: in
a small proportion of these patients the addictive behavior improved, whereas in the
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majority of the patients the addictive behavior did not improve or even worsened (Lim
et al. 2009). Moreover, the poor outcome on behavioral symptoms was associated with
higher post-operative use of dopaminergic medication. Side effects of STN DBS reported
in these case studies were mild apathy [two patients; (Ardouin et al. 2006)], emotional
instability and vivid dreaming [one patient; (Smeding et al. 2007)]. From these studies it
is difficult to deduce how STN DBS influences addictive behaviors and what role adapta-
tion of dopaminergic medication plays in it. Moreover, two reports (Smeding et al. 2007;
Lim et al. 2009) suggest that high frequency STN DBS may in fact increase or induce
addictive behavior. Finally, several studies have associated STN DBS with increased
impulsivity (Frank et al. 2007; Ballanger et al. 2009; Halbig et al. 2009) which has been
linked to addictive behaviors (Perry & Carroll 2008). In sum, the potential efficacy and
safety of STN DBS for the treatment of addiction can be called into question.

Based on these cases, the NAc appears to be the most promising and safe target for
the use of DBS in patients with addictive behaviors. However, we like to emphasize that
no firm conclusions can be drawn from uncontrolled case reports and case series. While
there is a bias towards publishing positive results in all scientific articles, selective bias is
even stronger for case reports where positive results will be published at the expense of
negative data making a balanced judgment difficult if not impossible (Schlaepfer & Fins
2010). Therefore from these case reports one could only cautiously conclude that the use
of STN stimulation to treat addiction seems questionable while stimulation of the NAc
is promising.

MOST PROMISING TARGET AREA:
NUCLEUS ACCUMBENS

The NAc is the most frequently used target area for addiction, and has consistently
shown promising results across human case studies and animal research. We, therefore,
conclude that NAc DBS is currently the most promising candidate target for therapy-
refractory addiction. Four different animal studies using several substances showed a
reduction of different aspects of addiction related behavior, while in five human case
studies (16 individuals treated), a reduction or cessation of drug intake was observed that
lasted at least a year. No important side effects were reported in any of these studies,
confirming more extensive studies on the application of NAc DBS in other psychiatric
disorders where most adverse events were transient and generally resolved after adjust-
ments of stimulation parameters or were tolerated because of the beneficial effects of
treatment (Kuhn et al. 2010). For an overview of adverse events with DBS in the ventral
striatal area for the treatment of obsessive compulsive disorder or depression the reader
is referred to table S1 in supplementary material.
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POSSIBLE MECHNISMS OF ACTION OF
NAC DBS IN THE TREATMENT OF ADDICTION

The NAc has an established central role in reward processing in the context of addic-
tive behaviors — it shows both acute drug-related activity changes and long-term altera-
tions in structure and function upon prolonged drug use, is involved in the transition from
voluntary to compulsory drug use and in relapse after extinction (Self & Nestler 1995;
Everitt & Robbins 2005; Koob & Volkow 2009; Chen et al. 2010; Russo et al. 2010).

The precise mechanisms behind DBS are still a matter of investigation and we can
only speculate about the mechanism of action of NAc DBS in the treatment of addiction.
Here we elaborate on two plausible mechanisms. First, NAc stimulation could normal-
ize dysfunction in striatal areas of which the NAc is an important part. Recent studies
show reduced striatal dopamine activity in individuals with drug addiction that might
be responsible for decreased sensitivity to natural reinforcers whereas long lasting drug
induced increases of dopamine are likely to activate the reward circuits (Volkow et al.
2004). This situation might strengthen the relative salience of drugs over natural reinforc-
ers leading to fixed motivational choices. Normalizing striatal functionality by DBS might
reduce craving and increase the relative salience of natural reinforcers. Second, NAc DBS
might activate afferent and efferent pathways leading to distant synaptic inhibitory and
excitatory effects, modulating dysfunctional neuronal network activity. For example,
electrophysiological animal studies suggest a reduced firing in orbitofrontal pyramidal
cells and enhanced synchronicity of the thalamo-cortical circuit after high frequency
NAc DBS (McCracken & Grace 2007, 2009). The NAc is connected to the prefrontal and
cingulate cortices and to limbic areas such as the amygdala, hippocampus, thalamus and
midbrain (Lubman et al. 2004). Studies with addicted individuals have shown a decreased
activity in the cingulate gyrus and the dorsolateral prefrontal cortex presumably affect-
ing the process of inhibitory control (Lubman et al. 2004; Volkow et al. 2004). Modulating
neuronal activity within this network could lead to an increase in self-control. We must
note that these mechanisms are not mutually exclusive and could both contribute to the
reported effects. Moreover, different brain regions and different classes of cells may be
affected differently by high frequency stimulation (Lujan et al. 2008). The effects of NAc
DBS on monoamine neurotransmitters in the target area and in other regions of the net-
work were examined in two recent animal studies (Sesia et al. 2010; van Dijk et al. 2011).
The first study suggested that stimulation of the NAc shell can decrease dopamine and
serotonin turnover (measured as the metabolite-transmitter ratio’s in post-mortem tis-
sue) locally, whereas stimulation of the NAc core did not (Sesia et al. 2010). Neither core
nor shell stimulation affected the turnover of these monoamines in the mPFC (Sesia et
al. 2010). A recent in vivo micro dialysis study did not detect any alterations in dopamine,
serotonin or noradrenaline release in the NAc core during stimulation in the same area
(van Dijk et al. 2011). Unpublished findings, however, show increases in the release of
all three monoamines in both medial and orbital prefrontal cortex (A.van Dijk, personal
communication). Together with the results of McCracken & Grace (2007;2009), these

140 | Chapter 8



results emphasize the importance of distant effects. Furthermore these findings suggest
that the mechanism of action of NAc DBS is not dependent on one but probably on vari-
ous effects that modulate the underlying pathophysiology in different ways.

OTHER POTENTIALLY EFFECTIVE
TARGET AREAS

In animal studies, stimulation of the mPFC was also associated with reductions in
drug seeking behavior or drug intake without side effects. However, to date, only one
study for this potential target region has been conducted and, therefore, more preclini-
cal research is needed to confirm these findings. It is of note that two potentially inter-
esting target areas have not been studied at all, neither in human nor in animal studies:
the insula and cingulate cortex. The insula has received more attention from addiction
researchers following a publication showing that smokers who had a brain stroke of the
insula were over a 100 times more likely to stop smoking than smokers who had their
brain infarction in other areas (Naqvi et al. 2007). Imaging studies have shown activation
of the insula during drug craving and a correlation of reported subjective craving with
insula activity (Naqvi & Bechara 2009). The insula is thought to be involved in encoding
interoceptive effects of drug use rituals, which in turn could play a role in craving for
drugs and promoting addiction behavior (Naqvi & Bechara 2009). Chemical inactiva-
tion of the insula has been shown to disrupt addictive behaviors in rats (Contreras et
al. 2007; Forget et al. 2010). The cingulate cortex is another potentially interesting area.
Abnormalities in this area are likely to play a role in disadvantageous decision making,
increasing the risk for drug use and relapse (Goldstein et al. 2009). Hypoactivation of this
area has been consistently observed in addicted patients during inhibition or selective
attention tasks (Goldstein et al. 2009), whereas hyperactivation was observed during
craving (Goldstein et al. 2009). Furthermore, disrupting the cingulate cortex either by
lesions or stroke have reduced or ceased addiction (Medvedev et al. 2003; Jarraya et al.
2010). Itis of special interest that one of the target areas for DBS in depression is located
in the cingulate region: Brodmann area 25 (Hamani et al. 2009, 2011). Results suggest
that this area might be involved in the emotional response to drugs and contributes to
the craving for drugs (Volkow et al. 2005). However, no studies are available on cingulate
cortex DBS in addiction and further pre-clinical research is needed
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TRANSLATIONAL ISSUES IN DBS RESEARCH

Animal studies are indispensable in uncovering the mechanisms behind the effects
of DBS and elucidating neuronal circuitries underlying the disorder. They can also help us
identify potentially safe and effective new brain targets and new stimulation paradigms
for the treatment of patients with addictive behaviors (Kringelbach et al. 2010). However,
translational research of DBS in addiction has its limitations as well; animal models of
addiction do not represent the full complexity of the disorder and the practical applica-
tion of DBS in rodents is different from DBS in humans. Animal models used in preclinical
studies often do not distinguish “recreative” drug use from the compulsive drug taking
that characterizes addiction (Robinson 2004). Models that include drug-seeking and
drug taking when the animal is faced with adverse consequences such as foot shocks
should therefore be considered (Deroche-Gamonet et al. 2004; Vanderschuren & Everitt
2004). Using such a model in DBS research might be a better predictor for the effects of
DBS in individuals with chronic treatment refractory drug addiction.

Anothertranslational issue is the difference in anatomical brain regions between
rodents and humans. The anatomical subdivision of the NAc in shell and core is often
made in animal (rodent) research. Although histochemically the shell and core are also
distinguishable in humans (Voorn et al. 1996), it is not known whether there are func-
tional similarities between animal and human NAc shell and core. Moreover, currently
the spatial resolution in imaging techniques is not sufficient to differentiate between the
core and shell in humans (Haber & Knutson 2010). Although the differences between
shell and core in animal research can be of conceptual interest, it is questionable whether
they are translational meaningful for the targeting of DBS in humans, because the place-
ment of electrodes depends on these imaging techniques.

It should also be noted that many technical aspects of rodent DBS differ significantly
from the clinical parameters. All animal studies except for the one by Levy et al. (2007)
use acute stimulation (restricted to the duration of experiment), whereas all human
studies rely on chronic stimulation. Previous studies have shown that mechanisms of
acute stimulation can differ from those of chronic stimulation (Gubellini et al. 2009).
Furthermore, even though the tips of the electrodes used in rats can be fairly small, they
are still relatively large compared to those used in humans, specifically when placed in
brain areas that are relatively bigger in humans than rats such as the prefrontal cortex
and insula. This could create a larger area of stimulation with lower specificity as a pos-
sible consequence. Moreover, animal studies often use bipolar stimulation, whereas in
human studies monopolar stimulation is favored leading to differences in stimulation
field. Finally, stimulation amplitudes have traditionally been higher in animal compared
to human studies. These differences should be taken into account when extrapolating
findings from preclinical studies to humans (Gubellini et al. 2009).
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MEDICAL ETHICAL CONSIDERATIONS

In accordance with Carter et al. (2010), we would like to emphasize that DBS for
addiction can only be considered when the highest medical ethical standards are applied.
These include careful patient selection, responsible publishing and media reporting, and
free and non-coerced choice to be treated with DBS. For more detailed ethical guidelines
we refer to previous papers (Clausen 2009; Kringelbach & Aziz 2009; Kuhn et al. 2009b;
Rabins et al. 2009; Carter et al. 2010; Synofzik & Schlaepfer 2011). In DBS for addic-
tion, patient selection deserves special attention due to the serious social and physical
problems that often accompany chronic alcohol or drug dependence. In the screening
process, patients will have to undergo careful physical examination and laboratory test-
ing to determine their fitness for anesthesia and surgery. Furthermore, patients should
be seriously motivated and be able to keep their appointments since DBS is an intensive
procedure that requires extensive follow-up and careful observations of symptoms and
possible side effects. DBS should, therefore, be restricted to chronically addicted, treat-
ment refractory patients stable enough to comply with an intensive period of treatment
and research. Lastly, patients should have (had) unrestricted and free of charge access
to alternative treatments, i.e. DBS has to be a free and non-coerced choice which is
important since serious concerns have been expressed about some neurosurgical lesion
studies in addicted patients on these issues (Hall 2006; Carter & Hall 2011).

