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Abstract

Background: Striatal dysfunction is a key characteristic of addictive behaviors, but 
neuroimaging studies have reported conflicting findings. An integrative model of addiction 
points to the presence/absence of addiction-related cues as an explanation for striatal 
hypo-/hyperactivations, respectively, but has never been directly tested. 

Measurements: Using functional MRI, monetary reward anticipation was studied in the 
presence/absence of addiction-related cues to study striatal hyper-/hypofunction. Across 
two studies, we compared 46 alcohol use disorder (AUD) patients with 30 matched healthy 
controls; and 24 gambling disorder (GD) patients with 22 matched healthy controls. 

Results: During monetary reward anticipation, hypoactivation of the reward system was 
seen in AUD (p<0.05, FWE-corrected) but not in GD individuals compared to controls. 
Hypoactivity in the putamen of AUD patients correlated with craving severity. During 
addiction-related versus neutral cues, hyperactivation of the dorsal striatum was seen in 
AUD and GD patients. Increased ventral striatal cue-reactivity was positively associated with 
addiction chronicity in both AUD and GD patients. A behavioral (but not neural) interaction 
was seen: gambling cues made participants respond faster for bigger, but slower for smaller 
rewards. Interestingly, we found no relation between striatal hypo- and hyperactivations 
within patients, indicating they are independent factors. 

Conclusions: Striatal dysfunction is a key but heterogeneous mechanism contributing to 
the pathophysiology of addiction. Our results indicate a crucial role for addiction-related 
cues in explaining striatal hyper-/hypoactivation in addiction and underline the importance 
of a dimensional, individualized approach to investigating and treating addictive disorders.
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Introduction

Patients with addictive disorders often show disrupted striatal reward processing (Blum 
et al., 2000; Bjork et al., 2012; Volkow and Morales, 2015). However, findings have been 
inconsistent: both hypo- and hyperactivations have been reported (Leyton and Vezina, 
2013; Limbrick-Oldfield et al., 2013; Clark et al., 2018). These findings have been interpreted 
in the context of several theories of addiction, which make opposite predictions about the 
direction of the striatal disruption. A hypoactive reward system (and related anhedonia) 
has been described either as a (genetic) predisposition for the development of reward-
seeking (addictive) behaviors (Blum et al., 2000) or as a consequence of chronic drug use 
and receptor down-regulation (Koob and Le Moal, 2008; Goldstein and Volkow, 2011) 
possibly in combination with the recruitment of ‘anti-reward’ systems (Koob and Le Moal, 
2005). Alternatively, a hyperactive reward system has been described either as a (genetic) 
vulnerability factor reflecting an increased sensitivity to high rewards and a drive for impulsive 
behaviors (Bjork et al., 2012) or as a result of incentive sensitization for environmental stimuli 
that become conditioned with the rewarding effects of the addictive behavior (Robinson 
and Berridge, 2008). 

Over the past decades, studies have provided evidence in support for each of these 
theories, resulting in ample but inconsistent evidence for dysfunctions in the human 
reward system in addicted populations. Recently, Leyton & Vezina proposed a model 
integrating these seemingly contradictory findings and theories (Leyton and Vezina, 2012, 
2013, 2014). Central to their model is the presence versus absence of addiction-related cues 
(see discussion: Balodis et al., 2012a, 2012b; Leyton and Vezina, 2012; van Holst et al., 2012c, 
2012d). These (initially neutral) stimuli become conditioned through repeated association 
with the rewarding effects of addictive behaviors, ultimately leading to conditioned and 
sensitized neurobiological responses. Hyperactive striatal motivational states thus develop 
in the presence of addiction-related cues. Simultaneously, a progressively diminished 
interest towards rewards not related to addiction-related cues is reflected by a hypoactive 
reward system. Looking at the human substance use and gambling disorder literature 
regarding striatal activity, most inconsistencies are indeed explained by factoring in the 
presence or absence of addiction-related cues (Leyton and Vezina, 2013). 

However, the presence of alternating striatal states in addicted patients has never been 
tested in the context of a single experimental paradigm. Such a study would not only be able 
to directly investigate the pervasiveness of ‘striatal ups and downs’ in addicted populations, 
but would also allow for an evaluation of the interaction between addiction-related cues 
predicting addiction-related rewards (Freeman et al., 2012) and (cues predicting) natural 
rewards. The latter is usually studied with monetary rewards (Luijten et al., 2017) and 
often using the Monetary Incentive Delay Task [MIDT] (Knutson et al., 2000; Wrase et al., 
2007; Beck et al., 2009; Balodis and Potenza, 2015). Addiction-related cues are known to 
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increase motivation and modify readiness to respond for substances (Leyton and Vezina, 
2013), but whether this effect is specific to drug seeking or generalizes to responding for 
monetary rewards is still an open question. For example, gambling cues may augment 
the anticipation of a monetary reward in GD patients, such that the presence of such cues 
increases performance, motivation and striatal activity for monetary rewards (van Holst 
et al., 2012d, 2012b). Additionally, these effects may interact, such that gambling-cues 
selectively enhance anticipation for larger but not for smaller monetary rewards. Moreover, 
it is unclear how striatal hyper- and hypoactivation are related to each other within addicted 
individuals. One hypothesis would be that these are dependent factors that go hand in 
hand: while interest progressively narrows towards addiction-related cues, interest towards 
general rewards and goals simultaneously diminishes (Volkow et al., 2016). Alternatively, 
they may be independent factors that are separately expressed across individuals with 
addiction, possibly constituting addiction-subtypes. Here we assessed reward processing 
in the presence and absence of addiction-related stimuli which allows us to directly address 
these open questions. 

