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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
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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.

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.
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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
9

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 modified 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 nondrug using individuals44,50–53. However only one of these studies directly compared cocaine users and nondrug 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 first 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 final
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 reduced 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.
13
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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.
15

1

2

3

4

5

6

7

8

9

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 ShapiroWilk 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.
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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
HC (n = 32)
P value
(n = 51)
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
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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  
p  value  
COC  (n = 51)  
HC  (n = 32)  
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  
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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
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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
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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 findings were very similar after we controlled for
the use of other drugs.

Conclusions
In summary, this is the first 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 first 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 amygdalaventral 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 cocaine 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 skinconductance 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 skinconductance 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 nontreatment 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.

36

Statistical analysis
Group differences in clinical characteristics were assessed using independent-samples T-tests or nonparametric 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
controls
SD or IQR
Cocaine users
SD or IQR
n=51
n=40
Clinical and demographic variabels
a
Age
31.0
8.5
31.3
7.9
a
IQ
104.0
9.2
101.4
8.4
b
Shock intensity
2.4
1.8
3.5
3.1
b
State anxiety (STAI)
28
7.0
35
17.0
a
Alcohol use (units per week)
4.1
3.5
19.9
35.4
Smoking severity (FTND)
5
2.0
b
Grams of cocaine use per month
7.6
5.5
b
Years of cocaine use
8.8
6.4
b
Frequency (days/month)
8.7
5.8
b
Onset age of cocaine use
19.4
5.1
b
Days since last use
3.0
2.0
Prevalence of smoking, depression and anxiety disorders
% Smoking
0%
86.0%
% Lifetime history of depression
5.9%
32.5%
% Lifetime history of anxiety disorder
0%
10%
a
Values represent mean ± standard deviation (SD)
b
Values represent median ± interquartile range(IQR)
c
According to the DSM-IV

users
p-value
n.s.
n.s.
n.s.
<0.001
<0.001

<0.001
0.002
0.032
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Physiology
The shock intensity between groups did not differ significantly (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 significant 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 significant 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
significant 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 findings in anxiety disorders, there was
no significant 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 significant differential skin-conductance responses
during early and late conditioning and early extinction, in both groups. No significant 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-significant. 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 significant 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), reflecting 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 significantly
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 significantly different between groups (Figure 2C, Figure 2D, table 2). Follow-up tests
showed a significant positive correlation in cocaine users but not in controls.
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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).

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).
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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
Cluster
Voxel
Peak voxel
Voxel region
Direction of
# voxels
P-value
z-value
MNI-coordinates
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

721

0,037

687

0,045

139

0,001

915

0,029

Group x SCR interaction
Early extinction (CS+> CS-)
Group effects
Group x SCR interaction

1368

0,004

Late extinction (CS+ > CS -)
Group effects

3,92
3,91
3,9
3,14

4691

0

4,58
3,99
3,78
3,63
3,39

Group x SCR interaction

3060

0

Late Conditioning (CS+>CS-)
Group effects

5,27
5,14
5,24
4,94
4,84
4,66
4,65
4,61
4,85
3,06
4,49
3,65
3,24
4,07
3,87
3,61

38
-26
38
24
4
4
44
-18
42
46
-40
-40
-26
30

-30
-20
-20
0
-22
-32
-22
-42
48
34
44
30
58
-4

58
58
56
54
46
60
14
-28
10
-6
22
22
10
-28

-42
-2
16
-36
0
16
No significant interaction
No significant effects
-10
48
-28
28
-12
46
10
44
-10
14
-40
10
18

8
36
2
22
26

R Postcentral gyrus
L Precentral gyrus
R Precentral gyrus
R Superior frontal gyrus
R Middle cingulate gyrus
R Paracentral lobule
R Heschle gyrus
L Cerebellum
R Middle frontal gyrus
R Inferior frontal gyrus
L Middle frontal gyrus
L Inferior frontal gyrus
L Superior frontal gyrus
R amygdala
L Rolandic opperculum
L Insula

0
-14
6
-8

L Anterior cingulate gyrus
L Inferior frontal gyrus
L Superior frontal gyrus
R Orbital frontal gyrus

62
20
52
54
46

L Superior motor area
R Anterior cingulate gyrus
L Middle frontal gyrus
R Superior motor area
RSsuperior frontal gyrus

CU+ / HC�

CU+ / HC�
CU+ / HC�
CU+ / HC�
CU > HC

CU- / HC�

HC > CU

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
a
Corrected 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 skinconductance 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 skinconductance 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
Cluster
Peak-Voxel
Voxel
Voxel region
# voxels
P-value
z-value
MNI-coordinates
Early Conditioning
CS+ > CS4703
<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+ > CS59758
<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
a
57
0.001
4.01
-20
0
-12
L Amygdala
a
16
0.045
2.94
32
-2
-12
R Amygdala
CS- > CS+

Early extinction
CS+ > CS-
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2850

<0.001

1235

0.008

982

0.026

962

0.029

1092
3799

0.01
<0.001

2319

<0.001

3211

<0.001

6.1
4.03
3.94
5.96
2.46
2.64
5.83
3.18
3.12
4.38
4.35
4.26
3.27
3.31
3.15

-4
12
14
-46
-22
-28
46
32
38
-4
2
-12
14
-26
8

-60
-52
-48
-68
-86
-84
-60
-80
-76
48
36
58
58
28
38

24
12
10
28
32
34
26
40
38
-12
-18
10
8
50
-12

L Precuneus
R Precuneus
R Calcarine cortex
L Angular gyrus
L Superior occipital gyrus
L Middle occipital gyrus
R Angular gyrus
R Superior occipital gyrus
R Middle occipital gyrus
L Medial orbital frontal gyrus
R Gyrus rectus
L Superior frontal gyrus
R Superior frontal gyrus
L Middle frontal gyrus
R Medial orbital frontal gyrus

5.77
5.56
4.35
3.8
3.47
3.79
3.62
3.53
2.57
5.47
4.68
3.59
2.57
4.84
4.64
4.57
4.59

-52
-36
-52
-42
-10
14
-24
8
-10
34
42
52
42
-8
4
-4
6

-30
14
4
0
2
2
4
-20
-16
24
22
6
10
10
16
10
8

24
4
6
12
2
-2
8
-8
0
-4
6
4
-26
42
32
44
46

L Supramarginal gyrus
L Insula
L Inferior frontal gyrus
L Superior temporal gyrus
L pallidum
R Pallidum
L Putamen
L Red Nucleus
L Thalamus
R Insula
R Inferior frontal gyrus
R Rolandic opperculum
R Superior temporal pole
L Middle cingulate gyrus
R Middle cingulate gyrus
L Superior motor area
R Superior motor area

CS-> CS+

Late extinction
CS+ > CS-

CS- > CS+

942

0.021

2562

<0.001

4644

<0.001

6673

<0.001

1010

0.015

1884

<0.001

1262

0.004

1139

0.008

3930

<0.001

13937

<0.001

4405

<0.001

1105
974

0.009
0.018

1125

0.008

71

0.003

4.57
3.24
3.22
4.3
4.29

-2
4
18
64
60

16
28
6
-38
-38

30
18
68
22
24

L Anterior cingulate gyrus
R Anterior cingulate gyrus
R Superior frontal gyrus
R Superior temporal gyrus
R Supramarginal gyrus

5.48
4.33
3.99
3.91
3.91
3.61
2.85
2.82
4.85
5.35
5.04
4.82
4.46
4.89
4.7
3.98
3.97
3.86
3.79
3.75
3.24
3.14

54
36
26
46
48
46
12
14
-24
-34
-12
-22
-8
-60
-44
-30
-6
-10
-12
-22
62
34

-62
-36
-32
-80
-76
-54
-46
-84
20
16
50
22
48
-6
-64
-76
-54
-50
-48
-42
-4
-22

24
-14
-16
12
10
-16
2
34
50
48
36
44
-12
-16
36
42
24
26
36
-12
26
50

R Angular gyrus
R Parahippocampal gyrus
R Fusiform gyrus
R Middle occipital gyrus
R Middle temporal gyrus
R Inferior temporal gyrus
R Lingual gyrus
R Cuneus cortex
L Middle frontal gyrus
R Middle frontal gyrus
L Superior frontal gyrus
L Superior motor area
L Medial Orbital frontal gyrus
L Middle temporal gyrus
L Angular gyrus
L Inferior parietal gyrus
L Precuneus cortex
L Posterior cingulate cortex
L Middle cingulate cortex
L Fusiform gyrus
R Postcentral gryrus
R Precentral gyrus

5.24
3.41
2.83
4.73
3.21
3.37
3.7
3.2
2.96

38
56
52
-32
-54
-4
12
8
6

24
12
4
18
4
10
16
20
8

6
4
10
8
6
36
40
28
50

R Insula
R Inferior frontal gyrus
R Rolandic operculum
L Insula
L Rolandic operculum
L Middle cingulate gyrus
R Middle cingulate gyrus
R Anterior cingulate gyrus
R Superior motor area

5.08
4.08
4.85
4.56
3.84
5.34
5.34
5.14
5.33
5.11
5.06
4.65
5.01
4.76
4.21
4.83
4.49
4.01
4.13
3.82
3.68
3.57
2.82
3.80

8
-10
10
58
40
-14
-26
26
-8
-42
-4
22
-20
4
-24
-60
26
28
56
52
44
18
42
-20

-22
-26
-26
-8
-24
-52
-20
-18
-56
-70
-54
-32
28
40
20
-10
32
22
-64
-62
-58
-84
-76
-8

56
60
58
32
54
12
-16
-18
18
38
28
-10
54
-14
50
36
46
50
20
24
24
38
18
-16

R Superior motor area
L Paracentral lobule
R Paracentral lobule
R Postcentral gryrus
R Precentral gyrus
L Calcarine cortex
L Hippocampus
R Hippocampus
L Precunues
L Angular gyrus
L Posterior cingulate cortex
R Parahippocampal gyrus
L Superior frontal gyrus
R Medial orbital frontal gyrus
L Middle frontal gyrus
L Postcentral gyrus
R Middle frontal gyrus
R Superior frontal gyrus
R Middle temporal gyrus
R Angular gyrus
R Precuneus
R Cuneus
R Middle occipital gyrus
a
L Amygdala

4

All results were p<0.05, cluster level family-wise error rate corrected with an initial height threshold of p=0.01 uncorrected
a
Corrected 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
Cluster
Voxel
Peak voxel
Voxel region
# voxels
P-value
z-value
MNI-coordinates
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
a
Corrected 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
Cluster
Voxel
Peak voxel
Voxel region
size
P-value
zMNI-coordinates
# voxels
value
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
3,57
3,38
3,17
3,72

-60
-52
-60
-50
-20

6
-4
-34
-26
-72

8
-2
8
28
38

Left inferior frontal gyrus
L Superior temporal gyrus
Left middle temporal gyrus
L Supramarginal gyrus
L Superior occipital gyrus

Heavy > Mild cocaine use

4464

<0.001

3,59
3,57
3,5
3,5
3,39
3,3
3,29
3,67

-34
-28
-26
10
-26
-8
-10
-40

-64
-74
-74
-34
-70
-46
-52
28

38
42
46
36
36
30
50
8

L Middle occipital gyrus
L inferior parietal
L Superior parietal gyrus
R middle cingulate gyrus
L Superior occipital gyrus
L Posterior cingulate
L Precuneus
L inferior frontal gyrus

3,49
3,38
3,34
3,05

-34
-32
-8
-40

34
26
48
10

44
10
48
40

L Middle frontal gyrus
L Insula
L Superior frontal gyrus
L Precentral gyrus

2104

<0.001

4

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.

53

5

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, smallvolume 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 (t15=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
Cluster
Voxel
Peak voxel
Voxel region
# voxels
P-value
z-value
MNI-coordinates
Conditioning
CS+ > CS3220
<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
a
81
0.008
3.43
-10
12
-4
L Nucleus accumbens
a
110
0.001
4.18
6
14
-4
R Nucleus accumbens
CS- > CS+

CS+nc > CS+cc
CS+cc > CS+nc
Extinction
CS+cc>CS+nc

1642
1456

<0,001
0,001

881
2285

0,013
<0,001

4,48
4,44
4,4
4,4
4,11
3,85
3,72
3,45
3,34
3,26
3,23
3,07

-42
-44
-54
50
-18
16
-40
-10
-18
8
-44
-8

42
36
40
24
36
54
-8
52
28
44
-10
50

L Middle frontal gyrus
L Angular gyrus
L Inferior parietal
R Angular
L Superior Frontal
R Superior Frontal
L Orbital Middle Fronal
L Medial superior Frontal
L Superior Frontal
R Medial Superior frontal
L Orbital Inferior Frontal
L medial superior Frontal

No significant voxels
No significant voxels
2191

<0.001

3,69
2,8
2,53

Reinstatement
CS+cc > CS+nc
CS+nc > CS+cc

14
-56
-56
-56
40
26
46
28
56
42
42
32

3702
1072

20

14
12
22

-38
-34

-20
-20

L Cerebellum
R Cerebellum

-44

-8

L Lingual gyrus

-50

R Cerebellum

-50
50
50
52
56
-6

L Cerebellum
R Supramarginal Gyrus
R Postcentral gyrus
R Inferior Parietal
R superior parietal
a
R Nucleus Accumbens

No significant voxels
4,65
24 -54
28 -58
3,82
0,004
3,72
60 -34
3,72
46 -30
3,72
42 -40
3,45
34 -48
0,034
2,91
12
10

<0,001

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
a
Corrected 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
significant activation of the ventral striatum, caudate nucleus and bilateral motor cortex and a significant
deactivation of the superior, middle and inferior prefrontal cortex (table 1). These results indicate that the task
indeed elicited significant activation of the reward network. In the conditioning phase there were no significant
difference in neural activation between the counterconditioned and non-counterconditioned CS+.
During the extinction phase, the counterconditioned CS+ elicited more activation than the noncounterconditioned 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 (figure 1A) as well as in the bilateral cerebellum and
regions within the parietal cortex. Finally, follow-up analysis revealed that there was a significant 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+ significantly reduced after reinstatement, whereas the ventral striatum
response to the non-counterconditioned CS+ did not change (figure 1B). These results suggest that
aversive counterconditioning reduces reward signaling in ventral striatum following reinstatement.

5

Figure 1. The neural response to counterconditioned versus non-counterconditioned CS+. The figures 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 figures are displayed at p<0.001 uncorrected for visualization purpose.

Figure 2. Functional connectivity of the ventral striatum. The figure 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 figures 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.

