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Abstract 
The current review evaluates neural responses to drug related and non-drug related rewards, 
and examines regional brain activation associated with anticipation and outcome of non-
drug rewards in patients with a substance use disorder (SUD). Furthermore, associations 
with clinical outcomes are studied. Twenty-one functional magnetic resonance imaging 
(fMRI) studies using cue reactivity paradigms including positive valenced stimuli or tasks 
designed to measure brain responses to non-drug rewards were selected based on a 
Pubmed/Embase search. Brain activation, associated with non-drug related and drug related 
rewards, was localised in overlapping brain regions such as ventral striatum, amygdala, 
insula, anterior cingulate cortex, thalamus and frontal regions. A mostly decreased response 
of the ventral striatum during anticipation of non-drug rewards and a mostly similar 
response to reward outcome were found, suggesting that SUD differentially affects the 
various stages of reward processing. Associations with clinical severity measures and 
treatment outcome were found, however results were inconsistent. The association between 
non-drug related reward processing and treatment outcome needs further study. 
 
Key words: addiction, reward, cue reactivity, fMRI, neuroimaging, neuropsychology 
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1. Introduction 

Disturbances in reward processing are often described in patients with substance use 
disorders (SUD). Environmental drug-related cues appear to have acquired strong 
motivational properties (salience) at the expense of non-drug related stimuli (reward 
deficiency) in SUD patients. This imbalance of a reduced response to non-drug rewards and 
increased responsiveness to substance related cues may contribute to the continuation of 
drug intake (Carter and Tiffany 1999, Franken et al 2003, Kuhn and Gallinat 2011, 
Yalachkov et al 2010). Although there are some small discrepancies between different 
substances of abuse, overall the effects of these substances on the brain reward system 
appear to be very similar for alcohol and other drugs of abuse (Kuhn and Gallinat 2011, 
Volkow et al 2007). 

Exposure to a drug (Volkow et al 1999, Volkow et al 2004) or drug related cues 
(Chase et al 2011, Kuhn and Gallinat 2011), induces a large phasic increase of dopamine in 
the ventral striatum. A similar, albeit smaller, increase in activation of the dopaminergic 
system can be observed during exposure to non-drug rewards, such as food (Wang et al 
2002), money (Thut et al 1997), pleasant pictures (Meseguer et al 2007), romantic love 
(Aron et al 2005), pleasant music (Blood and Zatorre 2001), beautiful faces (Aharon et al 
2001) and humor (Mobbs et al 2003). This increased dopaminergic activation has been 
linked to the subjective experience of reward (pleasure) (Franken et al 2005). An increase 
in extracellular dopamine was found to be associated with an enhanced subjective 
experience of pleasure during reward outcome (Volkow et al 2006). The frequent use of 
substances of abuse however results in a down-regulation and thus decreased availability of 
dopamine D2 receptors in the ventral striatum, which has been found to be associated with 
lowered sensitivity for non-drug rewards often referred to as reward deficiency (Maia and 
Frank 2011, Volkow et al 2007).  

Exposure to reward related stimuli activates the mesocorticolimbic reward system 
(Volkow et al 1999, Volkow et al 2006) consisting of two dopaminergic pathways: the 
mesolimbic and mesocortical pathways. Both pathways originate in the ventral tegmental 
area and connect dopamine innervated areas such as amygdala, hippocampus, nucleus 
accumbens and frontal regions. Because the ventral striatum (nucleus accumbens) and the 
orbitofrontal cortex are the main projection regions of the mesolimbic and mesocortical 
pathway, respectively, these regions are thought to be key in reward processing. It has been 
suggested that the roles of these two structures in reward processing is quite different. 
While some have suggested that the nucleus accumbens is primarily involved in reward 
anticipation and the orbitofrontal cortex is primarily responsible for reward outcome 
(Knutson et al 2001), this could not be confirmed in a large meta-analysis (Liu et al 2011). 
The ventral striatum was found to be the main region involved in both stages of reward 
(and loss) processing whereas the orbitofrontal cortex was found to be primarily involved 
in the response to reward outcome (Liu et al 2011). Because reward anticipation and reward 
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outcome are thought to involve distinct dopaminergic pathways, these pathways may be 
differentially affected in SUD patients. Bjork et al. (2008) proposed that while the brain 
response to anticipation of reward is likely to be decreased, the response to reward outcome 
may be normal, or even increased due to its correlation with impulsivity (Bjork et al 2008).  