Various addiction-related factors have been shown to modulate and predict individual 
variation in striatal dysfunction. Increased striatal cue-reactivity has been related to duration 
and severity of alcohol dependence (Claus et al., 2011; Sjoerds et al., 2014). Striatal dysfunction 
may also depend on the stage of the addiction cycle: heavy, dependent alcohol drinkers 
have been reported to exhibit greater alcohol cue-induced striatal activation compared to 
light social drinkers (Vollstädt-Klein et al., 2010; Ihssen et al., 2011), possibly through a shift 
from ventral to dorsal striatal processing (Everitt and Robbins, 2005). Craving levels have 
repeatedly been shown to correlate with addiction-related cue-reactivity in the ventral 
striatum (Filbey et al., 2008) and insula (Goudriaan et al., 2010; Limbrick-Oldfield et al., 2017) 
and with blunted ventral striatal monetary reward processing (Wrase et al., 2007). Duration 
of abstinence also correlates with striatal cue-reactivity: positively in alcohol use disorder 
[AUD] (Li et al., 2014), but negatively in gambling disorder [GD] (Limbrick-Oldfield et al., 
2017). Finally, several studies have found that cue-reactivity effects (specifically in the dorsal 
PFC) may predict relapse (Grüsser et al., 2004), although this relationship is controversial 
(Tiffany and Wray, 2012; Courtney et al., 2016).

In order to assess the possible occurrence of striatal hyper- and hypoactivity within 
patients in a single paradigm, we developed a neuroimaging task that simultaneously 
assesses the processing of monetary rewards and addiction-related cues. We adapted 
the widely used MIDT (Knutson et al., 2000) to not only include monetary reward signals 
but also addiction-related and neutral cues during the anticipation phase. The feedback 
phase was not considered because there was no interaction with addiction-related cues 
there. Adopting a full-factorial design with monetary reward-type (low and high) and cue 
type (neutral and addiction-related) as factors enabled us to separately study (i) general 
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Figure 1. Hypotheses (a) and experimental design (b). (A) Hypotheses regarding striatal activity during 
reward anticipation, plotted separately for each of the four conditions. (B) Schematic overview of the experimental 
design. Participants were instructed to respond to a target as quickly as possible in order to gain monetary rewards. 
During each trial, participants could earn 1 or 50 cents, indicated by a coin overlaid on an addiction-related or 
neutral background picture (‘cue’). Next, a crosshair was shown for a variable period (‘Delay’) and participants 
were instructed to respond as fast as possible to the target. Feedback about current and cumulative earnings was 
provided, followed by a fixation cross before a new trial started.

(monetary) reward processing, (ii) processing of addiction-related cues and (iii) their 
interaction in both addicted and healthy control groups. To dissociate the neurotoxic effects 
of alcohol from neuroadaptations related to the addictive behavior per se, we conducted 
two studies: one in AUD patients and one in GD patients. Both groups were separately 
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matched to healthy control participants [HCs] and tested during fMRI-scanning to assess 
striatal dysfunction. Based on Leyton & Vezina’s integrative model (Leyton and Vezina, 2013), 
patients were expected to show blunted mesolimbic activity during monetary reward 
anticipation in the absence of addiction-related cues (Figure 1A). We further hypothesized 
that the presence of addiction-related cues would increase motivation and performance on 
the MIDT, reflected by a hyperactive striatal state in AUD and GD patients compared to HCs. 
Individual differences in striatal dysfunction were associated with several addiction-related 
factors, including severity and duration of addiction, total lifetime alcohol use and duration 
of abstinence. We expected these factors to be positively related to striatal dysfunction. 
Finally, the association between striatal hypo- and hyperactivations within individuals with 
AUD and GD was tested, without having any specific hypothesis.

Methods & Materials

The study was approved by the Ethical Review Board of the Academic Medical Center. 
All subjects provided written informed consent. See Supplementary Material for a full 
description of the methods and results. 

Participants 

All patients were recruited from a local addiction treatment centre (Jellinek, Amsterdam). 
AUD patients were detoxified (>2 weeks) and recently diagnosed with AUD without Axis 1 
comorbidity. GD were included if they were recently diagnosed with and started therapy 
for GD, but were not obliged to abstain from gambling. Both patient groups were matched 
to separate control groups (Table 1 and 2), recruited through advertisements and through 
our subject-database. All subjects underwent the MINI structured psychiatric interview 
(Sheehan et al., 1998), to confirm the absence of psychiatric disorders (except for DSM-
5 AUD/GD in the AUD/GD patient group). Participants were included after meeting the 
inclusion criteria (see Supplementary Methods) and were reimbursed with 50 euros plus 
additional task earning.

Experimental procedure 

To investigate the effects of reward anticipation, cue-reactivity and their interaction, 
we adapted the MIDT (Knutson et al., 2001) to include addiction-related cues (alcohol 
-relevant cues in the AUD study and gambling-relevant cues in the GD study). We used a 
2x2 full-factorial design with reward magnitude (Big=50 cent and Small=1 cent rewards) 
and cue-type (addiction-related and neutral background pictures) as factors, resulting in 
four conditions: ‘Big reward/Addiction cue’ [BA], ‘Big reward/Neutral cue’ [BN], ‘Small reward/
Addiction cue’ [SA] ‘Small reward/Neutral cue’ [SN]. Figure 1B shows the experimental 
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design. The task comprised 28 trials per condition, trials were presented pseudorandomly 
and the total task duration was ~23 minutes.

Following fMRI acquisition, participants were asked to indicate how strongly each 
cue induced craving on a 7-point Likert scale (i.e. subjective craving). Rating data of six 
participants in the AUD study (three AUD patients and three HCs) and seven participants in 
the GD study (two GD patients and five HCs) are missing due to lack of time or technical failure. 

Statistical Analysis

Demographics and clinical data were analyzed for group differences with two-sampled 
t-tests and Pearson’s chi-square tests using SPSS 22.0 (IBM Corporation) for each study 
separately. Repeated-measures ANOVAs were used to analyze mean reaction times and 
number of hits, using reward magnitude (big or small) and cue type (addiction or neutral) as 
within-subject factors and group (patients or controls) as between-subject factor. Because 
of our specific hypotheses regarding striatal dysfunction, ROI results regarding reward 
anticipation and cue-reactivity are reported one-tailed; for all other analyses, p<0.05 two-
tailed was considered significant.

