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“You Try It Once…”
To a certain degree, most people will recognize the feeling of wanting one more glass of wine, one last cigarette, 

or one more cookie, just one. Luckily most of us will stop drinking, smoking or eating, before we get drunk, 

sick or obese, because we know that the negative consequences (being tired or sick the next day) outweigh 

the short pleasure you get from taking that last “cookie”. But people that suffer from a substance use disorder 

will continue their drug and/or alcohol use despite the negative consequences. I have always been fascinated 

by this type of behaviour. Possibly inspired by the smoking behaviour of my parents and older brother I even 

wrote a poem on addiction when I was nearly ten years old, titled (translated from Dutch): “you try it once”. 

And ever since, I wanted to find out “why people repeat certain behaviours that they know are bad for them?”. 

In the last four years I had the privilege to study the neurobiological mechanisms that underlie the addictive 

behaviour in males that use cocaine on a regular basis. And although I have to admit that with some answers, 

more questions arose, I do thing that I did add a piece of the puzzle generally known as addiction. 

Cocaine use disorder: a large burden of disease
Cocaine use disorder is a chronic relapsing disorder characterised by the compulsion to seek and take the 

drug, loss of control in limiting intake and emergence of a negative state when access to the drug is prevented1. 

With 11%, illicit drug use is the third leading cause of burden of disease worldwide, that can be attributable to 

mental disorders2. Moreover, the societal and economic costs of alcohol and drug use have been estimated at 

€65 billion in Europe, which is higher than the societal and economic costs associated with some other brain 

disorders such as Parkinson’s disease3. 

In the Netherlands, an estimated 2.4% of the young adults have used cocaine in the last 12 months4. These 

users can be classified into four different groups: In addition to recreational users of cocaine, there are three 

groups of problematic cocaine users: The first group is a group of opiate users that also use crack-cocaine, the 

second group uses crack-cocaine without using opiates and the third group is snorting cocaine5. While most 

of the scientific studies are focused on problematic users of crack-cocaine, we wanted to focus our research 

on non-treatment seeking (snorting) cocaine users. While some assume that snorting cocaine on a recreational 

basis is a relatively harmless way of using cocaine, it has been suggested that approximately 20% of the 

recreational cocaine users will develop cocaine dependence, characterised by compulsive drug seeking and 

taking behaviour despite negative consequences6,7. Moreover, one of the greatest problems in drug addiction 

treatment is that the individuals who require treatment do not recognize the need for therapeutic help8. For 

those stimulant drug users who do seek treatment, relapse rates are high with only 30% remaining abstinent 

following treatment9. Moreover, unlike some of the other addictions (e.g. nicotine, alcohol, opiates), there 

are currently no proven-effective pharmacological treatments of cocaine dependence10,11. Hence, a better 

understanding of the neurobiological profile of non-treatment seeking cocaine users may help to identify new 

targets for interventions or biomarkers for treatment success12

The transition from rewards to negative emotions
A classical theory in addiction research states that the rewarding effects of drugs are the result of their ability to 

increase dopamine within the ventral striatum13,14. By the process of instrumental and Pavlovian conditioning, 

stimuli that are associated with the drug are suggested to acquire the ability to increase dopamine within 

the ventral striatum by itself, resulting in craving, drug seeking behaviour and eventually relapse15,16. On a 

behavioural level, initial drug seeking and taking behaviour is goal directed (actions are made with the intention 

to obtain the goal, in this case the drug effects). Chronic drug exposures, however, results in an overreliance 

on stimulus-response, or habit, learning, in which the instrumental behaviour is goal independent and therefore 

insensitive to devaluation of the outcome17. While goal-directed actions involved the interaction between the 

prefrontal cortex and the ventral striatum, habits depend on interactions between the prefrontal cortex and 

dorsolateral striatum17. Therefore most clinical studies focused on these frontostriatal dopamine pathways 

involved in reward, conditioning and habit formation18. However, the frontostriatal dopamine system does not 

seem to play a central role in all types of substance use disorders, suggesting that other neural mechanisms 

may be involved as well19.
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One potentially relevant neural mechanism is the one that underlies the reactivity to negative emotional states. 

While it has long been suggested that negative reinforcement – the process by which negative emotional 

states become a motivation for drug seeking behaviour – plays a major role in the ethology of addiction20, 

these mechanisms have not been thoroughly investigated in humans14. Negative emotional states can 

either be emotional (e.g. loss of a relationship, interpersonal conflicts), physical (e.g. sleep deprivation or 

drug withdrawal) or pharmacologically (e.g. regular use of psychoactive drugs)21. In addition to these acute 

negative emotional states, childhood adversities are a strong predictor for the development of a substance 

use disorder22–25, although the causal relationship between childhood adversity and substance use has not 

been clarified yet25.

The brain region that plays a central role in the production of negative emotional states is the amygdala20, 

a region that is structurally and functionally connected with the ventral striatum and the prefrontal cortex26. 

Animal studies demonstrated a central role of the amygdala in addiction-related behaviour27–30, suggesting that 

the amygdala may be a potential treatment target for cocaine dependence. However, the amygdala received 

little to no attention in human studies. In Chapter 2 of this dissertation we therefore investigate whether regular 

cocaine users show abnormalities in amygdala function and related brain regions, during the processing of 

emotional stimuli. 

While studying amygdala function during non-drug related emotional processes is an important first step in 

understanding the role of negative emotional states in substance dependence, abnormalities in amygdala 

functioning per se do not explain how negative emotional states or childhood adversities increase the 

vulnerability for the development of a substance use disorder. On the behavioural level, negative emotional 

states and childhood adversities have been shown to increase impulsivity21,31,32. On a neurobiological level 

negative emotional states and childhood adversity are associated with abnormalities in  prefrontal cortex 

function33–36, as well as hyper responsiveness of the ventral striatum during the processing of reward33,34,37–39. 

In a recent review it has been suggested that negative emotional states may influence drug-seeking habits 

through activation of the amygdala16. However, empirical evidence on how the amygdala modulates 

frontostriatal activity during drug-related processes is very limited. In Chapter 3 we therefore investigate 

how the amygdala modulates frontostriatal network activation during cocaine cue-exposure, and how this is 

influenced by childhood adversities and negative emotional states. 

Are cocaine users (in)sensitive to negative consequences?
Continued drug use despite negative consequences is considered a crucial aspect of a substance use 

disorder16,40. In the past four years I have spoken to seventy regular cocaine users, and I was shocked by 

the number of cocaine users reporting damaged nose and teeth tissue, to name just one of the negative 

consequences associated with snorting cocaine. One way to operationalize this crucial aspect of addiction 

in animal studies, is training rats to self-administer a certain substance and then test if they continue this 

substance-taking behaviour if the substance delivery is paired with an electrical shock or some other negative 

stimulus41. Using this paradigm, on average 20% of the rats will exhibit compulsive substance seeking behaviour 
42,43, a percentage similar to the percentage of recreational cocaine users that transit to substance use disorder 

in humans6,7,16. Despite these intriguing numbers, we know very little about the (neural) mechanisms that cause 

or facilitate compulsive drug seeking behaviour despite negative consequences in (some, but not all) human 

cocaine users. An important question that remains to be investigated is whether cocaine users are insensitivity 

to negative consequences or whether they are incapable to learn the association between a certain event and 

a negative outcome. Therefore, in Chapter 4, we present the results of a study in which cocaine users and 

non-drug using controls were exposed to a classical fear conditioning paradigm while lying in an fMRI scanner. 

This experiment allowed us to investigate whether cocaine users are able to learn the association between a 

stimulus and a negative outcome and how their brain processes potential negative outcomes. 

In the study described in Chapter 4 we hope to gain better insight in how cocaine users process events 
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that predict a negative outcome. However, this does not explain why (at least some) cocaine users display a 

persistent motivation for the use of cocaine, despite negative consequences. From previous (mainly animal) 

studies we however know that the neural mechanisms that underlie the processing of reward and aversion are 

largely overlapping. Hence the next step in understanding a persistent motivation for reward despite negative 

consequences, is to study the human brain when an individual is anticipating on a rewarding outcome that 

is paired with an aversive outcome. To do this we developed an aversive counterconditioning paradigm that 

allowed us to study how a negative outcome (a mild electrical shock to the wrist) affects reward conditioned 

responses in the brain of  healthy, non-drug using, males (chapter 5).

The relation between impulsivity, cortical structure and cocaine use disorder
It has often been demonstrated that highly impulsive individuals are at particular risk to transit from recreational 

to compulsive cocaine use31,44–46.  Twin-studies suggest that around 45% of the variance in trait-impulsivity 

can be explained by genetic factors47. Therefore high impulsivity has been suggested to be a pre-existing 

biomarker for drug addiction48,49. However, how trait impulsivity is related to structural brain abnormalities in 

cocaine users is less clear. In healthy individuals it has been demonstrated that smaller volume and thickness 

of the orbital frontal cortex and anterior cingulate cortex are associated with higher impulsivity50–52, but only 

few studies investigate the relation between cortical abnormalities and impulsivity in cocaine users44,53. 

Therefore, several important questions are still unanswered. For example, cocaine dependent individuals are 

not only characterised by high levels of impulsivity, but also by a high prevalence of depression and comorbid 

nicotine dependence54,55. The relation between trait impulsivity and cortical structure may therefore be strongly 

confounded by these other variables. In chapter 6 we will therefore simultaneously explore the association of 

impulsivity, depression and smoking  with grey matter volume, in non-treatment seeking cocaine users. 

In addition, the abnormalities in cortical structure that have been found in cocaine dependent individuals 

probably entails pre-existing neurobiological risk factors that are modifi ed or exacerbated by drug exposure 

or other environmental factors48. Therefore, the relation between trait impulsivity and cortical structure may 

be modulated by cocaine abuse and dependence. This is supported by several studies that report a different 

relation between trait impulsivity and cortical structure in cocaine users than what has been reported in non-

drug using individuals44,50–53. However only one of these studies directly compared cocaine users and non-

drug using controls53. In chapter 7, we therefore compared the relation between grey matter structure and 

impulsivity, in regular cocaine users and non-drug using controls, in terms of grey matter cortical volume, 

cortical thickness and cortical surface area. 

Using cocaine or using it all? 
In the last chapter of this dissertation we pay attention to an often ignored issue in animal and human studies: 

polysubstance use, i.e. the use of more than one drug simultaneously or at different moments close in time56,57. 

While the majority of cocaine users are in fact polysubstance users, this group is often excluded from study 

participation, or the effect of polysusbtance use is not taken into account. This is problematic since there 

is increasing evidence that poly-substance use is associated with poorer treatment outcomes compared to 

single substance use9,57. Hence, studies should include instead of exclude polysubstance users. In Chapter 8 

of this dissertation we study the relation between the number of abused substances and white matter integrity, 

which has been suggested to be a biomarker for treatment outcome in alcohol58,59 and cocaine dependence60.

Aims
The fi rst aim of this dissertation is to provide evidence for the involvement of the amygdala and frontostriatal 

network in cocaine use disorder. The second aim is to explain how abnormalities within the amygdala and 

frontostriatal network are related to childhood adversity, trait impulsivity and polysubstance use. The fi nal 

aim of this dissertation is to propose a model by which alterations in the amygdala and frontostriatal network 

contribute to compulsive behavior and impaired emotion regulation in cocaine use disorder.  
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Abstract 
Objectives: Stimulant use is associated with increased anxiety and a single administration of dexamphetamine 

increases amygdala activation to biologically salient stimuli in healthy individuals. Here, we investigate how 

current cocaine use affects amygdala activity and amygdala connectivity with the prefrontal cortex in response 

to biologically salient stimuli in an emotional face matching task (EFMT). 

Experimental design: Amygdala activity and amygdala connectivity during the EFMT were assessed in 51 

cocaine using males and 32 non-drug-using healthy males using functional Magnetic Resonance Imaging 

(fMRI). Within the cocaine use group, we explored whether amygdala activation was associated with age of 

first use of cocaine and duration of cocaine use to distinguish between amygdala activation alterations as a 

cause or a consequence of cocaine use. 

Principal observations: We observed hyperactivity of the amygdala, thalamus, and hippocampus and redu-

ced amygdala connectivity with the anterior cingulate gyrus in response to angry and fearful facial expressions 

in current cocaine users compared to controls. Increased amygdala activation was independently associated 

with earlier age of first cocaine use and with longer exposure to cocaine. 

Conclusions: Our findings suggest that amygdala hyperactivity to biologically salient stimuli may represent 

a risk factor for an early onset of cocaine use and that prolonged cocaine use may further sensitize amygdala 

activation. High amygdala activation to emotional face processing in current cocaine users may result from low 

prefrontal control of the amygdala response to such stimuli. 
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Introduction
The amygdala is a brain structure involved in emotional responses and fear recognition61,62. While fear 

recognition is impaired in cocaine users63,64, studies investigating the relation between cocaine use and 

amygdala function in response to emotional stimuli are lacking. Stimulants can induce fear and anxiety 

and withdrawal from repeated cocaine administration leads to increased anxiety responses65–68. In healthy 

individuals, a single administration of the stimulant dextroamphetamine resulted in elevated amygdala 

activation while viewing angry and fearful facial expressions69. During a reward and loss processing task, 

Patel et al.,70 observed reduced amygdala activation during loss prospect and proposes that this reflects 

emotional/motivational abnormalities in cocaine users, thus referring to a pre-existent problem. In contrast, 

in abstinent methamphetamine dependent patients (abstinent between 5 and 30 days), amygdala activation 

upon emotional stimuli was similar to non-drug using control subjects71,72. This latter finding suggests that 

either the effects of repeated stimulant use on the amygdala are reversible or that chronic stimulant use has no 

effect on amygdala activation in humans. 

Thus far, no data are available on amygdala activation to emotional stimuli in active cocaine users. Amphetamines 

and cocaine are strong stimulant drugs that affect brain dopamine, serotonin and norepinephrine systems, 

however, by different mechanisms of action: by blocking reuptake (cocaine) and by promoting monoamine 

release (amphetamine)73,74. As such, observed findings from methamphetamine studies cannot directly be 

extrapolated to cocaine users. Furthermore, it is not clear whether possible differences in amygdala activation 

are a cause or a consequence of cocaine use, because there is no information on the relation between 

amygdala activation and age of first use of cocaine and duration of cocaine use.

The amygdala is part of a larger emotion circuitry that includes the anterior cingulate cortex (ACC). The ACC 

is part of the medial prefrontal cortex and plays an important role in emotion based decision making. The ACC 

is known to be hypoactive in cocaine users during emotionally salient tasks, and this effect appears to be 

proportional to drug use severity75. Amygdala connections to (pre)frontal brain regions have been described 

earlier76,77 and relate to the suppression of a response to negative emotions and seem to be instrumental in 

the choice of appropriate behaviors78. Moreover, prenatal cocaine exposure has been shown to alter amygdala 

activity and its functional and structural connectivity with prefrontal brain regions79. Reduced connectivity 

between the amygdala and ACC in cocaine users could represent reduced capacity to choose appropriate 

behavior upon biologically salient stimuli. However, it is unknown whether functional connectivity between the 

amygdala and the ACC is affected in current cocaine users. 

Here, we compare amygdala activation to fearful and angry faces and amygdala-ACC connectivity between 

current cocaine users and non-drug using healthy controls. We hypothesize that cocaine users show higher 

amygdala activation during an emotional face matching task (EFMT) and reduced connectivity between the 

amygdala and ACC. In addition, we explore the association between amygdala activation with age of first use 

of cocaine and with the duration of cocaine use in current cocaine users. 

 

Methods and Materials
Subjects

Male healthy non-drug using controls (HC) and male current cocaine users (COC) of 22 to 50 years old were 

recruited through local advertisement. Cocaine users were included when using at least 1 g of cocaine during 

at least two occasions per week for the last six consecutive months prior to inclusion. With the exception of 

heroin, other drug use was allowed. Cocaine users were instructed not to use any drug (except nicotine) at 

least 10 hours before scanning. Cocaine has a half-life of only 1 hour, and no acute effects of cocaine are 

expected 10 hours after last consumption. HCs were non-drug users (with the exception of alcohol use) and 

were instructed not to use alcohol at least 10 hours before scanning. Participants were excluded if having 

a psychotic or bipolar disorder, currently taking medication, if ever being treated for a prior psychiatric or 

neurological disorder, if having prior head trauma, or if having metal in their body. 

The study was approved by the Ethical Review Board of the Academic Medical Center of the University of 

Amsterdam, the Netherlands. Participants gave written informed consent.
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Clinical assessments

Psychiatric disorders were assessed using the Mini International Neuropsychiatric Interview (MINI80. 

Premorbid intellectual functioning (IQ) was estimated using the Dutch version of the National Adult Reading 

Test (DART81). Smoking behavior and nicotine dependence were assessed using the Fagerström Test for 

Nicotine Dependence (FTND82). Drug- and alcohol use was assessed during a personal interview with separate 

questions about recreational and regular drug and alcohol use, detailed by dose, time and frequency of use. 

Depressive symptoms and individual levels of impulsivity were assessed using the Beck Depression Inventory 

(BDI83) and the Barratt Impulsivity Scale (BIS84), respectively.

Magnetic resonance imaging

Data were collected on a 3.0-T Intera full-body scanner (Philips Medical Systems, Best, the Netherlands) using 

a 32 channel SENSE head coil. Echo planar images (EPIs) were acquired covering the whole brain, with a 

total of 37 ascending axial slices (3x3x3mm voxel size; slice gap 3mm; TR/TE 2000ms/28ms; matrix 80x80). 

A T1-3D high resolution anatomical scan (TR/TE 8.3/3.8; matrix 240x187; 1x1x1 voxel; transverse slices) was 

acquired for coregistration with the T1-weighted EPIs. None of the subjects showed head movement larger 

than the voxel size (<3 mm) in any direction. Mean and standard deviation of motion during scanning were 0.7 

mm ± 0.4 mm in any direction and 0.2 ± 0.1 mm from scan-to-scan.

Emotional face matching task

The emotional face matching task (EFMT; adapted from Hariri et al., 2002 and van Marle et al.,201169,85) was 

used, including two blocks of an emotional (faces) condition interleaved with three blocks of a non-emotional 

control condition (ellipses) (see Figure 1). The emotional condition consisted of three faces projected on the 

screen, from which participants had to select one of two faces (bottom row) that corresponded to the emotion 

presented on the face in the upper row. The presented faces were from different individuals and represented 

angry or fearful male and female individuals, presented for 5 seconds each69. The non-emotional control 

condition presented ellipses depicted horizontally or vertically, and participants were again required to select 

one of two ellipses presented horizontally or vertically (bottom row) to match the ellipse presented in the upper 

row69. Each block consisted of 6 trials each, resulting in 30 second blocks. The total task duration was 2.5 

minutes.

Task stimuli were generated with E-Prime and projected on a 61 cm x 36 cm projection screen. Task stimuli 

were visible through a mirror (17 cm x 10 cm) fixated on the head-coil (distance mirror-eyes 8 cm; distance 

projection screen-mirror: 113 cm). Participants responded by pressing a button on right and left button boxes 

(4-button box HHSC-2x4-C). The head was stabilized with foam for minimal head movement. 

 

Figure 1. The EFMT including blocks of an emotional (faces) condition interleaved with blocks of a non-emotional control condition (ellipses).
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Behavioral data analysis

Normality of all data was assessed with Shapiro-Wilk tests. Differences between groups in clinical assessments 

(IQ, age, FTND scores, BDI, BIS, proportion of alcohol, nicotine and illicit drug users) were analyzed using 

independent sample t-tests, non-parametric Mann-Whitney U tests, or Chi-square tests where appropriate. 

Performance on the EFMT was analyzed using independent sample t-test (for between group effects) and 

paired sample t-tests (for between condition effects). Non-parametric Mann-Whitney U tests were used for 

accuracy data. Data were analyzed using SPSS version 20 (Statistical Package for the Social Sciences) and 

are presented as mean ± standard deviation (SD) for normally distributed data and as median ± interquartile 

range (IQR) for non-parametric data. P-values <0.05 were considered significant.

FMRI data analysis

Image analysis was performed in SPM8 (Statistical Parametric Mapping; Welcome Department of Cognitive 

Neurology, London UK). Echo-planar images (EPIs) were slice-time corrected, realigned to correct for head 

movement, co-registered with the individual anatomical scan, normalized to Montreal Neurological Institute 

(MNI) space and spatially smoothed with a 3-D Gaussian kernel of 8 mm at FWHM. Statistical analysis 

was performed within the framework of the general linear model. The first-level analysis included the two 

experimental conditions modeled as box-car regressors convolved with the canonical hemodynamic response 

function of SPM8, the realignment parameters to model potential movement artifacts, and high-pass filtering 

(cut-off 1/128 Hz). Contrast images comparing the emotional face and non-emotional control conditions were 

obtained, and analyzed in random effects models.

For the neural responsivity analyses, the main effects of task were analyzed using one sample t-tests. Group 

differences were analyzed using ANCOVA with BDI and BIS, two features with inherent differences between 

drug users and HCs, as covariates of no interest. Statistical tests were family-wise error (FWE) rate corrected 

for multiple comparisons. Because of our a priori hypothesis about the amygdala, we corrected the statistical 

tests for the amygdala on the voxel-level for the volume of the amygdala that was anatomically defined86–88. 

For the rest of the brain, we corrected the statistical tests on the cluster-level (p<0.05) across the whole brain89. 

Clusters were defined using an initial height threshold of p<0.001 uncorrected.

For the functional connectivity analyses, the time-course of amygdala activity was extracted in a sphere with a 

5 mm radius around the peak activation in the amygdala region  identified from the functional imaging analysis 

(x = -28, y = -8, z = -12). To obtain time-course correlation images irrespective of the experimental conditions, 

a new statistical model was constructed with the amygdala time-course as covariate of interest, and the 

convolved box-car regressors for the experimental conditions and realignment parameters as covariates of no 

interest. Time course correlation images were obtained and entered into subsequent random-effects analyses. 

ANCOVAs were used to identify brain regions with a correlated time-course that differed between groups of 

cocaine users and healthy controls. Because of our a priori hypothesis regarding the ACC, we corrected the 

statistical tests for the ACC on the voxel-level for volumes that were based on a previous study that showed 

reduced ACC activity in cocaine users during an EFMT (x = -9, y = 48, z = -12, and x = 6, y = 0, z = 45; 

Goldstein et al. 2009). For the rest of the brain, we corrected the statistical tests on the cluster-level (p<0.05) 

across the whole brain89. Clusters were defined using an initial height threshold of p<0.001 (uncorrected).

For correlation analyses, we extracted data from the anatomically defined amygdala. We analyzed effects of 

age of first cocaine use and duration of cocaine use on amygdala activity using multiple linear regression in 

SPSS. Amygdala activation (left or right) was entered as the dependent variable, BDI and BIS scores were 

entered as covariates and age of first use of cocaine and duration of cocaine use were entered as independent 

variables. Additionally, to investigate a possible interaction between age of first cocaine use and duration 

of cocaine use, the interaction term ‘duration of cocaine use * age of first use of cocaine’ was entered into 

the model. Upon non-significance of the interaction term, this term was removed and a model with only 

main effects of age of first use, years of use, and the covariates BDI and BIS was fitted. The strength of 

the association between the variables of interest and the outcomes was reported using partial correlation 

coefficients and the p-values. 
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Results
A total of 33 HCs and 55 COCs were recruited and all participated. Five participants (1 HC and 4 COCs) had 

many more (>66%) omissions (no response) during the EFMT than all other participants and were excluded 

from all further analyses. Analyses were thus performed on data from 32 HCs and 51 COCs.

Clinical characteristics

With the exception of self-reported depression scores (BDI), all data were normally distributed (all Shapiro-

Wilk p > 0.204; NS). Groups did not differ in age and premorbid intellectual functioning. However, there was a 

significant difference between groups on BDI depression scores and on total BIS trait impulsivity scores (Table 

1). Table 1 also shows that the vast majority of the COC group snorted cocaine and that there was extensive 

polydrug use in this group, including the use of tobacco, cannabis, ecstasy, speed and sedatives. In the COC 

group, 82% of included participants met the diagnosis of DSM-IV cocaine dependence: 14 (27%) cocaine 

abuse and 28 (55%) cocaine dependence. Comorbid psychiatric disorders are also presented in Table 1.

Emotional faces task

Behavioral data

Reaction times (RTs) were normally distributed (Shapiro-Wilk p > 0.071), but accuracy was not normally 

distributed (Shapiro-Wilk p < 0.001). RTs on emotional faces and geometrical control stimuli were similar for 

both groups (see Table 2). Also, no between group differences were observed in accuracy on the EFMT or on 

the control task, suggesting that conditions were similar in difficulty for both groups. 

fMRI task activation

Consistent with previous findings69,71 a significant main effect of task (faces > ellipse stimuli) was present in a 

cluster (coordinates: x = 42, y = -52, z = -18; voxel size = 45522: Z > 8.; p(FWE) < 0.001) encompassing the 

right and left fusiform gyrus (coordinates x = 42, y = -52, z = -18 and x = -40, y = -46, z = -20), the left and 

the right amygdala (coordinates x = 23, y = -8, z = -12 and x = -20, y = -8, z = -12), the right calcarine sulcus 

(coordinates x = 26, y = -96, z = 0) and the right and left inferior occipital cortex (coordinates x = 40, y = -82, z 

= -6 and x = -30, y = -92, z = -8). A second cluster (coordinates: x = -6, y = 18, z = 50; voxel size = 2210: Z = 

7.44; p(FWE) < 0.001) showed activation in the left and right supplementary motor area (SMA) (coordinates x = 

-6, y = 18, z = 50 and x = 6, y = 18, z = 50) and in the right and left medial superior frontal gyrus (coordinates 

x = 6, y = 44, z = 42 and x = -4, y = 54, z = 34). Reduced brain activation (ellipse > face stimuli) was observed 

in the right middle cingulate gyrus (coordinates: x = 2, y = -28, z = 44; voxel size = 2704: Z = 7.49.; p(FWE) < 

0.001), in the right anterior cingulate gyrus (coordinates: x = -2, y = -40, z = -2; voxel size = 4863: Z = 6.34.; 

p(FWE) < 0.001), in the right supramarginal gyrus (coordinates: x = 60, y = -46, z = 44; voxel size = 3493: Z = 

6.86.; p(FWE) < 0.001), and in the left supramarginal gyrus (coordinates: x = -62, y = -30, z = 38; voxel size = 

2198: Z = 5.41; p(FWE) < 0.001). 

fMRI group differences

There was significantly higher activity during the face matching condition than during the control condition in 

the COC group compared to the HC group in the left amygdala (coordinates: x = -28, y = -8, z = -12; Z = 3.30; 

p(SVC) = 0.016) (Figure 2) and in a cluster including the left hippocampus and the left thalamus (coordinates: 

x = -20, y = -26, z = 14; voxel size = 520: Z = 4.10; p(FWE) < 0.001). No regions with lower activation in COC 

compared to HCs were observed. 

Functional connectivity analyses

The results showed reduced connectivity between the left amygdala and the left caudal dorsal ACC 

(coordinates: x = 4, y = -4, z = 42; voxel size = 11: Z = 3.74; p(SVC) = 0.015; see Figure 3) in COCs compared 

to HCs. Overall, this ACC subregion was positively coupled to the amygdala (p < 0.001; Z > 8), which implies 

that coupling between the amygdala and the ACC was relatively reduced. 

Correlation analyses
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To study the effect of age of first cocaine use and duration of cocaine use on amygdala activation, a multiple 

linear regression analysis was performed for the COC group. The analysis was adjusted for the known effects of 

BDI and BIS. All data were normally distributed (Shapiro-Wilk all p > 0.130). First, we tested whether the effects 

of years of use was influenced by the age of first use of cocaine. Regression analysis showed no significant 

interaction between these two variables (left amygdala p = 0.924; right amygdala p = 0.799), indicating that 

the effect of the duration of cocaine use is not influenced by the age of first use of cocaine and vice versa. 

The unique effects of the independent variables “age of first cocaine use” and “duration of cocaine use” on 

left and right amygdala activation were estimated using multiple linear regression, whereby the effect of one 

independent variable was corrected for the effect of the other independent variable and for the covariates BDI 

and BIS. 

Age of first cocaine use was negatively associated with amygdala activation (left amygdala: r = -0.36, p = 

0.012; right amygdala r = -0.32, p = 0.026), i.e., individuals with a relatively early age of first use of cocaine 

showed higher amygdala activation. Years of cocaine use was positively associated with amygdala activation 

(left amygdala: r = 0.36, p = 0.013; right amygdala: r = 0.32, p = 0.028), i.e., individuals with a longer duration 

of cocaine use showed higher amygdala activation.

Figure 2. Cocaine-dependent individuals showing significantly increased activation during an EFMT in the left amygdala (A) and in the hippocampus 
and thalamus region (B). Results are depicted with a threshold of P < 0.005 uncorrected to show the extent of activation. The color bar represents 
the corresponding T values.

Figure 3. Cocaine-dependent individuals show significantly reduced functional connectivity between the amygdala and anterior cingulate gyrus (A). 
Results are depicted with a threshold of P < 0.005 uncorrected to show the extent of activation. The color bar represents the corresponding T values.
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Sensitivity analyses

In an additional sensitivity analysis, we included comorbid drug use (i.e., use of nicotine, alcohol, cannabis, 

ecstasy, speed and sedative use) as additional covariates in the model to assess whether correlations between 

age of first use of cocaine and duration of cocaine use and amygdala activation would remain statistically 

significant. When entering the additional covariates into the model, none of these covariates were found to be 

significantly associated with amygdala activation (all p > 0.245), left and right amygdala activation remained 

significantly correlated with years of use (left amygdala: r = 0.49, p = 0.02; right amygdala: r = 0.39, p = 0.013), 

and a clear trend remained for the correlation between age of first use of cocaine and amygdala activation (left 

amygdala: r = 0.29, p = 0.073; right amygdala: r = 0.29, p = 0.068).

