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ADDICTION

Substance use disorders, also referred to as addiction, are characterized by compulsive 
drug-seeking and drug-taking behavior despite negative consequences and a loss of 
control over drug taking. According to the Diagnostic and Statistical Manual of Mental 
Disorders (DSM-IV), substance dependence can be conceptualized as a cluster of 
symptoms including a strong desire to use, inability to control drug use, tolerance, 
withdrawal, preoccupation with the substance and continuation of use despite the 
negative consequences (American Psychiatry Association 1994). Although according to the 
DSM-IV dependence is specifically related to a substance, in recent years it has become 
clear that application of these criteria is not limited to dependence on a substance, 
but also applies for certain behavioral addictions such as pathological gambling (for a 
review see van Holst et al. 2010).  Therefore, the upcoming DSM-V will substitute ‘Sub-
stance-Related Disorders’ by the new category ‘Addiction and Related Disorders’ including 
pathological gambling. For this reason, the term addiction is used interchangeably with 
the term substance dependence in this thesis.

Addiction has been linked to a huge burden of disease. In 2009, UNODC estimated that 
there were 15-39 million problem drug users globally (UN Office on Drugs and Crime 2011). 
With regard to alcohol, it is estimated that 3.2% of the world’s population meet criteria for 
an alcohol use disorder (Rehm et al. 2009). Drug and alcohol abuse have been associated 
with serious public health problems, public safety problems and economic damage. For 
example, smoking tobacco is the single most important cause of preventable disease and 
mortality. Given the tremendous negative consequences of problematic alcohol and drug 
use, addiction has been the subject of many scientific studies conducted over the last 
centuries. 

The view on the concept of addiction has travelled a long road from constituting a weakness 
of the will in the 19th century, via representing symptoms of an underlying personality 
disorder (psychoanalytic model) or inappropriate learned behavior (behavioral model) in 
the mid 20th century to being regarded as a chronic and relapsing brain disorder in the late 
20th century. Current brain disorder models emphasize the importance of abnormal brain 
functioning in the development and continuation of addictive behaviors, influenced by 
both genetic and social/environmental factors (Leshner 1997). Recent advances in brain 
imaging techniques such as Positron Emission Tomography (PET), Single-photon Emission 
Computed Tomography (SPECT) and (functional) magnetic resonance imaging (MRI) have 
led to a rapid increase in the number of neuroimaging studies in substance dependent 
individuals, which have substantially advanced our understanding of the neurobiological 
underpinnings of addiction. The neurobiological mechanisms contributing to addiction 
will be discussed in more detail in the following section.
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NEUROBIOLOGY OF ADDICTION

Evidence from both preclinical studies and neuroimaging studies in humans have 
substantially contributed to an enhanced insight into the neurobiology of addiction (for 
reviews see Everitt and Robbins 2005; Goldstein and Volkow 2011; Koob and Volkow 2010; 
Volkow et al. 2012). Several models have been proposed to explain continued drug use 
despite negative consequences as observed in substance dependent individuals. A key 
and common element in these models refers to a disrupted balance between an impulsive 
motivational system and a reflective cognitive control system (Bechara 2005; Koob and 
Volkow 2010; Wiers et al. 2007). 

Chronic drug use has been associated with neuroadaptive changes in a motivational 
circuitry in the brain that processes reward and influences reward expectation, 
motivation, emotions and the feelings of pleasure. Therefore, this system is also referred 
to as the impulsive or motivational system (Bechara 2005; Wiers et al. 2007). Intake of 
a drug is associated with high, but brief, bursts in extracellular dopamine release in the 
motivational circuitry, primarily located in limbic brain regions including the nucleus 
accumbens located in the ventral striatum, which signals the occurrence of reward and 
positive reinforcement. Furthermore, the persistent abuse of an addictive substance 
induces conditioning and memory processes that link the drug and its environment to a 
pleasurable experience. The neuroanatomical substrates for consolidating this memory 
are likely to involve the amygdala and the hippocampus. As a consequence, these 
learned responses result in increased valuation of drug-related cues (such as certain drug 
paraphernalia, environmental contexts, habits or emotional states) relative to natural 
reward (reflected by increased salience, cue reactivity and automatic approach behavior 
to drug and drug-related stimuli) and increased attention for drug-associated stimuli 
(reflected by an attentional bias). These processes are mediated by limbic brain regions 
including the ventral striatum, in addition to the thalamo-orbitofrontal circuit, insular and 
anterior cingulate regions, and contribute to compulsive drug seeking, craving and relapse. 
Finally, frequent and persistent drug use can lead to habit formation and compulsive drug 
use even when the drug is no longer perceived as pleasurable, which also contributes to 
automatically generated responses to drug cues and is thought to be associated with a 
shift from ventral to more dorsal striatal region involvement (for reviews see Everitt and 
Robbins 2005; Goldstein and Volkow 2011; Koob and Volkow 2010; Volkow et al. 2012).

Normally, top-down control is exerted on the impulsive motivational system by a 
prefrontal cognitive control system (also termed the reflective system; Bechara 2005; 
Wiers at al. 2007) in order to control and inhibit the automatic prepotent responses 
initiated by the motivational system. However, diminished functioning of the prefrontal 
cognitive control system has been identified as another key factor involved in addiction 
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(Goldstein and Volkow 2011; Mansouri et al. 2009). For instance, decreased activations of 
the dorsal anterior cingulate cortex, and dorsolateral and medial prefrontal cortex areas 
have been found in substance dependent individuals: areas that are related to diminished 
performance on tasks measuring higher order cognitive processing such as inhibitory 
control, conflict monitoring and decision making (Fu et al. 2008; Salo et al. 2009; Tanabe 
et al. 2007). Moreover, abnormal functional connectivity between the striatum and 
dorsolateral prefrontal cortex has been shown to predict impairments in adaptive decision 
making in alcohol dependent patients (Park et al. 2010). Taken together, the combination 
of a hyperactive “impulsive” motivational system tuned to immediate rewards (especially 
in the presence of drug-related cues) and a hypoactive cognitive control system necessary 
for the pursuit of long-term goals seems to be responsible for the chronic, relapsing 
nature of addiction.

With regard to neurotransmitter systems, the focus has been traditionally on the dopamine 
system. Especially in early stages of drug addiction, the brain’s mesolimbic dopamine 
system plays a pivotal role in the reinforcing properties of drugs. Intake of addictive drugs 
results in large and abrupt increases in dopamine release in the limbic reward system 
(either directly or indirectly), specifically in the nucleus accumbens. This dopamine 
release in the nucleus accumbens is associated with strong positive reinforcement 
or reward and contributes to salience attribution to the drugs of abuse (Volkow et al. 
2004). Later exposure to the drug or drug-related cues can trigger dopamine release in 
the striatum (reward anticipation), which is associated with the subjective experience of 
craving (e.g. Volkow et al. 1999) and contributes to relapse into drug use. Chronic drug 
use has also been linked to decreased dopamine D2 receptor expression, which may in 
part be an adaptation to the chronic elevation in extracellular dopamine due to blockade 
of dopamine uptake by the drug (for a review see Nader and Czoty 2005). Decreased 
dopamine D2 receptor expression is thought to contribute to the anhedonia, i.e. decreased 
sensitivity to natural and drug rewards, observed during protracted abstinence (Volkow 
et al. 2004). Although dopamine seems to be the primary mechanism of the initiation of 
drug reinforcement, other neurotransmitters have been implicated indirectly in the acute 
reinforcing properties of substances of abuse, including gamma-aminobutyric acid (GABA), 
opioid peptides, serotonin, acetylcholine, endocannabinoids, and glutamate (for a review 
see Koob and Volkow 2010). Whereas dopaminergic neurotransmission plays a key role 
in initial stages of addiction because of its role in drug reward and reward anticipation, 
in addition to its role in the hedonic state observed in substance dependent individuals, 
recent preclinical research suggests that neuroadaptations of the glutamate system 
are crucial for the continuation of and relapse into drug use (Kalivas 2009). Glutamate 
neurotransmission plays a crucial role in synaptic plasticity associated with learning and 
memory. Synaptic changes in NMDA and AMPA receptors are part of the neuroadaptations 
involved in the conditioning and memory processes that take place during repeated drug 
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use, in which the reinforcing effects of the drug become associated with cues related to 
the drug (Lane et al. 2008). In addition, drug- and cue-induced reinstatement have been 
linked to glutamatergic pathways. Preclinical studies have revealed that glutamatergic 
projections from medial prefrontal areas as well as from the amygdala into the striatum, 
which are activated in response to drug cues and in turn trigger dopamine release, result 
in cue-induced reinstatement of drug-seeking behavior (Kalivas 2009). In humans, a 
few studies have investigated the role of glutamate in addiction using Proton Magnetic 
Resonance Spectroscopy (1H MRS) and revealed glutamate abnormalities in substance 
dependent individuals (Gallinat and Schubert 2007; Lee et al. 2007; Thoma et al. 2011; 
Umhau et al. 2010; Yang et al. 2009; Yucel et al. 2007).

IMPULSIVITY AND ADDICTION

Impulsivity can be broadly defined as “behavioral actions without adequate forethought” 
(Evenden 1999). According to dual-process models of impulsivity, (impulsive) behavior 
is the joint outcome of two types of cognitive processes: reflective (cognitive control) 
processes and impulsive (motivational) processes (Wiers et al. 2010). From this dual-process 
perspective, maladaptive levels of impulsivity are likely to result from an inability (or lack 
of motivation) to suppress automatic or reward-driven responses that are not appropriate 
given the current demands or that have long-term negative consequences. Defined in 
this way, impulsivity has clear relevance to addiction, since deficient inhibitory control 
over a response that provides immediate reinforcement is a key feature of substance 
use disorders. With regard to addiction, high levels of impulsivity may have been present 
prior to drug initiation, making an individual more vulnerable to develop a substance use 
disorder. In addition, impulsive behavior can be exacerbated by chronic drug use. Chronic 
use of certain drugs is associated with damaging effects on prefrontal functioning leading 
to diminished executive functioning, as well as with increased motivational impulses, 
especially in the presence of drug cues (i.e. overactive motivational system) (Verdejo-
Garcia et al. 2008). 

Impulsivity can be measured by various cognitive tasks such as the go-no go task, stop 
signal task, Stroop task and delay discounting paradigms. These different tasks are thought 
to measure distinct aspects of impulsivity such as response inhibition (i.e. impulsive action 
or motor impulsivity) and impulsive decision making (i.e. impulsive choice or cognitive 
impulsivity), however, detailed information on the nature of, and interaction between, 
different aspects of impulsivity is still scarce (see Chapter 2). Previous studies have revealed 
higher scores on self-report measures of impulsivity, increased impulsive action reflected 
by diminished performance on go-no go tasks and stop signal tasks, diminished cognitive 
control reflected by higher cognitive interference scores on the Stroop task, and increased 
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preference for (smaller) immediate over more beneficial delayed rewards in substance 
dependent individuals compared to healthy controls (for a review see Verdejo-Garcia et 
al. 2008). 

Performance of neurocognitive tasks related to impulsivity depends on activity in 
prefrontal, striatal, cingulate, thalamic and (pre-) motor regions (Cardinal 2006; Chambers 
et al. 2009). Abnormalities in frontostriatal activation associated with heightened levels 
of impulsivity have been observed in substance dependent individuals (Goldstein and 
Volkow 2011). On a molecular level, impulsivity is mediated by various neurotransmitter 
systems (Pattij and Vanderschuren 2008). Historically, the focus has been on the role of 
serotonin underlying impulsive behavior. Especially diminished serotonin signalling has 
been assumed to underlie impulsive behavior (Chamberlain and Sahakian 2007). Evidence 
implicating an additional role for other neurotransmitter systems such as catecholamines 
(dopamine, noradrenaline) and glutamate has more recently started to accumulate. For 
example, a PET study by Lee et al. (2009) showed an association between low striatal 
dopamine D2 receptor availability and impulsivity. The proposed role of glutamate in 
impulsivity is mainly based on preclinical literature, because the availability of PET and 
SPECT tracers to image the glutamate system in humans is limited. Proton Magnetic 
Resonance Spectroscopy (1H MRS) is a promising imaging technique to investigate the 
relationship between impulsivity and glutamate concentrations in the human brain. 
However, to date, evidence for such an association has come only from one study 
using MRS imaging in patients with borderline personality disorder (Hoerst et al. 2010). 
Therefore, the glutamatergic contribution to impulsivity observed in substance dependent 
individuals remains to be clarified.   

IMPULSIVITY AS A TREATMENT TARGET

With the recognition of addiction as a major health problem, the demand for effective 
treatment strategies has increased. In the Netherlands, the demand for treatment related 
to alcohol or drug dependence has increased from 53,794 in 1994 to 76,295 in 2010 
(Ouwehand et al. 2011). The proportion of alcohol related treatment demand has increased 
to almost 50% of the overall treatment demand over the past ten years (Ouwehand et al. 
2011). Although a variety of interventions such as pharmacotherapy, cognitive behavioural 
therapy, motivational interviewing and relapse prevention is currently available to treat 
alcohol and drug dependent patients, many of the patients only show moderate response 
to the treatment or no response at all (Schippers and Broekman 2006). Furthermore, no 
approved pharmacotherapy for cocaine, methamphetamine and cannabis dependence 
exists at this time (van den Brink 2012). Therefore, there is a continued need for new and 
more efficient strategies to treat alcohol and drug dependence. To date, attenuation of 
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drug reward and craving has been the major focus of medication development in relation 
to addiction.  However, since impulsivity is a core feature of addiction and has been shown 
to predict treatment outcome and relapse into substance use (Krishnan-Sarin et al. 2007; 
MacKillop and Kahler 2009; Streeter et al. 2008), improving impulse control could be an 
important new target for treatment.

The development of treatments targeting impulse control is likely to benefit from 
knowledge on the neurobiological mechanisms contributing to maladaptive impulsivity. 
The modulation of brain systems involved in impulse control could result in a reduction 
of impulsive behavior such as acting on the immediate rewarding properties of drinking 
alcohol or using drugs. Potential treatment strategies include pharmacotherapy aimed at 
restoring the imbalance between cognitive control and motivational drive by improving 
functioning of the cognitive control system and/or downregulating the motivational 
system. Several potential pharmacotherapies have been suggested for this purpose and 
N-acetylcysteine and modafinil are among the most promising compounds.

N-ACTEYLCYSTEINE

N-acetylcysteine (NAC) is used in the treatment of paracetamol overdose, prescribed for 
the management of COPD and sold over the counter as a mucolytic agent and nutritional 
supplement. It has received attention within the field of addiction because of its effects 
on glutamate neurotransmission. NAC is a precursor to the amino acid cystine, which 
regulates intra- and extracellular glutamate exchange through the cystine-glutamate 
antiporter. Cystine-glutamate antiporters, which are predominantly located on glial cells, 
exchange extracellular cystine for intracellular glutamate and thereby maintain optimal 
basal levels of extracellular glutamate. Extracellular glutamate stimulates inhibitory group 
II metabotropic glutamate (mGluR2/3) receptors, which in turn reduces synaptic glutamate 
release. Following previous preclinical studies indicating that cue-induced drug seeking 
behavior is associated with an increased firing rate of glutamatergic neurons projecting 
from the medial prefrontal cortex to the ventral striatum, in part the result of reduced 
basal levels of extracellular glutamate (i.e. reduced stimulation of inhibitory mGluR2/3 
receptors; Baker et al. 2003a), studies using NAC to influence the glutamatergic system in 
drug-dependent animals have emerged in recent years. These studies have consistently 
shown that NAC administration restores abnormal basal levels of extracellular glutamate 
in the nucleus accumbens [thereby inhibiting synaptic glutamate release derived 
from prefrontal afferents (Kupchik et al. 2012)] and subsequently prevents relapse to 
drug-seeking behavior in rats previously treated with cocaine (Baker et al. 2003b; Madayag 
et al. 2007) and heroin (Zhou and Kalivas 2008). In humans, a few studies have examined 
the clinical effects of NAC in drug dependence (Amen et al. 2011; Grant et al. 2007; Grant 
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et al. 2010; Gray et al. 2010; Knackstedt et al. 2009; LaRowe et al. 2007; Mardikian et al. 
2007). Overall, the results with regard to reduction of craving and drug use are promising. 
Nonetheless, these studies were mostly small clinical trials, non-randomized cohorts or 
case reports, so their results should be regarded as preliminary. In addition, the mechanism 
by which NAC improves clinical outcome remains to be elucidated. For instance, whether 
NAC exerts its effects through modulation of glutamate neurotransmission in the human 
brain has not been investigated as yet.

MODAFINIL

Whereas NAC appears to downregulate the motivational system by influencing the 
glutamatergically modulated reward-reinforcement, a potential pharmacotherapy to 
enhance cognitive control functions is modafinil. Modafinil is a vigilance and wakefulness 
promoting agent. It was first marketed in France in the 1990s. Currently, modafinil is 
approved by the U.S. Food and Drug Administration (FDA) and by the European Medicines 
Agency (EMA) for treatment of narcolepsy, sleep apnea, and shift work-induced sleep 
disorder. In addition, modafinil is widely used as a cognitive enhancer in healthy individuals 
(Repantis et al. 2010). Furthermore, modafinil has received great interest in the field 
of psychiatry as a treatment for cognitive dysfunctions implicated in many psychiatric 
disorders such as addiction (Dean et al. 2011; Hester et al. 2010; Vansickel et al. 2008; 
Zack and Poulos 2009), schizophrenia (Hunter et al. 2006; Pierre et al. 2007; Sevy et al. 
2005; Spence et al. 2005; Turner et al. 2004b), attention deficit hyperactivity disorder 
(ADHD) (Taylor and Russo 2000; Turner et al. 2004a) and affective disorders (DeBattista et 
al. 2004). Specifically with regard to impulsivity, modafinil has been reported to improve 
impulse control in healthy individuals (Turner et al. 2003), patients with ADHD (Turner et 
al. 2004a), methamphetamine dependent patients (Dean et al. 2011) and pathological 
gamblers (Zack and Poulos 2009). However, a remarkable observation is that the effect 
of modafinil seems stronger when the window for improvement is larger. Several studies 
show a stronger improvement of modafinil in patients with a low baseline performance 
(Hunter et al. 2006; Zack and Poulos 2009), in sleep deprived subjects (Wesensten 2006), 
in more difficult tasks conditions (Marchant et al. 2009; Muller et al. 2004; Turner et 
al. 2003) and in patients with lower IQ (Randall et al. 2005). These results suggest that 
modafinil adjusts cognitive performance to an optimal level if necessary and compensates 
for cognitive deficiencies. However, the mechanism of action of modafinil is not yet fully 
understood. It appears to have an effect on multiple neurotransmitter systems in the 
brain including catecholamine, glutamate, GABA and serotonin neurotransmission. A 
few functional MRI (fMRI) studies have investigated the neural correlates of modafinil 
effects on cognitive functioning (Ellis et al. 1999; Ghahremani et al. 2011; Hunter et al. 
2006; Minzenberg et al. 2011; Rasetti et al. 2010; Spence et al. 2005; Thomas and Kwong 
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2006). However, the neural substrates underlying modafinil mediated improvement in 
impulsivity remain to be elucidated. This is important to investigate, because it would not 
only enhance our understanding of the mechanism of action of modafinil in the treatment 
of addiction but also increase our knowledge on the neurobiological mechanisms of 
distorted impulse control. Finally, increased knowledge on the underlying mechanisms 
may help us to identify those patients most likely to benefit from modafinil treatment 
(personalized medicine).

AIMS AND OUTLINE OF THE THESIS

Distorted impulse control plays an important role in the aetiology and continuation of 
substance use disorders. Although in recent years knowledge on the concept and the 
neurobiological mechanisms of impulsivity has accumulated, there is still a pressing need 
for studies that further unravel the neurobiology of the various aspects of impulsivity. In 
addition, as can be inferred from the previous sections, promising new pharmacological 
treatment strategies such as NAC and modafinil have been proposed, however, relevant 
information on their neurobiological mechanisms of action is lacking. Therefore, the 
main objectives of this thesis are to further enhance our understanding of the neural 
mechanisms underlying impulsivity and to clarify the effects of NAC and modafinil on 
neural correlates of impulsivity in addiction. Because substance dependence and distorted 
impulse control are the result of an imbalance of interacting neural systems, the focus of 
most of the studies presented in this thesis is on neurobiological systems, such as the 
interaction between molecular and regional levels of brain functioning and connectivity 
between individual or large-scale networks of brain regions. The thesis is subdivided into 
five parts. Part I is this general introduction and outline of the thesis (Chapter 1). In Part 
II (Chapters 2 and 3), we focus on the concept and the neurobiology of impulsivity in 
healthy individuals. In Part III (Chapters 4 and 5), neurobiological and clinical effects of 
N-acetylcysteine in cocaine and nicotine dependence are investigated, respectively. In 
Part IV (Chapters 6, 7, 8 and 9), studies on the neural correlates of cognitive enhancing 
effects of modafinil in alcohol dependence are presented. In the final part, Part V (Chapter 
10), the main findings and their clinical relevance are discussed.

PART II
In CHAPTER 2, a translational study is presented that focuses on the multidimensional 
construct of impulsivity. Animal models of impulsivity are important for clarifying the 
underlying neurobiology of impulsivity. However, whether different aspects can be 
dissected in a similar way in rodents and humans remains to be elucidated. This chapter 
presents translational data on the multidimensional construct of impulsivity in both a 
healthy rodent and a human population.
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In CHAPTER 3, the neurobiology of impulsive decision making is further evaluated in 
healthy individuals. This study investigates whether individual variability in impulsive 
decision making can be predicted by intrinsic properties of brain functioning (under 
task-free conditions). In this chapter, the relationship between impulsive decision 
making and (the interaction between) resting state brain processes on several levels is 
discussed; on a molecular level in the form of glutamate concentrations and on a regional 
level of resting state activity in the form of spontaneous fluctuations in blood oxygen 
level-dependent (BOLD) activity (resting state functional connectivity). 

PART III
CHAPTER 4 focuses on the role of glutamate in cocaine dependent patients and investigates 
the effects of NAC on glutamate concentrations in the dorsal anterior cingulate cortex 
(dACC) in cocaine dependent patients and healthy controls in an open label design. Proton 
Magnetic Resonance Spectroscopy (1H MRS) is utilized in order to obtain a measure of 
glutamate concentration in the dACC. In addition, the association between dACC glutamate 
concentrations and baseline self-reported impulsivity is examined in this chapter.

In CHAPTER 5, in a pilot study, we further explore whether a short-term treatment with 
NAC modulates self-reported craving, withdrawal and the rewarding effects of smoking in 
heavy smokers. 

PART IV
This section begins with a review in CHAPTER 6, which summarizes the findings of previous 
studies investigating the effects of modafinil on cognitive functioning in several psychiatric 
disorders such as addiction, ADHD, schizophrenia and affective disorders. 

Next, CHAPTER 7 aims to investigate the effects of a single dose of modafinil on neural 
correlates of one specific aspect of impulsivity, i.e. response inhibition, in alcohol 
dependent patients and healthy controls. A stop signal task is included to measure 
response inhibition and functional MRI images are obtained to investigate regional brain 
activation during successful response inhibition. In addition to examining the effects of 
modafinil on individual brain regions, the interaction between brain regions are studied 
by applying connectivity and mediation analyses. 

Because impulsivity consists of several independent aspects (the reader is referred to 
Chapter 2), for the generalizability of the findings presented in Chapter 7 it is important 
to elucidate the effects of modafinil on neural substrates of other aspects of impulsivity, 
such as impulsive decision making. Therefore, CHAPTER 8 presents a study that 
explores the effects of modafinil on brain activation during impulsive decision making in 
alcohol dependent patients and healthy controls using a delay discounting task. Again, 
communication between different brain regions is investigated using a connectivity 
analysis.
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The final modafinil study presented in CHAPTER 9 focuses on modafinil effects on intrinsic 
functioning of the brain in the form of large-scale resting state networks. More specifically, 
the effects of modafinil on within- and between-network functional connectivity are 
discussed by using a combination of independent component and functional network 
connectivity analyses. Because the interaction between intrinsic task positive (executive) 
and task negative (default mode) networks have previously been shown to predict individual 
variability in cognitive performance, the relationship between modafinil-induced changes 
in network connectivity and changes in cognitive control measured by a Stroop task is 
explored.

PART V
Finally, CHAPTER 10 (English) and CHAPTER 11 (Dutch) summarizes and discusses the 
main findings of the studies included in this thesis. Limitations and recommendations for 
future research are also included in this chapter.
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ABSTRACT

BACKGROUND Maladaptive impulsivity is a core symptom in various psychiatric disorders. 
However, there is only limited evidence available on whether different measures of 
impulsivity represent largely unrelated aspects or a unitary construct. 

METHODS In a cross-species translational study, thirty rats were trained in impulsive choice 
(delayed reward task) and impulsive action (five-choice serial reaction time task) paradigms. 
The correlation between those measures was assessed during baseline performance and 
after pharmacological manipulations with the psychostimulant amphetamine and the 
noradrenaline reuptake inhibitor atomoxetine. In parallel, to validate the animal data, 101 
human subjects performed analogous measures of impulsive choice (delay discounting 
task, DDT) and impulsive action (immediate and delayed memory task, IMT/DMT). 
Moreover, all subjects completed the Stop Signal Task (SST, as an additional measure 
of impulsive action) and filled out the Barratt impulsiveness scale (BIS-11). Correlations 
between DDT and IMT/DMT were determined and a principal component analysis was 
performed on all human measures of impulsivity. 

RESULTS In both rats and humans measures of impulsive choice and impulsive action 
did not correlate. In rats the within-subject pharmacological effects of amphetamine 
and atomoxetine did not correlate between tasks, suggesting distinct underlying neural 
correlates. Furthermore, in humans, principal component analysis identified three 
independent factors: (1) self-reported impulsivity (BIS-11); (2) impulsive action (IMT/DMT 
and SST); (3) impulsive choice (DDT). 

CONCLUSION This is the first study directly comparing aspects of impulsivity using a 
cross-species translational approach. The present data reveal the non-unitary nature of 
impulsivity on a behavioral and pharmacological level. Collectively, this warrants a stronger 
focus on the relative contribution of distinct forms of impulsivity in psychopathology.
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INTRODUCTION

Impulsivity is a hallmark and common feature in various psychiatric disorders, including 
substance use disorder, attention deficit hyperactivity disorder (ADHD), conduct disorder, 
bipolar disorder, pathological gambling and personality disorders (Moeller et al. 2001a). 
Although impulsivity can be broadly defined as behavioral actions without adequate 
forethought, there is growing evidence that impulsivity is no unitary construct, but rather 
is dissociable into different aspects reflecting distinct underlying cognitive, emotional, 
and neural processes (Evenden 1999). Nonetheless, detailed research on the relationship 
between various aspects of impulsivity is still scarce. 

Two widely recognized behavioral phenomena of impulsivity are impulsive choice and 
impulsive action. Impulsive choice is oftentimes operationalized by impulsive decisions 
resulting from a distorted evaluation of delayed consequences of behavior and an increased 
preference for (smaller) immediate rewards over more beneficial delayed rewards. On 
the other hand, impulsive action reflects the failure to inhibit an inappropriate response 
to prepotent stimuli (Evenden 1999; Reynolds et al. 2006; Winstanley et al. 2006). In 
addition to self-report measures, impulsive choice and impulsive action can be assessed 
in different behavioral paradigms. Importantly, for most of these behavioral paradigms 
similar versions exist for humans and laboratory animals. In humans delay discounting 
paradigms are generally used to assess impulsive choice (Ho et al. 1999). To measure 
impulsive action, the go-no go task, stop signal task, Stroop task, or commission errors 
during a continuous performance task (CPT) are most often utilized in humans (Logan et al. 
1997). Preclinical laboratory animal researchers have developed translational analogies of 
these neuropsychological tasks such as the delayed reward task (DRT) to study impulsive 
choice and the go-no go task, stop signal reaction time task and the five-choice serial 
reaction time task (5-CSRTT) to measure impulsive action (for review see Dalley et al. 
2011). 

Translational, cross-species approaches combining clinical and preclinical data on 
impulsivity are particularly suited to deepen our understanding of the neurobiological 
mechanisms underlying impulsivity and the multidimensional nature thereof and may 
ultimately lead to improved treatment strategies for psychiatric disorders characterized 
by maladaptive impulsivity. In recent years, both animal (for reviews see Dalley et al. 
2008; Pattij and Vanderschuren 2008; Winstanley et al. 2006) and human (for reviews see 
Chambers et al. 2009; Peters and Buchel 2011) research has tremendously contributed 
to an increased understanding of the neurobiological mechanisms of impulsivity and has 
indicated that on a neurobiological level there is partial overlap in the neurotransmitter 
systems and brain regions modulating impulsive choice and impulsive action. In addition, 
the involvement of these forms of impulsivity in psychopathology, for example ADHD 
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(Solanto et al. 2001) and drug dependence (Broos et al. 2012; Diergaarde et al. 2008; Nigg 
et al. 2006; Tarter et al. 2003; Verdejo-Garcia et al. 2008), show both overlap as well as 
dissociation. 

Despite accumulating evidence further supporting the view that impulsivity is not a unitary 
construct, to date there is, especially in the preclinical animal literature, only limited data 
available on within-subject comparisons of various aspects of impulsivity. This approach 
is particularly suited to examine the multidimensional nature of impulsivity, because, 
in contrast to a between-subjects comparison, potential findings of separable aspects 
of impulsivity cannot be attributed to individual differences that might exist between 
subjects. Nonetheless, to date, most rodent work is conducted in separate groups each 
performing a single impulsivity paradigm and findings from the few rodent studies that 
have tested both impulsive action and choice in the same animals have been inconsistent: 
it has been demonstrated that animals showing high levels of impulsive action, also 
display steep discounting behavior (Robinson et al. 2009), whereas such a relationship 
is not detected in other studies (van den Bergh et al. 2006; Winstanley et al. 2004). In 
healthy volunteers, the studies that employed a within-subjects design have generally 
revealed separate factors for impulsive choice and impulsive action (Dougherty et al. 
2009; Lane et al. 2003; Meda et al. 2009; Reynolds et al. 2006; Reynolds et al. 2008). The 
inconsistent findings in rodents and the limited number of studies using within-subject 
approaches warrant further investigation of the multidimensional nature of impulsivity in 
rodents and the translational value to human data. 

The current study aimed to investigate the interrelationship between impulsive choice 
and impulsive action in a cross-species translational (rats and humans) design, using 
multiple assessments within the same subjects. To this aim, a cohort of rats was trained 
in the DRT and 5-CSRTT paradigm, the most often used behavioral laboratory measures 
for impulsive choice and impulsive action. In parallel, a cohort of healthy volunteers 
performed analogous impulsivity measures, namely a delay discounting task (DDT) for 
impulsive choice and immediate and delayed memory task (IMT/DMT, a modified CPT) for 
impulsive action. Additionally, to further delineate the interrelationship between aspects 
of impulsivity, human subjects completed the stop signal task (SST); one of the most 
frequently used paradigms for impulsive action in human studies, and the self-report 
Barratt Impulsiveness Scale (BIS-11). To extend previous neurobiological findings on the 
various aspects of impulsivity based on between-subject approaches, pharmacological 
challenges with the clinically relevant psychostimulant amphetamine (AMP) and the 
noradrenaline reuptake inhibitor atomoxetine (ATO) were conducted in the rodent 
experiment. Using this within-subjects, translational approach, we aimed to establish 
whether impulsive choice and impulsive action represent separate dissociable aspects or 
a unified construct of impulsivity in rats and humans.
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METHODS

Rodent study 
Subjects
Thirty male Wistar rats (Harlan, Horst, The Netherlands), initially weighting 240-270 
grams, were pair-housed in Macrolon cages on a reversed 12 hour day/night cycle 
(lights on 7 PM) in a temperature (21 ± 2oC) and humidity (50 ± 10%) controlled room. 
Behavioral testing was conducted during the dark phase of the day/night cycle. Rats were 
food restricted (maintained at about 85%-90% of their free feeding weight) by feeding 
them 12 (weekdays) or 14 (weekend) gram of regular chow per day per rat. Water was 
available ad libitum. Experiments were approved by the Animal Care committee of the VU 
University (Amsterdam, The Netherlands).

Measures
Impulsive choice: Delayed Reward Task (DRT):
Rats were trained in the DRT. Apparatus and procedure were similar to previous studies 
(van Gaalen et al. 2006b), but with levers instead of nose-poke holes, and are described 
in detail in the supplementary methods. In short, the final procedure of the DRT was 
as follows: rats were placed in an operant chamber containing a food receptacle and 
retractable levers with cue lights above on both sides of the receptacle. Left and right 
cue lights were illuminated, levers extended and a lever press at one side resulted in 
an immediate delivery of 1 food pellet, whereas pressing the other lever resulted in a 
delayed delivery of 4 food pellets. The delay of the larger reward was increased within 
the session from 0, 5, 10, 20 to 40 s, per block of 12 trials. Behavioral outcome measures 
were: preference for the large reward, number of omissions during choice trials and the 
indifference point (Indifference point = Preference at delay 0 / (1 + k*delay)) (Mazur 1987). 
In order to allow a direct comparison with the human study, a log transformed k-value was 
used as an additional measure of impulsive choice. 

Impulsive action: 5-choice serial reaction time task (5-CSRTT):
Detailed descriptions of apparatus and procedure were provided previously (van Gaalen 
et al. 2006a) and are included in the Supplementary Methods. In short, the final procedure 
of the 5-CSRTT was as follows: rats were placed in an operant chamber containing a food 
receptacle and an array of 5 rectangular apertures in the opposing wall. After starting the 
trial by a nose poke in the receptacle, they were required to wait for 5 s (inter-trial interval, 
ITI) before one of the lights within the apertures were illuminated for 1 s. A nose-poke 
response in this illuminated hole was rewarded with one food pellet. Every session 
consisted of 100 trials or lasted 30 min, whichever occurred first. Attentional performance 
was defined by accurate choice, the number of omissions and reaction times. Premature 
responses, made during the ITI, were the measure of impulsive action. Besides the regular 
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sessions containing an ITI of 5 s, the ITI was lengthened to 7 s in 3 sessions with one week 
of ITI 5 s sessions in between. These challenge sessions are often performed to increase 
premature responding and to differentiate between high and low impulsive animals (e.g. 
Dalley et al. 2007). 

Drugs
Both amphetamine sulfate (AMP; OPG, Utrecht, The Netherlands) and atomoxetine 
hydrochloride (ATO; Tocris Bioscience, Bristol, UK) were dissolved in sterile saline and 
injected intraperitoneally in a volume of 1 ml/kg body weight. AMP (0.5 mg/kg) and ATO 
(1 mg/kg) were injected 20 and 45 minutes before testing, respectively. These doses were 
chosen based on their robust effect in previous studies employing the same behavioral 
tasks (e.g. Robinson et al. 2009; van Gaalen et al. 2006a; van Gaalen et al. 2006b).

Design
Half of the animals was first trained in the DRT, the other half first in the 5-CSRTT. After 
training in either of the tasks, baseline behavior was calculated as the average behavior of 
the last three sessions of one week. To perform the pharmacological challenges, rats were 
trained on Mondays and Tuesdays in task one, and on Thursdays and Fridays in task two. 
As soon as animals showed stable baseline behavior in both tasks, drugs were tested on 
Tuesdays and Fridays using a latin-square design. 

Statistical analysis
Pearson’s correlation analyses were performed between the baseline impulsivity 
measures and the responsivity to the drug challenges (performance under drug – saline) 
in the DRT and 5-CSRTT. The impulsivity measure in the DRT was the indifference point and 
the k-value and in the 5-CSRTT the number of premature responses reflected impulsive 
behavior. Pharmacological effects on impulsive choice in the DRT were analyzed with 
repeated measures ANOVA, with drug (AMP or ATO) and delay (0-40) as within subject 
factors. Omissions during choice trials in the DRT and all parameters of the 5-CSRTT were 
analyzed using paired samples T-tests for AMP and ATO compared to saline. Data were 
analyzed using the Statistical Package for the Social Sciences (SPSS, Chicago, IL, USA) 
version 16.0 and the significance level was set at p<0.05.   

Human study
Subjects
Subjects were 101 healthy students, recruited through advertisements. Exclusion criteria 
were any medication other than oral contraception and presence of a neurological, medical 
or psychiatric disorder. All subjects were screened for the presence of Axis I psychiatric 
disorders using the Mini International Neuropsychiatric Interview plus  (MINI-plus; 
Sheehan et al. 1998). The study was approved by the Medical Ethical Committee of the 
University of Amsterdam and written informed consent was obtained from all participants.
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Measures
Impulsive choice: Delay Discounting Task (DDT):
A DDT was used to measure impulsive choice (Mitchell 1999). Several trials were 
presented in which the subject had to choose between a “standard” and an “alternative” 
item. The standard item was €10.00 to be received after a certain delay (0, 7, 30, 90, 180 
or 365 days) and the alternative item was an amount of money (€0.01, €0.25, €0.50, and 
further amounts increasing in 0.50 increments up to €10.50) to be received immediately. 
All possible combinations of six standard and 23 alternative items add up to 138 
questions in total. However, one question would require subjects to choose between two 
identical choices. This same-items question was excluded, hence subjects answered 137 
questions. Standard and alternative items were presented in a random order and without 
replacement. Subjects made their choice by clicking the left mouse button on the item 
they preferred. They were able to change their preference by clicking on the other item, 
before confirming their choice by clicking on “next question”. The subjects were asked to 
make their own personal choice as if the rewards were real and informed that there was 
no right or wrong answer. Standard and alternative items were presented at random order 
and without replacement. The order (first or second) in which the standard and alternative 
items were presented within each question was also randomized. Indifference points 
were derived for each delay, reflecting the point at which the preference switched from 
the larger later reward to the smaller immediate reward. In most cases, the indifference 
point was discrete. However, when it was not, the indifference point was defined as the 
point midway between the lowest value of the alternative at which the subject chose 
the alternative item for two consecutive, descending values and the highest value of the 
standard for which the subject chose the standard item for two consecutive ascending 
values. Indifference points across the delays were analyzed using the hyperbolic decay 
function yielding k-values representing the rate of discounting (referred to as DDT k value) 
(Mazur 1987). Higher k values reflect greater discounting by delay and therefore indicate 
greater impulsivity.

Impulsive action: Immediate and Delayed Memory Task (IMT/DMT): 
The human analogue of the preclinical 5-CSRTT is the Continuous Performance Task (CPT). 
Because the CPT was primarily developed for use with children or severely impaired 
populations, using a standard CPT might result in ceiling effects in the current sample. 
Therefore, we included the IMT/DMT developed by Dougherty and colleagues (2002), 
which is a modified (more demanding) CPT that has been validated to measure impulsive 
action in healthy subjects (Mathias et al. 2002). The IMT/DMT consists of two task 
components (IMT and DMT) that each feature two 5 min blocks. The order of the blocks 
was the same for each subject (i.e., IMT/DMT/IMT/DMT) and blocks were separated by 
a 30 sec rest period, resulting in a total test duration of 21.5 min. Both the IMT and DMT 
consisted of randomly generated 5-digit numbers (e.g. 27394) displayed on a computer 
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screen in black on a white background. In the IMT, these numbers each appear for 500 
ms, followed by a blank screen for 500 ms, followed by the next 5-digit numbers. Subjects 
are required to respond when two identical numbers are presented in sequence (target 
stimuli). In the DMT a distracter stimulus (the number 12345, which is to be ignored) 
appears 3 times between each of the target numbers. Responses to targets were recorded 
as correct detections. Responses to a non-identical number were recorded as either a 
commission error, if the number differed from the target on only 1 digit (termed a catch), 
or a filler error, if the number differed from the target on more than one digit (termed a 
filler). The appearance probability for filler stimuli was 34%, and 33% for either target or 
catch stimuli. The primary dependent impulsive action measure for both IMT and DMT is 
the ratio of commission errors to correct detections (IMT or DMT Ratio). 

Impulsive action, additional measure: Stop Signal Task (SST):
In humans, impulsive action is most often measured using either a stop signal or a go-no 
go paradigm. We therefore included a SST (Logan et al. 1984; Scheres et al. 2001) to 
investigate whether the ratio of commission errors to correct detections on the IMT/DMT 
and performance on the SST measure the same construct, namely impulsive action. The 
stop signal task consisted of 252 randomized trials with a Go/Stop ratio of 80/20 and 
lasted approximately 12 min. Before each trial a small cross appeared on the screen for 
500 ms to engage attention, immediately followed by an airplane (facing to the left or 
to the right) presented for 1000 ms (Go trial). The ITI varied between 1 and 2 s. During 
the Go trials the subjects had to respond by pressing a button with their left or right 
index fingers when the airplane faced to the left or right, respectively. The subjects were 
instructed to respond as fast and accurate as possible. Occasionally (20% of the times), 
the Go stimulus was followed by a Stop stimulus (a cross) projected over the Go stimulus. 
The subjects were instructed to try to withhold the Go response (pressing a button) when 
seeing the Stop signal. By adjusting the interval between the Go stimulus and the Stop 
stimulus, the Stop Signal Delay (SSD), the difficulty of stopping was varied. The SSD varied 
using a staircase procedure: a failed stop trial reduced the SSD, making it easier to inhibit 
the Go response during the next stop trial. A successful Stop increased the subsequent 
SSD, making it more difficult to succeed in the next Stop trial. This staircase procedure 
converged upon a critical SSD, which represents the time delay required for a subject to 
successfully stop a response on approximately 50% of the Stop trials. The time required 
for the stop signal to be successfully processed, the Stop Signal Reaction Time (SSRT), was 
computed by subtracting the critical SSD from the median Go reaction time (Logan et al. 
1984). The SSRT is the time required for a subject to inhibit his response after seeing the 
Stop Signal corrected for mean reaction time to Go trials. A short SSRT indicates good 
response inhibition and a longer SSRT indicates poorer response inhibition.
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Self report impulsivity questionnaire: Barratt Impulsiveness Scale (BIS-11):
In order to evaluate the overlap between behavioral and self-report measures of 
impulsivity, a Dutch version of the BIS-11 (Patton et al. 1995) was included, a 30-item 
questionnaire measuring impulsivity. Each item was measured on a 4-point scale (rarely/
never, occasionally, often, almost always), with higher scores indicative of greater 
impulsivity. For factor analysis scores on the cognitive, motor and non-planning subscales 
were used.

Design 
During a test session, lasting approximately 2 hours, subjects filled out questionnaires and 
performed all three laboratory measures of impulsivity in a semi-counterbalanced order 
such that the IMT/DMT and stop signal task were never presented consecutively because 
of task demands. After completing the tasks, subjects were debriefed and reimbursed 
with 20 Euros. 

Statistical analyses
Because the k-values derived from the delay discounting task were not normally 
distributed, k-values were first log-transformed. Similar to the animal study, Pearson’s 
correlation analysis was performed between the impulsivity scores of the DDT and 
IMT/DMT. The level of significance was set at p<0.05 (two-tailed). In addition, principal 
component analysis using a varimax rotation with Kaiser Normalization was performed 
using all measures of impulsivity. Components with eigenvalues ≥1 were retained and 
component loadings of ≥ 0.5 within identified components were considered relevant. All 
analyses were performed using SPSS (Chicago, IL, USA) version 16.0. 

RESULTS

Rodent study
Of all thirty rats, in the DRT, five animals consistently chose the big reward, independent 
of delay and in the 5-CSRTT, three animals showed on average more than 40 omissions 
per session. These animals were therefore excluded from further analyses. Baseline 
impulsivity in the DRT as well as the 5-CSRTT was independent of the order of training: 
impulsive choice [indifference point: T(20)=-1.32, ns; log K: T(20)=1.08, ns] and premature 
responses [T(20)=.33, ns].

At baseline, there was no correlation between impulsive action, defined by the number of 
premature responses and impulsive choice, defined by the indifference point [r(22)=-.22, 
ns] or log k-value [r(22)=.09, ns] (see Figure 1A and 1B). Within the 5-CSRTT, however, 
there was a strong correlation between premature responses made under standard and 
lengthened, 7 s, ITI conditions [r(22)=.77, p<0.001] (see Figure 1C).
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Figure 1: In rats (n=22), there was no correlation between impulsive action, based on premature responses in 
the 5-CSRTT, and impulsive choice, based on (A) the indifference point (r=-.22) or (B) the log k-value (r=.09) in 
the DRT. Within the 5-CSRTT (C) there was a correlation (r=.77) between impulsive action with a standard inter 
trial interval (ITI 5 s) and lengthened inter trial interval (ITI 7 s).

In the DRT (see Figure 2A), compared to vehicle, AMP caused a decrease in impulsive 
choice behavior, reflected in an increased preference for the large delayed reward over 
increasing delays [drug*delay: F(4,84)=5.84, p<0.001; delays T(21)= 0: .037, 40: -2.00, 
ns, 5: -3.96, 10: -3.77, 20: -2.38, p<0.05]. In contrast, ATO increased impulsive choice, by 
reducing the preference for the large reward at all delays [drug: F(1,20)=6.95, p<0.05]. 
Neither AMP [T(21)=-.14, ns], nor ATO [T(20)=-.79, ns] had an effect on the number of 
omissions (see Supplementary Table S1). In the 5-CSRTT, as shown in Figure 2B, impulsive 
action was increased by AMP [T(21)=-6.83, p<0.001] and decreased by ATO [T(20)=3.27, 
p<0.05. Neither AMP [T(21)=.39, ns], nor ATO [T(20)=-1.24, ns] changed the number 
of omissions. Accuracy was decreased by AMP [T(21)=2.92, p<0.05], whereas ATO 
[T(20)=-1.38, ns] had no effect (see Supplementary Table S2).  Correct response latency 
was not affected by AMP [T(21)=1.66, ns] or ATO [T(20)=-1.63, ns]. 

Finally, correlation analyses revealed that the pharmacological effects (impulsivity under 
drug – vehicle) of both AMP [ITI-indifference point: r(22)=.22, ns; ITI-logK: r(22)=-.29, ns] 
and ATO [ITI-indifference point: r(22)=.21, ns; ITI-logK: r(22)=-.12, ns] on the two measures 
of impulsivity were not related to each other (see Figure 3).
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Figure 2: In rats (n=22), the preference for the large reward of the DRT decreased with increasing delays (A) 
and amphetamine decreased impulsive choice in rats, whereas atomoxetine increased impulsive choice. In 
the 5-CSRTT (B), amphetamine increased premature responding and atomoxetine decreased the number of 
premature responses. *p<0.05, **p<0.001 compared to vehicle.
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Figure 3: In rats (n=22), there was no correlation between the effects of (A) amphetamine (r=.22) and (B) 
atomoxetine (r=.21) on the two impulsivity measures: Δ indifference point (=drug effect minus vehicle) of the 
delayed reward task and Δ premature responses in the 5-choice serial reaction time task did not correlate.

35|

  2



Human study
In the human study, one subject was excluded because of a performance below chance 
level on the DMT. The IMT Ratio and DMT Ratio (i.e. the ratio of commission errors 
to correct detections which are indices of impulsive responding in the IMT and DMT), 
correlated positively with each other [r(100)=.64, p<0.001], but, there was no correlation 
between either the IMT Ratio [r(100)=.11, ns] or the DMT Ratio [r(100)=.16, ns] with 
the DDT k value (obtained by a hyperbolic decay function representing discounting rate, 
see Figure 4). In addition, the subscales of the BIS-11 questionnaire correlated positively 
with each other (cognitive and motor: r(100)=.42, p<0.001; cognitive and non-planning: 
r(100)=.34, p<0.001; motor and non-planning: r(100)=.38, p<0.001). The DMT Ratio 
showed a weak but significant positive correlation with impulsive responding in the Stop 
Signal Task reflected by the Stop SSRT [r(100)=.20, p=0.04]. No other correlations between 
the impulsivity measures were found (see Table S4 in the Supplementary Results).
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Figure 4: In humans (n=100), there was no correlation between impulsive choice (log DDT k value) and impulsive 
action measured as the ratio of commission errors to correct detections in (A) IMT (r=.11) and (B) DMT (r=.16). 
Within the IMT/DMT (C) there was a correlation between the ratio of commission errors to correct detections 
in the IMT and DMT (r=.64).