Magnetic Resonance Imaging 

Acquisition. Participants entered the 3T Phillips MRI-scanner in head-first supine 
position and were able to view the screen using a mirror attached to the head-coil. We 
acquired 595 T2*-weighted mulitecho planar functional MRI volumes (voxel-size: 3mm3) for 
analysis. Additionally, a structural T1-weighted image (voxel-size: 1mm3) was collected. See 
Supplementary Materials for details.

fMRI analysis. Raw multiecho fMRI data were first combined into single volumes 
using the PAID-method (Poser et al., 2006). Preprocessing of the fMRI data was identical 
to (van Timmeren et al., 2018b) and involved motion correction, slice-time correction, 
co-registration, normalization and smoothing. See Supplementary Materials for details. A 
first-level general linear model was constructed for each participant, including individual 
regressors for all four conditions (4 second box-car function at cue-onset). Outcome (win/
loss) and key presses were included as regressors of no interest. Realignment parameters 
were entered as six nuisance regressors, and low frequency drifts were removed using a 
high-pass filter (128-s cutoff ). Regressors were convolved with a canonical hemodynamic 
response function. 

Three first-level contrast images were constructed for each participant to assess the 
effect of (1) reward type (reward anticipation; big versus small reward: [BA+BN]>[SA+SN]); 
(2) cue type (cue-reactivity; alcohol versus neutral cues: [BA+SA]>[BN+SN]); and (3) their 
interaction ([BA+SN]>[BN+SA]). Single-subject contrast images were entered into second-
level random-effects analysis, comparing within-group activation (one-sample t tests) and 
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between-group differences (two-sample t tests). To assess whether subjective craving levels 
correlated with BOLD-signal, additional second-level analyses were performed including 
mean cue-induced craving ratings as a covariate of interest. 

Anatomical brain regions were identified using the Automated Anatomical Labelling 
[AAL] atlas in SPM12 (Tzourio-Mazoyer et al., 2002). Results were corrected for whole-brain 
familywise error [FWE] (α<.05, voxelwise p<.001). Additionally, three striatal subregions 
were chosen a priori as regions of interest [ROIs]: bilateral ventral striatum, caudate and 
putamen. Masks were derived from the Oxford-Imanova Striatal Structural Atlas (http://
fsl.fmrib.ox.ac.uk). SVC was conducted using one binary mask including all three ROIs. 
Moreover, parameter estimates were extracted and averaged across voxels for the three 
ROIs separately to investigate regional activation for the relevant contrasts. 

Study 1: AUD severity, chronicity, abstinence and relapse

We additionally explored individual differences in striatal functioning within the AUD 
group as a function of AUD severity [AUDIT](Saunders et al., 1993), severity of craving 
[OCDS](De Wildt et al., 2005), kg lifetime alcohol used (Skinner and Sheu, 1982), duration of 
alcohol-related problems (years) and duration of abstinence (days). Second-level covariate 
models were created separately for each of these factors to assess these whole-brain 
correlations. Additionally, Pearson correlations were performed between these factors and 
the three striatal ROIs. Finally, two-sampled t-tests assessed group differences between AUD 
individuals who would later relapse versus abstain. 

Study 2: GD severity, chronicity and abstinence

Similar to the AUD analysis, we explored individual differences within the GD group as a 
function of GD severity [PGSI](Ferris and Wynne, 2001a) and duration of gambling problems 
and abstinence duration. 

Relation between hypo- and hyperactivity

To test whether the extent of striatal hypoactivity (monetary reward anticipation) and 
hyperactivity (cue-reactivity) within individual patients were related to each other, Pearson 
correlations were performed (separately for both patient groups) using the extracted 
parameter estimates for each of the three ROIs. Evidence for the null hypothesis (i.e. no 
relation between the two factors) were substantiated by Bayes Factors using Bayesian 
correlations in JASP, version 0.8.6 (JASP Team, 2018).
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Results

All main neuroimaging results are available at https://neurovault.org/collections/4199/.

Results Study 1: AUD

Demographics and behavioral data are presented in Table 1. 

Table 1. Demographical & Clinical information AUD patients and matched controls.

AUD (n=46)
Mean (SD)

HC (n=30)
Mean (SD) p value

Age, years 46.5 (10.8) 44.8 (9.9) 0.48

Handedness: right / left 35 / 11 26 / 4 0.26a

Males / females 36 / 10 25 / 5 0.59a

Education, years 10.6 (3.3) 9.8 (3.5) 0.21

Smokers (%) 30 (65%) 4 (13%) <0.001a

IQ 102.5 (15.0) 97.0 (9.6) 0.11

AUDIT 23.7 (6.0) 4.1 (2.1) <0.001

Lifetime alcohol intake, kg pure alcohol 594.8 (495.8) 52.3 (52.2) <0.001

OCDS 5.0 (2.9) 0.9 (1.8) <0.001

Weeks abstinent 8.2 (7.6) - -

Abstainers / relapsersb 28 / 12 - -

AUD, Alcohol Use Disorder group; HC, Healthy Control group; SD, Standard Deviation; IQ, Intelligence Quotient; 
AUDIT, Alcohol Use Disorders Identification Test; OCDS, Obsessive Compulsive Drinking Scale; ap value of chi-
square test. bRelapse rates are missing for six AUD patients, because they could not be reached at the six-month 
follow-up interview.

Behavioral results

The repeated measures ANOVAs of reaction time and number of hits indicated a main 
effect of reward: participants were faster (F

1,74
=38.9; p<0.001) and more accurate (F

1,74
=20.2; 

p<0.001) for big compared to small rewards (Figure 2A and S1A). No significant main or 
interaction effects of cue-type or group were found. 