	  	  
	  
	   	  

Table 1. Clinical characteristics of cocaine dependent individuals (COC) and non-drug 
using healthy controls (HC) 

 COC 
(n = 51) 

HC (n = 32) P value 

Age (years) 32 ± 8 33 ± 9 0.410 
IQ 102 ± 9 105 ± 10 0.084 
BDI 9.1 ± 5.6 3.3 ± 3.5 < 0.001 
BIS total 72.2 ± 9.7 59.8 ± 8.2 < 0.001 
Cocaine use       
     Users (%) 100% 0%   
     Age of first use 20.3 ± 5.2 —   
     Years of regular use 7.5 ± 5.3 —   
     Grams per session 1.2 ± 0.8 —   
     Days of use last month 11.3 ± 6.8 —   
     Route of administration       
     Smoking (%) 9.4% —   
     Snorting (%) 90.6% —   
Nicotine use   —   
     Smokers (%) 73.6% 0%   
     FTND 5.1 ± 2.1 —   
Alcohol use       
     Drinkers (%) 96.2% 86.7% 0.106 
     Units per week (10 g units) 19 ± 18 12 ± 11 0.084 
Cannabis use       
     Users (%) 46.2% 0%   
     Use per week (g) 4.2 ± 5.1 —   
Ecstasy use       
     Users (%) 38.5% 0%   
     Use in last 6 months (pills) 8.3 ± 8.0 —   
Speed use       
     Amount of users (%) 26.9% 0%   
     Use in last 6 months (g) 3.4 ± 5.5 —   
Sedative use       
     Amount of users (%) 13.5% 0%   
     Use in last 6 months (pills) 24.2 ± 29.8 —   
Comorbid psychiatric disorders       
     Depression (%) 3.9% 0%   
     Dysphoric (%) 0% 0%   
     Manic (%) 0% 0%   
     Panic (%) 0% 0%   
     PTSD (%) 0% 0%   
     Obsessive compulsive (%) 0% 0%   
     Antisocial personality disorder (%) 21.6% 0%   
     Adult ADHD (%) 3.9% 0%  
FTND, Fagerström test of nicotine dependence; BDI, Beck Depression Inventory; BIS, Barratt 
Impulsivity Scale; PTSD, post-traumatic stress disorder; ADHD, Attention Deficit/Hyperactivity 
Disorder. Data are presented as means ± standard deviation or as median ± interquartile range 
(for BDI scores). A p-value < 0.05 is considered statistically significant 
 
 
 
 
 

Table 2. Performance data of the emotional processing task for cocaine dependent 
individuals (COC) and non-drug using healthy controls (HC) 
Emotional  faces  task  performance   COC  (n = 51)   HC  (n = 32)   p  value  
RT  emotional  (s)   2.15±0.49   2.16±0.63   0.916  
RT  control  (s)   1.29±0.54   1.22±0.58   0.590  
Accuracy  emotional  (%)   100.00±8.33   100.00±14.60   0.809  
Accuracy  control  (%)   94.44±11.11   100.00±5.60   0.645  
RT,  reaction  times.  Data  are  presented  as  mean6standard  deviation  (RT)  and  as  
median6interquartile  range  (Accuracy).  A  p  value<0.05  indicates  statistical  significance  
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Discussion
The current study shows significant hyperactivity of the amygdala and reduced connectivity between the 

amygdala and the ACC in response to angry and fearful emotional facial expressions in current cocaine users 

compared to non-drug-using controls. Current cocaine users with a relatively early age of first use of cocaine 

or a longer duration of cocaine use show higher amygdala activation than those with a relatively late age of first 

use of cocaine or a shorter duration of cocaine use.

The present finding that cocaine-dependent individuals display increased amygdala activation during the EFMT 

is in correspondence with the statement by Patel et al., that cocaine users show emotional abnormalities, 

based on their findings of altered (however reduced) amygdala activation during the prospect of loss70. The 

differences regarding hypo- vs. hyperactivation of the amygdala in cocaine users between our study and the 

study of Patel et al., (2013)70 may be due to differences in the tasks used; a monetary incentive delay task 

addresses reward and loss prospect, anticipation, and outcome70 while the emotional face matching task as 

used in this study focusses on emotional processing without a reward or loss component. Also, our findings 

differ from the observation that abstinent methamphetamine-dependent patients do not show amygdala 

hyperactivity compared to non-stimulant users71,72. This could be due to inherent differences between cocaine 

and amphetamines regarding half-life, working mechanism and involved neurotransmitter systems, but could 

also be due to the studied population: the studies in methamphetamine-dependent individuals were performed 

in abstinent treatment-seeking stimulant users (with abstinence ranging between 5 and 30 days), whereas our 

sample consists of non-treatment-seeking current cocaine users who were abstinent only for about 10 hours.

Functional connectivity between the amygdala and prefrontal cortex as well as amygdala activation during 

the EFMT have not been studied previously in current cocaine users. The prefrontal cortex is thought to be 

involved in the suppression of a response to negative emotions and seems to be instrumental in the choice 

of appropriate behaviors78. Altered amygdala-prefrontal cortex connectivity may be of crucial importance in 

both the initiation and continuation of cocaine use. In this respect, the reduced connectivity between the 

amygdala and the ACC in COCs compared to HCs may represent a reduced capacity to regulate the amygdala 

in the presence of biologically salient (negative) stimuli, including drug related stimuli and related processes of 

reward and relief craving. Also, our findings imply that the amygdala is dysfunctional in current cocaine users. 

More specifically, the positive association of amygdala hyperactivity in response to biologically salient stimuli 

in an the EFMT with age of first use of cocaine and with duration of cocaine use proposes that amygdala 

hyperactivity may be both cause and consequence of cocaine use.

This study is the first to investigate amygdala activation during an EFMT in a large sample of current cocaine 

users. Previous studies have shown amygdala neuronal firing upon cocaine administration in drug dependent 

animals90.Yet, this was never translated to amygdala activity and activation during an EFMT in humans, for 

which this study provides the first evidence. One limitation of this study is its cross-sectional design, which 

limits causal inference and the direction of causality. However, longitudinal and randomized studies on the 

development of drug addiction are non-existing for reasons of logistics and ethics. Nevertheless, analyses that 

simultaneously take into account the effects of several time-related variables (years of drug use; duration of 

	  	  
	  
	   	  

Table 1. Clinical characteristics of cocaine dependent individuals (COC) and non-drug 
using healthy controls (HC) 

 COC 
(n = 51) 

HC (n = 32) P value 

Age (years) 32 ± 8 33 ± 9 0.410 
IQ 102 ± 9 105 ± 10 0.084 
BDI 9.1 ± 5.6 3.3 ± 3.5 < 0.001 
BIS total 72.2 ± 9.7 59.8 ± 8.2 < 0.001 
Cocaine use       
     Users (%) 100% 0%   
     Age of first use 20.3 ± 5.2 —   
     Years of regular use 7.5 ± 5.3 —   
     Grams per session 1.2 ± 0.8 —   
     Days of use last month 11.3 ± 6.8 —   
     Route of administration       
     Smoking (%) 9.4% —   
     Snorting (%) 90.6% —   
Nicotine use   —   
     Smokers (%) 73.6% 0%   
     FTND 5.1 ± 2.1 —   
Alcohol use       
     Drinkers (%) 96.2% 86.7% 0.106 
     Units per week (10 g units) 19 ± 18 12 ± 11 0.084 
Cannabis use       
     Users (%) 46.2% 0%   
     Use per week (g) 4.2 ± 5.1 —   
Ecstasy use       
     Users (%) 38.5% 0%   
     Use in last 6 months (pills) 8.3 ± 8.0 —   
Speed use       
     Amount of users (%) 26.9% 0%   
     Use in last 6 months (g) 3.4 ± 5.5 —   
Sedative use       
     Amount of users (%) 13.5% 0%   
     Use in last 6 months (pills) 24.2 ± 29.8 —   
Comorbid psychiatric disorders       
     Depression (%) 3.9% 0%   
     Dysphoric (%) 0% 0%   
     Manic (%) 0% 0%   
     Panic (%) 0% 0%   
     PTSD (%) 0% 0%   
     Obsessive compulsive (%) 0% 0%   
     Antisocial personality disorder (%) 21.6% 0%   
     Adult ADHD (%) 3.9% 0%  
FTND, Fagerström test of nicotine dependence; BDI, Beck Depression Inventory; BIS, Barratt 
Impulsivity Scale; PTSD, post-traumatic stress disorder; ADHD, Attention Deficit/Hyperactivity 
Disorder. Data are presented as means ± standard deviation or as median ± interquartile range 
(for BDI scores). A p-value < 0.05 is considered statistically significant 
 
 
 
 
 

Table 2. Performance data of the emotional processing task for cocaine dependent 
individuals (COC) and non-drug using healthy controls (HC) 
Emotional  faces  task  performance   COC  (n = 51)   HC  (n = 32)   p  value  
RT  emotional  (s)   2.15±0.49   2.16±0.63   0.916  
RT  control  (s)   1.29±0.54   1.22±0.58   0.590  
Accuracy  emotional  (%)   100.00±8.33   100.00±14.60   0.809  
Accuracy  control  (%)   94.44±11.11   100.00±5.60   0.645  
RT,  reaction  times.  Data  are  presented  as  mean6standard  deviation  (RT)  and  as  
median6interquartile  range  (Accuracy).  A  p  value<0.05  indicates  statistical  significance  

 



20

use) can dissect the relationships of these time-dependent variables on the outcome (amygdala hyperactivity). 

This approach allows us to make a tentative distinction between the causal and consequential effects of drug 

use. Another limitation is that connectivity analyses do not show the direction of the connectivity (to or from) 

the ACC, which should be investigated in future studies. For future studies, we also propose to include a group 

of non-cocaine drug users and a group of cocaine abusers in remission. Finally, most current cocaine users 

were polydrug users and it cannot be excluded that part of the observed relations between brain activation 

and cocaine use are due to the use of nicotine, alcohol or illicit drugs other than cocaine. However, cocaine 

was the primary substance of abuse in all subjects and our fi ndings were very similar after we controlled for 

the use of other drugs. 

Conclusions
In summary, this is the fi rst study showing increased amygdala activation during an EFMT and decreased 

connectivity between the amygdala and the ACC in current cocaine users compared to non-drug-using healthy 

controls. Moreover, amygdala hyperactivity was independently associated with early age of fi rst use of cocaine 

and longer duration of cocaine use, suggesting that high amygdala activation to emotional stimuli is both a risk 

factor for the early onset of cocaine use and a consequence of prolonged cocaine use.
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Abstract
Importance: Both childhood adversity and current negative emotional states have been associated with an 

increased risk for the development and continuation of cocaine abuse and dependence. Unfortunately it is 

unclear which neurobiological mechanisms are responsible for this association. 

Objective: We tested the hypothesis that childhood adversity and state anxiety modulate the connectivity 

between the amygdala  and the frontostriatal network during the processing of cocaine related stimuli.

Design: Cross-sectional, functional magnetic resonance imaging (fMRI) study in male regular cocaine users.

Setting: Non-treatment seeking subjects from the general population. 

Participants: Sample of 59 male regular cocaine users.

Main Outcome Measure(s): Blood oxygenation level dependent (BOLD) responses during a functional 

Magnetic Resonance Imaging (fMRI) cocaine cue-reactivity paradigm.

Results: Cocaine cues compared to neutral cues elicited neural responses in a widespread network including 

the frontostriatal circuit and amygdala, and reduced functional connectivity between the amygdala and the 

dorsomedial prefrontal and orbitofrontal cortex. Childhood adversity was associated with reduced amygdala-

ventral striatum connectivity, whereas state anxiety was associated with reduced amygdala-dorsomedial 

prefrontal cortex connectivity. 

Conclusions and relevance: Childhood adversity and state anxiety differentially influence cue-reactivity in 

regular cocaine users through distinct neurobiological changes within the amygdala-frontostriatal network, 

and may thereby have different roles in the development and persistence of substance dependence. 
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Abstract 
Objective: To investigate whether cocaine use disorder is associated with abnormalities in the neural 

underpinnings of aversive conditioning and extinction learning as these processes may play an important role 

in the development and persistence of drug abuse. 

Method: In this study 40 male regular cocaine users and 51 male controls, underwent a fear conditioning and 

extinction protocol during functional magnetic resonance imaging scanning. Skin-conductance response  was 

measured throughout the experiment as an index of conditioned responses. 

Results: Cocaine users showed hyper-responsiveness of the amygdala and insula during fear conditioning 

and also hypo-responsiveness of the dorsomedial prefrontal cortex during extinction learning. In cocaine 

users, but not in controls, skin-conductance responses were positively correlated to responsiveness of the 

insula, amygdala and dorsalmedial prefrontal cortex during fear conditioning, but correlated negatively to 

responsiveness of the ventromedial prefrontal cortex during extinction learning. 

Conclusions: Increased sensitivity to aversive conditioned cues in cocaine users might be a risk factor for 

stress-relief craving in cocaine use disorder. These results support the postulated role of altered aversive 

conditioning in cocaine use disorder and may be an important step in understanding the role of aversive 

learning in the pathology of cocaine use disorder.
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Introduction
Cocaine is the second most used illicit drug in Europe, particularly among young adult males and is often 

used in combination with alcohol and cannabis4. There are no registered pharmacological treatments for co-

caine addiction11, although cognitive behaviour therapy and contingency management have shown to be fairly 

successful9. Learning processes, including Pavlovian and instrumental conditioning, play an essential role in 

the development and persistence of substance use disorder139. While these learning processes may form a 

potential treatment target140, psychotherapies targeting conditioning have not (yet) shown to be effective141. A 

possible reason is that previous research primarily focused on the learning mechanisms underlying appetitive 

conditioning (cue-exposure treatment), while aversive conditioning may be equally important in the etiology 

and treatment of cocaine use disorder.

Through the process of appetitive conditioning, drug-responses become associated with drug-related 

cues. When these drug-related cues are subsequently encountered in an abstinent state, they can trigger 

the retrieval of memories of prior drug experiences and thereby induce cue-reactivity, craving, drug-seeking 

and drug-taking behavior20,142. However, there is increasing evidence that aversive conditioning plays an 

equally important role in substance use disorder143: (i) Stress-induced relief craving is a frequently observed 

phenomenon in addiction144,145 and addicted individuals are thought to take drugs to avoid aversive states 

such as stress1,146. Through the process of aversive conditioning, external stimuli can become associated with 

internal stress states, thereby (indirectly) motivating drug-seeking and drug-taking behaviour itself140,147. (ii) 

There is a high comorbidity between anxiety-disorders and substance use disorder148. Since abnormalities in 

aversive conditioning and extinction learning have been reported in anxiety disorders149, similar abnormalities 

are expected to be found in substance use disorder. (iii) The neural underpinnings of aversive and appetitive 

conditioning are thought to largely overlap since the mesolimbic dopamine system is a key player in both types 

of conditioning and extinction learning143. As a consequence, neuroadaptive changes within the mesolimbic 

dopamine system due to stress or drug-use may also modulate the processing of appetitive conditioning or 

aversive conditioning, respectively21,150,151. Knowledge about the role of  aversive conditioning in substance use 

disorder could thus have important implications for understanding its pathophysiology and the development of 

prevention and treatment strategies. However, so far no studies are available on the neural and physiological 

underpinnings of aversive conditioning in substance use disorder. 

From studies in healthy individuals we know that aversively conditioned stimuli evoke an increase in skin-

conductance response152 and activation of the neural fear network including the amygdala, dorsomedial 

prefrontal cortexand insula and deactivation of the ventromedial prefrontal cortex153,154. Within this 

network the amygdala, dorsomedial prefrontal cortex and insula are involved in the expression of aversive 

conditioned responses, while the ventromedial prefrontal cortex is involved in the inhibition of conditioned 

behaviour153,155,156. Anxiety disorders are characterised by hyper-responsiveness of the amygdala, dorsomedial 

prefrontal cortexdorsomedial prefrontal cortex and insula during fear learning and hypo-responsiveness of the 

ventromedial prefrontal cortex during extinction learning, reflecting the presence of enhanced fear learning and 

impaired fear extinction capabilities157. Counterintuitively, these differences in neural plasticity are typically not 

associated with enhanced differential skin-conductance responses149,158,159. 

In this study we investigated the physiological (skin-conductance responses) and neural correlates (regional 

brain activation) of fear conditioning and extinction in cocaine abusers and controls. While the neural and 

physiological underpinnings of aversive conditioning and extinction learning have not yet been investigated 

in substance use disorder, previous studies demonstrated that substance use disorder is associated with 

hyper-responsiveness of the dorsomedial prefrontal cortex, insula and amygdala to conditioned drug cues, 

a response which is slowly extinguished141. We therefore hypothesized that cocaine abuse is associated with 

enhanced fear conditioning and impaired extinction learning as reflected by hyper-activation of the amygdala, 

insula and dorsomedial prefrontal cortex during fear conditioning and hypo-activation of the ventromedial 

prefrontal cortex during  extinction learning as compared to controls.
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Methods and materials
Participants

Seventy male regular cocaine users and 73 male controls were included in this study. Complete skin-

conductance response and MRI datasets were collected from 58 controls and 53 cocaine users. An additional 

4 controls and 3 cocaine users were excluded because of MRI artefacts, resulting in the inclusion of 54  controls 

and 48 cocaine users.  All participants were males (aged 18-50) recruited through local advertisement in the 

greater Amsterdam area in the Netherlands. Cocaine users were actively using cocaine and currently non-

treatment seeking. Cocaine users were included when using cocaine at least once per week for a minimum 

period of 6 months. All participants were screened using the MINI International Neuropsychiatric Interview80. 

Exclusion criteria for all participants were: major medical or neurological disease, lifetime history of psychotic 

or bipolar disorder, the use of antidepressants/antipsychotics or a contraindication for MRI scanning. Controls 

were excluded if they met DSM-IV criteria for life-time substance abuse or dependence, and in case of any 

psychotropic medication use, other than antidepressants/antipsychotics. Alcohol, cocaine and cannabis use 

in the 6 months before study inclusion was quantified using the timeline-follow back procedure124. Smoking 

severity was measured using the Fägerstorm Test for Nicotine Dependence, state anxiety was measured with 

the state-trait anxiety inventory (STAI120 and premorbid verbal intelligence was estimated using the Dutch 

version of the  National Adult Reading Test81. The study was approved by the Ethical Review Board of the 

Academic Medical Centre of the University of Amsterdam, the Netherlands. All subjects gave written informed 

consent.

Experimental paradigm

Briefly, the classical fear conditioning paradigm, which was conducted in the MRI scanner, consisted of a 

habituation, conditioning and extinction phase. The conditioned stimuli (CS) were yellow and blue squares, of 

which one (the CS+) was followed by the unconditioned stimulus (US) in 33% of the conditioning trials. The 

CS- was never followed by the US. The US was an aversive electrical shock to the wrist. The shock intensity 

was set individually to be highly annoying but not painful. Skin-conductance responses were measured 

simultaneously with fMRI acquisition. Additional details are provided in the supplement.

Functional magnetic resonance imaging data acquisition and analysis  

Images were acquired on a 3.0-T Philips Achieva scanner and analyzed using SPM8 including standard 

preprocessing and first-level modelling (see supplement). In accordance to previous studies, first level 

contrasts were computed for the CS+(unpaired to the US) and the CS- during the early and late conditioning 

phase and early and late extinction phase in order to assess temporal gradation of signal intensity154. Early and 

late phases included the first and the last half of the CS+ and CS- trials, respectively. These contrast images 

were entered into a second level full-factorial design to investigate task and group effects.  

A whole-brain correlation analysis was performed to investigate whether individual differences in conditioned 

responses measured by skin-conductance and neural responses (fMRI) were associated, and whether these 

correlations during fear conditioning and extinction learning differed between groups. An additional correlation 

whole-brain analysis was performed to test for the possible confounding effects of state anxiety and the 

amount, type and days since last substance use (see supplementary data).

All analyses were family-wise error rate corrected for multiple comparisons (cluster p<0.05, height threshold 

p<0.01). A small-volume correction was applied for the amygdala (p<0.05) because of its a priori role in 

aversive conditioning. With regard to the correlation analyses, interactions that assessed group differences in 

correlations were tested and followed by within group correlation analyses when significant. 
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Statistical analysis

Group differences in clinical characteristics were assessed using independent-samples T-tests or non-

parametric tests when appropriate. Stimulus induced skin-conductance responses were defined as difference 

between maximum and minimum responses within 8 seconds after CS onset. Responses divided by the 

largest response for that individual to account for individual differences and square root transformed (+1) to 

normalize the data. Subjects were said to show conditioned responses when differential skin-conductance 

responses were positive in the first or second half of the conditioning phase. A repeated measures analysis 

of variance was used, including CS-type (CS+; CS−), phase (conditioning, extinction) and time (early, late) as 

within-subjects factors, and group (controls, cocaine users) as between- subjects factor. 

Results
Clinical characteristics

To enable the assessment of extinction learning, successful acquisition of fear conditioning is required. Of 

all subjects, 51 controls (94%) and 40 cocaine users (83%) showed a positive differential skin-conductance 

response during  early or late conditioning. These percentages did not differ significantly (χ= 3.26, p=0.109). 

In line with previous studies, the non-conditioners were excluded based on these physiological data154 and all 

further analyses were therefore conducted on these subsamples (controls: n=51, cocaine users: n=40). Groups 

were of similar age and IQ, but cocaine users scored significantly higher on state anxiety and weekly alcohol 

intake, and had more comorbid DSM-IV diagnoses of depression and anxiety disorder (Table 1). On average, 

cocaine users used 7.6 grams on 8.7 separate days on a monthly basis with an onset age of 19.4 years for an 

average period of 8.8 years of cocaine use and 3 days since last use. All cocaine users met the DSM-IV criteria 

of cocaine dependence or abuse. In addition, 86% of the cocaine users also smoked nicotine and 45% also 

used cannabis on a (more than) weekly basis.

	   	  

Table 1. Clinical and demographic characteristics of non-drug using controls and regular cocaine users  
 controls 

n=51 
SD or IQR Cocaine users 

n=40 
SD or IQR p-value 

Clinical and demographic variabels      
Agea 31.0 8.5 31.3 7.9 n.s. 
IQa 104.0 9.2 101.4 8.4 n.s. 
Shock intensityb 2.4  1.8 3.5 3.1 n.s. 
State anxiety (STAI)b 28 7.0 35 17.0 <0.001 
Alcohol use (units per week)a 4.1 3.5 19.9 35.4 <0.001 
Smoking severity (FTND) - - 5 2.0  
Grams of cocaine use per monthb - - 7.6 5.5  
Years of cocaine useb         - - 8.8 6.4  
Frequency (days/month)b - - 8.7 5.8  
Onset age of cocaine useb - - 19.4 5.1  
Days since last useb - - 3.0 2.0  
Prevalence of smoking, depression and anxiety disorders  
% Smoking 0%  86.0%  <0.001 
% Lifetime history of depression 5.9%  32.5%  0.002 
% Lifetime history of anxiety disorder 0%  10%  0.032 
a Values represent mean ± standard deviation (SD) 
bValues represent median ± interquartile range(IQR) 
cAccording to the DSM-IV 
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Physiology

The shock intensity between groups did not differ signifi cantly (controls: median=24mA, cocaine users: 

median=28 mA, U=701, z=-1.26, p>0.05). The skin-conductance response during conditioning and extinction 

revealed signifi cant CS-type by phase interaction (F3,87=10.78, p<0.001). As expected, due to excluding 

participants that did not show successful fear conditioning, paired-sample t-tests revealed that both groups 

showed a signifi cant CS+/CS- differences on skin-conductance responses during early conditioning (t90=4.62, 

p<0.001) and late conditioning (t90=7.39, p<0.001), but also during early extinction (t90=3.24, p=0.002). No 

signifi cant CS+>CS- differences in skin-conductance response were displayed during late extinction (t90=1.53, 

p=0.129), indicating successful extinction learning. Similar to previous fi ndings in anxiety disorders, there was 

no signifi cant group by CS-type by phase interaction, indicating equal levels of fear conditioning and extinction 

learning between groups on a physiological level (Figure 1). 

 

Figure 1. Mean skin-conductance response in cocaine users and controls. There was a signifi cant differential skin-conductance responses 
during early and late conditioning and early extinction, in both groups. No signifi cant group differences in skin-conductance response were 
demonstrated.

Neuroimaging

The 4-way interaction between group (cocaine users, controls), phase (conditioning, extinction), time (early, 

late) and CS-type (CS+; CS−) was non-signifi cant. Because fear conditioning and extinction are qualitatively 

distinct processes and neural responses during fear learning show a strong temporal gradation in signal 

intention, group differences in fear learning were investigated for each phase separately, in line with previous 

studies154,160

Fear conditioning

During fear conditioning, both groups displayed signifi cant activation in the neural fear network for the 

CS+>CS- contrast, including the insula, dorsomedial prefrontal cortex, amygdala, and the superior temporal 

cortex (supplementary table S1), refl ecting fear conditioning on the neural level. Between group analysis 

revealed that, compared to controls, cocaine users showed recruitment of the left amygdala and several 

cerebellar and occipital regions during early conditioning (Figure 2A, table 2) and enhanced recruitment of the 

left insula and rolandic operculum during late conditioning (Figure 2B, table 2). These results are consistent 

with the hypothesis that cocaine users display neural hyper-responsivity during fear conditioning. 

In addition, conditioned skin-conductance responses and conditioned neural responses were signifi cantly 

correlated across subjects (Supplementary table S2). An interaction analysis showed that the correlation 

between the skin-conductance response and activity of the right amygdala and several regions within the 

prefrontal cortex was signifi cantly different between groups (Figure 2C, Figure 2D, table 2). Follow-up tests 

showed a signifi cant positive correlation in cocaine users but not in controls.
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Figure 2. The neural correlates of 

aversive conditioning and the correlation 

with skin-conductance responses. 

Cocaine users displayed hyperactivation 

of the left amygdala (2A) and left insula 

(2B) during early conditioning and late 

conditioning, respectively. The correlation 

between skin-conductance responses 

and activation of the neural fear network 

was significantly stronger in cocaine users 

compared to controls (2C). Scatterplots 

represents beta weight of the peak voxel 

in the amygdala (MNI: 30 -4 28) as a result 

of the whole brain comparison, against the 

differential skin-conductance responses 
during early conditioning (2D).

Extinction learning

During early and late extinction, the CS+>CS- contrast was associated with significant  activation of the 

insula, dorsomedial prefrontal cortex and supramarginal gyrus. The CS->CS+ contrast was associated with 

significant activation of the ventromedial prefrontal cortex, the superior and middle frontal cortex and several 

regions within the occipital and temporal cortex (Supplementary table S1). There were no significant between 

group differences during early extinction. However, during late extinction, cocaine users showed reduced 

activation in the dorsomedial prefrontal cortex  compared to controls (Figure 3A, table 2). This suggests that 

cocaine users exhibit enhanced extinction of dorsomedial prefrontal cortex fear responses.

Similar to the findings obtained during conditioning, an interaction analysis showed that the correlation 

between the skin-conductance response and activity of the ventromedial prefrontal cortex and parietal cortex 

was significantly different between groups during early extinction (Figure 3B, table 2). Within group analyses 

showed a significant negative correlation in cocaine users but not in controls.  In addition, the correlation 

between skin-conductance response and activation in the insula, left amygdala and bilateral superior temporal 

gyrus was significantly different between groups during late extinction (Figure 3C, table 2). Within group 

analysis showed a significant positive correlation in cocaine users, but not in controls.  These results suggest 

that reduced fear expression on a physiological level is related to enhanced ventromedial prefrontal cortex 

activity and reduced dorsomedial prefrontal cortex activity.

The effect of state anxiety and poly-substance use 

To explore the effects of the level of substance use, light and heavy users of nicotine, cocaine, alcohol and 

cannabis were compared. The neural correlates of aversive conditioning were unrelated to state anxiety, 

the amount and type of substance (cocaine, cannabis, alcohol and nicotine) used or days since use. During 

extinction learning, there was a negative relation between the amount of cannabis used and responsiveness of 

the superior temporal, middle temporal and inferior frontal cortex and a positive relation between the amount 

of cocaine used and responsiveness of the left insula, lateral prefrontal cortex, the parietal and occipital cortex 

(supplementary figure S1A/S1B, table S3).Nicotine and alcohol use were unrelated to the neural correlates of 

extinction learning. Regression analysis showed that state anxiety was negatively correlated with activation of 

the cerebellum during late extinction (supplementary figure S1C,table S3). 
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Figure 3. the neural correlates of extinction learning and the correlation with skin-conductance responses. Cocaine users displayed 

hypoactivation of the dorsomedial prefrontal cortex during late extinction (3A). Cocaine users displayed significant stronger negative correlations 

between activation of the ventromedial prefrontal cortex (MNI: 10 44 -8) and skin-conductance responses during early extinction (3B) and significant 

stronger positive correlations between activation of the neural fear network, including the left insula (MNI: -38 -28 -12) and skin-conductance 

responses during late extinction (3C). Scatterplots represent the beta weight of the peak-voxel resulting from the whole brain analysis against the 

skin-conductance responses during early (3D) and late extinction (3E).
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Table 2. Neural correlates of aversive conditioning and extinction group effects and interactions with skin conductance responses 
 Cluster size 

# voxels 
Cluster 
P-value 

Voxel 
z-value 

Peak voxel 
MNI-coordinates 

Voxel region Direction of 
effect 

Early Conditioning (CS+>CS-)         
     Group effects 1032 0,016 3,48 -2 -50 -6 Vermis CU > HC 
   3,07 -6 -52 2 L Lingual  
   2,69 -2 -48 18 L Posterior cingulate gyrus  
   3,02 2 -44 16 R Posterior cingulate gyrus  
   2,98 -4 -74 -24 L Cerebellum  
   2,66 -10 -50 16 L Precuneus  
 45 0,022 3,15 -30 0 -22 L Amygdala CU > HC 
         
              
Group x SCR interaction 36333 0 5,27 38 -30 58 R Postcentral gyrus CU+ / HC� 
   5,14 -26 -20 58 L Precentral gyrus  
   5,24 38 -20 56 R Precentral gyrus  
   4,94 24 0 54 R Superior frontal gyrus  
   4,84 4 -22 46 R Middle cingulate gyrus  
   4,66 4 -32 60 R Paracentral lobule  
   4,65 44 -22 14 R Heschle gyrus  
   4,61 -18 -42 -28 L Cerebellum  
 721 0,037 4,85 42 48 10 R Middle frontal gyrus CU+ / HC� 
   3,06 46 34 -6 R Inferior frontal gyrus  
 687 0,045 4,49 -40 44 22 L Middle frontal gyrus CU+ / HC� 
   3,65 -40 30 22 L Inferior frontal gyrus  
   3,24 -26 58 10 L Superior frontal gyrus  
 139 0,001 4,07 30 -4 -28 R amygdala CU+ / HC� 
Late Conditioning (CS+>CS-)         
     Group effects 915 0,029 3,87 -42 -2 16 L Rolandic opperculum CU > HC 
   3,61 -36    0   16 L Insula  
     Group x SCR interaction No significant interaction  
Early extinction (CS+> CS-)                   
     Group effects No significant effects  
     Group x SCR interaction 1368 0,004 3,92 -10 48 0 L Anterior cingulate gyrus CU- / HC� 
   3,91 -28 28 -14 L Inferior frontal gyrus  
   3,9 -12 46 6 L Superior frontal gyrus  
   3,14 10 44 -8 R Orbital frontal gyrus  
Late extinction  (CS+ > CS -)         
     Group effects 4691 0 4,58 -10 8 62 L Superior motor area HC > CU 
   3,99 14 36 20 R Anterior cingulate gyrus  
   3,78 -40 2 52 L Middle frontal gyrus  
   3,63 10 22 54 R Superior motor area  
   3,39 18 26 46 RSsuperior frontal gyrus  
         
     Group x SCR interaction 3060 0 4,49 -52 -2 6 L Roland Opperculum  
   3,71 -44 -14 10 L Heschls gyrus  
   3,63 -50 -24 28 L Postcentral gyrus  
   3,59 -52 -28 28 L Supramarginal gyrus  
   3,56 -58 -20 8 L Superior temporal gyrus  
   3,54 -38 -20 12 L Insula  
 3670 0 3,81 50 -18 26 R Supramarginal gyrus  
   3,68 50 -8 -10 R Superior temporal gyrus  
   3,64 56 4 8 R Rolandic Opperculum  
All results were p<0.05, cluster level family-wise error corrected with an initial height threshold of p=0.01 uncorrected   
aCorrected for the volume of the right amygdala, ppeak voxel<0.05 
+ Significant positive correlation 
-  Significant negative correlation 
� Non-significant relation 
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Discussion
Although aversive conditioning and extinction learning have been suggested to play an important role in 

the development and persistence of drug abuse140,147,156, this is the first study addressing the physiological 

and neural mechanisms underlying aversive conditioning and extinction learning in substance use disorder. 