The principal component analysis with all impulsivity measures yielded three principal 
components with eigenvalues ≥ 1, which together accounted for 65.3% of the variance 
(see table 1). For the first component, loadings were only significant for the three BIS-11 
subscales. The second component had significant positive loadings only for the IMT, DMT 
and the SSRT. The third principal component had significant positive loadings only from 
the DDT and a negative loading of the SSRT. The demographics and mean scores on all 
measures of impulsivity of the sample are described in the Supplementary Results.
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Table 1: Principal component analysis yielding 3 rotated components (N=100)
Rotated Components

1 2 3
Eigenvalues 1.79 1.77 1.07
Variance 25.55% 25.23% 15.33%

DDT k valueª -0.04 0.24 0.74
IMT Ratiob 0.04 0.85 0.07
DMT Ratiob -0.01 0.87 0.10
Stop SSRT 0.03 0.48 -0.55
BIS-11 cognitive impulsivity 0.78 -0.08 -0.24
BIS-11 motor impulsivity 0.79 0.05 -0.05
BIS-11 nonplanning impulsivity 0.73 0.09 0.39

Factor loadings > 0.5 as significant
ª k values were obtained by a hyperbolic decay function and log transformed
b IMT and DMT scores were calculated as the ratio of commission errors to correct detections
DDT: Delay Discounting Task, IMT: Immediate Memory Task, DMT: Delayed Memory Task, SSRT: Stop Signal 
Reaction Time, BIS-11: Barratt Impulsiveness Scale

DISCUSSION

Using a within-subjects, cross-species translational approach, the current study showed 
that impulsive choice and impulsive action appear not correlated in both rats and 
humans. Moreover, in rats, behavioral responsivity to pharmacological challenges with 
amphetamine and atomoxetine did not correlate in both paradigms. In addition, in healthy 
volunteers, self-reported impulsivity was not associated with behavioral measures. 
Likewise, impulsive choice differed from the two measures of impulsive action. Together, 
these findings provide further support for the notion that impulsivity is not a unitary but 
rather a multifaceted construct in both rats and humans. 

The results of our rodent study revealed no correlation between impulsive action, 
measured in the 5-CSRTT, and impulsive choice, measured in the DRT. Thus, these data 
underscore that impulsive choice and impulsive action are separable at a behavioral level. 
To date, there are only two earlier reports on the multidimensional aspects of impulsivity 
using these behavioral paradigms in a within-subjects approach. The present results, 
obtained in Wistar rats, are consistent with previous results showing no correlation 
between impulsive choice, measured with the DRT, and the one-choice visual attention 
task in Lister Hooded rats (Winstanley et al. 2004). In contrast, in another study (Robinson 
et al. 2009) Lister Hooded rats that displayed high impulsive action also showed a steeper 
delay discounting curve on the DRT compared to low impulsive individuals. Nonetheless, 
the absence of correlational analyses on the two impulsivity measures hampers a direct 
comparison with the present data. 
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The observation that impulsive choice and impulsive action under baseline conditions 
were separable aspects in the present study was corroborated by a comparison of 
drug-induced changes in impulsivity. Importantly, the within-subjects behavioral effects 
of both atomoxetine and amphetamine on impulsivity measures in 5-CSRTT and DRT 
did not correlate. These dissociable pharmacological effects strongly suggest different 
underlying neural correlates of impulsive choice and impulsive action, similar to previous 
between-subjects studies showing opposing effects of amphetamine on impulsive action 
and impulsive choice (Cardinal et al. 2000; Cole and Robbins 1987; Wiskerke et al. 2011). 
Thus, these findings seem in line with earlier observations showing dissociable roles of for 
example dopamine, glutamate and serotonin in modulating impulsive choice and impulsive 
action (for reviews see Evenden 1999; Pattij and Vanderschuren 2008; Winstanley et 
al. 2006). The data obtained with atomoxetine in the 5-CSRTT are in line with previous 
preclinical findings (Blondeau and lu-Hagedorn 2007; Paterson et al. 2011; Robinson et 
al. 2008). Surprisingly, in contrast to earlier work showing a decrease (Robinson et al. 
2008) or null effects (Baarendse and Vanderschuren 2012) of atomoxetine on impulsive 
choice, in the current study, we found that atomoxetine modestly, but significantly, 
increased impulsive choice. Apart from some methodological differences, only a single 
dose was tested in the present study and therefore future work employing multiple doses 
of atomoxetine should resolve this discrepancy. Collectively, the data obtained from the 
present rat studies strongly indicate that the currently employed measures of impulsive 
choice and impulsive action are separable both on a behavioral and neurobiological level, 
at least in terms of dopamine and noradrenaline neurotransmission. In further support 
of the current pharmacological data, neuroanatomical evidence also reveals common 
as well as distinct neurocircuitries modulating impulsive choice and impulsive action in 
both rats (for reviews see Evenden 1999; Pattij and Vanderschuren 2008; Winstanley et 
al. 2006) and humans (for reviews see Chambers et al. 2009; Peters and Buchel 2011). 
Altogether, the data obtained from present and previous rat studies strongly indicate that 
the currently employed measures of impulsive choice and impulsive action are separable 
both on a behavioral and neurobiological level.

Consistent with the rodent data, our results in human volunteers yielded separate 
constructs of impulsive action, impulsive choice and self-reported impulsivity. These 
findings are consistent with previous human studies investigating which constructs of 
impulsivity can be dissected within subjects using correlation and principal component 
analyses on laboratory behavioral tasks (Dougherty et al. 2009; Lane et al. 2003; Reynolds 
et al. 2006; Reynolds et al. 2008). In these studies, impulsive choice was measured using 
delay discounting paradigms similar to the current study. However, impulsive action 
was examined with different measures across studies: whereas some studies only used 
the IMT/DMT or the CPT in order to measure impulsive action (Lane et al. 2003), others 
employed the SST or go-no go tasks only (Reynolds et al. 2006) or used both the IMT/DMT 
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or the CPT and the SST or the go-no go task (Dougherty et al. 2009; Reynolds et al. 2008). 
Therefore, we included both the IMT/DMT and the SST to examine whether these tasks 
measure the same factor (impulsive action) or represent different behavioral outcomes as 
previously reported (Dougherty et al. 2009; Reynolds et al. 2008). In the present study, the 
IMT and DMT were found to load on a single component (impulsive action). The loading 
of the SST (0.48) almost met the criterion to be considered as a relevant loading on this 
component (>0.5) and we found a significant but modest correlation between the DMT 
and SST measures. Previous work (Dougherty et al. 2003) investigating multiple aspects 
of impulsivity in adolescents with disruptive behavior disorders yielded similar results 
in relation to the go-no go task, namely one component consisting of delayed reward 
measures and one component including the IMT and DMT with high loadings (>0.80) and 
a Go/Stop paradigm with a lower loading (around 0.50). It should be noted that although 
both the IMT/DMT and SST are considered measures of impulsive action, these tasks 
differ in at least one important aspect. In the IMT/DMT, subjects have to refrain from 
responding until the target stimulus is accurately processed in order to prevent impulsive, 
incorrect responses; a type of impulsivity also referred to as ‘action restraint’ (Schachar et 
al. 2007). In the SST, on the other hand, subjects already initiated their response and have 
to cancel this response whenever a stop signal is presented. This type of impulsivity is 
also called ‘action cancelation’ (Schachar et al. 2007). Unexpectedly, we found a negative 
loading of the SST on the impulsive choice (DDT) factor. Instead of no relation between 
SST and DDT, which was expected, the SST and DDT were actually inversely related to 
each other. Clearly, the modest relation between IMT/DMT and SST, and the negative 
relation between SST and DDT suggests that action restraint and action cancellation are 
more similar to one another than to impulsive choice, but are not identical. Therefore, 
when selecting behavioral measures of impulsivity, it should be taken into account that 
tasks measuring part of the same construct may still have subtle differences and assess 
different aspects of impulsivity. The DDT was found to load on a separate component, 
which is consistent with other studies using within-subjects comparisons to dissect several 
constructs of impulsivity (Dougherty et al. 2009; Lane et al. 2003; Reynolds et al. 2006; 
Reynolds et al. 2008). Interestingly, the SST showed a negative loading on this component, 
indicating an inverse impact of the SST on the factor of impulsive choice.

Similar to previous reports (Dougherty et al. 2009; Mitchell 1999; Reynolds et al. 2006; 
Reynolds et al. 2008), the subscales of the BIS-11 were associated with a separate 
component, indicating that there are fundamental differences between self-report 
measures and behavioral assessments. For instance, self-report measures rely on accurate 
assessments of someone’s own behavior and are therefore prone to response bias. On 
the other hand, self-report questionnaires incorporate social aspects of impulsivity. For 
this reason, generalizability of conclusions from behavioral findings to broader behavioral 
contexts may be limited. 
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To date, only a few rodent studies have tested both impulsive action and choice in the same 
animals  (Robinson et al. 2009; van den Bergh et al. 2006; Winstanley et al. 2004) and their 
results have been inconsistent. Human studies using a within-subjects design to assess 
the multidimensional construct of impulsivity have yielded a clearer indication of separate 
constructs of impulsive action and impulsive choice (Dougherty et al. 2009; Lane et al. 
2003; Meda et al. 2009; Reynolds et al. 2006; Reynolds et al. 2008). Investigating whether 
similar constructs can be identified in rodents is important, because these model systems 
allow to further elucidate the neurobiological mechanisms underlying (maladaptive) 
impulsive behavior as displayed in humans. The current study revealed that impulsive 
choice and impulsive action appear not to be correlated in both rats and humans when 
using similar behavioral tasks in both species. The cognitive paradigms employed in the 
current study were selected to allow direct comparison of measures of impulsive behavior 
in rats and human healthy volunteers. Although the 5-CSRTT was originally developed 
as an analogue of the continuous performance task (Carli et al. 1983), the standard 
continuous performance task readily suffers from ceiling effects in healthy subjects 
(Dougherty et al. 2002). Therefore, in the current study, the IMT/DMT was used, a more 
demanding paradigm similarly assessing impulsive action (Dougherty et al. 2002). With 
regard to the DRT employed in rats, this task is comparable to the DDT used in humans 
and the discounting curve (including k-value and indifference point) can be estimated by 
the same equation (Mazur 1987) in both species (Killeen 2009). Interestingly, employing 
these cross-species analogous measures of impulsivity yielded similar results in both 
our rats and human volunteers, namely a lack of correlation between impulsive choice 
and impulsive action. Similar results across species are in line with these observations. 
Chamberlain et al. (2011) reviewed the translational value of neuropsychological tests 
of the CANTAB battery related to ADHD and reported similar pharmacological effects on 
both human cognitive tests and their animal counterparts. Thus, these findings and the 
current results provide further support for implementing rodent behavioral measures to 
unravel the underlying neurobiological mechanisms of impulsivity and other executive 
cognitive domains.  

Although no data were collected on other aspects of impulsivity (e.g. reflection impulsivity 
(Clark et al. 2006; Kagan 1966), the current study shows that impulsive action and 
impulsive choice are dissociable behavioral phenomena of impulsivity. This is important 
to acknowledge when investigating the role of impulsivity in psychiatric disorders, which 
may vary across disorders. For instance, the severity of antisocial personality disorder 
was shown to be strongly associated with maladaptive levels of impulsive action, and not 
impulsive choice (Swann et al. 2009). Conversely, in many psychiatric disorders such as 
substance dependence, bipolar disorder and ADHD, both impulsive choice and impulsive 
action coexist. Nonetheless, it is important to note that the involvement of various aspects 
of impulsivity may vary across different stages or clinical manifestations of a particular 
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disorder. For example, initial sensitivity to nicotine reward and reinforcement is predicted 
by impulsive action whereas impulsive choice predicts persistence of nicotine seeking 
and enhanced vulnerability to relapse in both rats and humans (Diergaarde et al. 2008; 
MacKillop and Kahler 2009; Perkins et al. 2008). Also, children diagnosed with ADHD 
show both increased impulsive choice and impulsive action, though these measures did 
not correlate within individuals and are associated with different characteristics of ADHD 
(Solanto et al. 2001). This latter finding indicates that impulsive choice and impulsive 
action are not only unrelated in healthy subjects, but also constitute separate constructs 
in a disease state that is characterized by an overall higher and maladaptive level of 
impulsivity. 

Our results should be viewed in light of some methodological limitations. Although we 
aimed to match the behavioural paradigms in the rodent and human study, caution is 
required when attempting to translate the current findings in rodents to the human data.  
For example, in the human study, hypothetical rewards were presented during the delay 
discounting task, whereas the rats instantly faced the consequence of their choice in 
the form of food pellets. Although there is evidence suggesting that comparable results 
are obtained in humans when using real or hypothetical rewards (e.g. Bickel et al. 2009; 
Johnson and Bickel 2002; Lagorio and Madden 2005), one cannot rule out the possibility 
of different motivational processes involved in the animal and human study. In addition, 
there are obvious differences between the human IMT/DMT task and the rodent 5-CSRTT. 
In the 5-CSRTT, no stimulus is presented when a premature response is made, whereas in 
the IMT/DMT, a premature response is made in reaction to a stimulus and these stimuli 
are designed to be ambiguous. Therefore the stimuli in the IMT/DMT exert a higher 
cognitive load for the human subjects compared to the rodents. Notwithstanding these 
limitations, we believe that the impact of these considerations on the main findings is 
limited. Although the behavioral paradigms were not perfectly matched, the animal and 
the human study, both using a within-subjects design, yielded the same result, namely, a 
lack of correlation between impulsive choice and impulsive action.

Clearly, the current study suggests that the development of more efficient treatment 
strategies will benefit from taking into account the multidimensional nature of impulsivity 
as demonstrated here in a cross-species within-subjects approach. Examining the 
relative contribution of separate aspects of impulsivity to different stages or clinical 
manifestations of psychiatric disorders and the neurobiology underlying these distinct 
aspects of impulsivity could in future lead to the development of more specific and 
tailored pharmacotherapies to treat maladaptive impulsivity.
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SUPPLEMENTAL MATERIAL

Supplementary Methods
Detailed description of delayed reward task (DRT)
Training of rats occurred in 16 identical rat two lever operant chambers (Med Associates, 
St. Albans, VT, USA). A white house light was located above the food receptacle. On both 
sides of the food receptacle was a retractable lever. Above the food receptacle and levers 
were stimulus lights.

Habituation 
Rats were habituated to the training environment for 15 minutes. The house light was 
illuminated, and the pellet dispenser contained four pellets. Next, there were two sessions 
of 100 pellet deliveries, randomly delivered with an average interval of 15 seconds. During 
these sessions, the house light was on.

Training phase one 
Training sessions of phase 1 and 2 ended after 75 rewards or 30 minutes, whichever came 
first. The house light was illuminated during the entire session. Both levers were extended 
and the stimulus lights above were illuminated during the entire session. Every lever press 
was rewarded with a food pellet.

Training phase two 
Every trial started by turning on the cue light above the food receptacle. Once a nose 
poke into the receptacle was made this light was switched of, left and right cue-lights 
were illuminated and levers extended. When a lever press was made cue lights were 
extinguished, a food pellet was delivered and a new trial commenced.

Training phase three 
Training continued by introducing the choice between 1 and 4 pellets. Sessions contained 
5 blocks of 12 trials. The first two trials of each block were forced choice trials. A trial 
started by illumination of the cue light above the receptacle. After a nose-poke was 
made, left or right lever was extended and the corresponding cue light was illuminated. 
A lever press was rewarded with 1 pellet on one side and with 4 pellets on the other 
side. The position of the small and large reward was always the same for one animal, but 
counterbalanced between animals. The forced trials were followed by 10 choice trials. 
These trials started with the illumination of the middle light, after a nose-poke was made, 
left and right levers were extended and corresponding cue-lights were illuminated. In this 
way rats could choose to press for 1 pellet on one side, or 4 pellets on the other side. 
Once a lever press was made, levers were retracted, cue lights were switched off and the 
corresponding reward was delivered. If the rat did not respond within 10 seconds, the 
levers were retracted, cue lights were switched off and the intertrial interval commenced.
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Training phase four 
In this phase the delay for the large reward was introduced. There were again 5 blocks 
of 12 trials, including 2 forced and 10 choice trials. The forced trials indicated the length 
of the delay for the large reward. All trials were the same as during training phase three 
except that the large reward was provided after a specific delay. The small rewards were 
always delivered immediately. For the first two sessions the delay of the large reward 
increased over blocks as follows: 0, 1, 2, 4, and 8 seconds. During the following three 
sessions the delay increased from 0, 2, 4, and 8, to 16 seconds. Another three sessions 
were subsequently provided incorporating delays of 0, 4, 8, 16 and 32 seconds. Inter trial 
intervals of the whole session were adapted to the length of the longest delay of that 
session. In this way it was always more advantageous to choose for the larger reward.

Final procedure 
The entire procedure was identical to the last phase of training except for the delays 
between the lever press and the delivery of the large reward. In the final procedure, the 
delay of the large reward increased over blocks as follows: 0, 5, 10, 20, and 40 seconds. 
Dependent variables of the DRT were the percentage of omissions in choice trials, the 
preference for the large rewards for each separate delay and the indifference point. 
The indifference point was based on the equation of Mazur (1987): Indifference point = 
Preference at delay 0 / (1 + k*delay). Rats that showed less than 50% preference for the 
large reward at delay 0, or that did not show a decrease in preference over increasing 
delays were excluded from the analyses.

Detailed description of the five choice serial reaction time task (5-CSRTT)
Training of rats occurred in 32 identical rat five-hole nose poke operant chambers (Med 
Associates, St. Albans, VT, USA). A cue light was located in each of the holes. A white house 
light was located above the food receptacle on the wall opposing the five nose-poke holes.

Habituation 
Rats were habituated to the training environment for 15 minutes. The house light was 
illuminated, and the pellet dispenser contained four pellets. Next, there were two sessions 
of 100 pellet deliveries, randomly delivered with an average interval of 15 seconds. During 
these sessions, the house light was on.

Training phase one 
Sessions ended after 75 rewards or 30 minutes, whichever came first. The house light 
was illuminated during the entire session. All five cue lights in the nose-poke holes were 
illuminated. When a nose-poke into one of these 5 holes was made a food pellet was 
delivered and all lights were extinguished for 1 second.
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Training phase two 
Sessions ended after 75 rewards or 30 minutes, whichever came first. The house light 
was illuminated during the entire session. Every trial was started by random illumination 
of one of the five cue lights. Once a nose poke into this hole was made a food pellet was 
delivered, the cue light was switched off and a new trial commenced.

Training phase three 
Sessions ended after 100 trials or 30 minutes, whichever came first. Every trial started 
by a nose-poke into the food receptacle, and an inter trial interval of 5 seconds. After 
these 5 seconds one of the five cue lights was illuminated. The cue presentation was at 
first set at 32 seconds and was gradually (16, 8, 4, 2 and 1.5 s) decreased over sessions 
to 1 s in the final stage of the 5-CSRTT. A correct response during stimulus presentation 
or within a 2 s limited hold period was rewarded with a food pellet and the stimulus light 
was extinguished. Omissions and premature responses (responses during the inter trial 
interval, before cue presentation) were punished with a time out. This 5 s time out was 
signaled by extinction of the house light.

Final procedure 
The final procedure of the 5-CSRTT was as described in training phase 3 with a cue 
presentation of 1 s. The standard inter trial interval (ITI) was 5 s. At the end of training, 
there were 3 sessions with a lengthened ITI of 7 s. There was one week with normal ITI 
training in between these sessions. Dependent variables are the number of premature 
responses (impulsive action), the percentage of correct responses (accuracy), the number 
of omissions, latency to make a correct response and the number of perseverative 
responses after a correct response. Rats showing an accuracy of less than 70%, or more 
than 20% omissions during baseline sessions were excluded from the analyses. 

Supplementary results
Rodent study
Dependent measures of the DRT (Table S1) and 5-CSRTT (Table S2) are presented. In 
the 5-CSRTT, lengthening the inter trial interval (from 5 to 7 s) increased the number of 
premature responses, omissions and perseverative responses, whereas accuracy and 
correct response latency were decreased (see Table S2). 
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Table S1: Delayed reward task (N=22)
Indifference point Percentage omissions

Mean SEM Mean SEM
Baseline 21.5 4.2 3.6 0.84
Saline 18.6 3.7 2.1 0.78
AMP     29.6 °° 4.0 2.2 0.70
ATO    12.8 ° 3.2 2.7 1.10

Description of performance in the delayed reward task. Mean ± SEM; °p<0.05 vs saline.

Table S2: Five choice serial reaction time task (N=22)
Premature Omissions Accuracy Latency correct Perseverative

Mean SE Mean SE Mean SE Mean SE Mean SE
ITI5 14.5 2.3 13.6 1.9 81.0 1.5 0.34 0.01 6.8 0.92
ITI 7  57.4** 4.1 12.4 1.6 74.8** 1.4 0.32 0.01 5.6 0.81
Saline 19.8 3.2 11.0 1.6 81.0 1.8 0.35 0.01 10.7 2.0
AMP 79.4°° 8.7 10.1 1.9 74.5° 2.1 0.33 0.02 10.2 2.0
ATO 10.6° 1.6 16.0 3.6 84.1 1.9 0.38 0.02 10.2 2.2

Description of performance in the five-choice serial reaction time task. Mean ± SEM; * p<0.05, **p<0.001 vs ITI 
5; °p<0.05, °°p<0.001 vs saline.

Human study
The demographic characteristics and the impulsivity scores are described in Table S3, 
separately for females and males. Independent sample t-tests, comparing males and 
females, were performed on all measures listed in Table S3. We found no significant 
difference on any of the measures, indicating that gender had no influence on the main 
correlation and factor analyses.

The correlations between the various impulsivity measures are depicted in Table S4. The 
subscales of the BIS-11 correlated significantly with each other. In addition, there was a 
significant correlation between the IMT Ratio and DMT Ratio and between the DMT Ratio 
and Stop SSRT, see Table S4. 
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Table S3: Demographics and impulsivity scores (N=100)
Females (N=78) Males (N=22)

Mean SE Mean SE
Age 21.18 0.28 21.09 0.45
Cigarettes/week 3.04 1.56 2.18 1.92
Alcohol in standard units/week 4.39 0.49 6.52 1.49
DDT k valueª -5.34 0.20 -6.07 0.36
IMT Ratio b 0.34 0.02 0.28 0.03
DMT Ratio b 0.29 0.02 0.26 0.03
Stop SSRT 285.00 5.12 274.25 6.00
BIS-11
   Total score 61.44 0.99 60.36 1.93
   Cognitive scale 16.59 0.45 17.09 0.88
   Motor scale 21.68 0.46 21.27 0.87
   Nonplanning scale 23.17 0.41 22.00 0.79

ª k values were obtained by a hyperbolic decay function and log transformed 
b IMT and DMT scores were calculated as the ratio of commission errors to correct detections
DDT: Delay Discounting Task, IMT: Immediate Memory Task, DMT: Delayed Memory Task, 
SSRT: Stop Signal Reaction Time, BIS-11: Barratt Impulsiveness Scale 

Table S4: Correlations between impulsivity measures (N=100)
Correlation matrix

IMT 
Ratiob

DMT 
Ratiob

Stop
SSRT

BIS-11
Cognitive

BIS-11 
motor

BIS-11 
non-

planning
DDT k valueª 0.11 0.16 0.04 -0.11 -0.02 0.13
IMT Ratiob 0.64** 0.17 -0.07 0.11 0.09
DMT Ratiob 0.20* -0.04 -0.02 0.12
Stop SSRT 0.07 0.05 -0.06
BIS-11 cognitive impulsivity 0.42** 0.34**
BIS-11 motor impulsivity 0.38**

* Significance p<0.05
** Significance p<0.001
ª k values were obtained by a hyperbolic decay function and log transformed
b IMT and DMT scores were calculated as the ratio of commission errors to correct detections
DDT: Delay Discounting Task, IMT: Immediate Memory Task, DMT: Delayed Memory Task, 
SSRT: Stop Signal Reaction Time, BIS-11: Barratt Impulsiveness Scale 
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ABSTRACT

BACKGROUND Humans vary in their ability to delay gratification and impulsive decision 
making is a common feature in various psychiatric disorders. The level of delay discounting 
is a relatively stable psychological trait, and, therefore, neural processes implicated in 
delay discounting are likely to be based on the overall functional organization of the brain 
(under task-free conditions) in which state-dependent shifts from baseline levels occur. 
The current study investigated whether delay discounting can be predicted by intrinsic 
properties of brain functioning. 

METHODS Fourteen healthy male subjects performed a delay discounting task. In 
addition, resting state functional Magnetic Resonance Imaging (fMRI) and Magnetic 
Resonance Spectroscopy (¹H MRS) was used to investigate the relationship between 
individual differences in delay discounting and molecular and regional measures of resting 
state (baseline) activity of dorsal anterior cingulate cortex (dACC). 

RESULTS Results showed that delay discounting was associated with both dACC glutamate 
concentrations and resting state functional connectivity of the dACC with a midbrain 
region including ventral tegmental area and substantia nigra. In addition, a neural pathway 
was established, showing that the effect of glutamate concentrations in the dACC on delay 
discounting is mediated by functional connectivity of the dACC with the midbrain. 

CONCLUSION The current findings are important to acknowledge, because spontaneous 
intrinsic brain processes have been proposed to be a potential promising biomarker of 
disease and impulsive decision making is associated with several psychiatric disorders. 
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INTRODUCTION

Humans vary considerably in their ability to delay gratification and maladaptive levels of 
impulsive decision making are a common feature in various psychiatric disorders, including 
substance use disorder, attention deficit hyperactivity disorder (ADHD), conduct disorder, 
bipolar disorder and pathological gambling (Moeller et al. 2001a). Impulsive decision 
making is reflected by an increased preference for (smaller) immediate rewards over 
(larger) delayed rewards and often assessed by delay discounting paradigms. Impulsive 
decision making is a relatively stable psychological trait that is at least partly attributable 
to genetic differences, although state-dependent shifts from baseline (trait) levels can 
occur (for a review see Peters and Buchel 2011). Given the trait-like characteristics of 
impulsive decision making, it can be argued that individual differences in delay discounting 
can be predicted by intrinsic properties of brain functioning such as brain metabolites and 
spontaneous fluctuations in blood oxygen level-dependent (BOLD) activity.  

In recent years, considerable progress has been made in unravelling the underlying 
neurobiology of impulsivity. On a molecular level, various neurotransmitter systems 
have been implicated in impulsive decision making (Pattij and Vanderschuren 2008; 
Winstanley et al. 2006). Historically, the focus has been on the role of dopaminergic and 
serotonergic neurotransmission underlying impulsivity, but more recently, evidence for 
a role of glutamate has been found. In animals, a metabotropic glutamate 1 receptor 
antagonist significantly increased preference for large reward at longer delay values in 
the delay discounting task (Sukhotina et al. 2008). In humans, an association has been 
found between glutamate concentrations in the dorsal anterior cingulate cortex and 
self-reported impulsivity (Hoerst et al. 2010). On the level of regional brain activity, resting 
state functional connectivity could provide an intermediate step between brain metabolite 
concentrations and behavior, because it does not only probe specific cognitive functions 
as in task-related fMRI, but may identify major functional networks that contribute to 
variability in behavior (Laird et al. 2011). For example, resting state functional connectivity 
reflected by brain regions showing similar patterns of spontaneous activation over time 
have been shown to predict the task-response properties of brain regions (De Luca et 
al. 2005; Vincent et al. 2006) and predict individual performance variability in several 
cognitive domains (Baldassarre et al. 2012; Hampson et al. 2006; Seeley et al. 2007; Zhu et 
al. 2011). This indicates that individual differences in behavior are reflected in the brain’s 
intrinsic functional architecture. Hence, resting-state functional connectivity may offer a 
valuable tool for analyzing the functional basis of inter-individual variation in impulsive 
decision making. 

Neural processes implicated in trait impulsivity are likely to be based on the overall 
functional organization of the brain (under task-free conditions) in which state-dependent 
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shifts from baseline levels occur to adapt decision making to a changing environment 
or changing cognitive demands. Therefore, the aim of the current study was to further 
delineate the underlying neurobiology of impulsive decision making in healthy volunteers 
by combining MRI methods assessing resting state (baseline) brain processes at different 
levels. On a molecular level, localized proton Magnetic Resonance Spectroscopy (¹H 
MRS) in the anterior cingulate cortex was used to measure glutamate concentrations. 
In addition, resting state functional connectivity of the anterior cingulate cortex was 
assessed as a regional measure of resting state activity. Moreover, a mediation analysis 
(Figure S1) was conducted to establish a functional pathway from molecular properties 
of the dorsal anterior cingulate cortex (dACC) to impulsive decision making through 
resting state functional connectivity of the dACC with other brain regions. The dACC 
was chosen as our region of interest (ROI), because BOLD responses in the dACC play 
an important role in delay discounting (Hoffman et al. 2008; Marco-Pallares et al. 2010) 
and glutamatergic abnormalities in the dACC measured by ¹H MRS have been related to 
self-reported impulsivity (Hoerst et al. 2010).

METHODS

Subjects
Fourteen non-smoking healthy male subjects (mean age: 35, SD: 9.5 years) were recruited 
based on the following exclusion criteria: presence of DSM-IV diagnosis of psychiatric 
disorders; lifetime history of head injury with loss of consciousness for more than 5 minutes; 
neurological disorders; positive urine tests for alcohol, methadone, benzodiazepines, 
cocaine, amphetamines, marijuana or opiates; unstable medical condition; estimated IQ 
below 80; any use of medication affecting the central nervous system; MRI ineligibility 
due to non-removable metal objects or claustrophobia. All subjects gave written informed 
consent to participate in this study, which was approved by the Medical Ethical Committee 
of the Academic Medical Center, University of Amsterdam. 

Procedure
Assessments took place in the afternoons. After informed consent was obtained, subjects’ 
IQ was estimated using the Dutch version of the National Adult Reading Test (Schmand et 
al. 1991) followed by administration of the delay discounting task that took approximately 
10 minutes. After a short break of 15 minutes, subjects underwent a scanning session 
including T1-weighted images, gradient-echo echo-planar (EPI) images during rest and ¹H 
Magnetic Resonance Spectroscopy (in that order). 

Delay Discounting Paradigm
A delay discounting task (DDT; Wittmann et al. 2007) was included in order to assess 
impulsive decision making reflected by an increased preference for (smaller) immediate 
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rewards over (larger) delayed rewards. In short, the subjects were asked to make a 
decision between a hypothetical immediate reward and a reward to be received in the 
future. The task consisted of six blocks of eight preference judgment trials. Within each 
block, the future reward was fixed, with a block specific delay in days, d, and reward 
magnitude in euro’s, x, i.e. (d, x) = (5, 506), (30, 476), (180, 524), (365, 512), (1095, 520), 
(3650, 488) for blocks 1–6, respectively. The blocks were presented in random order. The 
immediate reward varied in magnitude from trial to trial within each block according to 
a rule to successively narrow the range of the magnitude of the immediate reward that 
was equally preferred to the delayed reward, resulting in an indifference point for every 
block. For a detailed description of the algorithm that was used to obtain the indifference 
points, the reader is referred to Wittmann et al. (2007). By plotting the indifference 
points against each of the six delays, an estimation of the steepness of delay discounting 
could be obtained for each subject. A hyperbolic discounting function is often utilized 
to describe the relationship between the subjective value of a reward as a function of 
the delay, however, because of a limited goodness-of-fit of the data to and a non-normal 
distribution of the parameters obtained by the hyperbolic discounting function we 
assessed discounting behavior using the area-under-the-curve (AUC) method (Myerson 
et al. 2001). We plotted the indifference points against the delay for all six blocks and 
calculated the AUC. Smaller AUC values represent steeper discounting rates and thus 
higher impulsive decision making. 

Magnetic Resonance Spectroscopy (¹H MRS) acquisition and processing
MRI and MRS data were obtained using a 3.0 T Intera MRI scanner (Philips Healthcare, 
Best, The Netherlands) equipped with a SENSE eight-channel receiver head coil. 
Three-dimensional T1-weighted images were collected in the sagittal plane using a 
gradient echo sequence (TR=9 ms; TE=3.5 ms; 170 slices; voxel size 1X1X1mm; matrix size 
256 x 256). Using these images, a single ¹H MRS voxel was placed in the left supracallosal 
anterior cingulate cortex (Figure 1). MRS was performed using a point resolved 
spectroscopy sequence (PRESS; TR=2000 ms; voxel size 50x16x10 mm; NEX=64) using a 
TE of 38 ms. A TE of 38 ms was chosen because reliable estimates of the glutamate signal 
with this echo time were obtained previously in our lab and it approximates the echo 
time reported in a study that found improved detection of glutamate with a TE of 40 ms 
(Mullins et al. 2008). Spectra were acquired using first order iterative shimming and water 
suppression was automatically performed by the scanner. 

Spectra derived from ¹H MRS from 4.0 to 0.2 ppm were analyzed using LCModel (Linear 
Combination of Model spectra; Provencher 1993). LCModel is a user-independent analysis 
method that estimates metabolite concentrations by fitting the in vivo spectra to a set of 
previously acquired in vitro spectra (the basis set). Results are presented in institutional 
units approximating millimolar (ppm) concentration. We used the Cramér-Rao lower 
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bounds (CRLB), a measure of the reliability of the fit, less than 20% for each individual 
peak as the quality criterion (Provencher 1993). The CRLBs for glutamate in all subjects 
were between 7% and 12%. Additional indicators for quality of the spectra were signal to 
noise ratio (mean=16.64, SD=2.53) and the full width half maximum (FWHM; mean=0.05, 
SD=0.02). Spectra of all subjects passed the quality control. Glutamate concentrations are 
given as their ratio to creatine (Glu/Cr). The ratio of glutamate concentration to creatine 
(Glu/Cr) was calculated with LCModel. 

            

 

 
             Figure 1: Voxel placement in left dACC for localized single-voxel ¹H MRS and a representative
        spectrum of one subject. Cr: creatine; Glu: glutamate; NAA: N-acetylaspartate.

Resting state functional MRI (rs-fMRI) acquisition and processing
For the resting state functional imaging data, subjects were instructed to keep their eyes 
closed, remain still, and to not fall asleep. A gradient-echo echo-planar (EPI) sequence 
sensitive to blood oxygenation level-dependent (BOLD) contrast (TR/TE=2300 ms/25 ms, 
matrix size 64x64, voxel size 2.29x2.29x3 mm, 38 slices of 3 mm) was used to acquire 200 
images. Anatomical imaging included a sagittal 3D gradient-echo T1-weighted sequence 
(TR/TE=9 ms/3.5 ms, matrix size 256x256, voxel size: 1x1x1mm; 170 slices). 

Resting state fMRI (rs-fMRI) data were preprocessed using the Statistical Parametric 
Mapping package (SPM8; Welcome Department for Imaging Neuroscience, London, 
UK: hhtp://www.fil.ion.ucl.ac.uk/spm). For each subject, EPI images were reoriented, 
realigned and unwarped correcting for movement and normalized into standardized 
Montreal Neurological Institute (MNI) space. To make sure that the results were not 
induced by an inadequate warping of the brainstem, we used the unified segmentation 
algorithm available in SPM to perform normalization during preprocessing. This has been 
shown to achieve good intersubject coregistration for brain areas such as the striatum and 
the brainstem (Klein et al. 2009). Next, linear detrending was carried out using a software 
package named Resting-State fMRI Data Analysis Toolkit (REST, by SONG Xiao-Wei et al., 
http://resting-fmri.sourceforge.net). 
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Regional spontaneous activity was assessed in the left dorsal ACC by calculating the 
fractional amplitude of low frequency fluctuation (fALFF: Zou et al. 2008), as implemented 
in the REST toolkit. The ACC mask was defined by merging the individually placed 
spectroscopy voxel position in normalized space in order to correspond to the size and 
placement of the MRS voxel that was used for obtaining MRS spectra in the left dACC. The 
fALFF was calculated by transforming the time series for each voxel to a frequency domain 
(without bandpass filtering) using fast Fourier transform to obtain the power spectrum. 
Since the power of a given frequency is proportional to the square of its amplitude in 
the original time series, the square root was calculated at each frequency of the power 
spectrum. The sum of the amplitude across 0.01 to 0.08 Hz was divided by that across 
the entire frequency range (0-0.25 Hz). The fALFF of each voxel was divided by the global 
mean fALFF value to standardise data across subjects and then a spatial smoothing 
transformation was conducted with an 8 mm Gaussian kernel. 

For functional connectivity analyses, the preprocessed fMRI data were temporal bandpass 
filtered (0.01–0.08 Hz) and spatially smoothed with an 8 mm Gaussian kernel. To remove 
physiological nuisance, the global volume intensity, the global white matter and cerebral 
spinal fluid (CSF) temporal signals were regressed from the time-series (Fox et al. 2005). 
Additionally, motion parameters were treated as nuisance and removed via regression. 
For functional connectivity (rs-FC) of the dACC with other brain regions, we defined a 
priori regions of interest (ROIs) based on a literature review of neuroimaging studies using 
delay discounting paradigms (Peters and Buchel 2011). These ROIs encompassed the 
lateral prefrontal cortex (L_PFC), which is part of a cognitive control network involved in 
the DDT together with the ACC, the ventromedial PFC (vmPFC), the posterior cingulate 
cortex (PCC), the ventral striatum and the midbrain including substantia nigra (SN) and 
ventral tegmental area (VTA) which have been implicated in the valuation of rewards, 
and the hippocampus and amygdala which have been implicated in prospection/future 
thinking during the DDT. The ROIs were selected bilaterally from the Nielsen and Hansen’s 
volumes-of-interest defined in the Brainmap database (Nielsen and Hansen 2002). The 
volumes-of-interest do not provide an anatomical mask for the midbrain including VTA/
SN. Therefore the midbrain mask was defined as a 10 mm sphere centred at an activation 
peak derived from a previous DDT study (Luo et al. 2009), manually drawn on the standard 
MNI brain (x = 0, y = -18, z = -13) including bilateral SN and VTA. The a priori defined 
ROIs are displayed in Figure S2. The REST toolkit was used to correlate the averaged time 
course within the dACC mask, as the seed time course, to the averaged time course of 
each ROI using Pearson’s correlation analysis. Next, we subjected the Pearson correlation 
coefficients to a Fisher’s Z transformation in order to obtain Z-scores and improve 
normality of the data. The fALFF data of the dACC and Fisher’s Z correlations of the dACC 
(rs-FC) with each of the a priori defined ROIs were imported in SPSS (SPSS Inc., Chicago, 
Illinois) for further statistical analyses.
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Brain morphology was assessed using a Voxel-Based Morphometry toolbox (VBM8; http://
dbm.neuro.uni-jena.de/vbm/) with default settings. The VBM8 toolbox is an extension of 
the unified segmentation model (Ashburner and Friston 2005) in which structural images 
are bias corrected, segmented into grey matter, white matter and cerebrospinal fluid, and 
registered combined within the same model. The proportion of gray matter and white 
matter within the anatomical mask of the ACC used as the seed region was calculated in 
order to correct statistical analyses for tissue composition.

Statistical analyses
All data were normally distributed. Relationships between dACC Glu/Cr, rs-FC of 
the dACC with the above mentioned regions of interest and delay discounting were 
explored using bivariate correlation analyses available in SPSS. Because we performed 
multiple comparisons, we used an adjusted level of p <0.01; we did not adjust the level 
to reflect all statistical comparisons, because this is the first study of this topic and is 
therefore exploratory. Following correlation analyses, we used the SPSS 17.0 Indirect.
sbs script (Preacher and Hayes 2008) to test the indirect effect of X (dACC Glu/Cr) on Y 
(impulsive decision making) through the mediator M (resting state dACC signal/functional 
connectivity) using a mediation model described by Baron and Kenny (Baron and Kenny 
1986), see Figure S1. To establish mediation, there needs to be a significant relation 
between X and Y (Figure S1: path c), between X and M (Figure S1: path a) and between 
M and Y (Figure S1: path b). A significant mediation effect is present when the mediator 
M reduces or eliminates the effect of X on Y, i.e. when the difference (c-c’) is statistically 
significant. A Sobel test as implemented in Indirect.sbs was used to determine the 
significance of the mediation effect. In addition, because this method can be biased when 
used in small samples, we checked with a bootstrapping method with bias-corrected 
confidence intervals, which is also implemented in Indirect.sbs, the significance of the 
mediation effect. The bootstrap method is significant if zero is not in the confidence 
interval. Bootstrap analyses and estimates were based on 10000 bootstrap samples.

RESULTS

Association between delay discounting, glutamate and resting state functional connectivity
No correlations were found between gray and white matter content of the dACC region 
corresponding to the ¹H MRS voxel and functional connectivities, Glu ratios or delay 
discounting values (p values all >0.13) and were therefore not included as a covariate in 
subsequent analyses. Delay discounting was negatively correlated with Glu/Cr (r(14)=-0.68, 
p<0.01), i.e. higher Glu/Cr was associated with steeper discounting of delayed rewards 
(Figure 2A). Delay discounting was also negatively correlated with dACC rs-FC with the 
midbrain including the ventral tegmental area (VTA) and substantia nigra (SN) (r(14)=-0.81, 
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p<0.001) (Figure 2B), but not with the fractional amplitude of low frequency fluctuations 
(fALFF) within the dACC and rs-FC of the dACC with other regions of interest. Glu/Cr was 
also correlated with rs-FC of the dACC with the midbrain (r(14)=0.68, p<0.01) (Figure 2C) 
and with the left (r(14)=0.68, p<0.01) and right PCC (r(14)=0.78, p<0.01). There was no 
significant correlation between Glu/Cr and fALFF values of the dACC.

Figure 2: Significant negative correlations between (A) left dACC Glu/Cr concentrations and delay discounting, 
(B) negative correlation between resting state functional connectivity (rs-FC) of the left dACC with the midbrain 
including VTA and SN and delay discounting, and (C) positive correlation between Glu/Cr concentrations and 
rs-FC of the left dACC with the midbrain. Smaller delay discounting area under the curve (AUC) values reflect 
steeper discounting and therefore higher impulsive decision making.

Mediation analysis
Because delay discounting was associated with both Glu/Cr and rs-FC of the dACC with 
the midbrain, and Glu/Cr was also correlated with rs-FC of the dACC with the midbrain, 
mediation analyses were performed in order to investigate whether dACC Glu/Cr leads to 
delay discounting through its effect on dACC rs-FC. Mediation analyses showed that the 
relationship between dACC Glu/Cr and delay discounting was at least partly mediated by 
an increased functional coupling of the dACC with the midbrain including VTA/SN (Sobel 
test Z=-2.26, p=0.02, see Figure 3). 

Reverse mediation model
To assess the possibility of reciprocity within the mediation model, i.e. that dACC Glu/
Cr mediates the relationship between rs-FC of the dACC with the midbrain and DDT 
scores, we also tested this mediation model. The reverse model did not yield a significant 
mediation effect of dACC-midbrain connectivity on the association between dACC Glu/Cr 
and impulsive decision making (Sobel test: p=0.28).

Controlling for age and IQ
To control for the potential confounding effects of age and estimated IQ, partial correlation 
analyses between dACC Glu/Cr, resting state dACC signal, rs-FC of the dACC and delay 
discounting with age and IQ as covariates were carried out. After controlling for age or 
IQ, dACC Glu/Cr was still significantly correlated with DDT scores, dACC rs-FC with the 
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midbrain and rs-FC of dACC with the left and right PCC (all p-values <0.04). DDT scores 
were still significantly correlated with rs-FC of the dACC with the midbrain after controlling 
for age (p=0.004) and IQ (p=0.002). 

Figure 3: Path analysis showing that the relationship between dACC glutamate concentrations and impulsive 
decision making (path c) is partially mediated by an increased resting state functional connectivity of the dACC 
with a midbrain region including VTA/SN (path c’: direct relation between glutamate and delay discounting when 
corrected for mediator). Sobel test for mediation (path c minus path c’): Z=-2.26, p=0.02. The reverse mediation 
model with dACC glutamate as a mediator of the relationship between resting state functional connectivity of 
the dACC with the midbrain and impulsive decision making was not significant. *p<0.01 and **p<0.001 for path 
coefficients.

DISCUSSION

Our study is the first to combine evidence from ¹H MRS and rs-fMRI to predict individual 
differences in impulsive decision making in healthy volunteers. We found evidence that 
individual differences in impulsive decision making are associated with dACC function 
under task-free conditions in terms of glutamate concentrations and resting state 
functional connectivity. In line with previous research (Hoerst et al. 2010), we found that 
higher impulsivity was associated with higher glutamate concentrations in the dACC. Dorsal 
ACC glutamate concentrations were also found to be increased in untreated children with 
ADHD, a disorder characterised by impaired impulse control (Hammerness et al. 2012). 
In addition, increased functional coupling between the left dACC and a midbrain region 
including VTA and SN was associated with steeper discounting of delayed rewards, whereas 
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a negative functional coupling was associated with less discounting and therefore lower 
impulsive decision making. Our findings of an association between resting state functional 
connectivity between dACC and the midbrain and impulsivity are consistent with a previous 
study of Tian et al. (2006) who showed increased resting state connectivity between dACC 
and the midbrain in adolescents with ADHD. In addition, a task-related fMRI study of 
Diekhof and Gruber (2010) found that preference for immediate rewards was associated 
with increased functional coupling between the PFC and the midbrain. The stronger 
interaction between brain regions involved in decision strategy (dACC) and subjective 
valuation of rewards (midbrain) under rest in high impulsive subjects as observed in the 
current and above mentioned studies might indicate a potential trait marker for impulsive 
decision making, especially because low impulsive decision making was associated with 
no or even a negative coupling between the left dACC and the midbrain. In addition, the 
current study suggests that this increased functional coupling between the dACC and the 
midbrain might be driven by glutamate neurotransmission. We established a functional 
pathway, showing that molecular properties (glutamate concentrations) of the dACC, via 
functional connectivity of the dACC with the midbrain including VTA and SN, translate into 
behavioral manifestations of delay discounting. This finding indicates that the relationship 
between dACC glutamate concentrations and impulsive decision making can, at least 
partly, be attributed to connectivity of the left dACC with the midbrain.

Preclinical literature has indicated a role for glutamate in impulsivity (for a review see 
(Pattij and Vanderschuren 2008). For instance, selective and non-selective NMDA receptor 
antagonists have been shown to increase impulsive behavior in animal models (Higgins et 
al. 2003; Mirjana et al. 2004). Systemic pre-treatment with an mGlu2/3 receptor agonist 
attenuates impulsive behavior seen after serotonin receptor stimulation (Wischhof et al. 
2011). In humans, a recent study of Hoerst et al. (2010) examined glutamate levels in the 
dACC in patients with borderline personality disorder and healthy controls. Irrespective 
of diagnosis, higher Glu/Cr was associated with higher self-reported (trait) impulsivity 
(Hoerst et al. 2010). Anterior cingulate Glu/Cr was also found to be increased in untreated 
children with ADHD, a disorder characterised by impaired impulse control (Hammerness 
et al. 2012). In keeping with these findings, the current study revealed that glutamate 
concentrations in the dACC were associated with impulsive decision making.  

Interestingly, the current study revealed associations between dACC glutamate 
concentrations and resting state connectivity of the dACC with other brain regions (the 
midbrain and the left and right PCC). This is in line with a previously described correlation 
between ¹H MRS glutamate concentrations and resting state functional connectivity 
(Horn et al. 2010), suggesting that the amount of glutamate, which is present in neuronal 
and glial metabolic and neurotransmitter pools as measured by ¹H MRS, underlies the 
observed synchronization among these brain regions as assessed with resting state 
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functional connectivity measures. This is not very surprising, since it is thought that the 
intrinsic energy demands of neuron populations in different brain regions with a common 
functional purpose have wired together through synaptic plasticity and thereby form 
so-called resting state networks (e.g. Lewis et al. 2009). It is well known that glutamate plays 
a critical role in synaptic plasticity. Unfortunately, ¹H MRS does not allow distinguishing the 
specific contribution of different components of the glutamatergic system to spontaneous 
coherence of BOLD signal fluctuations between brain regions. ¹H MRS glutamate 
measurements reflect primarily intracellular glutamate and do not directly measure 
synaptic glutamate transmission (Gruetter et al. 1998). Furthermore, quantification 
and separation of glutamate by use of ¹H MRS is technically difficult because glutamate 
overlaps in its chemical shift range with glutamine and GABA. Although in this study 
acceptable reliable peaks, as defined by LCModel quality control criteria, were recorded 
consistently for Glu separate from Glx (total glutamate plus glutamine), undetected 
(although probably small) contributions from glutamine (Gln) and GABA cannot be ruled 
out.  Future studies using more advanced spectral editing techniques such as a spectrally 
selective refocusing method (Choi et al. 2006) or 2D J-resolved spectroscopy (Jensen et 
al. 2009) are warranted to separate Glu from Gln. Gln could be of particular interest, since 
synaptic glutamate taken up by glial cells is converted into glutamine before returning to 
the presynaptic neuron for conversion back into Glu (Magistretti and Pellerin 1999) and 
therefore Gln may be a more accurate index of overall glutamatergic neurotransmission 
than Glu (Rothman et al. 2003). 