For the cue-induced craving ratings there was a group by cue-type interaction (F
1,68

=32.2, 
p<0.001). Post-hoc tests revealed this interaction was driven by significantly higher craving 
ratings for alcohol cues compared to neutral cues in AUD patients (mean=3.49, SD=1.92 vs. 
mean=1.44, SD=0.58; t

42
=7.40 p<0.001) and for alcohol cues in AUD patients compared to 

alcohol cues in HCs (mean=3.49, SD=1.92 vs. mean=1.49, SD=0.70; t
68

=5.18 p<0.001). 
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Figure 2. Mean reaction time (in ms) on the task for each condition, showing faster responses for big 
than small rewards in (A) AUDs + matched HCs and (B) GDs + matched HCs. Moreover, in the GD 
study, an interaction was found between reward- and cue-type, such that responses were faster for 
bigger rewards, and slower for smaller rewards in the presence of gambling cues compared to neutral 
cues. ***p<0.001; *p<0.05.

Imaging results

Reward anticipation 

In line with our hypothesis, AUD patients showed significantly decreased activity, relative 
to HCs, while anticipating big versus small monetary rewards in the bilateral caudate, 
putamen, pallidum, insula, hippocampus and supplementary motor area extending to the 
right middle and medial cingulate and inferior OFC (Figure 3A). ROI analysis mirrored these 
findings: AUD patients showed significantly lower regional BOLD signal than HCs in the 
ventral striatum (t

74
=-3.72, p<0.001), putamen (t

74
=-4.69, p<0.001) and caudate (t

74
=-5.08, 

p<0.001). 

Cue-reactivity 

No significant difference between groups was found on the contrast comparing alcohol 
with neutral cues. Within the AUD group, the cue-reactivity contrast revealed significantly 
increased activation in several clusters in the bilateral precuneus extending to the middle 
cingulate, the bilateral frontal superior medial extending to the anterior cingulate cortex 
[ACC], the left frontal inferior orbital cortex and several occipital regions (left angular and 
right lingual gyrus); see Figure 3B. 
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Figure 3. Hypo- and hyperactivations in AUD patients during monetary reward anticipation and cue-
reactivity (Study 1). (A) Whole-brain statistical parametric map showing blunted monetary reward 
anticipation (big>small rewards) in AUD patients compared to HCs (HC>AUD). (B) Cue-reactivity 
(alcohol >neutral cues) within AUD group. Results shown at p<0.05, FWE-corrected.

Reward x cue interaction

The reward-magnitude*cue-type interaction revealed no significant differences in BOLD 
activity between AUD patients and HCs, or within the group of AUD individuals. 

 

AUD severity, chronicity, craving and relapse 

Within AUD patients, severity of alcohol craving (OCDS) was negatively correlated with 
activity in the putamen, thalamus, caudate, insula, pallidum and ACC during the anticipation 
of big vs small rewards (whole-brain analysis; Figure S2A). Striatal ROI analyses substantiated 
these results, revealing a significant negative correlation between OCDS scores and the 
putamen (p=0.002, r=-0.44; Figure S2B), but not the ventral striatum (p=0.12, r=-0.24) and 
caudate (p=0.07, r=-0.27). No other significant associations were found between clinical 
factors and the contrasts-of-interest. Moreover, no significant differences in neural activity 
were found between relapsers and abstinent patients.  
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Results Study 2: GD

Demographics and behavioral data are presented in Table 2. 

Behavioral results

Similar to the results in Study 1, main effects of reward were seen for reaction time 
(F

1,44
=63.9; p<0.001) and number of hits (F

1,44
=26.3; p<0.001), driven by participants being 

faster and more accurate for big than small rewards (Figure 2B). Moreover, significant 
reward*cue-type interactions were found for both reaction time (F

1,44
=4.7; p=0.035) and hits 

(F
1,44

=4.6; p<0.037): gambling cues made participants faster when playing for big rewards, 
but slower when playing for small rewards. No significant group differences were found. 

As expected, there was a group*cue-type interaction for the post-scan craving ratings 
(F

1,37
=12.6, p=0.001), driven by higher ratings for gambling compared to neutral cues in GD 

patients (mean=3.98, SD=2.65 vs. mean=1.32, SD=0.81; t
21

=5.15, p<0.001) and for gambling 
cues in GD patients  compared to HCs (mean=3.98, SD=2.65 vs. mean=1.75, SD=0.80; 
t

37
=3.34 p=0.002).

Table 2. Demographical & Clinical information GD patients and matched controls. 

GD (n=24)
Mean (SD)

HC (n=22)
Mean (SD) p value

Age, years 35.5 (12.4) 35.4 (15.8) 0.99

Handedness: right / left 22 / 2 15 / 7 0.01a

Males / females 19 / 5 13 / 9 0.14a

Education, years 8.1 (3.1) 9.6 (5.0) 0.35

Smokers (%) 11 (46%) 5 (23%) 0.10a

IQ 88.6 (8.9) 96.6 (9.6) 0.01

AUDIT 4.6 (4.3) 3.0 (2.3) 0.12

PGSI (12 months) 15.1 (5.1) 0.0 (0.0) <0.001

GBQ 86.6 (23.9) 38.2 (19.7) <0.001

Weeks abstinent 17.5 (22.3) - -

Abstainers / relapsersb 8 / 10 - -

GD, Gambling Disordered patients; HC, Healthy Controls; SD, Standard Deviation; IQ, Intelligence Quotient; 
AUDIT, Alcohol Use Disorders Identification Test; PGSI, Problem Gambling Severity Index; GBQ, Gamblers’ Beliefs 
Questionnaire; ap value of chi-square test. bRelapse rates are missing for four GD patients, because they could not 
be reached at the six-month follow-up interview. 
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Imaging results

Reward anticipation 

On the whole-brain level, GD patients showed decreased activation relative to HCs in 
two clusters during reward anticipation, with one peak in the left angular gyrus extending 
to the temporal middle and superior gyrus, and one peak in the right temporal superior 
gyrus extending to the temporal middle gyrus and hippocampus (Figure 4A). 