Consistent with the hypothesis of enhanced aversive conditioning in substance use disorder, cocaine users 

showed hyper-activity of the amygdala and insula during aversive conditioning compared to controls. 

Inconsistent with the hypothesis of impaired extinction learning, cocaine users showed hypo-activation of 

the dorsomedial prefrontal cortex during late extinction, suggesting enhanced extinction learning compared 

to controls.

While there were no group differences in skin-conductance response during aversive conditioning or extinction 

learning, skin-conductance response and activation of the neural fear network were more strongly correlated 

across subjects in cocaine users than in controls, suggesting that the emotional response to conditioned 

stimuli is stronger in cocaine users than in controls. Overall these findings support the postulated role of 

abnormal aversive learning processes in substance use disorder. 

The amygdala is important for the rapid encoding of new stimulus-threat relationships154, while the insula 

modulates (the visceral response to) conditioned156. The dorsomedial prefrontal cortex is suggested to be 

involved in conscious negative appraisal of threat. These brain regions are key structures within a neural fear 

network and previous studies have repeatedly demonstrated that activation of these regions is: (i) associated 

with fear conditioning and extinction learning154, (ii) enhanced in individuals with enhanced fear learning 

and impaired extinction learning157 and (iii) related to other measures of conditioned behaviour, including skin-

conductance response152. The finding of increased amygdala and insula activation during fear conditioning and 

reduced dorsomedial prefrontal cortex activation during late extinction in cocaine users therefore suggests that 

cocaine users display enhanced fear conditioning as well as enhanced extinction learning compared to controls. 

Increased amygdala activity in cocaine users during early conditioning may reflect increased attention 

for threat-related stimuli and enhanced aversive conditioning, followed by increased activity of the insula 

during late conditioning which may reflect enhanced visceral processing. Increased responsiveness of these 

structures within the neural fear network are thought to underlie negative reinforcement mechanisms in 

substance use disorder, stress induced relief craving and subsequent continuation of or relapse into drug 

use1,21,156,161. Abnormalities in the neural underpinnings of aversive conditioning in cocaine users may therefore 

reflect a risk for cocaine abuse and relapse.  

In contrast to our hypotheses, cocaine users showed reduced activity of the dorsomedial prefrontal cortex 

during late extinction, suggesting the presence of superior, and not impaired, extinction learning. While 

enhanced fear extinction learning may be beneficial in anxiety disorders, it may actually form a risk for the 

persistence of drug use, as it may underlie an inability to modify behaviour in response to negative outcomes, 

resulting in risky behaviour162. Future studies should however investigate whether these difference are also 

present after reinstatement of the fear conditioned response. Irrespectively of whether enhanced extinction of 

neural fear conditioned responses is good or bad, our data demonstrates that the neural underpinnings of fear 

extinction learning in cocaine users differ from those in patients with an anxiety disorder149,153,154,159,163. While 

the relation between enhanced fear extinction learning and stress relief-craving remain to be investigated, 

these findings may explain why cue-exposure treatment, which is a successful treatment strategy in anxiety 

disorders, is not as effective in addiction141. 

In line with the typical observation in anxiety disorders, we found no group differences in differential skin-

conductance responses149,158,159. Although these results could be interpreted as less efficient neural processing 

in cocaine users, there is substantial evidence that hyper-activation of the amygdala, insula and dorsomedial 

prefrontal cortex reflects the persistence of an increased expression of conditioned fear154. However, there 
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are several other explanations for the dissociation between the skin-conductance response and fMRI results. 

First, differential skin-conductance responses are suggested to be more dependent on higher cognitive 

levels of learning, whereas differential activation of the neural fear network is suggested to be independent 

of higher cognitive processing152. This would suggest that cocaine abuse is associated with abnormalities in 

fear conditioning and fear extinction that are mainly dependent on unconscious processes. Furthermore, the 

finding that the skin-conductance response and fMRI data are significantly correlated in cocaine users but not 

in controls may indicate that skin-conductance responses in cocaine users are less dependent on conscious 

processing of conditioned cues. Alternatively, it has demonstrated that the amygdala plays a critical role in 

the modulation of skin-conductance responses to threat164. Therefore, these results may indicate that cocaine 

users have a stronger emotional response to stimuli that predict an aversive outcome. In addition, several 

studies in anxiety disorders have demonstrated that, while there were no group differences in skin-conductance 

responses during fear conditioning or extinction learning, differences were presented during extinction recall159. 

Thus it could be that differences in neural processing precede differences in skin-conductance responses, that 

can be detected only during extinction recall.  Altogether, skin-conductance responses may not be sensitive 

and fear-specific enough to detect small group differences during fear conditioning or extinction learning165.

While the sensitivity for stress has long been known to be an important risk factor for substance use and 

relapse146, this is one of the first studies to investigate the potential neural mechanism that underlie this 

phenomenon. We demonstrated that the neural fear network of regular cocaine users is hyperresponsive to 

cues that predict a negative outcome. These findings emphasize that in addition to reducing drug-conditioned 

responses (reward craving), treatment should also try to reduce the (neural) sensitivity to stressors (relief 

craving). This could be achieved by means of cognitive behavioural treatment (e.g. mindfulness-based relapse 

prevention166 or pharmaceutical treatments that target the noradrenergic stress-system (e.g. propranolol167). 

  

An important strength of this study is the large sample size and the assessment of the potential confounding 

effect of state anxiety. However, the study also has limitations. First, because only male participants were 

included in the study these results cannot simply be generalized to female cocaine users. Second, because 

of the cross-sectional design, we need to be very cautious with statements about the causality of our findings 

and future studies should examine whether increased neural sensitivity for aversive events is a risk factor for 

cocaine abuse, a consequence of cocaine abuse, or a combination of both. Third, most cocaine users in the 

current sample also used cannabis, alcohol and nicotine on a regular basis, thereby making it impossible to 

tell whether differences in aversive conditioning are related to cocaine, cannabis or alcohol use or to some 

combination of these. Nevertheless, the exploratory analysis suggested that hyper-responsiveness of the 

amygdala and insula during aversive conditioning and hypo-responsiveness of the dorsomedial prefrontal 

cortex during late extinction learning  are  independent of the type or amount of substance used. Moreover, as 

poly-drug use is common among cocaine users in treatment4, we expect the investigated sample to reflect the 

typical cocaine users. Fourth, we tested for group differences during early and late conditioning, as well as early 

and late extinction, while there was no phase by group interaction effect. Although this is in accordance with 

most studies in the field154, it should be noted that such statistical flexibility could increase type I errors. Finally, 

while the neural pathways that underlie aversive and appetitive-conditioning and extinction are overlapping, 

more research is needed to investigate whether and how enhanced neural sensitivity to aversive conditioned 

cues and enhanced sensitivity to drug-conditioned cues are related.  

In summary, this is the first study to show that cocaine use disorder is associated with hyper-responsiveness 

of the neural fear network during fear conditioning and extinction learning, possibly reflecting enhanced fear 

learning. Although the relation between aversive conditioning and stress-induced relief craving remains to be 

investigated, this study is an important contribution to the understanding of the role of aversive conditioning 

in, and the etiology of, substance use disorder.
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Supplementary material

Fear conditioning and extinction measurements and task

In this study a classical fear conditioning paradigm was used. Briefly, this paradigm consisted of a habituation, 

conditioning and extinction phase. The conditioned stimuli (CS) consisted of yellow and blue squares and 

the unconditioned stimulus (US) was an aversive electrical stimulation to the participant’s wrist. Before the 

imaging session, MR compatible carbon electrodes (Kendall H135TSG) for electrical stimulation were placed 

on the right wrist 1-2 cm apart. All subjects selected a level of shock intensity that was experienced as highly 

annoying but not painful, to be used in the experiment. Intensities could vary between 1 and 99 mA with a 

constant voltages of 400 V.  

In the habituation phase, the 4 CS+ and 4 CS- were presented in a pseudo-random manner. During the 

conditioning phase, the CS+ was paired with the US at a partial reinforcement rate of 33%. There were 18 

CS- trials, 12 CS+ trials that were unpaired with the US and 6 CS+ trials that were paired with the US. The US 

directly followed the offset of the CS+. After a break of approximate 30 seconds the extinction phase began. 

During this phase 18 CS+ trials and 18CS- trials were presented, but none of the CS+ trials were paired with 

an electrical shock. For each trial during the experiment, the CS+ and CS- were presented for 4 seconds, 

the US was presented for 2 ms, and the intertrial interval varied between 6.5 and 9.5 seconds during which 

a fixation cross was presented. Before onset of each phase subjects were instructed that they could receive 

electrical shocks and that they should pay attention on the relation between the visual stimuli presented and 

the electrical shocks.  

FMRI data acquisition and first-level analysis 

Images were acquired on a 3.0-T Achieva full-body scanner (Philips Medical Systems, Best, the Netherlands) 

using a 32 channel SENSE head coil. Echo planar images (EPIs) were taken covering the whole brain, with a 

total of 37 ascending axial slices (3x3x3mm voxel size; slice gap 3mm; TR/TE 2000ms/28ms; matrix 80x80). 

Also a T1-3D high resolution anatomical scan (TR/TE 8.2/3.7; matrix 240x187; 1x1x1 voxel; transverse slices) 

was taken.

 

fMRI data were analyzed using SPM8. Preprocessing included realignment, slice-time correction, coregistration 

of the structural and functional scans, normalization to MNI-space based on the segmented structural scan and 

smoothing with a kernel of 8 mm full-width at half maximum. First level models included separate regressors 

for CS-, CS+ paired with the US, CS+ unpaired with the US and the US itself, during habituation, conditioning 

and extinction blocks. These regressors were convolved with the canonical hemodynamic response function. 

Six realignment parameters were included as regressors of no interest. A high pass filter (1/128 Hz) was 

included in the first level model to correct for low frequency signal drift. 

Physiological data acquisition and analysis 

Skin conductance was measured simultaneously with fMRI acquisition. Skin-conductance response (SCRs) 

was measured using an MRI compatible GSR set with Ag/AgCl electrodes covered in isotonic gel (Brain 

Products GmbH, Germany) with a constant voltage of 0.5V. Electrodes were placed at the medial phalanges 

of the index and middle finger. SCR was recorded using Net Station (version 4.5.2) at a sample rate of 250 Hz. 

SCR was recorded from the onset to the end of the fear conditioning paradigm. The MRI artefact was removed 

using the MRI artefact removal tool in NetStation. Subsequently, the SCR signal was low-pass filtered using 

a cut-off value of 2 Hz.
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Exploring the effects of poly-substance abuse on the neural correlates of aversive conditioning and extinction 

learning

The relation between state anxiety and days since last use was tested by adding these covariates to the 

fMRI model, for early conditioning, late conditioning, early extinction and late extinction. To explore whether 

abnormalities in aversive conditioning and extinction were related to the amount of substance used, we 

aimed to test the relation between cannabis, nicotine, alcohol and cocaine use and the neural correlates of 

aversive conditioning and extinction learning. The data of drug use could  not be transformed to have a normal 

distribution. Therefore cocaine users were divided into mild or severe users of alcohol, nicotine and cocaine, 

based on the median split mild alcohol use < 19.9 glasses a week, severe alcohol use ≥ 19.9 glasses a week; 

no or mild nicotine use < FTND score of 5, severe nicotine use ≥ FTND score of 5; mild cocaine use <7.6 

grams per month, severe cocaine use ≥ 7.6 grams per month. Cannabis use was based on whether or not they 

used less than weekly (no to mild use ranging from 0 to 3.8 days per month) or more than weekly (severe user 

ranging from 4.3 to 30.3 days per month). Chi-square tests indicated that there was no relation between mild 

or severe use of the four substances.
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Supplementary table S1. Neural correlates of aversive conditioning and extinction: main task effects  
 Cluster size 

# voxels 
Cluster 
P-value 

Peak-Voxel 
z-value 

Voxel 
MNI-coordinates 

Voxel region 

Early Conditioning         
          CS+ > CS- 4703 <0.001 5.79 32 24 -4 R Insula 
   5.18 48 18 4 R Inferior frontal gyrus 
   3.92 42 4 38 R Precentral gyrus 
   3.8 44 8 14 R Rolandic operculum 
 3831 <0.001 4.31 -10 2 0 L Pallidum 
   3.03 -8 -8 10 L Thalamus 
   3.19 18 -10 4 R Thalamus 
 3420 <0.001 5.34 -30 22 -2 L Insula 
   4.2 -56 6 2 L Inferior frontal gyrus 
   3.47 -44 -4 54 L Precentral gyrus 
 966 0.028 4.85 60 -40 22 R Superior temporal gyrus 
 1111 0.015 4.56 -56 -26 22 L Supramarginal gyrus 
   2.42 -62 -42 16 L Superior temporal gyrus 
 3697 <0.001 4.38 0 16 22 L Anterior cingulate gyrus 
   4.24 -4 0 44 L Middle cingulate 
   4.35 10 14 36 R Middle cingulate 
   3.69 6 14 56 R Superior motor area 
          CS- > CS+ 1802 0.001 4.49 -2 -58 26 L Precuneus 
   3.62 10 -48 14 R Precuneus 
   3.57 -6 -42 34 L Posterior cingulate gyrus 
Late conditioning        
          CS+ > CS- 59758 <0.001 Inf -30 24 4 L Insula 
   Inf 36 28 -2 R Insula 
   Inf -6 8 38 L Middle cingulate gyrus 
   Inf -2 2 52 L Superior motor area 
   Inf 2 4 52 R Superior motor area 
   Inf -60 -30 22 L Superior temporal gyrus 
   Inf 64 -40 34 R Supramarginal gyrus 
   Inf -48 2 0 L Rolandic operculum 
 57 0.001 4.01 -20 0 -12 L Amygdalaa 

 16 0.045 2.94 32 -2 -12 R Amygdalaa 

        
          CS- > CS+ 2850 <0.001 6.1 -4 -60 24 L Precuneus 
   4.03 12 -52 12 R Precuneus 
   3.94 14 -48 10 R Calcarine cortex 
 1235 0.008 5.96 -46 -68 28 L Angular gyrus 
   2.46 -22 -86 32 L Superior occipital gyrus 
   2.64 -28 -84 34 L Middle occipital gyrus 
 982 0.026 5.83 46 -60 26 R Angular gyrus 
   3.18 32 -80 40 R Superior occipital gyrus 
   3.12 38 -76 38 R Middle occipital gyrus 
 962 0.029 4.38 -4 48 -12 L Medial orbital frontal gyrus 
   4.35 2 36 -18 R Gyrus rectus 
   4.26 -12 58 10 L Superior frontal gyrus 
   3.27 14 58 8 R Superior frontal gyrus 
   3.31 -26 28 50 L Middle frontal gyrus 
   3.15 8 38 -12 R Medial orbital frontal gyrus 
Early extinction        
          CS+ > CS- 1092 0.01 5.77 -52 -30 24 L Supramarginal gyrus 
 3799 <0.001 5.56 -36 14 4 L Insula 
   4.35 -52 4 6 L Inferior frontal gyrus 
   3.8 -42 0 12 L Superior temporal gyrus 
   3.47 -10 2 2 L pallidum 
   3.79 14 2 -2 R Pallidum 
   3.62 -24 4 8 L Putamen 
   3.53 8 -20 -8 L Red Nucleus 
   2.57 -10 -16 0 L Thalamus 
 2319 <0.001 5.47 34 24 -4 R Insula 
   4.68 42 22 6 R Inferior frontal gyrus 
   3.59 52 6 4 R Rolandic opperculum 
   2.57 42 10 -26 R Superior temporal pole 
 3211 <0.001 4.84 -8 10 42 L Middle cingulate gyrus 
   4.64 4 16 32 R Middle cingulate gyrus 
   4.57 -4 10 44 L Superior motor area 
   4.59 6 8 46 R Superior motor area 
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   4.57 -2 16 30 L Anterior cingulate gyrus 
   3.24 4 28 18 R Anterior cingulate gyrus 
   3.22 18 6 68 R Superior frontal gyrus 
 942 0.021 4.3 64 -38 22 R Superior temporal gyrus 
   4.29 60 -38 24 R Supramarginal gyrus 
        
         CS-> CS+ 2562 <0.001 5.48 54 -62 24 R Angular gyrus 
   4.33 36 -36 -14 R Parahippocampal gyrus 
   3.99 26 -32 -16 R Fusiform gyrus 

   3.91 46 -80 12 R Middle occipital gyrus 
   3.91 48 -76 10 R Middle temporal gyrus 
   3.61 46 -54 -16 R Inferior temporal gyrus 
   2.85 12 -46 2 R Lingual gyrus 
   2.82 14 -84 34 R Cuneus cortex 
 4644 <0.001 4.85 -24 20 50 L Middle frontal gyrus 
   5.35 -34 16 48 R Middle frontal gyrus 
   5.04 -12 50 36 L Superior frontal gyrus 
   4.82 -22 22 44 L Superior motor area 
   4.46 -8 48 -12 L Medial Orbital frontal gyrus 
 6673 <0.001 4.89 -60 -6 -16 L Middle temporal gyrus 
   4.7 -44 -64 36 L Angular gyrus 
   3.98 -30 -76 42 L Inferior parietal gyrus 
   3.97 -6 -54 24 L Precuneus cortex 
   3.86 -10 -50 26 L Posterior cingulate cortex 
   3.79 -12 -48 36 L Middle cingulate cortex 
   3.75 -22 -42 -12 L Fusiform gyrus 
 1010 0.015 3.24 62 -4 26 R Postcentral gryrus 
   3.14 34 -22 50 R Precentral gyrus 
Late extinction        
          CS+ > CS- 1884 <0.001 5.24 38 24 6 R Insula 
   3.41 56 12 4 R Inferior frontal gyrus 
   2.83 52 4 10 R Rolandic operculum 
 1262 0.004 4.73 -32 18 8 L Insula 
   3.21 -54 4 6 L Rolandic operculum 
 1139 0.008 3.37 -4 10 36 L Middle cingulate gyrus 
   3.7 12 16 40 R Middle cingulate gyrus 
   3.2 8 20 28 R Anterior cingulate gyrus 
   2.96 6 8 50 R Superior motor area 
        
          CS- > CS+ 3930 <0.001 5.08 8 -22 56 R Superior motor area 
   4.08 -10 -26 60 L Paracentral lobule 
   4.85 10 -26 58 R Paracentral lobule 
   4.56 58 -8 32 R Postcentral gryrus 
   3.84 40 -24 54 R Precentral gyrus 
 13937 <0.001 5.34 -14 -52 12 L Calcarine cortex 
   5.34 -26 -20 -16 L Hippocampus 
   5.14 26 -18 -18 R Hippocampus 
   5.33 -8 -56 18 L Precunues 
   5.11 -42 -70 38 L Angular gyrus 
   5.06 -4 -54 28 L Posterior cingulate cortex 
   4.65 22 -32 -10 R Parahippocampal gyrus 
 4405 <0.001 5.01 -20 28 54 L Superior frontal gyrus 
   4.76 4 40 -14 R Medial orbital frontal gyrus 
   4.21 -24 20 50 L Middle frontal gyrus 
 1105 0.009 4.83 -60 -10 36 L Postcentral gyrus 
 974 0.018 4.49 26 32 46 R Middle frontal gyrus 
   4.01 28 22 50 R Superior frontal gyrus 
 1125 0.008 4.13 56 -64 20 R Middle temporal gyrus 
   3.82 52 -62 24 R Angular gyrus 
   3.68 44 -58 24 R Precuneus 
   3.57 18 -84 38 R Cuneus 
   2.82 42 -76 18 R Middle occipital gyrus 
 71 0.003 3.80 -20 -8 -16 L Amygdalaa 

        
All results were p<0.05, cluster level family-wise error rate corrected with an initial height threshold of p=0.01 uncorrected   
aCorrected for the volume of the right amygdala, ppeak voxel<0.05 
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Supplementary table S2. Neural correlates of aversive conditioning and extinction: interactions with skin conductance 
response 
 Cluster size 

# voxels 
Cluster 
P-value 

Voxel 
z-value 

Peak voxel 
MNI-coordinates 

Voxel region 

Early Conditioning (CS+>CS-)   
     Positive correlations 13493 <0.001 5.4 30 -52 -28 R Cerebellum 
   4.34 0 -14 6 L Thalamus 
   4.13 46 6 -14 R Superior temporal pole 
 4875 <0.001 4.53 -2 -6 66 L Superior motor area 
   3.64 6 12 46 R Superior motor area 
   4.49 -6 0 38 L Middle cingulate gyrus 
   4.16 0 20 24 L Anterior cingulate gyrus 
   3.99 -32 -4 64 L Precentral gyrus 
   3.57 4 28 46 R Superior frontal gyrus 
 893 0.017 3.93 56 -40 22 R Superior temporal gyrus 
   3.45 52 -56 4 R Middle temporal cortex 
   3.11 60 -32 26 R Supramarginal gyrus 
   2.79 60 -22 48 R Postcentral gyrus 
           763 0.036 3.8 -64 -34 32 L Supramarginal gyrus 
   3.42 -62 -28 16 L Superior temporal gyrus 
   3.08 -62 -18 22 L Postcentral gyrus 
   2.87 -46 -20 16 L Rolandic operculum 
 97 0.004 3.74 -18 -2 -12 L Amygdala 
 28 0.020 3.26 18 -2 -14 R Amygdala 
Late conditioning  (CS+ > CS -) 
     Positive correlations 6643 <0.001 4.98 2 8 42 R Middle cingulate gyrus 
   3.68 -8 20 26 L Anterior cingulate gyrus 
   4.36 8 20 28 R Anterior cingulate gyrus 
   4.32 -10 -2 60 L Superior motor area 
   3.92 10 6 64 R Superior motor area 
   4.2 -60 -24 22 L Supramarginal gyrus 
   4.01 -48 -22 22 L Rolandic operculum 
   3.88 -34 -6 44 L Precentral gyrus 
   3.68 -12 -38 52 L middle cingualte 
 1896 0.001 4.67 60 10 4 R Rolandic operculum 
   4.19 34 26 4 R Insula 
   3.76 42 14 4 R Inferior frontal gyrus 
   3.2 32 6 -24 R Superior temporal pole 
   3.1 32 6 -32 R Parahippocampal gyrus 
 6 0.025 3.12 34 4 -26 R Amygdala 
Early extinction  (CS+ > CS -) 
     Negative correlation 2206 <0.001 4.78 -12 46 -6 L Medial orbital frontal gyrus 
   3.79 16 48 -6 R Medial orbital frontal gyrus 
   3.75 -18 54 24 L Superior frontal gyrus 
   3.3 -34 32 -10 L Inferior frontal gyrus 
   3.67 40 40 -8 R Inferior frontal gyrus 
   3.61 -2 34 0 L Anterior cingulate gyrus 
 1090 0.012 3.06 -8 -54 40 L Precuneus 
   3.98 10 -52 24 R Precuneus 
   3.86 -10 -40 36 L Middle cingulate gyrus 
   2.89 8 -44 32 R Middle cingulate gyrus 
   3.02 0 -52 32 L Posterior cingulate gyrus 
   2.5 -6 -64 22 L Cuneus 
   2.45 -12 -54 12 L Calcarine gyrus 
 1037 0.015 3.79 58 -60 20 R Middle temporal gyrus 
   3.6 42 -56 28 R Angular gyrus 
   3.05 56 -58 38 R Inferior parietal gyrus 
   2.93 36 -80 32 R Middle occipital gyrus 
Late extinction  (CS+ > CS -) 
     Positive correlation 8709 <0.001 3.97 -38 -18 -4 L Insula 
   4.61 52 8 2 R insula 
   3.88 -38 -26 20 L Rolandic operculum 
   4.14 42 6 12 R Rolandic operculum 
   4.13 20 2 -4 R Pallidum 
   3.95 -54 -22 18 L Supramarginal gyrus 
 4187 <0.001 4.12 -8 8 42 L Middle cingulate gyrus 
   3.98 10 16 36 R Middle cingulate gyrus 
   3.94 -10 24 30 L Anterior cingulate gyrus 
   3.82 6 14 50 R Superior motor area 
 2047 <0.001 3.88 62 -34 20 R Superior temporal gyrus 
   3.71 34 -14 -8 R Putamen 
   3.59 48 -32 24 R Supramarginal gyrus 
   2.5 42 -14 36 R Rrecentral gyrus 
All results were p<0.05, cluster level family-wise error corrected and p<0.01 voxel level uncorrected 
aCorrected for the volume of the right amygdala, p<0.05 voxel level family-wise error corrected 
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Supplementary table S3. Neural correlates of aversive conditioning and extinction: exploring the relation with 
state anxiety, and the type and amount of substance used 
 Cluster 

size 
# voxels 

Cluster 
P-value 

Voxel 
z-

value 

Peak voxel 
MNI-coordinates 

Voxel region 

Early extinction  (CS+ > CS -) 
     Mild > heavy cannabis use 1173 0.012 3.51 -58 -34 12 L Superior temporal gyrus 
   3.26 -60 -24 16 Left Supramarginal gyrus 
   3,16 -62 -2 14 L Postcentral gyrus 
   3,15 -50 -22 0 L Middle Temporal gyrus 
   3,01 -38 -26 14 L Herschl Gyrus 
   2,9 -56 0 10 L Rolandic Opperculum 
        
Late extinction  (CS+ > CS -)        
     Negative correlation STAI 1912 0.001 4.08 12 -52 -16 L/R Cerebellum 
        
   Mild  > Heavy cannabis use 1872 0.001 4,11 -60 6 8 Left inferior frontal gyrus 
   3,57 -52 -4 -2 L Superior temporal gyrus 
   3,38 -60 -34 8 Left middle temporal gyrus 
   3,17 -50 -26 28 L Supramarginal gyrus 
 

  
3,72 -20 -72 38 L Superior occipital gyrus 

     Heavy > Mild cocaine use 4464 <0.001 3,59 -34 -64 38 L Middle occipital gyrus 
   3,57 -28 -74 42 L inferior parietal 
   3,5 -26 -74 46 L Superior parietal gyrus 
   3,5 10 -34 36 R middle cingulate gyrus 
   3,39 -26 -70 36 L Superior occipital gyrus 
   3,3 -8 -46 30 L Posterior cingulate 
   3,29 -10 -52 50 L Precuneus 
 

2104 <0.001 
3,67 -40 28 8 L inferior frontal gyrus 

   3,49 -34 34 44 L Middle frontal gyrus 
   3,38 -32 26 10 L Insula 
   3,34 -8 48 48 L Superior frontal gyrus 
   3,05 -40 10 40 L Precentral gyrus 
        
All results were p<0.05, cluster level family-wise error corrected and p<0.01 voxel level uncorrected 
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Figure S1. The association between cannabis use and state anxiety on the neural correlates of fear  conditioning and extinction learning 
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Abstract
Appetitive conditioning refers to the process of learning cue-reward associations and is mediated by the 

mesocorticolimbic system. Appetitive conditioned responses are difficult to extinguish, especially for highly 

salient rewards such as food and drugs. We investigate whether aversive counterconditioning can alter reward 

reinstatement in the ventral striatum in healthy volunteers using functional Magnetic Resonance Imaging 

(fMRI). In the initial conditioning phase, two different stimuli were reinforced with a monetary reward. In the 

subsequent counterconditioning phase, one of these stimuli was paired with an aversive shock to the wrist. 

In the following extinction phase, none of the stimuli were reinforced. In the final reinstatement phase, reward 

was reinstated by informing the participants that the monetary gain could be doubled. Our fMRI data revealed 

that reward signalling in the ventral striatum following reinstatement was smaller for the stimulus that was 

counterconditioned with an electrical shock, compared to the non-counterconditioned stimulus. A functional 

connectivity analysis showed that aversive counterconditioning strengthened striatal connectivity with the 

hippocampus and insula. These results suggest that reward signalling in the ventral striatum can be attenuated 

through aversive counterconditioning, possibly by concurrent retrieval of the aversive association through 

enhanced connectivity with hippocampus and insula. 
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Introduction
Appetitive conditioning is the process by which cues (conditioned stimuli; CS) become associated with rewards 

(unconditioned stimuli; US) and subsequently acquire incentive salience (reward motivation) themselves 

(conditioned responses; CR)17. Once these conditioned responses are acquired they are difficult to extinguish, 

especially for highly salient rewards such as food and drugs168. For example, even after an extended period of 

abstinence, cue-induced reinstatement can occur after a single re-exposure to the drug itself, an associated 

stimulus or, environmental stress169. It is therefore important to gain insight into the mechanisms that underlie 

reward reinstatement and to find procedures to prevent reinstatement. 

One of the possibilities to prevent reward reinstatement could be counterconditioning. This is the process of 

pairing of a conditioned stimulus (CS+) with an unconditioned stimulus (US) that has a valence opposite to 

the valence of the original unconditioned stimulus (e.g. unpleasant shock experience versus pleasant drug 

experience)170. Several studies have shown that counterconditioning can reduce fear conditioned responses 

(e.g.171,172 and appetitive sexual responses (e.g.173.  However, studies that used counterconditioning to 

change appetitive conditioned responses are scarce. An early, non-experimental study suggested that the 

administration of electrical shocks to addicted individuals while they relived past drug using experiences 

can result in a low relapse rate during the 2 year follow-up174. Despite this early positive finding of aversive 

counterconditioning on relapse in drug addiction, similar effects have only recently been reported in 

experimental studies in which it was demonstrated that aversive counterconditioning is more effective than 

extinction in reducing reward motivation in humans175 and rats176. However, two important questions remain to 

be answered: (1) Does aversive counterconditioning also modulate reward reinstatement, and (2) what are the 

neurobiological mechanisms involved in aversive counterconditioning? This knowledge may help to develop 

aversive counterconditioning strategies to prevent relapse in addiction. 