The ACC is part of a control network and activity in the ACC correlates with the degree of 
decision conflict experienced when choosing between an immediate smaller and delayed 
larger reward (Pochon et al. 2008). Midbrain areas such as the VTA and SN are involved in 
the subjective valuation of rewards presented during a delay discounting task (Luo et al. 
2009). Recently, it has been shown that the midbrain, through its dopaminergic projection 
to the striatum, predicts individual differences in impulsivity in humans (Buckholtz et al. 
2010). Midbrain dopaminergic neurons project to various brain areas such as the striatum 
and PFC, signalling the availability of a reward. The dACC is important in integrating 
these reward signals in the decision making process, since dACC activation reflects 
decision conflict and decision strategy (Marco-Pallares et al. 2010; Pochon et al. 2008). 
Therefore, the current results of associations between functional connectivity between 
the midbrain and dACC, dACC glutamate concentrations and delay discounting could 
suggest a projection from the midbrain to the dACC related to signalling reward, thereby 
increasing activity in the dACC reflected by increased glutamate concentrations, leading 
to steeper discounting of delayed rewards. However, this should have been reflected by 
a mediation model with dACC glutamate concentrations as a mediator of the relationship 
between resting state functional connectivity of the dACC with the midbrain and delay 
discounting, but this proposed pathway was not significant. Instead, we established 
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a functional pathway from glutamate concentrations in the dACC to delay discounting, 
through functional coupling between dACC and the midbrain. Rodent studies have 
indicated the presence of glutamatergic projections from the PFC to the midbrain and it 
has been suggested that firing of VTA dopamine neurons depends largely on glutamatergic 
inputs (Kalivas 1993). Evidence of (limited) glutamatergic projections from the ACC to the 
VTA and SN has also been found in primates (Frankle et al. 2006). The current findings 
of glutamatergic modulation of resting state functional connectivity of the dACC with 
the midbrain is suggestive of glutamatergic control of the dACC over midbrain regions, 
which in turn could modulate midbrain dopamine firing and subsequent dopaminergic 
projections to the striatum, leading to individual differences in impulsive decision making. 
However, since ¹H MRS does not directly measure synaptic glutamate transmission, but 
rather reflects metabolic and neurotransmitter pools of glutamate within a region of 
interest (Gruetter et al. 1998) and resting state functional connectivity does not represent 
glutamatergic projections from one brain region to another, animal research is needed to 
further investigate this interpretation of the current findings. 

It is important to stress that our results should be viewed in light of some methodological 
limitations. First, the sample size was modest, which might limit the generalizability of 
the current results. Second, because of the exploratory nature of our study, we applied 
a statistical threshold for significance that did not fully account for the issue of multiple 
comparisons. However, the observed correlation between delay discounting (AUC values) 
and glutamate concentrations, and between delay discounting and functional connectivity 
of the dACC with the midbrain remained significant when fully correcting for multiple 
comparisons. Instead, there was a trend towards a significant correlation between 
glutamate concentrations and dACC functional connectivity with the midbrain when fully 
correcting for multiple comparisons. Although the current study was set up as a pilot 
study and gives a first indication of the interaction between glutamate concentrations and 
functional connectivity between brain regions under rest in predicting impulsive behavior, 
future studies are required using larger sample sizes (and thereby increasing statistical 
power) to replicate the current findings.

In conclusion, the current findings suggest that individual differences in impulsive decision 
making depend on intrinsic properties of the dACC and not merely on task-related cognitive 
processes, supporting the idea that altered basic conditions of brain functioning lead to 
abnormal functional responses. This is important to acknowledge, because spontaneous 
intrinsic brain processes have been proposed to be a potential promising biomarker of 
disease (Greicius 2008) and impulsive decision making is a common feature in several 
psychiatric disorders. Recent findings have indicated that there is a genetic influence on 
individual differences in delay discounting (Anokhin et al. 2011; Boettiger et al. 2007; 
Eisenberg et al. 2007). Assuming there is a long road between genes and higher-order 
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cognitive functions, intrinsic properties of brain functioning in the form of resting state 
glutamate concentrations or functional connectivity, may provide an intermediate step 
between genes and abnormalities in higher-order cognitive functions such as excessive 
delay discounting. In addition, the current study indicates that in addition to previously 
found involvement of dopaminergic and serotonergic neurotransmission, glutamate 
signalling plays an important role in human impulsive decision making. Although these 
findings need to be replicated in larger samples, the current results suggest that glutamate 
concentrations obtained by ¹H MRS and resting state fMRI are candidate biomarkers for 
impulsivity and related diseases.
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SUPPLEMENTAL MATERIAL

Supplementary Figures

Figure S1: Overview of the a priori defined regions of interest (ROIs) for resting state functional connectivity with 
the left dACC. ROIs were defined bilateral but are displayed unilateral. L_PFC = lateral prefrontal cortex, vmPFC 
= ventromedial prefrontal cortex, PCC = posterior cingulate cortex.

Figure S2: The mediation model
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ABSTRACT

BACKGROUND Treatment with N-acetylcysteine (NAC) normalizes glutamate homeostasis 
and prevents relapse in drug dependent animals. However, the effect of NAC on brain 
glutamate levels in substance dependent humans has not yet been investigated. Proton 
Magnetic Resonance Spectroscopy (¹H MRS) was used to investigate glutamate changes in 
the dorsal anterior cingulate cortex (dACC) after a single dose of NAC in cocaine dependent 
patients and normal controls. 

METHODS In an open-label, randomized cross-over study, 8 cocaine dependent patients 
and 14 healthy controls underwent two scan sessions: one receiving no compound and 
one following a single administration of 2400 mg NAC. The Barratt Impulsiveness Scale 
was administered to examine the relation between dACC glutamate levels and impulsivity. 

RESULTS In the medication-free condition, glutamate levels in the dACC were significantly 
higher in cocaine dependent patients compared to healthy controls. After administration 
of NAC, glutamate levels were reduced in the cocaine dependent group, whereas NAC 
had no effect in healthy controls. Higher baseline glutamate levels were associated with 
higher impulsivity, and both were predictive of greater NAC induced glutamate reduction. 

CONCLUSION The current findings indicate that NAC can normalize elevated glutamate 
levels in cocaine dependent patients. These findings may have important implications for 
treatment, because abnormal glutamate levels are related to relapse and treatment with 
NAC prevented relapse in animal studies. Furthermore, clinical studies have indicated 
beneficial effects of NAC in cocaine dependent patients and the current study suggests 
that these beneficial effects might in part be mediated by the ability of NAC to normalize 
glutamatergic abnormalities.
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INTRODUCTION

Traditionally, research into the neurobiological substrate of drug addiction has focused 
on mesolimbic dopamine reward circuitry. However, recent literature has highlighted the 
importance of the excitatory amino acid glutamate in cocaine dependence, especially 
its role in the continuation of and relapse into substance abuse. In rodents, protracted 
cocaine use induces neural changes in glutamatergic signaling resembling neuroplasticity 
associated with learning and memory (Kelley 2004). Specifically, repeated cocaine 
exposure has been found to result in reduced firing rates of glutamatergic projections 
from the medial prefrontal cortex (including the anterior cingulate cortex) to the 
nucleus accumbens (Sun and Rebec 2006) and reduced levels of extracellular glutamate 
in the nucleus accumbens under basal conditions (Baker et al. 2003a). In the presence 
of cocaine-related cues, a large increase of synaptic glutamate release derived from 
prefrontal afferents has been observed in the nucleus accumbens, in part resulting from 
reduced tone of extracellular glutamate on group II metabotropic glutamate (mGluR2/3) 
receptors which are important for regulating synaptic glutamate release (Baker et al. 
2003a; McFarland et al. 2003; Sun and Rebec 2006). These neuroadaptations may be of 
key importance for cocaine reinstatement in self-administration animal models of relapse 
(Baker et al. 2003a; Madayag et al. 2007; McFarland et al. 2003; Sun and Rebec 2006) and 
have led to the suggestion that targeting the glutamatergic system may prove effective 
when treating cocaine dependence (Reissner and Kalivas 2010). A potential glutamatergic 
drug for treating substance abuse is N-acetylcysteine (NAC), an amino acid cystine prodrug, 
which is used to treat acetaminophen overdose and sold over-the-counter as a mucolytic 
agent and nutritional supplement. Systemic administration of NAC restores extracellular 
glutamate levels (thereby increasing tonic activation of the mGluR2/3 receptors) and 
prevents relapse to drug-seeking behavior in rats previously treated with cocaine (Baker 
et al. 2003b; Madayag et al. 2007) and heroin (Zhou and Kalivas 2008). In humans, pilot 
studies have shown that NAC decreases cue-induced craving for cocaine (LaRowe et al. 
2007), pathological gambling (Grant et al. 2007), number of cigarettes smoked (Knackstedt 
et al. 2009), the rewarding effect of smoking (Schmaal et al. 2011), and marijuana use and 
craving (Gray et al. 2010). However, whether these beneficial effects of NAC are mediated 
by NAC induced glutamate changes in the human brain has not yet been investigated. 

A technique that allows in vivo assessment of glutamate levels, along with other 
neurometabolite levels in the human brain is proton magnetic resonance spectroscopy (¹H 
MRS). A few studies have used ¹H MRS to examine glutamate in substance dependence. 
Decreased levels of glutamate have been found in the rostral anterior cingulate cortex 
(ACC) in cocaine dependent patients (Yang et al. 2009), but both increased (Lee et al. 
2007) and decreased (Thoma et al. 2011) glutamate levels were found in the dorsal ACC 
in alcohol dependent patients. In addition, increased glutamate levels were found in the 
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putamen in squirrel monkeys that were treated with cocaine for nine months (Liu et al. 
2011), although no abnormalities were found in chronic tobacco smokers (Gallinat and 
Schubert 2007). With regard to the combined glutamate plus glutamine signal, decreased 
levels have been found in the dorsal ACC in opiate addiction (Yucel et al. 2007). These 
inconsistent findings could be related to differences in patients’ drug use characteristics 
such as time of abstinence and drug intake between the studies, as glutamate abnormalities 
seem to be highly dependent on individual drug use characteristics (Chang et al. 1997; 
Ernst and Chang 2008; Lee et al. 2007; Liu et al. 2011; Yang et al. 2009). Given these 
findings of glutamate abnormalities in substance dependent patients, it is important 
to establish whether NAC can normalize glutamate alterations observed in substance 
dependent individuals. Therefore, the current pilot study aimed to investigate the effect 
of a single dose of NAC (2400 mg) on brain glutamate levels in cocaine dependent human 
subjects relative to healthy controls using ¹H MRS. Pre-treatment with a single dose of 
systemically administered NAC has been shown to prevent cocaine-primed reinstatement 
in animals (Moran et al. 2005). This effect was blocked by co-administration of an 
mGluR2/3 antagonist, indicating that this prevention of reinstatement by a single dose of 
NAC resulted from modulation of the glutamate system (Moran et al. 2005). We chose the 
dorsal ACC (dACC) as our region of interest because most of the glutamate abnormalities in 
previous human studies were located in the ACC, and to ensure that the ¹H MRS data were 
collected from a homogeneous tissue region that contains predominantly gray matter. 
Dorsal ACC dysfunction plays a key role in cocaine dependence and has been related to 
impaired impulse inhibition (for a review see Garavan and Hester 2007). For example, 
using functional MRI, it has been shown that decreased activation of the left dACC as 
observed in cocaine dependent patients during response inhibition tasks is associated 
with increased impulsive responding (Hester and Garavan 2004; Li et al. 2008a). Moreover, 
dACC hypoactivations have been reported in response to cocaine-related cues, a finding 
that has been interpreted as diminished functioning of the brain’s ‘control network’ 
following cue exposure (Goldstein et al. 2009; Volkow et al. 2011). Recently, a ¹H MRS 
study in subjects with borderline personality disorder demonstrated a positive association 
between dACC glutamate levels and impulsivity (Hoerst et al. 2010). Therefore, we also 
included a self-report impulsivity questionnaire to investigate the relation between dACC 
glutamate levels and impulsivity at baseline.

METHODS

Subjects
Ten male patients currently treated primarily for cocaine dependence (meeting DSM-IV 
criteria for cocaine dependence; American Psychiatry Association 1994) were recruited 
from regional addiction treatment centres (CD group). Fourteen non-smoking healthy 
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control subjects (HC group) matched on age, sex and education were included. Exclusion 
criteria were: substance use disorders (other than cocaine, alcohol and nicotine for the 
CD group); current DSM-IV diagnosis (except for ADHD and antisocial personality disorder 
in the CD group); lifetime history of head injury with loss of consciousness for more than 
5 minutes; neurological disorders; unstable medical condition; low level of education 
(drop-out before the age of 16); any use of medication affecting the central nervous 
system; MRI ineligibility due to non-removable metal objects or claustrophobia. Recent 
drug and alcohol use was assessed with urine tests. All subjects gave written informed 
consent to participate in this study, which was approved by the Medical Ethical Committee 
of the Academic Medical Center. 

Clinical assessments
All subjects were screened for the presence of Axis I psychiatric disorders using the Mini 
International Neuropsychiatric Interview plus (MINI-plus; Sheehan et al. 1998). General 
intelligence (IQ) was assessed using the Dutch version of the National Adult Reading 
Test (NART; Schmand et al. 1991). Alcohol and drug consumption during the preceding 6 
months was quantified using the Time Line Follow Back method (TLFB; Sobell and Sobell 
1992). The Fagerström-Test for Nicotine Dependence (FTND; Heatherton et al. 1991) 
was administered to measure level of nicotine dependence. In addition, the Alcohol 
Use Disorder Identification Test (AUDIT), a ten-item questionnaire, was used to identify 
harmful patterns of alcohol consumption (Babor et al. 1989).

The Barratt Impulsiveness Scale (BIS-11; Patton et al. 1995) was administered at the start 
of the first session (in case of the NAC condition before medication was taken) to assess 
self-reported impulsivity. The BIS-11 is a 30-item questionnaire designed to assess general 
impulsiveness. Each item is scored on a 4-point scale (rarely/never, occasionally, often, 
almost always/always), with higher scores indicative of greater impulsivity. Total score as 
well as scores on the cognitive, motor and non-planning subscales were assessed for the 
current study.

Pharmacologic intervention
In an open label, randomized cross-over design, subjects participated in two test sessions 
separated by one to two weeks. Before the ¹H MRS test sessions, subjects received either 
a single dose of 2400 mg N-acetylcysteine (NAC) or no compound. The selection of the 
2400 mg dose was based on previous studies showing beneficial effects of 1200 mg/
day and 2400 mg/day NAC on treatment retention and drug use in cocaine and nicotine 
dependence (Knackstedt et al. 2009; Mardikian et al. 2007). NAC was administered one 
hour before the ¹H MRS scan because the peak plasma concentration of NAC occurs 
approximately 1–2 hours after ingestion (Holdiness 1991).
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Magnetic Resonance Spectroscopy acquisition and processing
MRI and MRS data were obtained using a 3.0 T Intera MRI scanner (Philips Healthcare, 
Best, The Netherlands) equipped with a SENSE eight-channel receiver head coil. Three-di-
mensional T1-weighted images were collected in the sagittal plane using a gradient 
echo sequence (TR=9 ms; TE=3.5 ms; 170 slices; voxel size 1X1X1mm; matrix size 256 
x 256). Using these images, a single ¹H MRS voxel was placed in the left supracallosal 
anterior cingulate cortex (see Figure 1). Voxel placement was done unilaterally to ensure 
that the ¹H MRS data were collected from a homogeneous tissue region that contained 
predominantly gray matter. The left dACC was chosen on the basis of studies showing 
left ACC dysfunction in cocaine dependent patients compared to healthy controls during 
impulsivity tasks (Hester and Garavan 2004; Li et al. 2008a). MRS was performed using 
a short-echo point resolved spectroscopy sequence (PRESS; TR=2000 ms; voxel size 
50x16x10 mm; NEX=64) with a TE of 38 ms. A TE of 38 ms was chosen because reliable 
estimates of the glutamate signal with this echo time were obtained previously in our lab 
and it approximates the echo time reported in a study that found improved detection of 
glutamate with a TE of 40 ms (Mullins et al. 2008). Spectra were acquired using first order 
iterative shimming and water suppression was automatically performed by the scanner.

 

Figure 1: Voxel placement in left dorsal anterior cingulate cortex for localized single-voxel ¹H MRS 
and a representative spectrum in a healthy control subject. Chemical shift is indicated in parts 

per million (ppm). Cr: creatine; Glu: glutamate; NAA: N-acetylaspartate.

Spectra derived from ¹H MRS from 4.0 to 0.2 ppm were analyzed using LCModel (Linear 
Combination of Model spectra; Provencher 1993). LCModel is a user-independent 
analysis method that estimates metabolite levels by fitting the in vivo spectra to a set of 
previously acquired in vitro spectra (the basis set). LCModel software provides specific 
basis sets for different scanners, field strengths and echo times (Provencher 1993). For the 
current study, the basis set for a Philips 3T MRI scanner was used. Results are presented in 
institutional units approximating millimolar level. Spectra of all subjects passed the quality 
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control. We used the Cramér-Rao lower bounds (CRLB), a measure of the reliability of the 
fit, less than 20% for each individual peak as the quality criterion (Provencher 1993). The 
CRLBs for glutamate in all subjects were between 7% and 12%. Additional indicators for 
quality of the spectra were mean (SD) signal to noise ratio and the mean (SD) full width 
half maximum (FWHM). In the medication-free condition, the signal to noise ratio was 
16.64 (2.53) and 17.10 (1.85), and had a FWHM of 0.05 (0.02) ppm and 0.05 (0.01) ppm 
for the HC and the CD group, respectively. In the NAC condition, the signal to noise ratio 
was 16.29 (2.23) in the HC group and 16.60 (1.71) in the CD group, and had a FWHM 
of 0.05 (0.01) ppm for both groups. LCModel estimates both metabolite concentrations 
referenced to the unsuppressed water signal and concentration ratios (referenced to 
creatine). Because concentration ratios are less sensitive to relaxation and partial volumes 
effects than concentrations referenced to the unsuppressed water signal, the ratios of 
levels of glutamate (Glu), glutamate+glutamine (Glx) and N-acetylaspartate (NAA), to 
creatine plus phosphocreatine (Cr) were used in statistical analyses. To ensure that NAC 
induced changes observed in concentration ratios were not caused by an effect of NAC on 
creatine, creatine concentrations referenced to the unsuppressed water signal were used 
to obtain an indication of NAC effects on creatine. Brain morphology was assessed using 
a Voxel-Based Morphometry toolbox (VBM8; http://dbm.neuro.uni-jena.de/vbm/) with 
default settings. The VBM8 toolbox is an extension of the unified segmentation model 
(Ashburner and Friston 2005) in which structural images are bias corrected, segmented 
into gray matter, white matter and cerebrospinal fluid, and registered combined within the 
same model. The proportion of gray matter, white matter and cerebrospinal fluid within 
the anatomical mask of the ACC was calculated in order to examine group differences 
in tissue composition. The ACC mask was defined by merging the individually placed 
spectroscopy voxel position in normalized space in order to correspond to the size and 
placement of the MRS voxel that was used for obtaining MRS spectra in the left dACC.

Statistical analyses
All demographic and behavioural data analyses were carried out using SPSS 16.0 (SPSS Inc., 
Chicago, Illinois). All data was normally distributed. Differences in baseline characteristics 
between groups were analysed using independent t-tests. A repeated measures 
ANOVA was conducted to assess the effect of NAC treatment on metabolite levels in 
the dACC between the two groups. Treatment (medication-free vs. NAC) was modelled 
as a within-subject factor and group (CD vs. HC) was modelled as a between-subjects 
factor. Administration order of NAC did not affect between-subjects or within-subjects 
differences in metabolite levels and was therefore not included as a covariate in the 
analyses. Post-hoc tests were employed to examine significant differences between 
groups and within groups with and without NAC administration. Relationships between 
substance use, impulsivity measures and glutamate levels were explored using bivariate 
correlation and linear regression analyses. The significance criterion was set to p<0.05.
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RESULTS

Sample characteristics
Demographic, clinical and substance use characteristics are presented in Table 1. Two out 
of ten CD subjects tested positive for cocaine and were excluded from further analyses. 
The CD group did not differ from the HC group with regard to age, educational level and 
IQ. The CD group had significantly higher impulsivity scores measured by the BIS-11. HC 
subjects did not report any cocaine use or other drug use and consumed significantly less 
alcohol compared to CD subjects. No adverse events were reported in the study. 

Table 1: Demographics and clinical characteristics 
Demographic variable Cocaine dependent group 

(N=8)
Healthy control group

(N=14)
t (df) p value

Mean SE Mean SE
Age 35.12 2.42 35.71 2.44 -0.16 (20) 0.88
Education (ISCED) 3.50 0.50 3.93 0.25 -0.87 (20) 0.40
IQ (NART) 93.38 2.03 97.29 3.81 -0.74 (20) 0.47
BIS-11
   Total score
   Cognitive scale
   Motor scale
   Nonplanning scale

72.75
19.38
26.12
27.25

1.81
1.09
0.76
0.84

57.50
14.64
21.14
21.71

2.09
0.73
0.90
0.89

4.92 (20)
3.74 (20)
3.74 (20)
4.14 (20)

<0.01
<0.01
<0.01
<0.01

Cocaine use in preceding 
6 months (in grams)

78.69 17.27 NA NA - -

Alcohol in preceding 6 
months (in standard units)

777.94 186.82 102.21 27.17 4.68 (7.30) 0.01

AUDIT scores 21.29 3.87 4.71 0.66 4.22 (6.35) 0.01
Number of smokers N (%) 7 (87.5) NA NA NA - -
Cigarettes/day 17.25 3.49 NA NA - -
FTND scores 6.12 1.06 NA NA - -

ISCED: International Standard Classification of Education; NART: National Adult Reading Test; BIS-11: Barratt 
Impulsiveness Scale version 11; AUDIT: Alcohol Use Disorder Identification Test; FTND: Fagerström-Test for 
Nicotine Dependence. NA: Not Applicable.

Main outcome: effect of NAC on glutamate levels
No differences between groups were found, both in the medication-free and NAC 
condition, in gray matter, white matter and cerebrospinal fluid content of the dACC region 
corresponding to the ¹H MRS voxel (p values all >0.3) and were therefore not included as 
covariates in subsequent analyses. A repeated measures ANOVA revealed no main effect 
for group (F(1,20)=1.68, p=0.21) or treatment (F(1,20)=2.21, p=0.15) on dACC glutamate 
relative to creatine (Glu/Cr). However, a significant interaction between group and 
treatment was present, see Table 2. Post hoc tests revealed that there was a significant 
reduction in Glu/Cr in the NAC condition compared to the medication-free condition in 

|74



the CD group (t(7)=3.08, p=0.02), whereas NAC had no effect on Glu/Cr in the HC group 
(t(13)=-0.64, p=0.53). In the medication-free condition, significant higher Glu/Cr in the 
CD group compared to the HC group was found (t(20)=2.26, p=0.04). After administration 
of a single dose of NAC differences in Glu/Cr between the two groups disappeared 
(t(20)=-0.24, p=0.81). These Glu/Cr changes by NAC are graphically shown in Figure 2. 
Analysis with Glu concentrations referenced to the unsuppressed water signal revealed a 
similar group by treatment interaction (Table 2), which was driven by a significant higher 
Glu concentration in the medication-free condition in the CD group compared to the HC 
group (t(20)=2.80, p=0.01) and a significant reduction in Glu/Cr in the NAC condition 
compared to the medication-free condition only in the CD group (t(7)=3.48, p=0.01).

Figure 2: Effect of a single dose of NAC (2400 mg) on Glu/Cr in the left dACC in both CD group and HC group 
(mean ± SE). Medication-free Glu/Cr was significantly higher in CD compared to HC. Administration of NAC 
reduced Glu/Cr in CD whereas it had no effect in HC.  

Across groups, a regression analysis revealed that medication-free Glu/Cr was predictive 
for the effect of NAC on Glu/Cr (β=0.70, t(20)=4.43, p<0.001) and that it explained a 
significant and substantial proportion of variance in Glu/Cr changes by NAC (R²=0.50, 
F(1,20)=19.58, p<0.001), see Figure 3a. Since NAC had an effect on Glu/Cr only in the 
CD group, an additional analysis was conducted within the CD group to test whether 
responders versus non-responders to the NAC challenge in terms of Glu/Cr reduction 
differed in their medication free Glu/Cr. A median split based on NAC induced Glu/Cr 
changes revealed that responders had a significantly higher medication free Glu/Cr 
compared to non-responders (t(6)=2.90, p=0.03). Because the measure of glutamate was 
based on the ratio of glutamate to creatine, we explored whether these results might 
have been caused by an effect of NAC on creatine. Creatine levels were unaffected by NAC 
treatment in both groups. In addition, NAC had no significant effect on other metabolite 
levels (Table 2).
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Table 2: NAC-induced changes glutamate (Glu), N-acetylaspartate (NAA) and glutamate+glutamine 
(Glx) referenced to creatine and referenced to the unsuppressed water signal

Metabolite Session CD group HC group F (df)¹ p value
Mean (SE)

Referenced to creatine

Glu Medication-free
NAC

1.49 (0.07)
1.32 (0.04)

1.32 (0.04)
1.35 (0.05)

5.46 (1,20) 0.03

Glx Medication-free
NAC

2.01 (0.08)
1.94 (0.06)

1.91 (0.06)
2.00 (0.07)

3.69 (1,20) 0.07

NAA Medication-free
NAC

1.24 (0.04)
1.21 (0.03)

1.29 (0.05)
1.25 (0.04)

0.03 (1,20) 0.87

Referenced to the 
unsuppressed water signal
Glu Medication-free

NAC
8.39 (0.27)
7.69 (0.25)

7.36 (0.23)
7.59 (0.21)

4.90 (1,20) 0.04

Glx Medication-free
NAC

11.33 (0.36)
11.15 (0.37)

10.57 (0.29)
11.45 (0.37)

2.51 (1,20) 0.13

NAA Medication-free
NAC

6.99 (0.16)
6.95 (0.08)

7.12 (0.12)
6.99 (0.18)

0.19 (1,20) 0.66

Cr Medication-free
NAC

5.66 (0.14)
5.75 (0.11)

5.60 (0.16)
5.72 (0.19)

0.01 (1,20) 0.92

1 Results are presented for the treatment (medication-free versus NAC) x group (CD versus HC) interaction 
effect. There were no significant main effects of session or group.

Impulsivity and glutamate levels
Because of the involvement of the dACC in impulse control, we investigated whether 
Glu/Cr within the dACC was related to general impulsivity across groups. There was a 
significant positive correlation between medication-free Glu/Cr and impulsivity as 
measured by the BIS-11 (total impulsivity score, r(22)=0.53, p=0.01; cognitive impulsivity 
subscale, r(22)=0.65, p<0.01; non-planning impulsivity subscale, r(22)=0.48, p=0.02, but 
not for the motor impulsivity subscale, r(22)=0.26, p=0.25). In addition, a regression 
analysis revealed that higher BIS-11 total scores were predictive of NAC induced decreases 
in Glu/Cr (β=0.47, t(22)=2.38, p=0.03), see Figure 3b. The total BIS-11 score explained 
a significant and substantial proportion of the variance in NAC induced Glu/Cr changes 
(R²=0.22, F(1,20)=5.66, p=0.03). 

Self reported substance use and glutamate levels
Within the CD group, there was a trend towards a negative correlation between self-reported 
total cocaine use during the six months before participation and medication-free Glu/
Cr in the dACC (r(8)=-0.67, p=0.07). No associations with other cocaine use measures 
such as abstinence duration, or other drug use such as number of cigarettes smoked and 
FTND scores in the CD group were found. Moreover, alcohol use and AUDIT scores did not 
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correlate with Glu/Cr in the CD group or in the HC group. Because both total cocaine use 
and BIS-11 impulsivity scores were correlated with medication-free Glu/Cr, we examined 
whether cocaine use and BIS-11 scores were also correlated. However, the BIS-11 total 
score and scores on the BIS-11 subscales were not correlated with total cocaine use.  

Figure 3: NAC induced Glu/Cr decreases in the dACC were significantly predicted by (A) medication-free Glu/Cr 
in the dACC (R²=0.50, p<0.001) and (B) trait impulsivity measured by the BIS-11 total score (R²=0.22, p=0.03), 
across groups.

DISCUSSION

Using ¹H MRS, the current study is the first to demonstrate a significant reduction in Glu/
Cr in the left dACC by a single dose of NAC (2400 mg) in cocaine dependent patients, 
whereas NAC had no effect on Glu/Cr in healthy controls. In the medication-free condition, 
significant higher Glu/Cr was found in cocaine dependent subjects compared to healthy 
controls, which normalized after a single administration of NAC. The current results are 
in line with preclinical studies indicating that NAC restores glutamate abnormalities only 
when glutamate homeostasis is disturbed, as for example by chronic exposure to cocaine 
(Baker et al. 2003b). Furthermore, higher Glu/Cr at baseline was associated with general 
impulsivity ratings and both medication-free Glu/Cr and impulsivity predicted NAC 
induced changes in Glu/Cr. These findings seem to be in contrast with those of Baker et 
al. (2003b) showing lower levels of extracellular glutamate in the nucleus accumbens in 
cocaine treated rats compared to controls. In this rodent study, administration of NAC 
normalized basal levels of extracellular glutamate. It should be noted, however, that ¹H 
MRS is not able to distinguish extracellular from intracellular glutamate and primarily 
reflects the more abundant intracellular glutamate, which is present in neuronal and glial 
metabolic and neurotransmitter pools (Gruetter et al. 1998). In the brain, basal levels 
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of extracellular glutamate are maintained by the cystine/glutamate antiporter (system 
xc

-) exchanging extracellular cystine for intracellular glutamate. The NAC induced rise 
in extracellular glutamate in cocaine dependent rats has been attributed to restoration 
of system xc

- functioning, which is predominantly expressed on glial cells (Baker et al. 
2003b; Moussawi et al. 2011). Enhancement of the exchange of intracellular glutamate 
for extracellular cystine by NAC would be expected to reduce glial intracellular glutamate 
and, therefore, the current findings of increased medication-free levels of glutamate and 
the NAC induced reduction of glutamate in CD may stem from glial metabolic pools of 
glutamate in the dACC. In addition, repeated cocaine administration has been associated 
with increased glutamate neurotransmission in rats in medial prefrontal cortex by the 
reduced ability of group II metabotropic glutamate (mGluR2/3) receptors to inhibit synaptic 
glutamate release (Xie and Steketee 2008). Extracellular glutamate stimulates presynaptic 
group II metabotropic glutamate (mGluR2/3) receptors and a NAC induced increase in 
extracellular glutamate has been found to reduce neuronal glutamate transmission by 
increased tonic activation of the mGluR2/3 receptors (Baker et al. 2003b; Moussawi et 
al. 2011). Our findings of NAC induced glutamate reduction may therefore also represent 
neurotransmitter pools in the dACC. Studies using carbon-13 spectroscopy, a technique 
that can differentiate between neurotransmitter and metabolic pools of glutamate, may 
provide more insight into the source of the currently found glutamate changes by NAC 
(Shen et al. 1999). 

Noteworthy is that quantification of glutamate is difficult partly because it largely overlaps 
with glutamine in its chemical shift range, which leads to increased fitting errors. Although 
glutamate was individually quantified separately from glutamine (Gln) and glutamate plus 
glutamine (Glx) with reasonable fitting errors (CRLB’s all below 12%) and represented 
approximately 50-80% of the total Glx signal (Pouwels and Frahm 1998), undetected 
contributions of other overlapping peaks such as Gln cannot be ruled out completely, 
especially considering the finding that NAC had no effect on Glx which largely consists 
of Glu. Detection of Gln alone by means of ¹H MRS is even more challenging and the 
current study did not allow reliable evaluation of Gln changes. Quantifying Gln (separately 
from Glu) could be of particular interest, since synaptic glutamate taken up by glial cells is 
converted into glutamine before returning to the presynaptic neuron for conversion back 
into Glu (Magistretti and Pellerin 1999) and therefore Gln may be a more accurate index 
of overall glutamatergic neurotransmission than Glu (Rothman et al. 2003). Future studies 
using more advanced spectral editing techniques such as a spectrally selective refocusing 
method (Choi et al. 2006) or 2D J-resolved spectroscopy (Jensen et al. 2009) for improved 
separation of Glu from Gln are required to further characterize the effect of NAC on the 
glutamate system in the human brain. 
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The current finding of an increased medication-free Glu/Cr in cocaine dependent subjects 
relative to healthy controls is consistent with a recent study by Liu et al. (2011) investigating 
the effects of chronic exposure to cocaine on Glu/Cr in the putamen of squirrel monkeys 
using ¹H MRS. After 9 months, Glu/Cr and Gln/Cr were significantly higher in cocaine treated 
monkeys compared to baseline levels and to Glu/Cr in saline-treated monkeys. Higher 
ACC Glu/Cr was also found in young alcoholics (Lee et al. 2007). Moreover, treatment with 
acamprosate, a glutamate mediating compound, reduced ACC Glu/Cr whereas Glu/Cr was 
increased during a 4 week placebo treatment in alcohol dependent patients (Umhau et 
al. 2010). Although some of our CD subjects met the criteria for alcohol abuse, we did not 
find an association between Glu/Cr and alcohol use. This could perhaps be explained by 
the amount of alcohol consumed in our CD group (mean of 3.5 drinks/day), which was 
not as high as reported in the study of Umhau et al. (2010) (mean around 15 drinks/day), 
whereas the study of Lee et al. (2007) did not measure daily alcohol consumption. 

In contrast to findings of increased glutamate levels in substance dependence, Yang et al. 
(2009) found significantly lower levels of ACC Glu/Cr in chronic cocaine users, although 
they did measure glutamate in a functionally different division of the ACC, namely the 
rostral ACC opposed to the dorsal ACC in the current study. Whereas the dorsal ACC 
is more involved in cognitive processing, the rostral ACC (rACC) is mainly activated in 
response to emotional content (Bush et al. 2000). These distinct areas of the ACC have 
been found to be differentially affected by chronic cocaine use. Whereas hypoactivation 
has been observed in the dACC during response inhibition tasks and in response to drug 
cues (Hester and Garavan 2004; Li et al. 2008a; Volkow et al. 2011), hyperactivation (or 
diminished deactivation) has been detected in the rACC (Brodmann area 25) and adjacent 
ventromedial frontal areas especially in the presence of drug-related cues in cocaine 
dependent patients (Kilts et al. 2001; Volkow et al. 2005). This interaction between a 
diminished functioning of a cognitive control brain network (including the dACC) and an 
increased responsiveness to drug-cues in reward-processing areas (including the rACC) 
has been proposed to underlie compulsive drug taking (Baler and Volkow 2006). 

In line with these findings of differentially affected subdivisions of the ACC, Yang et al. 
(2009) found a positive correlation between years of cocaine use and Glu/Cr, i.e. the 
longer the cocaine use, the higher the rACC Glu/Cr, whereas we found a trend towards 
a negative correlation between total cocaine use in the preceding 6 months prior to 
participation and dACC Glu/Cr (unfortunately, we did not have a measure of years of 
cocaine use in the present study). However, both correlations seem to be in the opposite 
direction of what would have been expected. In line with the self-medication hypothesis 
of cocaine use, a possible explanation might be that these glutamate abnormalities are 
a pre-existing risk factor for the development of addiction and are actually normalized 
with continued cocaine use. Clearly, the relationship between brain glutamate levels and 
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cocaine dependence is not straightforward but rather complex depending on multiple 
facets of individual drug use patterns and needs further investigation. 

The dACC is a key region involved in impulse inhibition (Chambers et al. 2009) and 
maladaptive high levels of impulsivity have been associated with diminished ACC 
functioning in substance dependence (Forman et al. 2004; Kaufman et al. 2003; Lee et 
al. 2005; Li et al. 2008a; Meade et al. 2011). Preclinical literature has indicated a role for 
glutamate in impulsivity (for a review see Pattij and Vanderschuren 2008). For instance, 
selective and non-selective NMDA receptor antagonists have been shown to increase 
impulsive behavior in animal models (Higgins et al. 2003; Mirjana et al. 2004). Systemic 
pre-treatment with an mGlu2/3 receptor agonist attenuates impulsive behavior seen after 
serotonin receptor stimulation (Wischhof et al. 2011). In humans, a recent study of Hoerst 
et al. (2010) examined glutamate levels in the dACC in patients with borderline personality 
disorder and healthy controls. Irrespective of diagnosis, higher Glu/Cr was associated 
with higher BIS-11 total scores and cognitive impulsivity subscale scores (Hoerst et al. 
2010). Anterior cingulate Glu/Cr was also found to be increased in untreated children 
with attention deficit hyperactivity disorder (ADHD), a disorder characterised by impaired 
impulse control (Hammerness et al. 2012). In keeping with these findings, the current 
study revealed that medication-free Glu/Cr in the dACC was associated with (cognitive) 
impulsivity measured by the BIS-11. These results suggest that glutamate abnormalities 
underlie impaired (left) dACC functioning associated with high levels of impulsivity found 
in substance dependence. 

Preclinical studies have reported that NAC treatment prevents reinstatement of 
drug-seeking behavior in cocaine treated rats by restoring glutamate homeostasis and 
thereby increasing tonic activation of the mGluR2/3 receptors (Baker et al. 2003b). In 
humans, NAC reduces the desire to use cocaine in the presence of cocaine-related cues in 
cocaine dependent patients (LaRowe et al. 2007). Impulsivity is an important predictor of 
relapse into substance abuse (Bowden-Jones et al. 2005; Brewer et al. 2008; Goudriaan 
et al. 2008; Krishnan-Sarin et al. 2007; MacKillop and Kahler 2009; Moeller et al. 2001b). 
In the current study we found that impulsivity ratings predict NAC induced Glu/Cr 
changes. Because impulsive behavior is in part regulated by mGlu2/3 receptor activation 
(Wischhof et al. 2011) and NAC increases mGluR2/3 activation resulting in prevention of 
cue-induced reinstatement of cocaine seeking behavior (Baker et al. 2003b), one may 
speculate that impulsivity mediates the relation between NAC induced glutamate changes 
and reductions in cue-induced craving and prevention of cue-induced reinstatement by 
NAC treatment. However, because we did not include measures for NAC-induced changes 
in impulsivity and craving, future research is needed to further delineate the interrelation 
between glutamate, impulsivity and craving for cocaine or relapse into cocaine abuse. 
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Since the current results were obtained in a pilot study, our results should be viewed 
in light of some methodological limitations. First, the current study was an open label 
study, so we cannot rule out the possibility that subjective effects interacted with changes 
in glutamate levels. However, we failed to observe order effects (NAC treatment vs. no 
treatment) and it seems rather unlikely that expectancies have such a profound effect 
on glutamate levels in the left dACC. Therefore, we feel that the open label aspect of the 
study is not a serious threat to the validity of our findings. Second, the sample size was 
modest, especially with regard to the CD group. The results were similar when two more 
CD subjects who tested positive for cocaine were included (data not shown). However, 
future studies including larger sample sizes are warranted to replicate the current findings. 
Third, the current study was designed as a first step towards investigating the effects of 
NAC on glutamate levels in the human brain and for this purpose we used a single dose 
of NAC based on the findings of Moran et al. (2005) showing that pre-treatment with a 
single dose of NAC prevents relapse in cocaine seeking behavior in an animal model of 
reinstatement. However, future research examining the effects of longer treatment with 
NAC and dose effects of NAC on glutamate levels is needed to confirm the current findings. 

Moreover, because no clinical measures were included in the current study and the 
impulsivity questionnaire was only administered once, the implications of the observed 
NAC induced glutamate changes for clinical outcome and impulsivity remain to be 
elucidated. Double-blind, placebo-controlled studies implementing longer treatment 
durations are required to further clarify the effects of NAC on the brain glutamate system 
and their consequences on clinical measures and state impulsivity. Another limitation is 
that some of our cocaine dependent sample had secondary alcohol problems and most 
of them were smokers. Therefore, we cannot rule out effects of alcohol use and smoking 
on the current findings of the NAC induced reduction in glutamate levels. However, we 
did show that there was no correlation between NAC induced glutamate changes and 
baseline alcohol use and smoking characteristics such as alcohol consumption in the last 
six months, AUDIT scores, number of cigarettes smoked per week and FTND scores. Finally, 
drawing conclusions regarding the specificity of our findings are limited by the fact that 
we did not acquire metabolite data from other regions than the left dACC. We chose the 
left dorsal ACC (dACC) as our region of interest because most glutamate abnormalities in 
previous human studies were located in the ACC. Given the findings of animal studies with 
NAC, it would be of particular interest to also investigate the effects of NAC on glutamate 
levels in the nucleus accumbens. It is, however, difficult to reliably evaluate glutamate 
levels in this particular region because of field inhomogeneities, but future ¹H MRS studies 
performed at a higher field strength (for example 7 Tesla) or with access to more advanced 
spectral editing techniques should be able to establish whether the nucleus accumbens is 
similarly or differently affected.
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Notwithstanding these limitations, we believe that the current ¹H MRS study is an 
important step towards unravelling the mechanisms by which NAC acts on the glutamate 
system in substance dependent patients. NAC has been proven to successfully prevent 
relapse into cocaine seeking behavior by restoring glutamate homeostasis in animal 
models of reinstatement. Our study is the first to demonstrate a similar effect of NAC on 
brain glutamate abnormalities in cocaine dependent humans. Together with treatment 
studies indicating that NAC has a beneficial effect in patients with cocaine dependence 
(LaRowe et al. 2007; Mardikian et al. 2007), pathological gambling (Grant et al. 2007), 
marijuana users (Gray et al. 2010) and nicotine dependence (Knackstedt et al. 2009; 
Schmaal et al. 2011), the current study suggests that this effect might in part be mediated 
by the ability of NAC to normalize glutamatergic abnormalities. In addition, the current 
study demonstrates that baseline Glu/Cr and baseline (cognitive) impulsivity predict the 
ability of NAC to normalize glutamate abnormalities. This is consistent with the preclinical 
literature and current observations of a lack of effect of NAC in controls with normal 
glutamate levels. These findings also suggest that NAC might be especially effective in 
patients with high dACC glutamate levels (according to a pre-treatment ¹H MRS scan) and/
or patients with high levels of self-reported (cognitive) impulsivity. However, future studies 
are required to determine the most predictive cut-off point of ¹H MRS based glutamate 
levels or BIS-11 impulsivity. 

In conclusion, ¹H MRS is a valuable non-invasive tool to study glutamate system 
functioning in cocaine dependence and to detect changes induced by glutamate 
modulating compounds such as NAC. The current pilot study shows preliminary evidence 
for the ability of NAC to normalize glutamate homeostasis in cocaine dependent patients 
and provides a neurobiochemical rationale for future trials with NAC as a treatment for 
cocaine dependence. Furthermore, baseline glutamate levels were predictive of NAC 
induced glutamate changes, suggesting that ¹H MRS may serve as a biological marker to 
predict treatment outcome. 
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ABSTRACT

BACKGROUND Relapse is the rule rather than the exception in smokers aiming to quit 
smoking. Recently, evidence has emerged that glutamate transmission plays an important 
role in relapse. N-acetylcysteine, a cysteine prodrug, restores glutamate homeostasis 
and appears to be a potential new treatment for substance dependence. In the current 
pilot study, the effects of N-acetylcysteine on short-term abstinence of smoking were 
investigated. 

METHODS Subjects were heavy smokers randomized to receive placebo (n=12) or 
N-acetylcysteine 3600 mg/day (n=10) in a double-blind fashion during 3.5 days. Subjects 
were asked to stop smoking and report on nicotine craving, nicotine withdrawal symptoms, 
and cigarette smoking during treatment.  At the end of the treatment, subjects were 
invited to smoke a cigarette and to rate the rewarding effect of this cigarette.

RESULTS There was no significant effect of N-acetylcysteine on craving (p=0.23, d=0.52) 
and only a statistical trend towards fewer withdrawal symptoms in the N-acetylcysteine 
condition (p=0.07, d=0.80). Interestingly, subjects receiving N-acetylcysteine rated the 
first cigarette after the abstinence period of 3.5 days as significantly less rewarding than 
subjects on placebo (p=0.04, d=0.85). 

CONCLUSION It is concluded that the results of this pilot study are encouraging and 
suggest that N-acetylcysteine might be a promising new treatment option for relapse 
prevention in nicotine dependence.
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INTRODUCTION

Smoking tobacco is the single most important cause of preventable disease and mortality. 
In the Netherlands, one fourth of smokers attempt to quit smoking every year, but 
only 1-7% of these quitters reach prolonged abstinence (Stivoro 2010).  Most smokers 
try to quit smoking without professional assistance although there is evidence that 
pharmacologically supported interventions are effective in the prevention of relapse, e.g. 
nicotine replacement therapy (NRT) or treatment with bupropion or varenicline (Agboola 
et al. 2010; Mills et al. 2009). 

Nicotine stimulates nicotine acetylcholine (nACh) receptors in the central nervous 
system, which in turn elevate the release of several neurotransmitters such as dopamine, 
glutamate, serotonin and GABA (Calabresi and Di Filippo 2008; Jones et al. 1999; Picciotto 
et al. 2000; Picciotto 2003). Traditionally, treatment strategies have focused on targeting 
the nACh receptors (NRT, varenicline) (Mihalak et al. 2006) or blocking the reuptake of 
dopamine and noradrenaline (bupropion) (Ascher et al. 1995; Learned-Coughlin et al. 
2003). However, these pharmacotherapies are only moderately successful in smoking 
cessation and relapse is the rule rather than the exception (Zaniewska et al. 2009). 
Moreover, these interventions are often accompanied with unpleasant side effects 
(Cahill et al. 2008; Hughes et al. 2007). Therefore, there is a continued need for novel 
pharmacotherapy’s to support smoking cessation with fewer side effects, perhaps 
targeting different neurotransmitter systems in the brain.

In recent years, the role of glutamate transmission in substance dependence has been more 
extensively investigated. Especially from preclinical work, evidence has emerged for the 
involvement of glutamate in relapse (Cornish and Kalivas 2000; Di Ciano and Everitt 2001; 
McFarland et al. 2003; McFarland et al. 2004). In a study of Baker et al. (2003a), relapse 
to cocaine seeking behavior was linked to decreased basal concentrations of extracellular 
glutamate which, in turn, provided less tonic activation of the group II metabotropic 
glutamate (mGluR2/3) receptors that normally inhibit presynaptic glutamate release. 
Furthermore, synaptic glutamate transmission mediates the primary reinforcing effects of 
nicotine in rat models: stimulating mGluR2/3 receptors, which inhibits synaptic glutamate 
release, reduces the rewarding effects of nicotine (Liechti et al. 2007). Moreover, increasing 
extracellular glutamate attenuates symptoms associated with nicotine withdrawal (Kenny 
et al. 2003). In the brain, the basal levels of extracellular glutamate are maintained by 
the exchange of extracellular cystine for intracellular glutamate and this extracellular 
glutamate stimulates mGluR2/3 receptors, which are important for regulating synaptic 
glutamate release. Restoring basal concentrations of extracellular glutamate and thereby 
increasing tonic activation of the mGluR2/3 receptors could therefore be an important 
target for treatment of nicotine dependence. Indeed, administration of N-acetylcysteine 
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(NAC), a cysteine prodrug, restored extracellular glutamate concentrations and prevented 
relapse to drug-seeking behavior in rats previously treated with cocaine (Baker et al. 
2003b) and heroin (Zhou and Kalivas 2008). In humans, pilot studies have shown that NAC 
decreases cue-induced craving for cocaine (LaRowe et al. 2007), pathological gambling 
(Grant et al. 2007), number of cigarettes smoked (Knackstedt et al. 2009), and marijuana 
use and craving (Gray et al. 2010). NAC is currently used for treatment of acetaminophen 
overdose, prescribed for pulmonary conditions, and sold over-the-counter as a mucolytic 
agent and nutritional supplement. NAC appears to be well tolerated; even at very 
high doses side effects are rare (LaRowe et al. 2006; Miller and Rumack 1983). These 
characteristics of NAC provide an advantage over the current pharmacotherapies for 
nicotine dependence. However, more double-blind placebo controlled studies are needed 
to evaluate its potential clinical effect in smoking cessation. 

The aim of the current pilot study is to investigate the effect of treatment with NAC on 
short-term abstinence in cigarette smoking students. We hypothesized that treatment 
with NAC would have a beneficial effect on self-reported craving and withdrawal symptoms 
and on the rewarding effect of nicotine. 

METHODS

Subjects
Twenty-three undergraduate students who smoked at least 15 cigarettes per day 
participated in the current study. All students were recruited from the University of 
Amsterdam. Exclusion criteria were: a) on medication other than oral contraception, b) 
(trying to get) pregnant or nursing, c) suffering from a neurological, medical, or psychiatric 
illness, d) experiencing severe stomach problems or ulcers, and d) dependent on other 
substances than nicotine.Subjects received study credits for completing the study and an 
additional 20 euro. The study was approved by the Ethics Committee of the University of 
Amsterdam and written informed consent was obtained from all participants.