Table 2. Differences in ventral striatal connectivity following reward reinstatement
Cluster size
Cluster
Voxel
Peak voxel
Voxel region
# voxels
P-value
z-value
MNI-coordinates
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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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 noncounterconditioned 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
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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.
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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 noncounterconditioned 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 cocainedependent 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 cocainedependent 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 cocainedependent 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, fieldof-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 ringinglike 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 nonparametric 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 voxelwise 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
HC
p-value
n=30
n=33
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 nontreatment-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 cocainedependent 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-treatmentseeking 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-treatmentseeking cocaine-dependent individuals and a positive correlation between frontal GM volume and motorand 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 nontreatment-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.

6
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 nontreatment-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 (BIS11), 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 surfacebased 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.
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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 nonparametric 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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Table 1
Clinical characteristics of non-drug using controls(HC) and regular cocaine
users (CU).
HC
CU
p-value
n=35
n=53
a
Age
33 ± 19
31 ± 12
0.436
a
IQ
106± 10
104± 12
0.099
b
Trait impulsivity (BIS)
60 ± 6.7
73 ± 9.5 <0.001
a
Alcohol use (units per week)
5 ±9
24 ± 21
<0.001
Nicotine use (amount of smokers)
5.7%
76%
a
FTND score for smokers
2.5 ± 0.7
5 ±4
0.101
Secondary cannabis use (>once a week)
28%
<0.001
c
Cocaine Dependence
89%
a
Years of cocaine use
8 ±6
a
Onset age of cocaine use
19 ± 4
a
Grams of cocaine use per month
7.6 ± 8
a
values represent medians ± interquartile range
b
values represent mean ± standard deviation
c
According to DSM-IV criteria

	
  

	
  

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).
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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)
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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).

Table 2. Between group MANCOVA and post-hoc ANCOVA test results
a
Size
HC
CU

Measure and group

Main effect group
Statistic
p

η

2

Statistic

Group by impulsivity interaction
b
2
p
R(HC)
η

R(CU)

b

3

Volume (mm )
c
MANCOVA
d
ANCOVA
Superior temporal cortex
Middle temporal cortex
Inferior temporal cortex
Super frontal cortex
Middle frontal cortex
Inferior frontal cortex
Orbital frontal cortex
Anterior cingulate cortex
Insula

12501 ± 279
11936 ± 262
11198 ± 363
23588 ± 528
23536 ± 515
10953 ± 274
13508 ± 241
4824 ± 143
7391 ± 170

12312 ± 167
11760 ± 157
10488 ± 218
23519 ± 304
22701 ± 309
11026 ± 164
13372 ± 145
4826 ± 86
7444 ± 102

F9,74=2.11

0.04

0.20

F1,82=4.70
F1,82=2.35
F1,82=1.59
F1,82=1.07
F1,82=0.32
F1,82=1.17
F1,82=2.33
F1,82=3.49
F1,82=2.51

0.03*
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

0.05
0.03
0.00
0.01
0.00
0.01
0.03
0.04
0.03

F9,74=1.85

n.s.

0.18

F9,74=2.87

0.00

0.26

F9,74=2.36

0.02

0.22

F1,82=6.77
F1,82=3.80
F1,82=0.13
F1,82=1.50
F1,82=0.59
F1,82=2.99
F1,82=0.90
F1,82=0.03
F1,82=6.06

0.01**
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
0.02**

0.08
0.04
0.00
0.02
0.00
0.04
0.01
0.00
0.07

F1,82=6.21
F1,82=3.46
F1,82=0.03
F1,82=1.16
F1,82=0.67
F1,82=2.44
F1,82=0.85
F1,82<0.01
F1,82=5.34

0.02**
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
0.02**

0.07
0.04
0.00
0.01
0.01
0.03
0.01
0.00
0.06

2

Surface area (mm )
c
MANCOVA
d
ANCOVA
Superior temporal cortex
Middle temporal cortex
Inferior temporal cortex
Super frontal cortex
Middle frontal cortex
Inferior frontal cortex
Orbital frontal cortex
Anterior cingulate cortex
Insula

3899 ± 84
3459 ± 78
3490 ± 105
7490 ± 170
8648 ± 195
3772 ± 89
4721 ± 85
1637 ± 44
2370 ± 51

3873 ± 50
3444 ± 47
3360 ± 63
7585 ± 102
8504 ± 117
3817 ± 53
4704 ± 51
1591 ± 27
2373 ± 31

0.10

-0.37

0.28

-0.27

Thickness (mm)
c
MANCOVA
F9,74=0.06
n.s.
0.19
F9,74=2.03
0.05
0.20
d
ANCOVA
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
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Table 3. MANCOVA’s and post-hoc ANCOVA’s within cocaine users
a
MANCOVA
2
Measure and group
Statistic
p
η

Dddd

Follow-up ANCOVA
2
Statistic
p
η

b

R

c

3

Volume (mm )
Impulsivity
Years of cocaine use
Monthly cocaine use
Onset age cocaine use
FTND
Weekly alcohol intake

F9,23=1.05
F9,23=0.22
F9,23=0.78
F9,23=0.38
F9,23=0.38
F9,23=0.92

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

0.29
0.08
0.23
0.13
0.13
0.26

F9,23=2.83

0.02*

0.53

2

Surface area (mm )
Impulsivity
Superior temporal cortex
Middle temporal cortex
Inferior temporal cortex
Super frontal cortex
Middle frontal cortex
Inferior frontal cortex
Orbital frontal cortex
Anterior cingulate cortex
Insula
Years of cocaine use
Monthly cocaine use
Onset age cocaine use
FTND
Weekly alcohol intake

F9,23=0.69
F9,23=1.60
F9,23=0.39
F9,23=0.45
F9,23=1.17

n.s.
n.s.
n.s.
n.s.
n.s.

0.21
0.38
0.13
0.15
0.15

F1,31=1.25
F1,31=3.98
F1,31=0.70
F1,31=1.37
F1,31=2.49
F1,31=7.83
F1,31=6.05
F1,31=0.10
F1,31=4.12

n.s.
n.s.
n.s.
n.s.
n.s.
0.00*
0.02*
n.s.
n.s.

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*
Middle temporal cortex
F1,31=1.17
0.29
Inferior temporal cortex
F1,31=1.93
0.17
Super frontal cortex
F1,31=060
0.44
Middle frontal cortex
F1,31=0.53
0.47
Inferior frontal cortex
F1,31=0.23
0.64
Orbital frontal cortex
F1,31=1.56
0.22
Anterior cingulate cortex
F1,31=0.90
0.35
Insula
F1,31=4.15
0.05*
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
a
MANCOVA 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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0.04
0.11
0.02
0.04
0.07
0.20
0.16
0.00
0.12

0.17
0.04
0.06
0.02
0.02
0.00
0.05
0.03
0.12

-0.45
-0.40

-0.36

-0.34

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.
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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
specific differences in CT and SA, which may reflect 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 find differences in CV between cocaine users and controls44,53,202,207.
Although groups differed significantly 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)
defines regions in subject space, VBM (using SPM or FSL) defines 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 firm conclusions from this finding. 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. Diffusionweighted 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 nonsubstance 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.
86

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.
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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

Table 1. Substance use characteristics
Age
IQ
a
Units of alcohol per week
b
Grams of cocaine per week
c
Occasions of marijuana use per week
Percent smokers
Number of cigarettes per day

NAD
n=10
35.3(8.9)
101(9.11)
0
-

ND
n=57
31.5(8.3)
105(8.40)
3.8(5.05)
0
-

C
n=23
31.3(7.2)
101(8.10)
9.7(10.0)
1.4(1.2)
0.0(0.04)
73.9%
13.5(12)

CA
n=17
31.7(6.8)
99(11.24)
47.4(35.8)
1.6(1.4)
0.0(0.1)
70.6%
20.0(17.25)

CM
n=13
29.6(6.6)
101(7.23)
8.8(11.0)
1.6(1.5)
6.9(6.4)
84.6%
15.0 (14)

CAM
n=14
35.0(9.4)
101(7.44)
36.9(28.4)
2.2(1.7)
9.7(16.3)
100%
16.3(18.13)

All values represent mean ± standard deviation
a
ND differed in alcohol use from all other groups, but as intended, C and CM were matched on alcohol use
b
Group C, CA, CM and CAM were matched on cocaine and nicotine use
c
Group 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.

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.
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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.
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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 significant and we should be cautious with interpretations. Thus, although figure
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 difficult to interpret it as
some predisposing factor for moderate alcohol us. Future research with larger samples are needed to explain
this finding. 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, impulsivecompulsive behavior and decision making, these results may explain some of the difficulties encountered in
the treatment of polysubstance users. In addition this study is an important first 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 findings in the treatment of polysubstance use.
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Chapter 9
Summary and discussion
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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 PFCamygdala-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 cocainerelated 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 nondrug 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 nonusing 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 hyperactivation 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 drugcraving, 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-amygdalastriatal 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 influence 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 drugcue 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 finding 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 findings described in this dissertation are summarized in a schematic model, in figure 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
specific 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 dmPFCamygdala-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, CRFantagonists 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
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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.

104

References	
  
	
  
1.  

Koob,  G.  F.  Dynamics  of  neuronal  circuits  in  addiction:  reward,  antireward,  and  emotional  memory.  Pharmacopsychiatry  42
Suppl 1,  S32–S41  (2009).  

2.  

Whiteford,  H.  A.  et al.  Global  burden  of  disease  attributable  to  mental  and  substance  use  disorders:  findings  from  the  Global  
Burden  of  Disease  Study  2010.  Lancet  382,  1575–86  (2013).  

3.  

Andlin-Sobocki,  P.,  Jönsson,  B.,  Wittchen,  H.-U.  &  Olesen,  J.  Cost  of  disorders  of  the  brain.  Eur. J. Neurol.  12,  1–27  (2005).  

4.  

European  Monitoring  Centre  for  Drugs  and  Drug  Addiction  Annual  report.  2012 Annual report on the state of the drugs
problem in Europe.  (2012).  

5.  

Cruts,  A.,  Meijer,  R.,  Croes,  E.,  Ketelaars,  A.  &  Pol,  P.  Van  Der.  Nationale Drug Monitor Jaarbericht 2013/2014.  (2014).  at  
<http://www.trimbos.nl/~/media/files/gratis  downloads/AF1316  NDM  Jaarbericht  2013-2014.ashx>  

6.  

Lopez-Quintero,  C.  et al.  Probability  and  predictors  of  transition  from  first  use  to  dependence  on  nicotine,  alcohol,  cannabis,  
and  cocaine:  Results  of  the  National  Epidemiologic  Survey  on  Alcohol  and  Related  Conditions  (NESARC).  Drug Alcohol
Depend.  115,  120–130  (2011).  

7.  

Wagner,  F.  a  &  Anthony,  J.  C.  From  first  drug  use  to  drug  dependence;;  developmental  periods  of  risk  for  dependence  upon  
marijuana,  cocaine,  and  alcohol.  Neuropsychopharmacology  26,  479–88  (2002).  

8.  

Goldstein,  R.  Z.  et al.  The  neurocircuitry  of  impaired  insight  in  drug  addiction.  Trends Cogn. Sci.  13,  372–80  (2009).  

9.  

Dutra,  L.  et al.  A  meta-analytic  review  of  psychosocial  interventions  for  substance  use  disorders.  Am. J. Psychiatry  165,  
179–87  (2008).  

10.  

van  den  Brink,  W.  Evidence-based  pharmacological  treatment  of  substance  use  disorders  and  pathological  gambling.  Curr.
Drug Abuse Rev.  5,  3–31  (2012).  

11.  

Potenza,  M.  N.,  Sofuoglu,  M.,  Carroll,  K.  M.  &  Rounsaville,  B.  J.  Neuroscience  of  behavioral  and  pharmacological  
treatments  for  addictions.  Neuron  69,  695–712  (2011).  

12.  

Ersche,  K.  D.,  Williams,  G.  B.,  Robbins,  T.  W.  &  Bullmore,  E.  T.  Meta-analysis  of  structural  brain  abnormalities  associated  
with  stimulant  drug  dependence  and  neuroimaging  of  addiction  vulnerability  and  resilience.  Curr. Opin. Neurobiol.  23,  615–
624  (2013).  

13.  

Di  Chiara,  G.  &  Imperato,  A.  Drugs  abused  by  humans  preferentially  increase  synaptic  dopamine  concentrations  in  the  
mesolimbic  system  of  freely  moving  rats.  Proc. Natl. Acad. Sci. U. S. A.  85,  5274–5278  (1988).  

14.  

Volkow,  N.  D.,  Wang,  G.-J.,  Fowler,  J.  S.  &  Tomasi,  D.  Addiction  circuitry  in  the  human  brain.  Annu. Rev. Pharmacol.
Toxicol.  52,  321–36  (2012).  

15.  

Childress,  A.  R.  et al.  Limbic  Activation  During  Cue-Induced  Cocaine  Craving.  Am J Psychiatry  156,  1–15  (1999).  

16.  

Everitt,  B.  J.  &  Robbins,  T.  W.  Drug  Addiction:  Updating  Actions  to  Habits  to  Compulsions  Ten  Years  On.  Annu. Rev.
Psychol.  67,  150807174122003  (2016).  

17.  

Everitt,  B.  J.  &  Robbins,  T.  W.  Neural  systems  of  reinforcement  for  drug  addiction:  from  actions  to  habits  to  compulsion.  
Nat. Neurosci.  8,  1481–1489  (2005).  

18.  

Goldstein,  R.  Z.  &  Volkow,  N.  D.  Dysfunction  of  the  prefrontal  cortex  in  addiction:  neuroimaging  findings  and  clinical  
implications.  Nat. Rev. Neurosci.  12,  652–69  (2011).  

19.  

Nutt,  D.  J.,  Lingford-Hughes,  A.,  Erritzoe,  D.  &  Stokes,  P.  R.  a.  The  dopamine  theory  of  addiction:  40  years  of  highs  and  
lows.  Nat. Rev. Neurosci.  16,  305–312  (2015).  

20.  

Koob,  G.  F.  Brain  stress  systems  in  the  amygdala  and  addiction.  Brain Res.  1293,  61–75  (2009).  

21.  

Sinha,  R.  Chronic  stress,  drug  use,  and  vulnerability  to  addiction.  Ann. N. Y. Acad. Sci.  1141,  105–30  (2008).  

22.  

McCrory,  E.  J.  &  Mayes,  L.  Understanding  Addiction  as  a  Developmental  Disorder:  An  Argument  for  a  Developmentally  
Informed  Multilevel  Approach.  Curr. Addict. Reports  2,  326–330  (2015).  

23.  

De  Bellis,  M.  D.  Developmental  traumatology:  a  contributory  mechanism  for  alcohol  and  substance  use  disorders.  
Psychoneuroendocrinology  27,  155–170  (2002).  

24.  

Nelson,  E.  C.  et al.  Childhood  sexual  abuse  and  risks  for  licit  and  illicit  drug-related  outcomes:  a  twin  study.  Psychol. Med.  
36,  1473–83  (2006).  