The mesocorticolimbic pathway, which connects the ventral tegmental area (VTA) to the striatum, amygdala, 

hippocampus, ventral- and dorsal medial prefrontal cortex (vmPFC/dmPFC) plays an essential role in both 

reward and fear learning17,143. A recent animal study demonstrated that the ability to learn the association 

between a cue and a negative outcome was retarded if that stimulus was previously paired with a rewarding 

outcome. This effect was associated with heightened neural activity within the thalamus, insula, amygdala 

and ventral striatum177. To our knowledge, there is currently only one human study that reported on the 

neural correlates of counterconditioning, using a paradigm in which stimuli that previously predicted an 

aversive outcome, were paired with a rewarding outcome. Using this paradigm it was demonstrated that 

counterconditioning of conditioned fear responses was associated with reduced amygdala and hippocampus 

activation178. However there are no studies that assessed the neural correlates of aversive counterconditioning 

aiming to change reward conditioned responses. The current study therefore aims to investigate the neural 

mechanisms related to aversive counterconditioning of conditioned reward responses,  specifically focussing 

on the effects of counterconditioning on reward reinstatement. 

Given the increasing evidence of mesocorticolimbic interactions between aversive and appetitive learning, 

we hypothesized that aversive counterconditioning would reduce reward signalling following reinstatement 

within the mesocorticolimbic pathway. To test this hypothesis we developed a fMRI task that consisted of 

four phases: First, in the conditioning phase, two different stimuli were reinforced with a monetary reward if 

the participant hit the target on time. Second, in the counterconditioning phase, one of the stimuli was paired 

with an aversive electrical shock to the wrist. Third, in the extinction phase, none of the stimuli were reinforced 

neither by reward nor by shock. Fourth, in the reinstatement phase, reward was reinstated by informing the 

participants that the monetary gain could be doubled. It was expected that reward reinstatement in the ventral 

striatum would be prevented only for stimuli that were counterconditioned, but not for stimuli that were not 

counterconditioned. In addition, we explored whether differences in functional connectivity with the ventral 

striatum could explain the effectiveness of aversive counterconditioning.
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Materials and methods
Participants

Twenty-five healthy volunteers participated in this study (mean age 22.0 ± 2.1 S.D, 12 women).  Participants 

were recruited  at the University of Amsterdam. All participants had normal vision and reported taking no 

medication affecting the nervous system, including no illicit drugs. None of the participants used nicotine or 

more than 21 units of alcohol per week. Participants  were reimbursed for their time (€15) and won an additional 

€10 in the counterconditioning task. The study was approved by the ethics committee of the University of 

Amsterdam and all participants gave written consent to participate in the study.  

Experimental paradigm

The counterconditioning task was based on the monetary incentive delay task178–180 and consisted of four 

phases: a conditioning phase, a counterconditioning phase, an extinction phase and a reinstatement phase. 

During each phase the same stimuli (blue, yellow and purple squares; colours were counterbalanced across 

subjects) were shown: The counterconditioned CS+cc predicted a monetary reward during the conditioning 

phase but an aversive electrical shock to the wrist during the counterconditioning phase and was unreinforced 

during the other phases. The non-counterconditioned CS+nc, predicted a monetary reward during the 

conditioning phase, but was unreinforced during the other phases. The CS- was never reinforced. The 

monetary reward consisted of an image of €0,50. Participants were instructed that they could win between 

€0 and €10. The intensity of the electrical shock was individually adjusted, to be unpleasant but not painful. 

In the conditioning, extinction and reinstatement phase each stimulus was presented 20 times. In the 

counterconditioning phase, each stimulus was presented 3 times. Each trial started with a cue (the CS+cc, 

the CS+nc or the CS-) presented for 1000-3000 ms, followed by a target. If subjects responded to the target 

on time, the trial was reinforced with a monetary gain. The initial target duration was 270 ms. With every hit, 

the target duration was reduced by 18 ms, with every miss the target duration was increased by 36 ms. In this 

way the target duration was manipulated to ensure that approximately 50% of the trials were ‘hit’ trials and 

thus reinforced resulting in 10 reinforced CS+cc and 10 reinforced CS+nc trials. Feedback followed target 

offset immediately. The inter-stimulus interval varied between 1000-3000 ms. Before task onset, subjects were 

instructed which stimuli predicted a reward but that they had to respond to the target in all trials (including the 

non-rewarding trials). Doing so ensures that differences in neural responsiveness cannot be due to differences 

in motor preparation.  Also, subjects were informed that they could receive an electrical shock, but were not 

instructed about contingency. Reward was reinstated by presenting the following text to the participants: 

“You have already won €10. If you continue like this and keep responding on time, you can double your gain.” 

However, none of the post-reinstatement trials were actually reinforced. After the task, CS-US contingency 

awareness and CS valence were assessed using a visual analogue scale. 

This experimental paradigm was developed to study the effects of counterconditioning on reward reinstatement. 

Because of this design, the counterconditioning phase had only a limited number of trials and could therefore 

not be included in the fMRI and behavioural analysis. 

Valence and contingency ratings

Contingency awareness and valence for each CS was assessed using a visual analogue scale ranging from 

0 to 10: “How pleasant/unpleasant did you find this square?” and “How likely was it that this square was 

followed by a shock. 

Functional magnetic resonance imaging data acquisition and analysis

Images were acquired on a 3.0-T Achieva full-body scanner (Philips Medical Systems, Best, the Netherlands) 

using a 32 channel SENSE head coil. Echo planar images (EPIs) were taken covering the whole brain, with a 

total of 37 ascending axial slices (3x3x3mm voxel size; slice gap 3mm; TR/TE 2000ms/28ms; matrix 80x80). 

A T1-3D high resolution anatomical scan (TR/TE 8.2/3.7; matrix 240x187; 1x1x1 voxel; transverse slices) was 

acquired for spatial normalization purposes. Imaging data were analysed using SPM8 (http://www.fil.ion.

ucl.ac.uk/spm). Preprocessing included realignment, slice-time correction, co-registration of the structural 
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and functional scans, normalization to MNI-space based on the segmented structural scan and smoothing 

with a kernel of 8 mm full-width at half maximum. First-level models included separate regressors for the 

CS+cc, CS+nc and CS-, which were modelled separately for the conditioning and reinstatement phase. These 

regressors were convolved with the canonical hemodynamic response function with a duration of 0 seconds. 

Six realignment parameters were included as regressors of no interest. A high pass filter (1/128 Hz) was 

included in the first level model to correct for low frequency signal drift. The contrast images were entered into 

a second-level full-factorial design. 

To assess whether the paradigm resulted in a significant reward conditioned response, we tested the main 

effect of stimulus (CS+cc and CS+nc versus CS-) during the conditioning phase. Subsequently we tested 

the effect of counterconditioning on extinction and reinstatement by testing the main effect of stimulus type 

(CS+cc versus CS+nc) during extinction and reinstatement. To assess whether counterconditioning resulted 

in a reduction of reward signaling, we tested a phase (conditioning versus reinstatement) by stimulus type 

(CS+cc versus CS+nc) interaction effect. 

 

In order to assess whether differences in ventral striatal responsiveness were also associated with differences 

in ventral striatal functional connectivity, we used generalized psycho-physiological interaction analysis (gPPI126 

with the ventral striatum as a seed region to compare functional connectivity between the counterconditioned 

and non-counterconditioned CS+ conditions. The ventral striatum was defined as the nucleus accumbens 

from the Harvard-Oxford subcortical structure probability atlas.

All voxel-wise statistical tests were family-wise error (FWE) rate corrected for multiple comparisons (p<0.05). 

Whole brain analysis were corrected on the cluster level, using an initial height threshold on voxel level of 

p<0.01. Because of the a priori hypothesis on the role of the ventral striatum in appetitive conditioning, small-

volume corrections (SVC) on the peak level were applied86. 

Behavioural data analysis

The effects of counterconditioning on reaction time was assessed in a repeated measurements (rm)ANOVA with 

a test for a stimulus by phase interaction effect using SPSSv20 (Statistical Package for the Social Sciences). A 

one way ANOVA was used to test for differences in valence ratings for each CS type. 

RESULTS
Contingency and valence ratings

Nine participants (34.6%) were unaware of the contingency between the stimulus and the electrical shock. 

As these participants did not learn the association between the cue that predicted the electrical shock and 

the electrical shock itself, they were excluded from further analysis. The final sample therefore consisted 

of 16 participants (mean age 22.1 ± 2.0 S.D, 9 women). The rmANOVA showed that there was a significant 

difference in CS-valence ratings (F2,30=4.0, p=0.03). Follow-up paired sampled t-tests indicated that there was 

no significant difference in valence rating between the CS+cc and CS-, whereas the valence of CS+nc was rated 

significantly higher than the valence of the CS+cc (t
15=3.1, p=0.007) and CS- (t15=2.6, p=0.02). In other words, 

these results indicate that subjects ‘liked’ the stimulus that predicted a monetary gain in the conditioning 

phase better than the stimulus that was additionally counterconditioned with aversive shocks. 

Reaction times 

Repeated measurements ANOVA’s revealed no stimulus by phase interaction effect (F6,10=0.41, p=0.86) and 

no main effect of phase (F3,13=1.34, p=0.31). However, there was a main effect of stimulus type (F2,14=19.67, 

p<0.001). Follow-up tests revealed that there were no significant differences between the CS+cc and CS+nc 

reaction times (F1,15=1.73, p=0.29), but the reaction times to the CS- were significantly longer than the reaction 

times to the other two stimuli (F1,15=40.72, p<0.001), indicating that counterconditioning did not significantly 

affect the reaction time to the reward predicting cues.
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Table 1 Main effects of appetitive conditioning and effect of aversive counterconditioning on reward-reinstatement  
 Cluster size 

# voxels 
Cluster 
P-value 

Voxel 
z-value 

Peak voxel 
MNI-coordinates 

Voxel region 

Conditioning        
     CS+ > CS- 3220 <0,001 4,34 -2 -6 62 L Superior motor area 
              3,77 -34 -20 52 L Precentral 
   3,58 -46 -12 56 L Postcentral 
   3,55 -38 -26 54 L Postcentral 
   3,39 -6 0 44 L middle cingulate 
 1424 <0,001 4,18 6 14 -4 R Caudate 
   3,43 -10 12 -4 L Caudate 
   3,07 6 -18 10 R Thalamus 
   2,69 -6 24 -6 L Olfactory 
 81 0.008 3.43 -10 12 -4 L Nucleus accumbensa 

 110 0.001 4.18 6 14 -4 R Nucleus accumbensa 

        
     CS- > CS+ 1642 <0,001 4,48 -42 14 42 L Middle frontal gyrus 
 1456 0,001 4,44 -44 -56 36 L Angular gyrus 
   4,4 -54 -56 40 L Inferior parietal 
 881 0,013 4,4 50 -56 24 R Angular 
 2285 <0,001 4,11 -18 40 36 L Superior Frontal 
   3,85 16 26 54 R Superior Frontal 
   3,72 -40 46 -8 L Orbital Middle Fronal 
   3,45 -10 28 52 L Medial superior Frontal 
   3,34 -18 56 28 L Superior Frontal 
   3,26 8 42 44 R Medial Superior frontal 
   3,23 -44 42 -10 L Orbital Inferior Frontal 
   3,07 -8 32 50 L medial superior Frontal 
        
     CS+nc > CS+cc No significant voxels 
     CS+cc > CS+nc No significant voxels 
Extinction        
     CS+cc>CS+nc 

2191 <0.001 3,69 
-

14 -38 -20 L Cerebellum 
   2,8 12 -34 -20 R Cerebellum 
 

  2,53 
-

22 -44 -8 L Lingual gyrus 
        
        
        
Reinstatement        
     CS+cc > CS+nc No significant voxels 
     CS+nc > CS+cc 3702 <0,001 4,65 24 -54 -50 R Cerebellum 
 

  3,82 
-

28 -58 -50 L Cerebellum 
 1072 0,004 3,72 60 -34 50 R Supramarginal Gyrus 
   3,72 46 -30 50 R Postcentral gyrus 
   3,72 42 -40 52 R Inferior Parietal 
   3,45 34 -48 56 R superior parietal 
 20 0,034 2,91 12 10 -6 R Nucleus Accumbensa 

        
        
These contrasts reflect the difference between the CS- and both CS+  conditionsi (CS+cc and CS+nc) 
All results were p<0,05, cluster level FWE corrected with an initial height threshold of p=0.01 uncorrected   
aCorrected for the volume of the right nucleus accumbens, ppeak voxel<0,05 
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fMRI

During conditioning the CS+ (counterconditioned and non-counterconditioned) versus CS- contrast showed 

signifi cant activation of the ventral striatum, caudate nucleus and bilateral motor cortex and a signifi cant 

deactivation of the superior, middle and inferior prefrontal cortex (table 1). These results indicate that the task 

indeed elicited signifi cant activation of the reward network. In the conditioning phase there were no signifi cant 

difference in neural activation between the  counterconditioned and non-counterconditioned CS+. 

During the extinction phase, the counterconditioned CS+ elicited more activation than the non-

counterconditioned stimulus in the cerebellum and  lingual gyrus, but not the ventral striatum. Importantly, 

during the reinstatement phase, however, the non-counterconditioned CS+ elicited more activation than 

the counterconditioned CS+ in the ventral striatum  (fi gure 1A) as well as in the bilateral cerebellum and 

regions within the parietal cortex. Finally, follow-up analysis revealed that there was a signifi cant interaction 

effect between stimulus type (CS+cc and CS+nc) and phase (conditioning versus reinstatement) within 

the ventral striatum indicating that, compared to the conditioning phase, the ventral striatum response 

to the counterconditioned CS+ signifi cantly reduced after reinstatement, whereas the ventral striatum 

response to the non-counterconditioned CS+ did not change (fi gure 1B). These results suggest that 

aversive counterconditioning reduces reward signaling in ventral striatum following reinstatement. 

Figure 1. The neural response to counterconditioned versus non-counterconditioned CS+. The fi gures on the left show the neural responses 
to the counterconditioned versus the non-counterconditioned CS+stimuli in the ventral striatum (A). The bar graphs on the right (B) illustrate the 
response to the counterconditioned CS+ (CS+cc; black), non-counterconditioned CS+ (CS+nc; gray) and CS- (white) at the peak voxel (MNI: 12 10 

-6). The fi gures are displayed  at p<0.001 uncorrected for visualization purpose.

Figure 2. Functional connectivity of the ventral striatum. The fi gure shows differences in functional connectivity for the counterconditioned 
versus non-counterconditioned CS+ following reinstatement. Counterconditioning strengthened the functional connectivity of the ventral striatum 
seed region (left) with the left insula (A) and left hippocampus (B). The fi gures are displayed  at p<0.001 uncorrected for visualization purpose.
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Functional connectivity 

To further explore the effects of aversive counterconditioning on functional connectivity of the ventral striatum 

after reinstatement, we conducted a psychophysiological interaction analysis with the right ventral striatum 

as seed region. This analysis compared functional connectivity of the ventral striatum  following reinstatement 

during counterconditioned and non-counterconditioned CS+ conditions and showed that activity within the 

right ventral striatum following counterconditioned CS+ was more strongly coupled to activation in the left 

hippocampus insula and rolandic operculum, the right pallidum, thalamus and precuneus and the bilateral 

cerebellum than following non-counterconditioned CS+ (figure 2, table 2). Together with the fMRI analysis, 

these results indicate that counterconditioning increases functional connectivity to the ventral striatum, 

whereas it reduces neural responsiveness of the ventral striatum, following reward reinstatement. 

DISCUSSION
The tendency of conditioned reward reinstatement, even after an extended period of abstinence, is one of the 

hallmarks of addiction169.  The aim of this study was to gain a better insight in the neural mechanisms involved 

in conditioned reward reinstatement and to test whether aversive counterconditioning could attenuate the 

reinstatement of reward. The results demonstrate that aversive counterconditioning indeed reduced reward 

signalling within the ventral striatum following reward reinstatement. Dopaminergic projections from the VTA 

to the ventral striatum and prefrontal cortex are considered to play a key role in the processing of reward and 

it is well established that dopaminergic neurons within the ventral striatum increase their firing in response 

to conditioned stimuli that predict a reward39,143,181. Thus, reduced reinstatement related BOLD response 

within the ventral striatum following aversive counterconditioning may reflect reduced dopaminergic firing 

and thus reduced reward anticipation/expectation. This is confirmed by the finding that, on a behavioural 

level, the valence of the counterconditioned stimuli was scored significantly lower compared to the non-

counterconditioned stimuli. Thus previously rewarding stimuli that were paired with an aversive outcome were 

perceived as significantly less pleasant compared to previously rewarding stimuli that were never paired with 

an aversive outcome.       

                            

In addition to reduced ventral striatal responsiveness after reward reinstatement, we found that aversive 

counterconditioning also strengthened ventral striatal connectivity with the insula, hippocampus, thalamus, 

rolandic operculum and cerebellum. The insula is a key region in interoceptive processing182 and may therefore 

provide body-relevant information about the coding for aversiveness during reward related processing156.  For 

example, cues that predict an aversive outcome have been shown to elicit strong activation of the insula as 

well as the hippocampus, thalamus, rolandic operculum and cerebellum154. The hippocampus is involved in the 

retrieval of aversive memory183 and reward reinstatement184,185. Both the insula186–188 and the hippocampus 189 are 

	   	  

Table 2. Differences in ventral striatal connectivity following reward reinstatement 
 Cluster size 

# voxels 
Cluster 
P-value 

Voxel 
z-value 

Peak voxel 
MNI-coordinates 

Voxel region 

Reinstatement        
     CS+cc > CS+nc 4186 <0,001 4,32 26 -6 -6 R Pallidum 
    12 -24 -12 Brainstem 

    16 -4 12 R Thalamus 
    16 -52 22 R Precuneus 
 4014 <0,001 4.18 16 -56 -46 R Cerebellum 
    -14 -56 -12 L Cerebellum 
    -30 -34 -4 L Hippocampus 
    -40 -20 20 L Rolandic Opperculum 
    -36 -20 22 L Insula 

     CS+nc > CS+cc No significant voxels 
All results were p<0.05, cluster level FWE corrected with an initial height threshold of p=0.01 uncorrected   
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anatomically and functionally connected to the ventral striatum. Given this connection it has been suggested 

that these regions interact dynamically during reward processing and decision making156,189. Similarly, 

increased insula-hippocampus functional connectivity has been demonstrated during the consolidation of 

fear190.  Therefore, the current  finding of increased striatal connectivity with the insula and hippocampus after 

aversive counterconditioning is likely to reflect enhanced retrieval of the aversive (bodily) state associated with 

the electrical shock, thereby disrupting the retrieval of the appetitive reward memory previously associated 

with the CS+, resulting in reduced reward signalling within the ventral striatum following reward reinstatement.  

Previous studies have demonstrated that aversive counterconditioning is more effective than extinction in 

reducing appetitive conditioned responses (e.g. cue-induced chocolate craving)175 and several other studies 

observed an interaction between aversive and appetitive processes in associative-learning and decision making 

in the mesocorticolimbic pathway178,191,192. Our results contribute to these previous findings by demonstrating 

that aversive counterconditioning attenuates reward signalling within the ventral striatum following reward 

reinstatement, possibly by enhancing striatal connectivity with the hippocampus and insula. 

The results of our study also support the hypothesis that aversive counterconditioning could be a successful 

method for changing appetitive conditioned responses in addiction174,175,193,194. However, addiction is generally 

characterised by compulsive drug seeking, defined as persisting in the face of adverse consequences41,195. In 

line with this, addicted individuals typically show diminished behavioural and neural sensitivity to monetary 

punishment196–199. This suggests that while aversive counterconditioning may be an effective method to modify 

appetitive conditioned responses in healthy individuals, addicted patients may actually be insensitive to 

aversive counterconditioning. However, to our knowledge, this is the first study to report on findings of an 

experimental paradigm that enables the investigation of the effect of a negative consequence other than a 

monetary loss on reward anticipation. Using this paradigm to investigate aversive-appetitive interactions not 

only in healthy but also addicted individuals may thus allow for the development of better pharmacological or 

behavioural treatments for substance dependence143.

It should be noted, however, that while we aimed to extinguish the reward conditioned response, the ventral 

striatum did not show a differential effect already during the extinction phase, immediately after aversive 

counterconditioning. Further exploration of the results suggested that ventral striatal activation during extinction 

was increased compared to the conditioning phase. This was true for both the counterconditioned as non-

counterconditioned stimulus. A possible explanation for these initial increases in ventral striatum activation is 

that both anticipation of an aversive and anticipation of a rewarding outcome induces dopaminergic excitation 

within the ventral striatum39,143. Nonetheless, compared to the conditioning phase, ventral striatum activation 

after the entire extinction phase and following reinstatement was significantly reduced for the counterconditioned 

but not the non-counterconditioned stimulus. Because the current paradigm did not seem to induce extinction 

of the reward conditioned response to the non-counterconditioned stimulus, the psychological mechanism 

underlying the attenuation of the ventral striatal response remains unclear. The reduction of its response after 

reinstatement due to competitive positive and negative associations is consistent with the ventral striatal 

role in value coding. However, the initial non-selective increase during extinction appears more consistent 

with salience signalling. Yet another interpretation is that counterconditioning attenuates the reinstatement 

of reward, though the ventral striatal response to the non-counterconditioned stimulus did not decrease over 

time. Future studies should aim to disentangle these interpretations, possibly by altering stimulus value by 

manipulating the rewarding and aversive reinforcers, as well as the number of extinction trials to obtain full 

extinction prior to reinstatement. Regardless of these possible interpretations, this study demonstrates that 

reward signalling in the ventral striatum can be attenuated using aversive counterconditioning. 

An important limitation of this study is that a relatively large proportion of the recruited subjects (34.6%) remained 

unaware of the CS-US contingency and was therefore excluded from the analysis. This large percentage of 

subjects unaware of the CS-US contingency could be explained by the relatively short counterconditioning 
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phase (each CS and the US was only presented three times) and future studies may consider using a longer 

counterconditioning phase. Nevertheless, even this short counterconditioning phase showed to be effective in 

two-thirds of the participants. Impaired CS-US learning might even form a risk for impaired decision making, 

risky behaviour or even addiction, mediated by an abnormal interaction between aversive and appetitive 

processes, which could be explored in future studies. A second limitation is that our paradigm did not include a 

behavioural measure of reward reinstatement as all subjects were instructed to keep responding to the target, 

even though the trials were not rewarded. As such, the only behavioural measure of reward reinstatement 

is a difference in valence rating for the counterconditioned and non-counterconditioned stimulus. Future 

studies should therefore include a more detailed measure of reward reinstatement  in order to investigate the 

behavioural effect of counterconditioning on reward reinstatement.

In conclusion, these results show that aversive counterconditioning prevents reward-signalling of the ventral 

striatum following reinstatement in healthy volunteers, thereby providing important evidence of how aversive 

counterconditioning could reduce appetitive conditioned responses. 
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Abstract 
In cocaine-dependent patients, grey matter (GM) volume reductions have been observed in the frontal lobes 

that are associated with duration of cocaine use. Studies are mostly restricted to treatment-seekers and studies 

in non-treatment seeking cocaine abusers are sparse. Here, we assessed GM volume differences between 

30 non-treatment-seeking cocaine-dependent individuals and 33 non drug using controls using voxel-based 

morphometry (VBM). Additionally, within the group of non-treatment-seeking cocaine-dependent individuals, 

we explored the role of frequently co-occurring features such as of trait impulsivity (Barratt Impulsivity Score, 

BIS), smoking, depressive symptoms (Beck Depression Inventory (BDI), as well as the role of cocaine use 

duration, on frontal GM volume. Smaller GM volumes in non-treatment-seeking cocaine-dependent individuals 

were observed in the left middle frontal gyrus. Moreover, within the group of cocaine users, trait impulsivity was 

associated with reduced GM volume in the right OFC, the left precentral gyrus and the right superior frontal 

gyrus, whereas no effect of smoking severity, depressive symptoms or duration of cocaine use was observed 

on regional GM volumes. Our data show an important association between trait impulsivity and frontal GM 

volumes in cocaine-dependent individuals. In contrast to previous studies with treatment-seeking cocaine-

dependent patients, no significant effects of smoking severity, depressive symptoms or duration of cocaine 

use on frontal GM volume were observed. Reduced frontal GM volumes in non-treatment-seeking cocaine-

dependent subjects are associated with trait impulsivity and are not associated with co-occurring nicotine 

dependence or depression.
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Introduction
Impulsivity is an inherent feature of drug dependence and is closely related to frontal lobe function52. In 

drug dependence, loss of control over drug use (driving the individual towards excessive drug use) and 

impulsiveness (leading to early relapse following periods of abstinence) are examples of related frontal lobe 

dysfunction. Smaller gray matter (GM) volumes in frontal cortical areas (in the middle frontal gyri and the 

orbito- and dorsolateral frontal cortices) have been repeatedly reported in cocaine-dependent individuals 

compared to non drug users200–210. Reduction in volume of frontal lobes (orbitofrontal cortex (OFC) and middle 

frontal gyrus) has also been associated with the duration of cocaine use44,211 and with measures of impulsive 

action and impulsive choice44,51,53, inherent features associated with frontal lobe dysfunction and increased in 

cocaine- and drug-dependent individuals54. In the (medial) OFC, GM volume reductions were also observed 

in cocaine-dependent patients abstinent from 20 days204 up till 5 years206 suggesting long-term brain volume 

abnormalities as a consequence of chronic cocaine use or as a characteristic inherently present in individuals 

vulnerable for cocaine dependence. The above mentioned studies were mainly performed in treatment-seeking 

cocaine-dependent patients53,201,202,204,206–208,211 or in current cocaine abusers recruited via local advertisement 

or via unknown inclusion routes and thus without information regarding treatment seeking status200,205,210. 

Currently, only one study provides structural brain imaging data from identified non-treatment seeking 

cocaine-dependent individuals44. However, we believe it is important to take the treatment-seeking condition 

into account, because treatment-seeking is associated with severity and duration of dependence212–214, the 

presence of more (severe) comorbid disorders215 and more serious cognitive impairments and related social 

dysfunctions, which in themselves are also related to reductions in brain volume216–218. Thus, investigating a 

population of non-treatment seeking cocaine-dependent individuals provides data that are less influenced by 

the duration and the severity of addiction and by complex comorbidities than in treatment-seeking cocaine-

dependent individuals.

Cocaine-dependent individuals are characterized by high levels of impulsivity, depressive symptoms, and 

comorbid drug use, especially smoking54,55. However, the combined influence of these variables on brain 

morphology in non-treatment seekers has not been previously explored. A few studies have investigated 

the effects of impulsive traits44,53, impulsive action and motor performance44,205 and decision making206 on 

GM volume reductions in cocaine dependent individuals and two studies assessed the additional effect of 

comorbid nicotine use on cocaine-related GM volume reductions200,205, whereas no studies simultaneously 

investigated the effects of depressive symptoms in these samples. These variables (i.e., impulsivity, smoking 

and depressive symptoms) individually also correlate with volume reductions in frontal brain structures with 

correlations being most prominent for depression219 and impulsivity52. The correlation is less clear for smoking. 

Studies report reduced frontal volumes associated with nicotine dependence200,220, but these findings only 

held for the anterior cingulate cortex (ACC) in a meta-analysis covering nicotine structural imaging studies221. 

In this study, we investigate GM volume differences between non-treatment-seeking cocaine-dependent 

individuals and non-drug using controls. Additionally, in non-treatment-seeking cocaine-dependent individuals, 

we investigate the relationship between frontal GM volume and self-reported impulsivity, comorbid nicotine 

use and the presence of depressive symptoms, and we investigate the relationship between duration of 

cocaine use and frontal GM volume.
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Material and Methods
Subjects

Cocaine using and non-drug using control males (aged between 20 and 55 years old) were recruited between 

September 2011 and December 2012 through local advertisement in the metropolitan area of Amsterdam 

(the Netherlands). Cocaine users only passed the screening if using cocaine regularly, i.e., using at least 

1 g of cocaine per week during at least twelve consecutive months prior to inclusion. Control males were 

included when never having used cocaine. Both the cocaine using and non-drug using males were asked 

to participate in this study during the same time period, and included (and scanned) within the same period. 

Participants from the cocaine using group were only invited to participate in the research and were not asked 

to initiate treatment. Alcohol and nicotine use were allowed in both groups. Subjects were excluded from study 

participation when currently taking medication, having a prior or current diagnosed psychiatric (including drug 

dependence, except for nicotine dependence that was not an exclusion criterion) or neurological disorder, 

when having suffered head trauma, or when having metal in their body. Cocaine users were excluded if they 

reported having searched for treatment related to cocaine use prior to study inclusion. Cocaine was the 

primary preferred substance. All subjects were paid for their participation.

The study was approved by the Ethical review Board of the Academic Medical Center of the University of 

Amsterdam, the Netherlands. All subjects gave written informed consent.

Clinical assessments

Drug use (cocaine, alcohol, nicotine, cannabis, ecstasy, speed, opiates and sedatives) was documented prior 

to study inclusion using in-house drug use questionnaires and cocaine dependence was diagnosed upon 

study inclusion according to DSM-IV criteria using the Mini International Neuropsychiatric Interview (MINI69). 

Only regular cocaine users including the criteria for current DSM-IV cocaine dependence and not meeting 

criteria for any other substance dependence diagnosis were included in the study. 

Trait impulsivity was assessed using the Barratt Impulsivity Scale (BIS84) and the three main dimensions 

including motor, non-planning and attentional impulsivity were computed. Nicotine dependency scores were 

assessed using the Fagerström Test for Nicotine Dependence (FTND82). Depressive symptoms were assessed 

using the Beck Depression Inventory (BDI222). Subjects were additionally characterized on levels of premorbid 

intelligence (IQ; using the Dutch variant of the National Adult Reading Test (DART81). 

Image acquisition 

Images were acquired on a 3.0-T whole body MR scanner (Philips Achieva) with a 32 channel SENSE head 

coil. Three-dimensional T1-weighted images with the following parameters: repetition time (TR) = 8.24 ms, 

echo time (TE) = 3.79 ms, flip angle = 8°, slice thickness = 1 mm, scan resolution = 240 mm x 240 mm, field-

of-view (anterior-posterior/feet-head/right-left) = 240/240/220 mm, voxel size = 1 mm³, were obtained for 

voxel-based morphometry (VBM) analysis. The head was stabilized with foam for minimal head movement.