Study design and procedure
After screening, subjects were randomly assigned to either NAC or placebo during four 
consecutive days.  Subjects agreed to refrain from smoking during the treatment. Breath 
carbon monoxide concentration was measured at baseline and consecutive treatment 
days using a calibrated Micro + Smokerlyzer (Bedfont Scientific Ltd., Rochester, UK) to 
objectively verify self-reported smoking behavior. A CO value of <10 parts per million 
(ppm) was the criterion to confirm smoking abstinence during treatment. The first three 
days, a dose of 1800 mg NAC or placebo was given twice daily in a double-blind fashion, 
resulting in a total dose of 3600 mg a day. This dose was chosen because Mardikian et al. 
(2007) found in cocaine dependent patients that higher doses (2400 mg/day and 3600 
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mg/day) of N-acetylcysteine resulted in higher retention rates than lower doses (1200 mg/
day) while both higher and low doses were safe and well tolerated. Since the treatment 
period in the current study was only four days, we chose the highest dose (3600 mg/day) 
for a maximum effect. On the fourth day, subjects received only one dose of 1800 mg 
or placebo in the morning because final assessments took place in the early afternoon. 
Treatment duration was set at 3.5 days, because previous studies with a three-day 
administration of N-acetylcysteine in cocaine dependent subjects (LaRowe et al. 2006; 
LaRowe et al. 2007) already resulted in a greater reduction in withdrawal symptoms and 
craving and in diminished cue reactivity within the NAC condition compared to placebo. 

Subjects visited the university every morning during the four days of treatment. The first 
dose was given in the morning and the second dose was given to take in at home later. 
On the first day, baseline data on cigarette, alcohol, and drug use for the last six months 
were collected using the Timeline Follow-Back method (Sobell and Sobell 1992). The 
Fagerström-Test for Nicotine Dependence (FTND; Heatherton et al. 1991) was administered 
to measure level of nicotine dependence.  In addition, at baseline and on the subsequent 
days participants were asked about side-effects, craving using the Questionnaire for 
Smoking Urges-Brief (QSU-Brief; Cox et al. 2001) and withdrawal symptoms were assessed 
using the Minnesota Nicotine Withdrawal Scale (MNWS; Hughes and Hatsukami 1986). 
The QSU-Brief (Cox et al. 2001) (Dutch translation) is a 10-item self-report questionnaire 
rated on a 7-point scale. The QSU-Brief is adapted from the QSU (Tiffany and Drobes 
1991) and consists of two subscales: ‘desire and intention to smoke’, and ‘reduction of 
negative affect and withdrawal symptoms’. These subscales have adequate psychometric 
properties (Cappelleri et al. 2007; Cox et al. 2001). The Dutch translation of the MNWS 
is self-report questionnaire consisting of 8-items rated on a 5-point scale resulting in a 
total score for withdrawal symptoms. Subjects were asked whether they smoked, or used 
alcohol or drugs the previous day during each visit. At the end of the last treatment day, 
subjects were asked to smoke a cigarette and to rate the rewarding effect of that cigarette 
using a Visual Analogue Scale (VAS; range 1-100) with the question: “how rewarding did 
you find smoking this cigarette”.

Statistical Analyses
Data were checked for a normal distribution. Only age was not normally distributed and 
therefore log transformed before further analyses. The effect of NAC versus placebo on 
outcome (craving, withdrawal, and reward) was tested using analysis of variance (ANOVA) 
with treatment condition as a between-subjects factor. Effect sizes were calculated using 
Cohen’s d: 0.2 to 0.4 indicating small effect; 0.5 to 0.7 indicating medium effect; and ≥ 
0.8 indicating large effect (Cohen 1992). In addition, associations between the outcome 
measures were examined using Pearson’s correlation analyses. The level of significance 
was set at α = 0.05 (two-sided), with no correction for multiple testing.
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RESULTS

Sample
Of the 23 subjects, one was excluded due to cannabis use during the experiment leaving 
22 subjects for analysis. None of the subjects reported smoking during the experiment and 
this was confirmed by breath carbon monoxide concentrations lower than 10 ppm.  Five 
subjects in the placebo condition reported mild stomachache, while in the NAC condition 
two subjects reported mild stomach problems. No other side effects were reported.

Sample characteristics for the NAC (N=10) and the placebo group (N=12) are presented in 
Table 1. At baseline, the total sample smoked 17.5 cigarettes on average per day and had 
a mean FTND score of 3.45 out of 10, which is indicative for a low level of dependence. 
There was a trend towards more alcohol consumption during the experiment in the 
placebo group compared with the NAC group (t=1.97, df=13.27, p=0.07), therefore this 
variable was included as a covariate in subsequent analyses.

Table 1: Demographics and clinical characteristics at baseline
Demographic variable
at baseline

Placebo group
(N=12)

NAC group
(N=10)

t (df) p value

Mean SD Mean SD

Age 20.25 1.14 21.40 2.07 -1.57 (13.43) 0.14
Cigarettes/day 17.33 1.92 17.70 1.70 -.47 (20) 0.64
FTND 3.08 1.73 3.90 1.34 -1.23 (20) 0.23
Years smoking 5.57 1.66 6.80 2.82 -1.09 (20) 0.29
Alcohol in standard 
units/week

10.83 4.97 7.60 4.93 1.53 (20) 0.14

Total alcohol intake 
during treatment in 
standard units

6.08 5.99 2.50 1.78 1.97 (13.27) 0.07

QSU
   Total score
   Factor 1 score
   Factor 2 score

35.58
24.08
6.92

16.13
8.71
5.12

34.90
24.20
6.10

10.20
6.90
2.60

0.12 (20)
-0.03 (20)
0.20 (20)

0.91
0.97
0.85

MNWS 17.58 8.53 17.10 10.44 0.12 (20) 0.91
% maleª 42 40 χ²(1) =0.01 0.94

FTND: Fagerström-Test for Nicotine Dependence; QSU: Questionnaire on Smoking Urges; MNWS: Minnesota 
Nicotine Withdrawal Scale.
ªChi-square test of independence.

Outcomes
Table 2 shows the scores for the two groups on the QSU-Brief, the MNWS and the VAS 
for reward at the last day of treatment. N-acetylcysteine treatment was not significantly 
associated with craving (QSU-total score: F=1.54, df=1, p=0.23, d=0.52; QSU-Factor1: 
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F=1.69, df=1, p=0.21; QSU-Factor 2: F=0.37, df=1, p=0.55), but there was a trend towards 
fewer withdrawal symptoms in the NAC compared to the placebo group (F=3.85, 
df=1, p=0.07; d=0.80). Participants in the NAC group rated the first cigarette after the 
abstinence period as significantly and considerably less rewarding than participants in the 
placebo group (F=4.70, df=1.21, p=0.04; d=0.85). Additional correlation analyses between 
outcome measures revealed a significant positive association only between the subjective 
rewarding effect of the cigarette and level of craving at the last treatment day (R(22)=0.70, 
p<0.01). 

Table 2: Efficacy measures at the last day of treatment (t4)
Measure t4 Placebo group

(N=12)
NAC group

(N=10)
F (df) p value d value

Mean SD Mean SD

QSU 
   Total score
   Factor 1 score
   Factor 2 score

35.92
24.17
6.50

14.88
9.72
3.48

28.70
18.90
5.90

11.81
8.33
2.47

1.54 (1)
1.69 (1)
0.37 (1)

0.23
0.21
0.55

0.52
0.58
0.20

MNWS 14.25 7.98 8.60 6.02 3.85 (1) 0.07 0.80
VAS reward 
cigarette

65.58 24.70 42.60 29.02 4.70 (1) 0.04 0.85

QSU: Questionnaire on Smoking Urges; MNWS: Minnesota Nicotine Withdrawal Scale; VAS: Visual Analogue 
Scale.

DISCUSSION

In the current pilot study, we examined the short-term effects of N-acetylcysteine 
treatment on craving, withdrawal, and the rewarding effect of the first cigarette after 
a brief period of smoking cessation. NAC was associated with a large (non-significant: 
p=0.07) effect on withdrawal and a large (and significant) effect on nicotine reward after 
a very short treatment of 3.5 days including only seven doses of 1800 mg NAC. To our 
knowledge, this is the second study investigating the effects of NAC on smoking cessation. 
In a randomized double-blind trial in 29 heavy smokers, Knackstedt et al. (2009) compared 
four weeks of 2400 mg NAC per day (n=14) with four weeks placebo (n=15) and found a 
significant reduction in the number of smoked cigarettes in the NAC condition, but no 
significant effects on self-reported craving and withdrawal symptoms. However, because 
most subjects continued smoking during treatment, it was not likely for them to show 
withdrawal symptoms. Together these data suggest that NAC in high dosages is safe and 
can reduce withdrawal and nicotine reward in smokers and subsequently reduce the 
probability of relapse to previous smoking levels. 
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Most people who attempt to quit smoking relapse within 5 to 10 days (Blondal et al. 
1999; Hays et al. 2001). Major contributors to this early relapse are withdrawal symptoms 
(McCarthy et al. 2006; Piasecki et al. 2003). Withdrawal symptoms emerge within the first 
hours after the last cigarette (Markou 2008). The easiest way to relieve these symptoms 
is to start smoking again. Our results suggested a tendency towards fewer withdrawal 
symptoms after 3.5 days of treatment with NAC. Reduction of these early withdrawal 
symptoms could be of major importance in preventing relapse. In addition, administration 
of NAC was associated with a smaller rewarding effect of smoking a cigarette after 
almost 4 days of abstinence compared to placebo. NAC restores extracellular glutamate 
concentrations, which in turn stimulates mGluR2/3 receptors (Baker et al. 2003a). It 
is found that the stimulation of group II mGluR receptors inhibits synaptic glutamate 
transmission and diminishes the rewarding effects of nicotine (Liechti et al. 2007). This 
could have resulted in the diminished reward of smoking in the current study. In addition, 
the smaller rewarding effect of smoking a cigarette in the NAC condition could be related 
to the reduction in withdrawal symptoms observed in the same condition, because more 
severe withdrawal symptoms would result in higher relief after smoking, which might 
be interpreted as reward. However, in the current study we did not find an association 
between the subjective rewarding effect of smoking and withdrawal symptoms at the last 
day of treatment or the reduction in withdrawal symptoms over the course of treatment. 
Instead, there was a relationship between the rewarding effect of the cigarette and levels 
of craving at the last day of treatment. Treatment with NAC, however, did not affect 
self-reported craving levels. 

The finding of no effect of NAC on self-reported craving is similar to the findings of 
Knackstedt et al. (2009) in smoking and LaRowe et al. (2007) in cocaine dependence. 
However, whereas withdrawal symptoms increase dramatically immediate after cessation, 
craving is often found to be higher during ad lib smoking than after cessation (Hughes 1992; 
Shiffman et al. 1997). Researchers distinguish between tonic craving and episodic craving 
provoked by cues related to drug use termed cue-induced craving. In contrast to tonic 
craving, cue-induced craving can occur within several hours after cessation (McClernon 
et al. 2009). Cue-induced craving can continue to occur for long periods of time after 
quitting (Shiffman et al. 1997) and predicts relapse (Waters et al. 2004). A cue-induced 
craving paradigm was not incorporated in the current study. However, in a double-blind 
cross-over study (n=15), LaRowe et al. (2007) reported that NAC had no effect on craving 
but that it did decrease the desire to use cocaine in response to cocaine cues in cocaine 
dependent subjects. Perhaps, NAC is more effective in reducing intense episodic craving 
provoked by drug cues than in the reduction of tonic background craving.
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A major benefit of NAC is that it is a readily available treatment option, as it is sold 
over-the-counter in contrast to Bupropion and Varenicline, which are only available 
as (often not reimbursed and expensive) prescription medications. Smokers may find 
over-the-counter aids more acceptable than prescription drugs as most smokers who 
attempt to quit do so without professional assistance or use nicotine replacement 
products (Cahill et al. 2008). Advantages of NAC over replacement therapies are that it 
does not contain nicotine and has fewer side effects. In the current study, no serious side 
effects were reported, only two subjects in the NAC condition reported mild stomach ache 
as opposed to five subjects in the placebo condition. This corresponds to previous findings 
that high dosages of NAC are well tolerated in cocaine dependent subjects (LaRowe et al. 
2006) and pathological gamblers (Grant et al. 2007).  

Some limitations of the current pilot study need to be addressed. First, FTND scores in the 
current sample pointed to low levels of nicotine dependence, therefore overall ratings 
of craving and withdrawal reported by our subjects might be lower than in treatment 
samples. However, it is noteworthy that even lower FTND scores have been reported in 
population samples of current smokers (John et al. 2003; Vink et al. 2005). Second, the 
findings of decreased withdrawal symptoms showed only a trend towards significance 
despite the large effect size. This is in all likelihood due to our small sample size resulting 
in modest statistical power. In addition, the length of NAC treatment was relatively short 
and a longer period of treatment might be needed to reach steady state levels of NAC. 
Therefore, double-blind placebo controlled studies with larger sample sizes and longer 
treatment periods are needed to confirm our findings. Another limitation is that the 
subjects were asked to quit smoking for only 3.5 days and were expecting to smoke a 
cigarette at the end of treatment. Studies with subjects seeking treatment directed at 
long-term abstinence are required. We conclude that the current study together with 
the study of Knackstedt and colleagues (2009) is suggestive for higher dosage of NAC as a 
promising and easily accessible medical aid for smoking cessation. 
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ABSTRACT

BACKGROUND For more than two decades psychiatrists have known about and have 
promoted modafinil, a very promising stimulant that boosts wakefulness in cases of 
narcolepsy and also enhances cognitive functions. At present, however, we must conclude 
that modafinil is hardly ever used to treat illness other than narcolepsy. The aim of the 
current study was to review current attitudes and practice with regard to the use and 
efficacy of modafinil in the treatment of psychiatric disorders.

METHODS Relevant placebo-controlled studies were retrieved via PubMed (Medline) and 
Web of Science.

RESULTS Modafinil is used experimentally to treat ADHD, mood disorders, schizophrenia 
and substance-dependence. Compared to placebo, modafinil achieves positive but mainly 
variable results on different clinical and cognitive measures. It achieves results very rapidly, 
within a week, but over a period of time the results stabilise.

CONCLUSION Modafinil is particularly successful in the treatment of ADHD, depression 
and cocaine-dependency on measures of attention and hyperactivity, fatigue and 
cocaine-use respectively. There is a need for further placebo-controlled trials with longer 
follow-up periods and larger sample size in order to ensure the safety of the product and 
to refine its area of efficacy.
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INTRODUCTION

In the early 1990s modafinil was introduced to the market as a pharmacological agent 
registered for the treatment of narcolepsy due to its wakefulness promoting effects. 
For the sake of convenience, modafinil was classified as a psychostimulant, although its 
behavioral and physiological effects were rather atypical within this category. For example, 
modafinil is considered to have a lower abuse potential and demonstrates milder side 
effects than traditional stimulants (Kumar 2008). It has been asserted that modafinil, in 
addition to promoting wakefulness, also improves cognitive functions such as attention, 
working memory and concentration (Minzenberg & Carter 2008).

The precise mechanism of modafinil is largely unknown. Recent animal studies 
(Minzenberg & Carter 2008) and neuroimaging research in humans (Volkow et al. 
2009) have demonstrated that modafinil binds directly to dopamine (DA) transporters 
and noradrenaline (NA) transporters, resulting in increased extracellular DA and NA. 
Concomitant to these effects, an increase of extracellular serotonin, glutamate and 
histamine, and a decrease of gamma-aminobutyric acid (GABA) are also observed. These 
modafinil-induced changes in neurotransmitter signaling are found primarily in the 
neocortex and to a lesser extent in the subcortical regions (Minzenberg & Carter 2008).

In recent years, modafinil has been considered to be a promising agent in the field of 
psychiatry. This has led to a remarkable increase in its experimental use. Notwithstanding 
the high expectations of modafinil, at present, it has not been registered for any disorders 
other than narcolepsy. Within the mental health field, modafinil has not been included in 
any guideline of the Dutch Institute for Healthcare Improvement CBO.

This ambiguous status of modafinil needs to be elucidated. In this article, we therefore 
present an overview of the current position of the use of modafinil in research with 
psychiatric disorders.

METHODS

We searched the databases of PubMed (Medline) and Web of Science using the search 
term ‘modafinil’. The search was restricted to ‘clinical trial’ and ‘randomized controlled 
trial’. All abstracts were screened and only studies conducted in psychiatric populations, 
with clinical and functional measurements were included.
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RESULTS

The search yielded 26 placebo-controlled studies among four different psychiatric 
disorders: attention deficit hyperactivity disorder (ADHD), mood disorders, schizophrenia 
and substance dependence. We also studied open-label trials and, if relevant, they were 
included in this review study.

ADHD
In general, placebo-controlled trials (see Table 1) as well as open-label studies (Amiri et al. 
2008; Boellner et al. 2006; Rugino & Copley 2001) reported beneficial effects of modafinil 
on ADHD symptoms in children, observed by parents and/or teachers, including increased 
attention and decreased hyperactive and impulsive behavior. The effects typically occur 
rapidly, often after one to two weeks. Both Biederman et al. (2005) and Swanson et al. 
(2006) found that ADHD symptoms progressively decreased in the course of their studies, 
but this effect stagnated after seven weeks. The observed improvements were, however, 
maintained after discontinuation of active treatment (Swanson et al. 2006). To date, only 
one open-label study has directly compared modafinil with methylphenidate. Modafinil 
decreased ADHD symptoms similar to methylphenidate, but had a more favorable profile 
of side effects, with less loss of appetite and fewer problems falling asleep (Amiri et al. 
2008).

In addition to questionnaires and observational ratings, four studies in children with 
ADHD used the ‘Test of Variables of Attention’ (TOVA), a computerized task that measures 
sustained and selective attention. A systematic greater improvement in TOVA scores 
was reported in the modafinil condition compared to placebo in most of these studies 
(Greenhill et al. 2006; Rugino & Copley 2001; Rugino & Samsock 2003). In adults with 
ADHD, the effects of modafinil were less straightforward and only partially explored. 
Taylor and Russo (2000) found only a positive trend on a word fluency test, but not on 
measures of selective attention or working memory. In contrast, Turner et al. (2004a) 
demonstrated beneficial effects on working memory, visual memory, planning, response 
inhibition and sustained attention after a single dose of modafinil.

Mood Disorders
In four of the five placebo-controlled studies in mood disorders, modafinil was administered 
as adjunct therapy in addition to traditional treatment with antidepressants and/or mood 
stabilizers (see Table 2). Dunlop et al. (2007) and Fava et al. (2005) restricted their studies 
to selective serotonin reuptake inhibitors, while DeBattista et al. (2003) also reported on 
the effects of tricyclic and other antidepressants. DeBattista et al. (2003), Dunlop et al. 
(2007) and Fava et al. (2005) investigated the effects of modafinil in patients being treated 
for unipolar depression, with moderate to severe symptoms of fatigue and sleepiness. 
Administered six to eight weeks after the start of the antidepressant, modafinil produced 
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a rapid and positive effect on sleepiness and fatigue. This effect stabilized after one to 
two weeks (DeBattista et al. 2003; Fava et al. 2005). When modafinil administration was 
simultaneously started with antidepressants in unipolar depression (Dunlop et al. 2007) 
or in bipolar I and II disorders (Frye et al. 2007) no effects on fatigue were observed. 
A study conducted by Vaishnavi et al. (2006) in patients with atypical depression did 
show that improvements in symptoms of depression and other atypical symptoms after 
monotherapy with modafinil were sustained during at least 12 weeks.

With regard to the effects of modafinil on depressive symptoms, all open-label studies 
demonstrated beneficial effects in patients with unipolar depression (DeBattista et al. 
2004; Markowitz & Wagner 2003; Thase et al. 2006; Vaishnavi et al. 2006). However, these 
beneficial findings could only be replicated in one placebo-controlled study in patients 
with mild to moderate depression (Fava et al. 2005). In contrast, depressive symptoms in 
patients with bipolar depression seem to respond favorably to modafinil treatment (Frye 
et al. 2007).

Schizophrenia
Modafinil is mainly administered to patients with schizophrenia that predominantly 
display negative symptoms and without positive symptoms. In all studies, modafinil 
was administered as an adjunct therapy to antipsychotic agents. In the majority of the 
placebo-controlled studies, the effects of modafinil were examined only following acute 
administration (see Table 3). Since several studies demonstrated a modafinil-induced 
increase in positive symptoms, the maximum dose was systematically limited to 100-200 
mg per day in these studies (Pierre et al. 2007; Rosenthal & Bryant 2004; Sevy et al. 
2005, Spence et al. 2005).With regard to overall clinical functioning, modafinil had no 
greater effect on fatigue than placebo (Pierre et al. 2007; Sevy et al. 2005). As to negative 
symptoms, the results were mixed: based on rating scales no difference between placebo 
and modafinil were observed, but investigations into unconstrained motor activity using 
actigraphy suggested increased motor activity after modafinil administration (Farrow et 
al. 2006; Pierre et al. 2007; Sevy et al. 2005).

No (Pierre et al. 2007; Sevy et al. 2005) or only limited (Hunter et al. 2006; Spence et al. 
2005, Turner et al. 2004b) effects of modafinil were found on cognitive functioning in 
schizophrenia, and if positive effects were reported, these were only present in a particular 
subgroup of patients. For example, Hunter et al. (2006) demonstrated that improvement 
occurred only in patients with suboptimal levels of functioning at baseline. In addition, 
Spence et al. (2005) noted that cognitive improvement occurred mainly in patients that 
were treated with conventional antipsychotic agents. In contrast, Turner et al. (2004b) 
reported improvements in memory, planning and attentional set-shifting (inhibition and 
flexibility of attention) in all patients.
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Substance Dependence
Modafinil is used primarily as a mono-pharmacotherapy for substance dependence, 
sometimes combined with cognitive behavioral therapy. Most studies have focused on 
the effects of modafinil in cocaine dependent patients. Treatment with modafinil has 
been shown to result in a decrease in cocaine use (Dackis et al. 2005; Hart et al. 2008), 
more specifically in a subset of cocaine dependent patients without alcohol dependence 
(Anderson et al. 2009). This decrease in cocaine use accompanied by longer periods of 
abstinence and/or more abstinent days per week (Anderson et al. 2009; Dackis et al. 2005) 
and less craving (Anderson et al. 2009; Hart et al. 2008). In addition to cocaine dependence, 
treatment with modafinil also increased the number of drug-free days (McGregor et al. 
2008; Shearer et al. 2009) in methamphetamine dependent patients. However, Shearer 
et al. (2009) found no effects of modafinil on craving for methamphetamine. Studies on 
the effects of modafinil in relation to nicotine dependence are in contrast with the results 
reported above. Both Schnoll et al. (2008) and Sofuoglu et al. (2008) reported increased 
negative affect and depressive symptoms after ingestion of modafinil in abstinent 
smokers. Schnoll et al. (2008) also noted that non-abstinent participants receiving 
modafinil significantly smoked more cigarettes and reported more withdrawal symptoms 
compared to non-abstinent participants receiving placebo, and therefore the trial was 
discontinued. The researchers called for caution in prescribing modafinil to heavy smokers 
with or without a comorbid psychiatric disorder.

With regard to cognitive functioning, two studies have investigated the effects of modafinil 
on measures of impulsivity in patients with substance dependence (Sofuoglu et al. 2008; 
Vansickel et al. 2008). Modafinil speeded reaction times on a modified Stroop task in 
heavy smokers (Sofuoglu et al. 2008). In cocaine dependent patients, modafinil had no 
effect on response inhibition, but again decreased reaction times (Vansickel et al. 2008).

General Effects: side effects
Modafinil is generally well tolerated. The most commonly reported side effects are 
headache and nausea, which were found to be mild to moderate. In some studies, however, 
rare side effects have been observed. A study in depression was discontinued due to the 
occurrence of suicidal thoughts in two patients (Dunlop et al. 2007). In addition, a boy with 
ADHD developed Stevens-Johnson syndrome (Biederman et al. 2005). Studies in patients 
with schizophrenia frequently reported exacerbation of psychotic symptoms (Pierre et 
al. 2007; Rosenthal & Bryant 2004; Sevy et al. 2005; Spence et al. 2005). Compared with 
other studies, these investigators did not use higher doses of modafinil. Although it is 
unclear whether these side effects definitely can be attributed to the use of modafinil, this 
can also not be excluded.
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DISCUSSION

The results described in the current review mainly justify the use of modafinil in children 
with ADHD, in patients with depression with complaints of fatigue, and for cocaine 
dependence. These findings should, however, be interpreted with caution. The results of 
the different studies are very variable, making it difficult to draw unequivocal conclusions. 
This is reflected especially in current practice, where the use of modafinil is not officially 
approved for conditions other than narcolepsy. From our literature review, a clear need 
emerges for more placebo-controlled studies, in order to further clarify the indications of 
modafinil as a monotherapy or an adjunct therapy. Despite the positive findings concerning 
the effects of modafinil on ADHD symptoms, we must conclude that its registration has 
been delayed because of safety concerns in children (Kahbazi et al. 2009). Modafinil’s 
added value in comparison with traditional ADHD medication is also unclear. To date, we 
know of only one open-label study that evaluated the efficacy of modafinil for ADHD in 
children and adolescents as compared to methylphenidate (Amiri et al. 2008).

Modafinil’s effectiveness as adjunct therapy in patients with depressive disorders 
and complaints of fatigue can also be questioned. Although this indication was in fact 
incorporated into the guidelines of the British Association for Psychopharmacology 
(Anderson et al. 2008), the authors of a Cochrane review on the use of psychostimulants 
in depression concluded that psychostimulants in general and, in particular, modafinil 
do not contribute to ameliorating or reducing fatigue, somnolence or depressed mood 
(Candy et al. 2008). These findings are perhaps an indication that we need to reconsider 
the promising status of modafinil. In the literature, for example, modafinil has often been 
presented as a good alternative to traditional stimulants due to its limited potentially 
addictive effects (Ballon & Feifel 2006; Minzenberg & Carter 2008). Results of a recently 
published neuroimaging study, however, point in the opposite direction. In this study, 
modafinil was found to increase extracellular dopamine concentration in the nucleus 
accumbens, which is a well-appreciated indicator for abuse liability (Volkow et al. 2009). 
Although abuse of or dependence on modafinil has not been reported in clinical trials as 
yet, the authors call for increased vigilance in its administration to vulnerable groups, such 
as patients with substance dependence. Moreover, Kumar (2008) also demonstrated that 
modafinil’s abuse potential in individuals with a history of drug abuse strongly resembles 
that of methylphenidate. Nevertheless, despite the often use of small sample sizes and 
a short period of administration of modafinil, the results of this review yielded beneficial 
effects in children with ADHD, patients with depressive disorders and in patients with 
cocaine dependence, in measurements of attention and hyperactivity, fatigue, and 
cocaine use, respectively. However, before these indications can be put into practice, 
more placebo-controlled studies including longer follow-up periods and larger sample 
sizes are warranted, with a view to safety as well as the effectiveness of modafinil.
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ABSTRACT

BACKGROUND Impaired response inhibition is a key feature of patients with alcohol 
dependence. Improving impulse control is a promising target for the treatment of alcohol 
dependence. The pharmacological agent modafinil enhances cognitive control functions 
in both healthy subjects and in patients with various psychiatric disorders. However, 
very little is known about the underlying neural correlates of improvements in response 
inhibition following modafinil. 

METHODS We conducted a randomized, double-blind, placebo-controlled, cross-over 
study, using functional Magnetic Resonance Imaging (fMRI) with a stop signal task 
to examine effects of a single dose of modafinil (200 mg) on response inhibition and 
underlying neural correlates in abstinent alcohol dependent patients (AD; N=16) and 
healthy controls (HC; N=16). 

RESULTS Within the AD group, modafinil administration improved response inhibition 
(reflected by the Stop Signal Reaction Time: SSRT) in subjects with initial poor response 
inhibition, whereas response inhibition was diminished in better performing subjects. In 
AD patients with initial poor response inhibition, modafinil-induced SSRT improvement 
was accompanied by greater activation in the thalamus and supplementary motor area 
(SMA) and reduced connectivity between the thalamus and the primary motor cortex (M1). 
In addition, the relationship between baseline response inhibition and modafinil-induced 
SSRT improvement was mediated by these changes in thalamus and SMA activation. 

CONCLUSION These findings indicate that modafinil can improve response inhibition in 
alcohol dependent patients through its effect on thalamus and SMA function, but only 
in subjects with poor baseline response inhibition. Therefore, baseline levels of response 
inhibition should be taken into account when considering treatment with modafinil in AD.
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INTRODUCTION

Relapse is the rule rather than the exception in alcohol dependent patients seeking 
treatment. Psychosocial treatments are only moderately successful, because many 
patients fail to respond to the interventions and only a minority of those that do respond 
succeeds in maintaining prolonged abstinence (Moos and Moos 2006). Treatment success 
may be hampered by cognitive impairments associated with chronic alcohol abuse 
(Oscar-Berman and Marinkovic 2007), as diminished impulse control predicts treatment 
outcome and relapse into alcohol abuse (Bowden-Jones et al. 2005; Charney et al. 2010; 
Evren et al. 2012; Krishnan-Sarin et al. 2007; Muller et al. 2008). Therefore, pharmacological 
improvement of impulse control using a cognitive enhancer may constitute an important 
treatment option in alcohol dependence.  A promising cognitive enhancer is modafinil, a 
wakefulness promoting drug approved for treatment of narcolepsy. In addition, modafinil 
is widely used to enhance cognition (Greely et al. 2008; Joos et al. 2010; Sahakian 
and Morein-Zamir 2007). Modafinil shows beneficial effects on cognitive functions in 
healthy individuals (Turner et al. 2003) and in patients with schizophrenia (Hunter et al. 
2006; Scoriels et al. 2011; Spence et al. 2005; Turner et al. 2004b) and attention deficit 
hyperactivity disorder (Turner et al. 2004a). With regard to addictive behaviors, modafinil 
reduces impulsivity in patients with methamphetamine dependence (Dean et al. 2011) 
and pathological gambling (Zack and Poulos 2009), especially on measures of response 
inhibition. Response inhibition is broadly defined as the ability to inhibit a prepotent 
response (Evenden 1999), and can be assessed using neurocognitive tasks such as the stop 
signal task and the go/no-go task (Logan et al. 1997). However, previous work suggests 
that modafinil does not improve response inhibition in all individuals but is only effective 
in humans and rodents with poor response inhibition at baseline (Eagle et al. 2007; Zack 
and Poulos 2009), suggesting that baseline response inhibition mediates the effect of 
modafinil on response inhibition.

Enhanced response inhibition may in part explain the beneficial effects of modafinil 
in the treatment of cocaine dependence (Anderson et al. 2009; Hart et al. 2008) and 
methamphetamine dependence (Shearer et al. 2009). Whether modafinil also improves 
response inhibition in non-stimulant addictions like alcohol dependence has not yet 
been investigated. Moreover, only one study has yet been published investigating the 
neural mechanisms underlying enhanced cognitive functioning in substance dependent 
individuals. Ghahremani et al. (2011) showed that a single dose of modafinil improves 
learning by stimulating prefrontal activity in methamphetamine dependent patients. 
However, the neural correlates of modafinil mediated improvement in response inhibition 
remain to be elucidated, which would increase not only our insight of neurobiological 
mechanisms of distorted impulse control but also our understanding of the treatment of 
psychiatric conditions such as alcohol dependence. 
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Therefore, the current study aimed to investigate the effects of a single dose of modafinil 
(200 mg) on response inhibition and its neural correlates in alcohol dependent patients 
compared to healthy volunteers using functional Magnetic Resonance Imaging (fMRI). 
A single dose was chosen based on prior studies showing significant effects of a single 
dose of this magnitude on cognition and related brain activation as measured with fMRI 
(Ghahremani et al. 2011; Hunter et al. 2006; Spence et al. 2005; Turner et al. 2004a; 
Turner et al. 2004b). To assess response inhibition, the stop signal task was applied, 
which measures the ability to stop an already initiated response (Logan et al. 1984). Key 
brain regions involved in response inhibition during a stop signal task are the inferior 
frontal gyrus (IFG), the (pre-)supplementary motor cortex ([pre-]SMA), thalamic regions 
including the thalamus and the subthalamic nucleus (STN) and the striatum. A so-called 
hyperdirect-indirect model (Nambu et al. 2002) related to the stop signal paradigm has 
been proposed in which projections from the IFG or (pre-)SMA to the globus pallidus, via 
the striatum or the STN, and then back to the cortex (M1) via the thalamus are thought to 
be crucial for response inhibition (Aron and Poldrack 2006; Jahfari et al. 2011). Therefore, 
the effects of modafinil on activation of and connectivity between these specific brain 
regions were examined in the current study. Given earlier findings that modafinil is 
especially effective in individuals with poor response inhibition, our second aim was to 
examine whether beneficial effects of modafinil are indeed most pronounced in poorly 
performing alcohol dependent patients. 

METHODS

Subjects
Twenty male subjects meeting DSM-IV (American Psychiatry Association 1994) criteria 
for alcohol dependence (AD) were recruited from regional addiction treatment centers. 
In addition, eighteen healthy controls (HC), matched on sex, education and age, were 
included. Exclusion criteria can be found in the Supplemental Methods. Four AD and 
two HC subjects were excluded from analyses due to either too many omission errors 
on Go trials or excessive head motion during scanning. The remaining data from 32 
participants (16 AD, 16 HC) were used in statistical analyses. To avoid confounding due to 
nicotine withdrawal (Azizian et al. 2010), smokers were allowed to smoke freely before 
the experiment (satiation during fMRI). All subjects gave written informed consent to 
participate in this study, which was approved by the Medical Ethical Committee of the 
Academic Medical Center of the University of Amsterdam.

Design
This study has a randomized double-blind placebo-controlled within-subjects crossover 
design. Each subject participated in two sessions separated by one week. In the first 
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session, subjects either received tablets of modafinil (200 mg) or placebo tablets. In the 
second session, subjects were crossed-over to receive the opposite medication. Eight 
AD subjects and eight HC subjects received modafinil in the first session and placebo in 
the second session. Medication was administered two hours before fMRI, because peak 
plasma levels occur at 2-4 hours after a single dose (Robertson and Hellriegel 2003). 

Clinical assessments
All subjects were screened for the presence of Axis-I psychiatric disorders using the Mini 
International Neuropsychiatric Interview plus (MINI-plus; Sheehan et al. 1998). Education 
level was classified according to the International Standard Classification of Educational 
Degrees (ISCED; United Nations Educational Scientific and Cultural Organization (UNESCO) 
1997). General intelligence (IQ) was assessed using the National Adult Reading Test (NART; 
Schmand et al. 1991). Alcohol and drug consumption during the preceding 6 months was 
quantified using the Time Line Follow Back method (TLFB; Sobell and Sobell 1992). In 
addition, the Alcohol Use Disorder Identification Test (AUDIT) was used to identify harmful 
patterns of alcohol consumption (Babor et al. 1989). The Short Alcohol Withdrawal Scale, 
a 10-item self-report questionnaire to measure alcohol withdrawal symptoms (with a 
total score ranging from 0-30) was administered in both sessions (Gossop et al. 2002). 
To investigate modafinil-induced neurophysiologic side effects and craving, self-report 
questionnaires were administered in both sessions. A checklist assessing 15 possible side 
effects and potential stimulant effects of modafinil was used including symptoms like 
headache, palpitations, nervousness, nausea, sweating and a dry mouth. Subjects were 
asked to rate side effect on a scale from 0 (not at all) to 4 (severely). Craving was assessed 
using the Alcohol Urge Questionnaire (AUQ; Bohn et al. 1995). 

Stop Signal Task
Subjects performed a stop signal task including Go and Stop trials while fMRI images 
were obtained (Bohn et al. 1995). For a detailed description of the task, see Supplemental 
Material. Briefly, during the Go trials the subjects had to respond as fast and accurate 
as possible by pressing a button with their left or right index fingers in response to an 
airplane facing either to the left or right. Occasionally, a Stop stimulus was presented and 
the subjects were instructed to try to inhibit the Go response. By adjusting the interval 
between the Go and Stop stimulus, the Stop Signal Delay (SSD), the difficulty of stopping 
was varied using a staircase procedure (De Jong et al. 1990), which converged upon a 
critical SSD representing the time delay required for the subjects to successfully stop 
their response on approximately 50% of the Stop trials. The time required for the stop 
signal to be successfully processed, the Stop Signal Reaction Time (SSRT), was computed 
by subtracting the critical SSD from the mean Go reaction time. A longer SSRT indicates 
poorer response inhibition. 
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Imaging Protocol
Magnetic Resonance Imaging data were obtained using a 3.0 T Intera MRI scanner 
(Philips Healthcare, Best, The Netherlands) equipped with a SENSE eight-channel receiver 
head coil. A gradient-echo echo-planar (EPI) sequence sensitive to blood oxygenation 
level-dependent (BOLD) contrast (TR/TE=2300ms/25ms, matrix size 64x64, voxel size 
2.29x2.29x3mm, 38 slices, no gap) was used to acquire approximately 365 images. 
Three-dimensional T1-weighted images were collected using a gradient echo sequence 
(TR=9ms; TE=3.5ms; 170 slices; voxel size 1X1X1mm; matrix size 256x256) for anatomical 
reference with the EPI data. 

Data Analysis
Behavioral data
Demographical, self-report and stop signal task performance data were analyzed using 
SPSS 16. Differences in baseline characteristics between groups were analysed using 
independent t-tests. A repeated measures ANOVA was conducted to assess self-reported 
effects of modafinil and stop signal task performance with treatment (modafinil versus 
placebo) modelled as a within-subject factor and group (AD vs. HC) and session order 
as between-subjects factors. Modafinil-induced improvement in SSRT was defined as 
SSRTplacebo minus SSRTmodafinil with positive values indicating improvement. The 
relation between modafinil-induced improvement with self-report data and placebo 
SSRT was investigated for both groups (AD and HC) using a Pearson correlation including 
session order as a covariate. The significance level was set to p<0.05.

Imaging data
Imaging data were analyzed using Statistical Parametric Mapping (SPM8; Wellcome 
Trust Centre for Neuroimaging, London, UK). Functional images of each subject were 
realigned and unwarped, co-registered with the structural MRI image and segmented 
for normalization to an MNI template. Finally, images were smoothed using an 8mm full 
width at half maximum Gaussian kernel. 

Four main types of trial outcome were distinguished: Go success, Omission, Stop Success 
(SS) and Stop Error (SE) for each session. In a first level, single-subject fixed effects 
analysis, regressors were constructed by convolving the onsets of the Go stimulus with 
a canonical hemodynamic response function (HRF) to model each outcome type. To 
account for low-frequency signal drift a high-pass filter (1/128 Hz) was applied. Next, 
contrasts SS>SE were computed for each session to examine regional brain activation 
related to successful versus unsuccessful response inhibition. These contrast images were 
then entered into a second level random effects analysis using a flexible factorial design 
to investigate within-group effects of medication and group by medication interaction 
effects. Independent t-tests were used to compare between-group effects on placebo 
and modafinil, including session order as a covariate. A whole-brain linear regression 
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was used to explore regions showing modafinil-induced changes in activation (SS>SE, 
modafinil>placebo) that varied linearly with improvement in SSRT, including session order 
as a covariate. To assess connectivity between brain regions for SS>SE that interacted with 
modafinil administration, we used a generalized form of PsychoPhysiological Interaction 
analyses, see Supplemental Material for details. 

We focussed our imaging analyses on regions of interest (ROIs) that have been implicated 
in the hyperdirect-indirect model of response inhibition including the IFG, a motor region 
including the primary motor cortex (M1) and (pre-)SMA, a striatal region including 
caudate, putamen and globus pallidus, and a thalamic region including the thalamus and 
STN (Aron 2011; Aron and Poldrack 2006; Jahfari et al. 2011; Nambu et al. 2002). The 
WFU PickAtlas Tool v2.4 (Maldjian et al. 2003) was used to create four separate masks 
containing these bilateral ROIs. Only significant brain activations that survived family-wise 
error (FWE) correction for multiple comparisons on the voxel-level within the ROIs using 
a small volume correction (Worsley et al. 1996), or across the entire brain for regions not 
a priori of interest, are reported in the Results section. For exploratory purposes, results 
significant at a more liberal (uncorrected) threshold are reported in the Supplemental 
Results. 

RESULTS

Demographics and clinical assessments
Demographic, self-report and substance use characteristics are presented in Table 1. The 
AD group did not differ from the HC group with regard to age, educational level or IQ. 
AD subjects smoked significantly more cigarettes than HC subjects. We did not include 
smoking as a covariate in subsequent analyses, because smoking behaviour was related 
to alcohol consumption during the past six months (r=0.47, p=0.01) and AUDIT scores 
(r=0.54, p=0.001). Therefore, including smoking as a covariate could also remove variance 
explained by problematic drinking. No adverse events were reported and self-reported 
withdrawal symptoms were low (Table 2).  Modafinil did not induce side effects and had 
no effect on self-reported craving (Table 2). 

Stop Signal Task Performance
There was no significant group, treatment or treatment by group interaction effect on 
any of the performance measures (Table 2). Within the AD group, modafinil (compared 
to placebo) did not affect SSRT or other performance measures. However, in the HC 
group, modafinil significantly decreased mean reaction time on Go trials (mean RT Go; 
t(15)=2.16, p=0.05) but had no effect on other performance measures.
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A correlation analysis revealed that modafinil-induced improvement in SSRT was 
significantly correlated with baseline SSRT (SSRTp), within AD subjects (r=0.56, p=0.03) 
and within HC subjects (r=0.63, p=0.01). Subjects with poor baseline response inhibition 
benefited from modafinil in terms of SSRT improvement and thus became less impulsive, 
whereas better performing subjects on baseline became more impulsive under modafinil 
compared to placebo. A median split based on SSRTp revealed that within the AD group, 
response inhibition improved significantly more by modafinil administration in subjects 
with poor initial SSRT performance compared to subjects with better initial SSRTp 
performance (F(1,12)=6.74, p=0.02), see Figure 1. In contrast, in HC no differences in 
modafinil-induced changes in response inhibition were found between subjects with 
low and high SSRTp (F(1,12)=0.47, p=0.51). Neither SSRTp nor SSRT improvement were 
associated with severity of alcohol related problems (AUDIT), number of cigarettes 
smoked per day, amount of alcohol consumed in the past six months, abstinence period, 
craving (AUQ scores) and physical symptoms (side effects). 

Table 1: Demographics, clinical and substance use characteristics

AD group (N=16) HC group (N=16) t (df) p value

Mean (SD)

Age 42.9 (9.4) 41.7 (8.2) 0.4 (30) 0.69
Educationa 3.3 (1.3) 4.1 (1.1) -1.7 (30) 0.09
IQb 99.6 (12.0) 100.5 (11.3) -0.2 (30) 0.83
Alcohol in last 6 months 
(in standard units/day)

11.9 (8.1) 1.0 (1.1) 5.4 (30) <0.001

AUDITc 28.4 (5.5) 6.3 (3.3) 13.8 (30) <0.001
Cigarettes per day 15.0 (12.9) 4.6 (7.5) 2.8 (30) 0.01
Total cannabis use in last 6 
months (in grams) 

11.7 (18.8) na na na

aMeasured using the International Standard Classification of Educational Degrees (ISCED)
bMeasured using the NART 

cAlcohol Use Disorder Identification Test

Regional Brain Activations
Main effects (across sessions and across groups) of SS and SE trials are reported in the 
Supplemental Results (Figure S1). In addition, results of one-sample t-tests for placebo 
and modafinil, separately for AD and HC can be found in the Supplemental Results (Table 
S1). 
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Table 2: Clinical characteristics and stop signal task performance in the modafinil and the placebo 
condition

Session AD group
(N=16)

HC group
(N=16)

F (df) a p value

Mean (SD)

Self-report Measures

Withdrawal symptomsb Placebo
Modafinil

4.7 (4.3)
4.1 (3.9)

1.6 (2.3)
1.7 (2.5)

0.90 (1,28) 0.35

Side effectsc Placebo
Modafinil

2.5 (2.0)
2.6 (3.9)

2.6 (3.0)
2.6 (3.0)

0.00 (1,28) 0.99

Craving for alcohold Placebo
Modafinil

9.9 (9.2)
8.1 (8.6)

6.3 (6.9)
5.9 (8.0)

1.97 (1,28) 0.17

Stop Signal Task 
Performance
SSRTe, ms Placebo

Modafinil
237.1 (34.5)
240.2 (29.5)

258.9 (37.7)
254.1 (34.7)

0.46 (1,28) 0.51

% correct Stop trials Placebo
Modafinil

51.3 (3.0)
50.9 (2.8)

52.08 (2.0)
50.8 (2.1)

1.07 (1,28) 0.31

% correct Go trials Placebo
Modafinil

98.4(1.4)
98.9 (0.9)

98.3 (1.3)
98.7 (1.5)

0.05 (1,28) 0.82

Mean RT Gof, ms Placebo
Modafinil

537.6 (83.9)
538.8 (86.5)

565.2 (77.5)
532.9 (81.6)

2.25 (1,28) 0.15

aResults are presented for the treatment (placebo versus modafinil) x group (AD versus HC) interaction effect. 
Within groups, there was only a significant effect of treatment on mean RT Go trials in the HC group
bMeasured using the Short Alcohol Withdrawal Scale (SAWS)
cMeasured using a 15-item side effects checklist
dMeasured using the Alcohol Urge Questionnaire (AUQ)
eStop Signal Reaction Time
fMean reaction time on Go trials

Task-related brain activation within and between groups
For the SS>SE contrast, a cluster in the left putamen showed a significant group by 
treatment interaction effect. Post-hoc tests revealed that this effect was driven by a 
significant increase in activation of the left putamen in AD after modafinil administration 
compared to the placebo condition (Figure S2), whereas modafinil had no effect on brain 
activation in HC. In addition, no differences in regional brain activation between the 
groups were found within the placebo and modafinil condition. 
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Figure 1: SSRT improvement (SSRT P-M) in AD and HC separately for subjects with poor baseline response 
inhibition (high SSRTp) and subjects with good baseline response inhibition (low SSRTp). Significant differences 
were found in AD in which poor performing subjects improved their response inhibition after modafinil 
administration, whereas better performing subjects deteriorated after modafinil administration.

Regression analysis
A regression analysis of differences in brain activation (SS>SE, modafinil>placebo) against 
the improvement in SSRT (SSRTp-SSRTm) revealed a positive correlation in the left SMA and 
the right ventrolateral thalamus within the AD group. Inspection of the scatterplot (Figure 
2) indicates that subjects with improved performance showed an increase in activation 
of these brain areas, whereas subjects with worsened performance showed a decrease. 
Post-hoc correlations of SSRT improvement with changes in brain activation separately for 
SS and SE trials indicated that SSRT improvement was associated with a modafinil-induced 
decrease in SMA activation during SE trials but not with an increase in activation during SS 
trials. With regard to the thalamus, a combination of increased activation during SS trials 
and decreased activation during SE trials was associated with greater SSRT improvement. 
No negative correlations were found in AD. Within the HC group, regression analysis 
revealed no significant positive or negative correlations between improvement in SSRT 
and activity changes.

For the AD group, we extracted parameter estimates of activity change (SS>SE, 
modafinil>placebo) in the thalamus and SMA to further examine correlations with 
behavioral measures. Activity change in the SMA (r=0.72, p<0.01) and the thalamus (r=0.53, 
p=0.04) correlated significantly with baseline response inhibition (SSRTp), indicating that 
AD subjects who initially performed worse showed greater modafinil-induced activity 
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increase within these regions (Figure 2). No correlations between these activity changes 
and other stop signal task performance measures were found. 

Effective connectivity 
For functional connectivity analysis, the left SMA (peak MNI-coordinates: -6, -13, 58) 
and right thalamus (peak MNI-coordinates: 9, -10, 4) were defined as seed regions. To 
examine whether connectivity changes of these regions with other brain regions were also 
associated with SSRT improvement, we regressed the AD subjects’ PPI contrast images 
against their SSRT improvement. For the SMA, we found no functional connectivity changes 
associated with SSRT improvement. For the thalamus, there was a negative correlation 
between connectivity changes of the thalamus with the left precentral gyrus (M1) and 
SSRT improvement (Figure S3), but only when correcting for multiple comparisons within 
masks containing unilateral regions of interest instead of bilaterally. This indicates that 
improvement in SSRT is accompanied by a decreased coupling of the right ventrolateral 
thalamus with the left M1. The parameter estimate of the connectivity change between 
the thalamus and M1 was not correlated with SSRTp.

Mediation analysis
Because SSRTp correlated with SSRT improvement and both were associated with 
modafinil-induced increase in SMA and thalamus activation, we investigated 
whether the observed relationship between baseline response inhibition (SSRTp) and 
modafinil-induced improvement in response inhibition (SSRTp>SSRTm) was actually caused 
by these modafinil-induced brain activity changes using a post-hoc mediation analyses 
(for details of the analyses see Supplemental Material). Mediation analyses showed that 
the relationship between SSRTp and SSRT improvement was almost completely mediated 
by increased activation of the SMA and thalamus after modafinil administration (Figure 3). 
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Figure 2: Modafinil-induced activity changes (parameter estimates for M-P, SS-SE) in alcohol dependent subjects 
associated with response inhibition in A) the left SMA and B) the right ventrolateral thalamus. Activity increases 
both in the left SMA and right thalamus were significantly correlated with improvement in response inhibition 
(SSRT: P-M) and baseline response inhibition (SSRT placebo). The color bar represents voxel T value.
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Figure 3: Path analysis showing that the relationship between baseline response inhibition (SSRT 
Placebo) and modafinil-induced improvement in SSRT (path c) is almost completely mediated by 
modafinil-induced changes in right ventrolateral thalamus and left SMA activation (path c’: direct 
relation between SSRT placebo and SSRT improvement when corrected for mediator). Bootstrap 
tests for mediation effects (path c minus path c’) were significant for both the thalamus and SMA. 
*p<0.05 and **p<0.01 for path coefficients. 