a Reward anticipation 

b Cue reactivity 3.3::�==-6.0 

y=7 

Figure 4. Hypo- and hyperactivations in GD patients during monetary reward anticipation and cue-
reactivity (Study 2). (A) Whole-brain statistical parametric map showing blunted reward anticipation 
in gamblers compared to controls (HC > GD). (B) Higher subjective craving during cue-reactivity 
(gambling >neutral cues) in bilateral insula and putamen in GD patients compared to HCs (GD > HC). 
Results shown at p<0.001 (uncorrected) for illustrative purposes. 
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Striatal ROI analyses revealed no significant differences between GD patients and HCs, 
but a stronger correlation with subjective craving ratings in GDs compared to HCs in the 
bilateral insula and putamen, right temporal middle gyrus, and left cerebellum during 
reward anticipation (Figure S3). Thus, higher subjective craving was related to larger neural 
anticipation for monetary rewards in GDs compared to HCs.

Cue-reactivity 

The contrast comparing gambling versus neutral cues revealed no significant differences 
between GD patients and HCs. Within GD patients, increased activation of the bilateral 
calcarine and lingual gyrus was seen during cue-reactivity (Figure S4). When including 
subjective craving levels as a covariate, GD patients compared to HCs showed higher 
activity in in a large cluster including the right insula, putamen and middle temporal gyrus 
(Figure 4B). Within GD patients, this same contrast revealed increased bilateral caudate 
activity (p

svc_striatum
<.05 FWE, peak-defining threshold p<0.001). 

Reward x cue Interaction

No significant differences were found for the reward-magnitude*cue-type interaction 
between the groups or within GD patients. 

GD severity, chronicity and abstinence

Within the GD group, a significant positive relationship was found between duration 
of gambling problems and ventral striatal activity during cue-reactivity (r=0.435, p=0.034). 
None of the other factors revealed significant associations with any of the three contrasts. 

Relation between hypo- and hyperactivity

No significant correlations were found between striatal hypo- and hyperactivity in either 
AUD or GD patients (Figure 5A). Bayes Factors provided anecdotal evidence in AUD patients 
and substantial evidence in GD patients for an absence of such a relationship (Table S1 and 
S2), indicating these factors are independently present across individual patients.

Differences between AUD and GD

To further explore differences in striatal dysfunction between individuals with AUD 
and GD, we directly compared BOLD responses between these groups. At the whole-brain 
level, no significant differences between AUD and GD individuals were found. ROI analysis 
revealed that only during reward anticipation, AUD patients compared to GD patients 
showed decreased activity of the ventral striatum (t

74
=-1.87, p<0.03), putamen (t

74
=-2.14, 

p<0.02) and caudate (t
74

=-1.93, p<0.03).
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Figure 5. Striatal region of interest analyses, showing (a) the (absence of a) relationship between 
striatal hypo- and hyperactivity in the AUD and GD group, and (b) ventral striatal activity for the 
four experimental conditions. (A) No correlation was found between hypoactivity (big>small) and 
hyperactivity (addiction-related>neutral cues) in either the AUD group or the GD group. BF₀₁ reflects 
Bayes Factors in favor of the null, reflecting how much more likely these data are to be observed under 
the hypothesis that there is no relationship between striatal hyperactivity and hypoactivity (B) Ventral 
striatal activity during the four conditions, plotted separately for the patient groups and matched 
controls. Activity was significantly higher for big than small rewards in all groups. AUD patients 
showed significantly decreased activity during the processing of big rewards compared to HCs, i.e. 
hypoactivity. ***p<0.001, **p<0.01, BOLD = blood oxygenation level dependent, a.u = arbitrary units.
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Discussion

The present study assessed whether the presence versus absence of addiction-related 
cues would be related with striatal hyper- and hypo-activation during monetary reward 
anticipation in AUD and GD patients compared to HCs (Figure 5B and S5). As hypothesized, 
both patient groups showed decreased activity in striatal and related areas in anticipation 
of monetary rewards (big > small) compared to HCs. This effect was most pronounced in 
the AUD group, showing hypoactivity of the reward-circuitry, whereas hypoactivity in GD 
individuals was seen in more temporal regions. In the presence of addiction-related cues, 
hyperactivity of the dorsal striatum relative to HCs was seen in the GD but not AUD group. 
Within the patient groups, individual striatal hypo- and hyperactivations did not correlate, 
suggesting these are independent factors (Figure 5A). Together, these findings provide 
evidence for the occurrence (and heterogeneity) of ‘striatal ups and downs’ in addicted 
individuals and highlight the crucial role of addiction-related cues in explaining striatal 
dysfunction in addiction.

In line with our hypothesis and previous studies (Wrase et al., 2007; Beck et al., 2009), 
we found significantly diminished activity of the reward system in AUD patients compared 
to HCs. In GD patients, hypo-activations were not seen in the striatum, but instead in more 
temporal regions. Comparing patient groups, we found that striatal activation is significantly 
reduced during reward anticipation in AUD relative to GD, replicating previous findings 
(Romanczuk-Seiferth et al., 2014a), but in contrast with a recent meta-analysis that found 
diminished striatal activation during reward anticipation in GD and substance use disorders, 
including AUD, alike (Luijten et al., 2017) (but see (van Holst et al., 2017b). 

Following previous findings in both AUD (Chase et al., 2011; Schacht et al., 2013; 
Sjoerds et al., 2014) and GD (Goudriaan et al., 2010; Limbrick-Oldfield et al., 2017), we found 
hyperactivity in AUD and GD individuals in the presence of addiction-related compared 
to neutral cues in a number of regions previously implicated in cue-reactivity (Schacht et 
al., 2013) including the ACC, precuneus (Courtney et al., 2014), insula (Limbrick-Oldfield 
et al., 2017) and visual areas (Hanlon et al., 2014). Hyperactivity of the bilateral insula and 
putamen was seen in GD patients compared to HCs when including subjective craving 
levels. No significant differences in neural activity were seen between AUD patients and 
HCs, however. Although seemingly surprising, this finding is in line with a meta-analysis 
of alcohol cue-reactivity studies, which found that activity of the reward system does not 
differentiate cases from controls (Schacht et al., 2013). Additionally, the absence of striatal 
hyperactivity in the AUD group may be a consequence of patients being abstinent and in 
treatment. 