Image processing

For detection of structural brain differences, the VBM8 toolbox embedded in SPM8 (Statistical Parametric 

Maping; Wellcome Department of Cognitive Neurology, London UK) and running on Matlab 2012b (The 

MathWorks Inc, Natick, Massachusetts) was used. Scans were manually checked for movement and ringing-

like artifacts. Images were segmented into grey and white matter, spatially normalized to MNI space using the 

high-dimensional DARTEL template223 and resampled into 1.5 mm isotropic voxels corrected for global brain 

volume using non-linear modulation. Hidden Markov Random Fields (HMRF) of 0.15 and a multi-threaded 

Spatial Adaptive Non-Local Means (SANLM) de-noising filter were applied to remove spatial noise. Smoothing 

was performed with an 8-mm Full Width at Half Maximum (FWHM) Gaussian kernel and the smoothed GM 

images were used for statistical analysis.
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Statistical analysis

Group differences in questionnaire scores were assessed using independent-samples T-tests or non-

parametric tests when appropriate in SPSS v20 (Statistical Package for the Social Sciences). Categorical data 

were analyzed using Chi-square tests in SPSS v20. Correlations between clinical assessments were analyzed 

using partial correlations with age as a covariate. Data are presented as means ± standard deviations (SD) or 

as median ± interquartile range where appropriate. A p value < 0.05 was considered statistically significant.

GM images were analyzed using voxel-wise statistical tests in SPM8 with age as covariate. Differences between 

cocaine dependent subjects (COC) and non drug using healthy controls (HC) were assessed using ANCOVA. 

Correlations within the COC group between brain volume and impulsivity subscores, nicotine and depression 

scores, and duration of cocaine use were assessed using multiple regression. Four separate models were 

used to assess the effects of (1) the three impulsivity subscores, (2) FTND, (3) BDI and (4) duration of cocaine 

use on regional frontal volume separately. Another model included all questionnaires (i.e., BIS, BDI and FTND) 

to assess whether possible correlations remained significant after correction for all other measures. All voxel-

wise statistical tests were family-wise error (FWE) corrected (p < 0.05) for multiple comparisons across the 

whole brain or the region-of-interest (ROI) using a small volume correction (SCV86) at the cluster level with 

an initial height threshold of p < 0.001 uncorrected and non-stationary correction224. Because of our a priori 

hypothesis about the frontal cortex, we defined a frontal ROI using the Automated Anatomic Labeling atlas 

(AAL88 of the WFU Pickatlas toolbox87,225 containing all prefrontal brain regions, including the ACC.

To explore whether differences in GM were accompanied with differences in white matter (WM), we also 

performed the same analyses with the WM images. 

Results
Subjects and clinical assessments

A total of 30 COC and 33 HC were included and all participated in the study. Subjects were of similar age 

(COC: 32 ± 9 years; HC: 33 ± 9 years; p = 0.733) and IQ (COC: 103 ± 8; HC: 106 ± 9; p = 0.196). Cocaine 

users reported higher BIS impulsivity scores in all three dimensions (see Table 1) and higher BDI depression 

scores (COC: 11 ± 6; HC: 3 ± 5; p < 0.001) compared to HCs. Smokers in both groups did not differ in mean 

FTND nicotine dependency scores (COC: 5 ± 2; HC: 4 ± 2; p = 0.444). However, there were significantly more 

smokers in the COC compared to the HC group (COC: 80% smokers; HC: 15% smokers; p < 0.001). Similar 

proportions of alcohol consumers were found in both groups (COC: 87% alcohol consumers; HC: 83% alcohol 

consumers; p = 0.430), but regular cocaine users drank more alcohol weekly compared to HCs (COC: 163 g 

± 131 g; HC: 82 g ± 80 g; p = 0.009). There was no use of illegal substances in the HC group. In contrast, the 

COC group included recreational cannabis- (40%), ecstasy- (33%), amphetamine- (20%) and sedative users 

(7%). Regular cocaine users used cocaine during on average 7 ± 5 consecutive years, on an average of 2 ± 1 

days per week with a mean of 2.6 ± 1.9 g of cocaine per session. 

Table1. Trait impulsivity scores as assessed using the Barratt Impulsivity 
Scale(BIS),including the three main dimensions: attentional impulsiveness, 
motor impulsiveness, and non-planning impulsiveness. 
 COC 

n=30 
HC 
n=33 

p-value 

Total 73.8±7.8 59.4±6.9 <0.001 
Attentional impulsiveness 17.7±5.1 11.9±3.6 <0.001 
Motor Impulsiveness 24.5±6.5 20.5±4.1 0.005 
Non-planning Impulsiveness 28.5±4.4 15.5±5.4 <0.001 
Data are presented as mean±standard deviation. A p-value <0.05 
was considered significant.  
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VBM group difference analysis

Voxel-wise group comparisons revealed smaller GM volumes in cocaine users compared to controls only in 

the left middle frontal gyrus (coordinates x y z = -33 23 37; k = 1404; Z = 4.39; p (FWE) = 0.002; see Figure 

1). No larger regional GM volumes were observed in COC compared to HC. Also, there were no WM volume 

differences between non-treatment-seeking cocaine-dependent individuals and non-drug using controls.

Correlation analyses in non-treatment-seeking cocaine-dependent individuals

In non-treatment-seeking cocaine-dependent individuals, no significant correlations were found between BIS 

subscale scores and duration of cocaine use (all r < 0.17; all p > 0.391), BDI (all r < 0.21; all p > 0.261) or FTND 

(all r < 0.31; all p > 0.147). Also, BIS subscale scores were not significantly inter-correlated (all r < 0.18; all p 

> 0.340).

Voxel-wise correlations with GM volume showed that attentional impulsiveness was significantly negatively 

associated with the right OFC (encompassing the superior, middle and inferior gyri; coordinates x y z = 21 38 

-14; k = 562; Z = 4.13; p (FWE) = 0.028) and the left precentral gyrus (coordinates x y z = -41 0 48; k = 352; 

Z = 3.87; p (FWE) = 0.029), whereas a positive correlation was observed between motor impulsiveness and 

volume of the right superior frontal gyrus coordinates (coordinates x y z = 18 41 48; k = 646; Z = 4.50; p (SVC) 

= 0.038). Measures of non-planning impulsiveness were positively associated with volume in the right inferior 

parietal gyrus (coordinates x y z = 51 -51 52; k = 415; Z = 4.85; p (FWE) = 0.040).

 

FTND scores (nicotine dependency) and BDI scores (depressive symptoms) were not correlated with GM 

volumes in non-treatment-seeking cocaine-dependent individuals, and BIS attentional impulsiveness and GM 

volume remained significantly correlated after controlling for BDI and FTND scores in the right OFC (inferior 

and superior gyri; coordinates x y z = -27 26 -15; k = 158; Z = 3.73; p (SVC) = 0.020) and in the left precentral 

gyrus (coordinates x y z = -39 0 48; k = 301; Z = 3.97; p (FWE) = 0.040). The positive correlation between motor 

impulsiveness and volume in the right superior frontal gyrus also remained significant (x y z = 17 41 48; k = 

646; Z = 4.25; p (FWE) = 0.044). For non-planning impulsiveness, a trend remained with GM volume correlation 

in the right inferior parietal gyrus (coordinates x y z = 51 -52 54; k = 338; Z = 4.62; p (FWE) = 0.082) (Figure 2). 

No significant associations between duration of cocaine use and frontal GM volume were observed. 

Figure 1. Mean smaller grey matter volumes observed in 30 non-treatment-seeking cocaine-dependent individuals compared to 33 non 
drug using controls in the left middle frontal gyrus using whole-brain voxel-based morphometry analysis. Significant clusters (p < 0.05 
corrected, at a height threshold of p < 0.001, uncorrected) are shown on an underlying Montreal Neurological Institute (MNI) template brain 
(left = left). Statistical tests between groups were performed using ANVOCA covariated for age in SPM8. The red/orange scale represents the 
corresponding T values.
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Figure 2. Visual representation of the correlation between Barratt Impulsivity Scale (BIS) subscores and frontal gray matter volume in non-
treatment-seeking cocaine-dependent individuals. positive correlations are shown between (A) BIS attentional impulsivity and right orbitofrontal 
cortex volume, (B) BIS attentional impulsivity and left precentral gyrus volume, and negative correlations between (C) BIS motor impulsivity and right 
superior frontal gyrus volume and (D) BIS non-planning impulsivity and right inferior parietal gyrus volume, derived from the model including both 
BDI and FTND covariates. Left panels: coronal sections illustrating the significant clusters (p < 0.05 corrected, at a height threshold of p < 0.001, 
uncorrected). Right panels: scatter plots illustrating the correlations in the anatomically defined regions of interest.
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Discussion
In non-treatment-seeking cocaine-dependent individuals compared to non-drug using healthy controls, 

significant GM volume reductions were found in the left middle frontal gyrus. Right OFC and left precentral 

gyrus volumes were negatively correlated with attentional impulsiveness. Motor impulsiveness was positively 

correlated with superior frontal gyrus volume and non-planning impulsiveness with volume in the right inferior 

parietal gyrus. No significant correlation was observed with nicotine dependence or depressive symptoms, 

suggesting that the association between frontal GM and trait impulsivity is little influenced by smoking severity 

and depressive symptoms. Finally, no significant associations between duration of cocaine use and frontal GM 

volume were observed.

The findings of smaller frontal GM volume (in the middle frontal gyrus) in non-treatment-seeking cocaine-

dependent individuals compared to non-drug using controls is in correspondence with the current literature 

of reduced frontal GM volume in treatment-seeking cocaine-dependent patients53,204,206. The most consistent 

findings of frontal GM differences in cocaine-dependent patients compared to controls are smaller volumes 

in (medial) OFC, which we did not replicate in this sample of non-treatment-seekers compared to non-drug 

using controls. However, smaller (medial, inferior and superior) OFC brain volume significantly correlated with 

measures of (attentional) impulsivity. These findings are in line with the current literature observing correlations 

between OFC volume and impulsivity in treatment-seeking cocaine-dependent patients51,206, in non-treatment-

seeking cocaine users44 and in non-drug users52

It has been proposed that greater volumes of OFC and PFC imply greater trait impulsivity (measured using 

the BIS) in healthy subjects52, but negative correlations between OFC volume and BIS trait impulsivity have 

been hypothesized and documented as well51. A study assessing impulsivity in cocaine-dependent patients 

found a positive association between frontal volume and trait impulsiveness (measured using the UPPS) in 

cocaine-dependent patients, but an opposite pattern in non-drug using healthy controls53. In contrast, we 

observed a negative correlation between frontal GM volumes and attentional impulsiveness in non-treatment-

seeking cocaine-dependent individuals and a positive correlation between frontal GM volume and motor- 

and non-planning impulsiveness. This could indicate that, in non-treatment-seeking cocaine-dependent 

patients, the associations between frontal GM volume and impulsiveness are more closely associated with 

brain morphometry of high impulsive individuals compared to brain morphology of treatment-seeking cocaine 

dependent patients. Also, as presented in this study, frontal GM volume correlated either negatively (attentional 

impulsivity) or positively (e.g. for motor impulsivity) with BIS subscale scores in non-treatment-seeking 

cocaine-dependent individuals. Different prefrontal cortical regions are thought to be preferentially involved 

in complementary aspects of cognitive control to produce appropriate behaviour132. The negative association 

between attentional impulsiveness and OFC and precentral gyrus volume suggests that these brain regions 

may be particularly involved in the cognitive control of behaviour in cocaine-dependence, whereas the positive 

association between motor impulsiveness and superior frontal gyrus volume suggests that this brain region 

may be particularly involved in the behavioural aspect of impulsiveness. This proposes a neurobiological 

dissociation between measures of impulsiveness, as indicated by a lack of correlation between the three BIS 

subscale scores here observed and by separate studies that do not observe correlations between BIS scores 

and neuropsychological cognitive and motor impulsivity tasks226,227. It should be mentioned that the correlation 

between right inferior parietal gyrus GM volume and non-planning impulsivity did not remain significant 

after controlling for smoking severity and depressive symptoms. However, a trend remained, suggesting an 

influence of smoking and/or depressive symptoms on GM volume in the parietal lobule, which should be 

investigated further.
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No effect of smoking comorbidity or depressive symptoms on frontal GM volume was observed in this sample 

of non-treatment-seeking cocaine-dependent individuals, in contrast to previous reports that observed 

volume reductions in frontal lobes associated with smoking and depression. This study does not exclude 

the possibility that comorbid nicotine use and depressive symptoms account for further frontal GM volume 

reduction, however, these might be especially important with increased severity and duration of dependence 

symptoms such that additional reductions may only occur in subjects with an extended duration and/or 

severity of addiction symptoms.  

We were not able to demonstrate an association between frontal GM volume and duration of cocaine use. 

One could hypothesize that frontal volume reduction is part of a primary feature of high-impulsive individuals 

and an inherent risk factor for the development of cocaine dependence rather than a direct consequence of 

cocaine use or cocaine dependence. However, one cannot exclude a further influence of cocaine use on a 

further reduction of frontal GM volume when duration and/or severity of dependence is extended, which might 

additionally contribute to the more severe symptoms of dependence, cognitive impairments and comorbidities 

observed in, e.g., treatment-seeking cocaine-dependent individuals. While this remains a largely unresolved 

question, in studies in treatment-seeking cocaine abusers using cocaine for approximately 10 years or 

longer, duration of cocaine use was associated with ACC, OFC, insula and striatal volume reductions208. This 

correlation between GM volume and duration of cocaine use was also observed in a recent study in non-

treatment-seeking cocaine dependent subjects44. This correlation is likely lacking in our study due to our 

smaller sample size or due to lower exposure (smaller range in years that cocaine was used; 7 ± 5 vs. 10 ± 7) 

compared to Ersche et al. Some studies propose that reduction of white matter, but not GM, correlates with 

duration of cocaine use204,209. However, we were unable to replicate these findings in non-treatment-seeking 

cocaine-dependent individuals.

This study includes a well-defined population of non-treatment-seeking cocaine-dependent individuals. As a 

result, it provides valuable information on a group of cocaine-dependent individuals who are often understudied. 

Limitations of this study should also be noted. Adding a group of treatment-seeking cocaine-dependent 

individuals could provide us with more information by a direct comparison of volume differences between 

treatment-seeking and non-treatment-seeking cocaine-dependent individuals and towards entangling the 

possible opposite correlation between impulsive traits and frontal GM volume, and this should be investigated 

in future studies. Also, individuals with major depressive disorder were excluded from participation, but, in 

future studies, it would be interesting to investigate the influence of the presence of MDD on brain volume 

in non-treatment seeking cocaine-dependent individuals as well. Analysis of the association between ROI 

volume and impulsivity, smoking and depression scores should then also be investigated in larger sample sizes 

in treatment-seekers compared to non-treatment-seekers, or in non-treatment-seekers compared to non-drug 

using controls. As such, replication of these findings is needed. Finally, in further studies towards GM volume 

reductions associated with nicotine dependence, the amount of cigarettes/nicotine used should be addressed 

instead of smoking severity alone. 

In summary, this study provides evidence that frontal brain volume (middle frontal gyrus) is smaller in non-

treatment-seeking cocaine-dependent individuals compared to non-drug using healthy controls, and that 

smaller volume in the OFC and precentral gyrus is associated with attentional impulsiveness. Hypothetically, 

structural differences may (at least partly) predate the development of cocaine dependence and be related 

to impulsive traits; however, this question remains largely unresolved. In conclusion, our data suggest that 

reduced frontal GM volumes in non-treatment-seeking cocaine-dependent subjects are associated with trait 

impulsivity and are not associated with co-occurring nicotine dependence or depression.
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Abstract
Background: Trait impulsivity is commonly associated with cocaine dependence. The few studies that have 

investigated the relation between trait impulsivity and cortical morphometry, have shown a distinct relation 

between impulsivity and cortical volume (CV) of temporal, frontal and insula cortex. As CV is the function of 

cortical surface area (SA) and cortical thickness (CT) impulsivity may be differently associated to SA than to CT.  

Method: Fifty-three cocaine users (CU) and thirty-five controls (HC) (males aged 18-55 years) completed 

the Barrat Impulsiveness Scale and a structural scan was made on a 3T MRI scanner. CV, SA and CT were 

measured using Freesurfer. Multivariate analysis was used to test for group differences and group by impulsivity 

interaction effects in CV, SA and ST across 9 regions of interest in the temporal, frontal and insular cortices. 

Possible confounding effects of drug- and alcohol exposure were explored.   

Results: Compared to HC, CU had a smaller SA of the superior temporal cortex but a larger SA of the insula. 

There were divergent relations between trait impulsivity and SA of the superior temporal cortex and insula 

(positive in HC, negative in CU) and CT of the anterior cingulate cortex (negative in HC, positive in CU). Within 

CU, there was a negative association between monthly cocaine use and CT of the insula and superior temporal 

cortex.  

Discussion: The distinct relation between trait impulsivity and cortical morphometry in CU and HC might 

underlie inefficient control over behavior resulting in maladaptive impulsive behaviour such as cocaine abuse.  
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Introduction
High impulsivity is associated with cocaine addiction228,229 and thought to be causally linked to the development 

of addiction31,46,139,230. Cocaine users commonly show higher scores on the Barrat Impulsiveness Scale (BIS-

11), the most frequently used self-report instrument to assess trait impulsivity231. Moreover, voxel-based 

morophometry (VBM) studies have shown smaller volumes of the striatum, prefrontal cortex, temporal cortex 

and insula, in cocaine users compared to controls44,53,202,207. These regions,  in particular the circuit including the 

insula and the prefrontal cortex, play an important role in the control over impulsive behaviour in addiction232–235. 

Unfortunately, only few VBM studies directly investigated the relation between cortical morphometry and trait 

impulsivity  in cocaine users and controls. These studies reported a positive correlation between trait impulsivity 

and the volume of the prefrontal cortex in cocaine users44,53,236 but a negative correlation in controls50,51,53. 

These studies also reported a negative correlation between trait impulsivity and the volume of the insula and 

temporal cortex in cocaine users 44,53 but a positive correlation in controls52,53. Together these studies suggest 

a distinct (opposing) relation between trait impulsivity and cortical structure of the insula, temporal and frontal 

cortices in cocaine users and non-drug using controls. 

However, all above mentioned studies focused on measures of cortical volume (CV) using VBM, while surface-

based morphometry (SBM) allows to measure cortical thickness (CT) and cortical surface area (SA), in addition 

to CV. Since CV is the function of CT and SA, only assessing CV may obscure individual differences. More 

importantly, SA and CT carry distinct characteristics which are driven by different genetic237–239 and cellular 

processes240. While SA is thought to reflect the number and spacing of cortical columns, CT relates to the 

neuronal density241–243. Therefore, SBM studies can provide additional information on the origin of cortical 

abnormalities previously shown in cocaine users and the distinct relation between impulsivity and cortical 

morphometry in cocaine users and controls. So far, only two SBM studies reported a thinner cortex of the 

dorsolateral prefrontal and insula in cocaine users compared to controls244,245. These studies did however not 

include measures of SA or measures of (trait) impulsivity.

The current study was designed to investigate the distinct relation between trait impulsivity, as measured 

by the BIS-11, and cortical morphometry in cocaine users and non-drug using controls by means of SBM. 

Because previous VBM studies have shown a relation between impulsivity and the cortical morphometry of the 

insular cortex, subregions of the temporal cortex (superior, middle and inferior) and subregions of the prefrontal 

cortex (superior, middle, inferior, orbitalfronal and anterior cingulate)44,50,52,53,236,246,  all nine (sub)regions were 

regarded to be regions of interest (ROIs) in the current SBM study. To test for cortical differences specifically 

within this “impulsivity” network, a multivariate region of interest approach, instead of a univariate whole brain 

approach, was used. Because CT and SA of the ROIs are influenced by different (genetic and environmental) 

factors237–239 we expected CT and SA in these ROIs to show different associations with impulsivity. As cocaine 

dependence and impulsivity are largely genetically determined31,142,230,247, while drug- and alcohol exposure 

among cocaine users represents an important environmental factor, we expected the relation between trait 

impulsivity and cortical morphometry to differ between cocaine users and controls. Finally, it should be noted 

that cocaine users often report extensive use of alcohol and cannabis248. Therefore, we also explored the 

relation between poly-drug use (cocaine, alcohol, cannabis, nicotine) and cortical morphometry.



74

Materials And Methods
Participants

Fifty-three regular cocaine users and 35 non-drug using controls (all males aged 18-55 years) were recruited 

through local advertisement in the metropolitan area of Amsterdam, the Netherlands. As cocaine use is 

twice as high among males compared to females249 only males were included in the current study. Data on a 

subsample (30 cocaine users and 33 controls) were reported elsewhere236. Cocaine users were actively using 

cocaine and currently non-treatment seeking. Cocaine users were included when using cocaine regularly, i.e., 

at least once per week for a minimum period of 6 months. Cocaine users also reported regular use of tobacco, 

alcohol and cannabis (table 1). All participants were psychiatrically evaluated using the MINI Neuropsychiatric 

Interview80. Controls were excluded if they met criteria for drug- or alcohol dependence according to DSM-IV 

or were using prescribed or illicit drugs. Exclusion criteria were: major medical or neurological disease, lifetime 

history of psychotic or bipolar disorder or the presence of any contraindication to MRI scanning, medication 

use, neurological disorder and previous head trauma. 

The study was approved by the Ethical review Board of the Academic Medical Center of the University of 

Amsterdam, the Netherlands. All subjects gave written informed consent.

Clinical assessment

Life-time drug use (cocaine, alcohol, cannabis, ecstasy, speed, opiates and sedatives) was documented prior 

to study inclusion using in-house drug use questionnaires and cocaine dependence was diagnosed according 

to DSM-IV criteria using the Mini International Neuropsychiatric Interview (MINI80). The FagerströmTest for 

Nicotine Dependence (FTND) served as an indicator of nicotine dependence severity82.  Trait impulsivity was 

assessed using the (BIS-1184).

MRI data collection and analyses

Images were acquired on a 3.0-T whole body MR scanner (Philips Achieva) with a 32 channel SENSE head 

coil. Three-dimensional T1-weighted images with the following parameters: repetition time (TR)=8.24 ms, 

echo time (TE)=3.79 ms, flip angle=8°, slice thickness=1mm, scan resolution=240mm×240mm, field-of-view 

(anterior–posterior/ feet–head/right–left)=240/240/220mm, and voxel size=1mm3. Cortical reconstruction and 

volumetric segmentation were performed with the Freesurfer (v5.0) image analysis suite (http://surfer.nmr.

mgh.harvard.edu/). The technical details of these procedures are described in previous publications250–255. 

In short, processing includes skull-stripping, automated Talairach transformation, segmentation of the (sub)

cortical gray and white matter,  intensity normalization, tessellation of the gray matter-white matter boundary, 

automated topology correction, and surface deformation following intensity gradients to optimally place the 

gray/white and gray/cerebrospinal fluid borders at the location where the greatest shift in intensity defines the 

transition to the other tissue class. The segmented images were manually checked, but no segmentation or 

registration inconsistencies were detected in the ROIs.

Of each participant, CV, SA, and CT of the nine predefined cortical ROIs and total intracranial volume (ICV) 

were calculated. ROIs were defined using the Desikan-Killiany atlas implemented in Freesurfer256. The ROIs 

included the left and right prefrontal cortex (inferior, middle, superior and medial/lateral orbital frontal cortex 

and the rostal/caudal anterior cingulate cortex), temporal cortex (inferior, middle and superior temporal cortex) 

and the insula. The mean absolute correlation between the left and right ROIs was r=0.68 (range: 0.40-0.87) 

for CV, r=0.68 (range: 0.33-0.86) for SA and r=0.67(range: 0.54-0.83) for CT. As we had not hypothesis on 

lateralized effects and to reduce the number of comparisons, the mean SA, CT and CV of the left and right 

ROIs was calculated and used in further analysis.

Statistical analyses  

Group differences in clinical characteristics were assessed using independent-samples T-tests or non-

parametric tests when appropriate in SPSSv20 (Statistical Package for the Social Sciences). Correlations 

between clinical assessments were analysed using partial correlations with age as a covariate. Data are 
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presented as means ± standard deviations (SD) or as median ± interquartile range (IQR) where appropriate. A 

p-value <0.05 was considered statistically significant.

To examine the (relative) independence between SA and CT, we have calculated the mean of the (absolute) 

correlations between SA and CT of all ROIs. The same was done for the correlations of  CV with SA and CT.

The three subscales of the BIS-11 (attentional impulsiveness, motor impulsiveness and non-planning 

impulsiveness) in this current sample were highly correlated (Pearson’s correlation coefficients ranging from 

r=0.71 to r=0.76) and therefore no subscale specific results were to be expected. Therefore the total score of 

the BIS was used in all statistical tests.

The effect of impulsivity on cortical morphometry was tested using a multivariate analyses of covariance 

(MANCOVA). Age and ICV were included as a covariates in accordance to previous studies257. Because 

average total CT has also been used as a covariate in CT analyses244, the analysis on CT was repeated using 

average CT instead of ICV as a covariate, to test for possible confounding effects. The main effects of group 

and impulsivity, as well as a group by impulsivity interaction was modelled to test if a correlation between 

trait impulsivity and cortical structure of the ROIs was different between cocaine users and controls. Three 

MANCOVAs were conducted to test for group differences: one for CV, one for SA and one for CT. Three similar 

MANCOVAs were conducted within cocaine users to explore the effects of impulsivity and the degree of 

cocaine exposure (years used, grams of cocaine used per month, onset age), alcohol use (glasses a week) and 

nicotine dependence (FTND), correcting for age and ICV.  In an additional exploratory analysis, cocaine users 

were subdivided into a group that only used cocaine and a group that used both cocaine and cannabis on a 

regular basis (>once a week). Subsequently these groups were compared to non-drug using controls and to 

each other, correcting for age and ICV. 

Only significant multivariate test results were followed by post-hoc ANCOVA’s on all ROI (correcting for age 

and ICV). In case of significant group by impulsivity interactions, significant multivariate test results were also  

followed by partial correlation analysis (correcting for age and ICV) to test for the direction of the correlation 

between impulsivity and cortical structure within each group. All significant post-hoc tests were corrected for 

multiple comparisons using the D/AP(Dubey and Armitage-Parmar) approach in which a Bonferonni correction 

is adjusted for the mean correlation between the ROIs258,259. The corrected alpha value is calculated using the 

following formula: padjusted= 1-(1-p(k))m(k), where m(k) = M1-r(.k). in which p(k) is the unadjusted alpha (0.05), M=the 

number of outcomes being tested, r(.k) = the mean correlation between the outcomes. In this study the mean 

correlation between CV, SA and CT is 0.650, 0.637, 0.502 respectively, the number of outcomes is 9, thus the 

adjusted p-values corrected for multiple comparison are 0.023 for CV and SA and 0.017 for CT.

To explore differences in cortical morphometry outside the ROIs, a whole brain analysis was performed using 

Freesurfer’s QDEC, with a false-discorvery rate (FDR) of q=0.05 for cluster-wise correction to account for 

multiple comparisons.

  

RESULTS
Sample characteristics

The means (or medians) and standard deviations (or inter quartile ranges) of the sample characteristics are 

presented in table 1. Cocaine users and controls were of similar age and IQ. Cocaine users reported higher total 

BIS-11 scores  and weekly alcohol intake. On average, duration of cocaine use was 8.0 ± 5.0 years (median 

± IQR), starting regular use at the age of 19.0  ±  4.0 years, using on average 7.6 ± 8.0  grams of cocaine per 

month.  28% of the cocaine users also used cannabis on a regular basis (at least once a week). There were 

no differences in clinical characteristics between cocaine users with and without secondary cannabis use. 

There was no use of illicit drugs in the control group. Total BIS-11 score in cocaine users (corrected for age) was 

unrelated to monthly cocaine use, years of cocaine use, age at onset of cocaine use, alcohol use or FTND scores. 
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Relationship between GM structure, trait impulsivity and substance use between and within groups 

Correlations between the three structural brain parameters of the nine ROIs varied considerable: no (linear) 

association found between SA and CT (mean absolute r=0.08, range: -0.20-0.12), modest linear association 

between CT and CV ( mean r=0.45, range 0.34-0.58) and a strong linear association between SA and CV (mean 

r=0.87, range:0.83-0.87).

Cortical Volume

The MANCOVA on CV indicated that there was a main effect of group across all ROIs (see table 2 for all 

MANCOVAs and post-hoc test-statistics). Post-hoc ANCOVAs showed that cocaine users had significantly 

smaller CV of the superior temporal cortex, although this finding did not remain significant after correction 

for multiple comparisons. There was no main effect of impulsivity and no significant group by impulsivity 

interaction on CV across the ROIs.

The MANCOVA within cocaine users indicated that neither impulsivity nor cocaine, alcohol or nicotine use was 

a significant predictor of CV (see table 3 for all within group MANCOVA test-statistics) 

Cortical Surface area

The MANCOVA on SA indicated that there was a main effect of group and a  group by impulsivity interaction 

across all ROIs (table 2). Post-hoc ANCOVAs showed a main effect of group and a significant group by impulsivity 

interaction in the insula (figure 1A). Partial correlation analysis, adjusted for age and ICV, showed a positive but 

non-significant relation between SA of the insula and impulsivity in controls whereas it showed a trend towards 

a negative correlation in cocaine users, which was not influenced by cocaine exposure. In addition, cocaine 

users showed significant larger SA of the insula compared to controls, although the difference was very small. 

Post-hoc ANCOVAs further showed a main effect of group and a group by impulsivity interaction in the STC 

(figure 1B). Similar to the findings in the insula, partial correlation analysis, adjusted for age and ICV) indicated 

a significant positive relation between SA of the STC and impulsivity in controls, while there was an inverse 

trend in cocaine users. Taking into account this interaction effect, the SA of the STC was smaller in cocaine 

users compared to controls. There was no main effect of impulsivity.

The MANCOVA within cocaine users indicated that impulsivity was the only significant predictor of SA (table 

3). Post-hoc ANCOVAs showed that impulsivity was significantly related to the SA of the orbital frontal (OFC) 

and inferior frontal cortex (IFC).