DISCUSSION

This study demonstrates that modafinil can improve response inhibition by modulating 
activation in key regions involved in successful inhibition (SMA and thalamus), but only 
in alcohol dependent patients that show poor initial response inhibition. In contrast, 
response inhibition in better performing subjects deteriorated after receiving modafinil. 
These observations are in line with findings of modafinil-induced improvements and 
deteriorations in response inhibition in subjects with low and high levels of response 
inhibition at baseline, respectively, in studies with pathological gamblers (Zack and Poulos 
2009) and rodents (Eagle et al. 2007). The observation that positive effects of modafinil 
are only found in subjects initially performing poorly is consistent with findings from a 
wider range of cognitive functioning. For example, modafinil was found to be effective 
only in healthy individuals and patients with schizophrenia and methamphetamine 
dependence who show poor baseline performance on working memory (Kalechstein et 
al. 2010; Spence et al. 2005), cognitive control (Hunter et al. 2006) and visual attention 
tasks (Finke et al. 2010). 
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Although the exact pharmacological mechanism of action of modafinil remains to be 
elucidated, it has been suggested that modafinil primarily exerts its effects on catecholamine 
(including dopamine and noradrenalin) transmission (Minzenberg and Carter 2008). The 
current findings of a modafinil-induced improvement in response inhibition in poorly 
performing AD subjects together with a modafinil-induced deterioration in response 
inhibition in better performing subjects are in line with an ‘inverted U-shaped’ relationship 
between catecholamine neurotransmitter levels and cognitive performance (Levy 2009). 
This inverted U-shaped curve implies that there is an optimum for catecholamine 
neurotransmitter levels to efficiently execute cognitive tasks. Future single-photon 
emission computed tomography (SPECT) or positron emission tomography (PET) using 
dopamine receptor ligands could clarify this proposed relationship between response 
inhibition and modafinil-induced changes in catecholamine neurotransmission.

Modafinil-induced improvement in response inhibition was accompanied by modulation 
of brain activation in the right ventrolateral thalamus and the left SMA in AD patients. 
Furthermore, modafinil-induced activity changes in these brain regions mediated the 
relationship between baseline SSRT and improvement in SSRT, indicating that activity 
changes within these brain regions were (largely) responsible for SSRT improvements 
observed in poorly performing AD patients. These findings are consistent with previous 
studies showing that both SMA and thalamus play an important role in the interruption 
of ongoing responses (e.g. Zhang and Li 2012). The SMA is part of the motor cortex and 
is involved in planning and coordination of complex movements. Neuroimaging studies 
using the stop signal task have shown the pre-SMA to be critically involved in inhibiting a 
response (Li et al. 2008b; Zhang and Li 2012), whereas the SMA seemed to be more active 
during failed inhibition (Li et al. 2008b; Zhang and Li 2012; Ide and Li 2011). Indeed, when 
we examined the correlation between SSRT improvement and modafinil-induced increase 
in SMA activation during response inhibition (SS>SE) more closely, a decrease in SMA 
activation during SE trials, and not an increase during SS trials, was responsible for the 
observed correlation, indicating more efficient error processing during failed inhibitions. 
The ventrolateral nucleus of the thalamus (also termed the motor thalamus) has direct 
connections with the motor cortex. When a motor command is initiated, the thalamus 
is disinhibited which increases thalamocortical output that activates the motor cortex. 
However, when a motor response needs to be inhibited, output from the thalamus to 
the motor cortex is suppressed (Nambu et al. 2002). Based on these observations, it is 
expected that modafinil-induced increased activation in the ventrolateral thalamus would 
be associated with a reduced capability to inhibit an ongoing response instead of the 
observed improvement of response inhibition. However, thalamus activation as identified 
using fMRI may represent either excitatory or inhibitory neural activity. Importantly, our 
connectivity analyses revealed that SSRT improvement was accompanied by a reduced 
functional coupling between thalamus and M1, consistent with the assumption that for 
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successful inhibition output from the thalamus to the motor cortex needs to be suppressed. 
These findings suggest that modafinil exerts its effect directly on the thalamus, resulting in 
subsequent changes in functional connections of the thalamus with other brain regions. 
Previous work has indeed indicated that modafinil elevates glutamate and noradrenalin 
levels in the thalamus in rodents (Minzenberg and Carter 2008) and increases cerebral 
blood flow in the thalamus in humans (Joo et al. 2008), supporting the hypothesis of the 
thalamus being a primary target for modafinil to exert its effects.

In the AD group, regardless of high versus low levels of response inhibition, modafinil was 
associated with increased activation in the left putamen, but this was not related to SSRT 
improvement. This may indicate a broader effect of modafinil on striatal activation in AD. 
Indeed, modafinil induces dopamine release in the striatum (Volkow et al. 2009), which is 
suggestive for stimulant properties of modafinil. For that reason, we performed post-hoc 
correlation analyses of modafinil-induced putamen activity with subjective reinforcing 
effects in AD. However, modafinil-induced increase in putamen activity was not associated 
with stimulant effects or craving. 

Our results should be viewed in light of some limitations. First, four AD subjects tested 
positive for cannabis or benzodiazepines. Although most of these substances are 
detectable for up to 4 weeks in urine samples and self-reported use of these substances 
was in accordance with the requirement of being free of alcohol and drugs for at least 
two weeks, we cannot rule out the possibility that recent cannabis or benzodiazepine use 
confounded the results. However, post-hoc analyses excluding these subjects revealed 
very similar results with regard to behavioral and imaging findings in the stop signal task 
(see Supplemental Results). A second limitation is that baseline response inhibition was 
defined by the SSRT in the placebo condition instead of a separate independent baseline 
SSRT measure and therefore the current behavioral findings could be biased by regression 
towards the mean. A major factor affecting the amount of regression towards the mean 
is the correlation between SSRT in the two sessions: the smaller the correlation, the 
greater the amount of regression towards the mean. Given the high correlation between 
SSRTp and SSRTm in AD (r=0.73, p=0.001) and the relatively low correlation between the 
SSRTp and SSRTm in HC (r=0.36, p=0.17) in the current study, in addition to findings of 
differential effects of modafinil in poor and better performing subjects in previous studies, 
we believe that our results reflect true differential of modafinil effects in AD. This was 
supported by the observed modafinil-induced brain activity changes in AD. Furthermore, 
if the observed differential effects were merely caused by a regression towards the 
mean, regression towards the mean is expected regardless of session order allocation 
(placebo first or modafinil first), i.e. SSRT in the first session would be correlated with SSRT 
improvement regardless of receiving placebo or modafinil in the first session. Instead, 
SSRTm was not correlated with SSRT improvement (regardless of receiving modafinil in 
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the first or second session): a low and non-significant correlation was observed in the AD 
group between SSRTm and the SSRT change score (r=-0.18, p=0.52). Nonetheless, future 
studies should include an independent baseline impulsivity measure to control for this 
potential confound. A final limitation is that no measures for other domains of impulsivity 
such as impulsive decision making were included, thereby limiting the generalizability of 
the current findings. Especially given the fact that there is minimal overlap in underlying 
cognitive and neural processes involved in these different aspects of impulsivity (Broos et 
al. 2012; Evenden 1999), modafinil effects on other domains of impulsivity remain to be 
elucidated. 

Despite some limitations, the current study provides new insights in the neurobiological 
mechanisms responsible for the modulating effect of modafinil on impulsivity in alcohol 
dependent patients: the effect of modafinil on inhibitory control is mediated by functional 
changes in brain regions specifically involved in motor response inhibition. In addition, 
the current observations demonstrate the importance of personalized medicine: the 
behavioral and neurophysiologic effects of modafinil in AD are dependent on baseline 
levels of response inhibition and therefore baseline cognitive performance should be 
taken into account to obtain an optimal effect, i.e. to have high success rates and to avoid 
iatrogenic deterioration.
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SUPPLEMENTAL MATERIAL

Supplementary Methods
Exclusion criteria for participation
Exclusion criteria were: current DSM-IV diagnoses (other than alcohol and nicotine for 
the AD group and nicotine for the HC group); lifetime history of head injury with loss of 
consciousness for more than 5 minutes; neurological disorders; low level of education 
(school drop-out before age 16); use of medication affecting the central nervous system. 
Recent drug and alcohol use was assessed with urine tests taken prior to MRI imaging. 
None of the subjects tested positive for alcohol, cocaine, amphetamine, XTC and opiates. 
However, two AD patients tested positive for cannabis and two other AD patients tested 
positive for benzodiazepines. Some benzodiazepines and cannabis are detectable for up 
to four weeks in urine samples and the subjects needed to be free of alcohol and any drug 
use for a minimum of two weeks. 

Stop signal task
The stop signal task consisted of 252 randomized trials with a Go/Stop ratio of 80/20 and 
lasted approximately 12 minutes. Before each trial a small cross appeared on the screen 
for 500 ms to engage attention, immediately followed by an airplane facing either to the 
left or to the right presented for 1000 ms (Go trial). The intertrial interval varied between 1 
and 2 seconds. During the Go trials the subjects had to respond by pressing a button with 
their left or right index fingers when the airplane faced to the left or right, respectively. 
The subjects were instructed to respond as fast and accurate as possible. Occasionally 
(20% of the times), the Go stimulus was followed by a Stop stimulus (a cross) projected 
over the Go stimulus. The subjects were instructed to try to withhold the Go response 
(pressing a button) when seeing the Stop signal. By adjusting the interval between the 
Go stimulus and the Stop stimulus, the Stop Signal Delay (SSD), the difficulty of stopping 
was varied. The SSD varied using a staircase procedure: a failed stop trial reduced the SSD, 
making it easier to inhibit the Go response during the next stop trial. A successful Stop 
increased the subsequent SSD, making it more difficult to succeed in the next Stop trial. 
This staircase procedure converged upon a critical SSD, which represents the time delay 
required for a subject to successfully stop his response on approximately 50% of the Stop 
trials. The time required for the stop signal to be successfully processed, the Stop Signal 
Reaction Time (SSRT), was computed by subtracting the critical SSD from the median Go 
reaction time. The SSRT is the time required for a subject to inhibit his response after 
seeing the Stop Signal corrected for his median reaction time to Go trials. A short SSRT 
indicates good response inhibition and a longer SSRT indicates poorer response inhibition. 
To become familiarized with the task, participants performed a practice session (30 go 
trials, 8 stop trials) outside the scanner. 

125|

  7



fMRI: effective connectivity analyses
To assess connectivity between brain regions for SS>SE that interacted with modafinil 
administration, we used a generalized form of PsychoPhysiological Interaction analyses 
(gPPI; McLaren et al. 2012). Seed regions were chosen based on the main findings in 
the second level analyses and were defined as 5 mm radius spheres around peak voxel 
coordinates of activation clusters. For each subject and each seed region, the physiological 
activity of the seed region was computed as the mean time series of all voxels within a 
5 mm radius sphere centered at the peak activation coordinate obtained in the group 
analyses. An estimate of the underlying neuronal activity that produced the physiological 
activity in the seed region was computed by deconvolving the BOLD signal (Gitelman et 
al. 2003). Next, PPI regressors were generated by multiplying the estimated neuronal 
activity from the seed region with a vector coding for effects of each task condition. 
For every seed region, first level statistical analyses were performed by generating and 
estimating a model involving for each session (placebo and modafinil): the PPI regressors 
of each task condition (convolved with the canonical HRF), the psychological regressors 
corresponding to each task regressor from the original first level design, the physiological 
activity from the seed region and a constant term. One PPI contrast was created for (SS>SE, 
modafinil>placebo) to identify modafinil induced functional connectivity changes of the 
seed region with other regions in the brain for successful inhibition (SS>SE). Subsequently, 
a second-level random effects analysis was performed on these contrast images. Again, 
results are reported at a corrected significance level of p<0.05 within the ROIs using a 
small volume correction (SVC) or across the entire brain.

fMRI: mediation analyses
In order to investigate the intermediate role of modafinil induced brain activity changes in 
the modafinil induced reduction of impulsivity, a mediation analysis was performed with 
baseline impulsivity (Stop Signal Reaction Time under placebo: SSRTp) as the independent 
variable (X), reduction in impulsivity (SSRT improvement) as the dependent variable (Y), 
and modafinil induced brain activity changes as the mediating variable (M). We used the 
SPSS 17.0 Indirect.sbs script (Preacher and Hayes 2008) to test the indirect effect of X on 
Y through the mediator M using a mediation model described by Baron and Kenny (Baron 
and Kenny 1986), with session order included as a covariate. A significant mediation effect 
is present when the mediator M substantially reduces or eliminates the effect of X on 
Y, indicating that the relationship between X and Y can at least partly be explained by 
M. A bootstrapping method with bias-corrected confidence intervals, as implemented 
in Indirect.sbs, was used to determine the significance of the mediation effect. The 
bootstrap method is significant if zero is not in the confidence interval. Bootstrap analyses 
and estimates were based on 10,000 bootstrap samples.
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Supplementary Results

Main effect of Stop Signal Task
The main effect of the task across sessions and group (p<0.05 FWE corrected), separate 
for SS and SE trials, is presented in Figure S1 (see below). Replicating previous studies, 
inferior prefrontal cortex extending to the insula, middle and superior frontal gyrus, 
anterior PFC (BA10), medial frontal areas including (anterior) cingulate cortex and (pre-)
supplementary motor area (BA6), inferior parietal lobe, the ventrolateral nucleus of the 
thalamus, middle temporal gyrus, putamen, ventral striatum and the midbrain in addition 
to visual processing areas were bilaterally activated in SS trials. In SE trials, the bilateral 
inferior prefrontal cortex, right middle and superior frontal gyrus, bilateral anterior PFC 
(BA10), bilateral (anterior) cingulate cortex, bilateral middle temporal gyrus, bilateral 
inferior parietal lobe and the midbrain were activated. When comparing SS>SE, significant 
activation was found in bilateral middle and superior frontal gyrus, left medial PFC 
including (pre-)supplementary motor area (BA6), bilateral superior and inferior parietal 
lobe, bilateral ventral striatum and bilateral precuneus. Comparing SE>SS only revealed a 
cluster in the cerebellum. 

One sample t-tests
The results of one sample t-tests for stop signal task-related (SS>SE and SE>SS) brain 
activation for AD and HC, separate for the placebo and modafinil session can be found in 
Table S1.

Exclusion of subjects with a positive urine test
To explore whether the subjects who tested positive for benzodiazepines or cannabis 
significantly influenced the results, exploratory analyses were conducted with exclusion 
of these subjects. Behavioral findings did not alter after exclusion of the four subjects 
in the AD group who had positive urine tests directly prior to the fMRI session, with the 
exception that the correlation between SSRTp and SSRT improvement was now a trend 
towards significant instead of significant, which was probably due to a lack of statistical 
power because the correlation was similar (r=0.56, p=0.03 vs r=0.57, p=0.07). There was 
still no significant main effect of group, main effect of treatment or group x treatment 
interaction effects found with regard to SSRT, mean RT Go, % correct Stop trials and % 
correct Go trials. No effects were observed in side effects ratings; however, we did observe 
a significant group x treatment interaction effect on self-reported craving after excluding 
the four subjects that had positive urine tests (F(1,24)=6.1, p=0.02), which was driven by a 
significant reduction in craving in the AD group only (F(1,10)=12.3, p<0.01).
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With regard to imaging results, when comparing SS>SE, the same cluster in the left 
putamen showed a significant group by treatment interaction effect as was reported 
also when including all subjects. Post-hoc tests revealed that this effect was driven by a 
significant increase in activation of the left putamen in AD after modafinil administration 
compared to the placebo condition. No differences in regional brain activation between 
the groups were found within the placebo and modafinil condition. The regression analysis 
of differences in brain activation (SS>SE, modafinil>placebo) against the improvement 
in SSRT (SSRTp-SSRTm) revealed similar brain regions (i.e. SMA and thalamus), but the 
SMA did not survive correction for multiple comparisons anymore in contrast to the 
left thalamus. In addition, similar results were observed in the functional connectivity 
analyses: for the SMA, we found no functional connectivity changes associated with SSRT 
improvement and for the thalamus, a negative correlation between connectivity changes 
of the thalamus with the left precentral gyrus (M1) and improvement in SSRT was found, 
again only when correcting for multiple comparisons within the mask containing the 
unilateral (left) motor region of interest instead of bilaterally. 
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Table S1: Brain regions showing significant stop signal task-related activity (SS>SE and SE>SS) in AD 
and HC separate for the placebo and modafinil condition. t-statistic and X, Y and Z MNI coordinates 
are from the location of the peak voxel activation within each cluster. One sample t-tests were 
whole brain p<0.001 corrected with an extend threshold of 5 voxels. 

Location Side Cluster size t-stat X
(mm)

Y
(mm)

Z
(mm)

AD Placebo (SS>SE)
Middle frontal gyrus extending to (pre-) 
supplementary motor area (BA6)

L 84 5.10 -18 -13 61

Medial frontal gyrus L 3 4.91 -9 -1 61
Ventral striatum L 29 4.77 -9 8 -11
(pre-)Supplementary motor area (BA6) R 53 4.48 24 -4 64
Ventral striatum R 10 4.47 12 14 -11
Superior frontal gyrus R 13 4.37 24 20 55
Superior parietal lobe L 13 4.07 -27 -67 43
Middle frontal gyrus L 5 3.96 -45 26 31

AD Placebo (SE>SS)
Postcentral gyrus L 9 4.03 -63 -13 13

AD Modafinil (SS>SE)
Middle/superior frontal gyrus R 90 6.45 27 35 43
Putamen extending ventral striatum R 207 5.64 24 8 7
Middle occipital gyrus L 29 5.56 -27 -85 4
Superior frontal gyrus R 35 5.22 36 20 55
Middle occipital gyrus R 33 4.90 33 -85 13
Thalamus R 23 4.85 18 -28 7
Putamen L 37 4.68 -27 5 4
Medial prefrontal gyrus extending to (pre-) 
supplementary motor area (BA6)

L/R 175 4.57 -3 -15 -51

Precuneus R 26 4.50 30 -67 37
Superior frontal gyrus L 12 4.48 -18 -23 55
Inferior parietal lobe R 18 4.44 33 -49 55
Anterior cingulate cortex L 15 4.20 -3 35 7
Inferior temporal gyrus R 5 4.11 42 -64 -8
Ventromedial PFC L/R 16 4.07 12 41 -2
Middle frontal gyrus L 14 4.04 -33 5 37

AD Modafinil (SE>SS)
Cerebellum R 27 3.94 27 -49 -23

HC Placebo (SS>SE)
Precuneus extending to posterior cingulate 
cortex

L/R
1961 7.25 6 -61 49

Middle frontal gyrus 6.97 -21 -16 64
(pre-) supplementary motor area (BA6) 
extending to superior frontal gyrus

R 192 6.83 33 2 64

Middle frontal gyrus L 241 5.96 -45 26 31
Putamen extending to insula L 61 4.69 -21 -7 7
Superior frontal gyrus R 44 4.59 27 41 19

129|

  7



Table S1: continued

Location Side Cluster size t-stat X
(mm)

Y
(mm)

Z
(mm)

Anterior cingulate cortex L/R 12 4.42 3 14 28
Superior temporal gyrus R 19 3.83 60 -13 4
Precentral gyrus L 68 4.25 -60 -10 31
Anterior PFC (BA10) L 11 4.18 -27 53 -5
Middle temporal gyrus L 6 3.77 63 -43 -2

HC Placebo (SE>SS)
Cerebellum L/R 49 4.94 0 -46 -2

HC Modafinil (SS>SE)
Middle frontal gyrus extending to superior 
frontal gyrus and (pre-) supplementary motor 
area (BA6) 

R
987 7.24 30 11 58

Angular gyrus extending to inferior parietal 
gyrus

R
304 5.61 39 -70 46

Superior frontal gyrus R 78 5.27 30 56 1
Ventral striatum R 19 4.82 9 14 -8
Superior parietal lobe L 52 4.62 -21 -64 58
Middle occipital gyrus R 11 4.41 21 -91 10
Posterior cingulate cortex L/R 23 4.24 6 -46 37
Middle frontal gyrus L 15 4.24 -48 26 31
Hippocampus L 14 4.06 -27 -13 -20
Ventral striatum L 11 4.01 -12 8 -11
Anterior PFC (BA10) L 29 3.68 -33 56 4
Medial frontal gyrus L 6 3.77 -6 35 37
Supplementary motor area L 6 3.59 -6 -4 61

HC Modafinil (SE>SS)
X X X X X X X

BA, Brodmann area; PFC, prefrontal cortex.
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Supplemental Figures

Figure S1: Main effect of task: significant activation across sessions and group (p<0.05 FWE corrected), 
separate for SS and SE trials, and SS>SE and SE>SS. 
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Figure S2: A) Between group comparisons for successful versus failed inhibiti ons (SS>SE) revealed an 
acti vati on cluster in the left  putamen (MNI: -27, -10, 4). The color bar represents voxel T value. B) Eff ect 
sizes of acti vity changes in the left  putamen for SS>SE were extracted for the placebo and modafi nil 
conditi on separately for AD and HC subjects. The left  putamen showed greater acti vati on in HC subjects 
compared to AD subjects in the placebo conditi on and showed greater modafi nil-induced acti vati on in AD 
subjects relati ve to HC subjects.

Figure S3: A) Results of the regression analysis of modafi nil-induced changes in eff ecti ve connecti vity 
against SSRT improvement revealed a signifi cant eff ect of connecti vity between the right ventrolateral 
thalamus (red) and left  M1 (green). B) Improvement in response inhibiti on was associated with a 
diminished functi onal coupling between right ventrolateral thalamus and left  M1, whereas deteriorati on 
in SSRT was accompanied by increased connecti vity between these brain regions.
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ABSTRACT

BACKGROUND Impulsive decision making is a hallmark of frequently occurring addictive 
disorders including alcohol dependence (AD). Therefore, ameliorating impulsive decision 
making is a promising target for the treatment of AD. Previous studies have shown that 
modafinil enhances cognitive control functions in various psychiatric disorders. However, 
the effects of modafinil on delay discounting and its underlying neural correlates have not 
been investigated as yet. The aim of the current study was to investigate the effects of 
modafinil on neural correlates of impulsive decision making in abstinent AD patients and 
healthy controls (HC).

METHODS A randomized, double-blind, placebo-controlled, within-subjects cross-over 
study, using functional Magnetic Resonance Imaging (fMRI) was conducted in 14 AD 
patients and 16 HC subjects. All subjects participated in two fMRI sessions in which they 
either received a single dose of placebo or 200 mg of modafinil two hours before the 
session. During fMRI, subjects completed a delay discounting task to measure impulsive 
decision making. 

RESULTS Modafinil improved impulsive decision making in AD, which was accompanied by 
enhanced recruitment of frontoparietal regions and reduced activation of the ventromedial 
prefrontal cortex. Moreover, modafinil-induced enhancement of functional connectivity 
between the superior frontal gyrus and ventral striatum was specifically associated with 
improvement in impulsive decision making.

CONCLUSION These findings indicate that modafinil can improve impulsive decision 
making in alcohol dependent patients through an enhanced coupling of prefrontal control 
regions and brain regions coding the subjective value of rewards. Therefore, the current 
study suggests that modafinil is a promising treatment option for AD.
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INTRODUCTION

Impulsivity is a key feature of various psychiatric disorders, including highly prevalent 
addictive disorders such as alcohol dependence (Hasin et al. 2007). Impulsivity can be 
broadly defined as behavioral actions performed without adequate forethought and can 
be dissected into different independent domains (Evenden 1999). Two widely recognized 
behavioral phenomena of impulsivity are 1) impulsive decision making, resulting from 
an increased preference for (smaller) immediate reward over larger but delayed 
reward (delay discounting) and 2) motor impulsivity, reflecting the failure to inhibit a 
prepotent but inappropriate response (Evenden 1999). Alcohol dependent patients show 
impairments on both aspects of impulsivity (Bjork et al. 2004; Claus et al. 2011; Mitchell 
et al. 2005; Petry 2001; Takahashi et al. 2009) and especially impulsive decision making 
has been related to the persistence of drug abuse and relapse after a period of abstinence 
(Broos et al. 2012; Diergaarde et al. 2008; MacKillop and Kahler 2009; Stanger et al. 2011). 
Therefore, ameliorating impulsive decision making could be an important target for the 
treatment of alcohol dependence. 

One of the most promising compounds for the treatment of impulsive decision making 
is modafinil, a wakefulness-promoting drug approved for the treatment of narcolepsy 
and widely used as a cognitive enhancer (Greely et al. 2008; Joos et al. 2010; Sahakian 
and Morein-Zamir 2007). In the field of addiction, modafinil was shown to reduce motor 
impulsivity in patients with methamphetamine dependence and pathological gambling 
(Dean et al. 2011; Zack and Poulos 2009), and promising clinical effects have been reported 
in cocaine and methamphetamine dependence (Anderson et al. 2009; Hart et al. 2008; 
Shearer et al. 2009). However, the effects of modafinil on impulsive decision making in 
substance dependence have not been investigated as yet. There is only one study that has 
investigated the neural mechanisms by which modafinil improves cognitive functioning 
in substance dependent patients, showing that enhanced learning following a single 
dose of modafinil was associated with increased prefrontal activity in methamphetamine 
dependent patients (Ghahremani et al. 2011). 

The current study therefore aimed to investigate the effects of a single dose of modafinil 
(200 mg) on impulsive decision making and its neural correlates in alcohol dependent 
patients compared to healthy volunteers using functional Magnetic Resonance Imaging 
(fMRI). A delay discounting task was employed to measure impulsive decision making. 
Delay discounting is a measure of impulsive decision making that is influenced by immediate 
reward contingencies and future outcomes and describes the relationship between the 
delay of a reward and its perceived value (Ainslie 1975). Greater impulsivity is defined as 
a preference for smaller immediate rewards over larger delayed rewards. Recent studies 
in healthy volunteers have provided a better understanding of the neural substrates 
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underlying delay discounting. Specifically, dorsolateral prefrontal cortex (DLPFC, including 
the superior and middle frontal gyrus) in addition to parietal brain regions appear to be 
involved in cognitive control during intertemporal choices, the anterior cingulate cortex 
(ACC) is activated in response to decision conflict and the ventral striatum, ventromedial 
prefrontal cortex (vmPFC) and posterior cingulate cortex (PCC) track the subjective value of 
rewards (Bickel et al. 2009; Kable and Glimcher 2007; Marco-Pallares et al. 2010; McClure 
et al. 2004; Sripada et al. 2011; Wittmann et al. 2007). Although some researchers have 
suggested that there are separate valuation systems for immediate and delayed rewards 
in which the value of delayed rewards is coded in frontoparietal regions and the value of 
immediate rewards in the ventral striatum, vmPFC and PCC (McClure et al. 2004), there 
are also studies indicating that activity in these latter regions represents the subjective 
value of rewards at all delays (Kable and Glimcher 2007; Kable and Glimcher 2010). With 
regard to substance dependence, altered recruitment of frontoparietal regions during 
delay discounting has been observed in methamphetamine and cocaine dependent 
patients compared to healthy controls (Meade et al. 2011; Monterosso et al. 2007) and 
increased activation of these frontoparietal regions has been associated with delayed 
gratification in methamphetamine and alcohol dependent patients (Claus et al. 2011; 
Hoffman et al. 2008). Based on these neuroimaging findings, the current study examined 
the extent to which modafinil induces changes in brain activation in and connectivity 
between regions relevant for delay discounting. We hypothesized that modafinil will 
reduce delay discounting accompanied by normalized activation and connectivity of brain 
regions known to be involved in cognitive control (lateral PFC, lateral parietal cortex), 
conflict monitoring (ACC) and valuation of reward (ventral striatum, vmPFC, PCC).

METHODS

Subjects
Twenty male subjects meeting DSM-IV (American Psychiatry Association 1994) criteria 
for alcohol dependence (AD group) were recruited from regional addiction treatment 
centers. In addition, 18 healthy controls (HC group), matched on sex, education, and age 
were included. Exclusion criteria can be found in the Supplemental Methods. Six AD were 
excluded from all analyses due to scanner artefacts or positive urine tests on alcohol or 
drugs. Overall, data from 32 participants (14 AD, 18 HC) were included in our statistical 
analyses. All subjects gave written informed consent to participate in this study, which 
was approved by the Medical Ethical Committee of the Academic Medical Center of the 
University of Amsterdam.
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Design
We used a randomized double-blind placebo-controlled within-subjects cross-over 
design. Each subject participated in two sessions separated by one week. In the first 
session, subjects either received modafinil (200 mg) or placebo tablets. In the second 
session, subjects were crossed-over to receive the opposite study medication. The study 
medication was administered two hours before scanning, because peak plasma levels of 
modafinil occur at 2-4 hours after a single dose (Robertson and Hellriegel 2003). Eight 
AD subjects and 9 HC subjects received modafinil in the first session and placebo in the 
second session.

Clinical assessments
All subjects were screened for the presence of Axis-I psychiatric disorders using the Mini 
International Neuropsychiatric Interview (MINI-plus; Sheehan et al. 1998). Education 
level was classified into one of seven categories according to the International Standard 
Classification of Educational Degrees (ISCED; United Nations Educational Scientific 
and Cultural Organization (UNESCO) 1997). Subjects reported their level of income by 
selecting one of three categories (low, middle or high) of net income per month. The 
premorbid intelligence quotient (IQ) was assessed using the Dutch version of the National 
Adult Reading Test (NART; Schmand et al. 1991). Alcohol and drug consumption during 
the preceding 6 months was quantified using the Time Line Follow Back method (TLFB; 
Sobell and Sobell 1992). In addition, the Alcohol Use Disorder Identification Test (AUDIT) 
was used to identify harmful patterns of alcohol consumption (Babor et al. 1989). The 
Short Alcohol Withdrawal Scale, a 10-item self-report questionnaire to measure alcohol 
withdrawal symptoms (with a total score ranging from 0-30) was administered before 
each session (Gossop et al. 2002). To investigate modafinil-induced neurophysiologic side 
effects, a checklist assessing 15 possible side effects and potential stimulant effects of 
modafinil was used including symptoms such as headache, palpitations, nervousness, 
nausea, sweating and a dry mouth. Subjects were asked to rate these side effects on 
a scale from 0 (not at all) to 4 (severely). Craving was assessed using the Alcohol Urge 
Questionnaire (AUQ; Bohn et al. 1995). 

Delay Discounting Task
A delay discounting task (DDT; Wittmann et al. 2007) was used to assess impulsive decision 
making reflected by an increased preference for (smaller) immediate rewards over 
(larger) delayed rewards. Subjects were asked to make a decision between a hypothetical 
immediate reward and a reward to be received in the future. The task consisted of six 
blocks of eight preference judgment trials. Each block had a specific delay (5, 30, 180, 
365, 1095, 3650 days) and an associated reward magnitude between 476 and 524 euro. 
Within each block, the future reward was fixed, whereas immediate reward magnitude 
was varied from trial to trial by successively narrowing the range according to a specific 
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rule. This resulted in an indifference point for every block, at which the immediate and 
delayed rewards were equally preferred. For a detailed description of the algorithm that 
was used to obtain the indifference points, see Wittmann et al. (2007). By plotting the 
indifference points against each of the six delays, an estimation of the steepness of delay 
discounting could be obtained using the area-under-the-curve (AUC) method (Myerson 
et al. 2001). Smaller AUC values represent steeper discounting rates and thus higher 
impulsive decision making. 

Imaging Protocol
Magnetic Resonance Imaging data were obtained using a 3.0T Intera MRI scanner (Philips 
Healthcare, Best, The Netherlands) equipped with a SENSE eight-channel receiver 
head coil. A gradient-echo echo-planar (EPI) sequence sensitive to blood oxygenation 
level-dependent (BOLD) contrast (TR/TE=2300ms/25ms, matrix size 64x64, voxel size 
2.29x2.29x3mm, 38 slices, no gap) was used to acquire approximately 240 images. 
Three-dimensional T1-weighted images were collected using a gradient echo sequence 
(TR=9ms; TE=3.5ms; 170 slices; voxel size 1x1x1mm; matrix size 256x256) for anatomical 
reference with the EPI data. 

Data Analysis
Behavioral Data
Demographic, self-report (side effects, craving) and DDT performance (AUC) data were 
analyzed using the Statistical Package for the Social Sciences version 16 (SPSS Inc., Chicago, 
IL, USA). Differences in baseline characteristics between groups were analysed using 
independent t-tests. A repeated measures ANOVA was conducted to assess self-reported 
effects of modafinil and DDT performance with treatment (modafinil versus placebo) 
modelled as a within-subject factor and group (AD vs. HC) as a between-subjects factor, 
including session order as a covariate. Income differed significantly between the groups 
(Table 1). We included income (low, middle, high) as a covariate in the analyses because 
delay discounting may be affected by income (Bickel et al. 2010; Green et al. 1996; Kirby 
et al. 2002; Reimers et al. 2009). The significance level was set to p<0.05.

Imaging data 
Imaging data were analyzed using Statistical Parametric Mapping (SPM8; Wellcome 
Trust Centre for Neuroimaging, London, UK). Functional images of each subject were 
realigned and unwarped, co-registered with the structural MRI image and segmented for 
normalization to an MNI template. Finally, images were smoothed using an 8mm full width 
at half maximum Gaussian kernel. Two main types of trial outcome were distinguished 
for each session: trials in which subjects selected the immediate reward and trials in 
which the subjects selected the delayed reward. In a first- level fixed-effects analysis, 
a statistical analytical design was constructed for each individual subject using general 
linear model (GLM) with the onset of the presentation of the trial, i.e. the display of the 
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delayed and immediate reward options, until the subject made a response, convolved 
with a canonical hemodynamic response function (HRF). Subject-specific regressors 
were separately generated for 1) selecting the immediate option (immediate choices) 
and 2) selecting the delayed option (delayed choices). To account for low-frequency 
signal drift a high-pass filter (1/128 Hz) was applied. Contrast images for immediate 
choices and delayed choices relative to an implicit baseline were computed for each 
session. These contrast images were then entered into a second-level random-effects 
analysis using a full factorial design with treatment (placebo, modafinil) and condition 
(immediate choices, delayed choices) modelled as within-subject factors and group (AD 
vs HC) as a between-subjects factor, including session order and income as covariates, to 
investigate within-group effects of treatment and group by treatment interaction effects. 
Independent t-tests, including covariates, were used to compare between-group effects 
on placebo and modafinil. We used MarsBaR (Brett et al. 2002) to calculate the effect size 
of activity change within the regions obtained by these second-level analyses. The effect 
size measures were correlated with changes (modafinil>placebo) in AUC values in order to 
investigate the association between changes in brain activation and changes in behavioral 
performance. To assess functional connectivity between brain regions associated with task 
performance that interacted with modafinil administration, we used a generalized form 
of Psychophysiological Interaction analyses (gPPI; McLaren et al. 2012), see Supplemental 
Methods for details of the analysis. 

We focused our imaging analyses on a priori regions of interest (ROIs), which have 
consistently been reported in previous neuroimaging studies using delay discounting 
paradigms (Bickel et al. 2009; Kable and Glimcher 2007; Marco-Pallares et al. 2010; 
McClure et al. 2004; Sripada et al. 2011; Wittmann et al. 2007). These ROIs encompassed 
the lateral PFC consisting of the superior frontal gyrus and middle frontal gyrus, the lateral 
parietal lobe, the ACC extending to the SMA, the vmPFC, the PCC and the ventral striatum. 
The six ROIs were selected from the Nielsen and Hansen’s volumes-of-interest defined in 
the Brainmap database (Nielsen and Hansen 2002). Statistical tests had to meet p<0.05, 
family-wise error (FWE) voxel wise corrected for the spatial extent of the region of interest 
(ROI) by using small volume correction as implemented in SPM (Worsley et al. 1996), 
to be considered significant, unless indicated otherwise. For non-hypothesized regions a 
whole-brain threshold of p<0.05, Family-wise Error (FWE) corrected, was applied.
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RESULTS

Demographics and clinical assessments
Demographic, self-report and substance use characteristics are presented in Table 1. The 
AD group did not differ from the HC group with regard to age, educational level or IQ. 
AD subjects smoked significantly more cigarettes than HC subjects. We did not include 
smoking as a covariate in subsequent analyses, because smoking behavior was related 
to alcohol consumption during the past six months (r=0.53, p=0.05) and AUDIT scores 
(r=0.47, p=0.09). Therefore, including smoking as a covariate could also remove variance 
explained by problematic drinking. However, we did investigate whether there was a 
relation between delay discounting behavior and number of cigarettes smoked, but no 
significant correlation between AUC values and number of cigarettes smoked was found 
(r=-0.09, p=0.63). Income also differed significantly between the groups (Table 1). Level of 
income was not associated with alcohol consumption in the last six months (F(13)=0.59, 
p=0.57) and AUDIT scores (F(13)=0.15, p=0.86), and was therefore included as a covariate 
in further analyses.

Table 1: Demographics, clinical and substance use characteristics

AD group (N=14) HC group (N=18) t (df) p value

Mean (SE)

Age 43.2 (2.7) 41.6 (1.8) 0.4 (30) 0.69
Educationa 3.7 (0.3) 4.1 (0.2) -1.7 (30) 0.09
IQb 102.5 (3.2) 99.9 (2.8) -0.2 (30) 0.83
Income (low/middle/high) 8/2/4 2/8/8 X² = 8.16 (2) 0.02
Total alcohol in last 6 months 
(in standard units/day)

9.8 (1.9) 1.0 (0.3) 5.4 (30) <0.001

AUDITc 28.4 (1.5) 6.2 (0.8) 13.8 (30) <0.001
Cigarettes per day 13.6 (4.0) 4.4 (1.7) 2.8 (30) 0.01

aMeasured using the International Standard Classification of Educational Degrees (ISCED)
bMeasured using the NART 

cAlcohol Use Disorder Identification Test

No serious adverse events were reported and self-reported withdrawal symptoms before 
the fMRI sessions were mild to absent (all below 10 on a scale from 0-30). Modafinil 
administration did not increase the number of side effects compared to the placebo 
condition. With regard to self-reported craving, we found a significant group by treatment 
interaction effect (F(1,28)=4.53, p=0.04), which was driven by a significant reduction in 
craving in the AD group after modafinil administration (F(1,12)=10.58, p<0.01), see Table 
2. 
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Table 2: Modafinil effects on self-report measures and delay discounting task performance 

Session AD group (N=14) HC group (N=18) F (df) a p value

Mean (SE)

Self-report Measures

Side effectsb Placebo
Modafinil

2.0 (0.7)
1.1 (0.6)

2.3 (0.6)
2.4 (0.5)

1.85 (1,28) 0.18

Craving for alcoholc Placebo
Modafinil

5.4 (2.0)
-1.2 (2.6)

0.3 (1.7)
0.4 (2.3)

10.58 (1,28) <0.01

Delay Discounting Task 
Performance
AUC valuesd Placebo

Modafinil
0.40 (0.05)
0.48 (0.06)

0.49 (0.05)
0.53 (0.05)

4.94 (1,20) 0.04

aResults are presented for the treatment (placebo versus modafinil) x group (AD versus HC) interaction effect. 
bMeasured using a 15-item side effects checklist
cMeasured using the Alcohol Urge Questionnaire (AUQ)
dArea Under the Curve: smaller values represent steeper discounting

Delay Discounting Task Performance
The repeated measures ANCOVA revealed a significant treatment effect (F(1,20)=4.29, 
p=0.05) and a significant treatment by group interaction effect (F(1,20)=4.94, p=0.04) on 
discounting delayed rewards (AUC values; Figure 1 and Table 2). Post-hoc tests revealed 
that this effect was driven by a significant decrease in delay discounting behavior in the AD 
group (F(1,8)=9.3, p=0.02), whereas modafinil had no effect in the HC group (F(1,12)=0.01, 
p=0.91). The AD and HC groups did not significantly differ in AUC values in the placebo 
(F(1,20)=0.51, p=0.48) or the modafinil condition (F(1,20)=1.07, p=0.31). Across groups and 
within groups, baseline AUC values (placebo condition) and modafinil-induced changes in 
AUC values (AUC M>P) were not correlated with any of the demographic characteristics, 
severity of alcohol related problems (AUDIT), amount of alcohol consumed in the past six 
months, abstinence duration, and baseline or modafinil-induced changes in craving or 
side effects. 
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 Figure 1: Indifference points were plotted for each delay (in days) for AD and HC, separate 
 for the placebo and modafinil condition. There was a significant treatment by group interaction 
 effect (F(1,20)=4.94, p=0.04) on Area Under the Curve (AUC) values. Post-hoc tests revealed that
  this effect was driven by a significant increase in AUC values (i.e. reduced delay discounting) in 
 the AD group, whereas modafinil had no effect in the HC group.

Regional Brain Activations
Main effect of task
Main effects of task across sessions and groups for immediate and delayed choices are 
presented in Table S1 and Figure S1 in the Supplemental Results. Replicating previous 
studies, areas of executive functioning (i.e. dorsolateral and inferior prefrontal cortex and 
parietal cortex), conflict monitoring (anterior cingulate cortex), limbic areas (striatum and 
thalamus) in addition to visual processing areas and middle temporal gyrus were activated 
during both the selection of the immediate and delayed reward option. In addition, the 
ventral medial prefrontal (vmPFC), posterior cingulate cortex (PCC), orbitofrontal cortex 
and lingual gyrus showed deactivation during the task. No significant differences in brain 
activation were found between immediate and delayed choices. Therefore, modafinil 
effects and group effects (AD vs. HC on placebo and modafinil) were examined separately 
for immediate and delayed choices instead of immediate>delayed choices and vice versa.  

Brain activation differences between groups
Between the groups, we did not observe significant differences in the placebo or modafinil 
condition at our a priori threshold. At a slightly more liberal threshold of p<0.001 
uncorrected, masked with our a priori defined ROIs to reduce the number of voxel-wise 
tests and hence the risk of Type I error, we found less activation in the left SFG (BA6) in AD 
subjects compared to HC subjects when selecting the immediate reward in the placebo 
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condition. When selecting the delayed reward in the placebo condition, AD also showed 
less activation in the left SFG (BA6) and more activation in the left PCC compared to HC. In 
the modafinil condition, there were no differences in brain activation between AD and HC 
with regard to both immediate and delayed choices. 

Modafinil-induced brain activation changes within groups 
In AD, comparing immediate choices in the modafinil condition to the placebo condition 
showed a significant increase in activation in the left superior frontal gyrus (SFG; rostral 
dorsolateral portion of BA6) and a left lateral parietal region (LPC) as shown in Figure 2. 
In addition, a significant modafinil-induced decrease in activation was found in the right 
vmPFC (BA10). Comparing delayed choices in the modafinil condition to the placebo 
condition showed no differences in brain activation. In HC, no differences in brain 
activation between the modafinil and placebo conditions were found for immediate or 
the delayed choices.

For the AD group, we extracted the effect size of activity changes after modafinil 
administration during immediate choices (left SFG, left LPC and right vmPFC) to examine 
the correlation with the observed modafinil-induced changes in behavioral performance. 
No correlations between these modafinil-induced activity changes and reduction in 
discounting behavior (AUC values) were found. 

Changes in functional connectivity
To examine whether modafinil-induced changes in functional connectivity of the SFG 
(BA6), LPC and vmPFC with other brain regions during immediate choices were associated 
with the observed reduction in impulsive decision making (AUC values) in AD, PPI analyses 
were performed with the left SFG, left LPC and right vmPFC defined as seed regions by 
creating a 5mm sphere centered at the peak voxel coordinates (SFG MNI-coordinates: 
-21, -7, 64; LPC MNI-coordinates: -48, -22, 37; vmPFC MNI-coordinates: 3, 62, 10). We 
regressed the AD subjects’ PPI contrast images (immediate choices: modafinil>placebo) 
against their modafinil-induced changes in AUC values, including session order and income 
as covariates of no interest. For the LPC and vmPFC, we found no alterations in functional 
connectivity that were associated with changes in discounting behavior. For the SFG, there 
was a significant positive correlation between connectivity strength of the SFG with the 
left ventral striatum extending into the putamen and changes in AUC values (Figure 3), 
indicating that modafinil-induced reductions in delay discounting are accompanied by 
increased functional coupling of the left SFG with the left ventral striatum.
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Figure 2: Differences in neural activity between modafinil and placebo conditions during choices for immediate 
rewards in the AD group (statistical parametric maps and effect sizes at the peak voxels). Activity in regions 
displayed in red (left SFG and parietal region) significantly increased after modafinil administration. Activity in 
the vmPFC in blue significantly decreased after modafinil administration. The color bar represents voxel T value.

Figure 3: Results of the regression analysis of modafinil-induced changes in effective connectivity against 
changes in discounting behavior (AUC values) revealed a significant effect of connectivity between the left SFG 
(left brain slice) and left striatum (right brain slice). Improvement in delay discounting behavior was associated 
with an enhanced functional coupling between the left SFG and left (ventral) striatum. 
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DISCUSSION

Our findings demonstrate beneficial effects of a single dose of modafinil on impulsive 
decision making and craving in alcohol dependent patients. These beneficial effects were 
accompanied by an enhanced recruitment of regions known to be involved in cognitive 
control (left SFG/BA6 and left lateral parietal cortex) and decreased engagement of a region 
involved in tracking the subjective value of rewards (vmPFC) during choices for immediate 
rewards. In addition, the observed modafinil-induced decrease in delay discounting was 
specifically associated with an increased functional coupling between the left SFG and left 
ventral striatum. 

The rostral dorsolateral portion of Brodmann area 6 including the SFG is part of the 
premotor cortex which is not only important in planning and execution of movements but 
is also active in cognitive tasks that do not involve any immediate overt movement (Abe 
et al. 2007; Hanakawa et al. 2002). This part of the left BA6 is largely connected to the 
dorsolateral PFC (Luppino et al. 2003) and known to be involved in higher-order cognitive 
functions including future envisioning (Szpunar et al. 2007), reasoning (Golde et al. 
2010), regulation of perceptual conflict (Kim et al. 2012) and complex mental calculations 
(Zago et al. 2001). One may argue that these cognitive processes are all important for 
overruling short-sighted choices and consequently the ability to delay gratification. 
Indeed, neuroimaging studies examining delay discounting have implicated lateral 
prefrontal areas (McClure et al. 2004; Monterosso et al. 2007). In addition, we observed 
increased activation in the left lateral parietal cortex in AD after modafinil administration. 
Activation in these frontoparietal regions has been suggested to reflect biasing behavior 
towards choosing the larger later reward rather than the smaller and sooner reward 
(McClure et al. 2004). Abnormalities of frontoparietal recruitment have been observed in 
substance dependence during delay discounting, including alcohol dependence (Claus et 
al. 2011), cocaine dependence (Meade et al. 2011) and methamphetamine dependence 
(Hoffman et al. 2008; Monterosso et al. 2007). The current findings suggest that modafinil 
normalizes frontoparietal engagement during delay discounting in alcohol dependent 
patients, thereby possibly increasing cognitive control. Modafinil also reduced activation 
in the vmPFC in AD, an area associated with the subjective valuation of reward (Kable and 
Glimcher 2007; McClure et al. 2004) in addition to self-referential processes as part of the 
“default mode network” of the brain (for a review see Buckner et al. 2008). The vmPFC 
has repeatedly been shown to correlate with steeper discounting of delayed rewards (see 
for example Kable and Glimcher 2010; Mitchell et al. 2011; Sripada et al. 2011). Reduced 
activation during immediate choices in the modafinil condition could indicate that AD 
patients were less engaged in self-referential processes needed to valuate the immediate 
reward, whereas this area responded more strongly to the temptation of an instantaneous 
reward in the placebo condition. 
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The modafinil-induced reduction in vmPFC activation and enhanced activation of the 
dorsolateral BA6 and lateral parietal cortex during immediate choices were not directly 
associated with the observed improvements in behavioral indices of delay discounting. 
However, an increased functional coupling between the left dorsolateral BA6 and the 
ventral striatum was related to the increased ability to delay gratification by modafinil in 
AD. Therefore it appears that modafinil exerts its impulsivity reducing effects in AD through 
enhancing connectivity between brain circuits instead of merely altering recruitment of 
individual brain regions. Anatomically, the striatum receives afferent (input) fibers from 
the rostral dorsolateral part of BA6 (Calzavara et al. 2007; Tachibana et al. 2004), which 
mainly release excitatory neurotransmitters such as glutamate. Previous work has indeed 
indicated that modafinil elevates glutamate release in the striatum (Ferraro et al. 1998) 
and glutamine synthetase in frontoparietal regions (Touret et al. 1994) in rats. In addition, 
modafinil has been shown to impact monoamine signalling both in the prefrontal cortex 
(de Saint Hilaire et al. 2001; Ferraro et al. 2012) and the striatum (Spencer et al. 2010; 
Volkow et al. 2009). The observation of widespread effects of modafinil on brain circuits 
seems to match the effects of modafinil on a broad range of neurotransmitters in the 
brain, such as dopamine, noradrenaline, glutamate, serotonin and GABA (Minzenberg and 
Carter 2008).