RECOMMENDATIONS

Ultimately, the evidence for new DBS indications and targets has to come from
clinical studies and, therefore, carefully designed pilot studies are needed as a next step
for those target areas that have shown to be effective and safe in preclinical research
and clinical research in patients with other psychiatric disorders. Based on the discussed
literature we conclude that NAc DBS was effective and safe in animal research and has
shown encouraging results in human case reports. Moreover DBS of the NAc has proven
to be safe in the treatment of obsessive compulsive disorder and depression (Bewernick
et al. 2010; Denys et al. 2010; Huff et al. 2010) (see table S1). Therefore we would like to
propose that small and carefully designed pilot DBS studies using the NAc as target area
for the treatment of chronic addiction are indicated.

However, Carter et al. (2010) recently reached the opposite conclusion on the basis of
largely the same literature — minus four more recent published papers (Friedman et al.
2010; Henderson et al. 2010; Mantione et al. 2010; Zhou et al. 2011). They argue that (1)
there is insufficient clinical evidence and more preclinical research has to be conducted
to identify the optimal brain target; (2) more clinical experience has to be gained with
other psychiatric disorders to better estimate risks involved in DBS; and (3) other effec-
tive treatments are available for addiction and addiction does not carry a high enough
probability of significant harm to justify invasive interventions such as DBS.
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We would like to argue that (1) four studies from four different research groups
consistently found significant decreases of addiction-like behavior following NAc DBS in
rats, assessed by three different paradigms and using three different substances; (2) the
described case reports support the safety and possible efficacy of NAc DBS. Furthermore
NAc DBS has proven to be safe and to be associated with very few side effects in the
treatment of other psychiatric disorders (Bewernick et al. 2010; Denys et al. 2010; Huff et
al. 2010); and (3) even though there is a variety of (moderately) effective interventions to
treat patients with addiction, research shows that many patients do not respond to cur-
rently available treatments even in countries where addiction treatments are accessible
and free of charge. Additionally high mortality rates ( > 27%) are associated with drug
addiction due to overdose, drug-associated illnesses, violence and suicides (Hser et al.
2001; Gossop et al. 2002; Flynn et al. 2003; Termorshuizen et al. 2005).

In summary, the use of DBS for the treatment of mental disorders is groundbreaking

development in psychiatry and NAc DBS may create new opportunities for the treat-
ment of treatment refractory addicted patients.
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TO THE EDITOR

BS treatment consists of permanently implanted electrodes that deliver electri-
D cal pulses to a target brain region. Deep brain stimulation (DBS) of the nucleus
accumbens shows encouraging results as treatment for certain therapy-resist-
ant psychiatric disorders (Denys et al. 2010; Goodman & Alterman 2012) and has been
suggested for therapy-resistant addiction (Luigjes et al. 2012). Heroin addiction is a
chronic relapsing brain disorder seriously affecting both individual and public (Hser et al.
2001). DBS could provide a new intervention for those patients who do not respond to
current treatments. One central issue in DBS treatment is the stimulation parameters: in
order to achieve effective DBS treatment, an extensive optimization period is required
in which stimulation parameters—such as contact points, current and pulse width—are
adapted based on clinical observations.

Here we report effective DBS treatment in a patient with therapy-resistant heroin
addiction in whom we also obtained pre-treatment intracranial EEG (iEEG) record-
ings from the nucleus accumbens and adjacent anterior limb of the internal capsule in
response to drug-related pictures. We argue that pre-treatment EEG recordings from the
implanted target area might be used to shorten the optimization procedure and pro-
vide a more systematic and empirically based approach for optimizing the stimulation
parameters (Goodman & Alterman 2012).
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CASE REPORT

atient A is a 47-year old treatment-refractory heroin dependent man who had
P been using heroin for 22 years. After he was fully informed and signed informed
consent, he was the first patient to be included in a larger pilot study that was
approved by the medical ethical board of the AMC Amsterdam (protocol 09/322). The
patient had been treated with all currently available evidence-based interventions,
including four different long-term inpatient treatments with a detoxification period—
two under full anesthesia—followed by oral naltrexone maintenance treatment and
complementary behavioral therapy, several outpatient psychotherapeutic and substitu-
tion treatments with methadone and buprenorphine. At intake, he smoked on average
0.5 grams of heroin a day in addition to 20 mg of oral methadone, which was switched
to 6 mg buprenorphine during the current treatment episode. To evaluate the desire
for heroin we implemented the “desire and intention” (DI) scale of the desires for drugs
questionnaire (Franken et al. 2002) in which the patient scored 33 at intake.

The patient was implanted following standard procedures (Denys et al. 2010) with a
four contact electrode (Model 3387 with contact points 1.5mm long and separated from
adjacent contacts by 1.5mm, Medtronic Inc., Minneapolis, MN) in each hemisphere.
Electrodes were implanted following the anterior limb of the internal capsule into the
nucleus accumbens. Contact point o (most ventral) was located 7mm lateral to mid-
line, 4mm below and 3mm anterior to the anterior border of the anterior commissure.
Immediately after electrode implantation the patient was exposed to drug-related and
drug-unrelated pictures for which he rated the arousal, valence and symptom-inducing
properties. During the presentation of the pictures, concurrent iEEG and scalp EEG were
recorded. Based on the ratings, all pictures were classified as either drug-related or drug-
unrelated. Immediately following the EEG recordings the electrodes were connected to
the stimulator (Activa model, Medtronic Inc.), implanted in the chest and activated one
week later.

During the optimization period, several electrode settings were systematically
tested according to a standardized procedure (bilateral, monopolar stimulation with
3.5V amplitude, gops pulse width and 180Hz frequency). In general, three different com-
binations of contact points were tested: two ventral contacts, two middle contacts and
two dorsal contacts. When improvement was observed on drug use and/or craving, the
stimulation location was conserved and small changes in voltage were tested in order
to achieve further improvement. In this period, the patient was assessed approximately
once aweek for heroin use, hisintention and desire to use heroin and possible side effects.
Stimulation of the middle contact points (1 and 2) led to an increase in drug use and
reported craving (see table 1 for drug use and craving) and was therefore stopped after
only one week. Stimulation of the ventral contact points (o and 1) was suboptimal with
limited reduction in heroine use and craving. Stimulation of the two dorsal contact points
(2 and 3), at the border of the internal capsule and nucleus accumbens, was effective in
generating a significant reduction of drug use and craving. With this dorsal stimulation
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(3.5V amplitude at contact 2 and 3, gops pulse width and 180Hz frequency), the patient
first reduced his use to the weekends and then succeeded in cessation of his heroin use
and he is currently clean for over six months with the exception of a 14-day relapse.

Table 1. Average drug use and craving scores during different stimulation location settings

Stimulation/CStimulation /

contact points Average drug use g/day Average score Dl scale
Before DBS 0.50 33
No stimulation 0.68 27
2 Dorsal contact points* 0.10 18
2 Middle contact points 0.87 41
2 Ventral contact points 0.25 23

Abbreviations: DI: Desire and intention scale of the desires for drugs questionnaire
*Average over time including 4 months reduced drug use and 6 months abstinence and 14-day relapse

During the iEEG recordings, we observed significant differences in power for drug-
related compared to drug-unrelated pictures at the dorsal contact points (2 and 3), but not
at the other contact points (Fig.1). This difference was significant in the right hemisphere
for the gamma band (40-60 Hz). To assess the connectivity of the implanted target and
the frontal cortex, we correlated gamma power with frontal theta (4-8 Hz) power on a
trial by trial basis [see (Mazaheri et al. 2010)] and found a lower correlation in response to
drug-related compared to drug-unrelated pictures at the dorsal contact points, whereas
no difference was found for the other contact points (Fig. 1). Based on the commonalities
of the iEEG results and the clinical response in the dorsal contact points, we propose that
pre-treatment recordings of the implanted target in response to symptom triggers can
help to determine the clinically most effective location for DBS stimulation.

To the best of our knowledge this is the second report of successful DBS in a heroin
dependent patient (Zhou et al. 2011), and the first report on the association between
pre-treatment electrophysiological measurements of the implanted target and DBS
effectiveness. Our results support the existing literature (Luigjes et al. 2012), suggesting
nucleus accumbens and adjacent internal capsule DBS as a promising treatment for drug
addiction and advocating for clinical studies with larger samples. Additionally, based
on the observation that clinical outcome in this patient seemed to be associated with
pre-treatment EEG recordings, we argue that using such recordings may shorten DBS
optimization and facilitate custom-tailored DBS treatment but the inclusion of more
patients is needed to validate this procedure.
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Figure 1. Intracranial measurements of drug-related versus drug-unrelated stimuli. A. Overview of
the task. Two hundred stimuli were randomly presented to provoke affective responses. B. In order
to increase the specificity of the signal, the intracranial signals were referenced to the adjacent con-
tact point (0-1, 1-2, 2-3, where o is the most ventral contact). We then computed Time-Frequency
Representations along the electrodes. Right bipolar contact point 2-3 showed higher power for
drugs-related compared to non-drugs-related responses in the gamma-band (40-60 Hz) based on
permutation-based cluster-level statistics (p < 0.05). We then correlated the power time series of all
bipolar iEEG channels to the time-series of the theta-range (4-8 Hz) of the scalp electrodes on a trial-
by-trial basis and converted the correlation coefficients to Fisher Z-scores in order to make compari-
sons between conditions. Only the right bipolar contact point showed a significantly lower correlation
to frontal theta compared to the drug-unrelated responses (based on image by Mikael Hdggstrém.
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Deep Brain Stimulation (DBS) for refractory substance abuse disorders. We

encountered lack of interest and high dropout before surgery compared to
a similar DBS trial for obsessive-compulsive disorder suggesting marked differences
between disorders in attitude towards this type of intervention

Key statement: This editorial raises serious doubts regarding the feasibility of

Deep brain stimulation (DBS) is a treatment, which directly modulates dysfunctional
brain networks in patients with treatment-refractory neurological and psychiatric disor-
ders. Based on animal research and case reports, substance use disorders (SUD’s) were
recently identified as a possible new indication for DBS (Zhou et al. 2011; Luigjes et al.
2012; Valencia-Alfonso et al. 2012). We experienced great difficulties with the inclusion of
patients for a pilot study that aimed to investigate DBS as a treatment for SUD, leading
Us to question its feasibility.

The pilot study was launched at the Academic Medical Center of the University of
Amsterdam to investigate the feasibility, efficacy and safety of DBS targeted at the
nucleus accumbens in eight patients with treatment refractory cocaine and/or heroin
dependence. Patients were recruited via six addiction care treatment centers in the
Netherlands that together treat over 27,000 patients annually, including about 5,500
heroin and/or cocaine dependent patients with a treatment history of more than three
years (Wisselink et al. 2013). To further stimulate participation, an article about the trial
was published in a popular magazine targeting drug users with 12,000 copies per edition.
At the end of the three-year recruitment period only 23 patients were referred for DBS
and only two patients started the trial. Of the remaining 21 patients, 6 were not eligible
and 15 discontinued the screening procedure — including 9 who never showed up for
intake. Similar difficulties in recruitment were observed in Cologne, Germany, where one
of the only two other registered DBS studies for heroine dependence in the world is cur-
rently recruiting patients (Kuhn et al. 2014).