Against this background, the current review seeks to identify the effects of 
substance dependence on non-drug reward processing based on findings in fMRI studies. 
The goal of this review is to investigate the association between SUD and processing of 
non-drug rewards. Therefore, we will first evaluate whether the processing of non-drug 
reward involves the same brain regions known to be associated with drug-reward and drug-
related cue reactivity by comparing the results of studies in which both drug related and 
non-drug related stimuli were included. Differences in response to non-drug related rewards 
between patients and healthy controls will also be evaluated. Second, we will study whether 
SUD differentially affects the two stages of processing of non-drug reward stimuli, i.e. the 
reward anticipation phase and the reward outcome phase. As a final objective, we will 
evaluate whether the brain activation in response to non-drug rewards is associated with 
clinical aspects of SUD and treatment outcome. 

2. Methods 
A Pubmed/Embase literature search was performed for studies published before April 2013. 
We included human studies using the following terms (1) ‘fMRI’ or ‘functional MRI’ or 
‘functional magnetic resonance imaging’, (2) ‘alcohol’ or ‘alcoholics’ or ‘nicotine’ or 
‘smoking’ or ‘smokers’ or ‘cocaine’ or ‘crack’ or ‘heroin’ or ‘opioid’ or ‘opiate’ or ‘ethanol’ 
or ‘cannabis’ or ‘amphetamine’ or ‘methamphetamine’ or ‘speed’ or ‘substance’ or ‘drug’ 
or ‘stimulant’ or ‘marijuana’ or ‘hashish’ or ‘substance abuse’ or ‘addiction’ or ‘drug 
dependence’ or ‘drug use disorder’, (3) ‘reward’. From the resulting papers we selected 
those papers in which fMRI was used to investigate brain responses to non-drug related 
reward in which patients with substance use disorders (abuse or dependence) of nicotine, 
alcohol, opiate, cannabis, cocaine, methamphetamine and other stimulants were included. 
Studies on social drinkers and recreational drug users (non-SUD) were excluded. The fMRI 
tasks used in these studies had to be designed 1) to compare brain responsiveness to drug 
related and non-drug related reward (positively valenced) cues, or 2) to test brain 
responsiveness to non-drug related rewards. Reference lists of the selected papers were then 
searched for other studies that could be of interest. An overview of the procedure used for 
study selection is provided in S1. 

Our search resulted in 5 studies in which brain responsiveness to drug related and 
non-drug related positive valenced cues or rewards was compared (Buhler et al 2010, 
Garavan et al 2000, Heinz et al 2007, Versace et al 2011, Zijlstra et al 2009) and 16 studies 
using an fMRI task specifically designed to test for non-drug reward only (Beck et al 2009, 
Bjork et al 2008, Bjork et al 2012, Bustamante et al 2013, de Greck et al 2009, De Ruiter et 
al 2009, Goldstein et al 2007, Goldstein et al 2007, Jager et al 2013, Jia et al 2011, Lessov-
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Schlaggar et al 2013, Nestor et al 2010, Patel et al 2013, Peters et al 2011, Schouw et al 
2012, Van Hell et al 2010, Wrase et al 2007).  

3. Results 
Table 1 displays all relevant participant characteristics of the selected studies, including age, 
gender, abstinence duration, type of disorder, and treatment status. Studies are ordered 
according to design and then alphabetically: 1-5 non-drug related vs. drug related stimuli; 
6-21 only non-drug related stimuli. Table 2 summarizes the results of all studies in the same 
order. Table 3 shows the results regarding the correlations between brain responsiveness 
patterns and clinical measures. 
 
Table 1 Patient characteristics of included studies 
Study Mean age (SD) Gender  Abstinence Ethnicity Disorder status Treatment 

status 
Studies comparing the response to drug-related and non-drug related stimuli 
Buhler et al. 
(2010) 

21 NDI:28.0 
(4.3) 
21 OccSMo: 
25.7 (6.1) 

n.m. one session 
ad libitum, 
one session 
36 hours 
abstinence 

n.m. DSM IV 
diagnosis 
dependence and 
FTND score >5 

n.m. 

Garavan et 
al. (2000) 
 

17 CUD: 34 
14 HC: 26 

CUD: 82% 
male 
HC: 64% 
male 

n.m.  CUD: 47% 
AA / 53% 
CC HC: 
86% CC / 
7% AZ / 
7% HP 

DSM IV 
diagnosis abuse 
dependence 

n.m. 