Of note, modafinil-induced changes in brain activation and connectivity were only 
observed during the selection of the immediate reward option. Enhanced SFG activation 
and SFG-ventral striatum connectivity in addition to decreased vmPFC activation during 
immediate choices by modafinil administration could reflect a more rational/deliberate 
instead of an impulsive decision when choosing the immediate reward, subsequently 
leading to an overall reduction in delay discounting. A study of Wittmann et al. (2010) 
indicated that ventral striatal activity is specifically associated with choosing the immediate 
reward and not the delayed reward, which might explain the currently observed increased 
prefrontal coupling with the ventral striatum only during immediate choices. However, 
whether separate neural systems are involved in the valuation of immediate and delayed 
rewards remains a topic of debate. 

No effects of modafinil on both behavioral and neural indices of delay discounting were 
found in HC. These findings are consistent with previous observations that modafinil 
exerts its effects primarily in individuals that show poor initial performance on cognitive 
tasks (Finke et al. 2010; Hunter et al. 2006; Kalechstein et al. 2010; Spence et al. 2005), 
probably also indicating that there was minimal room for improvement in the HC group. 
Modafinil was found to significantly reduce self-reported craving in AD, which is consistent 
with a previous clinical trial with modafinil in cocaine dependent patients (Anderson et al. 
2009). Together with the reduction in impulsive decision making, these data suggest that 
modafinil could be an effective treatment for alcohol dependence. However, the current 
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study was not tailored to investigate (long-term) modafinil effects on clinical outcome 
because only a single dose was administered and therefore future clinical trials are 
warranted to further investigate modafinil effects on clinical outcome in AD.  

It is important to stress that our results should be viewed in light of some limitations. 
First, the groups were not adequately matched on smoking behavior. We decided 
not to include smoking behavior as a covariate because of its high association with 
alcohol-related problems and the risk of overcorrection resulting in a serious reduction of 
the variance in problematic drinking. However, we did show that behavioral performance 
was not associated with smoking behavior. In addition, at baseline (placebo) no significant 
differences in delay discounting (AUC) were found between AD and HC, although AD 
displayed nominally smaller AUC values than HC, which may be explained by the relatively 
small sample size. Likewise, although modafinil induced robust changes in SFG activity as 
well as SFG-subcortical connectivity in AD, baseline SFG differences between groups were 
only evident at a slightly lower threshold, which is probably also due to limited power. 

Taken together, the current study provides new insights into the neural correlates of the 
effect of modafinil on impulsive decision making. Moreover, our results indicate that 
modafinil can improve impulsive decision making, which is important for the treatment 
of alcohol dependence since the inability to delay gratification has been shown to 
predict relapse into substance abuse (MacKillop and Kahler 2009; Stanger et al. 2011). 
Boosting impulse control may help patients to resist the immediate rewarding properties 
of drinking alcohol and to take future negative consequences of alcohol use more into 
account. Modafinil may therefore constitute a useful adjunct in the treatment of alcohol 
dependence.
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SUPPLEMENTAL MATERIAL

Supplementary Methods
Exclusion criteria for participation
Exclusion criteria were: current DSM-IV diagnoses (other than alcohol and nicotine 
dependence for the AD group and nicotine dependence for the HC group); lifetime history 
of head injury with loss of consciousness over 5 minutes; neurological disorders; low level 
of education (school drop-out before age 16); use of medication affecting the central 
nervous system; positive urine tests for alcohol or drug use prior to MRI imaging.

fMRI: effective connectivity analyses
To assess connectivity between brain regions during decision making in the delay 
discounting task that interacted with modafinil administration, we used a generalized form 
of PsychoPhysiological Interaction analyses (gPPI; McLaren et al. 2012). For each subject, 
volumes of interest were extracted and used as seeds in single-subject whole-brain PPI 
analyses. Seed regions were chosen based on the main findings in the second level analyses 
and were defined as 5 mm radius spheres around peak voxel coordinates of activation 
clusters. For each subject and each seed region, the physiological activity of the seed 
region was computed as the mean time series of all voxels within a 5 mm radius sphere 
centered at the peak activation coordinate obtained in the group analyses. An estimate 
of the underlying neuronal activity that produced the physiological activity in the seed 
region was computed by deconvolving the BOLD signal (Gitelman et al. 2003). Next, PPI 
regressors were generated by multiplying the estimated neuronal activity from the seed 
region with a vector coding for effects of each task condition. For every seed region, first 
level statistical analyses were performed by generating and estimating a model involving 
for each session (placebo and modafinil): the PPI regressors of each task condition 
(convolved with the canonical HRF), the psychological regressors corresponding to each 
task regressor from the original first level design, the physiological activity from the seed 
region and a constant term. Based on the results of the GLM second level analyses, one 
PPI contrast was created for (immediate choices: modafinil>placebo) to identify modafinil 
induced functional connectivity changes of the seed region with other regions in the brain 
during choices for the immediate reward. Subsequently, a second-level random effects 
analysis was performed on these contrast images. Results are reported at a corrected 
significance level of p<0.05 within the ROIs using a small volume correction (SVC) or 
across the entire brain.
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Supplementary Tables

Table S1: Brain regions showing significant delay discounting task-related activity separate for 
immediate and delayed choices. t-statistic and X, Y and Z MNI coordinates are from the location of 
the peak voxel activation within each cluster. Statistical maps were whole brain FWE-corrected at 
p<0.05. No significant differences were found in activation between immediate and delayed choices.

Location Side Cluster 
size

t-stat X
(mm)

Y
(mm)

Z
(mm)

Immediate choices > implicit baseline
Positive activation 

Middle occipital gyrus extending to 
fusiform gyrus

L/R 6662 21.70 -27 -91 -5

Secondary visual cortex extending to 
parietal lobe

20.68 -33 -85 -8

Secondary visual cortex extending to 
parietal lobe

18.86 36 -85 -8

Inferior frontal gyrus L/R 2909 12.59 36 20 -5
Dorsal anterior cingulate cortex 11.95 42 35 28
Dorsolateral prefrontal cortex 11.31 51 20 34
Anterior middle frontal gyrus L 364 9.84 -39 47 -5
Anterior middle frontal gyrus 7.04 -30 53 22
Thalamus extending to striatum L/R 561 8.95 -12 -16 7
Striatum 7.03 15 -4 10
Thalamus 6.68 12 -10 4
Middle temporal gyrus L 29 6.13 -51 -43 7
Mid cingulate gyrus L/R 57 6.09 3 -31 28
Brainstem L 12 5.90 -6 -34 -26
Middle temporal gyrus R 10 5.55 48 -28 -5
Negative activation

Lingual gyrus R 60 7.55 12 -70 -2
Ventromedial PFC L/R 91 6.99 0 50 -8
Somatosensory  
association cortex

L/R 105 6.81 15 -79 25

Associative visual cortex 6.11 -12 -82 28
Cuneus 5.44 -9 -88 16
Posterior cingulate cortex L/R 53 5.93 -9 -58 13
Orbitofrontal area L 9 5.77 -27 35 -11
Lingual gyrus L 11 5.76 -15 -67 -8

Delayed choices > implicit baseline
Positive activation 

Middle occipital gyrus extending to 
fusiform gyrus

L/R 6775 22.34 -27 -91 -5

Secondary visual cortex extending to 
parietal lobe

21.23 -33 -85 -8

Secondary visual cortex extending to 
parietal lobe

19.28 36 -85 -8

Dorsolateral prefrontal cortex 10.32 45 32 28
Thalamus extending to striatum L/R 578 8.84 -12 -16 7
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Table S1: continued
Location Side Cluster 

size
t-stat X

(mm)
Y

(mm)
Z

(mm)
Mid cingulate gyrus L/R 40 6.67 0 -28 28
Middle temporal gyrus L 75 6.65 -51 -43 7
Middle temporal gyrus 5.40 -51 -34 -2
Brainstem L 6 5.51 -6 -34 -23
Striatum R 9 5.37 18 17 -5
Middle temporal gyrus R 1 5.01 48 -28 -5
Negative activation

Lingual gyrus R 22 6.23 12 -70 -2
Posterior cingulate cortex L/R 12 5.29 -3 -61 22
Ventromedial PFC L/R 8 5.22 -3 53 -5
Associative visual cortex R 8 5.07 9 -79 25
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Supplementary Figures

Figure S1: Main effect of task
Activation during the selection of immediate rewards (top) and during the selection of delayed 
rewards (bottom). The figure shows activation in visual processing areas, executive control areas 
and reward-related areas (including limbic regions). Deactivation was found in the ventromedial 
prefrontal cortex and posterior cingulate cortex (in blue). All activations are displayed at whole 
brain voxel wise p<0.05 FWE corrected.
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ABSTRACT

BACKGROUND Chronic alcohol abuse is associated with deficits in cognitive control 
functions. Cognitive control is likely to be mediated through the interaction between 
intrinsic large-scale brain networks involved in externally oriented executive functioning 
and internally focused thought processing. Improving the interaction between these 
functional brain networks could be an important target for treatment. Therefore, the 
current study aimed to investigate the effects of the cognitive enhancer modafinil on 
within- and between-network resting state functional connectivity and on cognitive 
control functions in alcohol dependent patients.

METHODS In a double-blind placebo-controlled cross-over design, resting-state fMRI and 
a Stroop task were employed in alcohol dependent patients (N=15) and healthy controls 
(N=16). Within- and between-network functional connectivity was calculated using a 
combination of independent component analysis and functional network connectivity 
(FNC) analysis.

RESULTS Modafinil significantly increased the negative coupling between executive 
networks and the default mode network, which was associated with modafinil-induced 
improvement in cognitive control in alcohol dependent patients.

CONCLUSION These findings demonstrate that modafinil at least partly exerts its effects by 
targeting intrinsic functional relationships between large-scale brain systems underlying 
cognitive control. The current study therefore provides a neurobiological rationale for 
implementing modafinil as an adjunct in the treatment of alcohol dependence, although 
clinical studies are needed to substantiate this promise.
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INTRODUCTION

Chronic alcohol and drug abuse has been associated with cognitive impairments, including 
deficits in cognitive control (van Holst and Schilt 2011). Cognitive control can be defined 
as flexible, goal-directed behavior that requires a mechanism for guidance to allow for 
appropriate actions in the face of contextually relevant information (Ridderinkhof et al. 
2004). Aspects of cognitive control include the ability to resolve conflict-inducing situations 
and to inhibit prepotent responses and can be measured with neurocognitive tasks 
including the Stroop task (Stroop 1935). These processes are especially relevant in the 
context of addiction, since inhibition of a prepotent response (e.g., compulsive drug use), 
especially when confronted with drug-related cues (contextual relevant information), is 
critical for abstaining from drug use. Indeed, diminished cognitive control has been found 
to predict treatment retention and relapse into drug use (Brewer et al. 2008; Streeter et 
al. 2008). Enhancing cognitive control functions is therefore an important target for the 
treatment of alcohol dependence. 

A promising compound for reinforcing cognitive control is modafinil, a wakefulness 
promoting drug approved for the treatment of narcolepsy and widely used as a cognitive 
enhancer (Sahakian and Morein-Zamir 2007). Modafinil has been shown to improve 
cognitive control in patients with methamphetamine dependence (Dean et al. 2011) 
and pathological gambling (Zack and Poulos 2009). However, there is only limited 
information on the mechanisms by which modafinil improves cognitive control in patients 
with addictive behaviors in terms of underlying neural substrates. This is important to 
know because it would increase not only our insight into neurobiological mechanisms 
of distorted cognitive control but also our understanding of the treatment of psychiatric 
conditions characterized by such deficits. Therefore, the current study aimed to investigate 
the effects of a single dose of modafinil on neural substrates related to cognitive control in 
alcohol dependent patients and healthy controls. 

Previous fMRI studies have indicated that adequate cognitive control relies on intact 
functioning of executive brain networks comprising brain regions such as the dorsal 
anterior cingulate cortex (dACC), dorsolateral prefrontal cortex (DLPFC) and parietal 
cortex (Coste et al. 2011; Liu et al. 2004). The dACC, together with the anterior insula, 
is part of a large-scale distributed network that is activated in tasks of cognitive control 
(Ridderinkhof et al. 2004), but also in response to pain, uncertainty and other homeostatic 
challenges (Grinband et al. 2006; Peyron et al. 2000), which suggest a general role of this 
functional network in salience processing. Therefore, this circuit is often referred to as the 
brain’s Salience Network (SN; Seeley et al. 2007). In addition, lateral frontal and parietal 
regions are often found to be co-activated during cognitive control tasks (Petrides 2005) 
and together form the so-called Central Executive Network (CEN; Sridharan et al. 2008).     
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In addition to these networks that are activated during cognitive control tasks (the so-called 
task-positive networks), a set of interconnected brain regions, including ventromedial PFC 
(vmPFC), posterior cingulate cortex (PCC) and inferior parietal lobe (IPL), is suppressed 
during tasks that demand externalized attention (Buckner et al. 2008). This network is 
referred to as the Default Mode Network (DMN) and is usually activated by cognitive 
processes that are internally focused such as self-reference and recollecting one’s past or 
imagining one’s future (Buckner et al. 2008). Recent studies have indicated that not just 
the activation or deactivation of these functional networks, but especially the interaction 
between the task-positive networks and the DMN are crucial for performance on cognitive 
tasks (Hampson et al. 2010; Kelly et al. 2008; Spreng et al. 2010). Switching between 
externally and internally oriented cognition is thought to be reflected by a competitive 
relationship (anti-correlation) between the DMN and both the SN and CEN (Fox et al. 
2005). 

Such anti-correlations between these networks are not only present during the 
performance of cognitive tasks, but also during rest in the absence of sensory input (Fox et 
al. 2005), suggesting that the brain may be intrinsically organized to support competitive 
relationships between networks involved in external and internally oriented cognition. 
Moreover, spontaneous fluctuation in these resting state functional networks and the 
strength of the anti-correlation between the DMN and the SN and CEN predict individual 
performance variability in several cognitive domains (Baldassarre et al. 2012; Hampson et 
al. 2010), including cognitive control (Kelly et al. 2008; Seeley et al. 2007). The relevance 
of studying resting state functional networks is that it allows us to examine the overall 
functional organization of the brain and its adaptive potential when state-dependent shifts 
from baseline levels are needed as a response to a changing environment or changing 
cognitive demands. 

Previous fMRI studies in healthy individuals (Minzenberg et al. 2011), patients with 
schizophrenia (Hunter et al. 2006; Spence et al. 2005) and methamphetamine dependence 
(Ghahremani et al. 2011) have indicated that modafinil enhances efficiency of prefrontal 
and dACC processing during the performance of cognitive tasks and leads to task-induced 
deactivation of the DMN. However, the effects of modafinil on the intrinsic properties 
of brain functioning in the form of resting state functional networks have not been 
investigated as yet. Therefore, the current study examined the effects of modafinil on 
within- and between-network functional coupling of the DMN and the SN and CEN using 
resting-state fMRI. In resting state fMRI literature, the SN and CEN are also often referred 
to as task-positive networks although no actual task is performed and therefore, the term 
task-positive networks is used interchangeably with the terms SN and CEN throughout 
this paper. In addition, we examined whether within- and between-network connectivity 
changes were associated with modafinil-induced changes in cognitive control measured 
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by a Stroop task.  We hypothesized that modafinil would enhance within-network 
connectivity and modulate between-network connectivity, reflected in an increased 
competitive relationship (anti-correlation), between the DMN and task-positive networks 
and that this would translate into modafinil-induced improvements in cognitive control.

METHODS

Subjects
The present study was part of a larger fMRI study investigating the effects of modafinil 
on neural correlates of cognitive control in alcohol dependent patients. In the current 
report, only subjects with complete resting-state fMRI data are described. For the larger 
study, 20 male subjects meeting DSM-IV (American Psychiatry Association 1994) criteria 
for alcohol dependence (AD group) were recruited from regional addiction treatment 
centers. In addition, 18 healthy controls (HC group), matched on sex, education, and 
age were included. Exclusion criteria can be found in the Supplementary Methods. Five 
AD and two HC subjects were excluded from the current analyses, see Supplementary 
Methods. The remaining data from 31 participants (15 AD, 16 HC) were used in statistical 
analyses. All subjects gave written informed consent to participate in this study, which 
was approved by the Medical Ethical Committee of the Academic Medical Center of the 
University of Amsterdam.

Design
This study had a randomized double-blind placebo-controlled within-subjects cross-over 
design. Each subject participated in two sessions separated by one week. In the first 
session, subjects either received tablets of modafinil (total 200 mg) or placebo tablets. 
In the second session, subjects were crossed-over to receive the opposite medication. 
Six AD subjects and 8 HC subjects received modafinil in the first session and placebo in 
the second session. Medication was administered two hours before fMRI, because peak 
plasma levels occur at 2-4 hours after a single dose (Robertson and Hellriegel 2003). 

Clinical assessments
All subjects were screened for the presence of Axis-I psychiatric disorders using the 
Mini International Neuropsychiatric Interview (MINI-plus; Sheehan et al. 1998). General 
intelligence (IQ) was assessed using the National Adult Reading Test (NART; Schmand et al. 
1991). Alcohol and drug consumption during the preceding 6 months was quantified using 
the Time Line Follow Back method (TLFB; Sobell and Sobell 1992). In addition, the Alcohol 
Use Disorder Identification Test (AUDIT; Babor et al. 1989) was used to identify harmful 
patterns of alcohol consumption. 
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Stroop Task
Subjects performed a classical Stroop color-word paradigm (Stroop 1935) outside the 
MRI scanner. In the Stroop task, subjects were presented with color words printed in 
red, blue, yellow or green fonts, resulting in either congruent (e.g. ‘red’ printed in red) 
or incongruent stimuli (e.g. ‘red’ printed in blue). Subjects were asked to identify the 
font color as quickly and accurately as possible, using a button press, while suppressing 
automatic word reading. A blocked design was used to present a total of 96 trials (48 
congruent and 48 incongruent words). In total, six congruent and six incongruent blocks 
were presented and each block consisted of 8 words. Each trial started with 3000-ms 
word presentation, followed by an inter-trial interval (ITI) between 400 and 600 ms. The 
difference in mean reaction time between incongruent and congruent stimuli, referred to 
as the interference score, was calculated in order to obtain a measure of cognitive control 
(the ability to inhibit a prepotent response). Smaller interference scores indicate greater 
cognitive control. To minimize outlier response effects, individual trials with a reaction 
time below 200 ms or above 3000 ms were excluded, so were subjects with interference 
scores more than 2 standard deviations from the sample mean.

Imaging Protocol
Magnetic Resonance Imaging data were obtained using a 3.0T Intera MRI scanner (Philips 
Healthcare, Best, The Netherlands) equipped with a SENSE eight-channel receiver head 
coil. For the resting-state scan, a gradient-echo echo-planar (EPI) sequence sensitive to 
blood oxygenation level-dependent (BOLD) contrast (TR/TE=2300ms/25ms, matrix size 
64x64, voxel size 2.29x2.29x3mm, 38 slices, no gap) was used to acquire 200 images. 
During the resting-state scan subjects were instructed to relax, keep their eyes closed and 
to stay awake. After the resting-state scan, subjects were asked whether they managed to 
stay awake. Three-dimensional T1-weighted images were collected using a gradient echo 
sequence (TR=9ms; TE=3.5ms; 170 slices; voxel size 1 1 1mm; matrix size 256x256) for 
anatomical reference with the EPI data. 

Data Analysis
Behavioral Data
Demographic and Stroop task performance (interference scores) data were analyzed using 
SPSS 16. Stroop interference scores were not normally distributed and were therefore 
log-transformed. Differences in baseline characteristics between groups were analyzed 
using independent t-tests. A repeated measures ANCOVA was conducted to assess Stroop 
task performance with treatment (modafinil versus placebo) modeled as a within-subject 
factor and group (AD vs. HC) as a between-subjects factor, including session order as a 
covariate. The significance level was set to p<0.05.
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Imaging data 
Imaging data were pre-processed using Statistical Parametric Mapping (SPM8; Wellcome 
Trust Centre for Neuroimaging, London, UK). Functional images of each individual subject 
were realigned and unwarped in order to correct for motion. The images were subsequently 
co-registered with the structural MRI image and then segmented for normalization to an 
MNI template. Finally, images were smoothed using an 8mm full width at half maximum 
Gaussian kernel. 

The GIFT group ICA toolbox (Calhoun et al. 2001) (http://icatb.sourceforge.net) using 
the Infomax algorithm was performed on preprocessed BOLD data to identify 23 
spatially independent and temporally coherent resting-state components. The minimum 
description length criteria, modified to account for spatial correlation (Calhoun et al. 
2001) were performed to determine the number of components. Estimated components 
at the group level (both spatial maps and time courses) were then back-reconstructed for 
each subject. Intensity normalization, which involves voxel-wise division of the time series 
mean, was applied to provide a form of normalization across subjects. ICASSO software 
implemented in GIFT was used to determine the stability of the derived networks on 
the basis of a random initiation method (Himberg et al. 2004). The DMN, SN and CEN 
components were visually identified through comparison with previous literature, based 
on their spatial configurations and the power spectral density of the associated time 
courses (Beckmann et al. 2005; Damoiseaux et al. 2006). 

One sample t-tests, with a threshold of p<0.05 Family-wise Error (FWE) whole-brain 
corrected, were conducted on each network across groups and across sessions in order to 
visualize the networks and to create a mask for each network containing the brain regions 
that significantly contributed to the network, which served as a region of interest. A 
global connectivity index derived from the mean value of the region of interest (MarsBaR 
toolbox; Brett et al. 2002) corresponding to the significant clusters of the connectivity 
maps was determined for each subject and each network. This index represents the value 
of the magnitude of the correlation between all the regions composing the network 
(within-network connectivity).

Functional coupling between the DMN and the task-positive networks (between-network 
connectivity) was calculated using the FNC toolbox (Jafri et al. 2008) (http://icatb.
sourceforge.net), which uses constrained-lagged correlation between components. 
Maximal-lagged correlation (-5 to +5 seconds) was examined between all pair-wise 
combinations of components of interest, calculated for each subject. Within-network 
connectivity values and pairwise correlation coefficients between networks were extracted 
to SPSS. The pairwise correlation coefficients were transformed into Fisher’s Z-values. 
Repeated measures ANCOVA’s were conducted on within-network and between-network 
connectivity strength with treatment modeled as a within-subject factor and group as a 
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between-subjects factor, including session order as a covariate. In addition, whole brain 
voxel-wise statistical analyses were performed on the spatial maps of each component 
to investigate regional specificity of between-group differences and treatment effects on 
within-network connectivity (for details see Supplementary Methods). Finally, Pearson 
correlation analyses were performed between modafinil-induced changes in Stroop task 
performance and within- and between-network connectivity changes. The significance 
level was set to p<0.05.

RESULTS

Demographics and clinical assessments
Demographic and substance use characteristics are presented in Table 1. In the six months 
before the study, subjects in the AD group were drinking 11 units alcohol per day on 
average and had a mean AUDIT sore of almost 29. The AD group did not differ from the 
HC group with regard to age or IQ. AD subjects smoked significantly more cigarettes than 
HC subjects. However, we did not include smoking as a covariate in subsequent analyses, 
because smoking behavior was related to alcohol consumption during the past six months 
(r=0.56, p=0.001) and AUDIT scores (r=0.56, p=0.001) and, therefore, including smoking 
as a covariate could remove variance explained by problematic drinking (overcorrection). 

Table 1: Demographics, clinical and substance use characteristics
AD group (N=15) HC group (N=16) t (df) p value

Mean (SE)

Age 43.0 (2.4) 41.1 (1.8) 0.6 (29) 0.54
Educationa (number within 
category 2/3/4/5)

3/4/5/3 0/2/6/8 X2=6.0 (4) 0.20

IQb 100.3 (3.4) 99.6 (3.1) 0.2 (29) 0.88
Total alcohol in last 6 months 
(in standard units/day)

11.4 (1.7) 0.9 (0.3) 6.3 (29) <0.001

AUDITc 28.7 (1.4) 5.8 (0.8) 14.4 (29) <0.001
Cigarettes per day 15.1 (3.5) 3.7 (1.6) 3.0 (29) 0.01
Abstinence duration (in days) 36.5 (8.8) na na na

aMeasured using the International Standard Classification of Educational Degrees (ISCED), categories: 2=lower 
secondary education, 3=higher secondary education, 4=Post-secondary non tertiary education, 5=First stage of 
tertiary education
bMeasured using the NART 

cAlcohol Use Disorder Identification Test
AD=Alcohol Dependent; HC=Healthy Control
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Stroop color-word task performance
A significant main effect of treatment (F(1,27)=6.59, p=0.02) on Stroop interference scores 
was found (in AD decreasing from M=141.4ms, SEM=13.9ms to M=118.9ms, SEM=16.1ms; 
in HC decreasing from M=174.4ms, SEM=21.8ms to M=112.3, SEM=15.8, see Figure 
1), indicating beneficial effects of modafinil on cognitive control regardless of group 
membership. There was no main effect of group (F(1,27)=0.27, p=0.61) or treatment by 
group interaction effect (F(1,27)=0.80, p=0.38). With regard to number or errors made on 
the Stroop task, no main effect of treatment (F(1,27)=0.45, p=0.51), main effect of group 
(F(1,27)=0.44, p=0.51) or treatment by group interaction effect (F(1,27)=0.02, p=0.88) was 
found. 

Figure 1: Stroop interference scores (log transformed; Mean,SD) were plotted for AD and HC, 
separate for the placebo and modafinil condition. There was a significant main effect of 

treatment (F(1,27)=6.56, p=0.02) on Stroop interference scores, indicating beneficial 
effects of modafinil on Stroop task performance regardless of group.

Resting state functional connectivity
Component selection and visualization
Within the independent resting state networks identified by Group ICA, the DMN, the 
SN and the CEN (with the latter separated into a left and right hemispheric component) 
were visually identified and selected for subsequent analyses in line with our hypotheses. 
A detailed overview of the regions within each functional network is provided in Figure 2 
and Table S1. 
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Within-network functional connectivity
No main effects of treatment, group or treatment by group interaction effects were found 
with regard to the global within-network connectivity indices of any of the resting-state 
functional networks of interest (DMN, SN, CEN_left and CEN_right). In addition, no effect 
of treatment, group or interaction effects were found in the voxel-wise analysis on spatial 
maps for each network, see Supplementary Results.

Figure 2: Spatial characteristics of the resting state networks of interest: (A) Default Mode Network: DMN, 
(B) Salience Network: SN, (C) left Central Executive Network: CEN_left, (D) right Central Executive Network 
(CEN_right). Color bars represent voxel-wise t-statistics thresholded for positive values. Statistical maps were 
thresholded p<0.05 whole-brain FWE corrected.

Between-network functional connectivity
When examining the effects of modafinil on the coupling between DMN and the 
task-positive networks, we found a significant group by treatment interaction effect in the 
functional coupling between the DMN and SN (F(1,27)=6.13, p=0.02), between the DMN 

|164



and CEN_left (F(1,27)=6.65, p=0.02), and between the DMN and  CEN_right (F(1,27)=6.23, 
p=0.02). Post-hoc tests indicated that these interaction effects were all driven by a 
significant change in network coupling in AD subjects (DMN-SN: F(1,13)=6.54, p=0.02; 
DMN-CEN_left: F(1,13)=11.23, p<0.01; DMN-CEN_right: F(1,13)=5.67, p=0.03), whereas 
no modafinil-induced changes in HC subjects were observed. Figure 3 shows that the 
correlation between DMN and SN and between DMN and CEN_left became more negative 
under modafinil in AD. The coupling between DMN and CEN_right was initially positive 
but was abolished after modafinil administration (Figure 3). In addition, post-hoc tests 
indicated that none of the between-network connectivity measures were significantly 
different between AD and HC in the placebo condition. In the modafinil condition, 
however, the DMN and the SN (F(1,28)=6.99, p=0.01), and the DMN and the CEN_right 
(F(1,28)=5.21, p=0.03) were significantly more negatively coupled in AD compared to HC.

Figure 3: (A) Modafinil administration significantly increased the negative coupling between the DMN and SN 
(F(1,27)=6.13, p=0.02), and (B) between the DMN and left CEN (F(1,27)=6.65, p=0.02), and (C) significantly 
decreased coupling between the DMN and right CEN (F(1,27)=6.23, p=0.02) in AD patients only. No effects on 
between-network functional connectivity were found in the HC group.

Brain-behavior associations
To test whether the observed changes in between-network connectivity were associated 
with modafinil-induced changes in behavior, correlation analyses were performed 
between changes in Stroop interference scores and changes in network coupling for 
each group separately. Correlation analyses revealed that modafinil-induced decreases in 
Stroop interference scores were significantly associated with increased negative coupling 
between DMN and SN in AD (r= -0.67, p<0.01; Figure 4a). Also a trend towards a significant 
correlation between decreased DMN-CEN_right coupling and improvement in Stroop 
task performance was found in AD (r= -0.52, p=0.06; Figure 4b). No association between 
changes in DMN-CEN_left coupling and changes in interference scores was found in AD 
(r= -0.38, p=0.18). In HC, a trend towards a significant correlation between improvement 
in Stroop task interference scores and increased negative DMN-SN coupling was observed 
(r= -0.51, p=0.06).
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Figure 4: (A) The modafinil-induced changes in DMN-SN coupling were significantly correlated with changes in 
Stroop interference scores in AD patients (r= -0.67, p<0.01); i.e. a stronger negative coupling between DMN and 
SN was associated with increased cognitive control after modafinil administration. (B) Also a trend (r= -0.52, 
p=0.06) towards a significant relationship between decreases in DMN-CEN_right coupling and decreases in 
Stroop interference scores was also observed in the AD group. 

DISCUSSION

The current study aimed to investigate the effects of modafinil on interacting intrinsic 
large-scale brain networks and to relate this to changes in behavioral cognitive 
control. Overall, modafinil improved cognitive control reflected by decreased Stroop 
interference scores, regardless of having a diagnosis of alcohol dependence. However, 
modafinil-induced changes in between-network functional connectivity were only found 
in the AD group. Specifically, modafinil increased the anti-correlation between the DMN 
and the task-positive networks (SN, CEN). Moreover, strengthening of the negative 
functional coupling between the DMN and SN was associated with modafinil-induced 
improvements in cognitive control in alcohol dependent patients. These results indicate 
that modafinil modulates the functional organization and communication of the brain, 
which translates into enhanced cognitive performance in AD. 

The default mode network is involved in internally oriented cognition such as 
autobiographical memory retrieval, envisioning the future, or other self-referential 
mental representations (Buckner et al. 2008). Brain regions involved in the DMN such 
as the ventromedial PFC, PCC, amygdala and hippocampus play an important role in 
conditioning and reward-related processes implicated in substance dependence (Koob 
and Volkow 2010), including the processing of drug-related cues (Goudriaan et al. 2012; 
Lou et al. 2012; Tapert et al. 2003). Moreover, a recent study by Tilman Schulte et al. 
(2012) demonstrated a reduced deactivation of the PCC during Stroop task performance 
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in alcohol dependent patients. In addition, regions implicated in the SN and the CEN are 
recruited by cognitive demanding tasks, including the Stroop task (Gruber et al. 2002; 
Harrison et al. 2005). Diminished functioning of regions involved in these networks, such 
as the dACC, DLPFC and parietal cortex, has also been observed in alcohol dependent 
patients in relationship to impaired cognitive control (Li et al. 2009; Park et al. 2010). 
Therefore, the currently observed modafinil effects on the competitive interaction 
between the DMN and task-positive networks could be of major importance in the context 
of alcohol dependence, because there is a strong need for executive brain networks to 
overrule activation of memory traces and processes of self-referencing when confronted 
with alcohol-related cues in order to resist the immediate rewarding properties of drinking 
alcohol.

Although previous fMRI studies have shown that modafinil administration results 
in a more efficient recruitment of the DLPFC, anterior insula and dACC, and enhances 
deactivation of the DMN during the performance of cognitive control tasks (Ghahremani 
et al. 2011; Hunter et al. 2006; Minzenberg et al. 2011), the current study is the first 
to demonstrate specific effects of modafinil on the interaction between intrinsic 
large-scale functional networks. The currently observed modafinil-induced increases in 
the anti-correlation between the DMN and task-positive networks could indicate changes 
in the functional organization of the brain that can subsequently lead to a more efficient 
competitive relationship between networks involved in externally-directed attention and 
internally-focused thought processes when a demanding task is performed. Indeed, the 
increased negative coupling between the DMN and SN (and a trend towards decreased 
DMN-CEN_right coupling) was associated with improvement in cognitive control in AD. 
This is in line with findings of a study by Kelly et al. (2008) showing that the strength 
of the negative correlation between the DMN and task-positive resting-state networks is 
predictive of individual differences in the performance of a cognitive interference task. 
These previous observations, in addition to the current findings, stress the importance 
of communication between different large-scale networks in the brain underlying normal 
cognitive control function. The current data also emphasize that modafinil not merely 
targets some specific brain regions, but that it has a much more general effect by affecting 
intrinsic functional relationships between large-scale brain systems. 

These widespread effects of modafinil seem to match the effects of modafinil on a broad 
range of neurotransmitters, including dopamine, noradrenaline, glutamate, serotonin and 
GABA (Minzenberg & Carter 2008). It has been suggested that modafinil primarily exerts 
its effects on catecholamine transmission through inhibiting noradrenaline and dopamine 
transporters. Interestingly, a recent study by Dang et al. (2012) showed that dopamine 
synthesis capacity is associated with the correlation between resting state activity in the 
DMN and activity in a task-positive network (CEN), indicating that dopamine strengthens 
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the functional interaction between these networks. These observations, together with 
the current findings suggest that modafinil may modulate cognitive control by targeting 
dopaminergic influence on the properties of large-scale networks.

It should be noted here that, although we hypothesized that AD patients would show 
initial impaired cognitive control functions and altered within- and between-network 
coupling relative to HC, at baseline no significant differences in Stroop task performance 
and within- and between-network coupling were found between the groups. However, 
modafinil-induced changes in coupling of the DMN with cognitive networks and correlation 
between these between-network connectivity changes and Stroop task performance 
were only found in the AD group. The initial (placebo) anti-correlation between the DMN 
and all three task-positive networks were nominally reduced in AD compared to HC, but 
these differences were non-significant, which may be explained by sample size limitations. 
Although the AD group showed no initial impairments in Stroop task performance, 
the modafinil-induced increases in anti-correlation between these networks in AD did 
result in improved cognitive control. The modafinil-induced improvement in Stroop task 
performance in HC could have emerged from modulation of other neural substrates or 
functional networks by modafinil that were beyond the scope of the present study, since 
no changes in within- or between-network functional connectivity were observed in 
HC. Clearly, future research is needed examining other neural substrates or functional 
networks to further elucidate the neurobiological effects by which modafinil enhances 
cognitive functioning in AD and healthy volunteers.

The results of the current study should be viewed in light of some limitations. First, the 
groups were not well matched on smoking behavior. However, we decided not to include 
smoking behavior as a covariate because of its high association with alcohol-related 
problems and the risk of overcorrection resulting in a serious reduction of the variance 
in problematic drinking. Moreover, we showed that behavioral performance was not 
associated with smoking behavior. Second, three AD subjects tested positive for cannabis 
or benzodiazepines. Although most of these substances are detectable for up to 4 weeks 
in urine samples and self-reported use of these substances was in accordance with the 
requirement of being free of alcohol and drugs for at least two weeks, we cannot rule 
out the possibility that recent cannabis or benzodiazepine use confounded the results. 
However, post-hoc analyses excluding these subjects revealed very similar results with 
regard to behavioral and imaging findings: all reported findings remained significant with 
the exception that modafinil-induced changes in DMN-CEN_right coupling in AD became a 
trend towards significance (p=0.07 instead of p=0.02) probably due to diminished power.  

In addition, the subjects were instructed to keep their eyes closed and to stay awake during 
the resting-state scan. An eyes-closed condition has previously been associated with a 
much stronger effect of another wakefulness-promoting substance (caffeine) on resting 
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state between-network connectivity of the DMN and a task-positive network compared 
to an eyes-open condition (Wong et al. 2012). Nonetheless, although all subjects included 
in the analyses reported that they remained awake during the resting state scan, we could 
not objectively measure whether this was actually the case, because of the eyes-closed 
condition we were not able to monitor sleeping during the experiment using a camera. 
Future studies investigating modafinil effects on within- and between-network resting 
state connectivity could benefit by including a combination of an eyes-open and an 
eyes-closed resting state condition. Finally, although modafinil significantly decreased 
the correlation between DMN and right CEN in alcohol dependent patients, the initial 
(placebo) positive correlation between these networks seems counterintuitive. The lack of 
this initial anti-correlation may be explained by the fact that there are likely to be certain 
brain states in which network anti-correlations are more or less visible. For example, 
during performance of a cognitively demanding task, compared to a rest condition, this 
anti-correlation might be more visible due to the increased demand on task-positive 
networks and the need for activation in brain regions associated with mind wandering 
(DMN) to be suppressed. Another brain state in which such network anti-correlations 
are more visible is a resting state condition while under influence of substances (such 
as caffeine (Wong et al. 2012) known to enhance wakefulness and attention; functions 
that rely on activation in task-positive networks. Given the competitive relationship 
between the DMN and task-positive networks, increased drug-induced recruitment of 
task-positive activation would be expected to be accompanied by a reduction in DMN 
activation. Therefore, the resting state negative association between the DMN and task 
positive networks might initially have been less pronounced in our study (reflected by 
a positive correlation or a small negative correlation), whereas administration of the 
wakefulness-promoting and cognitive enhancing compound modafinil resulted in an 
enhancement of this intrinsic competitive relationship (correlation coefficient becomes 
more negative) in AD subjects, which was in turn found to be predictive of improvement 
in performance when cognitive demand was imposed on the subjects during the Stroop 
task.   

Taken together, our findings show that modafinil exerts its effects not by merely enhancing 
activation of individual brain regions, but by targeting important intrinsic large-scale 
functional networks of the brain. Moreover, these changes in between-network functional 
connectivity were associated with a modafinil-induced improvement in cognitive control, 
which is one of the core functions known to be impaired in alcohol dependence. Therefore, 
the current study provides a neurobiological rationale for implementing modafinil 
as an adjunct in the treatment of alcohol dependence. Clinical studies are needed to 
substantiate this promise.  
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SUPPLEMENTAL MATERIAL

Supplementary Methods
Exclusion criteria for participation
Exclusion criteria were: current DSM-IV diagnoses (other than alcohol and nicotine for 
the AD group and nicotine for the HC group); lifetime history of head injury with loss of 
consciousness for more than 5 minutes; neurological disorders; low level of education 
(school drop-out before age 16); use of medication interacting with the central nervous 
system. Recent drug and alcohol use was assessed with urine tests taken prior to MRI 
imaging. None of the subjects tested positive for alcohol, cocaine, amphetamine, XTC and 
opiates. However, two AD patients tested positive for cannabis and two other AD patients 
tested positive for benzodiazepines. Some benzodiazepines and cannabis are detectable 
for up to four weeks in urine samples and the subjects needed to be free of alcohol and 
any drug use for a minimum of two weeks. Therefore, we did not exclude these subjects. 

From one AD subject we could not obtain a resting-state scan, because of time limitation. 
Another AD subject was excluded because of bilateral wholes in the structural MRI scan 
near the ventral striatum. In addition, one AD subject was excluded who reported falling 
in sleep during MRI scanning, which was asked after the resting-state scan. Finally, two AD 
subjects were excluded because of an interference score on the Stroop task that deviated 
more than 2 standard deviations from the mean. Two of the HC subjects were excluded: 
of one HC subject we did not acquire a resting-state scan because of time limitation and 
one HC subject had a Stroop interference score that deviated more than two standard 
deviations from the group mean and was therefore excluded. The remaining data from 31 
participants (20-5=15 AD, 18-2=16 HC) were used in statistical analyses.

Within-network voxel-wise analyses
Individual functional spatial maps obtained by ICA analysis were converted to Z-scores, to 
obtain voxel values comparable across subjects. The Z-score images for each component 
were entered into a second level random effects analysis in SPM8, using a flexible 
factorial design to investigate within-group effects of medication and group by medication 
interaction effects on within-network connectivity. Independent t-tests were used to 
compare between-group effects on placebo and modafinil, including session order as a 
covariate [p<.05 corrected for multiple comparisons, family-wise error (FWE)].

Supplementary Results
Spatial distribution of the RSN’s
For a complete overview of the regions within each functional network, based on one 
sample t-tests across groups and sessions (whole brain p<0.05 family wise error (FWE) 
corrected), see Table S1 below.
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Table S1: Montreal Neurological Institute (MNI) coordinates of the major clusters of the 4 resting 
state networks of interest: Default Mode Network, Salience Network, and left and right Central 
Executive Networks. t-statistic and X, Y and Z MNI coordinates are from the location of the peak 
voxel activation within each cluster. One sample t-tests across groups and sessions were whole brain 
p<0.05 family wise error (FWE) corrected. 

Location Side Cluster 
size

t-stat X
(mm)

Y
(mm)

Z
(mm)

Default Mode Network (DMN)
Posterior cingulate cortex extending to (pre-)cuneus L/R 11983 43.32 -7 -46 28
Ventromedial PFC (BA10/BA11) L/R 699 13.88 7 55 -5
Lateral anterior PFC (BA10) L 116 9.60 -21 62 13
Middle temporal gyrus L 109 9.57 -62 -34 -8
Insula R 84 7.71 41 -14 13
Midbrain L/R 94 7.57 -7 -11 -20
Inferior occipital gyrus R 64 7.08 37 -78 -8
Middle frontal gyrus L 12 6.61 -41 9 55
Superior frontal gyrus R 35 6.61 27 60 4
Lingual gyrus L 57 6.58 -21 -91 -8
Middle temporal gyrus R 6 6.51 59 -7 -20
Precentral gyrus R 24 6.44 46 -14 31
Middle occipital gyrus L 2 5.85 -30 -87 7
Subgenual anterior cingulate cortex (BA25) R 2 5.78 14 12 -20
Superior temporal gyrus R 7 5.70 34 14 -23
Superior temporal gyrus L 6 5.50 -30 12 -23

Salience Network (SN)
Anterior cingulate cortex (extending to midcingulum 
cortex and (pre-) supplementary motor cortex)

L/R 5876 25.54 -2 32 25

Inferior frontal gyrus extending to insular cortex R 1846 23.46 46 14 -2
Inferior frontal gyrus extending to insular cortex L 3526 19.50 -39 14 1
Dorsolateral PFC L 636 17.09 -32 46 31
Dorsolateral PFC R 467 15.99 34 41 31
Inferior parietal lobe R 639 15.55 64 -34 34
Precuneus R 130 11.35 14 -68 34
Precuneus L 70 8.51 -12 -71 34
Supplementary motor area R 51 7.58 48 5 52
Fusiform gyrus L 15 7.47 -32 -32 -26
Middle occipital gyrus R 42 7.27 25 -96 4
Middle occipital gyrus L 14 6.82 -14 -96 10
Supplementary motor area L 29 6.65 -46 -2 55
Ventral striatum R 16 6.54 18 12 -5
Orbitofrontal cortex L 8 6.53 -28 37 -14
Orbitofrontal cortex R 13 6.17 25 12 -23
Lingual gyrus R 10 6.12 30 -75 -11
Ventral striatum L 13 5.89 -18 12 -8
Middle frontal gyrus L 29 5.87 -46 7 40
Posterior cingulate cortex L 8 5.87 -9 -43 1
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Table S1: continued
Location Side Cluster 

size
t-stat X

(mm)
Y

(mm)
Z

(mm)
Inferior occipital gyrus L 4 5.55 -32 -75 -11
Posterior cingulate cortex R 4 5.54 11 -64 7
Middle frontal gyrus L 2 5.48 -30 0 67
Lingual gyrus L 4 5.29 -23 -82 -11

Left Central Executive Network (CEN_left)
Superior parietal lobe extending to inferior parietal lobe L 10938 25.08 -30 -68 40
Dorsolateral PFC -41 9 37
Middle frontal gyrus -51 23 31
Middle temporal gyrus L 741 16.55 -53 -43 -8
Superior parietal lobe extending to inferior parietal lobe R 738 12.24 34 -64 49
Inferior frontal gyrus extending to superior and middle 
frontal gyrus

R 616 11.96 50 37 16

Orbitofrontal cortex R 57 8.04 34 39 -11
Middle temporal gyrus R 47 7.41 55 -50 -14
Secondary visual cortex L/R 133 7.38 -2 -82 1
Supplementary motor area R 55 7.29 30 5 49
Ventromedial PFC L/R 10 6.78 -2 48 -14
Amygdala L 26 6.72 -18 -9 -11
Anterior cingulate cortex L/R 48 6.59 -5 0 28
Pons L 20 6.24 -12 -27 -26
Parahippocampal gyrus L 23 6.09 -23 5 -20
Ventral striatum R 5 5.78 7 0 -8
Putamen L 6 5.74 -16 9 -2

Right Central Executive Network (CEN_right)
Superior parietal lobe extending to inferior parietal lobe R 3502 34.11 53 -55 40
Dorsolateral PFC R 5914 29.29 46 19 43
Middle frontal gyrus extending to inferior frontal gyrus 48 30 31
Superior parietal lobe extending to inferior parietal lobe L 600 14.71 -51 -48 49
Middle frontal gyrus L 114 10.8 -39 53 -2
Secondary visual cortex R 138 7.88 2 -87 4
Superior temporal gyrus extending to middle temporal 
gyrus

L 101 7.74 -55 -46 -14

Thalamus R 58 7.60 7 -30 1
Middle frontal gyrus L 108 7.50 -37 21 46
Superior frontal gyrus -28 14 55

Ventral lateral nucleus of the thalamus R 6 5.90 9 -11 7
Anterior cingulate cortex R 4 5.68 7 -7 28

BA, Brodmann area; PFC, prefrontal cortex.
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Regional within-network functional connectivity
Results of the voxel-based RSN comparisons revealed no significant effects of modafinil 
within both AD and HC and no group by treatment effect on connectivity in any of 
the resting state networks of interest (DMN, SN, CEN_left, CEN_right) when applying 
an appropriate correction for multiple comparisons (p<0.05 family wise error (FWE) 
correction). In addition, no group differences were found on both placebo and modafinil 
in any of the RSN’s. For exploratory purposes, we also applied a more liberal threshold of 
p<0.001 uncorrected and a minimum cluster size of 10 voxels. The findings with regard 
to group differences and modafinil-induced changes in connectivity within each RSN of 
interest can be found in Tables S2 to Table S5. We did not include these results in the 
discussion of the main paper, since the chance of findings false positives is substantial 
with no correction for multiple comparisons applied. 

Table S2: Findings of between-group and within-group differences in regional connectivity within 
the left CEN, p<0.001 uncorrected for multiple comparisons with an extend threshold of 10 voxels.

Location Side Cluster size t-stat X Y Z
Placebo

AD>HC Precuneus L 12 4.41 -9 -62 64
Anterior cingulate cortex (BA32 L/R 12 4.34 -2 46 1

HC>AD Inferior frontal gyrus R 32 6.31 34 23 25
Superior frontal gyrus L 27 5.37 -18 41 34
Caudate L 12 5.00 -7 14 1
Ventromedial PFC/rostral anterior 
cingulate cortex (BA10)

R 26 4.92 16 41 -8

Modafinil

AD>HC Superior frontal gyrus L 10 4.67 -12 19 52
Middle occipital gyrus L 10 4.33 -34 -75 13

HC>AD Middle temporal gyrus L 52 6.46 -55 -48 -2
Middle temporal gyrus R 35 4.89 59 -46 -2
Medial frontal gyrus L 11 4.24 -7 62 22

Modafinil>Placebo

AD Fusiform gyrus R 24 4.74 39 -34 -23
Hippocampus R 18 4.59 39 -11 -14
Supramarginal gyrus R 33 4.26 57 -23 22

HC Postcentral gyrus R 45 5.12 57 -2 28
Anterior cingulate cortex L 12 4.36 -12 35 19
Medial prefrontal gyrus L/R 15 4.08 7 53 7
Precuneus R 10 3.87 7 -68 52

Placebo>Modafinil

AD Medial superior frontal gyrus L 33 5.05 -7 62 25
Thalamus L/R 10 4.32 -2 -16 -2

HC Cuneus R 15 5.00 16 -82 31
Precuneus L 20 3.83 -16 -50 40

AD= alcohol dependence, HC= healthy controls, BA= Brodmann area
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Table S3: Findings of between-group and within-group differences in regional connectivity within 
the right CEN, p<0.001 uncorrected for multiple comparisons with an extend threshold of 10 voxels.