A comparison with a DBS trial for patients with obsessive-compulsive disorder (OCD)
in the same hospital in Amsterdam with a similar three year recruitment period shows for
patients with SUD (a) a much smaller number of referrals (23 SUD referrals vs more than
100 OCD referrals) suggesting lower interest for DBS in SUD patients and more hesitancy
to refer patients with clinicians (b) a higher proportion of no-shows for intake (< 5% vs.
39%), and (c) a much higher proportion of withdrawals after intake (14% vs. 43%).
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To gain more insight in the reasons for the high proportions of no-shows and with-
drawal after intake in those who were referred, we conducted a standardized telephone
interview with 8 of the 15 eligible patients who left the trial before implantation (six were
untraceable and one declined to participate). These patients mentioned a variety of rea-
sons of which fear for the surgical procedure was the most prominent one. Interestingly,
none of the OCD patients that we screened for DBS in the same period ever mentioned
fear for the procedure as a reason to abort participation.

There are a number of possible reasons why the inclusion of SUD patients for DBS
is less successful than of OCD patients. First, the perceived burden of disease is prob-
ably higher and more consistent in patients with OCD than in SUD patients. Whereas
OCD is seen as one of the most debilitating disorders [WHO (Murray & Lopez 1996)],
SUD patients experience the burden as more fluctuating and often deny the severity
of their illness (Verdejo-Garcia & Pérez-Garcia 2008). Second, and related to the first
reason, SUD patients are less motivated for invasive interventions than OCD patients.
The vast majority of OCD patients were unwavering in their wish for DBS all through the
screening procedure while doubt was expressed by all addiction patients including the
two patients that received DBS. Third, not everyone, including patients and clinicians,
recognize addiction as a medical condition let alone as a chronic, relapsing brain disor-
der (Leshner 1997; Heyman 2013; Levy 2013). This is confirmed by studies on the stigma
of mental disorders showing that people with alcohol dependence are less frequently
regarded as mentally ill and are held more responsible for their condition than people
with other mental disorders (Keyes et al. 2010; Schomerus et al. 2011). Consequently,
from that perspective, DBS for SUD may be perceived as invasive, unethical, and thus
unacceptable, even as a last resort treatment. This could have contributed to the low
number of referrals we received from clinicians (11 versus 12 self-referrals) despite our
regular enquiries for possible candidates. Fourth, compared to OCD patients, SUD
patients show more serious social and physical problems, which increases the barrier to
apply for DBS and make them less compliant once an appointment is made (Luigjes et
al. 2012). After all, the surgery and the extensive follow-up during DBS require a stable
social environment. Only four of the 13 SUD patients with an appointment brought a
family member or friend, including both patients who participated in the study and two
patients who were not eligible. We learned that the recruitment of SUD patients for DBS
required high flexibility from our side, persistence and resourcefulness to meet and stay
in contact with the patients. However, despite these measures the drop-out was very
high and the number of referrals was low, indicating that they were not sufficient to
attract and include enough patients.
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Although our center in Amsterdam is well-experienced and renowned for the treat-
ment of SUD patients and for DBS in patients with OCD and depression, with world-lead-
ing experts in addiction and DBS in our team, and although we have an extensive network
of referral centers in a country without serious taboos on addiction, we were unable to
recruit eight SUD patients in three years (similar low recruitment rate in Cologne: three
patients in two years). We therefore conclude that DBS for treatment refractory heroin
and/or cocaine dependent patients is currently very difficult to implement and therefore
its feasibility should be somberly questioned.
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SUMMARY OF MAIN FINDINGS

DEFINITION OF COMPULSIVE BEHAVIOR

The essence of compulsive behavior is the feeling that one *has to’ perform a specific
act. In the definition that we proposed in chapter 2 of this thesis, compulsive behaviors
result from an urge to improve one’s internal state, which is modulated by the evalu-
ation of one's current internal state and by the anticipation of a negative outcome. In
pathological compulsive behavior there is an apparent conflict between behavioral acts
and long-term goals, which may result in an increase in conscious awareness and inter-
nal deliberation that aims to ‘regain’ control but paradoxically contributes to sustained
compulsive behavior (de Haan et al. in press). Components of this definition need fur-
ther investigation to see whether this definition accurately encompasses the disruptive
behavioral patterns observed in OCD, addiction and other disorders with compulsive
behaviors. With a clear definition it will be possible to investigate compulsive behavior
across disorders.

OCD PATIENTS ARE NOT MORE RISK-AVOIDANT THAN HEALTHY CONTROLS

In chapter 3, we showed that OCD patients were overall not more risk-averse than
healthy controls, but there were differences between subgroups of OCD patients: OCD
patients with doubt/checking symptoms were more risk-averse than other OCD patients.
Moreover, we found an opposite relation between insula responses and risk aversion
during risk processing in OCD patients compared to healthy controls: a positive correla-
tion between insula activity and risk aversion in patients versus a negative correlation in
healthy controls. These results indicate that for a specific subgroup of OCD patients risk
aversion, associated with increased insula activation during risk processing, may contrib-
ute to the persistence of the disorder. However the view that OCD patients in general are
more risk averse than healthy controls is not confirmed.

DBS IN PSYCHIATRY: EFFICACY AND BEHAVIORAL SIDE EFFECTS

In chapter 4 we concluded that the application of DBS in psychiatry seems promis-
ing but remains investigational. Only for OCD there are multiple controlled trails with
more than 10 patients and the estimated response rate is about 50%. Studies investigat-
ing DBS for major depressive disorder, Tourette syndrome and addiction have shown
encouraging results but further research in needed to establish its efficacy.

Side effects of DBS can berelated tothe surgery orto stimulation. The mostimportant
surgery related side effects are bleedings (occurrence of 0.2-5%), wound infection (3.1%)
and peri-operative headache (4.2%) (Fenoy & Simpson 2014). Stimulation related side
effects can vary widely, and are usually reversible by adjusting stimulation parameters.
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The most commonly observed side effect is hypomania, which seems to happen more
often with the target region in the ventral capsule/ventral striatum or nucleus accumbens
(ventral striatal area) than with the subcallosal cingulated gyrus (depression) inferior
thalamic peduncle (OCD) and centromedian-parafascicular and ventralis oralis complex
of the thalamus (Tourette Syndrome). In chapter 5, we showed that 19 out of the 109
patients with DBS in the ventral striatal area developed a DBS induced episode of hypo-
mania (17.8%) and that hypomania occurred more often in men. Hypomania can lead
to less behavioral control and therefore results in disruptive behavior. As an illustration,
the case report of two OCD patients with nucleus accumbens DBS in chapter 6 showed
that high voltages may in some OCD patients lead to impulsive behavior. We therefore
concluded that close monitoring of psychiatric patients and their behavior, specifically
after ventral striatum DBS and after increases of voltages, is warranted for the safety
of DBS treatment. This is especially important when DBS is applied to addicted patients
where increased impulsivity or hypomania can easily result in increased drug use.

DBS NORMALIZES FRONTOSTRIATAL NETWORK ACTIVITY IN OCD

In chapter 7 we investigated the effects of NAc DBS on the frontostriatal circuitry in
OCD patients. We measured brain activity with functional MRI and EEG when patients
were stable on DBS treatment and after one week without DBS stimulation. The fMRI
experiments showed that DBS normalized activity in the nucleus accumbens (around
target region) during reward anticipation and functional connectivity between the
nucleus accumbens and the prefrontal cortex. This change in frontostriatal connectiv-
ity was correlated with the symptomatic change between the DBS being on and off.
Furthermore, EEG measurements showed that excessive low-frequency oscillations in
response to symptom provoking stimuli were reduced by DBS. Our results suggest that
DBS interferes with disruptive unwanted behavioral patterns in OCD by interrupting
a pathological frontostriatal loop, allowing a shift away from excessive processing of
disease-related stimuli.

DBS FOR ADDICTION APPEARS PROMISING BUT IS NOT FEASIBLE IN PRACTICE

In chapter 8 we reviewed the literature on DBS for addiction in both human and
animal research and concluded the nucleus accumbens was the most promising DBS
target area. The nucleus accumbens has been the most used target region for addic-
tion in both animal studies and human case reports and these studies have consistently
shown encouraging results. Moreover, this region has been safely used in DBS for other
neuropsychiatric disorders. Therefore we started a carefully designed DBS pilot-study
using the nucleus accumbens as target area for the treatment of chronic heroin and/or
cocaine addiction. The positive results of the first patient in this study are described in
chapter 9. In addition, we found in this patient that the DBS contact points most respon-
sive to addiction related stimuli during intracranial EEG recordings during surgery were
also the most effective contact points for reducing drug use during the course of DBS.
This indicates that results from intracranial EEG recordings may help to shorten the
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optimization period to find the best stimulation parameters at least with regard to the
most promising stimulation target(s). In chapter 10 we described the serious problems
we encountered with the inclusion of patients for the DBS addiction pilot study. After
three years of recruitment, only 23 patients were referred resulting in the inclusion for
surgery of only two patients. A comparison with a similar OCD DBS trial showed that the
number of addiction referrals was relatively small and that many more addiction patients
left the study before surgery. A structured telephone interview with the patients that had
shown initial interest but aborted the trial before surgery revealed that the invasiveness
of the procedure was the main reason for non-participation. Possible explanations for
the differences in participation rates between the OCD and the addiction group include:
(1) differences between the perceived burden of the disease (more consistently high in
OCD vs. more fluctuating in addiction); (2) differences in the perceived pathogenesis of
the disorder: the debate whether addiction is a (brain) disease is more persistent and
intense than for OCD; (3) more social and physical problems in addiction that increase
the barrier to apply for and comply with DBS treatment. Taken together, as it currently
stands, a DBS trial in patients with treatment refractory heroin and/or cocaine addiction
may not be feasible and no final conclusion can be drawn about its efficacy for the treat-
ment of patients with an addiction.

GENERAL DISCUSSION
AND FUTURE DIRECTIONS

COMPULSIVITY

We propose that compulsive behavior is characterized by the feeling that one ‘has
to’ perform a specific act and that it results from an underlying urge to improve one’s
internal state, which is modulated by the evaluation of one’s current internal state and by
the anticipation of a negative outcome. This assumes affective drives at the core of com-
pulsive behavior which differs from a recent theory that views compulsive behaviors as
maladaptive habits resulting from strong stimulus-response contingencies that render
the behavior insensitive to outcome appraisal (Graybiel & Rauch 2000). According to this
theory, compulsive behaviors are not goal-directed while we assume that compulsive
behaviors are goal-directed on an affective level since they provide relief/security even
though they do not (always) accomplish external goals (e.g., decrease danger) and long-
term positive outcomes. The habit theory is supported by findings of decreased goal-
directed and increased habitual behavior in OCD and addiction (Gillan et al. 2011, 2013¢;
Sjoerds et al. 2013; Gillan & Robbins 2014). On the other hand, the assumption that com-
pulsive behaviors are mere executions of stimulus-response contingencies without any
goal is not compatible with the strong motivation of patients to execute these behaviors
and the decrease in discomfort/anxiety afterwards (Rachman et al. 1976; de Silva et al.
2003). Moreover, in a recent study, goal-directed (i.e., caudate and medial frontal cortex)
but not habitual (i.e., putamen) brain regions were associated with the persistence of
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‘habitual’ avoidance responses in OCD. Additionally these avoidance responses corre-
lated with a self-reported urge to respond, suggesting an affective/motivational drive
underlying these responses (Gillan et al. 20133, 2013¢).