Table 1 
Clinical characteristics of non-drug using controls(HC) and regular cocaine 
users (CU).  
 HC 

n=35 
CU 
n=53 

p-value 

Agea 33  ± 19 31  ± 12   0.436 
IQa 106± 10 104± 12   0.099 
Trait impulsivity (BIS)b 60  ± 6.7 73  ± 9.5 <0.001 
Alcohol use (units per week)a 5    ± 9 24  ± 21 <0.001 
Nicotine use  (amount of smokers) 5.7% 76%  
          FTND score for smokersa 2.5 ± 0.7 5    ± 4   0.101 
Secondary cannabis use (>once a week)  28% <0.001 
Cocaine Dependencec  89%  
           Years of cocaine usea           8    ± 6  
           Onset age of cocaine usea  19  ± 4  
           Grams of cocaine use per montha  7.6 ± 8  
avalues represent medians ± interquartile range 
bvalues represent mean ± standard deviation 
cAccording to DSM-IV criteria 
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Cortical Thickness

The MANCOVA on CT indicated that there was a significant group by impulsivity interaction across all ROIs 

(table 2).  Post-hoc ANCOVAs showed a group by impulsivity interaction for the anterior cingulate cortex 

(ACC: figure 1C). Partial correlation analysis (adjusted for age and ICV) indicated that there was a significant 

inverse correlation between impulsivity and ACC thickness in controls but not in cocaine users, with or without 

correcting for the influence of cocaine exposure. This later correlation remained similar when correcting for 

the influence of cocaine exposure. There was no main effect of impulsivity  or group on CT across the ROIs.  

The MANCOVA within cocaine users indicated that monthly cocaine use was the only significant predictor 

of  CT (table 3). Post-hoc univariate tests were significant for the STC and the insula, although the later 

comparison did not survive multiple comparisons correction. Including average CT  as covariate instead of 

ICV did not change these results, emphasizing that using ICV as a covariate did not confound these results. 

Exploring the role of cocaine use with and without comorbid cannabis use

Three additional exploratory MANCOVAs were performed to test for the differences between controls (n=35), 
cocaine users with secondary cannabis (n=15) use and cocaine users without secondary cannabis use (n=38). 

Only the MANCOVA on SA showed a significant main effect of group (F9,146=1,98, p=0.014, η2=0.20) and 

a significant group by impulsivity interaction (F18,146=1,78, p=0.033, η2=0.18). Pairwise comparison showed 

that there was a significant group effect (F9,59=2.79, p=0.009, η2=0.30) and a significant group by impulsivity 

interaction (F9,59=2.34, p=0.025, η2=0.26) when comparing controls with cocaine users without secondary 

cannabis use while there were no differences between controls and cocaine users with secondary cannabis 

use, neither were there significant differences between cocaine users with and without secondary cannabis 

use. Post-hoc ANCOVAs on each individual ROI showed that the  effects were significant for the SA of the STC 

(group effect: F1,67=6,95 p=0.01, η2=0.09; group by impulsivity interaction: F1,67=6,34  p=0.014, η2=0.09) and 

the insula (group effect: F1,67 =5.33,  p=0.024, η2=0.07; group by impulsivity interaction: F1,67=4,80, p=0.032,  
η2=0.07) although the latter did not survive the correction for multiple comparisons. 

Whole brain analysis

The whole brain QDEC analysis did not reveal any significant differences or correlations with impulsivity 

outside the predefined regions of interest.
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Figure 1. Correlation between BIS-11 scores and cortical surface area/thickness measures. There was a significant interaction between the total 

score of the Barrat Impulsiveness Scale (BIS-11) and group in cortical surface area of the superior temporal cortex (panel (A) r = 0.38, p = 0.03 for 

controls, r = −0.26, p = 0.07 for cocaine users; surface area of the insula (panel (B) r = 0.27, p = 0.13 for controls, r = −0.27,p = 0.06 in cocaine users) 

and cortical thickness of the anterior cingulate cortex (panel (C) r = −0.43, p = 0.012 for controls, r = 0.09, p = 0.54 for cocaine users).
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Table 2. Between group MANCOVA and post-hoc ANCOVA test results 
 Sizea

  Main effect group  Group by impulsivity interaction 
                           Dddd                        Measure and group         HC CU  Statistic p η2  Statistic p η2 R(HC)b R(CU)b 

             
Volume (mm3)              
MANCOVAc     F9,74=2.11 0.04 0.20  F9,74=1.85 n.s. 0.18   
ANCOVAd             
     Superior temporal cortex 12501 ± 279 12312 ± 167  F1,82=4.70 0.03* 0.05       
     Middle temporal cortex 11936 ± 262 11760 ± 157  F1,82=2.35 n.s. 0.03       
     Inferior temporal cortex 11198 ± 363 10488 ± 218  F1,82=1.59 n.s. 0.00       
     Super frontal cortex 23588 ± 528 23519 ± 304  F1,82=1.07 n.s. 0.01       
     Middle frontal cortex 23536 ± 515 22701 ± 309  F1,82=0.32 n.s. 0.00       
     Inferior frontal cortex 10953 ± 274 11026 ± 164  F1,82=1.17 n.s. 0.01       
     Orbital frontal cortex 13508 ± 241 13372 ± 145  F1,82=2.33 n.s. 0.03       
     Anterior cingulate cortex 4824   ± 143 4826   ± 86  F1,82=3.49 n.s. 0.04       
     Insula 7391   ± 170 7444   ± 102  F1,82=2.51 n.s. 0.03       
             
Surface area (mm2)             
MANCOVAc     F9,74=2.87 0.00 0.26  F9,74=2.36 0.02 0.22   
ANCOVAd             
     Superior temporal cortex 3899 ± 84 3873 ± 50  F1,82=6.77 0.01** 0.08  F1,82=6.21 0.02** 0.07 0.10 -0.37 
     Middle temporal cortex 3459 ± 78 3444 ± 47  F1,82=3.80 n.s. 0.04  F1,82=3.46 n.s. 0.04   
     Inferior temporal cortex 3490 ± 105 3360 ± 63  F1,82=0.13 n.s. 0.00  F1,82=0.03 n.s. 0.00   
     Super frontal cortex 7490 ± 170 7585 ± 102  F1,82=1.50 n.s. 0.02  F1,82=1.16 n.s. 0.01   
     Middle frontal cortex 8648 ± 195 8504 ± 117  F1,82=0.59 n.s. 0.00  F1,82=0.67 n.s. 0.01   
     Inferior frontal cortex 3772 ± 89 3817 ± 53  F1,82=2.99 n.s. 0.04  F1,82=2.44 n.s. 0.03   
     Orbital frontal cortex 4721 ± 85 4704 ± 51  F1,82=0.90 n.s. 0.01  F1,82=0.85 n.s. 0.01   
     Anterior cingulate cortex 1637 ± 44 1591 ± 27  F1,82=0.03 n.s. 0.00  F1,82<0.01 n.s. 0.00   
     Insula 2370 ± 51 2373 ± 31  F1,82=6.06 0.02** 0.07  F1,82=5.34 0.02** 0.06 0.28 -0.27 
             
Thickness (mm)             
MANCOVAc     F9,74=0.06 n.s. 0.19  F9,74=2.03 0.05 0.20   
ANCOVAd             
     Superior temporal cortex 2.78 ± 0.04 2.77 ± 0.02      F1,82=0.01  0.00   
     Middle temporal cortex 2.79 ± 0.03 2.77 ± 0.02      F1,82=0.77  0.01   
     Inferior temporal cortex 2.65 ± 0.03 2.62 ± 0.02      F1,82<0.01  0.00   
     Super frontal cortex 2.71 ± 0.04 2.68 ± 0.02      F1,82=0.08  0.00   
     Middle frontal cortex 2.41 ± 0.04 2.37 ± 0.02      F1,82=0.01  0.00   
     Inferior frontal cortex 2.49 ± 0.04 2.48 ± 0.02      F1,82=0.75  0.01   
     Orbital frontal cortex 2.53 ± 0.04 2.50 ± 0.02      F1,82=0.78  0.01   
     Anterior cingulate cortex 2.67 ± 0.04 2.72 ± 0.03      F1,82=6.81 0.01** 0.08 -0.43 0.12 
     Insula 3.01 ± 0.04 3.05 ± 0.02      F1,82=1.79  0.02   
a Values represent means and standard deviations 
b Values represent Pearson’s correlation between SBM measure and trait impulsivity (total score BIS-11). Are only tested when there is a significant group by impulsivity interaction 
effect. 
c MANCOVA test results, adjusted for age and ICV 
d Follow-up ANCOVA test results, are only tested when MANCOVA is significant. 
*    p<0.05 unadjusted for multiple comparisons 
**  p<0.05, adjusted for multiple comparisons 
             



80

	   	  

Table 3. MANCOVA’s and post-hoc ANCOVA’s within cocaine users 
 MANCOVAa  Follow-up ANCOVAb 

                           Dddd                        Measure and group         Statistic p η2  Statistic p η2 Rc 

         
Volume (mm3)          
Impulsivity F9,23=1.05 n.s. 0.29      
Years of cocaine use F9,23=0.22 n.s. 0.08      
Monthly cocaine use F9,23=0.78 n.s. 0.23      
Onset age cocaine use F9,23=0.38 n.s. 0.13      
FTND F9,23=0.38 n.s. 0.13      
Weekly alcohol intake F9,23=0.92 n.s. 0.26      
         
Surface area (mm2)         
Impulsivity  F9,23=2.83 0.02* 0.53      
     Superior temporal cortex     F1,31=1.25 n.s. 0.04  
     Middle temporal cortex     F1,31=3.98 n.s. 0.11  
     Inferior temporal cortex     F1,31=0.70 n.s. 0.02  
     Super frontal cortex     F1,31=1.37 n.s. 0.04  
     Middle frontal cortex     F1,31=2.49 n.s.  0.07  
     Inferior frontal cortex      F1,31=7.83 0.00* 0.20 -0.45 
     Orbital frontal cortex     F1,31=6.05 0.02* 0.16 -0.40 
     Anterior cingulate cortex     F1,31=0.10 n.s. 0.00  
     Insula     F1,31=4.12 n.s. 0.12  
Years of cocaine use F9,23=0.69 n.s. 0.21      
Monthly cocaine use F9,23=1.60 n.s. 0.38      
Onset age cocaine use F9,23=0.39 n.s. 0.13      
FTND F9,23=0.45 n.s. 0.15      
Weekly alcohol intake F9,23=1.17 n.s. 0.15      
         
Thickness (mm)         
Impulsivity F9,23=0.93 n.s. 0.27      
Years of cocaine use F9,23=1.12 n.s. 0.31      
Monthly cocaine use  F9,23=2.52 0.04* 0.50      
     Superior temporal cortex      F1,31=6.40 0.02* 0.17 -0.36 
     Middle temporal cortex     F1,31=1.17 0.29 0.04  
     Inferior temporal cortex     F1,31=1.93 0.17 0.06  
     Super frontal cortex     F1,31=060 0.44 0.02  
     Middle frontal cortex     F1,31=0.53 0.47 0.02  
     Inferior frontal cortex     F1,31=0.23 0.64 0.00  
     Orbital frontal cortex     F1,31=1.56 0.22 0.05  
     Anterior cingulate cortex     F1,31=0.90 0.35 0.03  
     Insula      F1,31=4.15 0.05* 0.12 -0.34 
Onset age cocaine use F9,23=0.99 n.s. 0.28      
 FTND F9,23=0.65 n.s. 0.20      
Weekly alcohol intake F9,23=1.61 n.s. 0.39      
aMANCOVA test results, adjusted for age and ICV 
b Follow-up ANCOVA’s, only tested if MANCOVA is significant 
c Correlation between independent variable and SBM measure, only tested if ANCOVA is significant 
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DISCUSSION
Summary

To our knowledge, this is the first study that investigated the relation between impulsivity and cortical 

morphometry in cocaine users and non-drug using controls. There was no correlation between SA and CT, 

demonstrating the linear independence of these structural parameters. 

While there was no main effect of impulsivity on cortical morphometry, we found a distinct relation between 

impulsivity and cortical morphometry in cocaine users and controls. In addition, groups differed significantly 

in SA of the insula and STC.  Monthly cocaine use correlated negatively with CT of the STC, but not with CV 

or SA. An exploratory analysis revealed that the group by impulsivity interactions on SA of the insula and STC 

where only present in cocaine users without secondary cannabis use, although cocaine users with and without 

secondary cannabis use did not differ significantly from each other.

The relation between impulsivity and cortical morphometry

High impulsivity is suggested to be a predisposing factor to (cocaine) dependence31,46,260. We found a negative 

correlation between impulsivity and SA of the insula and STC in cocaine users but a positive correlation in 

controls, which is in line with previous studies showing similar correlations with CV of these regions44,50,53,261. In 

addition, a positive correlation was shown between CT of the ACC in cocaine users, but a negative correlation 

in controls, similar to what has been found for CV of other prefrontal regions50,51,53,236,262. Our study expands 

on previous studies by showing that the relation between cortical morphometry and impulsivity is different for 

SA and CT. 

The insula, STC and ACC are involved in the control of (impulsive) behaviour263–265. Abnormal functioning 

of the insula and ACC is associated with impaired decision making in controls75,266,267 and drug dependent 

individuals268,269. Also, the functional connectivity between these regions is weaker in highly impulsive, 

compared to low impulsive individuals 270. Overall these studies suggest that a functional balance between 

the insula, ACC and STC is necessary to control impulsive behaviour. The distinct relation between cortical 

morphometry and impulsivity in cocaine users compared to controls might underlie a functional imbalance 

resulting in disrupted decision making and maladaptive impulsive behaviour such as continued drug use. 

While these morphological abnormalities might recover with abstinence, improving the functional imbalance 

between these brain regions may be a an important treatment strategy. This could be achieved for instance by 

the use of cognitive enhancers such as modafinil271, cognitive behavioural therapy9 or cognitive remediation272.

It should be noted that the distinct relation between impulsivity and SA was not found in cocaine users with 

secondary cannabis use, which may reflect a neuroprotective effect of cannabis or opposing mechanisms of 

cocaine and cannabis on macromorphometry273.

Abnormal brain morphometry in cocaine users: a predisposition or a consequence of cocaine use? 

The distinct relation between cortical morphometry and impulsivity in cocaine users compared to controls 

could be a predisposition, a consequence of cocaine use or a combination of both. Although we acknowledge 

that these issues can only be proven with longitudinal studies, SBM analysis allows to explore the origin of 

cortical abnormalities in more detail than VBM: A group by impulsivity interaction was found within the SA of 

the STC and insula, regions of which 64% and 74% of the variance, respectively, can be explained by genetic 

factors238,239. In addition, around 45% of the variance in trait impulsivity can be explained by genetic factors as 

well47,274, suggesting that the distinct association between impulsivity and SA of the insula and STC might, for 

a large part, be pre-existing. 

However, impulsivity is not solely determined by genetic factors, as acute and chronic drug use has shown to 

increases impulsivity260. Furthermore, only 36% of the variance in ACC thickness can be explained by genetic 

factors239, suggesting that ACC thickness is mainly influenced by environmental factors. Also, the negative 

correlation between the amount of cocaine use and CT of the STC and insula suggests cocaine induced 
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reduction in neuronal density241–243. In summary, cortical pathology in cocaine users can be characterised by 

specifi c differences in CT and SA, which may refl ect a combination of both a pre-existing disposition to drug 

abuse as well as a consequence of cocaine use244.

The added value of surface-based morphometry 

In contrast to previous studies we did not fi nd differences in CV between cocaine users and controls44,53,202,207. 

Although groups differed signifi cantly in SA, the differences were very small. Two previous studies have 

shown thinner insular cortex in cocaine users244 and in substance dependent patients245; another result that 

was not replicated in the current study. A possible explanation for this discrepancy in results is that these 

previous studies included cocaine addicted patients that were in treatment, while we included non-treatment 

seeking cocaine users. Another possible explanation is the large portion of secondary cannabis users in the 

current study, however cortical thinning of the insula has also been reported in cannabis users275. A more 

likely explanation for the absence of  large scale cortical morphometric differences between cocaine users 

and controls could be the method used in the current study (SBM versus VBM): while SBM (using Freesurfer) 

defi nes regions in subject space, VBM (using SPM or FSL) defi nes regions in standard space, making this 

latter technique more sensitive for differences in smoothing, registration and normalization templates276–279. 

As a consequence, Freesurfer is suggested to be more reliable and suitable for gray matter measurements. 

Therefore results of VBM studies may differ from results of SBM studies and direct comparisons between 

these different types of morphological studies should be made with great caution280–282. 

Limitations and future directions 

Limitations of this study include the reliance on self-reported cocaine use and impulsivity. Despite its limitation, 

self-reported cocaine use is the only method for assessing cocaine exposure. In addition, the BIS-11 is a 

widely used and validated measure for trait impulsivity, although we acknowledge that including measures of 

behavioural impulsivity in addition to trait impulsivity may better captures all facets of impulsivity226. Moreover, 

there was a high level of secondary cannabis use among the cocaine users (28%), a number that is in line with 

what is generally reported among cocaine users in Europe249. An exploratory analysis of our data suggested 

that secondary cannabis use might be a neuroprotective factor. However, as the study was not designed to 

investigate the effects of secondary cannabis use, we cannot draw fi rm conclusions from this fi nding. Neither 

can we draw conclusions on causality of abnormal cortical morphometry because of the cross-sectional 

design. Larger and longitudinal studies are required to address both issues. Lastly, it also needs to be pointed 

out that only male participants were included in the study. While this is a strength of the study as it increases 

the homogeneity within the sample, care should be taken when generalizing these results to female cocaine 

users. 

Despite these shortcomings, the current study provides additional evidence for the distinct relation between 

impulsivity and cortical morphometry in cocaine users compared to controls. These structural differences 

would have been missed if we had only focused on measures of CV, emphasizing the importance of including 

measures of CT and SA in addition to CV for detecting and understanding the origin of cortical abnormalities 

in cocaine abuse and cocaine dependence. 
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Abstract 
Diffusion tensor imaging studies have provided evidence for white matter (WM) alterations in cocaine users. 

While polysubstance use is a widespread phenomenon among cocaine users, its role in WM alterations in 

cocaine users is currently unknown. This study examined the relation between the number of substances that 

are used(cocaine, alcohol and marijuana) and WM alterations in 67 male non-drug users and 67 male regular 

cocaine users, who were classified into five groups based on the number of used substances. Diffusion-

weighted images were acquired on a 3.0 Tesla magnetic resonance imaging (MRI) scanner. Using tract-based 

spatial statistics we demonstrated that there was a negative relation between the number of used substances 

and fractional anisotropy, a global measure of WM integrity. Also, we demonstrated a positive relation 

between the number of used substance and radial diffusivity within the prefrontal lobe, suggesting an increase 

in demyelination with the number of used substances. We did not find a dose-effect between the level of 

substance use and WM alterations. The results of the current study may reflect the presence of a pre-existing 

vulnerability to polysubstance use resulting from prefrontal WM abnormalities and related impaired cognitive 

control although WM alterations due to polysubstance use cannot be fully excluded. This study is an important 

first step in understanding the problems related to polysubstance use among cocaine users. 
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Introduction 
Cocaine (ab)use is associated with neurotoxic molecular and metabolic changes in the brain. The mechanism 

by which cocaine may cause neural damage is suggested to be complex and seems to involve interactions with 

several neurotransmitter systems and modulation of transcription factors283. Recent diffusion tensor imaging 

(DTI) studies have demonstrated cortical white matter (WM) alterations in cocaine users203,284–289. However, 

while the majority of cocaine users are polysubstance users, using more than one type of drug simultaneously 

or at different moments close in time, mostly alcohol and cannabis56,57, very little attention has been paid to 

the role of polysubstance use in brain alterations in cocaine users. There are several reasons for people to use 

multiple substances rather than a single substance, ranging from enhancing the effect of one substance on the 

central nervous system (CNS) to ameliorating the adverse effect of one substance with another substance57. 

However, the use of different types of substances within a short period of time, especially cocaine and alcohol 

may also lead to more severe neurotoxic effects283. In addition, polysubstance users are at elevated risk of poor 

treatment outcome57. Unfortunately most DTI studies in cocaine users failed to exclude or explore the effect 

of polysubstance use within this population. Therefore it is presently unknown to what extend WM alterations 

previously demonstrated in cocaine users are related to cocaine use per se or to polysubstance use within 

this population.

There are some studies on the effect of polysubstance use in patients with an alcohol use disorder. In contrast 

to their expectations, several of these studies showed that heavy alcohol use, in combination with marijuana 

use273,290,291 or amphetamine use292,293 was related to fewer abnormalities in gray and WM structures compared 

to heavy alcohol use alone. Some of these studies postulate that the absence of gray and WM alterations 

in alcohol users with co-morbid marijuana use could be the result of the neuroprotective properties of the 

cannabinoids in marijuana291, whereas others claim that gray and WM alterations in polysubstance users might 

be masked as a result of tissue inflammation and/or reactive astrogliosis induced by amphetamines294. In a 

recent study we demonstrated a similar attenuating effect of marijuana use on cortical gray matter abnormalities 

in cocaine users295. However, larger studies on polysubstance use in cocaine users are currently lacking. 

Hence, it remains unclear whether the number of other substances used by cocaine users is associated with 

a linear increase in neurotoxicity, or that  other relations exist, including non-linear amplifications or reductions 

of the harmful effects on brain structure296. 

In the current study we use DTI to investigate the relation between polysubstance use and WM microstructure 

in two general population samples including 67 healthy non-drug users and 67 cocaine users, with most of 

the latter group also using marijuana, large amounts of alcohol or a combination of both. All subjects were 

classified into groups based on their self-reported substance use, resulting in 6 different groups including non-

substance users, light drinkers, cocaine users, cocaine users who also use marijuana, cocaine users who use 

large amounts of alcohol and cocaine users who use both marijuana and large amounts of alcohol. 

Three different relationships between the number of substances that were consumed and WM alterations can 

be hypothesized: First,  we can hypothesize that the negative effects of alcohol and/or marijuana use in addition 

to cocaine use will simply add up, resulting in a linear relation between the number of substances used and the 

loss in WM integrity. Second, if the negative effects of using cocaine are amplified or attenuated by the use of 

alcohol and/or marijuana, we expect an exponential relationship between the number of substances used and 

the loss of WM integrity. These models were used to investigate the relationship between poly-substance use 

and total fractional anisotropy (FA) across the whole brain. In addition we performed,  voxel-wise analyses using 

Tract Based Spatial Statistics (TBSS) to test for regional specific effects of polysubstance on WM integrity. 

Although FA is a frequently used measure for WM integrity, being sensitive to several neural features including 

axon size, density and myelination 297–299, it is not very specific. Therefore we also investigated the relationship 

between polysubstance use and mean-diffusivity (MD), which can be decomposed in axial diffusivity (AD; a 

measure sensitive for axonal integrity and deletion), and radial diffusivity (RD; a measure sensitive for myelin 

integrity)300–302. Finally, simple regression analyses were conducted to explore the dose-response relationship 

between the level of substance use (cocaine, alcohol and marijuana) and WM integrity.  
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Methods
Participants

A total of 67 regular cocaine users and 67 non-drug users, were included in this study. All participants were 

males (aged 18-49) recruited through local advertisement in the greater Amsterdam area, The Netherlands. 

All cocaine users were actively using cocaine and currently non-treatment seeking. Cocaine users were 

included when using cocaine at least once per week for a minimum period of 6 months. All participants were 

psychiatrically evaluated using the MINI International Neuropsychiatric Interview (MINI80. Exclusion criteria for 

all participants were: major medical or neurological disease, lifetime history of psychotic or bipolar disorder 

or the presence of a contraindication to MRI scanning, and psychotropic medication use. Non-drug using 

participants were also excluded if they used or had been using illicit drugs, more than 21 units of alcohol per 

week or nicotine. Alcohol, cocaine and cannabis use in the 6 months before study inclusion was quantified 

using the timeline-follow back procedure (TLFB124. We relied on self-reported measures of substance use, for 

all the reported substances, including nicotine.  

The study was approved by the Ethical Review Board of the Academic Medical Centre of the University of 

Amsterdam, the Netherlands. All subjects gave written informed consent.

Characterization of polysubstance use severity

In accordance with previous literature, cocaine users were classified as heavy alcohol users if they used at 

least 21 units of alcohol per week (e.g.303), and as marijuana users if they used marijuana at least once a week 

(e.g.273,304,305). Using these criteria we ended up with 4 different subgroups of cocaine users: cocaine users 

who only used cocaine (C, n=23) cocaine users who were heavy alcohol users (CA, n=17), cocaine users who 

also used marijuana (CM, n=13) and cocaine users who were both heavy alcohol and marijuana users (CAM, 

n=14). The majority of  non-drug (ND) using participants were light alcohol drinkers, i.e. less than 21 units of 

alcohol per week (ND, n=57), but a small portion did not drink alcohol at all. This last group of non-alcohol or 

drug users was considered as a separate group in the analysis (NAD, n=10). Using this classification we ended 

up with 6 groups with an increase in the number of substances that were used, but matched on the use of 

other substance(s). Since the majority of cocaine users also smoked nicotine, whereas nicotine use was an 

exclusion criterion for the non-drug users, classifying nicotine smokers in a separate subgroup would result in 

too small groups. Therefore, subgroups of smoking and non-smoking cocaine users are missing in the current 

study.   Because the CM and CA group both use two types of substances, these groups were considered as 

one group in all analyses. It should be noted that we did not include a group of “pure” heavy alcohol users . 

Substance use characteristics can be found in table 1. 

Magnetic Resonance Imaging acquisition

Images were acquired on a 3T whole body MRI scanner (Phillips Achieva), with a 32 channel SENSE head 

coil. Three-dimensionalT1-weighted images were acquired with the following parameters: repetition time (TR) 

= 8.24 ms, echo time (TE) = 3.79 ms, flip angle = 8◦, slice thickness = 1 mm, scan resolution = 240 mm × 240 

mm, field-of-view (FOV) (anterior–posterior/feet–head/right–left) = 240/240/220 mm, and voxel size = 1 mm. A 

single shot Diffusion Weighted Imaging  (DWI) recording was acquired with the following parameters: TR= 7542 

ms, TE=86 ms, number of slices = 60, FOV=224x224x120, acquisition matrix = 112x112, slice thickness = 2 

mm, along 32 gradient directions, b=1000 s/mm2 with a non-diffusion weighted baseline. 

Image processing 

The pre-processing of the DTI data was executed on the Dutch Grid, using a web interface to the e-Bioinfra 

gateway306,307. Head motion and deformations induced by eddy currents were corrected for by an affine 

registration of the DTI data to the non-diffusion weighted image. The gradient directions were corrected by the 

rotation component of the transformation. The DWIs were resampled isotropically. Rician noise in the DWIs 

was reduced by an adaptive noise filtering method308. Diffusion tensors were estimated in a non-linear least 

squares sense. Mean WM fractional anisotrophy (FA), axial diffusivity (AD), radial diffusivity (RD) and mean 

diffusivity (MD) were calculated. 
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Statistical analysis of diffusion measures

Univariate regression analysis was used to test the relation between mean FA and the number of substances 

used, with age included as a covariate of non-interest. To test whether the negative effect of the number of 

used substances simply adds up, attenuates or amplifies the negative effect of cocaine, one linear and two 

non-linear models were tested: a linear decay model, a (slow) resilient exponential decay models (EDM) and 

a (fast) sensitive exponential decay model.  In the (slow) resilient EDM model, the WM damage due to the 

first one or two substances of abuse is small, but this quickly (exponentially) increases with the number of 

substances used. In the (fast) sensitive EDM model, the WM damage due to the first one or two substances 

of abuse is already substantial, but this additional effect becomes smaller (exponentially decrease) with the 

number of substances of abuse used. These models are described by the following formula’s (figure 1A): y=-

ax +b for the linear decay model, y=a-b*2x for the slow resilient EMD and y=-a + b*2-x for the fast sensitive 

EMD, and give the contrast weights for each group, that were used in the DTI analyses to test the relationship 

between the number of substances that were used and white matter integrity. The x in these models represent 

the number of substances used, ranging from 0 for the NAD group, 1 for the ND group, 2 for the C group, 3 

for the CA and CM group and 4 for the CAM group. In these formulas a and b are constants that are choses 

in such way that the total contrast coefficient equals zero, resulting in the following formulas: y=-x+b for the 

linear mode, y=1,55-0,25*2x for the slow resilient EDM and y=-1,55+4*2-x for the fast sensitive EDM. For the 

linear model the resulting contrast weights (y-values) were: 2, 1, 0, -1, and -2; for the slow resilient EDM these 

y-values were: 2.45, 0.45, -0.55, -1.05, and -1.3; and for the fast sensitive EDM these y-values were: 1.3, 1.05, 

0.55, -0.45, and -2.45 (figure 1B). The model with the strongest effect size on mean diffusion measures was 

used to test the relation between regional FA, MD, RD and AD using TBSS. F-tests were applied to test for 

significant differences between groups. Only in case of a significant group effect, these F-tests were followed 

with a pair-wise comparison between groups. Since cocaine use was strongly confounded with nicotine use 

we could however not include nicotine use as a covariate in the analysis, but the effects of the level of nicotine, 

alcohol, cocaine and marijuana use on FA, MD, RD or AD was tested in four regression analysis with age 

included as a covariate of non-interest. 

Figure 1. Models to test the relation the number of substances used and FA value. A) The models to test the relation the number of substances 

used and FA value. This plot is a graphical illustration of the three different models used to test the relation between the number of used substances 

and FA value. The linear decay model: y=-ax+b, the slow resilient exponential decay model: y=a-bx and the fast sensitive  exponential decay model: 

y=-a+b-x. B) The x in these formulas represent the number of substances used whereas the a and b values in these formulas are constants that 

are choses in such way that the total contrast coefficients (y) equal zero. The resulting y-values were 2 1 0 -1 -2 for the linear decay model, 2,45 

0,45 -0,55 -1,05 -1,3 for the fast sensitive exponential decay model and  1,3 1,05 0,55 -0,45 -2,45 for the slow resilient exponential decay model.
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Voxel-wise statistical analysis of DTI data

Regional specific effects were tested using tract based spatial statistics (TBSS)309 implemented in the FMRIB 

Software Library 4.1.6 (University of Oxford, Oxford, UK). All FA data were then aligned into a common space 

using the nonlinear registration tool FNIRT, which uses a b-spline representation of the registration warp 

field310. Subsequently, the mean FA image was created and skeletonized to create a mean FA skeleton, which 

represents the centers of all tracts. Each subject's aligned FA data was then projected onto this skeleton and 

the resulting data fed into voxel-wise cross-subject statistics.

The model was assessed using Randomize, a TBSS statistical tool that computes non-parametric permutations 

using the generalized linear model. Threshold-free cluster enhancement (TFCE), was used to identify “clusters” 

of significant results in the dataset311. The number of permutations was set to 500 using age as a confound 

regressor. Significance values were reported at p<0.05 with correction for false discovery rate (FDR)312. The 

principal WM tracts were derived from the John Hopkins University WM probabilistic tractography and ICBM 

–DTI -81 WM labels atlases313,314.