Heinz et al. 
(2007) 

12 AUD: 39 
(7) 
12 HC: 40 (8) 

AUD: 50% 
male 
HC: 50% 
male 

1-3 weeks n.m. DSM IV 
diagnosis 
dependence 

Inpatient 
treatment 

Versace et al. 
(2011) 

35 NDI: 42.7 
(11.3) 

NDI: 60% 
male 
 

Ad libitum  NDI: 
100% CC 
HC: 95% 
CC 

≥ 10 cigarettes a 
day  

Motivated 
to quit 

Zijlstra et al. 
(2009) 

12 OUD: 44.5 
(3.9) 
17 HC: 40.0 
(10.1) 

OUD: 52% 
male 
HC: 44% 
male 

At least 1 
week 

n.m. DSM IV 
diagnosis 
dependence 

Inpatient 
treatment 

Studies on the response to non-drug related stimuli 
Beck et al. 
(2009) 

19 AUD: 41.8 
(6.8) 
19 HC: 41.7 
(9.0) 

AUD: 100% 
male 
HC: 100% 
male 

At least 6 
days 

n.m. DSM IV 
diagnosis 
dependence 

Inpatient 
treatment 

Bjork et al. 
(2008) 

23 AUD: 34.0 
(8.2) 
23 HC: 32.0 
(8.0) 

AUD: 52% 
male 
HC: 52% 
male 

At least 6 
days 

n.m. DSM IV 
diagnosis 
abuse/dependence 

Inpatient 
treatment 

Bjork et al. 
(2012) 

29 AUD: 30.9 
(8.2) 
23 HC: 30.1 
(5.9) 

AUD: 52% 
male 
HC: 52% 
male 

1-4 weeks n.m. DSM IV 
diagnosis 
dependence 

Inpatient 
treatment 

Bustamante 
et al. (2013) 

18 CUD: 37.5 
(85.9) 
20 HC: 37.4 
(8.2) 

CUD: 100% 
male 
HC: 100% 
male 

3-72 
months 

n.m. DSM IV 
diagnosis 
dependence 

Outpatient  
treatment 

De Greck et 
al. (2009) 

10 AUD: 38.7 
(9.1) 

AUD: 80% 
male 

30 days  n.m. DSM IV 
diagnosis 

n.m. 
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Study Mean age (SD) Gender  Abstinence Ethnicity Disorder status Treatment 
status 

10 HC: 34.3 
(7.9) 

HC: 80% 
male 

dependence 

De Ruiter et 
al. (2009) 

19 NDI: 34.8 
(9.8) 
19 HC: 34.1 (9.3) 
19 gamblers (not 
included in this 
review) 

NDI: 100% 
male 
HC: 100% 
male 

At least 10 
hours 

n.m. At least 15 
cigarettes/day 

n.m. 

Goldstein et 
al. (2007 
a+b) * 

16 CUD: 42.8 
(4.6) 
13 HC: 37.6 
(6.8) 

CUD: 25% 
male 
HC: 31% 
male 

1-90 days 
(median 
4.5 days) 

CUD: 
75% AA 
HC: 85% 
AA 

At least 12 month 
history of cocaine 
use 

n.m. 

Jager et al. 
(2013) 

23 CaUD: 17.2 
(1.0) 
24 HC: 16.8 
(1.3) 

CaUD: 100% 
male 
HC: 100% 
male 

1-16 weeks 
(mean 5.1) 

n.m. At least 200 
joints lifetime  

n.m. 

Jia et al. 
(2011)  

20 CUD: 38.6 
(9.3) 
20 HC: 35.3 
(10.2) 

CUD: 60% 
male 
HC: 60% 
male 

Ad libitum CUD: 30% 
CC, 50% 
AA, 20% 
other 
HC: 60% 
CC, 25% 
AA, 15% 
other 

DSM IV 
diagnosis 
dependence 

Just before 
start of 
treatment 

Lessov-
Schlaggar et 
al. (2012) 

MZ twins 
discordant for 
NDI 
15 NDI: 28.7 
(3.3) 
15 HC: 28.7 
(3.3) 

NDI: 100% 
female 
HC: 100% 
female 

Ad libitum NDI: 
13% AA, 
87% CC 
HC: 13% 
AA, 87% 
CC 

Having smoked 
>100 cigarettes 
lifetime 

n.m. 

Nestor et al. 
(2010) 

15 CaUD: 22.1 
(1.2) 
15 HC: 23.1 
(1.2) 

CaUD: 86% 
male 
HC: 79% 
male 

Various 
Mean 108 
(SD 40) 
hours 

n.m.  5-7 days a week 
for 2 years, at 
least 500 joints 
lifetime 

n.m. 

Patel et al. 
(2013) 

42 Current 
CUD: 38.5 
(7.1) 
35 Former 
CUD: 38.5 
(7.6) 
47 HC: 34.6 
(9.0) 

Current 
CUD: 58% 
male 
Former 
CUD: 74% 
male  HC: 
56% male 

Current 
CUD: 1 
day 
Former 
CUD: at 
least 6 
months 

n.m. DSM IV 
diagnosis 
dependence 

n.m. 