We do not oppose the hypothesis that habituation plays a role in the persistence
of compulsive behavior, but we doubt the usefulness of the dichotomy between goal-
directed and habitual behavior. This dichotomy is the result of animal research and
has greatly influenced neuroscience and psychiatric research (Dickinson 198s; Gillan &
Robbins 2014). Here, goal-directed action is defined by a believe criterion (there is knowl-
edge of relationship between action and consequences) and a desire criterion (action is
controlled by affective or motivational value of outcome). Habits are opposed to goal-
directed actions and are seen as parings between stimulus and response (action is guided
by a stimulus and not by outcome) and are therefore insensitive to outcome devalua-
tion (de Wit & Dickinson 2009). This creates the illusion of a clean division between two
(narrowly defined) types of behavior that is useful for distinguishing behaviors in simple
animal experiments. However these definitions do not acknowledge nor encompass the
complex reality of human behavior. First, it is not always easy to decide whether the
believe criterion is met: humans are often driven by motives without explicit or deliberate
knowledge about the outcome of the action. Moreover the outcome of their actions may
be manifold and complex (e.g. may differ on short-term versus long-term; have different
effects on different people; may be emotionally gratifying yet causing problems in one’s
life) which is a problem for both criteria and for the outcome devaluation test. And finally,
most habits in daily life—especially simple motor habits such as brushing teeth—are goal
directed and decrease the effort and attention needed to reach this goal. Or as William
James puts it: “The first result of it is that habit simplifies the movements required to
achieve a given result, makes them more accurate and diminishes fatigue” (Bernacer &
Murillo 2014). And although behavior may become less sensitive to outcome devaluation
after repetition, this is a gradual progression on a continuum; there is no clear bound-
ary where behavior becomes habitual. And most habits remain sensitive to outcome
devaluation and diminish or disappear after the goal is (chronically) devaluated. In sum
we suggest, in line with more integrative models of goal-directed and habitual behavior
(Bernacer & Murillo 2014; Dezfouli et al. 2014; Sjoerds et al. 2014), that habits and goal-
directed behaviors are often intertwined and do not necessarily oppose each other.

This is especially relevant for compulsive behavior, as we pose the hypothesis in
chapter 2 that there is an interactive role between affective (goal-directed) mechanisms
and habituation resulting in motivational habits. Hereby we mean that the repetitive
coupling of an affective state (e.g. anxiety/discomfort) with an action (compulsion/drug
use) can lead to the development of specific “state-action contingencies” (motivational
habits) diminishing the flexibility of the behavior. In sum, we believe that both (affec-
tive) goal-directed and habitual processes are involved in the persistence of compulsive
behaviors. This affective drive together with the inflexibility after habituation results in
a decreased ability to change the behavior despite negative consequences resulting in a
feeling of loss of control. This hypothesis offers an inclusive framework that explains the
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motivation behind and the persistence of compulsions despite patients’ insight. More
research however is needed to investigate these hypotheses and to clarify the relative
role of habituation and goal-directed processes in compulsive behaviors.

By proposing a definition of compulsive behavior we provide a starting point for
investigating whether there is a common underlying neuropsychological endopheno-
type with shared neurobiological abnormalities. This is a clear improvement from the
current situation. Until now, studies investigating the neurobiological correlates of com-
pulsive behavior in psychiatric disorders use disorder-specific questionnaires to measure
compulsive behavior and associated neural changes. However, behaviors like drug use
in addiction and compulsions in OCD are complex and they are likely to be a combina-
tion of different aspects of behavior, including impulsive, compulsive, habitual and other
aspects. An improvement in this respect is the obsessive compulsive drug use scale
(OCDUS) (Franken et al. 2002); this is a questionnaire developed to measure obsessive-
compulsive aspects of drug use and is based on an OCD questionnaire: the Yale Brown
obsessive-compulsive scale (YBOCS) (Goodman WK 1989g). The questionnaire is better
suited to compare OCD and addiction symptoms but may not suffice as a measure of
compulsive behavior: half of the items assess obsessive thoughts and motivational/
cognitive aspects (desire, control and resistance) of the addiction but it does not directly
assess compulsive behaviors. A high score on the OCDUS is possible without any display
of compulsive behavior. Therefore better questionnaires to specifically measure compul-
sive behavior across disorders are needed. Our definition can be used to develop such
questionnaires. In addition, interviews and neuropsychological tests need to be devel-
oped to assess compulsivity and compulsive behaviors separate from disorder criteria,
comparable to the tests used for the assessment of impulsive behavior. And finally, these
tests should be used to investigate the underlying neural correlates of compulsivity in
order to establish whether compulsive behavior according to our definition has a com-
mon underlying endophenotype across disorders.

RISK AVERSION

Our results showed that OCD patients as a group are not more risk averse than
healthy controls. However, OCD patients did differ from healthy controls in the direction
of the association between risk aversion and insula activation: a positive correlation in
patients versus a negative correlation in healthy controls. Our hypothesis that the insula
signals urgency to avoid risk in OCD patients and to take risk in healthy controls is con-
sistent with the notion that the insula is sensitive to salience and marks events for addi-
tional processing (Menon & Uddin 2010). For the risk-averse subgroup of OCD patients
with checking and doubt symptoms as well as risk seeking healthy controls, high-risk
trials may be particular salient and attract increased attentional processes that influence
consequent behavior. Also in addiction, the insula has been proposed to play a key role
in motivation of behavior, salience attribution and the interoceptive aspects of craving
(Naqvi et al. 2014). A recent study showed higher insula activation in methamphetamine
users during risky choices with the highest activation in users with the longest history of
drug use (Gowin et al. 2014b). Although this task is not directly comparable to the one
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used in our study, these results indicate abnormal insula functioning during risk process-
ing in addiction. Risk processing and risk assessment are important in decision-making
and motivation of behavior and a strong aversion or preference for risk may lead to
maladaptive behavior. Finally, a recent study using deep repetitive transcranial magnetic
stimulation (Deep rTMS) showed that insula stimulation in nicotine dependent patients
resulted in reduced smoking and abstinence (Dinur-Klein et al. 2014). In sum, the insula
seems a particularly interesting brain region to investigate for its involvement in the per-
sistence of maladaptive behavior in both OCD and addiction. Although both disorders
are associated with insula abnormalities during risk processing it is unclear how these
abnormalities relate to each other. Future research that includes both observational and
experimental procedures and using both patient groups in one study is needed.

BEHAVIORAL SIDE EFFECT OF DBS IN PSYCHIATRIC DISORDERS

In chapter 6 we reported on two patients showing an increase in impulsivity after
stimulation. There are no studies that have investigated the effect of VS DBS on impul-
sivity and next to the two patients we described in chapter 6, only one other (bipolar)
patient was reported to have an increase of impulsivity after VS DBS (Malone et al.
2009). Therefore whether, and how, VS DBS can affect impulsive behavior is unclear.
Changes in impulsivity are frequently reported and better investigated as a stimulation
related effect of subthalamic nucleus (STN) DBS in Parkinson’s disease (Funkiewiez et
al. 2004). The relation between STN DBS and impulsivity is not straightforward since
both increases and decreases in impulsive behaviors have been reported after STN
DBS (Broen et al. 2011; Lhommée et al. 2012). An additional complicating factor is that
simultaneous dopamine replacement therapy for Parkinson’s disease can also induce or
increase impulsive behavior and therefore the DBS effect on impulsivity can be reduced
by the tapering of the dopaminergic medication following successful DBS treatment. To
study the effects of STN DBS on impulsivity in Parkinson’s disease, neuropsychological
experiments have been conducted with DBS on and off. One study showed a temporal
dissociation in the STN DBS effect on impulsivity: while stimulation increased impulsive
premature responding in high conflict situations, it seemed to improve inhibitory control
to suppress impulses later in the reaction process (Wylie et al. 2010) underlining the idea
that impulsivity is a multifactorial construct (Broos et al. 2012). This may also explain the
contradictory findings of both increases and decreases in impulsive behavior after STN
DBS. It also emphasizes the need to be more specificin describing the type of impulsivity
that follows after DBS.

Preclinical evidence suggests that the nucleus accumbens is involved in regulating
impulsivity (Basar et al. 2010). However, as in STN DBS, this involvement may not be
straight forward: a recent animal study showed differential involvement of subregions
(core versus shell) of the nucleus accumbens in mediating different aspects of impulsivity
(impulsive choice versus impulsive action) (Feja et al. 2014). Moreover, studies investigat-
ing the effect of NAc DBS in rats suggest that stimulation of the NAc core may increase
impulsivity and improve behavioral control (Sesia et al. 2008, 2010) and that DBS effects
on impulse behavior may depend on the baseline level of impulsivity (Schippers 2013).
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Hypomania is frequently described as side effect of VS DBS and in chapter 5 we pro-
vided a good indication of its incidence (17.8%) and correlation (male gender and lower
voltages) after reviewing the previously published studies and case reports. However,
there is a serious risk of biases with retrospective investigations and the inclusion of case
reports. Prospective studies are needed to confirm these findings and better understand
hypomania after DBS and its predictive value for treatment outcome.

Together these findings suggest that behavioral side effects of DBS are not well
understood and better assessment is needed during the course of DBS treatment. The
findings with both STN and NAc DBS indicate that “impulsivity” consists of dissociable
constructs that are affected differentially, even in opposite directions, by stimulation
of basal ganglia structures. Therefore precision is needed when assessing changes in
impulsivity.

DBS EFFECTS ON FRONTOSTRIATAL CIRCUITRY

In chapter 7, we investigated for the first time the effects of NAc DBS on the fron-
tostriatal circuit using fMRI in OCD patients with DBS on versus DBS off and found a
restoration of frontostriatal functioning comparable to healthy controls during reward
anticipation and rest. Additional research in our group suggests that NAc DBS in OCD
patients also restores frontostriatal functioning during proactive inhibition (i.e., inhibi-
tion when a cue indicates a potential stop signal) (Figee 2013): in the DBS off condition
patients showed decreased activation in the right inferior frontal cortex/insula and right
striatum compared to healthy controls, while no difference was found between healthy
controls and OCD patients with DBS on. Proactive inhibition may be particularly relevant
for the inhibition of compulsive behaviors, when one has to control the urge to act.

To better understand the effects of DBS and the mechanisms by which it alle-
viates OCD symptoms it is important to investigate its effect on the neurotransmitter
systems. However, at the time of writing little is known about the changes in neurotrans-
mitter activity that are associated with NAc DBS induced frontostriatal changes. There
is some evidence for an increase in striatal dopamine after acute NAc stimulation in rats
(Sesia et al. 2010) and after acute and chronic NAc stimulation in patients with OCD
(Figee et al. 2014). In the latter study, increased dopamine in the striatum was suggested
by a lower binding of the SPECT radiotracer [**I]IBZM to the striatal D, receptors and
by increased blood levels of the dopamine/noradrenaline metabolite homovanillic acid.
However, no monoamine changes were found in the stimulated striatal area (NAc core) in
a rat study using in vivo microdialysis (van Dijk et al. 2011). In addition, a follow-up study
revealed dopamine increases in the medial and orbitofrontal cortex as well as serotonin
increases in the medial frontal cortex and noradrenaline increases in the orbitofrontal
cortex (van Dijk et al. 2012). In sum, the few studies that have investigated monoamine
changes after NAc DBS indicate increased dopamine in the NAc and dopamine, seroto-
nin and noradrenaline changes in the connected frontal regions.

168 | Chapter 11



As in obsessive-compulsive disorder, abnormalities of the frontostriatal net-
work have been found in addiction: decreases in ventral striatal activation during reward
anticipation, and altered frontostriatal functional connectivity and alterations in frontal
low frequency oscillations during rest (Wrase et al. 2007; Upadhyay et al. 2010; Knyazev
2012; van Holst et al. 2012; Motzkin et al. 2014). Therefore the changes in frontostriatal
functioning we found in OCD patients after NAc DBS may suggest therapeutic effects for
addiction patients as well. However the frontostriatal abnormalities of OCD and addic-
tion do not completely overlap, e.g. functional frontostriatal hyperconnectivity is seen in
patients with OCD, whereas functional hypoconnectivity has been found in patients with
addiction (Upadhyay et al. 2010; Motzkin et al. 2014). Therefore we can only speculate
about the possible mechanisms of DBS in the treatment of patients with addiction.