25.  

Enoch,  M.-A.  The  role  of  early  life  stress  as  a  predictor  for  alcohol  and  drug  dependence.  Psychopharmacology (Berl).  214,  
17–31  (2011).  

26.  

Cardinal,  R.  N.,  Parkinson,  J.  A.,  Hall,  J.  &  Everitt,  B.  J.  Emotion  and  motivation:  The  role  of  the  amygdala,  ventral  striatum,  
and  prefrontal  cortex.  Neurosci. Biobehav. Rev.  26,  321–352  (2002).  

27.  

Bajo,  M.,  Cruz,  M.  T.,  Siggins,  G.  R.,  Messing,  R.  &  Roberto,  M.  Protein  kinase  C  epsilon  mediation  of  CRF-  and  ethanol-
induced  GABA  release  in  central  amygdala.  Proc. Natl. Acad. Sci. U. S. A.  105,  8410–5  (2008).  

28.  

Roberto,  M.  et al.  Corticotropin  Releasing  Factor–Induced  Amygdala  Gamma-Aminobutyric  Acid  Release  Plays  a  Key  Role  
in  Alcohol  Dependence.  Biol. Psychiatry  67,  831–839  (2010).  

29.  

Kallupi,  M.  et al.  Kappa  opioid  receptor-mediated  dysregulation  of  gamma-aminobutyric  acidergic  transmission  in  the  
central  amygdala  in  cocaine  addiction.  Biol. Psychiatry  74,  520–8  (2013).  

30.  

Murray,  J.  et al.  Basolateral  and  central  amygdala  differentially  recruit  and  maintain  dorsolateral  striatum-dependent  
cocaine-seeking  habits.  Nat. Commun.  6,  1–9  (2015).  

9

105

106

31.  

Verdejo-García,  A.,  Lawrence,  A.  J.  &  Clark,  L.  Impulsivity  as  a  vulnerability  marker  for  substance-use  disorders:  review  of  
findings  from  high-risk  research,  problem  gamblers  and  genetic  association  studies.  Neurosci. Biobehav. Rev.  32,  777–810  
(2008).  

32.  

Lovallo,  W.  R.  Early  life  adversity  reduces  stress  reactivity  and  enhances  impulsive  behavior:  Implications  for  health  
behaviors.  Int. J. Psychophysiol.  90,  8–16  (2013).  

33.  

Li,  C.  S.  R.  &  Sinha,  R.  Inhibitory  control  and  emotional  stress  regulation:  Neuroimaging  evidence  for  frontal-limbic  
dysfunction  in  psycho-stimulant  addiction.  Neurosci. Biobehav. Rev.  32,  581–597  (2008).  

34.  

Lammel,  S.,  Lim,  B.  K.  &  Malenka,  R.  C.  Reward  and  aversion  in  a  heterogeneous  midbrain  dopamine  system.  
Neuropharmacology  76,  351–359  (2014).  

35.  

Brenhouse,  H.,  Lukkes,  J.  &  Andersen,  S.  Early  Life  Adversity  Alters  the  Developmental  Profiles  of  Addiction-Related  
Prefrontal  Cortex  Circuitry.  Brain Sci.  3,  143–158  (2013).  

36.  

Casement,  M.  D.,  Shaw,  D.  S.,  Sitnick,  S.  L.,  Musselman,  S.  &  Forbes,  E.  E.  Life  Stress  in  Adolescence  Predicts  Early  
Adult  Reward-related  Brain  Function  and  Alcohol  Dependence.  Soc. Cogn. Affect. Neurosci.  416–423  (2014).  
doi:10.1093/scan/nsu061  

37.  

Brake,  W.  G.,  Zhang,  T.  Y.,  Diorio,  J.,  Meaney,  M.  J.  &  Gratton,  A.  Influence  of  early  postnatal  rearing  conditions  on  
mesocorticolimbic  dopamine  and  behavioural  responses  to  psychostimulants  and  stressors  in  adult  rats.  Eur. J. Neurosci.  
19,  1863–1874  (2004).  

38.  

Oswald,  L.  M.  et al.  History  of  childhood  adversity  is  positively  associated  with  ventral  striatal  dopamine  responses  to  
amphetamine.  Psychopharmacology (Berl).  231,  2417–2433  (2014).  

39.  

Volman,  S.  F.  et al.  New  insights  into  the  specificity  and  plasticity  of  reward  and  aversion  encoding  in  the  mesolimbic  
system.  J. Neurosci.  33,  17569–76  (2013).  

40.  

Dalley,  J.  W.,  Everitt,  B.  J.  &  Robbins,  T.  W.  Review  and  Top-Down  Cognitive  Control.  Neuron  69,  680–694  (2011).  

41.  

Vanderschuren,  L.  J.  M.  J.  &  Everitt,  B.  J.  Drug  seeking  becomes  compulsive  after  prolonged  cocaine  self-administration.  
Science  305,  1017–9  (2004).  

42.  

Deroche-Gamonet,  V.,  Belin,  D.  &  Piazza,  P.  V.  Evidence  for  addiction-like  behavior  in  the  rat.  Science  305,  1014–7  (2004).  

43.  

Pelloux,  Y.,  Everitt,  B.  J.  &  Dickinson,    a.  Compulsive  drug  seeking  by  rats  under  punishment:  Effects  of  drug  taking  history.  
Psychopharmacology (Berl).  194,  127–137  (2007).  

44.  

Ersche,  K.  D.  et al.  Abnormal  structure  of  frontostriatal  brain  systems  is  associated  with  aspects  of  impulsivity  and  
compulsivity  in  cocaine  dependence.  Brain  134,  2013–24  (2011).  

45.  

Potenza,  M.  N.  &  Taylor,  J.  R.  Found  in  translation:  understanding  impulsivity  and  related  constructs  through  integrative  
preclinical  and  clinical  research.  Biol. Psychiatry  66,  714–6  (2009).  

46.  

Belin,  D.,  Mar,  A.  C.,  Dalley,  J.  W.,  Robbins,  T.  W.  &  Everitt,  B.  J.  High  impulsivity  predicts  the  switch  to  compulsive  
cocaine-taking.  Science  320,  1352–5  (2008).  

47.  

Congdon,  E.  &  Canli,  T.  A  neurogenetic  approach  to  impulsivity.  J. Pers.  76,  1447–84  (2008).  

48.  

Jupp,  B.  &  Dalley,  J.  W.  Behavioral  endophenotypes  of  drug  addiction:  Etiological  insights  from  neuroimaging  studies.  
Neuropharmacology  76,  487–497  (2014).  

49.  

Dalley,  J.  W.,  Everitt,  B.  J.  &  Robbins,  T.  W.  Impulsivity,  compulsivity,  and  top-down  cognitive  control.  Neuron  69,  680–94  
(2011).  

50.  

Schilling,  C.  et al.  Cortical  thickness  correlates  with  impulsiveness  in  healthy  adults.  Neuroimage  59,  824–30  (2012).  

51.  

Matsuo,  K.  et al.  A  Voxel-Based  Morphometry  Study  of  Frontal  Gray  Matter  Correlates  of  Impulsivity.  1195,  1188–1195  
(2009).  

52.  

Cho,  S.  S.  et al.  Morphometric  correlation  of  impulsivity  in  medial  prefrontal  cortex.  Brain Topogr.  26,  479–487  (2013).  

53.  

Moreno-López,  L.  et al.  Trait  impulsivity  and  prefrontal  gray  matter  reductions  in  cocaine  dependent  individuals.  Drug
Alcohol Depend.  125,  208–14  (2012).  

54.  

Prisciandaro,  J.  J.,  Korte,  J.  E.,  McRae-Clark,  A.  L.  &  Brady,  K.  T.  Associations  between  behavioral  disinhibition  and  
cocaine  use  history  in  individuals  with  cocaine  dependence.  Addict. Behav.  37,  1185–8  (2012).  

55.  

Vonmoos,  M.  et al.  Differences  in  self-reported  and  behavioral  measures  of  impulsivity  in  recreational  and  dependent  
cocaine  users.  Drug Alcohol Depend.  133,  61–70  (2013).  

56.  

European  Monitoring  Centre  for  Drugs  and  Drug  Addiction.  POLYDRUG USE: PATTERNS AND RESPONSES.  (2009).  

57.  

Connor,  J.  P.,  Gullo,  M.  J.,  White,  A.  &  Kelly,  A.  B.  Polysubstance  use.  Curr. Opin. Psychiatry  27,  269–275  (2014).  

58.  

Sorg,  S.  F.  et al.  Frontal  white  matter  integrity  predictors  of  adult  alcohol  treatment  outcome.  Biol. Psychiatry  71,  262–8  
(2012).  

59.  

Tammy,  C.,  Stefan,  P.  &  Clark,  D.  B.  White  matter  integrity  as  a  link  in  the  association  between  motivation  to  abstain  and  
treatment  outcome  in  adolescent  substance  users.  Psychol. Addict. Behav.  27,  123–134  (2013).  

60.  

Xu,  J.  et al.  White  matter  integrity  is  associated  with  treatment  outcome  measures  in  cocaine  dependence.  
Neuropsychopharmacology  35,  1541–9  (2010).  

61.  

Morris,  J.  S.  et al.  A  differential  neural  response  in  the  human  amygdala  to  fearful  and  happy  facial  expressions.  Nature  
383,  812–815  (1996).  

62.  

Whalen,  P.  J.  et al.  Masked  presentations  of  emotional  facial  expressions  modulate  amygdala  activity  without  explicit  
knowledge.  J. Neurosci.  18,  411–418  (1998).  

63.  

Morgan,  M.  J.  &  Marshall,  J.  P.  Deficient  fear  recognition  in  regular  cocaine  users  is  not  attributable  to  elevated  impulsivity  
or  conduct  disorder  prior  to  cocaine  use.  J. Psychopharmacol.  27,  526–32  (2013).  

64.  

Kemmis,  L.,  Hall,  J.  K.,  Kingston,  R.  &  Morgan,  M.  J.  Impaired  fear  recognition  in  regular  recreational  cocaine  users.  
Psychopharmacology (Berl).  194,  151–9  (2007).  

65.  

Blanchard,  D.  .  &  Blanchard,  R.  .  Cocaine  potentiates  defensive  behaviors  related  to  fear  and  anxiety.  Neurosci. Biobehav.
Rev.  23,  981–991  (1999).  

66.  

Murphy,  C.  a.,  Heidbreder,  C.  &  Feldon,  J.  Acute  withdrawal  from  repeated  cocaine  treatment  enhances  latent  inhibition  of  
a  conditioned  fear  response.  Behav. Pharmacol.  12,  13–23  (2001).  

67.  

Angrist,  B.  M.  &  Gershon,  S.  The  phenomenology  of  experimentally  induced  amphetamine  psychosis--preliminary  
observations.  Biol. Psychiatry  2,  95–107  (1970).  

68.  

Hall,  R.  C.,  Popkin,  M.  K.,  Beresford,  T.  P.  &  Hall,  A.  K.  Amphetamine  psychosis:  clinical  presentations  and  differential  
diagnosis.  Psychiatr. Med.  6,  73–9  (1988).  

69.  

Hariri,  A.  R.  et al.  Serotonin  transporter  genetic  variation  and  the  response  of  the  human  amygdala.  Science  297,  400–3  
(2002).  

70.  

Patel,  K.  T.  et al.  Robust  changes  in  reward  circuitry  during  reward  loss  in  current  and  former  cocaine  users  during  
performance  of  a  monetary  incentive  delay  task.  Biol. Psychiatry  74,  529–37  (2013).  

71.  

Kim,  Y.-T.  et al.  The  differences  in  neural  network  activity  between  methamphetamine  abusers  and  healthy  subjects  
performing  an  emotion-matching  task:  functional  MRI  study.  NMR Biomed.  24,  1392–400  (2011).  

72.  

Payer,  D.  E.  et al.  Differences  in  cortical  activity  between  methamphetamine-dependent  and  healthy  individuals  performing  
a  facial  affect  matching  task.  Drug Alcohol Depend.  93,  93–102  (2008).  

73.  

Cagniard,  B.,  Sotnikova,  T.  D.,  Gainetdinov,  R.  R.  &  Zhuang,  X.  The  dopamine  transporter  expression  level  differentially  
affects  responses  to  cocaine  and  amphetamine.  J. Neurogenet.  28,  112–21  (2014).  

74.  

C.P.,  S.,  M.,  J.,  G.R.,  K.,  E.H,  E.  &  Caron,  M.  G.  cocaine  and  amphetamine  elicit  differential  effects  in  rats  with  a  unilateral  
injection  of  dopamine  transporter  antisense  oligodeoxynucleotides.  Neuroscience  76,  737–747  (1997).  

75.  

Goldstein,  R.  Z.  et al.  Anterior  cingulate  cortex  hypoactivations  to  an  emotionally  salient  task  in  cocaine  addiction.  Proc.
Natl. Acad. Sci. U. S. A.  106,  9453–8  (2009).  

76.  

Davis,  M.  &  Whalen,  P.  J.  The  amygdala  :  vigilance  and  emotion.  13–34  (2001).  

77.  

Price,  J.  L.  Comparative  aspects  of  amygdala  connectivity.  Ann. N. Y. Acad. Sci.  985,  50–58  (2003).  

78.  

Quirk,  G.  J.  &  Beer,  J.  S.  Prefrontal  involvement  in  the  regulation  of  emotion:  convergence  of  rat  and  human  studies.  Curr.
Opin. Neurobiol.  16,  723–7  (2006).  

79.  

Li,  Z.  et al.  Prenatal  cocaine  exposure  alters  functional  activation  in  the  ventral  prefrontal  cortex  and  its  structural  
connectivity  with  the  amygdala.  Psychiatry Res.  213,  47–55  (2013).  

80.  

Sheehan,  D.  V  et al.  The  Mini-International  Neuropsychiatric  Interview  (M.I.N.I.):  the  development  and  validation  of  a  
structured  diagnostic  psychiatric  interview  for  DSM-IV  and  ICD-10.  J. Clin. Psychiatry  59 Suppl 2,  22–33;;quiz  34–57  
(1998).  

81.  

Schmand,  B.,  Bakker,  D.,  Saan,  R.  &  Louman,  J.  [The  Dutch  Reading  Test  for  Adults:  a  measure  of  premorbid  intelligence  
level].  Tijdschr. Gerontol. Geriatr.  22,  15–9  (1991).  

82.  

Heatherton,  T.  F.,  Kozlowski,  L.  T.,  Frecker,  R.  C.  &  Fagerström,  K.  O.  The  Fagerström  Test  for  Nicotine  Dependence:  a  
revision  of  the  Fagerström  Tolerance  Questionnaire.  Br. J. Addict.  86,  1119–27  (1991).  