Behaviorally, an interaction was seen in GD patients and HCs between gambling-related 
cues and rewards, such that gambling cues amplified the effect of reward magnitude 
in both directions. Thus, participants’ performance was best (lowest reaction time, most 
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accurate) when playing for big rewards in the presence of gambling cues, whereas 
performance was worst when playing for small rewards in the presence of gambling cues. 
This may be partially interpreted as an increased motivational effect of gambling cues 
on performance, an effect also known as Pavlovian-instrumental transfer (Dickinson and 
Balleine, 1994), which is often quoted as an important factor for the development of and 
relapse to addictive behavior in associative-learning models of addiction (Hogarth et al., 
2013a; Everitt and Robbins, 2015). The finding that gambling cues decrease reaction times 
specifically for bigger rewards may also be reflective of increased impulsivity (Miedl et al., 
2014). Interestingly, no behavioral interaction was seen in the alcohol-version of the task 
in AUD patients and HCs. The effect thus appears to be specific to gambling cues, which 
may be related to availability, i.e. the fact that monetary, not alcohol, rewards are at stake. 
Availability of drugs (or gambling-opportunity) is an important factor modulating the cue-
reactivity effect (Jasinska et al., 2014), and a central tenet in Leyton & Vezina’s integrative 
model. Future studies should investigate further whether alcohol cues specifically increase 
motivation for alcohol outcomes (Jokisch et al., 2014). 

No significant relation between striatal hyperactivation related to addiction cues and 
hypo-activation related to monetary incentives was found. So, instead of reinforcing each 
other in individual patients, striatal hypo- and hyperactivations may be independent 
expressions of addiction states, suggesting the presence of different types of AUD and GD 
patients: i.e. some (e.g. more impulsive) with striatal hyper-activation related to addiction 
cues and others (e.g. reward deficiency) showing hypo-activation related to monetary 
incentives. Although in line with previous attempts to classify subtypes of AUD (Cloninger, 
1987; Lesch and Walter, 1996) or GD (Blaszczynski and Nower, 2002; Stewart et al., 2008), 
this heterogeneity may prevent researchers from finding differences at the group-level. 
Heterogeneity may thus explain why we did not find any significant link between clinical 
factors and striatal dysfunction in this study. Instead, striatal dysfunction may be related to 
other factors transdiagnostically, such as impulsivity (Bjork et al., 2008, 2012; Andrews et al., 
2011) or depressive symptoms (Fauth-Bühler et al., 2014; Hägele et al., 2014). In sum, our 
results reflect the large number of (often mutually exclusive) models for addiction: instead 
of finding evidence in support of one single theory for all AUD and GD patients, our findings 
support the valid existence of multiple theories for subgroups of AUD and GD patients. 

In AUD individuals, alcohol craving (OCDS) was negatively correlated with reward 
anticipation levels in several areas of the reward circuitry including the dorsal striatum, 
replicating previous findings (Wrase et al., 2007). In GD individuals, on the other hand, 
subjective craving levels during the task were positively correlated with activity in the 
bilateral putamen and insula during reward anticipation. Thus, craving in GD was related to 
an increased response to bigger monetary rewards, whereas in AUD patients the opposite 
pattern was observed. This distinction between the AUD and GD group may be related 
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to the special role of monetary rewards in GD, as they are the outcomes that incentivize 
gambling. Craving in GD may therefore lead to increased neural sensitivity to monetary 
rewards, whereas in AUD individuals craving for alcohol instead leads to diminished 
sensitivity to monetary rewards. 

Dysfunction of striatal processing may constitute a biomarker of addiction severity and 
risk for relapse (Jasinska et al., 2014; Courtney et al., 2016). Several studies have previously 
reported correlations between a diversity of addiction-related factors and striatal activity 
during MIDT (Balodis and Potenza, 2015) or cue-reactivity tasks (Schacht et al., 2013), 
although often using small (n<15) samples (Leyton and Vezina, 2013). Despite our relatively 
large AUD group, we could not replicate previous associations between striatal activity 
and addiction severity (Sjoerds et al., 2014), abstinence duration (Li et al., 2014) or relapse 
(Courtney et al., 2016). However, we did find a positive association between ventral striatal 
activity during cue-reactivity and duration of gambling problems in GD patients and 
lifetime drinking (kg pure alcohol) in AUD patients, in line with a large study (n=326) in 
heavy drinking individuals (Claus et al., 2011). These results suggest that, across addictions, 
ventral striatal processing of addiction-related cues increases with increasing addiction-
chronicity, in accordance with incentive salience theory. 

Our fMRI task was designed to test the simultaneous processing of addiction-related 
cues and monetary rewards. As these processes were studied during the anticipation phase, 
we did not consider the reward feedback phase. Moreover, because we had to include 
the extra alcohol- and neutral condition, we abolished loss processing, an often-included 
condition in the MIDT. Future studies may investigate loss processing in the presence of 
addiction-related cues, as striatal hypoactivation during loss processing has been found to 
dissociate GDs from AUDs (Romanczuk-Seiferth et al., 2014a). Moreover, because monetary 
rewards are the very outcomes reinforcing gambling, they may be conditioned cues. 