DEEP BRAIN STIMULATION IN ADDICTION

Despite promising findings from animal studies and some human case reports—
including the report on our first patient—we were not able to investigate the efficacy,
safety and mechanisms of deep brain stimulation in refractory heroin and/or cocaine
addicted patients due to the lack of interest and the high dropout of patients before
surgery. There are only two other case reports describing the effects of DBS on heroin
addiction and together with our patient there are a total of 4 patients described in the
literature who all abstain from heroin use after NAc DBS (Zhou et al. 2011; Kuhn et al.
2014). Two of these patients were part of a pilot study started by a research group in
Cologne that encountered similar difficulties with the recruitment and inclusion of
patients (i.e., three patients in two years). Additionally there are six patients described
in the literature who are treated for refractory alcohol addiction with DBS. One single
case report (Kuhn et al. 2011) and one case series describing five patients (Voges et al.
2013), including three patients from a previous report on the same study (Muller et al.
2009), suggesting that within three years only two patients had been included. These
two alcohol addicted patients and the two heroin addicted patients from Cologne were
reported after publication of our review in chapter 8 and support our conclusion that DBS
for addiction seems promising. However, at the time of writing, no controlled studies
have been published to test its efficacy, suggesting that other centers may experience
similar problems with the inclusion of addicted patients for a DBS trial.

The recruitment difficulties with addiction patients for a DBS trail differs from
the experience we have in our center with the recruitment of OCD patients (chapter
10) or patients with major depressive disorder (unpublished observation) for similar
trials. Both the demand for DBS and the persistence of patients during the screening
procedure to start the trial seems lower in patients with addiction. It seems unlikely that
this is due to the low number of eligible addiction patients in the Netherlands. Based
on information about percentages treatment seeking drug users in the Netherlands
(Wisselink et al. 2013) * we estimate that about 5.500 of the 27.000 patients treated in

1:  16% of treatment seeking patients in the Netherlands are primarily opioid users of whom go% have
been treated for over three years and 11% are primarily cocaine users of whom 54% have been treated for over
three years
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the contacted addiction treatment facilities are heroin and/or cocaine dependent with
a treatment history of more than three years. A much smaller fraction of this popula-
tion may be interested and fully eligible for DBS and interested, but it shows the high
number of possible candidates. This raises questions about how addiction differs from
other mental disorders causing a lower interest in DBS despite a need for new last-resort
treatments. As we suggested in chapter 10, this difference may be linked to the long-
lasting debate whether addiction is a disease (Heyman 2013) and the additional ques-
tion whether it is a brain disease (Satel & Lilienfeld 2014). Although the disease model
can be and has been questioned to fit any psychiatric disorder (Zachar & Kendler 2007),
this debate is more persistent and intense for addiction. Perhaps because addiction is
at its core a condition of disturbed choice and (resulting) behavior, whether this choice
is free remains debated, but it touches the question of how much control we have over
our actions. Moreover, drug use generally starts out as a hedonistic and voluntary act.
Even though pleasure may diminish over time after long-term drug use, it can still offer a
temporarily escape from suffering (Heilig et al. 2010). Consequently, suffering seems to
fluctuate more in addiction compared to other psychiatric disorders reflected in a more
ambivalent attitude towards their condition than in most other psychiatric disorders.
These two factors together with more visible and greater societal impact of the con-
sequences of addiction evoke more moral disapproval and blame for addiction than for
other behaviors in psychiatric disorders (Keyes et al. 2010; Schomerus et al. 2011). This
is different for example in OCD, another disorder with disturbed choice and behavior at
its core. In OCD the nonsensical nature of compulsions and the clear and constant suf-
fering of patients make it easier to accept that the freedom of choice is compromised
and perhaps as a result the disease model is more generally accepted for OCD. The low
number of referrals may reflect this attitude in clinicians and indicate that at this time our
society may not prepared to embrace an intervention involving neurosurgery for addic-
tion. Moreover, the ambivalent attitude of addicted patients towards their drug use and
treatment seems to have directly impaired recruitment for DBS. There was a striking
difference in motivation between OCD and addiction patients during the DBS screening
process, where the motivation for addiction patients was more fluctuating. This ambiva-
lent attitude towards DBS may be partly due to the invasiveness of the treatment as
patients indicated fear as the main factor for discontinuation of the screening process,
but may also reflect a more fundamental ambivalence towards treatment. In addiction
proactive interventions targeted to increase motivation for change are often needed
(DiClemente et al. 2004). This is difficult in the course of DBS, which needs commitment
of the patient to aninvasive treatment that requires compliance to regular appointments
and often persistence during periods where the best parameter settings are found with
little or no effects. Therefore despite potentially promising perspectives of DBS in addic-
tion based on theoretical grounds, animal studies and case reports (chapter 8), clinical
application in the near future seems uncertain (chapter 10).

Our observation in chapter 6 of impulsive behavior after increasing DBS voltage
and our finding in chapter 5 of hypomania as a common side effect is especially relevant
for the application of NAc DBS in addiction. Impulsivity has been associated with drug
abuse and studies indicate that it plays an important role in the onset, maintenance and
risk of relapse of addiction (de Wit 2009). The risk of increasing impulsivity is therefore
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particularly worrisome for addiction patients. Indeed, we observed in the two addiction
patients included in the study that voltages above 4 V resulted in increased disinhibition
of speech and one patient reported impulsive action (unpublished observation). Also
periods of hypomania may increase the risk of relapse in addiction. Hypomania has been
associated with an increased incidence of substance abuse or dependence (Do & Mezuk
2013). Therefore extra caution is warranted for signs of impulsivity and hypomania in
these patients when increasing stimulation amplitude.

More research is needed to investigate why we encountered such a lack of
interest from patients with addiction for DBS. Views of patients and clinicians on DBS
need further exploration. Additionally, animal models should be used to investigate new
target regions or to optimize the effect of DBS on drug seeking. Specifically for addiction
this translational approach has great potential due to the good animal models that are
available. The insula and anterior cingulate cortex are potentially promising regions not
yet investigated.

STRENGTHS AND LIMITATIONS

The main strength of this thesis is that it focuses on compulsivity in OCD and addic-
tion from a wide range of angles: from conceptual issues (chapter 2), questions about
neurocognitive mechanisms (chapter 3), clinical applications of DBS (chapter 4,5,6,9),
suggested mechanisms of action of DBS (chapter 7,8) and practical implications of
our experience with DBS (chapter 9,10). Psychiatry needs this kind of comprehensive
research, because there is a clinical need for better interventions to help patients;
because a better understanding of the underlying mechanisms of a disorder will help us
to improve existing and develop new interventions; and because to conduct this type of
research, conceptual clarity is needed. In psychiatry there is a special need for an inter-
action between conceptual and fundamental research because (1) the symptoms/phe-
nomena studied in psychiatry depend largely on the experience of the patients resulting
in more ambiguous concepts and fuzzy distinctions and (2) many of the psychological
processes that are of interest to the field of psychiatry are likely a mix of several types
of brain activity and therefore there is a need to think about the more basal processes
that may underlie them (Kievit et al. 2011; Francken & Slors 2014). At the same time the
different directions of research used in this thesis is also a limitation. By encompassing a
variety of approaches certain questions are not fully addressed and remain unanswered.
For instance no experiments were included that directly compared OCD and addiction
restricting the validity of some of our conclusions. Only on the topic of comparing com-
pulsive behaviors in addiction and OCD an additional thesis could be written. An inter-
esting question is whether the neural pathways involved in compulsive behaviors differ
when the behavior started out as pleasure seeking (positive reinforcement) or as coping
mechanism for stress or negative emotions (negative reinforcement). And whether there
is a closer resemblance between OCD patients and addicted patients that initiated drug
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use to relief stress (e.g. late onset alcohol use disorder; type | alcoholism) compared to
addicted patients who were initially motivated by pleasure seeking (e.g. early onset alco-
hol use disorder; type Il alcoholism).

An additional strength is the novelty of the research in this thesis. DBS is a relatively
new intervention in psychiatry and especially in addiction. In chapter 9 we reported the
second heroine dependent patient in the world treated by DBS. Therefore it seems par-
ticularly relevant to also publish about the practical difficulties we experienced with the
recruitment of patients for this study (chapter 10). Moreover, chapter 7 is the first fMRI
study investigating the mechanisms of DBS in psychiatric patients.

An important limitation is that in all papers the number of patients is small and
therefore the findings need to be interpreted with caution. The case studies in chapter 6
and g are observations that can function to generate hypotheses that need formal test-
ing in another study. In chapter 7 we discuss two fMRI studies with small samples (< 11
patients). The lack of power in these studies together with the use of multiple compari-
sons correction did not allow for whole brain analysis without the risk of false negative
findings. We therefore used predefined regions of interest in the frontostriatal circuit and
were underpowered to detect effects in the rest of the brain. Moreover, larger groups in
these studies would allow to investigate differences between subgroups of patients e.g.,
responders versus non-responders or different subtypes of OCD. In chapter 3, a post-hoc
analysis indicated differences in risk aversion between two subgroups of OCD patients,
but follow-up studies with more patients per subgroup are needed to confirm and further
investigate this difference.

There are some additional methodological issues to consider in chapter 7. The scan
procedure was limited by strict safety rules for patients with an implanted DBS device:
the field strength of the scanner was 1.5 Tesla and the DBS device had to be turned off
right before patients were scanned. Moreover the implanted electrodes caused some
artifacts on the scans. Last, the ON and OFF condition were not blinded or counterbal-
anced. We chose to scan all patients after they had been on DBS treatment for a year
in order to best capture the therapeutic effects of DBS. This effect could have differed
when DBS had been turned OFF and then turned ON after one week. Moreover, it was
extremely difficult for patients to participate in this study since they experienced a
relapse of symptoms in the week OFF. The uncertainty of a blinded design would have
been an extra burden for patients.

CLINICAL IMPLICATIONS

The U.S. National Institute of Mental Health Strategic Plan has suggested to devel-
op, for research purposes, alternative ways of classifying psychopathology based on
dimensions of observable behavior and neurobiological measures that transcend current
diagnostic categories. This resulted in the Research Domain Criteria (RDoC) project that
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supports investigation into these dimensions and aims to provide a new framework for
psychiatric disorders based on neurocognitive research instead of clinical observations
(National Institute of Mental Health Strategic Plan 2008). Compulsivity is such a candi-
date endophenotype that might be involved in many different neuropsychiatric disorders
such as OCD, addiction and eating disorders (Robbins et al. 2012). However, as argued
in chapter 2, more conceptual clarity is needed to ensure that the same dimensions of
behavior are encompassed by the term compulsivity before it can be used as an endo-
phenotype. Furthermore, validated interviews, questionnaires and neuropsychological
tasks need to be developed to assess compulsivity in a uniform way across disorders.
Without these steps we cannot expect a great contribution of the concept of compulsiv-
ity in the further development of the new dimension based approach in psychiatry. A
vague conceptualization will make compulsivity a moving target encompassing a variety
of behaviors, which will not likely improve the biological basis of psychiatry (Yicel &
Fontenelle 2012).