83.  

Beck,  A.,  Epstein,  N.,  Brown,  G.  &  Steer,  R.  An  inventory  for  measuring  clinical  anxiety:  psychometric  properties.  J.
Consult. Clin. Psychol.  56,  893–897  (1988).  

84.  

Patton,  J.  .,  Standford,  M.  .  &  Barrat,  E.  .  Factor  structure  of  the  Barratt  impulsive-  ness  scale.  J. Clin. Psychol.  51,  768–774  
(1995).  

85.  

van  Marle,  H.  J.  F.  et al.  Subchronic  duloxetine  administration  alters  the  extended  amygdala  circuitry  in  healthy  individuals.  
Neuroimage  55,  825–31  (2011).  

86.  

Worsley,  K.  J.  et al.  A  unified  statistical  approach  for  determining  significant  signals  in  images  of  cerebral  activation.  Hum.
Brain Mapp.  4,  58–73  (1996).  

87.  

Maldjian,  J.  a.,  Laurienti,  P.  J.,  Kraft,  R.  a.  &  Burdette,  J.  H.  An  automated  method  for  neuroanatomic  and  cytoarchitectonic  
atlas-based  interrogation  of  fMRI  data  sets.  Neuroimage  19,  1233–1239  (2003).  

88.  

Tzourio-Mazoyer,  N.  et al.  Automated  anatomical  labeling  of  activations  in  SPM  using  a  macroscopic  anatomical  
parcellation  of  the  MNI  MRI  single-subject  brain.  Neuroimage  15,  273–89  (2002).  

89.  

Friston,  K.  J.,  Worsley,  K.  J.,  Frackowiak,  R.  S.,  Mazziotta,  J.  C.  &  Evans,  A.  C.  Assessing  the  significance  of  focal  
activations  using  their  spatial  extent.  Hum. Brain Mapp.  1,  210–20  (1994).  

90.  

Carelli,  R.  M.,  Williams,  J.  G.  &  Hollander,  J.  a.  Basolateral  amygdala  neurons  encode  cocaine  self-administration  and  
cocaine-associated  cues.  J. Neurosci.  23,  8204–8211  (2003).  

91.  

Jasinski,  J.  L.,  Williams,  L.  M.  &  Siegel,  J.  Childhood  physical  and  sexual  abuse  as  risk  factors  for  heavy  drinking  among  
African-American  women:  a  prospective  study.  Child Abuse Negl.  24,  1061–1071  (2000).  

92.  

Heffernan,  K.  et al.  Childhood  trauma  as  a  correlate  of  lifetime  opiate  use  in  psychiatric  patients.  Addict. Behav.  25,  797–
803  (2000).  

93.  

Francke,  I.  D.  A.,  Viola,  T.  W.,  Tractenberg,  S.  G.  &  Grassi-Oliveira,  R.  Childhood  neglect  and  increased  withdrawal  and  
depressive  severity  in  crack  cocaine  users  during  early  abstinence.  Child Abus. Negl.  37,  883–889  (2013).  

94.  

Fox,  H.  C.,  Bergquist,  K.  L.,  Hong,  K.  &  Sinha,  R.  Stress-Induced  and  Alcohol  Cue-Induced  Craving  in  Recently  Abstinent  
Alcohol-Dependent  Individuals.  31,  395–403  (2007).  

95.  

Cooney,  N.  L.,  Litt,  M.  D.,  Morse,  P.  A.,  Bauer,  L.  O.  &  Gaupp,  L.  Alcohol  Cue  Reactivity  ,  Negative-Mood  Reactivity  ,  and  
Relapse  in  Treated  Alcoholic  Men.  106,  243–250  (1997).  

96.  

Fox,  H.  C.  et al.  Frequency  of  recent  cocaine  and  alcohol  use  affects  drug  craving  and  associated  responses  to  stress  and  
drug-related  cues.  880–891  (2005).  doi:10.1016/j.psyneuen.2005.05.002  

97.  

Higley,  A.  E.  et al.  Craving  in  response  to  stress  induction  in  a  human  laboratory  paradigm  predicts  treatment  outcome  in  
alcohol-dependent  individuals.  Psychopharmacology (Berl).  218,  121–129  (2011).  

9

107

108

98.  

Cadet,  J.  L.  Epigenetics  of  Stress,  Addiction,  and  Resilience:  Therapeutic  Implications.  Mol. Neurobiol.  (2014).  
doi:10.1007/s12035-014-9040-y  

99.  

Phelps,  E.  a  &  LeDoux,  J.  E.  Contributions  of  the  amygdala  to  emotion  processing:  from  animal  models  to  human  behavior.  
Neuron  48,  175–87  (2005).  

100.  

Engelmann,  J.  M.  et al.  NeuroImage  Neural  substrates  of  smoking  cue  reactivity  :  A  meta-analysis  of  fMRI  studies.  
Neuroimage  60,  252–262  (2012).  

101.  

Courtney,  K.  E.,  Schacht,  J.  P.,  Hutchison,  K.,  Roche,  D.  J.  O.  &  Ray,  L.  A.  Neural  substrates  of  cue  reactivity:  association  
with  treatment  outcomes  and  relapse.  Addict. Biol.  n/a–n/a  (2015).  doi:10.1111/adb.12314  

102.  

Chase,  H.  W.,  Eickhoff,  S.  B.,  Laird,  A.  R.  &  Hogarth,  L.  The  neural  basis  of  drug  stimulus  processing  and  craving:  An  
activation  likelihood  estimation  meta-analysis.  Biol. Psychiatry  70,  785–793  (2011).  

103.  

Ku,  S.  Common  biology  of  craving  across  legal  and  illegal  drugs  –  a  quantitative  meta-analysis  of  cue-reactivity  brain  
response.  English  33,  1318–1326  (2011).  

104.  

Jia,  Z.  et al.  An  initial  study  of  neural  responses  to  monetary  incentives  as  related  to  treatment  outcome  in  cocaine  
dependence.  Biol. Psychiatry  70,  553–560  (2012).  

105.  

Crunelle,  C.  L.  et al.  Dysfunctional  amygdala  activation  and  connectivity  with  the  prefrontal  cortex  in  current  cocaine  users.  
Hum. Brain Mapp.  36,  4222–4230  (2015).  

106.  

Kaag,  A.  M.  et al.  Hyper-responsiveness  of  the  neural  fear  network  during  fear  conditioning  and  extinction  learning  in  male  
cocaine  users.  Am. J. Psychiatry  (2016).  

107.  

Heidbreder,  C.  a.  et al.  Behavioral,  neurochemical  and  endocrinological  characterization  of  the  early  social  isolation  
syndrome.  Neuroscience  100,  749–768  (2000).  

108.  

Korgaonkar,  M.  S.  et al.  Early  exposure  to  traumatic  stressors  impairs  emotional  brain  circuitry.  PLoS One  8,  e75524  
(2013).  

109.  

Baker,  L.  M.  et al.  Impact  of  early  vs.  late  childhood  early  life  stress  on  brain  morphometrics.  Brain Imaging Behav.  7,  196–
203  (2013).  

110.  

Hodel,  A.  S.  et al.  Duration  of  early  adversity  and  structural  brain  development  in  post-institutionalized  adolescents.  
Neuroimage  105,  112–9  (2015).  

111.  

Lippmann,  M.,  Bress,  A.,  Nemeroff,  C.  B.,  Plotsky,  P.  M.  &  Monteggia,  L.  M.  Long-term  behavioural  and  molecular  
alterations  associated  with  maternal  separation  in  rats.  Eur. J. Neurosci.  25,  3091–3098  (2007).  

112.  

Warren,  B.  L.  et al.  Altered  Gene  Expression  and  Spine  Density  in  Nucleus  Accumbens  of  Adolescent  and  Adult  Male  Mice  
Exposed  to  Emotional  and  Physical  Stress.  Dev. Neurosci.  36,  250–260  (2014).  

113.  

Pagliaccio,  D.  et al.  Stress-System  Genes  and  Life  Stress  Predict  Cortisol  Levels  and  Amygdala  and  Hippocampal  Volumes  
in  Children.  Neuropsychopharmacology  39,  1245–1253  (2014).  

114.  

Oreland,  S.  et al.  Ethanol-induced  effects  on  the  dopamine  and  serotonin  systems  in  adult  Wistar  rats  are  dependent  on  
early-life  experiences.  Brain Res.  1405,  57–68  (2011).  

115.  

Feldstein  Ewing,  S.  W.,  Filbey,  F.  M.,  Chandler,  L.  D.  &  Hutchison,  K.  E.  Exploring  the  relationship  between  depressive  and  
anxiety  symptoms  and  neuronal  response  to  alcohol  cues.  Alcohol. Clin. Exp. Res.  34,  396–403  (2010).  

116.  

Dagher,  A.,  Tannenbaum,  B.,  Hayashi,  T.,  Pruessner,  J.  C.  &  McBride,  D.  An  acute  psychosocial  stress  enhances  the  
neural  response  to  smoking  cues.  Brain Res.  1293,  40–8  (2009).  

117.  

Cho,  Y.  T.,  Ernst,  M.  &  Fudge,  J.  L.  Cortico-amygdala-striatal  circuits  are  organized  as  hierarchical  subsystems  through  the  
primate  amygdala.  J. Neurosci.  33,  14017–30  (2013).  

118.  

Bernstein,  D.  P.  et al.  Development  and  validation  of  a  brief  screening  version  of  the  Childhood  Trauma  Questionnaire.  
Child Abuse Negl.  27,  169–190  (2003).  

119.  

Walker,  E.  A.  et al.  Costs  of  Health  Care  Use  by  Women  HMO  Members  With  a  History  of  Childhood  Abuse  and  Neglect.  
609–613  (1999).  

120.  

Spielberger,  C.  D.  Assessment  of  state  and  trait  anxiety:  Conceptual  and  methodological  issues.  South. Psychol.  2,  6–16  
(1985).  

121.  

Knight,  R.  Some  norms  and  reliability  data  for  the  State-Trait  Anxiety  Inventory  and  the  Zung  Self-Rating  Depression  scale.  
Br. J. Clin. …  (1983).  at  <http://onlinelibrary.wiley.com/doi/10.1111/j.2044-8260.1983.tb00610.x/abstract>  

122.  

Addolorato,  G.  et al.  State  and  trait  anxiety  in  women  affected  by  allergic  and  vasomotor  rhinitis.  J. Psychosom. Res.  46,  
283–289  (1999).  

123.  

Forsberg,  C.  &  Björvell,  H.  Swedish  population  norms  for  the  GHRI,  HI  and  STAI-state.  Qual. Life Res.  2,  349–56  (1993).  

124.  

Sobell,  L.  &  Sobell,  M.  in  Measuring Alcohol Consumption  41–72  (1992).  

125.  

Cousijn,  J.  et al.  Neural  responses  associated  with  cue-reactivity  in  frequent  cannabis  users.  Addict. Biol.  18,  570–580  
(2013).  

126.  

McLaren,  D.  G.,  Ries,  M.  L.,  Xu,  G.  &  Johnson,  S.  C.  A  generalized  form  of  context-dependent  psychophysiological  
interactions  (gPPI):  A  comparison  to  standard  approaches.  Neuroimage  61,  1277–1286  (2012).  

127.  

Hart,  G.,  Leung,  B.  K.  &  Balleine,  B.  W.  Dorsal  and  ventral  streams:  The  distinct  role  of  striatal  subregions  in  the  acquisition  
and  performance  of  goal-directed  actions.  Neurobiol. Learn. Mem.  108,  104–118  (2014).  

128.  

Wang,  B.  et al.  New  learning  and  memory  related  pathways  among  the  hippocampus,  the  amygdala  and  the  ventromedial  
region  of  the  striatum  in  rats.  J. Chem. Neuroanat.  71,  13–19  (2016).  

129.  

Charpentier,  C.  J.,  De  Martino,  B.,  Sim,  A.  L.,  Sharot,  T.  &  Roiser,  J.  P.  Emotion-induced  loss  aversion  and  striatal-
amygdala  coupling  in  low  anxious  individuals.  Soc Cogn Affect Neurosci  1–11  (2015).  doi:10.1093/scan/nsv139  

130.  

Sweis,  B.  M.,  Veverka,  K.  K.,  Dhillon,  E.  S.,  Urban,  J.  H.  &  Lucas,  L.  R.  Individual  differences  in  the  effects  of  chronic  stress  
on  memory:  Behavioral  and  neurochemical  correlates  of  resiliency.  Neuroscience  246,  142–159  (2013).  

131.  

Ghashghaei,  H.  T.,  Hilgetag,  C.  C.  &  Barbas,  H.  Sequence  of  information  processing  for  emotions  based  on  the  anatomic  
dialogue  between  prefrontal  cortex  and  amygdala.  Neuroimage  34,  905–23  (2007).  

132.  

Ridderinkhof,  K.  R.  The  Role  of  the  Medial  Frontal  Cortex  in  Cognitive  Control.  Science (80-. ).  306,  443–447  (2004).  

133.  

Banks,  S.  J.,  Eddy,  K.  T.,  Angstadt,  M.,  Nathan,  P.  J.  &  Phan,  K.  L.  Amygdala  frontal  connectivity  during  emotion  regulation.  
Soc. Cogn. Affect. Neurosci.  2,  303–312  (2007).  

134.  

Wilcox,  C.  E.,  Pommy,  J.  M.  &  Adinoff,  B.  Neural  Circuitry  of  Impaired  Emotion  Regulation  in  Substance  Use  Disorders.  Am.
J. Psychiatry  appi.ajp.2015.1  (2016).  doi:10.1176/appi.ajp.2015.15060710  

135.  

de  Wit,  S.  J.  et al.  Emotion  regulation  before  and  after  transcranial  magnetic  stimulation  in  obsessive  compulsive  disorder.  
Psychol. Med.  1–15  (2015).  doi:10.1017/S0033291715001026  

136.  

Park,  S.  Q.  et al.  Prefrontal  cortex  fails  to  learn  from  reward  prediction  errors  in  alcohol  dependence.  J. Neurosci.  30,  7749–
7753  (2010).  

137.  

Hanlon,  C.  a,  Dowdle,  L.  T.,  Naselaris,  T.,  Canterberry,  M.  &  Cortese,  B.  M.  Visual  cortex  activation  to  drug  cues:  a  meta-
analysis  of  functional  neuroimaging  papers  in  addiction  and  substance  abuse  literature.  Drug Alcohol Depend.  143,  206–12  
(2014).  

138.  

Goldstein,  R.  Z.  et al.  Role  of  the  anterior  cingulate  and  medial  orbitofrontal  cortex  in  processing  drug  cues  in  cocaine  
addiction.  Neuroscience  144,  1153–9  (2007).  