Location Side Cluster size t-stat X Y Z
Placebo
AD>HC Lingual gyrus L 30 5.46 -16 -52 -11

Ventromedial PFC (BA10) R 14 4.75 16 39 -8
Temporopole (BA 38) R 23 4.41 30 7 -17
DLPFC (BA9) L 24 4.17 -60 7 25

HC>AD Middle temporal gyrus L 13 5.00 -64 -27 -5
Inferior frontal gyrus L 11 4.46 -44 30 -8
Superior temporal gyrus R 10 3.92 48 -25 -5

Modafinil
AD>HC Middle frontal gyrus R 15 4.61 39 28 46

Precuneus L 11 4.06 -9 -73 22
HC>AD Putamen L 13 3.93 -32 -9 -2
Modafinil>Placebo
AD Middle temporal gyrus L 15 4.46 -67 -27 -5

Inferior parietal lobe L 16 4.04 -51 -30 46
HC Postcentral gyrus R 45 5.12 57 -2 28

Anterior cingulate cortex L 12 4.36 -12 35 19
Medial prefrontal gyrus L/R 15 4.08 7 53 7
Precuneus R 10 3.87 7 -68 52

Placebo>Modafinil
AD Subcallosal gyrus R 11 4.30 23 12 -14

Lingual gyrus L 11 4.10 -21 -52 -11
HC Culmen L/R 38 5.29 4 -62 -2

AD= alcohol dependence, HC= healthy controls, BA= Brodmann area

Table S4: Findings of between-group and within-group differences in regional connectivity within 
the DMN, p<0.001 uncorrected for multiple comparisons with an extend threshold of 10 voxels.

Location Side Cluster size t-stat X Y Z
Placebo
AD>HC Precuneus L/R 10 4.05 2 -66 49
HC>AD Cingulate gyrus L 14 -5 -14 34 -8
Modafinil
AD>HC Pars opercularis (BA44) R 14 4.70 64 7 13

Cuneus R 11 3.70 9 -87 4
HC>AD Posterior cingulate cortex L 104 5.84 -12 -73 19

Inferior frontal gyrus R 24 5.46 43 19 13
Modafinil>Placebo
AD Precentral gyrus (BA4) R 49 6.96 64 -4 19

Midbrain L 12 4.81 -9 -18 -17
HC Mid cingulate cortex L/R 28 5.42 11 -7 37

Cuneus L 65 5.21 -12 -75 22
Hippocampus R 11 4.41 18 -27 -8

Placebo>Modafinil
AD ns ns ns ns ns ns ns
HC Anterior cingulate cortex L 26 5.73 -14 16 43

AD= alcohol dependence, HC= healthy controls, BA= Brodmann area, ns= not significant
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Table S5. Findings of between-group and within-group differences in regional connectivity within 
the SN, p<0.001 uncorrected for multiple comparisons with an extend threshold of 10 voxels.

Location Side Cluster size t-stat X Y Z
Placebo
AD>HC Middle frontal gyrus L 26 5.23 -44 32 31

Putamen R 21 4.65 25 -2 -2
Posterior cingulate cortex R 35 4.63 11 43 22
Inferior frontal gyrus L 15 4.48 -46 32 -8

HC>AD Ventral striatum R 25 4.95 11 9 -11
Lingual gyrus L 26 4.40 -12 -66 1
Posterior cingulate cortex L 13 4.10 -14 -41 43
Somatosensory association cortex R 21 4.06 23 -75 34

Modafinil
AD>HC ns ns ns ns ns ns ns
HC>AD ns ns ns ns ns ns ns
Modafinil>Placebo
AD Insula L 19 4.74 -34 -11 22

Cuneus R 13 4.40 18 -78 16
Thalamus L/R 20 4.06 -3 -20 10

HC Mid cingulate cortex L/R 28 5.42 11 -7 37
Cuneus L 65 5.21 -12 -75 22
Hippocampus R 11 4.41 18 -27 -8

Placebo>Modafinil
AD Inferior frontal gyrus L 33 4.65 -30 41 10

Globus Pallidus R 25 4.44 20 -7 -2
Superior frontal gyrus R 16 4.36 25 48 7

HC Superior parietal lobe L 11 4.72 -30 -64 58
Cerebellum L/R 22 4.14 4 -43 -8

AD= alcohol dependence, HC= healthy controls, BA= Brodmann area, ns= not significant
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OBJECTIVES OF THE THESIS

The first objective of this study was to investigate the construct of impulsivity. We 
investigated whether different aspects of impulsivity and their translational value 
could be identified in a within-subjects cross-species translational design. In addition, 
the neurobiological substrates of impulsivity, specifically the role of glutamate and its 
interaction with resting-state functional connectivity in impulsive decision making, was 
studied. The second aim of this thesis was to elucidate the neurobiological mechanisms 
by which potential pharmacological treatments, i.e. N-acetylcysteine (NAC) and modafinil, 
exert their effects on impulsive behavior in substance dependent individuals.  This second 
aim was studied by obtaining functional Magnetic Resonance Images (fMRI) during the 
performance of a variety of neurocognitive tasks assessing different aspects of impulsivity, 
as well as by focusing on more intrinsic properties of brain functioning using resting-state 
fMRI and Proton Magnetic Resonance Spectroscopy (1H MRS). The studies were conducted 
in various populations, including healthy volunteers, cocaine dependent patients and 
alcohol dependent patients. In addition to the more fundamental neuroimaging studies, a 
pilot study was conducted investing the clinical effects of NAC in heavy smokers. 

In this final chapter, we first summarize the main results of the studies presented (Chapter 
2-9) and subsequently the findings of the studies are generally discussed according to the 
three main topics that were addressed in this thesis: impulsivity, N-acetylcysteine and 
Modafinil. Furthermore, some methodological limitations are considered. Finally, findings 
are integrated, and (clinical) implications of the results presented in this thesis and future 
directions for research are provided. 

SUMMARY

The first part of the thesis (Chapter 1) provides a general framework for the work 
presented in this thesis. The second part (Chapters 2 and 3) consisted of studies aimed at 
further unravelling the construct and neurobiology of impulsivity in healthy volunteers. 
Whether different measures of impulsivity represent largely unrelated aspects or a 
unitary construct in both rodents and humans was addressed in Chapter 2.  Using a 
within-subjects cross-species translational design, it was found that impulsive action, 
reflected by a failure to inhibit a prepotent response, and impulsive choice, reflected by 
an increased preference for immediate rewards over more beneficial delayed rewards, 
did not significantly correlate in both humans and rodents. In humans, a self-report 
measure of impulsivity represented an additional non-related aspect of impulsivity. In 
rodents, the within-subjects pharmacological effects of atomoxetine and amphetamine 
did not correlate between tasks, indicating the presence of distinct neural correlates 
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underlying impulsive choice and impulsive action. These findings support the notion of 
a non-unitary nature of impulsivity and are important to acknowledge when considering 
the role of impulsivity in psychopathology characterised by maladaptive impulsivity and in 
the development of treatments targeted at improving impulse control. 

In Chapter 3, evidence from different neuroimaging techniques measuring intrinsic 
properties of dorsal anterior cingulate cortex (dACC) functioning was combined to predict 
individual differences in impulsive decision making assessed by a delay discounting task. 
Proton MRS was used to measure glutamate concentrations in the dACC and resting-state 
functional activity and connectivity of the dACC was assessed as a proxy measure of 
spontaneous neuronal activation and communication. Individual differences in delay 
discounting were associated with both dACC glutamate concentrations and resting state 
functional connectivity of the dACC with a midbrain region including the ventral tegmental 
area and substantia nigra. Moreover, a mediation model demonstrated that glutamate 
concentrations in the dACC influenced impulsive decision making (at least partly) via 
functional connectivity of the dACC with the midbrain. This is the first study showing an 
important role for glutamate neurotransmission in human delay discounting and revealing 
a possible neural pathway by which dACC glutamate concentrations affect impulsive 
decision making. Given the critical role of impulsive decision making in addiction, our 
results indicate that modulation of dACC glutamate concentrations could be an important 
target for the treatment of substance dependent individuals.

In the third part of the thesis (Chapters 4 and 5), neurobiological and clinical effects 
of NAC were investigated. Preclinical evidence indicates an important role for NAC in 
restoring a disturbed glutamate homeostasis in rodents treated with cocaine (Baker et 
al. 2003b; Madayag et al. 2007) or heroin (Zhou and Kalivas 2008). Therefore, glutamate 
abnormalities and NAC effects on glutamate levels in the dACC, obtained using 1H MRS, 
were studied in Chapter 4. We found increased basal glutamate concentrations in the 
dACC in cocaine dependent patients compared to healthy controls.  NAC normalized 
glutamate concentrations in cocaine dependent patients, whereas it had no effect on 
glutamate concentrations in healthy controls. Moreover, consistent with the observed 
relationship between impulsivity and dACC glutamate concentrations in Chapter 3, higher 
self-reported (cognitive) impulsivity was found to be predictive of basal and NAC-induced 
changes in glutamate levels. The present study is the first to report findings of glutamate 
modulating effects of NAC in the human brain and provides a neurobiochemical rationale 
for implementing NAC as a treatment for cocaine dependence.

In Chapter 5, findings of a pilot study on the clinical effects of a 4-day treatment with NAC 
in heavy smokers were reported. Beneficial effects of NAC on the rewarding sensation of 
smoking and withdrawal symptoms were found. Together with one previous pilot study 
investigating clinical effects of NAC in heavy smokers conducted by Knackstedt et al. 
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(2009), these results provide preliminary evidence for NAC as a promising pharmacological 
intervention for smoking cessation. The findings in Chapter 4 and Chapter 5 also suggest 
that glutamate neurotransmission is both associated with the cognitive control system 
(impulsivity; Chapter 4) and the motivational system (reward; Chapter 5) implicated in 
addiction.  

The fourth part of the thesis (Chapters 6-9) consisted of studies that focused on the neural 
effects of modafinil on impulse control. Although modafinil has been proposed to enhance 
cognitive functioning and could therefore constitute a promising pharmacological agent for 
the treatment of cognitive dysfunctions in psychiatric disorders, the results of the review 
presented in Chapter 6 warrant further investigation before implementing modafinil as a 
treatment strategy. The number of placebo-controlled trials is limited and the results are 
rather inconsistent. However, despite methodological issues such as small sample sizes, 
short administration periods and the lack of placebo control conditions, there is some 
preliminary evidence for beneficial effects of modafinil in children with ADHD, patients 
with a depressive disorder and cocaine dependent patients. 

The studies presented in Chapter 7, Chapter 8 and Chapter 9, aimed to investigate the 
neural substrates of modafinil-induced modulation of impulsivity in alcohol dependent 
(AD) patients. With regard to impulsive action, assessed with a stop signal task, modafinil 
improved response inhibition only in AD subjects who showed poor initial performance on 
the task, whereas a deterioration in response inhibition was observed in better performing 
AD subjects at baseline (Chapter 7). These differential effects of modafinil on behavior 
was also reflected by modafinil’s effects on brain activation during successful response 
inhibition: activation of the supplementary motor area (SMA) and the ventrolateral 
nucleus of the thalamus, key regions involved in successful response inhibition, was 
increased in AD subjects who improved their performance under modafinil, whereas 
response inhibition in AD subjects who worsened after modafinil administration was 
associated with a modafinil-induced decrease in activation in these same brain areas. This 
was supported by a mediation analysis revealing that activity changes within the SMA 
and thalamus were largely responsible for improvements and deteriorations observed in 
poor and better performing AD patients, respectively. In contrast, this differential effect 
of modafinil in low and high impulsive AD subjects was not observed on a measure of 
impulsive choice (delay discounting task; Chapter 8). 

In Chapter 8, we found beneficial effects of modafinil on impulsive decision making in all 
AD patients, regardless of baseline performance. Importantly, this was accompanied by 
enhanced recruitment of frontoparietal brain regions, known to be involved in cognitive 
control, and decreased activation of the ventromedial prefrontal cortex, an area involved 
in the coding the subjective value of rewards and self-referential processes. Clearly, 
impulsivity is mediated by the interaction between the motivational system and the 
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cognitive control system and modafinil improves impulsive decision making by targeting 
both systems. These results not only stress the important differences between independent 
aspects of impulsivity (Chapter 2), they also fit the inverted u-shape relationship between 
catecholamine neurotransmission and cognitive performance (Cools and D’Esposito 
2011) which proposes that distinct optimum levels of catecholamine neurotransmitters 
exist for different aspects of cognitive control. The modafinil effects on neural substrates 
of impulsivity presented in Chapter 7 and 8 were not limited to isolated brain regions. 
Instead, in both studies evidence was found that modafinil impacts the functional 
interaction between brain regions. Modafinil-induced improvement in response inhibition 
was accompanied by an increased functional coupling between the ventrolateral thalamus 
and the primary motor cortex, and enhanced connectivity between the superior frontal 
gyrus (SFG) and the ventral striatum was associated with reduced impulsive decision 
making after modafinil administration. These findings indicate that modafinil has a more 
general effect by affecting functional networks implicated in both the motivational system 
and the cognitive control system (and their interaction). 

In Chapter 9, we took this a step further by examining modafinil effects on the intrinsic 
organization of brain functioning in AD patients. To do this, the effects of modafinil 
on interacting large-scale resting state networks including the default mode network 
(DMN), salience network (SN) and central executive network (CEN), and their association 
with cognitive control (measured using a Stroop task) were investigated. The results 
demonstrated that modafinil strengthens the negative functional coupling of the DMN 
with both the SN and CEN in AD. In addition, this increased anti-correlation between the 
DMN and SN and CEN was associated with modafinil-induced improvement in cognitive 
control in AD, indicating that modafinil modulates the functional organization and 
communication of the brain, which translates into enhanced cognitive control in AD.   

Taken together, the results of the presented studies can be summarized in the following 
main findings: (a) Impulsivity is a complex multidimensional construct consisting of 
several independent aspects with different underlying neural mechanisms, which is 
important to acknowledge when studying impulsivity in psychiatric disorders and in the 
development of treatments targeted at reducing impulsive behavior. (b) In addition to the 
neurotransmitters traditionally implicated in addiction such as serotonin and dopamine, 
glutamate neurotransmission seems to play an important role in impulsivity and is 
disturbed in cocaine dependent patients. Therefore, glutamate is an important target for 
the treatment of addiction characterized by distorted impulse control. (c) NAC seems to be 
an effective and elegant agent to restore glutamate abnormalities in addiction, and these 
beneficial effects of NAC on glutamate abnormalities could underlie previous and current 
observations of beneficial clinical effects of NAC in substance dependent individuals. 
(d) Modafinil can enhance impulse control in alcohol dependent patients, however, the 
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effects of modafinil on neural substrates of various measures of impulsivity are rather 
complex which should be acknowledged when implementing modafinil as a treatment.  

GENERAL DISCUSSION

IMPULSIVITY
Impulsivity can be broadly defined as “behavior that is performed with little or inadequate 
forethought” (Evenden 1999). Impulsivity can be functional in some situations, enabling 
us to seize opportunities and gain valuable new experiences. However, high levels of 
trait impulsivity are associated with negative consequences. For instance, impulsivity is 
associated with criminality and violence, physical harm to the self (such as suicide) and 
socially inappropriate behavior. Because maladaptive levels of impulsivity are observed in 
various psychiatric disorders it is important to enhance our understanding of the construct 
of impulsivity and its underlying neurobiology. From the limited number of human studies 
on the multidimensional nature of impulsivity employing a within-subjects design, there 
is consistent evidence that impulsivity is not a unitary construct, but rather is dissociable 
into different independent aspects such as impulsive action (motor impulsivity), impulsive 
choice (cognitive impulsivity) and self-reported impulsivity. In contrast, within the 
preclinical field, most evidence stems from between-group comparisons, which has the 
major limitation that potential findings of separable aspects can also be attributed to 
individual differences that might exist between (groups of) subjects. In addition, the very 
limited number of rodent studies that do use a within-subjects design show inconsistent 
results. Animal models are essential for unravelling the neurobiology of impulsivity; 
however, in order for these models to have translational value to human impulsivity, a 
consensus on the nature of the construct of impulsivity is required. 

By assessing multiple aspects of impulsivity within the same subjects using parallel 
behavorial tasks in rodents and humans, our study revealed very similar results across 
species. Impulsive choice and impulsive action were found to constitute independent 
aspects of impulsivity. In addition to the findings of our translational study in healthy 
individuals, we also assessed different aspects of impulsivity in an alcohol dependent 
group (reported in Chapter 7-9). Performance on different behavioral measures of 
impulse control did not correlate within alcohol dependent subjects (stop signal task – 
delay discounting task: r=-0.01, p=0.97; stop signal task – Stroop task: r=0.20, p=0.43; 
delay discounting task – Stroop task: r=0.13, p=0.62). These results not only support the 
use of the currently available animal models to investigate the underlying neurobiologi-
cal mechanisms of impulsivity, it also calls for caution when considering the contribution 
of impulsivity in psychiatric disorders such as addiction. For example, certain psychiatric 
disorders may be characterized by deficits in only one aspect of impulsivity. Severity 
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of antisocial personality disorder has been found to be associated with impairments 
in impulsive action, but not impulsive choice (Swann et al. 2009). Different aspects of 
impulsivity can also play distinct roles in clinical manifestations or stages of a disorder. 
For instance, in children with ADHD, impulsive choice was associated with a broad range 
of ADHD characteristics, but impulsive action showed only relationships with limited 
observations of impulsive behavior (Solanto et al. 2001). This is further emphasized by 
results from preclinical studies of our collaborators on a translational project investigating 
the role of impulsivity in addiction, showing that impulsive action and impulsive choice 
are distinctly involved in different stages of addiction. Whereas impulsive action seems to 
be more predictive of initial sensitivity to drugs and drug intake, impulsive choice may be 
more specifically involved in the persistence of and relapse into drug abuse (Broos et al. 
2012; Diergaarde et al. 2008).

Furthermore, the observed behavioral distinction between impulsive choice and impulsive 
action seems to reflect dissociable underlying neural substrates. Neuroimaging studies 
using tasks tapping various aspects of impulsivity show both overlap and dissociation 
in brain regions activated during these tasks. Whereas the inferior frontal gyrus, motor 
regions [(pre-)supplementary motor cortex and primary motor cortex] and thalamic 
regions [subthalamic nucleus and thalamus] appear to be primarily involved in impulsive 
action (Aron 2011; Chambers et al. 2009), limbic regions such as the basolateral amygdala 
and hippocampus are dissociably engaged in memory processes and the evaluation of 
decision outcomes during impulsive choice (Cardinal 2006; Peters and Buchel 2011). In 
contrast, the (dorsal) anterior cingulate cortex, dorsolateral prefrontal cortex and striatum 
have been implicated in both forms of impulsivity. Moreover, certain parts of the brain’s 
default mode network, including the ventromedial prefrontal cortex, posterior cingulate 
cortex, precuneus and inferior parietal lobe, are involved in both impulsive action and 
impulsive choice. This anatomically and functionally interconnected brain system is 
thought to participate in internal modes of cognition, such as autobiographical memory 
retrieval, envisioning the future, and conceiving the perspectives of others (Buckner et al. 
2008). During the performance of a stop signal or go no-go task, activation in these default 
network regions needs to be suppressed in order to successfully inhibit an inappropriate 
response (Zhang and Li 2012). Moreover, in delay discounting tasks greater activation 
within these areas is associated with increased impulsive decision making (Kable and 
Glimcher 2010; Sripada et al. 2011). 

On a molecular level, there is both overlap and dissociation in the neurotransmitter 
systems modulating impulsive action and impulsive choice (for reviews see Dalley et al. 
2008; Pattij and Vanderschuren 2008). For example, increasing dopamine transmission 
impairs impulsive action, but reduces delay discounting behavior, whereas enhancement 
of noradrenaline signalling seems to decrease both impulsive action and impulsive choice. 
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It should be noted, however, that our findings showed dissociative findings in response to 
the noradrenaline agonist atomoxetine in Chapter 2. In our current work, we also found 
differential effects of pharmacological compounds known to modulate dopamine and 
noradrenaline neurotransmission. Amphetamine decreased impulsive choice, whereas 
it increased impulsive action in the same rodents (Chapter 2). In contrast, atomoxetine 
showed the opposite pattern (Chapter 2). In addition, a single dose of modafinil 
significantly decreased impulsive decision making in AD patients (Chapter 8), whereas 
the effects of modafinil were less straightforward with regard to impulsive action, i.e. 
modafinil improved response inhibition in high impulsive AD patients, but performance 
deteriorated in low impulsive patients (Chapter 7). These findings further emphasize that 
impulsivity should be viewed as an umbrella term that covers subclasses of impulsive 
behavior with partly distinct underlying neural substrates. 

More recently, accumulating evidence for a role of glutamate in impulsivity has emerged.  
NMDA receptor antagonists have consistently shown to increase impulsive action in 
rodents (Higgins et al. 2003; Mirjana et al. 2004). In addition, metabotrophic glutamate 
receptors (mGluRs; in particular mGluR1) have been observed to modulate impulsive 
behavior in animal models of impulsivity (Sukhotina et al. 2008). In humans, the number 
of studies investigating the role of glutamate in impulsivity is small, partly because of a 
limited availability of PET and SPECT tracers to image the glutamate system. Our studies, 
using 1H MRS to obtain measures of glutamate levels, are among the first (see also Hoerst 
et al. 2010 and a very recently published study by Falkenberg et al. 2012) to show a direct 
relationship between glutamate concentrations and impulsivity in healthy volunteers 
(Chapter 3) and in cocaine dependent patients (Chapter 4). Higher dACC glutamate 
levels were associated with higher levels of impulsivity, with cocaine dependent patients 
showing increased levels of both impulsivity and glutamate levels compared to healthy 
controls. In addition, our results indicated a functional pathway by which dACC glutamate 
concentrations influence individual differences in impulsive decision making; glutamate 
concentrations translate into behavioral manifestations of delay discounting through their 
effects on the functional connectivity between the dACC and a midbrain region containing 
the VTA and substantia nigra. 

Because a growing interest in the role of the glutamate system in modulating impulsive 
behavior has only recently emerged, many questions remain to be answered. For 
instance, the findings in humans are at present limited to glutamate concentrations in 
the dACC. The dACC represents a core region involved in cognitive control processes 
(Kouneiher et al. 2009), has strong connections to frontoparietal and frontostriatal 
cognitive control networks (Margulies et al. 2007) and is rich in glutamatergic innervation 
(Palomero-Gallagher et al. 2009), rendering it a prime candidate for investigating the 
association between glutamate concentrations and impulse control. However, future 
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studies investigating the association between impulsivity and glutamate concentrations 
in other brain regions that are implicated in impulsivity are warranted. In addition, it 
remains to be elucidated whether glutamate neurotransmission is differentially involved 
in distinct aspects of impulsivity. In our current work, we found an association of dACC 
glutamate levels with both self-reported impulsivity and delay discounting, but not with 
performance on a classical Stroop task (unpublished data). Furthermore, mGluR1 receptor 
blockade has been shown to reduce impulsive choice while facilitating impulsive action 
(Sukhotina et al. 2008). Given the importance of the non-unitary nature of impulsivity 
in clinical manifestations or different stages of psychiatric disorders, research is required 
that further addresses the specific involvement of glutamate signalling in different aspects 
of impulsivity in order to develop more tailored glutamatergic pharmacotherapies for 
reducing specific aspects of impulsivity. 

N-ACETYLCYSTEINE
Historically, most pharmacological strategies to treat addiction were aimed at targeting 
monoaminergic (dopamine, noradrenaline, serotonin) or opioid neurotransmitter 
systems. However, to date, these medications have only shown moderate success (van 
den Brink 2012). Because of the accumulating evidence that glutamate neurotransmission 
plays a critical role in the persistence of and relapse into drug abuse (Kalivas 2009), in 
addition to its emerging role in maladaptive impulsivity (Chapter 3 and Hoerst et 
al. 2010), which is a key characteristic of addiction (Verdejo-Garcia et al. 2008), the 
glutamatergic system is a promising target for treating substance use disorders. In this 
respect, medications such as acamprosate and topiramate, which are currently used for 
the treatment of alcohol dependence, target glutamate neurotransmission by restoring 
the balance between excitatory and inhibitory neurotransmission and antagonizing AMPA 
receptors, respectively. These medications have shown moderate success in the treatment 
of alcohol dependence (van den Brink 2012). Because glutamate is the major excitatory 
neurotransmitter in the brain, mediating as much as 70% of synaptic transmission within 
the central nervous system, this calls for a pharmacological strategy that influences 
aberrant glutamate signalling, but at the same time leaves normal glutamatergic 
transmission unimpaired. NAC has been suggested as a promising new candidate 
agent for this purpose, because of its regulatory function on extracellular glutamate 
homeostasis. NAC is an effective and easy way to deliver cystine to the brain, where it 
binds to cystine/glutamate antiporters exchanging extracellular cystine for intracellular 
glutamate. These antiporters are of key importance for maintaining optimal levels of 
extracellular glutamate. Extracellular glutamate stimulates mGluR2/3 receptors, which 
in turn regulate synaptic glutamate release. This suggests that the effects of providing 
cystine to the brain by NAC administration are regulatory, leading to restoration of the 
natural balance rather than simply acting as a direct glutamatergic agonist. Indeed, it has 
been observed that NAC only affects glutamate signaling when glutamate homeostasis is 
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disturbed. For instance, NAC has been shown to normalize altered extracellular glutamate 
levels in rodents chronically treated with cocaine (Baker et al. 2003b; Madayag et al. 2007) 
or heroin (Zhou and Kalivas 2008), whereas it had no effect in healthy control animals. 
Restoring glutamate homeostasis by NAC subsequently prevented cue-induced relapse 
into drug seeking behavior in these rodents (Baker et al. 2003b; Madayag et al. 2007; 
Zhou and Kalivas 2008). Consistent with these preclinical findings, our study showed that 
NAC was able to normalize glutamate concentrations in the dACC of cocaine dependent 
humans, which were found to be increased compared to healthy controls (Chapter 4). The 
lack of effect of NAC on dACC glutamate levels in our healthy control group corroborates 
the notion that NAC has a regulatory effect on glutamate transmission.

NAC-induced changes in glutamate concentrations as found in our cocaine dependent 
group could underlie the beneficial effects of NAC observed in clinical studies in substance 
dependent individuals (Grant et al. 2007; Grant et al. 2010; Gray et al. 2010; Knackstedt 
et al. 2009; LaRowe et al. 2007). Unfortunately, we did not include clinical measures such 
as ratings of craving or withdrawal symptoms in our study investigating the effects of NAC 
on glutamate concentrations in cocaine dependent patients. However, in a pilot study 
in heavy smokers attempting to quit, we did observe some beneficial effects of NAC on 
withdrawal symptoms and the rewarding effects of smoking a cigarette (Chapter 5). In 
line with previous findings indicating that stimulation of mGluR2/3 receptors (implicated 
as one of the mechanisms by which NAC exerts its effects on glutamate transmission) 
diminishes the rewarding effects of nicotine (Liechti et al. 2007), one could speculate 
that the currently observed reduction in nicotine reward is a result of NAC’s effects 
on glutamate levels. However, more research is needed that incorporates both clinical 
measures and measures of glutamate concentrations (and preferably also measures of 
regional brain functioning such as fMRI) to elucidate the neurobiological pathway by 
which NAC affects clinical outcome in patients with different substance use disorders. 

It is noteworthy that although we did not find an association between duration of abstinence 
and glutamate concentrations in the brain, results from other studies indicate that 
glutamate levels change as a function of abstinence duration (Ernst and Chang 2008; Mon 
et al. 2012). Especially during early withdrawal, alterations in glutamate concentrations 
are found in substance dependent individuals, whereas they tend to normalize over time. 
This might implicate that NAC is most effective during early abstinence when glutamate 
abnormalities are more pronounced, because a persistent rise in the glutamate level 
contributes to craving and relapse in alcoholism, as has been commonly hypothesized. 
In contrast, we found a trend towards a negative correlation between cocaine use in the 
last six months and dACC glutamate concentrations (Chapter 4). Clearly, the relationship 
between glutamate levels and substance dependence is rather complex, depending on 
multiple facets of drug use characteristics, which needs further investigation.   
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Given our findings of an important role of dACC glutamate levels in impulsivity (Chapter 3) 
and higher levels of both glutamate and impulsivity in cocaine dependent patients compared 
to healthy controls (Chapter 4), it can be expected that NAC-induced normalization of 
glutamate levels will also affect impulsive behavior. Moreover, one may speculate that 
impulsivity mediates the relation between NAC-induced glutamate changes and beneficial 
clinical effects such as the prevention of relapse. The mGluR2/3 receptor antagonist 
LY341495 has been shown to reduce high levels of impulsivity, indicating that impulsive 
behavior is in part regulated by mGluR2/3 activation (Wischhof et al. 2011). Therefore, it can 
be expected that by influencing mGluR2/3, NAC may also affect impulsivity. Furthermore, 
in a study of Knackstedt et al. (2009), a downregulation of cystine/glutamate antiporters 
has been observed in the VTA in rats that had self-administered nicotine. In turn, this 
downregulation of cystine/glutamate antiporters has been associated with a reduction 
in basal glutamate levels observed after chronic cocaine use (Baker et al. 2003a). As our 
results showed that dACC glutamate concentrations affect connectivity of the dACC with 
the midbrain including the VTA, which underlies individual differences in impulsive choice, 
normalizing glutamate concentrations in the dACC is likely to affect VTA functioning, which 
could in turn lead to changes in impulsive behavior. In addition, besides substance use 
disorders, NAC has shown beneficial effects in other disorders characterized by distorted 
impulsivity, such as pathological gambling (Grant et al. 2007), trichotillomania (Grant et al. 
2009; Odlaug and Grant 2007), pathological nail biting (Berk et al. 2009) and pathological 
skin picking (Odlaug and Grant 2007). Clearly, since only indirect evidence exists for a 
relationship between NAC effects on impulsivity, future research is required to further 
delineate the potential beneficial effects of NAC on impulsive behavior.

MODAFINIL
The presented studies on the effects of modafinil on neural correlates of impulse control 
in alcohol dependence revealed rather general effects by affecting multiple brain systems. 
Modafinil did not affect some specific brain regions, but instead targeted activity and 
connectivity in areas specifically associated with the successful performance on each 
individual task employed. For instance, modafinil-induced improvements in performance 
on the stop signal task was associated with activity changes in the SMA and thalamus, and 
connectivity changes between the thalamus and M1 (Chapter 7). In contrast, modafinil 
seemed to primarily modulate connectivity between the SFG and the ventral striatum in 
the delay discounting task, which was associated with a reduction in impulsive decision 
making (Chapter 8). This suggests that modafinil has widespread effects as a cognitive 
enhancer, an observation that was supported by the findings of modafinil-induced 
changes in the interaction between large-scale brain systems (Chapter 9). Moreover, this 
also seems to match the effects of modafinil on a broad range of neurotransmitters in the 
brain. Although the exact working mechanism has not yet been elucidated, modafinil has 
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been observed to impact signalling of dopamine, noradrenaline, glutamate, serotonin and 
GABA (Minzenberg and Carter 2008). 

Interestingly, modafinil demonstrated distinct effects on different aspects of impulsivity, 
both on a behavioral and on a neurobiological level. Whereas modafinil improved 
performance on the stop signal task through enhanced brain activation and connectivity 
only in AD patients with initial poor performance, modafinil administration reduced delay 
discounting in all AD patients. Moreover, modafinil actually diminished stop signal task 
performance (and brain activation and connectivity) in patients with adequate levels of 
baseline response inhibition. These findings of differential modafinil effects depending 
on baseline performance are in line with previous studies showing similar results with 
modafinil on response inhibition (Eagle et al. 2007; Zack and Poulos 2009; Joos et al. 
in press) and other domains of cognitive functioning (Finke et al. 2010; Hunter et al. 
2006; Kalechstein et al. 2010; Spence et al. 2005). Moreover, these differential effects of 
modafinil are similar to findings of differential effects of amphetamine and atomoxetine 
on distinct forms of impulsivity (i.e. impulsive action and impulsive choice) observed 
in our translational study (Chapter 2) and other preclinical studies (Baarendse and 
Vanderschuren 2012; Sun et al. 2012), suggesting a role for dopamine and noradrenaline 
neurotransmission underlying these differential modafinil effects. The distinct effects 
of modafinil on different cognitive tasks fit the inverted u-shaped relationship between 
catecholamine neurotransmitter (including dopamine and noradrenaline) levels in the 
PFC and cognitive performance (Cools and D’Esposito 2011; Levy 2009). This inverted 
U-shaped curve implies that there is an optimum for catecholamine neurotransmitter 
levels to efficiently execute cognitive tasks, in which both excessive and deficient levels 
impair cognitive performance. Moreover, these optimum levels can be different for 
different cognitive tasks; i.e. some tasks benefit from increasing catecholamine signalling 
(green curve in Figure 1), while at the same time can have detrimental effects in other 
tasks (red curve in Figure 1). This explains the often observed differential effects of drugs 
influencing catecholamine transmission across different individuals that perform the 
same task or within the same individual across different tasks (current work and Cools et 
al. 2001; Cools et al. 2003; Mehta et al. 2004). 

Previous studies show that baseline levels of cognitive performance are dependent on 
basal levels of prefrontal dopamine (Ko et al. 2012; Okubo et al. 1997; Phillips et al. 2004), 
which in turn may be attributed to genetic variation across individuals. For instance, the 
Val158Met polymorphism in the catechol-O-methyltransferase (COMT) gene, an enzyme 
that breaks down dopamine that is released in the synaptic cleft primarily in the PFC, 
has been associated with both impulsivity (Boettiger et al. 2007; Congdon et al. 2009; 
Gianotti et al. 2012; Paloyelis et al. 2010; Shehzad et al. 2012) and the differential effects 
of dopamine-modulating drugs on cognitive performance (Bodenmann et al. 2009; 
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Hamidovic et al. 2010). Individuals carrying a Val-allele have relatively high COMT activity, 
and hence low dopamine levels, compared to Met-allele carriers. Individuals with the 
Val-allele have been observed to respond more impulsively in response inhibition and 
delay discounting tasks, accompanied by altered frontoparietal brain activation (Boettiger 
et al. 2007; Congdon et al. 2009; Hamidovic et al. 2012; Shehzad et al. 2012). To date, 
a few studies have examined the interaction between COMT genotype and modafinil 
effects. Modafinil improved vigor and maintained baseline performance with respect 
to executive functioning and attention in Val-allele carriers, but was hardly effective in 
Met-allele carriers (Bodenmann et al. 2009). Moreover, the optimal daily dose of modafinil 
was approximately 100 mg higher in narcoleptics carrying a Val-allele of the COMT 
gene (Dauvilliers et al. 2002). These lines of evidence suggest that modafinil may alter 
impulsivity differentially as a function of underlying genotype. Interestingly, the COMT 
gene has also been implicated to play a role in the development of addiction (Schellekens 
et al. 2012, but see also Tammimaki and Mannisto 2010). Therefore, future studies 
investigating the effects of modafinil treatment in substance dependent individuals could 
benefit from taking into account genetic variation in catecholamine genes and baseline 
levels of catecholamine neurotransmitters. Taken together, the current work indicates 
that modafinil affects different tasks by modulating distinct cortico-thalamo-striatal loops 
with distinct optimal catecholamine levels and provides a neurobiological account of 
within-subject variability in modafinil effects across different tasks related to impulsivity. In 
that respect, the current work provides additional information on modafinil’s mechanisms 
of action, which is of critical importance to the future introduction of modafinil in the 
treatment of several psychiatric disorders.

The main aim of the studies conducted with modafinil was to further elucidate its 
neurobiological effects on impulse control in alcohol dependent patients. We chose 
to include only a single dose, because previous studies have found effects with only a 
single dose of modafinil on cognition and related brain activation as measured using 
fMRI. However, this design did not allow thorough investigation of (long-term) modafinil 
effects on clinical outcome. We did show that a single dose of modafinil acutely 
reduced self-reported craving, but only when AD patients with positive urine tests for 
benzodiazepines and cannabis were excluded (Chapter 8).  This interaction between recent 
drug use and modafinil-induced changes in self-reported craving could be of particular 
interest to the clinical field and therefore warrants further investigation in clinical trials. 
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Figure 1: The relationship between cognitive performance and dopamine 
levels follows an inverted U-shaped function, in which both too little and 
too much dopamine impairs performance. How likely it is that a drug will 
cause beneficial or detrimental effects depends partly on basal DA levels. A 
single curve is insufficient to predict performance: some tasks benefit from 
increasing DA (green), although performance on other tasks is disrupted by 
increasing DA (red). The black arrow represents the DA-enhancing effect 
of a hypothetical drug, leading to a detrimental effect on task A (red) but a 
beneficial effect on task B (green). Figure taken with permission from Cools 
and D’Esposito (2011).

METHODOLOGICAL CONSIDERATIONS

The findings of the studies presented in this thesis need to be viewed in light of some 
methodological limitations. Perhaps the main limitation of the current work refers to the 
relatively small sample sizes employed in the studies. Especially given the evidence for 
an important role of individual differences in the display of impulsivity and the response 
to acute pharmacological treatment, a small sample size creates major limitations. 
For example, in Chapter 3 we describe the neurobiological basis of delay discounting; 
however, with only 14 healthy volunteers the full range of individual differences in 
impulsive decision making cannot be captured. Moreover, as alcohol dependence is a 
heterogeneous disorder and individual differences are observed in response to modafinil 
administration, a larger sample size would have allowed the formation of subgroups of 
adequate sizes. With regard to fMRI analyses, the limited sample sizes yielded not enough 
power to detect significant changes in brain activation at a whole brain corrected statistical 
threshold. As a workaround for this issue, regions of interests (ROIs), based on findings in 
previous studies, were used in the current analyses. Although this is standard practice in 
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imaging research, different researchers are likely to select slightly different ROIs, limiting 
the generalizability of findings. Clearly, the current findings need to be replicated in 
future studies using larger sample sizes. Since it is difficult for individual research groups 
to collect large amounts of data among patient groups, effective data sharing across 
research groups might prove to be critical for this. In addition, the current studies on the 
effects of pharmacological agents on measures of brain functioning were all conducted in 
a randomized cross-over design. The advantages of a cross-over design include the fact 
that each subject serves as its own control, thereby reducing the variability and allowing 
for smaller sample sizes compared to parallel designs because of this statistical efficiency. 
A major disadvantage of such a design is the lack of an adequate baseline measure 
(for some subjects placebo was administered during the second session), limiting the 
possibility of investigating treatment response in subgroups based on baseline character-
istics and rendering possible regression towards the mean effects when doing so (see the 
discussion in Chapter 7).

Another limitation is that, although patients with different types of addictive disorders 
were assessed, the specific effects of the pharmacological agents were not tested in 
multiple substance use disorders. NAC’s effects on glutamate concentrations were 
examined in cocaine dependent individuals, whereas its clinical effects were assessed in 
heavy smokers. Moreover, the effects of modafinil on neural correlates of impulse control 
were only investigated in alcohol dependent patients (but see our paper on modafinil 
effects on cue reactivity in cocaine dependent patients: Goudriaan et al. 2012). Although 
there is considerable overlap in the neurobiological mechanisms underlying various 
classes of substance use disorders, different types of drugs of abuse may interact with 
different neurotransmitters, or with the same neurotransmitters albeit by targeting 
different receptors or transporters (Badiani et al. 2011; Gass and Olive 2008; Sulzer 2011). 
To date, there are no other studies that have investigated the effects of NAC on glutamate 
concentrations in addiction and only one other study has examined the modafinil effects 
on neural substrates of cognitive functioning in addiction (i.e. methamphetamine 
dependence; Ghahremani et al. 2011). Therefore, the pharmacological effects of NAC and 
modafinil remain to be elucidated in types of addiction other than those under investigation 
in the current studies. In addition, merely comparing one patient group to a healthy control 
group limits inferences on the specificity of the findings. Observed differences between 
patients and healthy controls could stem from psychopathology not specifically related to 
the type of addiction under investigation. For example, the substance dependent groups 
reported higher levels of depressive symptoms and included a higher number of cigarette 
smokers compared to the control groups. However, as affective disorders and substance 
use disorders are highly comorbid (Boschloo et al. 2011) and polydrug use is the rule 
rather than the exception in addiction (Ouwehand et al. 2011), these characteristics may 
also be regarded as an inseparable part of the disorder. 
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Remarkably, despite a considerable amount of evidence of impaired impulse control 
related to alcohol dependence, we did not observe pronounced differences between 
patients and healthy controls in terms of baseline (placebo) neurocognitive functioning 
and brain activation and connectivity. Nonetheless, modafinil only affected cognitive 
performance (with the exception of performance on the Stroop task), and brain 
activation and connectivity in AD patients, but not in healthy controls. The absence of 
baseline differences in cognitive performance might in part be explained by some specific 
characteristics of the AD patients included in the current studies. Diminished cognitive 
functioning has been more consistently reported in stimulant addictions such as cocaine 
dependence than in alcohol dependence (Kirby and Petry 2004; van der Plas et al. 2009). 
With regard to alcohol dependence, high levels of impulsivity are more frequently 
observed in AD patients with polysubstance use and comorbid psychopathology (Dom 
et al. 2006a, 2006b) and are associated with an early age of onset of the disorder (Dom 
et al. 2006c, 2006d; Joos et al. in press). In the current study, the presence of comorbid 
psychiatric disorders was an exclusion criterion and, although we did not have a valid 
measure of age of onset, there was a considerable variation in age in the AD group. 
This could have contributed to the findings of no overall differences in impulse control 
between AD patients and healthy controls at baseline, whereas within the AD group there 
may have been more individuals with greater room for improvement.        

In addition to limitations specifically related to the currently performed studies, there 
are some methodological challenges to the application of neuroimaging techniques in 
general, and fMRI in particular. One obvious challenge relates to the question of what 
we are actually measuring with fMRI, i.e. how the BOLD signal, as measured using fMRI, 
is coupled to the underlying neurophysiology. Functional MRI provides a powerful tool 
to spatially identify the neural underpinnings of cognitive functions; however, it is a 
measure of haemodynamic changes and therefore does not allow direct inferences on 
‘neural activity’. For example, BOLD imaging cannot distinguish between inhibitory and 
excitatory neural processes. Moreover, in contrast to other neuroimaging techniques 
such as electroencephalography (EEG) and magnetoencephalography (MEG), functional 
MRI has a low temporal resolution, and therefore cannot record very rapid neuronal 
firing. Combining imaging approaches such as fMRI, EEG/MEG and MRS could enhance 
our insight into the relationships between cognitive processes, neural activity and the 
BOLD-fMRI signal. For instance, by performing an experiment while simultaneously 
recording fMRI and EEG or MEG, one could examine which electrophysiological signals 
(which are more closely related to neural activity) seem to match the BOLD response. 
Moreover, information on inhibitory and excitatory neurotransmission (i.e. GABA and 
glutamate neurotransmission) could shed more light on the underlying nature of the 
BOLD signal. In this respect, MRS could provide a valuable tool. Indeed, evidence based 
on correlational analyses between MRS and fMRI measures indicate that the BOLD 
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response magnitude is inversely correlated with GABA concentrations (Donahue et al. 
2010; Muthukumaraswamy et al. 2009; Muthukumaraswamy et al. 2012; Northoff et al. 
2007). Interestingly, glutamate concentrations as measured using 1H MRS appear not 
to be associated with low frequency spontaneous fluctuations in the BOLD response in 
the measured region itself, but do predict BOLD responses in connected brain regions 
(Chapter 3 and Duncan et al. 2011; Falkenberg et al. 2012). However, these correlations 
between neurotransmitter concentrations obtained by MRS and the fMRI BOLD signal are 
in turn also difficult to interpret, because of the drawbacks associated with MRS imaging. 
For instance, 1H MRS is not able to distinguish between extracellular and intracellular, and 
between neurotransmitter and metabolic pools of neurotransmitters such as glutamate 
and GABA. Clearly, although the currently used neuroimaging techniques can greatly 
contribute to an increased knowledge on the neural underpinnings of cognitive processes 
including impulsivity and of abnormal brain functioning as observed in addiction, we 
should realize that the interpretation of such findings must be done with great caution. 
Although the parameters obtained by these techniques relate to underlying neural 
mechanisms, they may still be a considerable number of biological steps removed from 
directly measuring neural function. 

IMPLICATIONS AND FUTURE DIRECTIONS

IMPULSIVITY
Despite a substantial amount of evidence of high levels of impulsivity in patients with 
substance use disorders, the clinical implications of these observations have received 
limited attention. The lack of success of currently available psychosocial treatments may 
in part be the result of cognitive impairments associated with chronic drug abuse, as 
diminished impulse control predicts treatment outcome and relapse (Krishnan-Sarin et 
al. 2007; MacKillop and Kahler 2009; Streeter et al. 2008). Several studies have suggested 
that these cognitive deficits are not reversible but persist during abstinence (Clark et al. 
2006). Therefore, improving impulse control may be an important (adjunct) strategy to 
enhance the effectiveness of psychosocial treatments. However, impulsivity is a broad 
construct consisting of various, independent aspects which are thought to be involved 
in different stages or clinical manifestations of psychiatric disorders. The efficiency of 
treatment strategies to reduce maladaptive levels of impulsivity could be improved if 
they would target more specific aspects of impulsivity. For example, given the preclinical 
observations that impulsive action seems to be more predictive of initial sensitivity to 
drugs and that impulsive choice may be more specifically involved in the persistence of 
and relapse into drug abuse (Diergaarde et al. 2008), targeting impulsive action might be 
more important for prevention strategies, while the development of relapse prevention 
strategies could benefit from focusing on impulsive choice. However, it is worth noting 
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that pharmacologically induced changes in trait impulsive choice failed to show favourable 
outcomes on relapse measures in cocaine treated animals (Broos et al. 2012). This lack 
of an association between changes in delay discounting and treatment outcome has 
also recently been observed in opioid dependent individuals (Landes et al. 2012), which 
questions the efficacy of modulating impulsive decision making on clinical outcome. In 
the current work we also found no association between modafinil-induced changes in 
delay discounting and the observed reductions in craving (Chapter 8), although we only 
used a single dose administration precluding inferences on long-term clinical outcome. As 
these results are preliminary, further research is required to elucidate whether improving 
impulsive decision making, and perhaps executive functioning in general, can lead to 
improved clinical outcomes (but see also a discussion on this below). 

Translational study designs, combining clinical and preclinical data, are particularly suited 
to further delineate the role of impulsivity in mediating drug abuse and for developing 
effective treatments. Laboratory animals have the advantage of being in an environment 
that is easier to control and to manipulate. In addition, a substantial body of evidence for 
impulsivity as a vulnerability factor to substance abuse, and not merely as a consequence 
of substance abuse stems from animal research (for a review see Winstanley et al. 2010). 
Whereas in humans it takes years to investigate cause-and-effect relationships between 
impulsivity and addiction, preclinical models have the advantage that animals can be 
selected based on their initial (baseline) trait impulsivity and subsequently be compared 
during various stages of addiction. Nonetheless, preclinical models can never fully model 
complex psychiatric disorders such as addiction. Therefore, additional, carefully controlled 
longitudinal clinical studies are required to disentangle the associations between impaired 
impulse control and the development of an addiction. 

N-ACETYLCYSTEINE
In the current work, two potential pharmacotherapeutics that are known to influence 
top-down and bottom-up processes implicated in addiction were investigated. Together 
with previous clinical research, the current studies indicate that NAC constitutes a 
promising pharmacological agent for the treatment of stimulant addictions.  Because of 
its elegant regulatory working mechanism by affecting glutamate transmission only when 
glutamate homeostasis is disturbed, the very limited amount of side effects reported and 
the fact that it is sold over the counter, NAC seems a safe, inexpensive and readily available 
treatment option. However, to date, most clinical studies with NAC have been conducted 
using a pilot design, emphasizing the need for large double-blind placebo controlled trials 
in order for NAC to be approved as a standard treatment. In addition, most studies have 
investigated clinical effects of NAC in stimulant addictions and no data is currently available 
on the effects of NAC in for example alcohol dependence. Since glutamate abnormalities 
have also been observed in alcohol dependent patients (Thoma et al. 2011; Umhau et al. 
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2010), clinical trials assessing the effects of NAC in substance use disorders other than 
stimulant dependence are required. Furthermore, the precise dose of NAC remains to 
be established. Whereas the tolerability profile of NAC appears to be favorable, it needs 
to be stressed that there is no extensive evidence on the (adverse) effects of longer-term 
use. Finally, because NAC seems to affect glutamate only when glutamate signalling is 
disturbed, and was found to be most effective in patients with high initial dACC glutamate 
levels, assessing baseline glutamate concentrations by means of a pre-treatment 1H MRS 
scan could aid in providing a patient with optimal care (personalized medicine).