The most promising clinical implication of compulsivity as a new neurocognitive
endophenotype is that we may find new therapeutic avenues to treat this behavioral
dimension across different disorders. A better understanding of the neurobiology may
lead to treatments that specifically modulate affected brain circuits associated with
compulsive behaviors. For these purposes existing and new brain modulation techniques
such as (deep) transcranial magnetic stimulation (TMS), real time fMRI neurofeedback,
and DBS will become increasingly more relevant. In chapter 4 we showed that NAc DBS
is an effective treatment of therapy refractory OCD and in chapter 7 we found that this
effect is associated with normalization of the frontostriatal circuit. This suggests that
there is potential for NAc DBS as a treatment for addiction since addiction is also char-
acterized by abnormalities of the frontostriatal circuit, a circuit that has been associated
with compulsive behaviors in both addiction and OCD (Meunier et al. 2012). Based on
these theoretical considerations together with the preclinical and clinical findings we
presented in chapter 8, NAc DBS for addiction is very promising. However, as discussed
in chapter 10, we were not able to recruit enough patients to conduct a proper efficacy
study. Despite the commonalities in compulsive behaviors that are highly disruptive in
the lives of both types of patients, we experienced striking differences in their demand
for and attitude towards DBS. Therefore, it is important to take into account the way
patients relate to their symptoms and not exclusively focus on behavioral symptom
dimensions. For this reason neuromodulation techniques that are less invasive and
require less stringent follow-up procedures may be more suitable for the treatment of
addiction, like (deep) rTMS, tDCS or real time fMRI neurofeedback (e.g., Luigjes et al.
2013a).

In conclusion, with more conceptual clarity the investigation of compulsive
behaviors may open up new treatment possibilities based on modulating pathological
neurocircuits for both OCD and addiction. However, to fully understand these behaviors
and to effectively treat them it remains important not to lose sight of the patient’s per-
spective and the context in which these behaviors take place.
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NEDERLANDSE SAMENVATTING

GEVANGEN IN DWANG

INLEIDING

In 2009 begon ik in het AMC aan een project over de toepassing van diepe hersen-
stimulatie (DHS) bij therapieresistente verslaving omdat ik meer wilde weten over
verslaving en de nieuwe behandelmogelijkheden hiervoor. DHS werd in het AMC al met
succes toegepast bij obsessieve-compulsieve stoornis (OCS). Naast dat DHS succesvol
was in het verminderen van de dwanghandeling van OCS patiénten, traden er soms
ook andere, onbedoelde gedragseffecten op; zo werden sommige patiénten impul-
siever met de verhoging van het voltage van de stimulatie en andere patiénten lieten
(tijdelijke) hypomane symptomen zien. Ook waren er verslaafde OCS patiénten die
“zo maar” minderden of stopten met roken en drinken. Deze gevalsbeschrijvingen en
een aantal dierstudies vormden sterke aanwijzingen dat DHS mogelijk zou kunnen
werken bij verslaving en dus werd er een studie gestart naar de effectiviteit van DHS bij
therapieresistente verslaafden.

Helaas liep de rekrutering voor het DHS onderzoek naar verslaving moeilijk. Hierdoor
ontstond echter wel de mogelijkheid om mezelfte verdiepeninandere vragen.Ten eerste
de vraag welke neurale veranderingen DHS induceert bij OCS patiénten. Daarnaast wilde
ik me meer verdiepen in het fenomeen compulsiviteit, een centraal kenmerk van OCS
en verslaving. Compulsiviteit wordt meestal geassocieerd met een gevoel van controle-
verlies over aanhoudend en zinloos gedrag. Er is echter geen consensus over de definitie
van compulsiviteit, waardoor het onderzoek wordt bemoeilijkt. Verder was ik benieuwd
naar risico-aversie bij OCS. OCS patiénten lijken sterk gericht op het voorkomen of ver-
mijden van gevaar. Risico-aversie zou hier een rol in kunnen spelen, maar ook hier was
tot dan nog weinig onderzoek naar gedaan.

DEFINITIE VAN COMPULSIEF GEDRAG

De essentie van compulsief gedrag is het gevoel dat je een bepaalde handeling
modet uitvoeren. In de definitie van compulsief gedrag die we voorstellen in hoofdstuk 2
komt compulsief gedrag voort uit een sterke dwang om je innerlijke staat te verbeteren.
Deze innerlijke dwang wordt beinvlioed door hoe dat moment voelt en door je negatieve
verwachtingen over de (nabije) toekomst. Bijvoorbeeld wanneer je stress ervaart of
verwacht dat er iets negatiefs zal gebeuren, ben je sterker geneigd om compulsief te
handelen. Met deze definitie nemen we aan dat compulsief gedrag wordt gedreven door
affect, dat wil zeggen een negatief gevoel of om een negatief gevoel te voorkomen. Dit
verschilt van een recente theorie die compulsief gedrag beschouwt als een pathologische
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gewoonte die voortkomt uit een herhaalde koppeling tussen bepaald gedrag en een
stimulus in de omgeving; door deze koppeling wordt dit gedrag na verloop van tijd
automatisch uitgevoerd zonder dat de uitkomst van het gedrag of motivatie een rol
speelt. Wij denken dat gewoontevorming inderdaad een rol kan spelen in compulsief
gedrag maar we sluiten hierbij affectieve (motivationele) mechanismen niet uit. Sterker
nog, we veronderstellen in hoofdstuk 2 dat door herhaalde koppeling tussen gedrag en
een bepaald gevoel er een motivationele gewoonte kan ontstaan. Deze motivationele
gewoontes kunnen uiteindelijk leiden tot compulsief gedrag. Juist de combinatie van
affectieve drijfveren en gewoontevorming kunnen ervoor zorgen dat compulsief gedrag
zo lastig te veranderen is ondanks de vaak negatieve consequenties.

Met deze definitie van compulsief gedrag zijn we er nog niet, er is meer onderzoek
nodig: eerst moet worden onderzocht of deze definitie toepasbaar is op compulsief
gedrag in verschillende stoornissen en pas dan kunnen er met deze definitie in de hand
vragenlijsten en neuropsychogische taken worden ontwikkeld om compulsiviteit te
meten bij patiénten met verschillende psychiatrische stoornissen.

OCS PATIENTEN ZIJN NIET MEER RISICO-AVERSIEF DAN GEZONDE CONTROLES

Uit hoofdstuk 3 blijkt dat OCS patiénten niet verschillen van gezonde controles in
hun houding ten opzichte van risico. Er zijn echter wel verschillen tussen subgroepen
van patiénten met OCS: OCS patiénten met twijfel en check symptomen zijn meer risico-
aversief dan andere OCS patiénten (hoofdstuk 3). Daarnaast is de associatie tussen neu-
rale activiteit in de insula en risico-aversie in OCS patiénten anders dan bij gezonde con-
troles: een positieve correlatie tussen insula activiteit en risico-aversie in OCS patiénten
en een negatieve correlatie in gezonde controles. Voor de OCS patiénten met twijfel en
check symptomen is risico aversie gecorreleerd aan een sterkere activatie van de insula,
dit draagt mogelijk bij aan de risico vermijdende symptomen van deze groep.

Onze hypothese dat insula activiteit geassocieerd is met de drang om risico te
mijden in OCS patiénten en risico te nemen in gezonde controles sluit aan bij het idee dat
de insula betrokken is bij het markeren van gebeurtenissen als meer of minder belang-
rijk. Ook bij verslaving lijkt de insula een belangrijke rol te spelen in de motivatie van
gedrag en het toekennen van belang aan (drug-gerelateerde) stimuli. Kortom, de insula
is een interessant hersengebied om verder te onderzoeken in relatie tot aanhoudend
pathologisch gedrag in verslaving en OCS.

DHS IN DE PSYCHIATRIE: EFFECTIVITEIT EN BIJWERKINGEN

De toepassing van DHS in de psychiatrie lijkt veelbelovend maar moet nog wel
verder worden onderzocht. Alleen voor OCS zijn er gecontroleerde studies met grote
groepen patiénten uitgevoerd, waarbij ongeveer 50% van de patienten gunstig reageert
(hoofdstuk 4). Hypomanie is de meest voorkomende bijwerking van DHS, en komt vaker
voor bij mannen en na DHS stimulatie van het ventrale striatum, inclusief de nucleus
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accumbens (NAc) (17.8%) (hoofdstuk 5). In hoofdstuk 6 rapporteren we over twee
patiénten die impulsiever worden na een verhoging van de elektrische spanning bij NAc
DHS. Er is echter nog maar weinig bekend over de effecten van NAc DHS op impulsiviteit
en er meer onderzoek hiernaar nodig. Zowel hypomanie als verhoogde impulsiviteit kun-
nen het risico voor terugval bij verslaving verhogen. Daarom is het belangrijk voor alle
ventraal striatum DHS patiénten, en specifiek voor patiénten met een verslaving, dat de
(onbedoelde) gedragseffecten van DHS nauwlettend worden gemonitord.

DHS NORMALISEERT ACTIVITEIT IN HET FRONTOSTRIATALE NETWERK IN OCS

Hoofdstuk 7 beschrijft de effecten van NAc DHS op het frontostriatale hersencircuit
in OCS patiénten. We hebben op twee momenten in de behandeling functionele MRI
(fMRI) en elektro-encefalografie (EEG) gebruikt om hersenactiviteit te meten: eerst
nadat patiénten stabiel ingesteld waren op DHS en vervolgens na een week zonder DHS.
Uit dit onderzoek blijkt dat DHS de normale activiteit in de NAc tijdens het anticiperen
op een beloning herstelt en de functionele connectiviteit tussen de NAc en de frontale
gebieden normaliseert. Deze normalisatie van connectiviteit is bovendien gecorreleerd
met de vermindering van OCS symptomen tijdens DHS. DHS vermindert ook de over-
matige langzame EEG fluctuaties tijdens het zien van OCS-gerelateerde plaatjes. Samen
suggereren deze resultaten dat DHS interfereert met een pathologisch frontostriataal
circuit waardoor het mogelijk wordt voor patiénten om destructieve gedragspatronen te
doorbreken. Dit is ook relevant voor de toepassing van DHS bij verslaving aangezien er
overlap is in de frontostriatale afwijkingen tussen OCS en verslaving.

DHS VOOR VERSLAVING LIJKT VEELBELOVEND MAAR BLIJKT IN DE PRAKTIJK NIET
TOEPASBAAR

Op basis van een uitgebreid literatuuroverzicht met humaan en dierenonderzoek
concluderen we in hoofdstuk 8 dat de NAc momenteel het meest belovende doelgebied
is voor DHS bij patiénten met een verslaving: Daarom zijn we in 2010 gestart met een
pilot-studie naar NAc DHS als behandeling voor therapieresistente patiénten met een
heroine- en/of een cocaineverslaving. In hoofdstuk g geven we een beschrijving van het
verloop van de eerste heroineverslaafde patiént van deze studie die abstinent wordt met
de hulpvan DHS. Bij deze patiént zijn tijdens de operatie in de NAc EEG metingen gedaan.
De resultaten van deze metingen laten zien dat de contactpunten van de elektrodes die
het sterkst reageren op verslaving gerelateerde plaatjes ook de contactpunten zijn die
tot het beste effect leiden, dat wil zeggen het minderen of stoppen van heroinegebruik.
Dit suggereert dat diepe hersen EEG opnames tijdens de operatie mogelijk kunnen
helpen bij een snellere instelling van de stimulatieparameters na de operatie.