139.  

Everitt,  B.  J.  Neural  and  psychological  mechanisms  underlying  compulsive  drug  seeking  habits  and  drug  memories  -  
indications  for  novel  treatments  of  addiction.  Eur. J. Neurosci.  40,  2163–2182  (2014).  

140.  

Milton,  A.  L.  &  Everitt,  B.  J.  The  persistence  of  maladaptive  memory:  addiction,  drug  memories  and  anti-relapse  treatments.  
Neurosci. Biobehav. Rev.  36,  1119–39  (2012).  

141.  

Kaplan,  G.  B.,  Heinrichs,  S.  C.  &  Carey,  R.  J.  Treatment  of  addiction  and  anxiety  using  extinction  approaches:  neural  
mechanisms  and  their  treatment  implications.  Pharmacol. Biochem. Behav.  97,  619–25  (2011).  

142.  

Everitt,  B.  J.  et al.  Review.  Neural  mechanisms  underlying  the  vulnerability  to  develop  compulsive  drug-seeking  habits  and  
addiction.  Philos. Trans. R. Soc. Lond. B. Biol. Sci.  363,  3125–35  (2008).  

143.  

Abraham,  A.  D.,  Neve,  K.  a.  &  Lattal,  K.  M.  Dopamine  and  extinction:  A  convergence  of  theory  with  fear  and  reward  
circuitry.  Neurobiol. Learn. Mem.  108,  65–77  (2014).  

144.  

Potenza,  M.  N.  et al.  Neural  correlates  of  stress-induced  and  cue-induced  drug  craving:  Influences  of  sex  and  cocaine  
dependence.  Am. J. Psychiatry  169,  406–414  (2012).  

145.  

Sinha,  R.  et al.  Neural  activity  associated  with  stress-induced  cocaine  craving:  a  functional  magnetic  resonance  imaging  
study.  Psychopharmacology (Berl).  183,  171–80  (2005).  

146.  

Verheul,  R.,  van  den  Brink,  W.  &  Geerlings,  P.  A  three-pathway  psychobiological  model  of  craving  for  alcohol.  197–222  
(1999).  

147.  

Weiss,  F.  Neurobiology  of  craving,  conditioned  reward  and  relapse.  Curr. Opin. Pharmacol.  5,  9–19  (2005).  

148.  

Holmes,  A.  G2B  Reviews:  Stress  at  the  intersection  of  anxiety,  addiction  and  eating  disorders.  Genes. Brain. Behav.  14,  1–
3  (2015).  

149.  

Lissek,  S.  et al.  Classical  fear  conditioning  in  the  anxiety  disorders:  A  meta-analysis.  Behav. Res. Ther.  43,  1391–1424  
(2005).  

150.  

Weiss,  F.  et al.  Compulsive  drug-seeking  behavior  and  relapse.  Neuroadaptation,  stress,  and  conditioning  factors.  Ann. N.
Y. Acad. Sci.  937,  1–26  (2001).  

151.  

Boschloo,  L.  et al.  Comorbidity  and  risk  indicators  for  alcohol  use  disorders  among  persons  with  anxiety  and/or  depressive  
disorders:  findings  from  the  Netherlands  Study  of  Depression  and  Anxiety  (NESDA).  J. Affect. Disord.  131,  233–42  (2011).  

152.  

Tabbert,  K.,  Stark,  R.,  Kirsch,  P.  &  Vaitl,  D.  Dissociation  of  neural  responses  and  skin  conductance  reactions  during  fear  
conditioning  with  and  without  awareness  of  stimulus  contingencies.  Neuroimage  32,  761–770  (2006).  

153.  

Milad,  M.  R.  &  Quirk,  G.  J.  Fear  extinction  as  a  model  for  translational  neuroscience:  ten  years  of  progress.  Annu. Rev.
Psychol.  63,  129–51  (2012).  

154.  

Sehlmeyer,  C.  et al.  Human  fear  conditioning  and  extinction  in  neuroimaging:  A  systematic  review.  PLoS One  4,  (2009).  

155.  

Peters,  J.,  Kalivas,  P.  W.  &  Quirk,  G.  J.  Extinction  circuits  for  fear  and  addiction  overlap  in  prefrontal  cortex.  Learn. Mem.  
16,  279–88  (2009).  

156.  

Paulus,  M.  P.  &  Stewart,  J.  L.  Interoception  and  drug  addiction.  Neuropharmacology  76,  342–350  (2014).  

157.  

VanElzakker,  M.  B.,  Kathryn  Dahlgren,  M.,  Caroline  Davis,  F.,  Dubois,  S.  &  Shin,  L.  M.  From  Pavlov  to  PTSD:  The  
extinction  of  conditioned  fear  in  rodents,  humans,  and  anxiety  disorders.  Neurobiol. Learn. Mem.  113,  3–18  (2014).  

158.  

Milad,  M.  R.  et al.  Neurobiological  basis  of  failure  to  recall  extinction  memory  in  posttraumatic  stress  disorder.  Biol.
Psychiatry  66,  1075–82  (2009).  

159.  

Milad,  M.  R.  et al.  Deficits  in  conditioned  fear  extinction  in  obsessive-compulsive  disorder  and  neurobiological  changes  in  
the  fear  circuit.  JAMA Psychiatry  70,  608–18;;  quiz  554  (2013).  

160.  

Icenhour,  A.  et al.  Neural  circuitry  underlying  effects  of  context  on  human  pain-related  fear  extinction  in  a  renewal  paradigm.  
Hum. Brain Mapp.  36,  3179–3193  (2015).  

161.  

Sinha,  R.  &  Li,  C.  S.  R.  Imaging  stress-  and  cue-induced  drug  and  alcohol  craving:  association  with  relapse  and  clinical  
implications.  Drug Alcohol Rev.  26,  25–31  (2007).  

162.  

Stephens,  D.  N.  et al.  Repeated  ethanol  exposure  and  withdrawal  impairs  human  fear  conditioning  and  depresses  long-
term  potentiation  in  rat  amygdala  and  hippocampus.  Biol. Psychiatry  58,  392–400  (2005).  

163.  

Rougemont-Bücking,  A.  et al.  Altered  Processing  of  Contextual  Information  during  Fear  Extinction  in  PTSD:  An  fMRI  Study.  
CNS Neurosci. Ther.  17,  227–36  (2011).  

  

9

109

110

164.  

Wood,  K.  H.,  Ver  Hoef,  L.  W.  &  Knight,  D.  C.  The  amygdala  mediates  the  emotional  modulation  of  threat-elicited  skin  
conductance  response.  Emotion  14,  693–700  (2014).  

165.  

Lonsdorf,  T.  B.  et al.  BDNFval66met  affects  neural  activation  pattern  during  fear  conditioning  and  24  h  delayed  fear  recall.  
Soc. Cogn. Affect. Neurosci.  (2014).  doi:10.1093/scan/nsu102  

166.  

Bowen,  S.  et al.  Relative  Efficacy  of  Mindfulness-Based  Relapse  Prevention,  Standard  Relapse  Prevention,  and  Treatment  
as  Usual  for  Substance  Use  Disorders.  JAMA Psychiatry  71,  547  (2014).  

167.  

Kampman,  K.  M.  et al.  A  double-blind,  placebo-controlled  trial  of  amantadine,  propranolol,  and  their  combination  for  the  
treatment  of  cocaine  dependence  in  patients  with  severe  cocaine  withdrawal  symptoms.  Drug Alcohol Depend.  85,  129–
137  (2006).  

168.  

Myers,  K.  M.  &  Carlezon,  W.  A.  Neuroscience  and  Biobehavioral  Reviews  Extinction  of  drug-  and  withdrawal-paired  cues  in  
animal  models  :  Relevance  to  the  treatment  of  addiction.  Neurosci. Biobehav. Rev.  35,  285–302  (2010).  

169.  

Shaham,  Y.,  Shalev,  U.,  Lu,  L.,  De  Wit,  H.  &  Stewart,  J.  The  reinstatement  model  of  drug  relapse:  history,  methodology  and  
major  findings.  Psychopharmacology (Berl).  168,  3–20  (2003).  

170.  

Pearce,  J.  M.  &  Dickinson,    a.  Pavlovian  counterconditioning:  changing  the  suppressive  properties  of  shock  by  association  
with  food.  J. Exp. Psychol. Anim. Behav. Process.  1,  170–7  (1975).  

171.  

Paunović,  N.  Prolonged  exposure  counterconditioning  as  a  treatment  for  chronic  posttraumatic  stress  disorder.  J. Anxiety
Disord.  17,  479–499  (2003).  

172.  

Raes,  A.  K.  &  De  Raedt,  R.  The  effect  of  counterconditioning  on  evaluative  responses  and  harm  expectancy  in  a  fear  
conditioning  paradigm.  Behav. Ther.  43,  757–67  (2012).  

173.  

Tanner,  B.  a.  A  comparison  of  automated  aversive  conditioning  and  a  waiting  list  control  in  the  modification  of  homosexual  
behavior  in  males.  Behav. Ther.  5,  29–32  (1974).  

174.  

Copeman,  C.  D.  DRUG  ADDICTION:  AN  AVERSIVE  COUNTERCONDITIONING  TECHNIQUE  FOR  TREATMENT.  
Psychol. Rep.  38,  1271–1281  (1976).  

175.  

Van  Gucht,  D.,  Baeyens,  F.,  Vansteenwegen,  D.,  Hermans,  D.  &  Beckers,  T.  Counterconditioning  reduces  cue-induced  
craving  and  actual  cue-elicited  consumption.  Emotion  10,  688–95  (2010).  

176.  

Tunstall,  B.  J.,  Verendeev,  A.  &  Kearns,  D.  N.  A  comparison  of  therapies  for  the  treatment  of  drug  cues:  counterconditioning  
vs.  extinction  in  male  rats.  Exp. Clin. Psychopharmacol.  20,  447–53  (2012).  

177.  

Nasser,  H.  M.  &  McNally,  G.  P.  Appetitive-aversive  interactions  in  Pavlovian  fear  conditioning.  Behav. Neurosci.  126,  404–
22  (2012).  

178.  

Bulganin,  L.,  Bach,  D.  R.  &  Wittmann,  B.  C.  Prior  fear  conditioning  and  reward  learning  interact  in  fear  and  reward  
networks.  8,  1–11  (2014).  

179.  

Knutson,  B.,  Westdorp,  A.,  Kaiser,  E.  &  Hommer,  D.  FMRI  visualization  of  brain  activity  during  a  monetary  incentive  delay  
task.  Neuroimage  12,  20–7  (2000).  

180.  

Ossewaarde,  L.  et al.  Stress-induced  reduction  in  reward-related  prefrontal  cortex  function.  Neuroimage  55,  345–352  
(2011).  

181.  

Schultz,  W.  Behavioral  dopamine  signals.  Trends Neurosci.  30,  203–210  (2007).  

182.  

Craig,    a  D.  B.  How  do  you  feel--now?  The  anterior  insula  and  human  awareness.  Nat. Rev. Neurosci.  10,  59–70  (2009).  

183.  

Milad,  M.  R.  et al.  Recall  of  Fear  Extinction  in  Humans  Activates  the  Ventromedial  Prefrontal  Cortex  and  Hippocampus  in  
Concert.  Biol. Psychiatry  62,  446–454  (2007).  

184.  

Rogers,  J.  L.  &  See,  R.  E.  Selective  inactivation  of  the  ventral  hippocampus  attenuates  cue-induced  and  cocaine-primed  
reinstatement  of  drug-seeking  in  rats.  Neurobiol. Learn. Mem.  87,  688–692  (2007).  

185.  

Fuchs,  R.  a  et al.  The  role  of  the  dorsomedial  prefrontal  cortex,  basolateral  amygdala,  and  dorsal  hippocampus  in  
contextual  reinstatement  of  cocaine  seeking  in  rats.  Neuropsychopharmacology  30,  296–309  (2005).  

186.  

Haber,  S.  N.  &  Knutson,  B.  The  reward  circuit:  linking  primate  anatomy  and  human  imaging.  Neuropsychopharmacology  35,  
4–26  (2010).  

187.  

Sesack,  S.  R.  &  Grace,  A.  a.  Cortico-Basal  Ganglia  reward  network:  microcircuitry.  Neuropsychopharmacology  35,  27–47  
(2010).  

188.  

Cauda,  F.  et al.  Functional  Connectivity  and  Coactivation  of  the  Nucleus  Accumbens:  A  Combined  Functional  Connectivity  
and  Structure-Based  Meta-analysis.  J. Cogn. Neurosci.  23,  2864–2877  (2011).  

189.  

Baudonnat,  M.,  Huber,  A.,  David,  V.  &  Walton,  M.  E.  Heads  for  learning,  tails  for  memory:  Reward,  reinforcement  and  a  role  
of  dopamine  in  determining  behavioral  relevance  across  multiple  timescales.  Front. Neurosci.  7,  1–14  (2013).  

190.  

Feng,  P.,  Feng,  T.,  Chen,  Z.  &  Lei,  X.  Memory  consolidation  of  fear  conditioning:  Bi-stable  amygdala  connectivity  with  
dorsal  anterior  cingulate  and  medial  prefrontal  cortex.  Soc. Cogn. Affect. Neurosci.  (2013).  doi:10.1093/scan/nst170  

191.  

Engelmann,  J.  B.,  Meyer,  F.,  Fehr,  E.  &  Ruff,  C.  C.  Anticipatory  Anxiety  Disrupts  Neural  Valuation  during  Risky  Choice.  J.
Neurosci.  35,  3085–3099  (2015).  

192.  

Hu,  K.,  Padmala,  S.  &  Pessoa,  L.  Interactions  between  reward  and  threat  during  visual  processing.  Neuropsychologia  51,  
1763–72  (2013).  

193.  

Van  Gucht,  D.,  Baeyens,  F.,  Hermans,  D.  &  Beckers,  T.  The  inertia  of  conditioned  craving.  Does  context  modulate  the  
effect  of  counterconditioning?  Appetite  65,  51–7  (2013).  

194.  

Rossi,  J.  S.,  Prochaska,  J.  O.  &  DiClemente,  C.  C.  Processes  of  change  in  heavy  and  light  smokers.  J. Subst. Abuse  1,  1–9  
(1988).  

195.  

Robbins,  T.  W.,  Ersche,  K.  D.  &  Everitt,  B.  J.  Drug  addiction  and  the  memory  systems  of  the  brain.  Ann. N. Y. Acad. Sci.  
1141,  1–21  (2008).  

196.  

Bechara,  A.  &  Damasio,  H.  Decision-making  and  addiction  (part  II):  Myopia  for  the  future  or  hypersensitivity  to  reward?  
Neuropsychologia  40,  1690–1705  (2002).  

197.  