Peters et al. 
(2011) 

43 NDI: n.m. 
43 HC: n.m. 

NDI: 56% 
male 
HC: 56% 
male 

At least 2 
hours 

n.m. At least one 
cigarette last 30 
days 

n.m. 

Schouw et al. 
(2012) 

8 MUD: 26.0 
(4.0) 
8 HC: 22.0 
(3.0) 

MUD: 100% 
male 
HC: 100% 
male 

At least 2 
weeks 

n.m. Previous 
amphetamine use 
>40 times 

n.m.  

Van Hell et 
al. (2010) 

14 CaUD: 24 
(4.4) 
14 NDI: 25 
(4.5)  
13 HC: 24 (2.7) 

CaUD: 93% 
male 
NDI: 79% 
male 
HC: 85% 
male 

Smoking: 
at least 2 
hours 
Cannabis: 
at least 1 
week 

n.m. n.m. Not 
seeking 
treatment 

Wrase et al. 
(2007) 

16 AUD: 42.4 
(7.5) 
16 HC: 39.9 
(8.6) 

AUD: 100% 
male 
HC: 100% 
male 

M = 11.5 
(+/- 7.5) 
days 

n.m. 
 

DSM IV 
diagnoses 
dependence 

Inpatient 
treatment  
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* These studies include exactly the same participants and are therefore summarized together.  
Abbreviations: n.m.: not mentioned, AA: African American, CC: Caucasian, HP: Hispanic, AZ: Asian, HC: 
healthy controls, NDI: nicotine dependent individuals, AUD: individuals with an alcohol use disorder, CaUD: 
individuals with a cannabis use disorder, CUD: individuals with a cocaine use disorder, MUD: individuals with a 
methamphetamine use disorder, OccSmo: occasional smokers, OUD: individuals with an opioid use disorder 

Table 2 Overview of fMRI studies investigating reward processing in substance dependence 
 

Study Participants fMRI task Main results 
behavioral 

Main results imaging 

Studies comparing the response to drug-related and non-drug related stimuli 
Buhler et 
al. (2010) 

21 NDI 
21 OccSmo 

Motivation task NDI no 
differences 
between monetary 
and cigarette 
rewards, 
OccSmo more and 
faster responces 
for monetary 
rewards 

Anticipation:  
Monetary rewards: OccSMo>NDI OFC, 
SFG, globus pallidus, ACC, caudate, 
putamen incl. VS 
Cigarette rewards: no differences 
between groups 
Effects of withdrawal independent on 
reward type: PFC 
Reward outcome: no differences 
between groups and no effects of 
withdrawal 

Garavan et 
al. (2000) 

17 CUD 
14 HC 

cue reactivity with  
sex/nature/cocaine 
videos 

No differences 
between groups 
in rating of 
videos 

Positive (sex) video HC>CUD: r-
MFG+r-IFG, bil-SFG, bil-PCC, l-IPL, r-
SPL, r-cerebellum 
Cocaine video CUD>HC: l-MFG+r-
IFG+r-SFG, l-ACC, l-PCC, bil-IPL, l-
caudate, l-thalamus 
Cocaine video>sex video CUD: ACC, r-
IPL, l-caudate 

Heinz et al. 
(2007) 

12 AUD 
12 HC 
 

cue reactivity with 
alcohol, neutral, 
positive pictures 

n/a Positive>neutral pictures AUD>HC r-
VS,r-ACC, r-SFG, r-thalamus 
Alcohol>neutral pictures AUD>HC r-
SFG, r-MFG, l-cingulate gyrus, r-
precuneus, l-SPL 

Versace et 
al. (2011) 

35 NDI 
 

cue reactivity with 
smoking, neutral, 
positive  

n/a Positive>smoking pictures cingulate 
gyrus, FG, dorsal striatum 
smoking>positive pictures l-insula 

Zijlstra et 
al. (2009) 

12 OUD 
17 HC 
 

cue reativity with 
opioid, neutral, 
positive pictures 

n/a Positive>baseline HC>OUD bil- post 
hippocampus, dACC, putamen, l- globus 
pallidus, bil- DMPFC, r- insula, STN 
Opioid>baseline OUD>HC bil-
hippocampal region,  putamen, 
amygdala, r-thalamus, r-STN 

Studies on the response to non-drug related stimuli 
Beck et al. 
(2009) 

19 AUD 
19 HC 

MID No significant 
differences 
between groups 

Reward anticipation win>neutral: 
HC>AUD VS 

Bjork et al. 
(2008) 

23 AUD 
23 HC 

MID -AUD responded 
faster 
-RT controls (not 
AUD) decreased 
for higher values 
of reward 

Reward anticipation win>neutral: no 
differences  
Reward outcome win>neutral (HIT): 
AUD>HC bil-VS, MFG, ACC 

Bjork et al. 
(2012) 

29 AUD 
23 HC 

MID No significant 
differences 
between groups 

Pre-response reward anticipation 
win>neutral: no differences 
Post-response reward anticipation 
win>neutral : no differences  
Reward outcome win>no win : no 
differences 

Bustamante 
et al. 