In hoofdstuk 10 beschrijven we de problemen met de werving en inclusie van
patiénten met een verslaving voor de DHS studie. Na drie jaar zijn er slechts 23
patiénten doorverwezen waarvan er tenslotte maar twee zijn geincludeerd en dus ook
geopereerd. Een gestructureerd telefonisch interview met de patiénten die zich ooit
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hebben opgegeven voor DHS laat zien dat angst voor de chirurgische procedure de
belangrijkste reden was om te stoppen. Wanneer we dit vergelijken met een soortgelijke
DHS studie bij OCS patiénten dan zien we dat het aantal verwijzingen voor de verslavings-
studie klein was en dat er meer verslaafden zijn uitgevallen tijdens het screeningsproces
en dus niet zijn geopereerd. Mogelijke verklaringen voor de verschillen in deelname
tussen de OCS- en de verslavingsgroep zijn: (1) verschillen in de ervaren lijdensdruk
(fluctueert meer in verslaafden en is consistent hoog in OCS patiénten), (2) minder vraag
naar DHS voor verslaving doordat verslaving minder als (hersen)ziekte wordt gezien dan
OCS, en (3) meer barriéres om mee te doen aan een intensief traject als DHS bij patiénten
met verslaving door meer sociale en fysieke problemen.

KLINISCHE IMPLICATIES EN CONCLUSIE

Er komt steeds meer aandacht voor nieuwe manieren om psychiatrische stoornis-
sen te classificeren die beter aansluiten bij de resultaten uit neurocognitief onderzoek
dan de huidige DSM classificatie. Men is hiervoor op zoek naar gedragsdimensies en
onderliggende neurale patronen die de bestaande diagnostische grenzen overstijgen.
Compulsiviteit zou zo'n gedragsdimensie kunnen zijn die diagnostische grenzen over-
stijgt en past binnen deze nieuwe zienswijze op psychopathologie. Wanneer compul-
siviteit inderdaad eenzelfde gedragsdimensie met consistente onderliggende neurale
patronen binnen verschillende stoornissen blijkt te zijn, kunnen er behandelmethoden
ontwikkeld worden die zich specifiek toespitsen op compulsiviteit en geassocieerde
neurale mechanismen. Neuromodulatietechnieken zoals DHS zijn daarbij belangrijke
kandidatenenworden steeds relevanter met de groeiende kennis over hersenafwijkingen
bij psychiatrische stoornissen. Echter tijdens dit onderzoek ontdekten we dat ondanks
de theoretische mogelijkheden van DHS voor verslaving, er te weinig vraag naar deze
methode is om het goed te onderzoeken. Daarom blijft het belangrijk om niet alleen
te kijken naar de symptomen en bijbehorende neurocognitieve werkingsmechanismen
maar ook de visie van patiénten ten opzichte van dit soort nieuwe behandeltechnieken.
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ENGLISH SUMMARY

OUT OF CONTROL:
LOSING ONESELF IN COMPULSIVITY

INTRODUCTION

Because of my interest in addiction and treatment possibilities for addiction, | start-
ed working at the AMC with a project about deep brain stimulation (DBS) as treatment
for therapy resistant addiction in 2009. DBS was already successfully used in obsessive-
compulsive disorder (OCD) at the AMC at that time. In some of the OCD-patients unin-
tended changes in behavior were observed after DBS, such as increased impulsivity and
hypomania. Moreover, addicted patients with OCD stopped smoking or drinking after
DBS treatment. These case reports together with promising animal research about DBS
in addiction indicated that DBS could be a promising treatment for addiction and there-
fore a study was initiated to investigated the efficacy of DBS in addiction.

Unfortunately the recruitment for the DBS addiction study was difficult. This opened
up the possibility to investigate other but related questions. First of all, it was unclear
which neural changes were induced by DBS in OCD patients. Furthermore, | wanted
to explore the concept of compulsivity. Compulsivity is related to the feeling of loss of
control over repetitive destructive behavior and plays a key role in OCD and addiction.
However, there is no consensus about the definition of compulsivity, hampering research
in this field. Last, | was interested in risk aversion in OCD. Since OCD patients are more
inclined to prevent or avoid danger, risk aversion may play a role in the pathophysiology
of OCD.

DEFINITION OF COMPULSIVE BEHAVIOR

The essence of compulsive behavior is the feeling that one ‘has to’ perform a spe-
cific act. In the definition that we proposed in chapter 2, compulsive behavior results
from an urge to improve one's internal state, which is modulated by the evaluation of
one’s current internal state and the anticipation of a negative outcome. For instance
you will be more inclined to compulsive behavior when you feel stressed or when you
think something bad might happen. This definition assumes affective drives at the core
of compulsive behavior since its aimed at reducing or preventing a negative state. This
focus on affect in compulsive behavior differs from a recent theory that views compul-
sive behaviors as maladaptive habits resulting from the repeated association between
an action and stimulus; this stimulus-action association will become more automatic
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through repetition and the outcome of the behavior and motivation will play an decreas-
ingly smaller role. We also believe that habituation can play a role in the development of
compulsive behavior but we do not exclude affective (motivational) aspects. In chapter 2
we pose the hypothesis that repeated coupling between an affective state and an action
canresult in motivational habits which in turn can lead to compulsive behavior. Therefore
we suggest an interactive role between affective drives and habituation in compulsive
behavior. We believe that this combination renders the behavior insensitive to its nega-
tive consequences and makes compulsive behavior so difficult to change.

This definition needs further investigation to see whether it accurately encompasses
compulsive behaviors observed in OCD, addiction and other disorders. With a clear defi-
nition of compulsive behavior, it will be possible to develop questionnaires and neuropsy-
chological tests to investigate a possible common neuropsychological endophenotype
underlying compulsive behavior across disorders.

OCD PATIENTS ARE NOT MORE RISK-AVOIDANT THAN HEALTHY CONTROLS

In chapter 3 we show that OCD patients do not differ from healthy controls in
their attitude towards risk. However, there are differences between subgroups of OCD
patients: OCD patients with doubt or checking symptoms are more risk-averse than
other OCD patients (chapter 3). Moreover, there is an opposite relation between neural
activity in the insula and risk aversion during risk processing in OCD patients compared
to healthy controls: a positive correlation between insula activity and risk aversion in
patients versus a negative correlation in healthy controls. These results indicate that for a
specific subgroup of OCD patients risk aversion, associated with increased insula activa-
tion during risk processing, may contribute to the persistence of the disorder.

Our hypothesis suggesting that the insula signals urgency to avoid risk in OCD
patients and to take risk in healthy controls is consistent with the notion that the insula
is sensitive to salient signals. Also in addiction the insula has been proposed to play a
key role in motivation of behavior and salience attribution. In sum, the insula seems a
particularly interesting brain region to investigate for its involvement in the persistence
of maladaptive behavior in both OCD and addiction.

DBS IN PSYCHIATRY: EFFICACY AND BEHAVIORAL SIDE EFFECTS

The application of DBS in psychiatry seems promising but remains investigational,
specifically for major depressive disorder, Tourette syndrome and addiction. Only for
OCD there are multiple controlled trails in larger groups of patients and for OCD the
estimated response rate is about 50% (chapter 4). The most commonly observed side
effect is hypomania, which seems to happen more often in the ventral striatal area
(17.8%) including the NAc, and is more prevalent in men (chapter 5). In chapter 6 we
report two OCD patients with nucleus accumbens (NAc) DBS, showing that high elec-
tric potential may in some OCD patients lead to impulsive behavior. Still little is known
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about the effects of NAc DBS on impulsivity and more research is needed. Both increases
in impulsivity and hypomania can increase the risk for relapse in addiction. Therefore
extra caution is warranted for signs of impulsivity and hypomania in these patients when
increasing stimulation amplitude.

DBS NORMALIZES FRONTOSTRIATAL ACTIVITY IN OCD

Chapter 7 describes the effects of NAc DBS on the frontostriatal circuitry in OCD
patients. We measured brain activity with functional magnetic resonance imaging (fMRI)
and electroencephalography (EEG) when patients were stable on DBS treatment and
after one week without DBS stimulation. The fMRI experiments showed that DBS nor-
malized activity in the nucleus accumbens (around the DBS target region) during reward
anticipation and functional connectivity between the nucleus accumbens and the pre-
frontal cortex. This change in frontostriatal connectivity was correlated with DBS-related
changes in OCD symptoms. Furthermore, EEG measurements showed that excessive
slow EEG fluctuations in response to symptom provoking stimuli were reduced by DBS.
Our results suggest that DBS interferes with disruptive unwanted behavioral patterns in
OCD by interrupting a pathological frontostriatal loop. These findings are also relevant
for DBS in addiction since abnormalities of the frontostriatal network overlap between
OCD and addiction.

DBS FOR ADDICTION APPEARS PROMISING BUT IS NOT FEASIBLE IN PRACTICE

We conclude in chapter 8 that the nucleus accumbens is the most promising DBS
target area for addiction, with the most studies and most consistent encouraging results,
based on a review of the animal and human literature. Therefore we started a DBS pilot-
study investigating NAc DBS as treatment for therapy resistant heroin and cocaine
addiction in 2010. The positive results of the first patient in this study are described in
chapter 9. In addition, EEG recordings in the NAc show that the DBS contact points
most responsive to addiction related stimuli are also the most effective contact points
for reducing drug use during the course of DBS. This indicates that results from deep
brain EEG recordings may help to shorten the optimization period of finding the right
stimulation parameters at least with regard to the most promising stimulation target(s).

In chapter 10 we describe the serious problems we encountered with the inclusion
of patients for the DBS addiction pilot study. After three years of recruitment, only 23
patients were referred resulting in the inclusion of only two patients. A comparison with
a similar OCD DBS trial showed that the number of addiction referrals was relatively
small and that many more addiction patients left the study before surgery. A structured
telephone interview with the patients that had shown initial interest but aborted
the trial before surgery revealed that the invasiveness of the procedure was the main
reason for non-participation. Possible explanations for the differences in participation
rates between the OCD and the addiction group include: (1) differences between the
perceived burden of the disease (more consistently high in OCD vs more fluctuating in
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addiction) (2) differences in perceived pathogenesis of the disorder: the debate whether
addiction is a (brain) disease is more persistent and intense than for OCD (3) more social
and physical problems in addiction that increase the barrier to apply for and comply with
DBS treatment.

CLINICAL IMPLEMENTATIONS AND CONCLUSION

Currently there is interest in new ways of classifying psychopathology based on
dimensions of observable behavior and neurobiological measures that transcend current
diagnostic (DSM) categories. Compulsivity could be such a dimension of behavior that
transcends diagnostic boundaries and fits well into this new vision on psychopathology.
If compulsivity is indeed a consistent behavioral dimension with similar associated neural
mechanisms across different disorders, we can find new therapeutic avenues to spe-
cifically target compulsivity and its neural mechanisms. For these purposes existing and
new brain modulation techniques such as DBS will become increasingly more relevant.
However, during our research we encountered striking differences in the demand for and
attitude towards DBS in OCD and addiction. Therefore, to fully understand compulsive
behaviors and to effectively treat them it remains important not to lose sight of the
context in which these behaviors take place and how patients view these new treatments
and not exclusively focus on behavioral symptom dimensions.
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DANKWOORD

at fijn om op het punt van het dankwoord te zijn aangekomen. Het laatste
Wdeel van mijn proefschrift—maar wel een belangrijk deel. Niet alleen omdat
het dankwoord het best gelezen deel van het proefschrift is, maar ook omdat
er zoveel mensen betrokken zijn geweest bij de totstandkoming van het proefschrift.
En gelukkig maar, het samenwerken is voor mij een van de leukste onderdelen van het
onderzoek gebleken: samen nadenken, praktische zaken aanpakken, successen vieren
en tegenslagen delen: dat gaf veel voldoening en zorgde voor de creativiteit en energie
die nodig is om verder te komen.