Beck,  A.  et al.  Ventral  striatal  activation  during  reward  anticipation  correlates  with  impulsivity  in  alcoholics.  Biol. Psychiatry  
66,  734–742  (2009).  

198.  

Bjork,  J.  M.,  Momenan,  R.,  Smith,  A.  R.  &  Hommer,  D.  W.  Reduced  posterior  mesofrontal  cortex  activation  by  risky  rewards  
in  substance-dependent  patients.  Drug Alcohol Depend.  95,  115–128  (2008).  

199.  

Wrase,  J.  et al.  Dysfunction  of  reward  processing  correlates  with  alcohol  craving  in  detoxified  alcoholics.  Neuroimage  35,  
787–794  (2007).  

200.  

Alia-Klein,  N.  et al.  Gene  x  disease  interaction  on  orbitofrontal  gray  matter  in  cocaine  addiction.  Arch. Gen. Psychiatry  68,  
283–94  (2011).  

201.  

Fein,  G.,  Di  Sclafani,  V.  &  Meyerhoff,  D.  J.  Prefrontal  cortical  volume  reduction  associated  with  frontal  cortex  function  deficit  
in  6-week  abstinent  crack-cocaine  dependent  men.  Drug Alcohol Depend.  68,  87–93  (2002).  

202.  

Franklin,  T.  R.  et al.  Decreased  gray  matter  concentration  in  the  insular,  orbitofrontal,  cingulate,  and  temporal  cortices  of  
cocaine  patients.  Biol. Psychiatry  51,  134–142  (2002).  

203.  

Lim,  K.  O.  et al.  Brain  macrostructural  and  microstructural  abnormalities  in  cocaine  dependence.  Drug Alcohol Depend.  92,  
164–72  (2008).  

204.  

Matochik,  J.  A.,  London,  E.  D.,  Eldreth,  D.  A.,  Cadet,  J.  &  Bolla,  K.  I.  Frontal  cortical  tissue  composition  in  abstinent  cocaine  
abusers  :  a  magnetic  resonance  imaging  study.  Methods  19,  1095–1102  (2003).  

205.  

Sim,  M.  E.  et al.  Cerebellar  Gray  Matter  Volume  Correlates  with  Duration  of  Cocaine  Use  in  Cocaine-Dependent  Subjects.  
Online  C,  2229–2237  (2007).  

206.  

Tanabe,  J.  et al.  Medial  orbitofrontal  cortex  gray  matter  is  reduced  in  abstinent  substance-dependent  individuals.  Biol.
Psychiatry  65,  160–4  (2009).  

207.  

Weller,  R.  E.  et al.  Smaller  regional  gray  matter  volume  in  homeless  african  american  cocaine-dependent  men:  a  
preliminary  report.  Open Neuroimag. J.  5,  57–64  (2011).  

208.  

Ide,  J.  S.  et al.  Cerebral  gray  matter  volumes  and  low-frequency  fluctuation  of  BOLD  signals  in  cocaine  dependence:  
duration  of  use  and  gender  difference.  Drug Alcohol Depend.  134,  51–62  (2014).  

209.  

Neill,  J.  O.,  Cardenas,  V.  A.  &  Eyerhoff,  D.  J.  M.  Separate  and  interactive  effects  of  cocaine  and  alcohol  dependence  on  
brain  structures  and  m  etabolites  :  quantitative  M  RI  and  proton  M  R  spectroscopic  im  aging.  (2001).  

210.  

Liu,  X.,  Matochik,  J.  a.,  Cadet,  J.  L.  &  London,  E.  D.  Smaller  volume  of  prefrontal  lobe  in  polysubstance  abusers:  A  
magnetic  resonance  imaging  study.  Neuropsychopharmacology  18,  243–252  (1998).  

211.  

Barrós-Loscertales,  A.  et al.  Reduced  striatal  volume  in  cocaine-dependent  patients.  Neuroimage  56,  1021–6  (2011).  

212.  

Chitwood,  D.  D.  &  Morningstar,  P.  C.  Factors  which  differentiate  cocaine  users  in  treatment  from  nontreatment  users.  Int. J.
Addict.  20,  449–59  (1985).  

213.  

Robson,  P.  &  Bruce,  M.  A  comparison  of  ‘visible’  and  ‘invisible’  users  of  amphetamine,  cocaine  and  heroin:  two  distinct  
populations?  Addiction  92,  1729–36  (1997).  

214.  

Varney,  S.  M.  et al.  Factors  associated  with  help  seeking  and  perceived  dependence  among  cocaine  users.  Am. J. Drug
Alcohol Abuse  21,  81–91  (1995).  

215.  

Regier,  D.  A.  et al.  Comorbidity  of  mental  disorders  with  alcohol  and  other  drug  abuse.  Results  from  the  Epidemiologic  
Catchment  Area  (ECA)  Study.  JAMA  264,  2511–8  (1990).  

216.  

Schiffer,  B.  et al.  Impulsivity-related  brain  volume  deficits  in  schizophrenia-addiction  comorbidity.  Brain  133,  3093–103  
(2010).  

217.  

Pennanen,  C.  et al.  A  voxel  based  morphometry  study  on  mild  cognitive  impairment.  J. Neurol. Neurosurg. Psychiatry  76,  
11–4  (2005).  

218.  

van  Wingen,  G.  a  et al.  Reduced  striatal  brain  volumes  in  non-medicated  adult  ADHD  patients  with  comorbid  cocaine  
dependence.  Drug Alcohol Depend.  131,  198–203  (2013).  

219.  

Bora,  E.,  Fornito,  A.,  Pantelis,  C.  &  Yücel,  M.  Gray  matter  abnormalities  in  Major  Depressive  Disorder:  a  meta-analysis  of  
voxel  based  morphometry  studies.  J. Affect. Disord.  138,  9–18  (2012).  

220.  

Zhang,  X.  et al.  Factors  underlying  prefrontal  and  insula  structural  alterations  in  smokers.  Neuroimage  54,  42–48  (2011).  

221.  

Pan,  P.  et al.  Chronic  smoking  and  brain  gray  matter  changes:  evidence  from  meta-analysis  of  voxel-based  morphometry  
studies.  Neurol. Sci.  34,  813–7  (2013).  

222.  

Beck,  A.  T.,  Steer,  R.  A.  &  Carbin,  M.  G.  Psychometric  properties  of  the  Beck  Depression  Inventory:  Twenty-five  years  of  
evaluation.  Clin. Psychol. Rev.  8,  77–100  (1988).  

223.  

Ashburner,  J.  A  fast  diffeomorphic  image  registration  algorithm.  Neuroimage  38,  95–113  (2007).  

224.  

Hayasaka,  S.,  Phan,  K.  L.,  Liberzon,  I.,  Worsley,  K.  J.  &  Nichols,  T.  E.  Nonstationary  cluster-size  inference  with  random  
field  and  permutation  methods.  Neuroimage  22,  676–87  (2004).  

225.  

Maldjian,  J.  a,  Laurienti,  P.  J.  &  Burdette,  J.  H.  Precentral  gyrus  discrepancy  in  electronic  versions  of  the  Talairach  atlas.  
Neuroimage  21,  450–455  (2004).  

226.  

Broos,  N.  et al.  The  relationship  between  impulsive  choice  and  impulsive  action:  a  cross-species  translational  study.  PLoS
One  7,  e36781  (2012).  

227.  

Crunelle,  C.  L.,  Veltman,  D.  J.,  van  Emmerik-van  Oortmerssen,  K.,  Booij,  J.  &  van  den  Brink,  W.  Impulsivity  in  adult  ADHD  
patients  with  and  without  cocaine  dependence.  Drug Alcohol Depend.  129,  18–24  (2013).  

228.  

Bolla,  K.  I.,  Funderburk,  F.  R.  &  Cadet,  J.  L.  Differential  effects  of  cocaine  and  cocaine  alcohol  on  neurocognitive  
performance.  Neurology  54,  2285–2292  (2000).  

229.  

Coffey,  S.  F.,  Gudleski,  G.  D.,  Saladin,  M.  E.  &  Brady,  K.  T.  Impulsivity  and  rapid  discounting  of  delayed  hypothetical  
rewards  in  cocaine-dependent  individuals.  Exp. Clin. Psychopharmacol.  11,  18–25  (2003).  

  

9

111

112

230.  

Crews,  F.  T.  &  Boettiger,  C.  A.  Impulsivity,  frontal  lobes  and  risk  for  addiction.  Pharmacol. Biochem. Behav.  93,  237–47  
(2009).  

231.  

Stanford,  M.  S.  et al.  Fifty  years  of  the  Barratt  Impulsiveness  Scale:  An  update  and  review.  Pers. Individ. Dif.  47,  385–395  
(2009).  

232.  

Noël,  X.,  Brevers,  D.  &  Bechara,  A.  A  triadic  neurocognitive  approach  to  addiction  for  clinical  interventions.  Front. psychiatry  
4,  179  (2013).  

233.  

McHugh,  M.  J.  et al.  Striatal-insula  circuits  in  cocaine  addiction:  implications  for  impulsivity  and  relapse  risk.  Am. J. Drug
Alcohol Abuse  39,  424–32  (2013).  

234.  

Jentsch,  J.  D.  &  Taylor,  J.  R.  Impulsivity  resulting  from  frontostriatal  dysfunction  in  drug  abuse:  implications  for  the  control  of  
behavior  by  reward-related  stimuli.  Psychopharmacology (Berl).  146,  373–90  (1999).  

235.  

Bari,  A.  &  Robbins,  T.  W.  Inhibition  and  impulsivity:  Behavioral  and  neural  basis  of  response  control.  Prog. Neurobiol.  108,  
44–79  (2013).  

236.  

Crunelle,  C.  L.  et al.  Reduced  Frontal  Brain  Volume  in  Non-Treatment-Seeking  Cocaine-Dependent  Individuals:  Exploring  
the  Role  of  Impulsivity,  Depression,  and  Smoking.  Front. Hum. Neurosci.  8,  1–7  (2014).  

237.  

Panizzon,  M.  S.  et al.  Distinct  genetic  influences  on  cortical  surface  area  and  cortical  thickness.  Cereb. Cortex  19,  2728–35  
(2009).  

238.  

Eyler,  L.  T.  et al.  A  comparison  of  heritability  maps  of  cortical  surface  area  and  thickness  and  the  influence  of  adjustment  for  
whole  brain  measures:  a  magnetic  resonance  imaging  twin  study.  Twin Res. Hum. Genet.  15,  304–14  (2012).  

239.  

Winkler,  A.  M.  et al.  Cortical  thickness  or  grey  matter  volume?  The  importance  of  selecting  the  phenotype  for  imaging  
genetics  studies.  Neuroimage  53,  1135–46  (2010).  

240.  

Chenn,  A.  &  Walsh,  C.  a.  Regulation  of  cerebral  cortical  size  by  control  of  cell  cycle  exit  in  neural  precursors.  Science  297,  
365–9  (2002).  

241.  

la  Fougère,  C.  et al.  Where  in-vivo  imaging  meets  cytoarchitectonics:  the  relationship  between  cortical  thickness  and  
neuronal  density  measured  with  high-resolution  [18F]flumazenil-PET.  Neuroimage  56,  951–60  (2011).  

242.  

Casanova,  M.  F.  &  Tillquist,  C.  R.  Encephalization,  emergent  properties,  and  psychiatry:  a  minicolumnar  perspective.  
Neuroscientist  14,  101–18  (2008).  

243.  

Rakic,  P.  Evolution  of  the  neocortex:  a  perspective  from  developmental  biology.  Nat. Rev. Neurosci.  10,  724–35  (2009).  

244.  

Makris,  N.  et al.  Cortical  thickness  abnormalities  in  cocaine  addiction--a  reflection  of  both  drug  use  and  a  pre-existing  
disposition  to  drug  abuse?  Neuron  60,  174–88  (2008).  

245.  

Tanabe,  J.  et al.  Insula  and  Orbitofrontal  Cortical  Morphology  in  Substance  Dependence  Is  Modulated  by  Sex.  AJNR. Am.
J. Neuroradiol.  i,  12–17  (2012).  

246.  

Matsuo,  K.  et al.  Anterior  cingulate  volumes  associated  with  trait  impulsivity  in  individuals  with  bipolar  disorder.  Bipolar
Disord.  11,  628–36  (2009).  

247.  

Murray,  J.  E.  et al.  Increased  impulsivity  retards  the  transition  to  dorsolateral  striatal  dopamine  control  of  cocaine  seeking.  
Biol. Psychiatry  76,  15–22  (2014).  

248.  

Brecht,  M.-L.,  Huang,  D.,  Evans,  E.  &  Hser,  Y.-I.  Polydrug  use  and  implications  for  longitudinal  research:  ten-year  
trajectories  for  heroin,  cocaine,  and  methamphetamine  users.  Drug Alcohol Depend.  96,  193–201  (2008).  

249.  

European  Monitoring  Centre  for  Drugs  and  Drug  Addiction  Annual  report.  Annual  report  2009:  the  state  of  the  drugs  
problem  in  Europe.  (2009).  

250.  

Dale,    a  M.  Optimal  experimental  design  for  event-related  fMRI.  Hum. Brain Mapp.  8,  109–14  (1999).  

251.  

Fischl,  B.  &  Dale,    a  M.  Measuring  the  thickness  of  the  human  cerebral  cortex  from  magnetic  resonance  images.  Proc. Natl.
Acad. Sci. U. S. A.  97,  11050–5  (2000).  

252.  

Fischl,  B.  Automatically  Parcellating  the  Human  Cerebral  Cortex.  Cereb. Cortex  14,  11–22  (2004).  

253.  

Han,  X.  et al.  Reliability  of  MRI-derived  measurements  of  human  cerebral  cortical  thickness:  the  effects  of  field  strength,  
scanner  upgrade  and  manufacturer.  Neuroimage  32,  180–94  (2006).  

254.  

Jovicich,  J.  et al.  Reliability  in  multi-site  structural  MRI  studies:  effects  of  gradient  non-linearity  correction  on  phantom  and  
human  data.  Neuroimage  30,  436–43  (2006).  

255.  

Reuter,  M.,  Schmansky,  N.  J.,  Rosas,  H.  D.  &  Fischl,  B.  Within-subject  template  estimation  for  unbiased  longitudinal  image  
analysis.  Neuroimage  61,  1402–18  (2012).  

256.  

Desikan,  R.  S.  et al.  An  automated  labeling  system  for  subdividing  the  human  cerebral  cortex  on  MRI  scans  into  gyral  
based  regions  of  interest.  Neuroimage  31,  968–80  (2006).  

257.  

Durazzo,  T.  C.  et al.  Cortical  thickness,  surface  area,  and  volume  of  the  brain  reward  system  in  alcohol  dependence:  
relationships  to  relapse  and  extended  abstinence.  Alcohol. Clin. Exp. Res.  35,  1187–200  (2011).  