Notably, in addition to its regulating effects on the glutamatergic system, NAC has also 
received interest in the field of psychiatry for its participation in antioxidant activities. 
Cystine combines with glutamate and glycine, all of which are precursors in the production 
of glutathione. Glutathione is the primary endogenous antioxidant, acting as a free 
radical scavenger. Because oxidative stress has been implicated in a variety of psychiatric 
disorders, including schizophrenia, major depression, bipolar disorder and anxiety disorder 
(Ng et al. 2008), NAC has been tested in a number of clinical studies (in most studies as 
an augmentation strategy). Beneficial effects in the form of symptom reductions have 
been observed in patients with schizophrenia (Berk et al. 2008) and bipolar disorder (Berk 
et al. 2008; Berk et al. 2011; Magalhaes et al. 2011). In a glutathione-deficient mouse 
model of schizophrenia, treatment with NAC normalized glutathione levels in the ACC that 
were initially found to be elevated (das Neves Duarte et al. 2012). Furthermore, several 
studies have reported that chronic alcohol consumption is associated with markers of 
oxidative stress (Lee et al. 2012; Seiva et al. 2009) and that NAC significantly improved 
antioxidant defences in alcohol treated rats (Seiva et al. 2009). This suggests that besides 
its restoring effect on glutamate homeostasis, NAC could also be implemented to treat the 
toxic effects associated with chronic substance use. Therefore, future studies investigating 
the neurobiological effects of NAC would benefit from taking into account information 
on both glutamate and glutathione concentrations. Fortunately, recent advances in MRS 
techniques allow imaging of both glutamate and glutathione concentrations in the human 
brain.   

MODAFINIL
The effects of modafinil on neural substrates of impulse control were less straightforward. 
Although beneficial effects were observed on measures of delay discounting and Stroop 
task performance in AD patients, accompanied by normalizing effects on brain activation 
and connectivity, detrimental effects were also observed with respect to stop signal task 
performance depending on initial levels of response inhibition. This latter finding suggests 
that modafinil administration could lead to iatrogenic deterioration, as diminished 
response inhibition is associated with relapse (Goudriaan et al. 2008; Powell et al. 2010). 
Our findings were recently supported by a clinical trial with modafinil in AD patients 
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conducted by our collaborators (Joos et al. in press). Their 10-week trial with modafinil 
yielded similar results; whereas beneficial effects were observed in patients with initial 
poor response inhibition in terms of abstinence, even larger negative effects with a 
faster decline in the percentage abstinent days and a steeper increase in percentage 
heavy drinking days were observed in patients with good response inhibition at baseline. 
Therefore, caution is warranted with the prescription of modafinil to non-selected samples 
of AD patients. 

The observation that a pharmacotherapy may constitute a useful adjunct therapy 
for some substance dependent individuals but not for others is not new to the field. 
Substance dependence is a heterogeneous disorder with many contributing factors, 
which vary from person to person and are known to contribute to individual differences 
in treatment response. The current observation of ‘one size does not fit all’ is consistent 
with results obtained using other pharmacotherapeutics and it stresses the importance 
of personalized medicine. Personalized medicine emphasizes that baseline characteristics 
should be considered in order to identify patients with a specific profile that are likely 
to benefit from treatment with a pharmacotherapy such as modafinil. Although clinical 
and sociodemographic characteristics have been found to predict treatment response in 
general (Adamson et al. 2009; Reske and Paulus 2008), these characteristics do not relate 
to underlying pathogenetic mechanisms of addiction, and hence can not fully capture in-
ter-individual differences in the response to a treatment. The identification of predictors 
for treatment response could benefit from taking into account trait-like characteristics 
associated with the pathogenesis of addiction, for example in the form of biomarkers. 
In this respect, pharmacogenetic studies, in which genetic variations that give rise to 
differential responses to drugs are investigated, could be of particular interest. For 
example, naltrexone has been shown to be more likely to increase abstinence in alcohol 
dependent patients carrying a G-allele compared with A-allele carriers of the mu-opiod 
receptor gene (Chamorro et al. 2012). As mentioned above, the COMT gene might be of 
particular interest to investigate in relation to modafinil effects in substance dependent 
individuals. In addition to genetic variation, endophenotypes, such as neuroimaging and 
cognitive measures, may provide an intermediate step less distal to the clinical phenotype 
compared to genotypes. For instance, it would be of interest to examine whether baseline 
levels of dopamine transmission, obtained by SPECT or PET imaging, could predict the 
effects of modafinil on measures of impulsivity. Furthermore, given the observation that 
the enhancing effects of modafinil on brain activation and connectivity were associated 
with improved response inhibition, and likewise that modafinil-induced deactivation was 
associated with a deterioration in performance in the stop signal task, pretreatment levels 
of activation within these areas or networks could constitute useful biomarkers that may 
be used to identify those patients that will benefit from treatment with modafinil. 
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However, perhaps the biggest challenge in the field of human brain mapping is its 
application to the treatment of individual patients. Neuroimaging techniques have greatly 
contributed to an enhanced understanding of the neurobiology of disorders such as 
addiction and to the acknowledgement of addiction as a brain disorder. They have led 
to the identification of biomarkers associated with addiction and treatment response, 
however, these biomarkers have only been reliably observed at a group level (which ignores 
individual differences), and thus extrapolation to individual diagnostic assessment and 
therapy monitoring is not yet straightforward. Multivariate pattern-recognition algorithms 
are promising analytical techniques to analyse MRI data, which allows the classification 
of individual observations into distinct groups or classes based on high-dimensional 
data such as fMRI (Vapnik 1995). These techniques allow for deriving a single value 
representing the degree to which a disease-specific spatial pattern of brain structure 
or function is present in a single individual. The application of such techniques received 
most attention in the scientific field of gerontology for diagnosing Alzheimer Disease or 
for predicting the conversion from mild cognitive impairment to Alzheimer Disease (Orru 
et al. 2012).  In addition, these algorithms may be used to identify biomarkers that predict 
treatment response in an individual instead of merely at a group level. For instance, the 
application of pattern recognition algorithms to structural MRI scans has demonstrated 
to predict response to treatment in patients with major depression with a classification 
accuracy of up to 90% (Costafreda et al. 2009; Gong et al. 2011). Nonetheless, the 
application of multivariate pattern recognition algorithms as an aid for clinical decisions 
is still in its infancy and a considerable amount of work needs to be done in the validation 
of classification results by applying classifiers obtained in one particular study to large, 
independent samples. Moreover, whether these techniques can be successfully applied 
in the field of addiction remains to be investigated. 

It is worth noting that, given its effects on dopamine neurotransmission, modafinil may 
have the potential for abuse. Currently, the jury is still out on the stimulant properties of 
modafinil because of conflicting evidence. Although earlier studies found no evidence 
for abuse potential (Myrick et al. 2004; O’Brien et al. 2006), recent neuroimaging and 
animal studies indicate that modafinil increases dopamine in the nucleus accumbens and 
produces pronounced locomotor sensitization, both indicators of abuse liability (Andersen 
et al. 2010; Paterson et al. 2010; Volkow et al. 2009). In contrast, a recent study by Loland et 
al. (2012) showed that although modafinil binds to dopamine transporters and increases 
extracellular dopamine concentrations, these effects are less potent and efficient, and 
has a longer duration of action compared to cocaine. These observations could account 
for the lower behavioral stimulation from modafinil compared to other stimulants 
(Jasinski 2000) and the cocaine-euphoria reducing effects of modafinil (Dackis et al. 2003; 
Malcolm et al. 2006) found in clinical studies. Nevertheless, these observations indicate 
that prescription of modafinil needs to be done with caution. Treatment of substance 
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use disorders might benefit from pharmacological agents selectively targeting dopamine 
transmission in the PFC (and thereby improving cognitive control), while at the same time 
not affecting dopamine in the nucleus accumbens. For example, atomoxetine, a selective 
noradrenaline transporter inhibitor, selectively increases dopamine and noradrenaline 
in the PFC (Swanson et al. 2006), probably due to the contribution of noradrenaline 
transporters in the clearance of extracellular dopamine in the PFC (Carboni et al. 1990). 
Atomoxetine has been found to improve response inhibition in healthy individuals and 
patients with ADHD (Chamberlain et al. 2007; Chamberlain et al. 2009; Faraone et al. 
2005; Nandam et al. 2011), however, this compound remains to be evaluated in clinical 
trials for addiction.     

GENERAL IMPLICATIONS AND FUTURE DIRECTIONS
Clearly, although the above-mentioned effects of acute administration of pharmacological 
agents do not resemble the effects of chronic administration used in clinical treatment, 
study designs with a single dose administration (in animals as well as in humans) 
enhance our insight into the neurobiology of impulsivity and allow the identification 
of neurobiological targets to reduce impulsive behavior. Treatment strategies targeting 
specific neurotransmitter systems or neural circuitries in the brain could involve 
pharmacotherapeutics, but may also include neuromodulation techniques such as 
transcranial magnetic stimulation, transcranial direct-current stimulation or - even more 
direct but also more invasive - deep brain stimulation to improve impulse control. In 
addition, strategies involving active participation of the patients to increase cognitive 
functioning and/or reduce craving might be useful in the treatment of addiction. For 
example, real-time fMRI (rt-fMRI) provides patients direct, online feedback on his/her 
regional brain activity (based on blood oxygenation level dependent or BOLD response) 
within one target area or a network of target areas. Using this feedback, participants 
can train themselves in order to gain control over brain activity and thereby change 
their affective or cognitive states. It has been observed that heavy smokers were able 
to modulate the BOLD signal in the ACC during the presentation of smoking-related 
cues, thereby reducing their craving sensations (Li et al. 2012). Furthermore, behavioral 
strategies such as cognitive rehabilitation or cognitive bias modification (CBM) training 
may prove useful. Cognitive rehabilitation typically involves repeated practice of cognitive 
tasks. For instance, Bickel and colleagues (2011) demonstrated that training on a working 
memory task resulted in reductions of delay discounting among stimulant users. In 
addition, working memory training has also been associated with a reduction in alcohol 
intake in problem drinkers (Houben et al. 2011). In contrast to improving executive 
functioning, CBM training is specifically developed to target the more automatically 
processes involved in addiction such as attentional bias (exaggerated attention to drug 
cues; Field and Cox 2008) and approach bias (the tendency to automatically approach 
drug cues; Wiers et al. 2010). This CBM training has been shown to improve treatment 
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outcome in alcohol dependent patients (Schoenmakers et al. 2010; Wiers et al. 2011). 
Clearly, promising new strategies have been developed to improve top-down cognitive 
control or to down-regulate the more automatic impulsive system and combining these 
different therapies might prove to be more effective than single approaches. 

In addition to implications for clinical practice, results of the current studies also highlight 
that future research is required to further elucidate the neurobiological mechanisms 
underlying the different aspects of impulsivity, addiction, and their interaction. Although 
animal models continue to play a crucial role in unravelling the exact neurobiological 
mechanisms underlying addiction, in delineating the cause and effect of impulsivity in 
addiction and in drug discovery for the treatment of addiction, the use of neuroimaging 
techniques allows for further delineation of the pathophysiology in humans. Moreover, 
neuroimaging markers can bridge the gap between drug discovery in preclinical studies 
to clinical studies in patients or healthy volunteers by providing translational markers of 
a drug’s effect in animals and humans. Future research on this topic is likely to benefit 
from investigating (the interaction between) brain networks, because one may be missing 
a significant part of the picture when only the mean activation of individual brain regions 
is analyzed. On a functional level, resting state functional connectivity methods may be 
of particular interest in this respect. The brain consumes about 20% of the body’s energy 
and most of this is used to support ongoing neuronal signalling. Task-related increases in 
neuronal metabolism are usually small (less than 5%) when compared to this large resting 
energy consumption (Ames 2000; Raichle and Mintun 2006). Therefore, we can learn a 
lot when taking into account spontaneous neuronal activity, which is the component that 
consumes most of the brain’s energy. Resting-state networks are highly consistent across 
individuals, can also be identified during the performance of tasks and resemble structural 
connectivity, supporting their functional relevance. Using resting-state fMRI to investigate 
the influence of substance abuse and/or medication on the brain has clear advantages 
over task-related fMRI, because no complicated experimental design is required and 
researchers will be conducting their experiments in the same way (contributing to 
effective data sharing), although task-related fMRI might be the preferred method when 
one is interested in brain activation and/or connectivity associated with specific cognitive 
processes. 

Furthermore, by combining different neuroimaging techniques, one can go a step beyond 
merely identifying separate brain processes that are dysfunctional in psychiatric disorders 
such as addiction. Since the underlying pathophysiology of addiction is complex and likely 
results from brain dysfunction on multiple interacting levels, combining neuroimaging 
techniques measuring different characteristics including brain structure (e.g. Diffusion 
Tensor Imaging, structural MRI) and brain function (e.g. on a regional level: task-related 
and resting-state functional MRI, and on a molecular level MRS, PET and SPECT) could 
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greatly contribute to the identification of neural pathways towards disorders. Moreover, 
adding genetic information into this equation will allow identification of genetic risk 
factors for addiction and examining full models of genotype-endophenotype-pheno-
type pathways. Assuming there is a long road between genes and clinical phenotypes, 
neuroimaging techniques measuring functional and structural integrity of neural circuits 
that are more directly affected by genes through molecular and cellular mechanisms 
could provide important tools for unravelling the causal pathway from genetic variation 
to distal diseases such as addiction. Moreover, research integrating information on the 
level of genes with information on an intermediate level including neuroimaging data 
and information on cognitive functioning could help to identify those patients most likely 
to benefit from specific treatments and thereby contribute to better patient-treatment 
matching.
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INLEIDING

Middelenafhankelijkheid, ook wel verslaving genoemd, wordt gekenmerkt door een 
oncontroleerbaar verlangen naar het middel. Volgens de Diagnostische en Statistische 
Handleiding van Mentale Stoornissen (DSM-IV) is er sprake van een verslaving als er sprake 
is van 3 of meer van de volgende symptomen: 1) tolerantie, dat wil zeggen dat er steeds 
meer van het verslavende middel nodig is om het gewenste effect te bereiken, 2) ont-
wenningsverschijnselen, 3) het middel wordt in steeds grotere hoeveelheden genomen, 
over een langere tijd dan eigenlijk de bedoeling was, 4) er is de drang om te stoppen 
met het middel maar dit lukt niet, 5) veel tijd wordt gestoken in het verkrijgen van het 
middel en/of het gebruiken van het middel, 6) belangrijke sociale activiteiten, werk en/
of vrijetijdsbesteding worden opgegeven of verminderd voor het middelengebruik, 
7) de persoon blijft doorgaan met het gebruik van het middel ook al weet de hij/
zij dat het middel zorgt voor fysieke of psychologische aandoeningen. Verslaving kan 
negatieve consequenties hebben voor de persoon zelf, voor de omgeving, maar ook 
voor de maatschappij. Verslaving is geassocieerd met hoge economische kosten (denk 
o.a. aan ziekteverzuim) en heeft negatieve gevolgen voor de volksgezondheid. Roken is 
bijvoorbeeld de belangrijkste oorzaak van ziektes die voorkomen kunnen worden. Omdat 
verslaving zulke grote negatieve gevolgen heeft, is er in de laatste eeuwen veel onderzoek 
gedaan naar de oorzaken, het verloop en de behandeling van verslaving.

Waar vroeger werd gedacht dat verslaving een uiting was van een zwak karakter of 
verkeerd aangeleerd gedrag, wordt tegenwoordig verslaving gezien als een stoornis 
waarbij verstoorde hersenfuncties een belangrijke rol spelen bij de ontwikkeling en het 
voortbestaan van een verslaving. Deze hersenprocessen worden zowel beïnvloed door 
genetische en omgevingsfactoren. Mede door de ontwikkeling van beeldvormende 
technieken waarmee de structuur en het functioneren van de hersenen in kaart 
gebracht kan worden, zoals structurele en functionele MRI, is de kennis op gebied van 
neurobiologische veranderingen die geassocieerd zijn met verslaving enorm toegenomen. 
Hersenonderzoek heeft aangetoond dat verschillende hersencircuits anders functioneren 
bij mensen met een verslaving vergeleken met mensen zonder een verslaving. Hierbij 
staat met name een disbalans tussen gecontroleerde processen, die vanuit een cognitief 
controle hersensysteem worden aangestuurd, en automatische processen, die vanuit een 
impulsief beloningssysteem worden aangestuurd, voorop. Inname van drugs en alcohol 
gaan gepaard met uitstoot van dopamine in het beloningssysteem, wat zorgt voor een 
plezierig gevoel. Wanneer de drugs/alcohol steeds vaker wordt gebruikt zullen er bepaalde 
geheugenprocessen optreden waardoor niet alleen het middel zelf aan het gevoel van 
beloning gekoppeld wordt, maar ook omgevingsprikkels die geassocieerd zijn met het 
gebruik (zoals een specifieke omgeving of emotie). Dit noemen we de zogenaamde 
drugs-gerelateerde prikkels. Dit kan voor iemand met een alcoholverslaving bijvoorbeeld 
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een kroeg zijn waar hij/zij vaak alcohol drinkt. Uit onderzoek blijkt dat mensen met een 
verslaving een verhoogde aandacht hebben voor dit soort drugs-gerelateerde prikkels. De 
confrontatie met een drugs-gerelateerde prikkel (bijvoorbeeld het zien van een specifieke 
kroeg) kan leiden tot activatie van het beloningssysteem, wat resulteert in een verhoogde 
motivatie om opnieuw het middel te gaan gebruiken. Op deze manier kan het gebruik 
van een middel gezien worden als een impuls, omdat het gebruik een directe beloning 
oplevert ondanks de negatieve consequenties op langere termijn. De hersengebieden 
die hierbij betrokken zijn, zijn vooral dieper in de hersenen te vinden en zijn onderdeel 
van of hebben connecties met het beloningssysteem (o.a. ventrale striatum, thalamus en 
orbitofrontale cortex). 

Normaal gesproken worden deze impulsen gecontroleerd door een cognitief 
controlesysteem gelokaliseerd met name in de prefrontale cortex. De prefrontale cortex 
is in de evolutie één van de laatste ontwikkelde hersenstructuren. De prefrontale cortex is 
een vrij uniek kenmerk van de menselijke hersenen aangezien deze bij dieren veel minder 
goed ontwikkeld is. Dit hersensysteem stelt ons in staat om te plannen, lange-termijn 
consequenties van ons gedrag te overzien, rationele beslissingen te nemen en sociaal 
vaardig te zijn. Hiervoor is het soms noodzakelijk dat onze impulsen, die misschien wel 
een directe beloning voor onszelf opleveren, maar op langere termijn negatieve fysieke 
of sociale consequenties kunnen hebben, onderdrukt worden. Een goed functioneren van 
het cognitief controlesysteem is dus belangrijk voor het reguleren van ons gedrag en dus 
ook voor regulatie van middelengebruik. Echter, onderzoek heeft aangetoond dat naast 
veranderingen in het beloningssysteem, er ook sprake is van een verminderd functioneren 
van dit cognitief controlesysteem bij mensen met een verslaving. Deze disbalans tussen 
impulsieve en controlerende hersencircuits leidt tot impulsief gedrag (in het verdere stuk 
ook wel aangeduid met verminderde impulscontrole of impulsiviteit), en dus ook tot een 
voortzetting van gebruik van alcohol en drugs omdat dit een directe beloning oplevert 
doordat hierdoor negatieve emoties verminderen of doordat hiermee een plezierig 
gevoel wordt ervaren. Een hoge mate van impulsiviteit, gemeten door middel van 
vragenlijsten en/of cognitieve taken, wordt inderdaad vaak waargenomen bij mensen met 
een verslaving. De schadelijke effecten van veelvuldig gebruik van het middel zijn voor een 
deel de verklaring voor deze verhoogde impulsiviteit, maar er is ook bewijs dat mensen 
met een verslaving voordat zij verslaafd raken al impulsiever zijn. Met andere woorden: 
impulsiviteit is ook een risicofactor voor het ontwikkelen van een verslaving. Aangezien 
impulsiviteit een belangrijk kenmerk is van verslaving en impulsiviteit ook terugval en 
minder goede respons op behandeling voorspelt, zou het verbeteren van impulsiviteit een 
belangrijk aangrijpingspunt voor behandeling kunnen zijn. Neurobiologische kennis over 
impulsiviteit in het algemeen en over impulsiviteit bij verslaving is noodzakelijk voor het 
ontwikkelen van behandelstrategieën gericht op het verbeteren van de impulscontrole, 
om zo ook de kans op terugval in verslavingsgedrag te verkleinen.
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HUIDIG ONDERZOEK

Het huidige onderzoek had als doel de neurobiologie van impulscontrole bij verslaving te 
verhelderen door middel van beeldvormende technieken. Hiervoor hebben we gebruik 
gemaakt van functionele Magnetic Resonance Imaging (fMRI) om hersenactiviteit te 
onderzoeken en van Magnetic Resonance Imaging Spectroscopy (MRS) om bepaalde 
neurotransmitters (zogenaamde boodschapperstofjes die ervoor zorgt dat zenuwcellen 
met elkaar kunnen communiceren) in kaart te brengen. Door middel van deze technieken 
konden we het functioneren van de hersenen op verschillende manieren in kaart brengen. 
Daarnaast hebben we bestudeerd of bepaalde medicatie, namelijk N-acetylcysteïne 
of modafinil, in staat zijn de controle over impulsen te verbeteren in mensen met een 
verslaving en wat het werkingsmechanisme van deze medicamenten is op niveau van 
hersenfuncties. Voor dit promotietraject zijn verschillende studies uitgevoerd en de 
resultaten van deze studies zullen hieronder kort worden samengevat. Tenslotte zullen 
enkele algemene conclusie over de uitkomsten gegeven worden.

BEVINDINGEN

IMPULSCONTROLE
Verhoogde impulsiviteit is een belangrijk kenmerk van vele psychiatrische stoornissen zoals 
verslaving, ADHD, persoonlijkheidsstoornissen, bipolaire stoornis en gedragsstoornissen. 
Om de rol van verhoogde impulsiviteit en de neurobiologische effecten van medicatie 
hierop te kunnen onderzoeken in mensen met een psychiatrische aandoening zoals 
verslaving, is het noodzakelijk dat het concept van impulsiviteit eerst verduidelijkt wordt 
in gezonde mensen. Impulsiviteit is een breed concept en gedacht wordt dat impulsiviteit 
bestaat uit meerdere (onafhankelijke) aspecten die beïnvloed worden door verschillende 
onderliggende cognitieve, emotionele en neurobiologische processen. Kennis over 
verschillende vormen van impulsiviteit en onderliggende processen is van belang 
voor het ontwikkelen van nieuwe behandelstrategieën gericht op het verbeteren van 
impulscontrole. Twee vormen van impulsiviteit die vaak onderscheiden worden zijn het 
niet kunnen stoppen van automatisch gedrag (motorische impulsiviteit) en de voorkeur 
voor onmiddellijke kleinere beloningen in plaats van uitgestelde grotere beloningen 
(impulsieve besluitvorming). Vooral uit humaan onderzoek blijkt dat deze twee vormen van 
impulsiviteit onafhankelijk van elkaar zijn. Dat wil zeggen dat wanneer een persoon hoog 
scoort op één vorm van impulsiviteit, dit niet automatisch betekent dat deze persoon ook 
hoog scoort op een andere vorm van impulsiviteit. Echter, in dierexperimenteel onderzoek 
is nog nauwelijks onderzocht of de verschillende vormen van impulsiviteit te identificeren 
zijn binnen één en hetzelfde dier. Omdat dierexperimenteel onderzoek belangrijk is voor 
het vergaren van kennis over de neurobiologie onderliggend aan verhoogde impulsiviteit 
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is het van cruciaal belang dat er consensus bestaat tussen humaan- en dierexperimenteel 
onderzoek over de verschillende vormen van impulsiviteit. Daarom hebben wij in één van 
onze studies onderzocht of verschillende vormen van impulsiviteit geïdentificeerd kunnen 
worden in zowel mensen als dieren door mensen en ratten te testen op verschillende 
impulscontrole taken (Hoofdstuk 2). Om dit te onderzoeken werd de zogenaamde 
delay discounting taak voor het meten van impulsieve besluitvorming, een aangepaste 
versie van de continuous performance taak en de stop signaal taak voor het meten van 
motorische impulsiviteit en de Barratt Impulsiveness Scale (BIS-11; een zelfrapportage 
vragenlijst over impulsiviteit) afgenomen bij 101 gezonde studenten. Daarnaast werden 30 
mannelijke Wistar ratten getest op de dierexperimentele versies van deze humane taken: 
de delayed reward taak voor impulsieve besluitvorming en de 5-choice serial reaction time 
taak voor motorische impulsiviteit. Om de neurobiologie van de verschillende vormen 
van impulsiviteit verder te onderzoeken kregen de ratten een eenmalige dosis van het 
psychostimulantium amfetamine en de noradrenaline heropname remmer atomoxetine, 
beide gebruikt als geneesmiddel voor de behandeling van ADHD omdat bekend is dat 
deze medicaties onder andere een effect hebben op impulsiviteit.

De resultaten van deze studie lieten zien dat maten van impulsieve besluitvorming en 
motorische impulsiviteit niet met elkaar correleerden, en dus onafhankelijk van elkaar 
waren bij zowel mensen als dieren. In de humane substudie resulteerde een factoranalyse 
in drie verschillende factoren, namelijk 1) zelfgerapporteerde impulsiviteit (BIS-11), 2) 
impulsieve besluitvorming (delay discounting taak) en 3) motorische impulsiviteit (de 
aangepaste versie van de continuous performance taak en de stop signaal taak). De 
substudie in ratten toonde daarnaast aan dat, binnen dezelfde dieren, toediening van 
amfetamine leidde tot een verhoging van motorische impulsiviteit en tot een verlaging 
van impulsieve besluitvorming. Atomoxetine liet daarentegen tegenovergestelde 
effecten zien. Deze resultaten geven aan dat er (deels) verschillende neurobiologische 
mechanismen ten grondslag liggen aan de verschillende vormen van impulsiviteit. Het 
is belangrijk om rekening te houden met de bevinding dat impulsiviteit uit verschillende 
onafhankelijke vormen bestaat in de behandeling van psychiatrische aandoeningen die 
gekenmerkt worden door impulsiviteit. Verschillende aspecten van impulsiviteit kunnen 
een andere rol spelen bij verschillende psychiatrische aandoeningen of verschillende 
stadia van een aandoening. Eerdere dierstudies hebben bijvoorbeeld aangetoond dat 
motorische impulsiviteit een sterkere relatie heeft met vatbaarheid voor het beginnen 
met drugsgebruik, terwijl impulsieve besluitvorming meer betrokken is bij latere stadia 
van verslaving zoals het blijven gebruiken van drugs en het terugvallen in gebruik na een 
periode van abstinentie. 

Om de neurobiologie onderliggend aan impulsiviteit (en in dit geval specifiek impulsieve 
besluitvorming) verder te onderzoeken hebben we daarnaast een studie gedaan waarbij 
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we onderzochtten welke hersenprocessen verantwoordelijk waren voor impulsieve 
besluitvorming in gezonde mensen (Hoofdstuk 3). Op een moleculair niveau (MRS 
meting) vonden we dat een hogere concentratie van de neurotransmitter ‘glutamaat’ in 
de anteriore cingulate cortex (ACC; een hersengebied dat onderdeel is van de prefrontale 
cortex en belangrijk is voor het controleren van gedrag en impulsen), samenhangt 
met de mate waarin mensen impulsieve keuzes maken tijdens de uitvoering van een 
delay discounting taak. Op het niveau van hersenactiviteit (gemeten d.m.v. fMRI) blijkt 
dat verhoogde communicatie tussen de ACC en een hersengebied dat dieper in de 
hersenen gelegen is en dat reageert op de aanwezigheid van een potentiële beloning 
(de middenhersenen gelegen in de hersenstam) ook samenhangt met het maken 
van impulsievere keuzes. Een additionele analyse liet zien dat glutamaat in de ACC 
verantwoordelijk was voor de communicatie tussen dit gebied (ACC) en de hersenstam en 
dat glutamaat in de ACC en de communicatie tussen de ACC en de hersenstam samen weer 
impulsieve besluitvorming voorspelde. Uit dit onderzoek blijkt dat glutamaat in de ACC 
belangrijk is voor impulscontrole en daarom een belangrijk potentieel aangrijpingspunt 
voor behandeling van verslaving kan zijn.  

N-ACETYLCYSTEÏNE
Uit bovenstaande blijkt dat verhoogde glutamaatconcentraties in de ACC een belangrijke 
rol speelt bij impulsiviteit en het is bekend dat impulsiviteit een belangrijk kenmerk 
is van verslaving. Daarom hebben we onderzocht of glutamaatconcentraties ook 
daadwerkelijk verhoogd zijn bij mensen met een cocaïneverslaving en of we door middel 
van een medicament deze verstoorde glutamaatconcentraties konden normaliseren 
(Hoofdstuk 4). Voor dit onderzoek hebben we gebruik gemaakt van het geneesmiddel 
N-acetylcysteïne (eenmalige dosis van 2400 mg), een middel dat normaal wordt 
toegepast bij inname van een overdosis aan paracetamol en bij aandoeningen aan de 
luchtwegen zoals vastzittende hoest (ook wel bekend onder de merknaam Fluimucil). 
Uit eerder dierexperimenteel onderzoek is gebleken dat N-acetylcysteïne glutamaat 
kan beïnvloeden in de hersenen doordat het omgezet wordt in cysteïne in het brein en 
cysteïne weer bindt aan receptoren die voor een optimale balans van glutamaat in het 
brein zorgt. Uit ons onderzoek bleek inderdaad dat mensen met een cocaïneverslaving 
hogere glutamaatconcentraties hadden in de ACC vergeleken met gezonde controle 
proefpersonen en dat deze verhoogde concentraties gerelateerd waren aan verhoogde 
impulsiviteit. Na toediening van N-acetylcysteïne normaliseerden deze waarden in 
de cocaïne afhankelijke groep: de concentraties waren na toediening van het medicijn 
redelijk gelijk aan de glutamaatconcentraties in de controlegroep. N-acetylcysteïne lijkt 
in een hoge dosis dus een veelbelovend middel om de glutamaatbalans in verslaving te 
herstellen en daarbij eventueel impulsiviteit te verminderen. Tot nu toe zijn er nog maar 
enkele klinische studies uitgevoerd met  N-acetylcysteïne (vaak niet dubbel-blind, placebo 
gecontroleerd). De resultaten van deze eerste studies zijn positief met betrekking tot 
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vermindering van drugsgebruik en vermindering van craving (hunkering) naar de drugs. 
Wij hebben dit onderzocht in een kleine groep zware rokers die ofwel 4 dagen placebo 
kregen ofwel 4 dagen N-acetylcysteïne (3600 mg per dag, dubbel-blind) (Hoofdstuk 5). 
Na afloop van de behandeling werd hen gevraagd een sigaret te roken en het belonende 
effect hiervan aan te geven. De resultaten lieten zien dat N-acetylcysteïne, vergeleken met 
placebo, het ervaren van een belonend effect van een sigaret verminderde. Daarnaast 
was er een statistische trend te zien voor minder ontwenningsverschijnselen in de groep 
die behandeld werd met N-acetylcysteïne.

MODAFINIL
Modafinil wordt officieel voorgeschreven voor narcolepsie, een neurologische 
afwijking die gekenmerkt wordt door haast onbedwingbare slaapaanvallen overdag en 
slaapstoornissen in het algemeen. Daarnaast wordt modafinil ook veelal gebruikt als 
zogenaamde ‘cognitieve versterker’ (een middel dat de cognitieve functies zoals aandacht, 
geheugen maar ook controle over gedrag kan verbeteren). Een overzicht van de bestaande 
literatuur over toepassing van modafinil bij psychiatrische aandoeningen (Hoofdstuk 6) 
laat zien dat modafinil een gunstig effect kan hebben op cognitieve functies bij kinderen 
met ADHD en volwassenen met een depressie. Hierbij lijkt modafinil het meest gunstige 
effect te hebben bij mensen die voorafgaand aan de behandeling slecht presteerden 
op cognitieve taken en een minder gunstig effect te hebben bij mensen die bij aanvang 
al goed presteerden op deze taken. Daarnaast zijn er nog maar weinig grote klinische 
studies gedaan, dus voorzichtigheid is geboden bij het toepassen van modafinil bij de 
behandeling van psychiatrische aandoeningen en meer klinische studies met modafinil 
zijn noodzakelijk. Bij verslaving zijn er tot nu toe enkele kleine klinische studies gedaan, 
met name bij mensen met een cocaïne- of methamfetamineverslaving en veel van deze 
studies laten positieve effecten zien op maten van craving en gebruik, hoewel dit niet 
het geval is bij nicotineafhankelijkheid. Echter, of modafinil ook cognitieve functies zoals 
impulscontrole verbetert in mensen met een verslaving en op welke (neurobiologische) 
manier modafinil resulteert in verbetering in cognitieve functies is nog nauwelijks bekend. 
Daarom hebben wij enkele studies uitgevoerd waarbij alcoholafhankelijke deelnemers 
en gezonde controle deelnemers éénmalig een dosis (200 mg) modafinil tijdens één 
onderzoeksdag kregen en placebo tijdens een andere onderzoeksdag. Tijdens beide 
onderzoeksdagen voerden de deelnemers cognitieve taken uit die te maken hebben met 
impulsiviteit terwijl opnames van hersenactiviteit werden genomen door middel van fMRI 
(Hoofdstuk 7 t/m 9). Uit ons onderzoek bleek dat modafinil impulsieve besluitvorming 
(gemeten door middel van een delay discounting taak) verbeterde bij alcoholafhankelijke 
deelnemers en geen effect had bij controle deelnemers (Hoofdstuk 8). De verbetering 
in impulsieve besluitvorming bij de alcoholafhankelijke groep ging gepaard met 
verhoogde activiteit in hersengebieden die belangrijk zijn voor impulscontrole zoals de 
prefrontale cortex en de pariëtale cortex, en meer specifiek de communicatie tussen deze 
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hersengebieden en gebieden behorende tot het beloningssysteem, zoals het ventrale 
striatum. Opvallend was dat met betrekking tot motorische impulsiviteit (gemeten door 
middel van een stop signaal taak), modafinil een positief effect had bij alcoholafhankelijke 
deelnemers die aanvankelijk slecht presteerden (hoog impulsief op baseline), maar een 
negatief effect had bij deelnemers die laag impulsief scoorden op baseline (Hoofdstuk 7). 
Bij hoog impulsieve deelnemers ging deze verbetering in motorische impulsiviteit gepaard 
met verhoging van activiteit in een netwerk van hersengebieden die betrokken zijn bij 
controle over motorische bewegingen. Bij laag impulsieve deelnemers ging het negatieve 
effect gepaard met een verlaagde activiteit van dit netwerk. 

Tenslotte hebben we gekeken welke effecten modafinil heeft op hersennetwerken tijdens 
rust (niet tijdens het uitvoeren van een cognitieve taak) (Hoofdstuk 9). Het is bekend 
dat de hersenen opgedeeld zijn in verschillende functionele netwerken. Functionele 
netwerken zijn hersencircuits die aan elkaar gekoppeld zijn door veel met elkaar te 
communiceren en door tegelijk actief te zijn tijdens het uitvoeren van bepaalde cognitieve 
taken. Zo bestaat er bijvoorbeeld een netwerk voor verwerking van visuele stimuli, een 
netwerk voor het controleren van motorische functies, een cognitief controle netwerk, 
maar ook een netwerk die vooral actief is tijdens ‘rust’ (met rust wordt hier een wakkere 
staat bedoeld waarbij de persoon geen taak uitvoert, maar zijn gedachten de vrije loop 
laat): het zogeheten ‘default mode netwerk’. Activiteit in dit netwerk moet onderdrukt 
worden als er een cognitieve taak wordt uitgevoerd (waarbij bijvoorbeeld het cognitief 
controle netwerk actief is). Dit default mode netwerk heeft dus een competitieve relatie 
met het cognitief controle netwerk, wat betekent dat als de één actief wordt, de ander 
gedeactiveerd wordt. Er bestaat dus een negatieve correlatie tussen de activiteit van deze 
twee netwerken: als de één actiever wordt, wordt de ander minder actief en vice versa. 
Des beter deze competitieve relatie functioneert, des te beter men presteert op cognitieve 
taken en des te beter men in staat is het gedrag te controleren. Uit ons onderzoek blijkt 
dat modafinil deze competitieve relatie (de negatieve correlatie) tussen het default mode 
netwerk en het cognitieve controle netwerken versterkte in mensen met een alcohol 
verslaving en dat dit leidde tot een verbetering van impulscontrole. De resultaten van de 
studies met betrekking tot modafinil geven meer inzicht in het werkingsmechanisme van 
modafinil in de hersenen. Het blijkt dat modafinil vooral een algemeen effect heeft: het 
verandert niet specifiek hersenactiviteit in één enkel hersengebied, maar verandert met 
name de communicatie tussen hersengebieden en hersennetwerken. Daarnaast geven de 
resultaten aan dat modafinil verschillende effecten kan hebben op verscheidene vormen 
van impulsiviteit, zowel op gedragsniveau als op hersenniveau. Bovendien laten de 
resultaten van onze studies zien dat modafinil met name een effect had bij mensen met 
een alcoholafhankelijkheid en niet bij gezonde controle deelnemers en dat de effecten 
voor een deel afhankelijk zijn van het functioneren op baseline (aanvang van de studie).
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CONCLUSIES

De resultaten van de studies die gedaan zijn in het kader van dit promotieonderzoek 
kunnen samengevat worden in enkele kernpunten die hieronder staan beschreven. 

a) Impulsiviteit is een complex construct dat bestaat uit verschillende onafhankelijke 
vormen waaraan verschillende onderliggende neurobiologische mechanismen ten 
grondslag liggen, zoals blijkt uit de translationele dier/mens studie maar ook uit de 
studies met modafinil die verschillende effecten lieten zien op taken die motorische 
impulsiviteit en impulsieve besluitvorming meten. Dit is belangrijk om te onderkennen 
wanneer men impulsiviteit in psychiatrische stoornissen onderzoekt en bij het 
ontwikkelen van behandelstrategieën gericht op het verbeteren van de impulscontrole. 
Uit dierexperimenteel onderzoek is bijvoorbeeld gebleken dat motorische impulsiviteit 
een belangrijke rol speelt voor de vatbaarheid om drugs te gaan gebruiken en bij het 
belonende effect van drugs. Strategieën gericht op het verbeteren van dit aspect 
van impulsiviteit zouden daarom een belangrijke rol kunnen spelen in het kader van 
preventie. Aan de andere kant blijkt impulsieve besluitvorming vooral belangrijk bij 
voortzetting van drugsgebruik en terugval na behandeling, wat impulsieve besluitvorming 
een aangrijpingspunt voor de behandeling van een verslaving. Dit zou bijvoorbeeld in de 
vorm van medicatie kunnen, door neuromodulatie of door het trainen van deze cognitieve 
functies door middel van het regelmatig laten uitvoeren van dergelijke cognitieve taken. 

b) De neurotransmitter glutamaat speelt een belangrijke rol in impulsiviteit en 
cocaïne verslaving en is daarom een goed aangrijpingspunt voor het ontwikkelen van 
medicatie als behandeling voor verslavingen. Onze studies hebben een directe relatie 
tussen glutamaatconcentraties in een specifiek hersengebied (de ACC) en impulsiviteit 
aangetoond in mensen. Des te hoger de glutamaatconcentraties, des te impulsiever 
de persoon zichzelf inschatte (vragenlijst) of des te meer impulsieve keuzes er werden 
gemaakt (delay discounting taak). Daarnaast bleek dat cocaïneafhankelijke deelnemers 
zowel hogere glutamaatconcentraties als impulsiviteitsscores hadden vergeleken met 
deelnemers zonder een verslaving.

c) N-acetylcysteïne lijkt een veelbelovend medicament in de behandeling van verslaving 
aangezien het de verstoorde glutamaat balans herstelt in mensen met een cocaïneverslaving 
en positieve klinische effecten heeft in mensen met een nicotineafhankelijkheid (dit 
proefschrift) en andere verslavingen (andere studies). N-acetylcysteïne blijkt vooral een 
effect te hebben op glutamaat als de glutamaatbalans in de hersenen ook daadwerkelijk 
verstoord is (zoals blijkt bij deelnemers met een cocaïneverslaving, zie Hoofdstuk 4) 
en weinig effect wanneer er al een optimale balans bestaat (zoals waargenomen in 
controle deelnemers). Dit is belangrijk aangezien glutamaat de belangrijkste activerende 
neurotransmitter in het brein is (het is betrokken bij 70% van alle communicatie tussen 
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zenuwcellen) en het daarom gewenst is dat N-acetylcysteïne geen effect heeft op een 
normaal functionerend glutamaatsysteem. Hierbij moet wel opgemerkt worden dat er 
nog nauwelijks grote klinische behandelstudies zijn gedaan met N-acetylcysteïne en de 
lange termijn effecten van het gebruik van dit middel nog niet bekend zijn, ondanks dat 
er op korte termijn nauwelijks bijwerkingen worden gerapporteerd. Meer onderzoek is 
dus nodig voordat N-acetylcysteïne geïmplementeerd kan worden in de behandeling van 
verslavingen.

d) Modafinil kan gunstige effecten hebben op cognitieve functies zoals impulscontrole in 
verslaving, maar met name wanneer er ook daadwerkelijk sprake is van een verstoorde 
impulscontrole. Modafinil heeft voornamelijk een positief effect bij mensen die hoog 
impulsief zijn door het verhogen van activatie in hersengebieden die belangrijk zijn 
voor het controleren van impulsen en het versterken van de competitieve relatie tussen 
verschillende hersennetwerken, maar kan tot verslechtering leiden bij mensen die weinig 
impulsief zijn. Deze bevinding dat een medicijn voor sommige personen wel effectief is 
en voor anderen niet, is niet specifiek voor modafinil, maar wordt vaker gevonden bij 
medicijnen die invloed hebben op de neurotransmitters dopamine en noradrenaline. Uit 
eerder onderzoek blijkt dat er een optimaal niveau is van dopamine en/of noradrenaline 
waarbij goed gepresteerd wordt op bijvoorbeeld impulsiviteitstaken. Deze studies hebben 
aangetoond dat bij mensen met een laag niveau van deze neurotransmitters het toedienen 
van een medicijn dat invloed heeft op dopamine en/of noradrenaline tot een verbetering 
van de prestatie leidt, terwijl toediening van hetzelfde medicijn tot verslechtering kan 
leiden bij mensen die al op een optimaal dopamine of noradrenaline niveau zaten. Het 
kan zijn dat de hoog impulsieve alcoholafhankelijke deelnemers in ons onderzoek een 
tekort aan deze neurotransmitters in het brein hadden op baseline en dat toediening 
van modafinil resulteerde in een toename van dopamine/noradrenaline en daarmee 
tot verbetering in prestatie op de impulsiviteitstaak. Aan de andere kant hadden de laag 
impulsieve deelnemers misschien al een optimaal niveau van dopamine/noradrenaline 
en resulteerde toediening van modafinil in een teveel aan dopamine/noradrenaline en 
daarmee tot een verslechtering van de prestatie. Echter, omdat wij niet direct de effecten 
van modafinil op veranderingen in neurotransmitter concentraties hebben gemeten 
(we hebben alleen naar hersenactiviteit gekeken), zal toekomstig onderzoek verder uit 
moeten wijzen of de effecten van modafinil op impulsiviteit afhankelijk zijn van baseline 
dopamine/noradrenaline concentraties. Op deze manier zouden we specifieke personen 
kunnen identificeren die gebaat zijn bij behandeling met modafinil. Dit is belangrijk, 
omdat tot nu toe is gebleken dat één type behandeling nooit succesvol is voor iedereen, 
met andere woorden: ‘one size does not fit all’. Onze resultaten geven het belang aan van 
een goede subtypering voordat gestart wordt met behandeling met modafinil.  
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DANKWOORD

Dan rest nog het laatste -en voor sommige lezers misschien wel leukste- gedeelte van 
dit proefschrift: het dankwoord! Er is een bekend Afrikaans gezegde dat stelt dat er 
een heel dorp nodig is om een kind groot te brengen. Deze wijsheid gaat ook op voor 
de totstandkoming van een proefschrift. Mijn dank gaat uit naar iedereen die direct of 
indirect een steentje hebben bijgedragen. Graag wil ik een paar mensen in het bijzonder 
bedanken.

Om te beginnen wil ik alle deelnemers bedanken voor hun enthousiaste deelname aan 
de verschillende studies, ondanks dat de onderzoeken vaak lang duurden en intensief en 
vermoeiend waren. Zonder jullie deelname had ik dit proefschrift niet kunnen schrijven! 
Mijn dank gaat ook uit naar de medewerkers van de Jellinek die hebben geholpen bij de 
werving  van deze deelnemers, in het bijzonder Willeke en Toon.

Dan natuurlijk mijn topteam aan promotores en co-promotores: Prof. dr. Wim van den 
Brink, Prof. dr. Dick Veltman, Dr. Anneke Goudriaan en Prof. dr. Geert Dom. Wim, naast 
mijn promotor zag ik jou ook vooral als mentor. Naast het feit dat ik heb kunnen profiteren 
van je onuitputtelijke kennis over verslaving en je snelle, intelligente en scherpe feedback, 
wil ik je ook bedanken voor je advies over mijn persoonlijke en wetenschappelijke 
ontwikkeling. Anneke, als ik nadenk over de rol die jij hebt gespeeld in deze afgelopen 4 
jaar komt het volgende spreekwoord steeds weer in mij op: ‘You’ve always had my back’. 
Jij hebt gedurende het gehele promotietraject altijd voor 100% achter me gestaan. Je was 
toegankelijk, stimulerend en nuchter, waarvoor ik je erg dankbaar ben. Dick, bedankt voor 
het delen van je expertise op gebied van neuroimaging en daarbuiten, voor de relaxte 
samenwerking, voor je rotsvaste vertrouwen in mij en voor het feit dat -toen ik eenmaal 
je mobiele nummer had weten te bemachtigen- je altijd voor me klaar stond wanneer ik je 
nodig had. Ik kijk dan ook uit naar onze verdere samenwerking op de VU. Geert, ondanks 
dat je later bent aangesloten als co-promotor, werkten we vanaf het begin al samen in 
het kader van het impulsiviteitsproject (het zogenaamde Translational Impulsivity Project; 
TrIP). Ik wil je bedanken voor de prettige samenwerking, je enthousiasme en vooral ook 
de klinische blik die je op mijn stukken hebt geworpen.

Ook gaat mijn dank uit naar de overige leden van de leescommissie, Prof. dr. Reinout 
Wiers, Prof. dr. Richard Ridderinkhof, Prof. dr. Serge Rombouts, Dr. Liesbeth Reneman en 
Dr. Guido van Wingen, voor het lezen van mijn proefschrift en het deelnemen aan de 
promotieplechtigheid als opponenten. 

Een groot deel van de studies beschreven in dit proefschrift zijn uitgevoerd in het 
kader van het al eerder genoemde TrIP project. Waar we op het AMC ons bezig hebben 
gehouden met de neuroimaging studies, hebben onze collega’s aan de Universiteit 
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van Antwerpen zich gericht op een klinische behandelstudie en collega’s op de VU in 
Amsterdam op het dierexperimentele onderdeel van het TrIP project. Ik beschouw het als 
een voorrecht dat ik heb kunnen profiteren van een grote verscheidenheid aan expertises 
die deze verschillende onderzoekers met zich mee brachten. Leen, we hebben onze 
studies gezamenlijk opgezet wat heeft geresulteerd in een aantal mooie artikelen. Ik heb 
grote bewondering voor je nauwkeurigheid en inzet, en wil je bedanken voor de fijne 
samenwerking. Nienke, wij hebben (samen met Joost) het translationele karakter van ons 
project in praktijk gebracht door middel van de studie naar verschillende aspecten van 
impulsiviteit bij zowel mensen als dieren. Ik heb het als erg prettig ervaren om met jou te 
werken en ben trots op ons gezamenlijk resultaat. Tommy, Taco, Ton en Geert, bedankt voor 
de goede samenwerking, jullie enthousiasme en vooral ook de gezelligheid. Met name de 
gezellige etentjes in Antwerpen zullen me bij blijven. Waar wij Hollanders de Belgen niet 
meer te beiden hadden dan bolletjes met kaas en de Sizzling Wok, werden we na afloop 
van vergaderingen bij onze Zuiderburen getrakteerd op voortreffelijk diners omringd door 
de Hollywoodsterren van België (Paul Jambers kennen we zelfs in Nederland). Ik denk dat 
ik namens de hele Nederlandse brigade spreek als ik de Belgen hiervoor bedank. 

Daarnaast wil ik alle overige co-auteurs bedanken voor hun waardevolle bijdrage aan de 
artikelen die in dit proefschrift staan. Kai, bedankt dat je het NAC nicotine project naar mij 
hebt doorgeschoven, en Reinout, bedankt voor je input voor het artikel dat het resultaat 
was van dit project. Johan, bedankt voor het meedenken over de analyses van Hoofdstuk 
3. Aart, bedankt voor het delen van je kennis over MRS. Joost, Eco en de stagiaires van 
de VU, bedankt voor jullie bijdrage aan het translationele impulsiviteitsproject. Ik wil 
tenslotte Paul Groot bedanken voor het programmeren van enkele impulsiviteitstaken.

Zonder wie het zeker niet was gelukt om verschillende studies parallel uit te voeren zijn 
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