Results 

Relation between the number of substances used and white matter diffusion measures

All three models that tested the relationship between FA and the number of used substances, were significant. 

However, the linear model had the largest effect size (F1,128=6.86, p=0.01, partial η2 = 0.051), the slow resilient 

exponential model had the smallest effect size (F1,128=5.92, p=0.02, partial η2=0.040) and the effect size of 

the fast sensitive model was in between the other two effect sizes (F1,128=6.40, p=0.02, partial η2=0.048). The 

linear model also showed a significant relation between the number of substances used and radial diffusivity 

(F1,128=4.07,p=0.046, η2 =0.031). The model was non-significant for MD or AD. 

Although the results suggest that the relation between the number of substances that were used and FA value 

is best described by a linear model, the effects sizes of the models are small and the difference between the 

model fits of the three models is negligible. However, because there is no strong indication for a non-linear 

relationship between the number of used substances and FA value, we used the linear model as the most 

parsimonious one to present our results.

	   	  

Table 1. Substance use characteristics    
 NAD 

n=10 
ND 
n=57 

C 
n=23 

CA 
n=17 

CM 
n=13 

CAM 
n=14 

Age 35.3(8.9) 31.5(8.3) 31.3(7.2) 31.7(6.8) 29.6(6.6) 35.0(9.4) 
IQ 101(9.11) 105(8.40) 101(8.10) 99(11.24) 101(7.23) 101(7.44) 
Units of alcohol per weeka - 3.8(5.05) 9.7(10.0) 47.4(35.8) 8.8(11.0) 36.9(28.4) 
Grams of cocaine per weekb - - 1.4(1.2) 1.6(1.4) 1.6(1.5) 2.2(1.7) 
Occasions of marijuana use per weekc - - 0.0(0.04) 0.0(0.1) 6.9(6.4) 9.7(16.3) 
Percent smokers 0 0 73.9% 70.6% 84.6% 100% 
Number of cigarettes per day - - 13.5(12) 20.0(17.25) 15.0 (14) 16.3(18.13) 
       
All values represent mean ± standard deviation 
aND differed in alcohol use from all other groups, but as intended, C and CM were matched on alcohol use 
bGroup C, CA, CM and CAM were matched on cocaine and nicotine use 
cGroup CM and CAM were matched on marijuana use 
NAD: no alcohol or drug use, ND: alcohol but no drug use, C: cocaine use, CA: cocaine and heavy alcohol use, CM: cocaine 
and marijuana use, CAM: cocaine, heavy alcohol and marijuana use.  
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Relation between the number of substances used and regional diffusion measures

Tract-based spatial statistics was used to test the linear relation between the number of substances used 

and regional deviations in FA value across the WM tracts. The number of substances used showed a 

significant negative linear relation with FA in the majority of WM tracts, including the corpus callosum, the 

internal and external capsule, the corona radiatia, the thalamic radiation, the corticospinal  tract, the cingulum 

(hippocampus and cingulate gyrus), the forcepts major, the inferior fronto-occipital fasciculus, the inferior 

longitudinal fasciculus, the superior  longitudinal fasciculus and the uncinated fasciculus, all bilateral (figure 2).

The same linear model was used to test the regional effect of polysubstance use on MD, RD and AD. The TBSS 

analysis revealed a significant positive linear relation between the number of substances used and RD within 

two clusters that included the anterior thalamic radiaton, the anterior and superior radiate, the cingulum, the 

inferior fronto-occipital fasciculus, the superior longitudinal fasciculus, uncinated fasciculus and  the genu-, 

body and splenium of the corpus callosum. Similar to our findings on total MD and AD, the TBSS analysis 

revealed no significant linear relation between the number of substances used and regional deviations in MD 

or AD. There were no significant group differences on FA, RD, MD or AD.

Figure 2. A) The left figure displays the wide range of brain regions that show a negative linear relationship between the number of substances used 

and FA value. The plot on the right displays the mean FA value within the clusters that showed a significant linear relation between the number of 

substances used and FA value. B) The left figure displays the prefrontal brain regions that show a positive linear relationship between the number of 

substance used and RD value. The plot on the right displays the mean RD value within the clusters that showed a significant linear relation between 

the number of substances used and RD value
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Relation between the levels of substance use and mean diffusion measures

Four regression analysis were performed to explore the relation between the level of nicotine, alcohol, cocaine 

and cannabis use per week and FA, MD, RD or AD value, with age included as a covariate of non-interest. 

None of these analyses showed a significant relation between the level of weekly nicotine, alcohol, cocaine or 

cannabis use, corrected for the use of the other substances and FA, MD, RD or AD, suggesting that there is 

no independent (linear) relation between the amount of one substance used and WM integrity measures. This 

further emphasizes that it is the number of substances used and not the level of one substance used that is 

related to WM abnormalities. 

Discussion
In this study we aimed to investigate the relation between polysubstance use and WM integrity in general 

population samples of non-drug users and regular cocaine users. Based on their self-reported use of alcohol, 

cocaine and marijuana, participants were categorized in one of six groups ranging from a group that did 

not use alcohol or drugs to a group that (ab)used cocaine, marijuana and alcohol. It was found that FA, a 

global measure of WM integrity, decreased with the number of substance used. In addition, TBSS analysis 

demonstrated that this negative relation between FA and the number of substances used was a widespread 

phenomenon throughout the brain. A similar TBSS analysis showed that there was a positive relation between 

the number of substances used and RD, a measure of demyelination, within the frontal WM, whereas there 

were no significant relations between the number of substances used and MD or AD. Finally we found that the 

level of use of the various substances was not related to WM integrity. 

Lower FA value is generally thought to reflect compromised fiber tracts315. Thus the current study suggests that 

WM integrity decreases with the number of substances used. Whereas FA is a global measure of WM integrity 

which is highly sensitive to  microstructural changes316, RD and AD are assumed to  be more specific markers 

for demyelination (RD) and axonal morphology (AD), respectively300,301,317. The positive relationship between the 

number of substances used and RD, but not AD, suggest that alterations in FA are assumed to be related to 

demyelination rather than to axonal damage300, although interpretations of DTI indices in terms of underlying 

neural pathologies should be done with caution318. While polysubstance use was associated with smaller FA 

value across a wide range of brain regions, polysubstance use was associated with increases in RD only in 

the frontal regions of the brain. Moreover, since RD has a much  smaller signal-to-noise ratio compared to 

FA316, this may suggest that abnormalities in WM integrity related to polysubstance use, are largest within the 

prefrontal regions whereas changes in RD might be too small to be detected in the other parts of the brain. 

The current study is not the first to demonstrate WM alterations in cocaine users, but it is, to our knowledge, 

the first to demonstrate that there is a negative relation between the number of other substances that are used 

by cocaine users and WM integrity. Our results are in line with previous studies in cocaine users203,284–286,288,289. 

While these studies claim that these WM alterations are an important characteristic of cocaine use disorder, 

the results of the current study suggest WM alterations previously demonstrated within these population, are 

at least partly explained by polysubstance use and not cocaine use per se.

In rats it has been demonstrated that cocaine exposure induces increases in neuro-inflammation and a decrease 

in myelin and FA within the corpus callosum319,320. It may therefore be speculated that the negative relation 

between the number of used substances and WM alterations are the result of a similar process. However, the 

absence of any significant relation between the level of substance use and diffusion measures suggests that 

polysubstance use per se is not the driving force behind the WM abnormalities in this population of cocaine 

users. An alternative explanation therefore could be that WM alterations represent a pre-existing vulnerability 

to use multiple drugs. Support for this statement comes from several DTI studies that demonstrated WM 

alterations in non-affected siblings of addicted individuals321 and subjects with a family history of alcohol 

addiction322. Thus, WM alterations in polysubstance users may be a pre-existing vulnerability to deficient 

cognitive control, resulting in (uncontrolled) polysubstance use. 
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The prefrontal cortex (specifically the orbital frontal cortex) plays a critical part in addiction related behavior 

such as drug-craving, impulsive-compulsive behavior and impaired decision making323. Previous studies 

demonstrated that lower FA and higher RD in cocaine users are both related to impairments in decision 

making287 and shorter self-reported abstinence after treatment60. Although the current study design does not 

allow us to conclude that these white matter alterations in polysubstance users are a cause or a consequence 

of polysubstance use, the finding of reduced white matter integrity in cocaine users who also use other 

substances compared to cocaine users who do not use other substances, could (partly) explain why treatment 

outcome is poorer in polysubstance users compared to single substance users9,57, because reduced white 

matter integrity has been shown to be associated with early relapse in cocaine use60.

Here we demonstrated that there is a negative relation between the number of used substances and WM 

alterations. However, previous studies in alcohol users suggested that co-morbid substance use is associated 

with less abnormalities in gray and WM structure273,290–293. There are two important differences between our 

study and these previous studies in alcohol users that could explain these differences: first, we tested for 

a linear effect, whereas the other studies tested for a group effect. Another important difference is that the 

previous studies compared only three groups: non-drug users, users of one substance (alcohol) and users 

of two substances (alcohol + marijuana or amphetamine), whereas we added two additional groups to this 

comparison: non-alcohol or drug users and users of three types of substances (alcohol, cocaine and marijuana). 

Hence this different methodological approach could explain why we did not find an attenuating effect of using 

marijuana in addition to cocaine. Alternatively, it could be that the added effect of polysubstance use on 

alcohol use is different from the added effect of polysubstance use on cocaine use. Therefore we would like 

to stress the importance of studying the effect of polysubstance use in different populations (e.g. cocaine 

users, alcohol users, marijuana users) to further clarify the effect of using multiple substances on white matter 

integrity.

In the current study we collected DTI data of 67 non-drug users and 67 regular cocaine users. This large 

population enabled us to investigate the effect of polysubstance use in a general population sample. While this 

is an important strength of the current study, using a naturalistic design like this also has several limitations. 

First, individuals were classified into groups based on the type and number of substances used. These groups 

were assigned a value that was used to calculate the contrast weights in the analysis, ranging from 0 (no 

alcohol or drugs use to 3 (heavy alcohol, cocaine and marijuana use). According to this classification, we 

assumed that the difference between not drinking alcohol at all and drinking less than 21 units of alcohol 

per week, is similar to the difference between drinking less than 21 units per week and drinking less than 

21 units per week in combination with using cocaine. Thus the nature of the relation between the number of 

substances used and WM reductions could have been affected by these assigned values. Related to this, it 

should be noted that, although the linear model showed the strongest effect size, the effect sizes of the three 

models were small and very similar. The conclusion on the linear nature relation between polysubstance use 

and WM integrity should therefore be taken with caution.  Second,  while we hoped that the different groups 

would differ from each other only in one type of substance used, non-drug users used significantly less alcohol 

compared to cocaine users. Third, it would have been more sophisticated if we had included subgroups of 

non-smokers, as none of the non-drug users smoked nicotine whereas the majority of cocaine users smoked 

nicotine. However, tobacco use was highly confounded with cocaine use. Therefore, it was not useful to include 

cigarette smokers with no other substance use as a separate group in the analysis. Although we did not find a 

significant relation between the number of cigarettes smoked and WM measures, the percent smokers among 

cocaine users who used both alcohol and marijuana was larger than among cocaine users who did not use 

heavy alcohol or marijuana. Previous studies have demonstrated both increases and decreases in FA related to 

smoking324,325. Hence, it could be that the use of cigarettes partly explains the relation between polysubstance 

use and WM integrity.  Fourth, the two extreme groups (non-alcohol or drug users, and cocaine users also 

using heavy alcohol and marijuana) were relatively small. However, the standard error of these measures was 

not larger within these groups compared to the other groups, suggesting that these smaller groups did not 
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result in less reliable WM measures. Fifth, visual inspection of the data seems to suggest that there is a large 

difference between non-alcohol and drug users, and moderate users of alcohol (3.8 units per week).  However, 

the observed difference is not signifi cant and we should be cautious with interpretations. Thus, although fi gure 

2 seems to suggest that even moderate alcohol is strongly associated with a loss of white matter integrity, it 

should not be interpreted as a consequence of moderate alcohol use and it is also diffi cult to interpret it as 

some predisposing factor for moderate alcohol us. Future research with larger samples are needed to explain 

this fi nding. Finally, because this study was aimed to investigate white matter alterations in cocaine users, we 

did not include non-cocaine using heavy alcohol users. Further research is needed to investigate whether the 

relation between the number of substance used and white matter alterations, also holds in non-cocaine users.

In summary, this study demonstrated that there is a negative relationship between the number of substances used 

and WM alterations, mainly within the prefrontal lobe. Since this region is involved in drug-craving, impulsive-

compulsive behavior and decision making, these results may explain some of the diffi culties encountered in 

the treatment of polysubstance users.  In addition this study is an important fi rst step in understanding how 

certain substances interact on a neural level. Further research is needed on the pathophysiology of these 

changes and the potential relevance of these fi ndings in the treatment of polysubstance use.  
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Chapter 9

Summary and discussion 

9
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Cocaine use disorder is a chronic relapsing disorder characterized by the compulsion to seek and take the 

drug, loss of control in limiting intake and emergence of a negative state when access to the drug is prevented1. 

Despite decades of experimental and clinical research, treatment success in cocaine use disorder is poor; there 

are currently no registered pharmacological treatments11 and although cognitive behavioral therapy is fairly 

successful9,  there is considerable room for improvement. A better understanding of the (neural) mechanisms 

involved in cocaine abuse and dependence, may lead to the identification of novel treatment targets. 

Neuroimaging studies have made a significant effort to identify biomarkers of substance use disorder, which 

refers to a measurable indicator of (ab)normal biological processes or treatment response326. Previous research 

primarily focused on reward and cognitive control functions and thus the involvement of the frontostriatal 

network in the etiology of substance use disorder. Those studies have consistently demonstrated hyperactivity 

within the ventral striatum (VS) and prefrontal cortex (PFC) during the processing of drug related information, 

and hypo-activation of the PFC during executive functioning326,327. While the frontostriatal network is strongly 

connected to the amygdala117, it has only recently been suggested that PFC-amygdala-VS dysfunction may 

play a key role in habitual drug seeking and deficient emotion regulation16,33, and therefore in the etiology of 

substance dependence. The findings described in this dissertation provide relevant support of altered PFC-

amygdala-VS function and structure in regular cocaine users, which may provide us with a novel biomarker 

and treatment target of substance use disorder. The findings described in chapter 2-5 provide novel evidence 

for hyperactivation of the amygdala and its relation to frontrostriatal dysfunction in regular cocaine users, 

and how this may be modulated by childhood adversity and state anxiety. In addition, the other chapter 

provide additional evidence on how deficient PFC structure is related to trait impulsivity (chapter 6 and 7) 

and polysubstance use (chapter 8). In the end of the discussion I propose a model on how amygdala and 

frontostriatal function is modulated by childhood adversity, state anxiety, impulsivity and polysubstance use, 

and how this may be related to compulsive behaviour and impaired emotion regulation in regular cocaine 

users. 

Amygdala hyperactivity as a biomarker of cocaine use disorder

Impaired dorsal anterior cingulate cortex (dACC) function in addicted individuals has consistently been 

associated with impaired inhibitory control18. Because of its connection with the amygdala, the dACC has 

also been implicated in emotion regulation78. There has been limited research however on whether amygdala 

function is also impaired in cocaine dependence. In Chapter 2 we demonstrated that regular cocaine users 

show hyper-responsiveness of the amygdala and reduced functional connectivity between the amygdala and 

the dACC in response to angry and fearful facial expressions. In Chapter 3 we furthermore demonstrated that 

the functional connectivity between the amygdala and dACC is reduced in response to visual cocaine-related 

cues. These results suggest reduced cognitive control in regular cocaine users, in the presence of cocaine-

related or emotional stimuli, thereby increasing the risk of compulsive cocaine use. 

Childhood adversities and current negative emotional states have long been suggested to play a role in 

the onset and continuation of substance dependence21,328. Animal studies have already demonstrated that 

early life stress induces long-term changes within the amygdala and the frontostriatal network35,37,107,111,112,114, 

whereas acute fear or stress induces dopamine activation with the VS143. Very few studies, however, have tried 

to translate these findings from animal studies to humans. In Chapter 3 we demonstrated that cocaine users 

with a history of childhood adversity show reduced functional connectivity between the amygdala and the 

VS during cocaine cue-exposure. During the same task, cocaine users with high levels of self-reported state 

anxiety show reduced amygdala-dmPFC coupling. On a behavioral level amygdala-VS coupling has been 

suggested to play a role in reward learning, the performance of goal-directed actions and risk aversion127–129, 

whereas amygdala-dmPFC coupling has been suggested to play an important role in emotion regulation133,134. 

These findings suggest that cocaine users with a history of childhood adversity may be more prone to the 

development of compulsive and risky behaviour, whereas highly anxious cocaine users may be more prone to 

impaired emotion regulation during cocaine cue-exposure and thus relapse. 
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Compulsive drug seeking behaviour despite negative consequences might be the result of an inability to learn 

to associate certain stimuli with a negative outcomes, due to insufficient activation of the amygdala. However, 

excessive amygdala activation in response to negative stimuli, as we demonstrated in cocaine users in chapter 

2, is more likely to be related to enhanced association of certain stimuli with negative consequences329,330. In 

chapter 4 we however demonstrated that cocaine users do not differ from non-drug using controls in the 

ability to learn an association between a stimulus and a negative outcome, using a classical fear conditioning 

paradigm. On a neural level however, cocaine users however displayed hyper-responsiveness of the amygdala 

and insula during fear learning. These results suggest that cocaine users are actually hyper-responsive to 

stimuli that predict a negative outcome, instead of being unable to learn the relation between an event and a 

negative outcome. Because of the connection between the amygdala and VS, increased responsiveness of the 

amygdala to stimuli that predict a negative outcome in regular cocaine users, may represent increased negative 

reinforcement, stress induced relief craving and subsequent continuation of relapse into drug use1,21,156,161. 

It remains to be investigated, however, how amygdala hyperactivity relates to habit formation, reward 

motivation and compulsive behavior despite negative consequences. An important step in understanding this, 

is to get more insight in how negative outcomes influence neural reward signaling in general. Together with 

Guido van Wingen, I therefore developed a novel fMRI paradigm, that we applied in a population of healthy, 

non-drug using males (chapter 5). In this study we demonstrated that the anticipation of a negative outcome 

reduces the reinstatement of conditioned reward signaling within the VS. Interestingly, a reduction in reward 

reinstatement was associated with the strengthening of VS-hippocampus connectivity and the strengthening 

of VS-insula connectivity. With other words, strong functional connectivity between the VS and hippocampus 

or insula may be essential to reduce reward motivation when the reward is paired with a negative outcome. 

While the insula may provide body-relevant information to the degree of aversion of a certain stimulus156,182, 

the hippocampus is involved in the retrieval of (aversive) memory183. Thus, the anticipation of a negative 

outcome may reduce reward reinstatement by enhancing the retrieval of aversive memory and disrupting the 

reconsolidation of reward memory. Since cocaine dependence is characterized by a continued motivation for 

(drug) rewards despite negative consequences, it can be hypothesized that impaired coupling between the VS 

and hippocampus or insula underlies the compulsive character of substance dependence. 

The association between grey matter and trait impulsivity in regular cocaine users

It has often been demonstrated that highly impulsive individuals are at particular risk to transit from recreational 

to compulsive cocaine use31,44–46. However, while high impulsiveness is strongly associated with cocaine use 

disorder331, the neural deficits that underlie the relation between trait impulsivity and cocaine use disorder have 

scarcely been investigated. Compared to clinical ratings however, these ‘neurocognitive endophenotypes’ 

may provide us with a more accurate measure to predict or improve treatment outcome326,332. In chapter 6 

we found  smaller grey matter (GM) volume of the middle frontal cortex of cocaine users compared to non-

drug using controls. More importantly, we demonstrated in cocaine users that trait impulsivity was strongly 

associated with alterations in GM volume of the orbital frontal cortex, the precentral gyrus, superior frontal 

gyrus and inferior parietal gyrus. 

Because this study aimed to explore the potential confounding effects of impulsivity, depression and smoking 

on cortical volume abnormalities in cocaine users, we did not test the relation between trait impulsivity and 

cortical volume in non-drug using controls. Based on the results of other studies however, it became apparent 

that the association between cortical structure and impulsivity may be different in cocaine users and non-

using controls44,50–52,236, although this had only been tested directly once53. Therefore we conducted another 

structural MRI study to investigate whether cocaine users and controls differed with regard to the association 

between cortical structure and trait impulsivity (chapter 7). The methods used in this study deviated from 

the study described in chapter 6 in several ways. First, we included a larger, although partly overlapping, 

sample of cocaine users and non-drug using controls and second, we applied a surface-based analysis 

instead of a voxel-based analysis of cortical morphometric, that allowed us to measure cortical thickness 

and cortical surface area in addition to cortical volume. As expected, we demonstrated a significant group 
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by impulsivity interaction on cortical surface area of the superior temporal cortex and insula and cortical 

thickness of the dACC. This distinct relation between cortical structure and trait impulsivity could underlie 

a functional imbalance between the insula, superior temporal cortex and dACC, which has previously been 

related to impaired decision making75,263–267,269,295,333. The results of this study suggest that a distinct relation 

between trait impulsivity and cortical structure, in regular cocaine users compared to non-drug using controls, 

may be an important characteristic of cocaine use disorder334. While it remains to be investigated whether 

these alterations are a cause or a consequence of cocaine use, these findings may have relevant treatment 

implications: For instance, it has previously been demonstrated that modafinil (which is a cognitive enhancer 

suggested to improve PFC function335,336) is only effective in high-impulsive alcohol dependent patients 

and may even have a detrimental effect in low-impulsive alcohol dependent patients337. A distinct relation 

between trait impulsivity and underlying cortical pathology may contribute to the prediction of these differential 

treatment outcomes.

Cocaine users do not only use cocaine

None of the cocaine users that were included in the studies described in this dissertation were using only 

cocaine: 81% were also cigarette smokers, 47% were also heavy alcohol users (more than 21 units of alcohol 

per week) and 39% also used cannabis on a (more than) weekly basis. While these numbers of poly-substance 

use are in line with what is commonly reported in cocaine users57,249 it does raise several questions. Most 

importantly, are abnormalities in the amygdala and frontostriatal circuitry, as described above in cocaine users, 

related to cocaine abuse, or rather to tobacco, alcohol or cannabis (ab)use, or a combination thereof? To 

answer this question, we tested for potential confounding effects of drugs other than cocaine in most of 

the studies. Comorbid use of nicotine, alcohol and cannabis, was not significantly associated with hyper-

activation of the amygdala in response to angry or fearful faces (chapter 2). We also did not find any relation 

between nicotine or alcohol use and neural responsiveness during fear conditioning or extinction learning 

(chapter 4). Furthermore, in chapter 6 and 7, we found that nicotine and alcohol use was also unrelated to 

cortical volume, thickness or surface area. However, cannabis use was associated with reduced activation 

of the superior temporal cortex during fear extinction learning, although it did not explain neural differences 

between cocaine users and non-drug using controls during fear conditioning or extinction learning (chapter 4). 

In addition, cannabis use significantly modulated the group by impulsivity interaction on cortical surface area 

of the temporal cortex (chapter 7). Thus, while our studies consistently demonstrated that alcohol and nicotine 

use are unrelated to functional or structural neural abnormalities in cocaine users, there are some indications 

that cannabis use may normalize or prevent structural and functional alterations in the temporal cortex related 

to cocaine abuse and dependence (chapter 4 and 7). These findings are in line with several studies in alcohol 

use disorder that demonstrated more severe structural alterations in grey and white matter of heavy alcohol 

users, compared to heavy alcohol users that also use cannabis273,290,291. 

Unfortunately, the relation between polysubstance use and structural alterations in the brain of cocaine users 

has never been extensively studied. In chapter 8 we therefore performed a large diffusion-tensor imaging 

study in 67 cocaine users and 67 non-drug using controls. Study participants were classified in subgroups 

based on the number of substances used (ranging from nothing, to the combined use of cocaine, heavy 

alcohol and cannabis). In contrast to previous studies, cocaine users that also used cannabis did not show 

less sever alterations in white matter structure, compared to cocaine users that did not use cannabis. On the 

contrary, we demonstrated a negative relation between the number of substances used and white matter 

integrity: participants that reported no use of alcohol or drugs whatsoever,  showed the least white matter 

alterations, whereas polysubstance users of cocaine, alcohol and cannabis showed the largest white matter 

alterations. While this effect was detected in the white matter throughout the whole brain, the strongest effects 

were detected within the frontal lobe. As various regions within the frontal lobe play an important role in drug-

craving, impulsive and compulsive behavior and impaired decision making230, this could explain why treatment 

outcome is poorer in poly-substance users compared to single-substance users9,57. An important implication 

of these findings is that polysubstance users may benefit most from treatment strategies that target PFC 

dysfunction. 
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Are neural alterations a cause of cocaine abuse, a consequence of cocaine abuse, or a combination 

of both? 

An important limitation of cross-sectional studies as the ones described in this dissertation, is that they not 

allow to differentiate between neural differences that predispose to cocaine abuse and those that are the result 

of cocaine use. Our findings do however allow us to speculate on this matter. For instance, in chapter 2 we 

demonstrated that cocaine users with a relative early onset of cocaine use or a longer duration of cocaine use, 

show higher amygdala activation in response to negative emotional facial expressions, compared to cocaine 

users with a relative late onset or short duration of cocaine use. An early exposure to cocaine may have 

interfered with the neural development of the amygdala, which would support a causal relationship between 

cocaine exposure and amygdala hyperactivity. Alternatively, (environmental) stress related to an early onset 

of cocaine use may also have affected brain development. In support of this, we demonstrated in chapter 

3 that functional coupling between the amygdala and VS during cocaine cue exposure, is strongly reduced 

in cocaine users that experienced high levels of childhood adversities. These findings indeed suggest that 

stressful events during childhood or adolescence may induce changes within the amygdala-VS network and 

thereby could predispose to cocaine abuse and dependence. 

Other findings in this dissertation also argue against the hypothesis that the neural alterations found in regular 

cocaine users are simply the consequence of cocaine exposure. For example, there was no association 

between the amount of cocaine use and the neural response to fear conditioned stimuli (chapter 4). There were 

also no significant associations between the duration (or onset) of cocaine use on gray matter abnormalities 

(chapter 6 and 7) or between the amount of substance use and white matter abnormalities (chapter 8). 

Altogether, these studies do not provide a clear-cut answer on the causal relation between abnormalities in 

the PFC–amygdala–striatal circuitry and cocaine use disorder. Nonetheless, the lack of associations between 

onset age, years and amount of cocaine use in most of our studies, suggest that these alterations may be 

predominantly predisposing for the development of cocaine dependence rather than just the consequence of 

chronic cocaine use.   

Summary and future perspectives

While previous research primarily focused on the involvement of the frontostriatal network in the etiology 

of substance use disorder, it has recently been suggested that the amygdala, and its interaction with the 

frontostriatal circuitry, may play a key role in habitual drug seeking16,33, and therefore in the etiology of substance 

use disorder. The studies described in this dissertation not only support the involvement of the PFC-amygdala-

striatal circuitry in cocaine abuse and dependence, but they also provide novel and more specific evidence for 

the involvement of this network in cocaine use disorder.

We demonstrated that cocaine users show hyper-activity of the amygdala in response to negative emotional 

facial expression, cocaine-related stimuli and fear-conditioned stimuli. We furthermore demonstrated that 

childhood adversity disrupts amygdala-VS coupling during cocaine cue-exposure. As amygdala-VS coupling 

plays a key role in goal-directed learning127–129 these findings suggest that a history of childhood adversity 

may predispose to substance abuse by increasing habit learning and reducing risk aversion. We also 

showed that state anxiety disrupts amygdala-dmPFC coupling during cocaine cue-exposure. In addition, we 

demonstrated that trait impulsivity and the degree of polysubstance use selectively alters (dm)PFC structure. 

Because the amygdala-dmPFC coupling plays a key role in emotion regulation133,134, these results imply that 

negative emotional states, trait impulsivity and polysubstance use may reduce the ability to regulate emotional 

responses to cocaine related cues, and thus increases the risk of continued of drug use and relapse. 

Finally, in healthy, non-drug using individuals we demonstrated that anticipation of a negative outcome reduces 

reward reinstatement in the VS, in which a strong VS-hippocampus coupling seems to be essential. Since 

cocaine dependence is associated with a persistent motivation for reward despite negative consequences, 

it could be hypothesized that negative outcomes do not reduce reward reinstatement within the VS, possibly 
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because of a weaker coupling between the VS and hippocampus. The hippocampus is closely connected 

to the amygdala via which it can infl uence amygdala responses when emotional stimuli are encountered338. 

Although we did not directly test neural responsiveness during the anticipation of a stimulus with both a 

positive (rewarding) and negative outcome in cocaine users, it has consistently been demonstrated that drug-

cue exposure enhances negative emotional states in substance dependent patients e.g.339–341. It can therefore 

be assumed that cocaine cue-exposure not only triggers (drug) reward anticipation but also the anticipation of 

a negative outcome. Our fi nding of reduced amygdala-VS coupling during cocaine cue-exposure in cocaine 

users with a history of childhood adversity, therefore may imply that negative consequences associated with 

drug use do not lead to a reduction of reward motivation in these individuals because of reduced striatal 

coupling with the hippocampus through its connection with the amygdala.

The fi ndings described in this dissertation are summarized in a schematic model, in fi gure 1:  Cocaine users have 

reduced amygdala-VS coupling, which is thought to be related to compulsive behavior. These alterations may 

predispose to the development of a cocaine use disorder, possibly linked to childhood adversity. Additionally, 

cocaine users have reduced amygdala-dmPFC coupling, which is suggested to be related to impaired emotion 

regulation. These alterations may therefore contribute to the negative reinforcement mechanisms that drive 

cocaine use. Amygdala-dmPFC coupling is likely to be most impaired in high impulsive individuals and 

polysubstance users, because of structural PFC abnormalities. The validity of this model, however, remains to 

be investigated as several relevant questions remain to be unanswered: For instance, how do abnormalities 

within the amygdala-frontostriatal circuitry relate to an overreliance on habit-behavior? Are these abnormalities 

specifi c to stimulant use disorder, or can these results be generalized to other substance use disorders or 

behavioral addictions. And are these abnormalities truly predisposing or do the abnormalities normalize after 

a certain period of abstinence. Can alterations within the amygdala-frontostriatal circuitry predict treatment 

outcome? Cross-diagnostic studies (including for instance cocaine dependent patients and alcohol dependent 

patients), family studies and longitudinal studies in addition to the use of relevant behavioral paradigms, would 

be very helpful in answering these questions. 