258.  

Zhang,  J.,  Quan,  H.,  Ng,  J.  &  Stepanavage,  M.  E.  Some  statistical  methods  for  multiple  endpoints  in  clinical  trials.  Control.
Clin. Trials  18,  204–21  (1997).  

259.  

Sankoh,    a  J.,  Huque,  M.  F.  &  Dubey,  S.  D.  Some  comments  on  frequently  used  multiple  endpoint  adjustment  methods  in  
clinical  trials.  Stat. Med.  16,  2529–42  (1997).  

260.  

de  Wit,  H.  Impulsivity  as  a  determinant  and  consequence  of  drug  use:  a  review  of  underlying  processes.  Addict. Biol.  14,  
22–31  (2009).  

261.  

Churchwell,  J.  C.  &  Yurgelun-Todd,  D.  a.  Age-related  changes  in  insula  cortical  thickness  and  impulsivity:  Significance  for  
emotional  development  and  decision-making.  Dev. Cogn. Neurosci.  6C,  80–86  (2013).  

262.  

Schilling,  C.  et al.  Common  structural  correlates  of  trait  impulsiveness  and  perceptual  reasoning  in  adolescence.  Hum.
Brain Mapp.  34,  374–83  (2013).  

  

263.  

Paulus,  M.  P.,  Feinstein,  J.  S.,  Leland,  D.  &  Simmons,  A.  N.  Superior  temporal  gyrus  and  insula  provide  response  and  
outcome-dependent  information  during  assessment  and  action  selection  in  a  decision-making  situation.  Neuroimage  25,  
607–15  (2005).  

264.  

Bechara,  A.  Decision  making  ,  impulse  control  and  loss  of  willpower  to  resist  drugs  :  a  neurocognitive  perspective.  8,  1458–
1463  (2005).  

265.  

Koob,  G.  F.  &  Volkow,  N.  D.  Neurocircuitry  of  addiction.  Neuropsychopharmacology  35,  217–238  (2010).  

266.  

Naqvi,  N.  H.  &  Bechara,  A.  The  hidden  island  of  addiction:  the  insula.  Trends Neurosci.  32,  56–67  (2009).  

267.  

Carroll,  A.  J.,  Sutherland,  M.  T.,  Salmeron,  B.  J.,  Ross,  T.  J.  &  Stein,  E.  a.  Greater  externalizing  personality  traits  predict  
less  error-related  insula  and  anterior  cingulate  cortex  activity  in  acutely  abstinent  cigarette  smokers.  Addict. Biol.  (2013).  
doi:10.1111/adb.12118  

268.  

Gowin,  J.  L.  et al.  Altered  cingulate  and  insular  cortex  activation  during  risk-taking  in  methamphetamine  dependence:  
losses  lose  impact.  Addiction  109,  237–47  (2014).  

269.  

Verdejo-García,    a,  Pérez-García,  M.  &  Bechara,    a.  Emotion,  decision-making  and  substance  dependence:  a  somatic-
marker  model  of  addiction.  Curr. Neuropharmacol.  4,  17–31  (2006).  

270.  

Jung,  Y.-C.  et al.  Synchrony  of  Anterior  Cingulate  Cortex  and  Insular-Striatal  Activation  Predicts  Ambiguity  Aversion  in  
Individuals  with  Low  Impulsivity.  Cereb. Cortex  (2013).  doi:10.1093/cercor/bht008  

271.  

Canavan,  S.  V,  Forselius,  E.  L.,  Bessette,  A.  J.  &  Morgan,  P.  T.  Preliminary  evidence  for  normalization  of  risk  taking  by  
modafinil  in  chronic  cocaine  users.  Addict. Behav.  39,  1057–61  (2014).  

272.  

Vocci,  F.  J.  Cognitive  remediation  in  the  treatment  of  stimulant  abuse  disorders:  a  research  agenda.  Exp. Clin.
Psychopharmacol.  16,  484–97  (2008).  

273.  

Medina,  K.  L.,  Schweinsburg,  A.  D.,  Cohen-Zion,  M.,  Nagel,  B.  J.  &  Tapert,  S.  F.  Effects  of  alcohol  and  combined  marijuana  
and  alcohol  use  during  adolescence  on  hippocampal  volume  and  asymmetry.  Neurotoxicol. Teratol.  29,  141–52  (2007).  

274.  

Varga,  G.  et al.  Additive  effects  of  serotonergic  and  dopaminergic  polymorphisms  on  trait  impulsivity.  Am. J. Med. Genet. B.
Neuropsychiatr. Genet.  159B,  281–8  (2012).  

275.  

Lopez-Larson,  M.  P.  et al.  Altered  prefrontal  and  insular  cortical  thickness  in  adolescent  marijuana  users.  Behav. Brain Res.  
220,  164–72  (2011).  

276.  

Frye,  R.  E.  et al.  Surface  area  accounts  for  the  relation  of  gray  matter  volume  to  reading-related  skills  and  history  of  
dyslexia.  Cereb. Cortex  20,  2625–35  (2010).  

277.  

Jones,  D.  K.,  Symms,  T.  M.  R.,  Cercignani,  M.  &  Howard,  R.  J.  The  effect  of  filter  size  on  VBM  analyses  of  DT-MRI  data.  
26,  546–554  (2005).  

278.  

Park,  H.-J.  et al.  An  MRI  study  of  spatial  probability  brain  map  differences  between  first-episode  schizophrenia  and  normal  
controls.  Neuroimage  22,  1231–46  (2004).  

279.  

Voets,  N.  L.  et al.  NeuroImage  Evidence  for  abnormalities  of  cortical  development  in  adolescent-onset  schizophrenia.  
Neuroimage  43,  665–675  (2008).  

280.  

Eggert,  L.  D.,  Sommer,  J.,  Jansen,  A.,  Kircher,  T.  &  Konrad,  C.  Accuracy  and  reliability  of  automated  gray  matter  
segmentation  pathways  on  real  and  simulated  structural  magnetic  resonance  images  of  the  human  brain.  PLoS One  7,  
e45081  (2012).  

281.  

Klauschen,  F.,  Goldman,  A.,  Barra,  V.,  Meyer-Lindenberg,  A.  &  Lundervold,  A.  Evaluation  of  automated  brain  MR  image  
segmentation  and  volumetry  methods.  Hum. Brain Mapp.  30,  1310–27  (2009).  

282.  

Palaniyappan,  L.  &  Liddle,  P.  F.  Differential  effects  of  surface  area,  gyrification  and  cortical  thickness  on  voxel  based  
morphometric  deficits  in  schizophrenia.  Neuroimage  60,  693–9  (2012).  

283.  

Pereira,  R.  B.,  Andrade,  P.  B.  &  Valentão,  P.  A  Comprehensive  View  of  the  Neurotoxicity  Mechanisms  of  Cocaine  and  
Ethanol.  Neurotox. Res.  253–267  (2015).  doi:10.1007/s12640-015-9536-x  

284.  

Moeller,  F.  G.  et al.  Diffusion  tensor  imaging  eigenvalues:  preliminary  evidence  for  altered  myelin  in  cocaine  dependence.  
Psychiatry Res.  154,  253–8  (2007).  

285.  

Moeller,  F.  G.  et al.  Reduced  Anterior  Corpus  Callosum  White  Matter  Integrity  is  Related  to  Increased  Impulsivity  and  
Reduced  Discriminability  in  Cocaine-Dependent  Subjects  :  Diffusion  Tensor  Imaging.  Neuropsychopharmacology  610–617  
(2005).  doi:10.1038/sj.npp.1300617  

286.  

Romero,  M.  J.,  Asensio,  S.,  Palau,  C.,  Sanchez,  A.  &  Romero,  F.  J.  Cocaine  addiction:  diffusion  tensor  imaging  study  of  the  
inferior  frontal  and  anterior  cingulate  white  matter.  Psychiatry Res.  181,  57–63  (2010).  

287.  

Lane,  S.  D.  et al.  Diffusion  tensor  imaging  and  decision  making  in  cocaine  dependence.  PLoS One  5,  e11591  (2010).  

288.  

Ma,  L.  et al.  Diffusion  tensor  imaging  in  cocaine  dependence:  regional  effects  of  cocaine  on  corpus  callosum  and  effect  of  
cocaine  administration  route.  Drug Alcohol Depend.  104,  262–7  (2009).  

289.  

Lim,  K.  O.,  Choi,  S.  J.,  Pomara,  N.,  Wolkin,  A.  &  Rotrosen,  J.  P.  Reduced  Frontal  White  Matter  Integrity  in  Cocaine  
Dependence  :  A  Controlled  Diffusion  Tensor  Imaging  Study.  Psychiatry Interpers. Biol. Process.  (2002).  

290.  

Jacobus,  J.  et al.  White  matter  integrity  in  adolescents  with  histories  of  marijuana  use  and  binge  drinking.  Neurotoxicol.
Teratol.  31,  349–355  (2009).  

291.  

Hamelink,  C.,  Hampson,  A.,  Wink,  D.  a,  Eiden,  L.  E.  &  Eskay,  R.  L.  Comparison  of  cannabidiol,  antioxidants,  and  diuretics  
in  reversing  binge  ethanol-induced  neurotoxicity.  J. Pharmacol. Exp. Ther.  314,  780–788  (2005).  

292.  

Mon,  A.  et al.  Structural  brain  differences  in  alcohol-dependent  individuals  with  and  without  comorbid  substance  
dependence.  Drug Alcohol Depend.  144,  170–177  (2014).  

293.  

Lawyer,  G.  et al.  Amphetamine  dependence  and  co-morbid  alcohol  abuse:  associations  to  brain  cortical  thickness.  BMC
Pharmacol.  10,  5  (2010).  

294.  

Chang,  L.,  Alicata,  D.,  Ernst,  T.  &  Volkow,  N.  Structural  and  metabolic  brain  changes  in  the  striatum  associated  with  
methamphetamine  abuse.  Addiction  102,  16–32  (2007).  

9

113

114

295.  

Kaag,  A.  M.  et al.  Relationship  between  trait  impulsivity  and  cortical  volume,  thickness  and  surface  area  in  male  cocaine  
users  and  non-drug  using  controls.  Drug Alcohol Depend.  (2014).  doi:10.1016/j.drugalcdep.2014.09.016  

296.  

O’Neill,  J.  Interaction  of  methamphetamine  abuse,  tobacco  abuse,  and  gender  in  the  brain.  Am. J. Drug Alcohol Abuse  00,  
1–3  (2015).  

297.  

Beaulieu,  C.  The  basis  of  anisotropic  water  diffusion  in  the  nervous  system  -  A  technical  review.  NMR Biomed.  15,  435–455  
(2002).  

298.  

Mori,  S.  &  Zhang,  J.  Principles  of  Diffusion  Tensor  Imaging  and  Its  Applications  to  Basic  Neuroscience  Research.  Neuron  
51,  527–539  (2006).  

299.  

Wozniak,  J.  R.  &  Lim,  K.  O.  Advances  in  white  matter  imaging:  A  review  of  in  vivo  magnetic  resonance  methodologies  and  
their  applicability  to  the  study  of  development  and  aging.  Neurosci. Biobehav. Rev.  30,  762–774  (2006).  

300.  

Song,  S.-K.  et al.  Dysmyelination  revealed  through  MRI  as  increased  radial  (but  unchanged  axial)  diffusion  of  water.  
Neuroimage  17,  1429–1436  (2002).  

301.  

Song,  S.  K.  et al.  Demyelination  increases  radial  diffusivity  in  corpus  callosum  of  mouse  brain.  Neuroimage  26,  132–140  
(2005).  

302.  

Sun,  S.  W.  et al.  Noninvasive  detection  of  cuprizone  induced  axonal  damage  and  demyelination  in  the  mouse  corpus  
callosum.  Magn. Reson. Med.  55,  302–308  (2006).  

303.  

Griffiths,  E.  Sensible  drinking:  Doctors  should  stick  with  the  independent  medical  advice.  Br. Med. J.  312,  1  (1996).  

304.  

Roebuck,  M.  C.,  French,  M.  T.  &  Dennis,  M.  L.  Adolescent  marijuana  use  and  school  attendance.  Econ. Educ. Rev.  23,  
133–141  (2004).  

305.  

Buckner,  J.  D.  &  Schmidt,  N.  B.  Marijuana  effect  expectancies:  Relations  to  social  anxiety  and  marijuana  use  problems.  
Addict. Behav.  33,  1477–1483  (2008).  

306.  

Olabarriaga,  S.  D.,  Glatard,  T.  &  de  Boer,  P.  T.  A  virtual  laboratory  for  medical  image  analysis.  IEEE Trans. Inf. Technol.
Biomed.  14,  979–985  (2010).  

307.  

Shahand,  S.  et al.  Front-ends  to  Biomedical  Data  Analysis  on  Grids.  Heal. 2011  (2011).  at  <http://amc-
app1.amc.sara.nl/twiki/pub/EBioScience/EBioinfraGateUserDoc/ebioinfragate.pdf>  

308.  

Caan,  M.  et al.  Adaptive  noise  filtering  for  accurate  and  precise  diffusion  estimation  in  fiber  crossings.  Lect. Notes Comput.
Sci. (including Subser. Lect. Notes Artif. Intell. Lect. Notes Bioinformatics)  6361 LNCS,  167–174  (2010).  

309.  

Smith,  S.  M.  et al.  Tract-based  spatial  statistics:  Voxelwise  analysis  of  multi-subject  diffusion  data.  Neuroimage  31,  1487–
1505  (2006).  

310.  

Rueckert,  D.  et al.  Nonrigid  registration  using  free-form  deformations:  application  to  breast  MR  images.  IEEE Trans. Med.
Imaging  18,  712–721  (1999).  

311.  

Nichols,  T.  &  Ph,  D.  Mixed  effects  and  Group  Modeling  for  fMRI  data.  (2010).  

312.  

Zalesky,  A.  Moderating  registration  misalignment  in  voxelwise  comparisons  of  DTI  data:  A  performance  evaluation  of  
skeleton  projection.  Magn. Reson. Imaging  29,  111–125  (2011).  

313.  

Wakana,  S.  et al.  Reproducibility  of  quantitative  tractography  methods  applied  to  cerebral  white  matter.  Neuroimage  36,  
630–644  (2007).  

314.  

Hua,  K.  et al.  Tract  probability  maps  in  stereotaxic  spaces:  Analyses  of  white  matter  anatomy  and  tract-specific  
quantification.  Neuroimage  39,  336–347  (2008).  

315.  

Lim,  K.  O.  &  Helpern,  J.  a.  Neuropsychiatric  applications  of  DTI  -  A  review.  NMR Biomed.  15,  587–593  (2002).  

316.  