Ten eerste veel dank aan de onderzoek deelnemers; zonder jullie was het onderzoek
niet mogelijk geweest. In het bijzonder dank aan de twee mannen in het DBS traject voor
verslaving. Het was geen makkelijke beslissing en ook niet altijd een makkelijke weg
om aan deze nieuwe experimentele behandeling mee te doen. Ik vond het bijzonder om
jullie in de afgelopen jaren hierin bij te staan. Dank voor jullie doorzettingsvermogen,
openheid en bereidheid om mee te doen met de onderzoeken.

Tijdens mijn promotie ben ik begeleid door mijn promotoren Damiaan Denys en
Wim van den Brink en co-promotor Guido van Wingen. Zonder jullie was dit proefschrift
er nooit geweest. Beste Damiaan, je creativiteit en vermogen om buiten de gebaande
paden te denken zijn inspirerend. Je hebt een stimulerende afdeling neergezet waarin
dierenonderzoekers, neurowetenschappers, clinici en filosofen samenkomen. Tot en
met het allerlaatste onderdeel van mijn proefschrift wist je me op een unieke manier
te motiveren om het beste uit mezelf te halen, waardoor ik nu met trots het resultaat
aflever. Dank ook voor de ruimte die je me hebt gegeven om tijdens dit traject mijn
nieuwsgierigheid naar compulsiviteit te volgen. Ik kijk er erg naar uit om hier samen
mee verder te gaan na mijn promotie. Beste Wim, je bent tijdens dit traject een mentor
geweest bij wie ik altijd terecht kon met onderzoeksvragen, of voor levenslessen. Ik heb
veel van je onwaarschijnlijk snelle en uitgebreide feedback geleerd en ook op interper-
soonlijk niveau van je belangstellende en warme omgang met de mensen om je heen.
Dank ook voor je hulp bij de werving, ik kijk met plezier terug naar de reisjes die we
maakten naar de klinieken. Beste Guido, het is me een raadsel hoe je het voor elkaar
kreeg, maar ik kon altijd bij je binnenvallen voor een vraag. Dank voor je niet aflatende
optimisme en altijd geduldige vitleg op momenten dat ik door de fMRI resultaten het
bos niet meer zag.

Beste leden van de leescommissie: Ingmar Franken, Anneke Goudriaan, Jens Kuhn,
Arne Popma, Richard Ridderinkhof en Sanne de Wit: hartelijk dank voor het lezen en
beoordelen van mijn proefschrift en dat jullie me bij de verdediging op de proef willen
stellen. Anneke, we deelden al langer ideeén over en enthousiasme voor dezelfde onder-
werpen, en nu is het dan echt zo ver dat we gaan samenwerken. Dank voor deze kans: ik
heb er veel zin in. Dear Jens, | am very happy and honored that you want to take partin
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this committee. Nobody knows as much about DBS and addiction as you do. It was great
to visit your research group and | really appreciate that we could share information and
learn from the experiences in both groups.

Sanneke en Ruth: wat een fijn idee dat jullie als paranimf naast me zullen staan; twee
knalgoede onderzoeksters en fijne vriendinnen. Sanneke, wat een verrijking dat je als
filosoof bij ons op de afdeling kwam en ons opzadelde met een heel scala aan nieuwe
vragen en inzichten. En wat een verrijking ook buiten werk; ik kijk uit naar toekomstige
jungle tochten, dansjes en wandelingen. Ruth, dank voor je ondersteuning met je kennis
en warmte op vaak precies de juiste momenten. Met jou brainstormen zorgt altijd voor
nieuwe ideeén en veel pret; hoe leuk is wetenschap!

De drie stagiaires die ik heb mogen begeleiden—Lukas, Elsemiek en Andrew—
hebben veel werk verzet voor hun verschillende projecten. Dank voor jullie inzet en
enthousiasme.

Dear Murat, Valentina, and Leo: it was such a joy to work with you in Melbourne—
where it became clear that compulsivity is the most interesting subject in science. Thank
you for your input in the compulsivity work, the brainstorm sessions, and for the great
times together. Murat, thank you for the opportunities you have given me, for your trust,
and for our open talks about science and careers.

Ik had het geluk met een project over DBS en verslaving ineens een grote groep
collega’s te hebben van twee afdelingen: DBS/angst en verslaving. Dus dat betekent
dubbel zoveel uitjes en ook dubbel zoveel kennis waar ik graag gebruik van maakte.
Eerst dank aan de mannen met wie ik het DBS promotie avontuur tegelijk begon: Isidoor,
Bart, Pieter, en Ruud. Onder het mom van gedeelde smart is halve smart was het koffie-
apparaat de plek om stoom af te blazen. Bart, we waren een goed scan-team samen.
Ruud, het was een fijne samenwerking en ik kon altijd vertrouwen op je kritische blik: als
een idee de ‘Ruud’ test doorstond wist ik dat het goed zat (al gebeurde dat niet vaak).
Isidoor, onze trajecten liepen erg parallel en jij was vaak de eerste bij wie ik aanklopte
als ik een vraag had. In de loop van de tijd werd het duidelijk hoeveel talenten je hebt;
allereerst je feilloze oog voor statistiek en onderzoeksmethoden, maar daarnaast bleek
je ook een begenadigd liedjesschrijver, gitarist en nachtbraker. Pieter, als ik even wilde
overleggen over lastige vragen wist ik je te vinden. Altijd goed gestemd weet je overal
een feestje van te maken. Dank ook voor de gezamenlijke congresbezoeken, en voor de
onvergetelijke avondjes Schaeper. Martijn, bedankt voor je positieve blik, enorme werk-
lust en voor het plezier dat je meebracht bij de projecten waaraan we samen hebben
gewerkt. Mariska, Ron, Nienke, Pelle, en Marloes; het was mooi om te zien hoeveel zorg
jullie erin steken om tot de bodem te komen van de altijd ingewikkelde vraagstukken die
DBS patiéntenzorg met zich mee brengt. Rick en Pepijn, veel dank voor het meeschrijven
en denken met veel van de artikelen. Carlos and Ali, thank you for your EEG expertise and
input in my projects.
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De AIAR gang heeft afgelopen 5 jaar met wisselende bezetting gevoeld als thuis waar
altijd een deur open staat voor een praatje of een vraag. Door jullie en met jullie ben
ik een stuk wijzer geworden over verslavingsonderzoek en heb ik leuke herinneringen
overgehouden aan onze borrels, (promotie)feestjes en etentjes. Dank daarvoor aan mijn
AIAR collega’s: Mini, Mieke, Edith, Renee, Carlijn, Lilach, de oude garde Eline, Matthijs,
Maike en Kathelijne en de gezellige vaste bakens Masha en Suzan. Kim, Tim, Anne Marije,
Jochem en Marleen; het was geweldig om met jullie het symposium 'ls verslaving een
ziekte?' te organiseren. Wat een teamwork: hopelijk op naar een tweede editie. Maarten
Merkx, dank voor je inwijdingen in de gedragstherapie bij verslaving. Maarten Koeter;
dank dat ik je statistische hulp mocht inroepen. Lianne, Janna en Zsuzsika; als late
lichting kon ik mooi profiteren van jullie schat aan imaging kennis. Maar vooral ook
bedankt voor alle gezelligheid, de lol die we hadden met het maken van promotie-
filmpjes en op congressen. |k zag jullie met pijn in het hart vertrekken, maar het is
inspirerend omte zien hoe goed jullie aan de weg aan het timmeren zijn in de wetenschap.

Ook dank aan de andere onderzoekers van de 3e verdieping voor de koffiepraatjes,
lunches, ONWAR retraites, en congresbezoeken: Nina, Rosanna, Sven, Maarten, Melisse,
Maaike, Marise, Laura, Rianne, Roel, Jessie, Laura en Saskia.

Aart, Rachel en Matthijs dankzij jullie (technische) ondersteuning was het mogelijk
om de DBS imaging studie te doen. Paul veel dank voor je hulp met de matlab vragen.
Philippe Tobler many thanks for your help with analyzing and writing up our risk process-
ing study.

Dank Marianne, Judith, Karin, Bep, Ditte, Barbara voor de planning, organisatie en
ondersteuning. Renske, veel dank voor je altijd snelle en kundige hulp bij allerlei zaken
rondom het onderzoek doen en mijn promotie.

Ook al richtte mijn onderzoek zich op mensen, in de afgelopen vijf jaar heb ik ook
veel kunnen leren over dierenonderzoek dankzij collega’s van het VU en NIN. Rolinka,
Taco en Matthijs: dank voor het meeschrijven aan het review artikel en de uitwisselingen
aan het begin van ons translationele project. Thanks Ingo, for initiating and helping to
set up the habit/compulsivity journal club and thanks Chris, Ruth, Tim, Renee, Martijn,
Melisse, Guido, Wieke and Anneke for joining. It is amazing that so many other people
like to discuss this topic over and over again.

Alyanne en David zonder jullie had het boekje er nooit zo mooi uitgezien, dank voor
de layout en de cover!

Lieve vrienden en familie dank dat jullie er zijn! Het laatste jaar was een turbulent
jaar en heeft me alleen maar meer doen beseffen hoe gelukkig ik ben met jullie om me
heen. Zonder jullie was dit boekje er nooit gekomen. Het was bijzonder fijn om vrienden
om me heen te hebben die als geen ander de pieken en dalen kennen die een promotie-
traject met zich meebrengt: Claudia, wat hebben we samen al een hoop beleefd sinds
het eerste jaar psychologie. En gelukkig is dat niet opgehouden nu je in Australié woont,
je voelt nog steeds heel dichtbij. Haike, dank voor je humor, steun en openheid, wat
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leuk dat we elkaar nog steeds beter leren kennen, ik zie er erg naar uit om dat te blijven
doen. Remko dank voor je relativeringen (‘niemand leest je boekje’), flauwe grappen
en mijmeringen over menselijk gedrag en geweldig dat je vanuit Amerika straks bij de
promotie bent. Hiske dank voor je warmte en de altijd diepgravende gesprekken.
Stella wat is het heerlijk om samen vrij te associéren over werk en het leven tijdens het
hardlopen en bagels eten. Voor andere vrienden was het gebeuren rondom dit boekje
een groter mysterie maar wat fijn dat ik bij jullie altijd terecht kon voor de broodnodige
afleiding en ontspanning. Anne, Annemarijn, Giseke, Jolande, Rianne en Shanti, dank
voor alle goede gesprekken, etentjes, wijn & chocola. Daan, kom maar op met die vraag!
Lukas, thank you for your patient proofreading with many of the papers but most of all
thank you for your constant support. Anneriken, al twintig jaar vriendinnen, we gaan ons
eigen pad maar zijn ook nog steeds zo betrokken bij elkaar, wat ben ik daar dankbaar
voor!

Michiel & Renate, Olivia en Noa, Chris & Maria wat ben ik blij dat ik deel ben van
zo'n fijne familie en dat we de laatste tijd nog dichter bij elkaar zijn gekomen. Dank
voor jullie liefde, belangstelling, steun en humor ook tijdens dit traject. Lieve pap en
mam, waar moet ik beginnen, heel veel dank voor alles! Jullie voelbare liefde, trots en
vertrouwen in me hebben ervoor gezorgd dat ik kan doen wat ik het allerleukste vind.
En ik ben ongelofelijk trots op jullie moed de afgelopen periode en de warmte die jullie
uitstralen naar ons en iedereen om je heen. Ik had me geen betere ouders kunnen
wensen!
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