In conclusion, our findings indicate that striatal hyper- and hypoactivations are dependent 
on the presence versus absence of addiction-related cues, but are independently present 
factors across individuals with addiction. Thus, striatal dysfunction is a key mechanism 
in addiction, but the heterogeneity of its occurrence in our data suggests that different 
mechanisms underlie individual’s addictive behavior, possibly reflecting subtypes of 
addiction. Future work may benefit from using a dimensional, individualized approach to 
investigate striatal dysfunction across mental disorders.
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Supplemental Information 

Supplementary Methods 

Study 1

Participants

Initially, a total of 51 recently detoxified patients with AUD and 32 matched controls were 
recruited for this study. The relatively large AUD group was included to study the relation 
between striatal dysfunction and individual variation in AUD severity, lifetime alcohol use, 
craving, abstinence and relapse. Our study was originally designed to include and compare 
a non-chronic (<2 years AUD history; <2 treatments) and chronic (>7 years AUD history; >3 
treatments) AUD group. However, recruiting patients meeting these exact (arbitrary) cut-
offs for AUD history and number of treatments was untenable. Therefore, the AUD criteria 
were changed during the study to include a broad range in years of AUD history, number 
of treatments and lifetime alcohol intake. This facilitated the investigation of chronicity by 
looking at severity and duration of AUD within the patient group. 

Exclusion criteria: being younger than 18 or older than 65 years; lifetime history of 
bipolar disorder, anxiety disorder, obsessive-compulsive disorder or schizophrenia; past 
6-month history of major depressive episode; current or past-year substance use disorder 
or current psychiatric treatment (except for AUD in the AUD patient group); the use of any 
psychotropic medication; positive breathalyzer test (alcohol) or urinalysis (benzodiazepines, 
(meth)amphetamines, opioids, cocaine, ecstasy, PCP, methadone or cannabis); history 
or current treatment for neurological disorders; major physical disorders; history of brain 
trauma; or any contraindications for MRI. Controls were excluded if they scored higher than 
7 on the Dutch Alcohol Use Disorder Identification Test (AUDIT: Saunders, Aasland, Babor, 
de la Fuente, & Grant, 1993). 

One AUD patient had a positive urine screen for MDMA; the subject declared that use 
was >1 week ago and he did not use regularly. The absence of (a history of ) dependence was 
further verified by the psychiatric interview, and the subject was included in the analyses. 

Five participants (three AUD patients and two controls) were excluded after participation 
because of excessive motion (>3.5mm/degrees movement from reference scan), and 
another two AUD patients due to scanner failure. 

Clinical and Neuropsychological Testing: Verbal IQ was estimated with the Dutch 
Adult Reading Test (DART: Schmand, Bakker, Saan, & Louman, 1991). The WAIS digit-span 
(Wechsler, 1981) was used to assess general information processing speed. AUD severity 
was assessed with the AUDIT (Saunders et al., 1993) and alcohol craving severity by the 
five-item Obsessive-Compulsive Drinking Scale (OCDS: De Wildt et al., 2005). Lifetime 
alcohol use was estimated by converting the total number of drinks, obtained using the 
Lifetime Drinking History questionnaire (Skinner and Sheu, 1982), to kilogram pure alcohol. 
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Six months following participation, AUD patients were contacted by telephone to assess 
relapse rates, defined as >2 days of uncontrolled drinking/gambling.

These data were collected as part of a more extensive study protocol including 
questionnaires, neuropsychological testing, another fMRI task and a resting-state fMRI scan, 
which will be presented elsewhere. Participants were asked to abstain from eating for three 
hours prior to the start of the assessments, because of another fMRI task that involved 
earning snack foods. Subjects signed a written consent and were reimbursed with 50 euros 
plus additional task earning. All data was collected between December 2015 and June 
2017. The fMRI session commenced between 12:15 and 17:30 hours.

Study 2

Participants

We included 24 GD patients and 22 controls in our analyses; data were collected for 26 
AD patients and 23 controls, but three (two GD patients and one control) were excluded 
because of excessive motion (>3.5mm/degrees movement from reference scan). Patients 
with GD were recruited from a local addiction treatment centre (Jellinek, Amsterdam) and 
included if they were diagnosed with and started therapy for GD. All subjects underwent 
the MINI structured psychiatric interview (Sheehan et al., 1998), to confirm the absence of 
psychiatric disorders (except for DSM-5 GD in the GD patient group). Inclusion and exclusion 
criteria were furthermore identical to Study 1. One patient tested positive on THC use but 
was included for further analysis because drug use occurred >72 hours before inclusion and 
the absence of (a history of ) marihuana dependence was further verified by the psychiatric 
interview. 

Clinical and Neuropsychological Testing: The past-12-month Problem Gambling 
Severity Index (PGSI; Ferris and Wynne, 2001) and the Gamblers’ Beliefs Questionnaire (GBQ; 
Steenbergh et al., 2002) were used to assess GD severity in GD patients. The GBQ contains 
21 items (e.g. “My choices or actions affect the game on which I am betting” or “I am pretty 
accurate at predicting when a ‘win’ will occur”), with higher scores reflecting more gambling 
related distortions. 

These data were collected as part of a larger two-day study protocol, including stress 
manipulation on a separate testing day. The fMRI task was preceded by questionnaires, 
neuropsychological testing and a reward-related decision making fMRI task and followed 
by a resting-state fMRI scan (reported in van Timmeren, Zhutovsky, van Holst, & Goudriaan, 
2018). Subjects were reimbursed with 100 euros plus additional task earnings. All data was 
collected between May 2016 and August 2017. The scanner session started between 13:50 
and 19:20 hours.
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Stimuli

The 28 alcohol and neutral pictures were selected from The Geneva Appetitive Alcohol 
Pictures database (Billieux et al., 2011) supplemented by pictures from a previous study 
(Sjoerds et al., 2014) and pictures from the internet. The 28 gambling pictures were selected 
from a previous study (Goudriaan et al., 2010) supplemented by pictures from the internet. 
Neutral pictures were matched (independently to the alcohol and gambling pictures) for 
setting, colour distribution and complexity.