Figure 1. Model on the involvement of the dmPFC-

amygdala-VS circuitry in cocaine use disorder. 

This model, partluy based on a model proposed by Li 

and Sinha in 200833, shows how dmPFC-amygdala-VS 

alterations may be involved in cocaine use disorder. 

While reduced amygdala-VS coupling is suggested 

to be involved in compulsive drug seeking, reduced 

amygdala-dmPFC coupling is suggested to be involved 

in impaired emotion regulation. Reduced amygdala-VS 

coupling may be related to childhood adversity, whereas 

reduced amygdala-dmPFC coupling may be related to 

state anxiety, trait impulsivity and polysubstance use. 
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Although the validity of this model remains to be tested, it may provide us with novel treatment targets. For 

instance, there is increasing evidence for the effectiveness of repetitive transcranial magnetic stimulation 

(rTMS) in the treatment of substance use disorders, when stimulating the right dorsolateral PFC (DLPFC)342,343. 

While this approach is thought to be effective mainly due to enhancing the prefrontal control over the 

striatum342,344, studies in depressive populations not only demonstrated that DLPFC stimulation modulates 

amygdala function, they also demonstrated that the effectiveness of DLPFC stimulation may dependent on 

baseline amygdala function345. In patients with obsessive compulsive disorder it has been demonstrated 

that DLPFC stimulation using rTMS significantly modulates frontal-amygdala connectivity135. Based on these 

studies, combined with the studies described in this dissertation, it could therefore be expected that rTMS as 

a treatment of substance use disorder is most effective in individuals that show the strongest abnormalities 

in amygdala-VS coupling, which are likely the ones that report high levels of state anxiety and childhood 

adversities. As we also demonstrated that PFC function is most affected in highly impulsive individuals and 

poly-substance users, this may further suggest that rTMS may also be more effective in cocaine users that are 

highly impulsive and in cocaine users that also use several other substances. 

Another strategy to modulate the amygdala-frontostriatal network is by using pharmacological agents. Currently 

there are no FDA approved pharmaceutical agents for the treatment of cocaine addiction, but medications 

that specifically act on the amygdala-frontostriatal circuitry might be promising novel treatment strategies. 

For example, corticotropin-releasing-factor (CRF) antagonists. The amygdala contains a high concentration 

of CRF terminals, cell bodies and receptors1 that are suggested to be involved in the negative reinforcement 

mechanisms that drive cocaine use20. Indeed, CRF antagonists, have shown to reverse stress-like responses 

during drug withdrawal and to reduce drug-self administration328,346. Other promising pharmaceutical agents 

are those that target the noradrenergic stress-system. For example, propranolol has shown to reverse cocaine 

withdrawal related cognitive-inflexibility347 and anxiety348, although not all studies using propranolol in the 

treatment of cocaine addiction are effective167. 

It could very well be that interventions that target the amygdala-frontostriatal circuitry, such as rTMS, CRF-

antagonists or behavioral therapy, may not be effective in all cocaine users. However they are likely to be 

effective in those that suffer most from negative emotional states and those with deficient emotion regulation. 

Therefore, increasing knowledge on the amygdala and its interaction with the frontostriatal system in substance 

use disorder will hopefully improve treatment outcome in those that are currently treatment-resistant.
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Nederlandse samenvatting
In Nederland gebruikt naar schatting 2.4% van de 15 tot 34 jarigen  wel eens cocaïne4. Van deze groep 

‘recreatieve’ cocaïne gebruikers, zal 20% uiteindelijk een cocaïneverslaving ontwikkelen6,7. Een 

cocaïneverslaving wordt gekenmerkt door het compulsief en ongecontroleerd gebruik van cocaïne ondanks 

de negatieve consequenties1. Hoewel cognitieve gedragstherapie redelijk effectief lijkt te zijn in de behandeling 

van cocaïneverslaving, lukt het slechts 30% van de cocaïneverslaafden om na de behandeling abstinent te 

blijven9. Het is daarom noodzakelijk om meer inzicht te krijgen in de hersenmechanismen die een rol spelen 

bij het ontstaan en het in stand houden van een cocaïneverslaving, omdat dit mogelijk leidt tot nieuwe 

(farmaceutische) behandelstrategieën12. 

In het verleden heeft het neurobiologisch onderzoek naar verslaving zich met name gericht op de rol van de 

prefrontale cortex en het ventraal striatum in verslavingsgedrag. Deze gebieden spelen namelijk een belangrijke 

rol bij het aanleren van doelgericht beloningsgedrag, waarbij de prefrontale cortex functioneert als het controle 

system en het ventraal striatum als het motivationele systeem17,18. Ondanks jaren van onderzoek naar deze 

gebieden heeft dit helaas nog niet geleid tot een effectieve behandeling van (cocaïne)verslaving. Dit zou er op 

kunnen wijzen dat de zoektocht naar nieuwe behandelstrategieën zich mogelijk beter zou kunnen richten op 

andere neurobiologische systemen19. 

Ondanks dat negatieve emoties een belangrijke drijfveer zijn om door te gaan met het gebruik van cocaïne20, 

is er nog maar weinig bekend over de neurobiologische systemen die hieraan ten grondslag liggen. In mijn 

proefschrift heb ik mij daarom met name gericht op de amygdala, die reciprocaal verbonden is met zowel 

de prefrontale cortex als het ventraal striatum26, en samen met deze gebieden een sleutelrol speelt in het 

verwerken en aansturen van emoties20. In hoofdstuk 2-5 hebben we onderzocht of de amygdala functie bij 

cocaïnegebruikers verstoord is, en hoe dit samenhangt met het functioneren van het frontostriatale systeem. 

In de andere hoofdstukken hebben we onderzocht hoe de structuur van de prefrontale cortex samenhangt 

met impulsiviteit (hoofdstuk 6 en 7) en polydruggebruik (hoofdstuk 8). De resultaten van deze studies 

ondersteunen een model dat voorspelt dat veranderingen in het amygdala-frontostriatale system, gerelateerd 

zijn aan vroege jeugdtrauma’s, impulsiviteit en polydruggebruik, en ten grondslag liggen aan compulsief 

gedrag en verminderde emotieregulatie in cocaïne gebruikers. 

Is de amygdala functie verstoord bij cocaïnegebruikers?

In hoofdstuk 2 tonen  we aan dat de amygdala in cocaïnegebruikers veel actiever is tijdens het verwerken 

van negatieve emoties (het zien van boze en bange gezichten) in vergelijking met gezonde controles. Ook 

zien we bij cocaïnegebruikers een verminderde functionele connectiviteit tussen de amygdala en de dorsale 

anterieure cingulate cortex (dACC) in vergelijking met controles. In hoofdstuk 3 laten we zien dat de amygdala 

in cocaïnegebruikers ook heel sterk reageert op cocaïne-gerelateerde plaatjes, wat gepaard gaat met een 

verminderde functionele connectiviteit tussen de amygdala en dACC. De dACC ligt in de prefrontale cortex 

en speelt een belangrijke rol bij emotieregulatie133,134. Hyperactivatie van de amygdala en verminderde 

connectiviteit met de dACC duidt er dus mogelijk op dat cocaïnegebruikers minder goed zijn in het reguleren 

van emoties in de aanwezigheid van emotionele en cocaïne-gerelateerde stimuli.

In hoofdstuk 3 laten we verder zien dat vroege jeugdtrauma’s en zelf-gerapporteerde angst een differentieel 

effect hebben op de functionele connectiviteit tussen de amygdala en het frontostriatale netwerk tijdens 

de blootstelling aan cocaïne gerelateerde stimuli. In cocaïnegebruikers met een jeugdtraumageschiedenis 

zien we verminderde functionele connectiviteit tussen de amygdala en het ventraal striatum, terwijl een 

toename aan zelf-gerapporteerde angst gerelateerd lijkt te zijn aan een afname in functionele connectiviteit 

tussen de amygdala en de dorsomediale prefrontale cortex (dmPFC). Uit eerder onderzoek is gebleken dat 

een verminderde functionele connectiviteit tussen de amygdala en het ventraal striatum gerelateerd is aan 

afwijkingen in beloningsgedrag, zoals het maken van meer risicovolle keuzes127–129. Aan de andere kant blijkt een 

verminderde functionele connectiviteit tussen de amygdala en de dmPFC gerelateerd te zijn aan afwijkingen 



102

in emotieregulatie133,134. Het lijkt er dus op dat cocaïnegebruikers met een jeugdtraumageschiedenis met name 

kwetsbaar zijn voor het ontwikkelen van compulsief en risicovol gedrag, en dat cocaïnegebruikers met een 

hoge mate van angst, mogelijk meer moeite hebben hun emoties te reguleren tijdens de blootstelling aan 

cocaïne gerelateerde stimuli. 

Het zou verwacht kunnen worden dat de persistente motivatie voor cocaïnegebruik ondanks de negatieve 

consequenties, komt doordat mensen met een verslaving meer moeite hebben om de relatie te leren tussen 

een gebeurtenis en een negatieve uitkomst. Uit hoofdstuk 4 blijkt echter dat dit bij cocaïnegebruikers niet het 

geval is. Het lijkt er zelfs op dat de hersenen van cocaïnegebruikers, in vergelijking met gezonde controles, 

sterker reageren op visuele stimuli die een negatieve uitkomst (in dit geval een milde elektrische schok op de 

pols) voorspellen. Deze verhoogde gevoeligheid voor dergelijke negatieve prikkels is mogelijk onderliggend 

aan de stress-geïnduceerde drang naar cocaïne en daarmee terugval in de verslaving1,21,156,161. 

In de bovenstaande studies hebben we niet direct onderzocht wat er in de hersenen gebeurt wanneer er 

zowel een (drugs) als een negatieve uitkomst wordt verwacht. Om hier meer inzicht in te krijgen hebben 

we een nieuw gedragsparadigma ontwikkeld (“aversieve counterconditionering”) waarmee we kunnen kijken 

wat er in de hersenen gebeurt wanneer iemand zowel een beloning (in dit geval €0,50) als een negatieve 

uitkomst (wederom een elektrische schok) verwacht (hoofdstuk 5). Dit paradigma hebben we getest bij 

gezonde, niet-drugs gebruikende vrijwilligers. Hieruit bleek dat het beloningssignaal in het ventraal striatum 

sterk werd verminderd wanneer de stimulus die een beloning voorspelde ook een schok voorspelde. Deze 

afname in het beloningssignaal bleek geassocieerd met een toename aan functionele connectiviteit tussen het 

ventraal striatum en de hippocampus, evenals een toename aan functionele connectiviteit tussen het ventraal 

striatum en de insula. Een sterke verbinding tussen het ventraal striatum en de hippocampus en insula lijkt dus 

essentieel om er voor te zorgen dat de motivatie voor een beloning minder wordt wanneer deze gekoppeld is 

aan een negatieve uitkomst. Gezien het feit dat cocaïnegebruikers een persistente motivatie voor cocaïne laten 

zien ondanks de negatieve consequenties6,7, zou een interventie die zicht richt op de functionele koppeling 

tussen het ventraal striatum en de hippocampus of insula, mogelijk effectief kunnen zijn bij de behandeling 

van cocaïneverslaving. 

De bijzondere relatie tussen grijze stof afwijkingen en impulsiviteit

Naast een compulsief karakter is een impulsief karakter een kwetsbaarheid voor het ontwikkelen van een 

verslaving228,229. Als er meer duidelijkheid is over de neurobiologische systemen die hieraan te grondslag liggen 

zouden we hier specifiek op in kunnen grijpen. In hoofdstuk 6 laten we zien dat het corticaal volume van 

onder andere de orbital frontale en superieure frontale cortex, sterk samen hangt met impulsiviteit. Het is dus 

mogelijk dat afwijkingen in het corticaal volume van de prefrontale cortex duiden op een kwetsbaarheid voor 

verhoogde impulsiviteit en daarmee het ontwikkelen van een verslaving. Uit verschillende andere studies blijkt 

echter dat de samenhang tussen impulsiviteit en corticale structuur mogelijk anders in cocaïnegebruikers 

dan in gezonde controles44,50–52,236. In hoofdstuk 7 hebben we daarom een alternatieve analyse gedaan 

van de corticale structuur, bij zowel cocaïnegebruikers als gezonde controles. Uit deze analyses blijkt dat 

de relatie tussen corticale structuur (de dikte van de ACC en het oppervlakte van de superieure temporale 

cortex en insula cortex) en impulsiviteit in cocaïnegebruikers inderdaad afwijkt van die in controles. Deze 

afwijkende associatie tussen impulsiviteit en de corticale structuur van de ACC, superieure temporale cortex 

en insula, duidt mogelijk op een verstoort functionele evenwicht tussen deze gebieden wat in eerdere studies 

gerelateerd is aan verminderde cognitieve controle75,263–267,269,295,333. Dit zou er tevens op kunnen duiden dat 

bepaalde (farmaceutische) behandelingen mogelijk meer effectief zijn bij hoog- dan bij laag impulsieve 

cocaïneverslaafden, zoals eerder is aangetoond bij de behandeling van alcoholverslaving met modafinil (een 

cognitieve versterker) 335,336.    
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Een cocaïne gebruiker gebruikt niet alleen cocaïne

Een belangrijk punt waar in veel proefdier en humaan onderzoek vaak geen rekening mee wordt gehouden, is 

het feit dat de meeste cocaïnegebruikers polydruggebruikers zijn; ze gebruiken vaak meer dan één type drugs 

tegelijkertijd of kort na elkaar57,249. Dit was ook het geval bij de cocaïnegebruikers die wij hebben geïncludeerd 

in de studie. Naast het gebruik van cocaïne, bleek 81% ook sigaretten te roken, dronk 47% ook meer dan 21 

eenheden alcohol per week en rookte 39% ook (meer dan) wekelijks cannabis. In hoofdstuk 8 hebben we 

daarom een analyse  gedaan naar de relatie tussen het aantal type drugs dat iemand gebruikt en witte stof 

afwijkingen in het brein. Uit deze studie blijkt dat een afname aan witte stof integriteit negatief gecorreleerd 

is aan het aantal type drugs dat iemand gebruikt, maar niet aan de hoeveelheid van één specifieke drug. 

Met andere woorden, niet de hoeveelheid cocaïne, maar het aantal additieve drugs dat gebruikt wordt, lijkt 

van invloed op afwijkingen in de witte stof van het brein. De grootste effecten vonden we in de prefrontale 

cortex. Uit eerder onderzoek is gebleken dat verminderde witte stof integriteit een sterke voorspeller is voor 

het behandelsucces van verslaving60. De bevinding dat cocaïnegebruikers die naast cocaïne nog veel andere 

type drugs gebruiken de grootste afwijkingen laten zien in witte stof integriteit, verklaart mogelijk waarom 

het behandelsucces bij polydruggebruikers aanzienlijk lager is dan bij mensen die alléén alcohol, cocaïne of 

cannabis gebruiken9,57. 

Is er een causale relatie tussen afwijkingen in het brein van cocaïnegebruikers en verslaving?

Een beperking van het type studie dat wij hebben uitgevoerd (cross-sectioneel) is dat het geen mogelijkheid 

biedt om uitspraken te doen over de causaliteit van de bevinding. We kunnen daarom slechts speculeren of 

de structurele en functionele afwijkingen in het prefrontale-amygdala-ventraal striatale circuit een gevolg zijn 

van het cocaïnegebruik, of dat deze een risico factor zijn voor het ontwikkelen van een cocaïneverslaving. In 

de meeste studies die we hebben gedaan vinden we geen relatie tussen structurele en functionele afwijkingen 

in het brein en het aantal jaren dat, of de hoeveelheid drugs die, iemand gebruikt. Echter, in hoofdstuk 2 

vinden dat cocaïnegebruik op jonge leeftijd, gerelateerd is aan een sterkere hyperactivatie van de amygdala 

tijdens het verwerken van emotionele stimuli. Omdat een vroege blootstelling aan cocaïne mogelijk de neurale 

ontwikkeling heeft beïnvloed, zou dit kunnen wijzen op een causale relatie tussen cocaïnegebruik en amygdala 

dysfunctie. Anderzijds, zou een vroege blootstelling aan cocaïne ook gepaard kunnen zijn geweest met een 

verhoogd stress niveau tijdens de jeugd. Het zou dus kunnen zijn dat afwijkingen in amygdala functie meer 

gerelateerd zijn aan stress- dan aan cocaïneblootstelling. In lijn hiermee tonen we in hoofdstuk 3 aan dat een 

jeugdtraumageschiedenis geassocieerd is met een verminderde functionele connectiviteit tussen de amygdala 

en het ventraal striatum. Kortom, ondanks dat onze studies geen eenduidig antwoord kunnen geven over de 

causaliteit van de bevindingen, is het waarschijnlijker dat de gevonden structurele en functionele afwijkingen 

een kwetsbaarheid vormen voor het ontwikkelen van een cocaïneverslaving, dan dat ze het gevolg zijn van 

het cocaïne gebruik.

Wat kunnen we met de resultaten die in die proefschrift zijn beschreven?

Op basis van de resultaten die in dit proefschrift beschreven zijn, in combinatie met bestaande literatuur, 

stellen we een model voor die de rol van de amygdala en de interactie met het frontostriatale systeem in 

cocaïneverslaving beschrijft:

In mensen met een verslaving is de amygdala snel overprikkeld door emotionele en drugs-gerelateerde 

informatie, ten gevolge van een verminderde connectiviteit met de prefrontale cortex en het ventraal striatum. 

Een verstoorde connectiviteit tussen de amygdala en het ventraal striatum vormt een kwetsbaarheid voor 

risicovol en compulsief beloningsgedrag. Deze verstoring is mogelijk het gevolg van een vroege blootstelling 

aan stress zoals seksueel of fysiek misbruik in de jeugd. Een verminderde connectiviteit tussen de amygdala 

en prefrontale cortex vormt mogelijk een kwetsbaarheid voor een verminderde capaciteit tot het reguleren van 

emoties. Naast dat deze verstoring samen lijkt te hangen met de mate van zelf-gerapporteerde angst, zijn ook 

impulsiviteit en polydruggebruik sterk gerelateerd aan prefrontale cortex structuur, en dus mogelijk ook functie. 
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Hoewel de validiteit van dit model verder onderzocht moet worden, biedt het mogelijk nieuwe opties voor de 

behandeling van verslaving. Allereerst is het mogelijk dat cocaïnegebruikers met een jeugdtraumageschiedenis 

baat hebben bij een interventie die zich richt op de relatie tussen de amygdala en het striatum. Tevens 

zullen cocaïnegebruikers die meer angst en spanning rapporteren, impulsiever zijn, of veel andere type 

drugs gebruiken, wellicht meer baat hebben bij een interventie die zich richt op het amygdala – prefrontale 

cortex netwerk. Er zou hierbij gedacht kunnen worden het gebruik van repetitieve transcraniële magnetische 

stimulatie (rTMS), waarbij de prefrontale cortex van buitenaf magnetisch gestimuleerd wordt. Deze interventie 

wordt momenteel experimenteel getest bij mensen met een verslaving, en lijkt inderdaad redelijk succesvol 

om de zucht naar drugs of alcohol te verminderen342,343. Ook zou er gedacht kunnen worden aan het gebruik 

van medicijnen die zich specifiek richten op de amygdala en het frontostriatale systeem, zoals propranol wat 

op het noradrenerge systeem werkt347,348. Toekomstige studies zullen zich veel meer moeten richten op de 

rol van de amygdala en het frontostriatale systeem bij (cocaïne)verslaving en de behandeling hiervan om ons 

voorgestelde model te valideren en zo uiteindelijk de behandeling van cocaïneverslaving te verbteren. 
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En dan ben je aangekomen bij het dankwoord. Het meest, en door sommige mensen, het enige, gelezen 

deel van het proefschrift. Hét deel van het proefschrift waarin je iedereen wil bedanken die een “significante” 

bijdragen heeft geleverd aan het werk. Maar ja, hoe doe je dat, zonder in clichés te vervallen?
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en moet, ook af en toe gezegd worden.
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Bedankt iedereen die zich heeft ingezet om cocaïnegebruikers te vinden die bereid waren deel te nemen aan 

het onderzoek.

Natuurlijk wil ik ook alle vrijwilligers aan het onderzoek zelf bedanken. Voor vele van jullie was het een heftige 

en confronterende dag, waarin jullie tot in detail moesten vertellen over jullie drugsgebruik en ook nog eens 

elektrische schokken kregen tijdens een MRI scan. Zonder jullie was dit proefschrift nooit tot stand gekomen. 

Tijdens mijn promotie ben ik begeleid door mijn promotoren Liesbeth Reneman en Wim van den Brink, en 

co-promotoren Guido van Wingen en Judith Homberg. Liesbeth, na mijn stage bij Marieke heb je mij de 

mogelijkheid gegeven om als onderzoeksassistent binnen het ePOD project te werken waarna je mij al snel 

vertelde over dit promotieonderzoek. Je had er alle vertrouwen in dat ik een geschikte kandidaat zou zijn 

en dat dit project een succes zou worden, en je hebt daar gelijk in gehad! Bedankt voor je vertrouwen en 

onverwoestbare positiviteit. Wim, ik hoorde jouw naam voor het eerst toen ik ruim zes jaar geleden als stagiaire 

van Ruth op de verslavingsgang begon. Iedereen sprak vol lof over jou, je enthousiasme en je kennis. In de 

vier jaar van mijn promotie bleek dat deze lovende woorden meer dan terecht waren. Ik heb ontzettend veel 

van je geleerd, niet alleen op het gebied van verslavingsonderzoek, maar ook hoe ik om moet gaan met 

teleurstellingen. Als er weer eens een paper was afgewezen, bracht jouw reactie daarop altijd een zekere 

nuance die nodig was om weer door te gaan. Bedankt! Guido, als fMRI-expert ben jij uiteindelijk officieel 

deel uit gaan maken van het project. En wat was ik daar blij mee! Ik heb ongelofelijk veel geleerd van de 

uren die wij samen achter de computer of het whiteboard zaten, discussiërend over analyses, resultaten en 

nieuwe fMRI paradigma’s. Ik hoop dat wij in de toekomst nog vaak samen mogen werken en dat het ‘ons’ 

counterconditioneringsparadigma nog lang op het whiteboard zal schitteren! Judith, ondanks de afstand was 

jij altijd een van de eerste die de manuscripten,  voorzien van commentaar en altijd een compliment, terug 

stuurde. Jouw enthousiasme over preliminaire resultaten, en de transleerbaarheid van deze resultaten naar 

ratten, en visa versa, was bijzonder inspirerend. Liesbeth, Wim, Guido en Judith, jullie waren een TOP-team!

Beste leden van de leescommissie: Anneke Goudriaan, Reinout Wiers, Louk Vanderschuren, Ruth van Holst 

en Valerie Voon, hartelijk dank voor het lezen en beoordelen van mijn proefschrift, en het deelnemen aan de 

promotieplechtigheid als opponenten. Valerie Voon, thank you for reviewing my dissertation and for participating 

in this committee. Anneke en Reinout, ik zie uit naar onze samenwerking in de komende twee jaar. Ruth, als 

onzeker studentje kwam ik in 2010 bij jou stage lopen en jij hebt mij altijd aangemoedigd om in het onderzoek te 

gaan en te blijven!  Ik ben vereerd dat jij nu als opponent aan de promotieplechtigheid wilt deelnemen. 

Mieke en Wieke, wat ben ik blij dat jullie als paranimfen naast mij zullen staan tijdens deze spannende dag. 

Jullie zijn niet alleen goede vriendinnen, maar ook nog eens werkzaam in het zelfde veld. Ik vertrouw er dan 

ook op dat jullie, mocht ik onder de druk bezwijken, de verdediging zonder problemen voort zullen zetten! 

Lieve Mieke, van studiegenootje naar goede vriendin en collega, waar ik altijd mijn hart kan luchten, mijn 

frustraties kan uiten en kan huilen en lachen. Lieve Wieke, ooit stonden wij samen op het open podium op het 

ECL, ik achter de piano, jij op de viool. Nu sta je hier naast me op deze bijzondere dag. Wat ben ik blij dat wij 

na al die jaren nog steeds een mooie vriendschap hebben!
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Mijn promotie was een stuk moeizamer gegaan zonder de hulp van  de stagiaires, Karlijn, Renée, Meija en 

Ward. Karlijn, je was mijn eerste student, en toen jij begon wist ik eigenlijk net zo veel (of weinig) als jij. Jouw 

bijdrage is dan ook essentieel geweest voor het succesvol starten van de studie, zoals jouw matlab kennis 

essentieel is geweest voor de tot stand komen van hoofdstuk 4. Wat ben ik trots dat jij nu zelf binnenkort je 

eigen proefschrift mag verdedigen! Lieve Renée, jouw blijheid, enthousiasme en harde werken heeft mij door 

de moeilijkste tijd van mijn promotie heen gesleept. Helemaal zelfstandig heb je alle data verzameld voor 

hoofdstuk 5, wat zonder jouw hulp waarschijnlijk niet gelukt was. Ik ben blij dat jij nu zelf promotieonderzoek 

doet bij Ruth en Anneke, en dat ik op die manier voorlopig nog kan blijven genieten van jouw blijheid.

De eerste jaren van mijn promotie was ik vooral veel te vinden op Z0, waar ik heel veel mensen om hulp heb 

moeten, en kunnen, vragen. “Paul, mag ik je wat vragen?” dat is iets wat je me vaak hebt horen zeggen. Met 

alle programeer- en computerproblemen kon ik naar jou toe komen. Ik weet niet hoe je het doet, maar je wist 

mij altijd, met veel geduld, te helpen. Bedankt! “Sandra, mijn proefpersoon verteld me net dat hij misschien 

met een nietmachine in zijn been is geschoten. Wat denk jij, kan hij in de MRI scanner?”. Met deze, en 

vergelijkbare vragen, heb ik jou vaak lastig moeten vallen. Maar zelfs al belde ik in het weekend, jij stond altijd 

voor me klaar om advies te geven. Dank! En dan de rest van Z0: Bram, Dennis, Tanja, Jos, Wouter, Oliver, 

Lena, Geor, Esther, Claudia, Matthan, Pim, Marieke, Cheima, Henk-Jan, Joena, Johan, Eva, JP, Martin, Ot, 

Sofieke, Valentina en Jordi, bedankt voor alle gezellige lunches en avonden in de kroeg! Anouk, Hyke, Sanne, 

Myrle en Anne, bedankt voor alle gezellige etentjes. Wat is het toch fijn om met jullie alle ups en downs van het 

promoveren (als synoniem voor het leven) te kunnen delen! Ik hoop dat we deze traditie  voort zullen zetten!

In mijn laatste jaar van mijn promotie was ik vooral op de ‘verslavingsgang’ te vinden, waar altijd wel iemand 

was bij wie ik terecht kon om even te brainstormen over de interpretatie van resultaten of commentaren van 

reviewers. Suzan, Masha, Minni, Maarten, Edith, Carlijn, Lilach, bedankt voor alle gezelligheid, de taarten bij 

geaccepteerde papers, leuke lunchens en brainstormsessies voor promotiefilmpjes. Jochem, Tim, Marleen, 

Kim en Judy, het was super leuk om samen het symposium “Is verslaving een ziekte?” te organiseren. Niet 

alleen was dit ontzettend leerzaam, maar de vergaderingen onder het genot van een hapje en een drankje 

waren ook nog eens heel erg gezellig. Ik hoop dat er volgend jaar een derde editie gaat komen! Marianne, ik 

weet niet hoe ik alle organisatie omtrent het proefschrift zonder jou had moeten doen! Heel erg bedankt voor 

alles! Je bent een topper!

Lieve vrienden en familie: De afgelopen jaren waren niet altijd even makkelijk, maar jullie zijn altijd in mij blijven 

geloven! Trudy, Anne, Pascal, Elleke, Sander, Maarten, Bianca, Bart en Sanne, Daan, Jeroen, Mara en Paul, 

bedankt voor jullie onvoorwaardelijke steun. Lieve Rosie, wij begrijpen elkaar zonder woorden en woorden 

kunnen niet beschrijven wat jij voor mij betekend. Onze vriendschap is een lach, een traan en een goed glas 

prosecco, en daarmee is alles gezegd. Merel, Martine, Dafna, Silva, Mieke, en Lisette, we hebben elkaar als 

piepjonge psychobiologen leren kennen en ondanks dat we niet meer zo piepjong zijn, ben ik blij dat we ons, in 

elkaars aanwezigheid, nog wel zo kunnen gedragen! Bedankt voor alle gezellige etentjes, ik zie uit naar de volgende.

Lieve papa en mama, we hebben het behoorlijk met elkaar te verduren gehad, maar aan liefde en vertrouwen 

was nooit gebrek. Jullie hebben mij gemaakt tot wie ik ben, en daar ben ik ongelofelijk trots op! 

Lieve Martijn, je bent altijd mijn voorbeeld geweest, en dat ben je eigenlijk nog steeds. Niet omdat je alles 

perfect doet, maar gewoon, omdat je mijn lieve grote broer bent! Je zou voor mij door het vuur gaan en 

weet mij altijd op de juiste manier te stimuleren om door te blijven groeien! Lieve Cora, ik had me geen beter 

schoonzusje kunnen wensen! Bedankt voor het opmaken maken van mijn proefschrift, ik had me geen mooier 

cadeau kunnen wensen!
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Lieve Oma Jepsen, 90 jaar en nog zo fit als een hoentje! Ik ken weinig mensen met zoveel humor en intellect 

als jij, al hoop ik wel dat je nu eindelijk kunt onthouden wat ik nu eigenlijk heb gestudeerd. Gelukkig kan je je 

er nu ook makkelijk van afbrengen, door  te zeggen dat ik “gewoon”  doctor in de geneeskunde ben! Wat ben 

ik blij en trots dat jij mijn oma bent!

Lieve Vincent, de afgelopen 18 maanden zijn voorbij gevlogen: één swipe naar rechts, één kop koffie, één 

etentje, samenwonen en de Tour du Mont Blanc. Vanaf de eerste dag was er al zo veel vertrouwen en zoveel 

liefde, dat het moeilijk voor te stellen is dat het ooit anders is geweest. Of ik nou halverwege een bergwandeling, 

boulderroute of proefschrift ben, met jouw onverwoestbare geduld sleep jij mij overal doorheen! Bij tijd en 

wijlen hadden de afgelopen jaren meer weg van een datingshow dan van een promotie, maar ik ben blij dat ik 

jou er aan over heb gehouden! Ik zie uit naar alle avonturen die wij samen nog gaan beleven!

- Luctor et Emergo -
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