Hasan,  K.  M.,  Alexander,  A.  L.  &  Narayana,  P.  a.  Does  Fractional  Anisotropy  Have  Better  Noise  Immunity  Characteristics  
Than  Relative  Anisotropy  in  Diffusion  Tensor  MRI?  An  Analytical  Approach.  Magn. Reson. Med.  51,  413–417  (2004).  

317.  

Gulani,  V.,  Webb,    a.  G.,  Duncan,  I.  D.  &  Lauterbur,  P.  C.  Apparent  diffusion  tensor  measurements  in  myelin-deficient  rat  
spinal  cords.  Magn. Reson. Med.  45,  191–195  (2001).  

318.  

Wheeler-Kingshott,  C.  A.  M.  &  Cercignani,  M.  About  ‘axial’  and  ‘radial’  diffusivities.  Magn. Reson. Med.  61,  1255–1260  
(2009).  

319.  

Narayana,  P.  a  et al.  Diffusion  tensor  imaging  of  cocaine-treated  rodents.  Psychiatry Res.  171,  242–51  (2009).  

320.  

Narayana,  P.  a  et al.  Chronic  cocaine  administration  causes  extensive  white  matter  damage  in  brain:  diffusion  tensor  
imaging  and  immunohistochemistry  studies.  Psychiatry Res.  221,  220–30  (2014).  

321.  

Ersche,  K.  D.  et al.  Abnormal  Brain  Structure  Implicated  in  Stimulant  Drug  Addiction.  Science (80-. ).  335,  601–605  (2012).  

322.  

Herting,  M.  M.,  Schwartz,  D.,  Mitchell,  S.  H.  &  Nagel,  B.  J.  Abnormalities  in  Youth  With  a  Family  History  of  Alcoholism.  
Alcohol Clin. Exp. Res.  34,  1590–1602  (2010).  

323.  

Crews,  F.  T.  &  Boettiger,  C.  A.  Impulsivity,  frontal  lobes  and  risk  for  addiction.  Pharmacol. Biochem. Behav.  93,  237–247  
(2009).  

324.  

Yu,  D.  et al.  White  matter  integrity  in  young  smokers:  a  tract-based  spatial  statistics  study.  Addict. Biol.  i,  n/a–n/a  (2015).  

325.  

Savjani,  R.  R.  et al.  Characterizing  white  matter  changes  in  cigarette  smokers  via  diffusion  tensor  imaging.  Drug Alcohol
Depend.  145,  134–142  (2014).  

326.  

Garrison,  K.  A.  &  Potenza,  M.  N.  Neuroimaging  and  Biomarkers  in  Addiction  Treatment.  (2014).  doi:10.1007/s11920-014-
0513-5  

327.  

Heitzeg,  M.  M.,  Cope,  L.  M.,  Martz,  M.  E.  &  Hardee,  J.  E.  Neuroimaging  Risk  Markers  for  Substance  Abuse:  Recent  
Findings  on  Inhibitory  Control  and  Reward  System  Functioning.  Curr. Addict. Reports  2,  91–103  (2015).  

328.  

Koob,  G.  F.  &  Mason,  B.  J.  Existing  and  Future  Drugs  for  the  Treatment  of  the  Dark  Side  of  Addiction.  Annu. Rev.
Pharmacol. Toxicol.  56,  annurev–pharmtox–010715–103143  (2016).  

  

329.  

Klucken,  T.,  Kruse,  O.,  Schweckendiek,  J.  &  Stark,  R.  Increased  skin  conductance  responses  and  neural  activity  during  fear  
conditioning  are  associated  with  a  repressive  coping  style.  Front. Behav. Neurosci.  9,  132  (2015).  

330.  

Sengupta,  A.,  Winters,  B.,  Bagley,  E.  E.  &  McNally,  G.  P.  Disrupted  Prediction  Error  Links  Excessive  Amygdala  Activation  
to  Excessive  Fear.  J. Neurosci.  36,  385–395  (2016).  

331.  

de  Wit,  H.  Impulsivity  as  a  determinant  and  consequence  of  drug  use:  a  review  of  underlying  processes.  Addict. Biol.  14,  
22–31  (2009).  

332.  

Robbins,  T.  W.,  Gillan,  C.  M.,  Smith,  D.  G.,  de  Wit,  S.  &  Ersche,  K.  D.  Neurocognitive  endophenotypes  of  impulsivity  and  
compulsivity:  Towards  dimensional  psychiatry.  Trends Cogn. Sci.  16,  81–91  (2012).  

333.  

Gowin,  J.  L.  et al.  Altered  cingulate  and  insular  cortex  activation  during  risk-taking  in  methamphetamine  dependence:  
Losses  lose  impact.  Addiction  109,  237–247  (2014).  

334.  

Moreno-López,  L.  et al.  Trait  impulsivity  and  prefrontal  gray  matter  reductions  in  cocaine  dependent  individuals.  Drug
Alcohol Depend.  125,  208–214  (2012).  

335.  

Ghahremani,  D.  G.  et al.  Effect  of  modafinil  on  learning  and  task-related  brain  activity  in  methamphetamine-dependent  and  
healthy  individuals.  Neuropsychopharmacology  36,  950–959  (2011).  

336.  

Schmaal,  L.  et al.  Effects  of  modafinil  on  neural  correlates  of  response  inhibition  in  alcohol-dependent  patients.  Biol.
Psychiatry  73,  211–218  (2013).  

337.  

Joos,  L.  et al.  Effect  of  modafinil  on  impulsivity  and  relapse  in  alcohol  dependent  patients:  A  randomized,  placebo-controlled  
trial.  Eur. Neuropsychopharmacol.  23,  948–955  (2013).  

338.  

Phelps,  E.  a.  Human  emotion  and  memory:  interactions  of  the  amygdala  and  hippocampal  complex.  Curr. Opin. Neurobiol.  
14,  198–202  (2004).  

339.  

Sinha,  R.  et al.  Enhanced  negative  emotion  and  alcohol  craving,  and  altered  physiological  responses  following  stress  and  
cue  exposure  in  alcohol  dependent  individuals.  Neuropsychopharmacology  34,  1198–208  (2009).  

340.  

Robbins,  S.  J.,  Ehrman,  R.  N.,  Childress,    a  R.  &  O’Brien,  C.  P.  Comparing  levels  of  cocaine  cue  reactivity  in  male  and  
female  outpatients.  Drug Alcohol Depend.  53,  223–30  (1999).  

341.  

Sinha,  R.,  Fuse,  T.,  Aubin,  L.  R.  &  O’Malley,  S.  S.  Psychological  stress,  drug-related  cues  and  cocaine  craving.  
Psychopharmacology (Berl).  152,  140–148  (2000).  

342.  

Jansen,  J.  M.  et al.  Effects  of  non-invasive  neurostimulation  on  craving:  A  meta-analysis.  Neurosci. Biobehav. Rev.  37,  
2472–2480  (2013).  

343.  

Enokibara,  M.,  Trevizol,  A.  &  Shiozawa,  P.  Establishing  an  Effective  TMS  Protocol  for  Craving  in  Substance  Addiction  :  Is  It  
Possible  ?  28–30  (2016).  doi:10.1111/ajad.12309  

344.  

Kravitz,  A.  V  et al.  Cortico-striatal  circuits:  Novel  therapeutic  targets  for  substance  use  disorders.  Brain Res.  1628,  186–198  
(2015).  

345.  

Noda,  Y.  et al.  The  Neurobiological  Mechanisms  of  Repetitive  Transcranial  Magnetic  Stimulation  in  Depression:  A  
Systematic  Review.  Psychol. Med.  45,  3411–3432  (2015).  

346.  

Specio,  S.  E.  et al.  Administration  in  Rats.  196,  473–482  (2009).  

347.  

Kelley,  B.  J.,  Yeager,  K.  R.,  Pepper,  T.  H.,  Beversdorf,  Q.  &  Bornstein,  R.  A.  The  Neural  Basis  of  Cognition  The  Effect  of  
Propranolol  on  Cognitive  Flexibility  and  Memory  in  Acute  Cocaine  Withdrawal.  Neurocase  320–327  (2007).  
doi:10.1080/13554790701846148  

348.  

de  Oliveira  Citó,  M.  D.  C.  et al.  Reversal  of  cocaine  withdrawal-induced  anxiety  by  ondansetron,  buspirone  and  propranolol.  
Behav. Brain Res.  231,  116–23  (2012).  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

9

	
  
115

List of publications
Schouw MLJ, De Ruiter MB, Kaag AM, van den Brink W, Lindauer RJL, Reneman L . Dopaminergic dysfunction
in abstinent dexamphetamine users: Results from a pharmacological fMRI study using a reward anticipation
task and a methylphenidate challenge. Drug and Alcohol Dependence 2013; 130: 52-60
Schouw MLJ, Kaag AM, Caan MWA, Heijtel DFR, Majoie CBLM, Nederveen AJ, Booij J, Reneman L. Mapping
the hemodynamic response in human subjects to a dopaminergic challenge with dextroamphetamine using
ASL-based pharmacological MRI. Neuroimage 2013; 15(72):1-9
Kaag AM*, Crunelle CL*, van Wingen G, Homberg J, van den Brink W, Reneman L. Relationship between trait
impulsivity and cortical volume, thickness and surface area in male cocaine users and non-drug using controls.
Drug and alcohol dependence 2014; 1(144): 210-217
Crunelle CL*, Kaag AM*, van Wingen G, van den Munkhof HE, Homberg JR, Reneman L, van den Brink W.
Reduced Frontal Brain Volume in Non-Treatment-Seeking Cocaine-Dependent Individuals: Exploring the Role
of Impulsivity, Depression, and Smoking. Frontiers in Neuroscience. 2014; 8(7): 1-7
Crunelle CL*, Kaag AM*, van den Munkhof HE, Reneman L, Homberg JR, Sabbe B, van den Brink W, van
Wingen G. Dysfunctional amygdala activation and connectivity with the prefrontal cortex in current cocaine
users. Human Brain Mapping. 2015;36(10):4222-4230
Kaag AM, van Wingen G, Caan MWA, Homberg JR, van den Brink W, Reneman L. White matter alterations
in cocaine users are negatively related to the number of additionally (ab)used substances. Addiction Biology
2016; In Press
Kaag AM, Levar N, Woutersen K, Homberg JR, van den Brink W, Reneman L, van Wingen G. Hyperresponsiveness of the neural fear network during fear conditioning and extinction learning in male cocaine
users. The American Journal of Psychiatry 2016; In Press
Kaag AM, Reneman L, Homberg JR, van den Brink W, van Wingen G. Childhood adversity and state anxiety
differentially affect the neural mechanisms involved in cue-reactivity in male regular cocaine users. Submitted
Kaag AM, Schluter R, Karel P, Homberg JR, van den Brink W, Reneman L, van Wingen G. Aversive
counterconditioning attenuates reward signalling in the ventral striatum. Under Review
*Shared first authorship

116

Portfolio
Anne Marije Kaag was born in Heemstede, on January 25th, 1987. After secondary school at the Eerste
Christelijk Lyceum in Haarlem, she obtained her bachelor degree psychobiology at the University of Amsterdam
(UvA). During this period she became highly interested in addiction research and decided to continue with
the research master Brain and Cognitive Science, at the UvA. As part of the master program she worked
as a research student for 6 months at the department of psychiatry of Academic Medical Center (AMC),
studying reward sensitivity in alcohol dependent patients using fMRI (under supervision of Dr. R. van Holst).
In her second year she worked as a research student for 9 months at the department of Radiology of the
AMC, studying dopamine function using pharmacological fMRI (under supervision of Dr. M. Schouw and Dr.
L. Reneman). During these internships she became more and more interested in studying the neurocognitive
processes involved in addiction behavior, using different types of MRI techniques. In 2011 she obtained her
Master of Science degree with honors. After working as a research assistant for 6 months in the group op Dr.
L. Reneman, she started the PhD project that led to this dissertation. In March 2016 she continued her career
as a postdoctoral researcher at the UvA, on a translational project to study working memory training as an
intervention to disrupt the reconsolidation of alcohol-related memories.

9

117

PhD Training

General courses

Year

ECT

Basic Course Legislation and Organization (BROK)

2012

24

Pubmed

2012

0,1

Biostatistics

2013

1,4

Grant Writing

2015

1,8

Neuropsychopharmacology

2012

1,7

Amsterdam Neuroimaging summerschool

2012

1,4

Functional Neuroanatomy

2013

1,4

University masterclasses: Adviseren

2014

3

Workshop for junior scientists, European College of Neuropsychopharmacology

2015

0,6

Weekly meetings of the Brain Imaging Center

2012-2015

1,5

Monthly meetings (neuro)radiology

2012-2015

1,5

23rd Forum on Drug and Alcohol Research, Utrecht, The Netherlands

2013

0,5

24th Forum on Drug and Alcohol Research, Utrecht, The Netherlands

2014

0,5

ECNP Workshop for junior scientists

2015

0,5

Grand Round, Department of Psychiatry, AMC, Amsterdam, the Netherlands

2015

0,5

38th Annual Research Society on Alcoholism Meeting, San Antonio, USA

2015

0,5

29th European College for Neuropsychopharmacology Congress, Amsterdam, The Netherlands

2015

0,5

27th European Conference of Neuropsychopharmacoloy Congress, Barcelona, Spain

2013

0,5

20th Onwar Annual Meeting, Woudschoten, The Netherlands

2013

0,5

20th Human Brain Mapping, Hamburg, Germany

2014

0,5

21st ONWAR Annual Meeting, Woudschoten, The Netherlands

2014

0,5

CSCA Summerschool: Genes, Brain and Behavior, University of Amsterdam

2013

0,25

Drug and Addiction Symposium, Academic Medical Center

2014

2,9

Tutor Master students Cognitive Neuroscience

2012-2015

5

Specific Courses

Seminars, workshops and masterclasses

Oral Presentations

Poster presentations

Teaching/tutoring

Awards and prizes
Travel Award European Foundation of Alcohol Research
Travel Award AUF Spinoza Fund
Travel Grant European College for Neuropsychopharmacology

118

Dankwoord
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?
In veel dankwoorden worden collegae, familie en vrienden bedankt voor hun expertise, steun en geduld, en
ook ik zal in dit dankwoord deze traditie volgen. Maar niet voordat ik eerst mezelf heb bedankt. Ik ben namelijk
ontzettend trots op wat ik in de afgelopen jaren heb bereikt, op professioneel en persoonlijk vlak, en dat mag,
en moet, ook af en toe gezegd worden.
Het vinden van vrijwilligers voor dit onderzoek was niet makkelijk. Met behulp van organisaties als Unity en
de Jellinek, verschillende online fora, radio en de kranten, heb ik uiteindelijk veel mensen kunnen bereiken.
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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