Task instructions and procedure

Participants were instructed to respond to a target as quickly as possible in order to 
gain monetary rewards. They were trained until criterion (three correct responses) before 
entering the scanner to assure a basic understanding of the task. Figure 2 shows a schematic 
overview of the experimental paradigm. During each trial, participants could earn 1 or 50 
cents, indicated by a coin overlaid on a background picture (alcohol or neutral). Participants 
were instructed to pay special attention to the background pictures, as they would have 
to answer questions about them after the experiment. Next, a crosshair was shown and 
participants were instructed to respond as fast as possible to the target. Target duration 
was adjusted through an adaptive algorithm (-10ms following hit, +20ms following miss) 
for each condition individually, such that participants should succeed on ~66% of the 
trials. Premature and late responses were defined as misses. Feedback about current and 
cumulative earnings was provided, followed by a fixation cross before a new trial started.

The task was programmed in E-Prime 2.0 software (Psychology Software Tools, Pittsburgh, 
Pennsylvania) and presented in the scanner on a 32 LCD BOLDscreen (Cambridge Research 
Systems). Participants were told they should use their right index finger to respond on the 
MRI-compatible button box (CurrentDesigns).

MRI acquisition 

Magnetic resonance imaging (MRI) was performed on a 3 Tesla, full-body Intera MRI 
scanner (Philips Medical Systems, Best, The Netherlands) equipped with a 32-channel 
phased array SENSE radiofrequency (RF) receiver head coil. A high-resolution T1-weighted 
structural image was acquired for each participant (6.862 ms repetition time; 3.14 ms echo 
time; 8º flip angle; 1x1x1 mm voxel size; 236.679 x 180 x 256mm field of view; 212 x 212 
matrix size; 150 slices; 1.2 mm slice thickness). Functional MRI scans were acquired using a 
T2*-weighted gradient multi-echo echoplanar imaging sequence (2375 ms repetition time; 
9 / 26.4 / 43.8 ms echo times; 76º flip angle; 3x2.95x3 mm voxel size; 76 x 73 matrix size; 37 
slices, acquired in interleaved order; 3mm slice thickness; 0.3mm slice gap). This sequence 
was chosen for its improved blood oxygen level dependent (BOLD) sensitivity and lower 
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susceptibility for artefacts, especially for ventral regions (Poser et al., 2006). The first three 
scans were discarded to allow T1 saturation to reach equilibrium.

fMRI preprocessing

Imaging data were preprocessed using SPM12 (Wellcome Trust Centre for Neuroimaging, 
London). Raw multi-echo data were combined as reported in van Timmeren et al. (van 
Timmeren, Zhutovsky, van Holst, & Goudriaan, 2018). In short, realignment parameters 
were estimated for the images acquired at the first echo time and consequently applied to 
images resulting from the two other echoes. Thirty volumes, acquired from an independent 
run during which a fixation cross was shown, were used to calculate the optimal weighting 
of echo times for each voxel by applying a PAID-weight algorithm (Poser et al., 2006). The 
multi-echo fMRI data were then combined into single volumes using these weightings. All 
functional images were subsequently slice-time corrected and co-registered with the high-
resolution T1-weighted image using normalized mutual information. The high-resolution 
structural scan was segmented and used to normalize the slice-time corrected functional 
images. Finally, all functional images were smoothed with an 8mm isotropic full-width at 
half maximum (FWHM) Gaussian smoothing kernel. 

Supplemental results
Sup Table 1. Correlation between striatal hyperactivity (big vs small) and hypoactivity (alcohol vs 
neutral cues) in AUD individuals. 

Correlation between striatal hyper- and hypoactivity r p-value BF₀₁ 

Ventral striatum -0.215 0.151 2.000 

Caudate -0.222 0.137 1.866 

Putamen 0.192 0.202 2.473 

BF₀₁ reflect Bayes Factors in favor of the null, reflecting how much more likely these data are to be observed under 
the hypothesis that there is no relationship between striatal hyperactivity and hypoactivity.

Sup Table 2.Correlation between striatal hyperactivity (big vs small) and hypoactivity (gambling vs 
neutral cues) in GD individuals. 

Correlation between striatal hyper- and hypoactivity r p-value BF₀₁ 

Ventral striatum -0.061 0.776 3.801 

Caudate -0.161 0.453 3.027 

Putamen -0.179 0.402 2.833 

BF₀₁ reflect Bayes Factors in favor of the null, reflecting how much more likely these data are to be observed under 
the hypothesis that striatal hyperactivity and hypoactivity are not related.
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Figure S1. Accuracy (number of correct trials) in (A) AUDs + matched HCs and (B) GDs + matched HCs.

Figure S2. Correlation OCDS (craving) with reward anticipation in AUD. (A). Whole-brain statistical 
parametric map for the correlation between OCDS scores and the big>small contrast, shown at 
p<0.001 uncorrected. (B). Correlation between OCDS and mean parameter estimates extracted from 
the putamen.
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Figure S3. Whole-brain statistical parametric map for the correlation between subjective craving 
ratings during big versus small rewards, comparing GD patients with HCs.
 

Figure S4. Whole-brain statistical parametric map for the cue reactivity effect within the GD group. 

ROI analyses

Study 1: Regional ventral striatal BOLD – AUD: A repeated measures ANOVA indicated 
higher activity for big than small rewards over the groups (main effect of reward: F

1,74
=78.6, 

p<0.001), a reward X group interaction (F
1,74

=13.9, p<0.001), driven by lower activity for big 
rewards in the AUD group compared to the HCs (t

74
=-2.96, p=0.004); and generally lower 

activity in the AUD patients than in the HCs (main effect of group: F
1,74

=48.4, p=0.028). 

Study 2: Regional ventral striatal BOLD – GD: Over both groups, ventral striatal activity 
was higher for big than small rewards (main effect of reward: F

1,74
=78.6, p<0.001); however, 

no significant effects of group (lowest: 0.09) or cue-type (lowest: 0.08) were found. 
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Figure S5. Results from the caudate and putamen regional ROI analyses: activity (betas, arbitrary 
units) on the y-axis during the four conditions, plotted separately for each group for the caudate and 
putamen.