18 CUD 
20 HC 

MID No differences 
between groups 

Reward anticipation win>neutral: 
HC>CUD r-caudate 
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Study Participants fMRI task Main results 
behavioral 

Main results imaging 

(2013) Outcome win>baseline: no differences 
between groups 

De Greck 
et al. 
(2009) 

10 AUD 
10 HC 

Gambling task No differences 
between groups  

Reward outcome win>loss: no 
differences between groups in direct 
comparison 
AUD: slightly reduced activation VTA 
and VMPFC  

De Ruiter 
et al. 
(2009) 

19 NDI 
19 HC 

Probabilistic 
reversal-learning 
task 

HC>NDIamount 
of money won 

Reward outcome win>baseline: 
NDI>HC r- insula, r-DLPFC, bil-parietal 
regions 

Goldstein 
et al. 
(2007a+b)* 

16 CUD 
13 HC 

Sustained 
monetary reward 
task 

CUD reported 
different 
amounts of 
money   equally 
valuable 

HC>CUD response to differences in 
monetary value conditions in the OFC, 
lat PFC, ACC, thalamus and cerebellum 

Jager et al. 
(2013) 

23 CaUD 
24 HC 

MID No differences 
between groups 

Anticipation win>neutral: no differences 
between groups 
Outcome win>no win: no differences 
between groups 

Jia et al. 
(2011) 

20 CUD 
20 HC 

MID No differences 
between groups 

Reward anticipation win>neutral: no 
differences between groups 
Reward outcome win>no win: CUD>HC 
bil-VS, r- insula, r- caudate 

Lessov-
Schlaggar 
et al. 
(2012)  

MZ twins 
discordant 
for NDI 
15 NDI 
15 HC 

Number guessing 
task 

No differences 
between groups 

Reward outcome (ANOVA win, neutral, 
loss): HC>NDI r-VS 
NDI>HC Frontal, parietal and insular 
cortex mostly r- hemisphere 

Nestor et 
al. (2010) 

15 CaUD 
14 HC 

MID No differences 
between groups 

Reward anticipation win trials: CaUD> 
HC r- VS, vermis (no differences during 
neutral trials) 
reward outcome: HC> CaUD: rVS, l-
fusiform gyrus 

Patel et al. 
(2013) 

42 Current 
CUD 
35 Former 
CUD 47 HC 

MID n.m. Pre-response reward anticipation win 
trials: HC> CUD (current+former) r- 
parahippocampal gyrus 
Post response reward anticipation win 
trials: no differences between groups 
Reward outcome win trials: no 
differences between groups 

Peters et al. 
(2011) 

43 NDI 
43 HC 

MID Smokers longer 
reaction times 

Reward anticipation win>neutral: 
HC>NDI bil- VS, bil- putamen  
Reward outcome: no differences 
between groups 

Schouw et 
al. (2012) 

8 MUD 
8 HC 

MID No differences 
between groups 

Reward anticipation win>neutral: 
HC>MUD VS 
After MPH challenge MUD no changes, 
HC weaker response VS 
Reward outcome: no differences 
between groups  

Van Hell et 
al. (2010) 

14 CaUD 
14 NDI 
13 HC 

MID No differences 
between groups 

Reward anticipation win>neutral:  
CaUD>HC bil-MTG, r- cuneus, r- 
parahippocampal gyrus 
HC>CaUD bil- VS, caudate, l- putamen, r-
IFG, r- MFG, bil- SFG, l- ACC 
CaUD>NDI l- MTG 
NDI>CaUD caudate, l- putamen, r- IFG, r- 
SFG 
Reward outcome win>loss: 
CaUD>HC bil- putamen, r- caudate, ACC, 
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Study Participants fMRI task Main results 
behavioral 

Main results imaging 

MFG, bil- IFG, bil- precuneus, l- postcentral 
gyrus, r- precentral gyrus, l- MTG, l- 
parahippocampal gyrus, r- MOG 
HC>CaUD bil- fusiform gyrus, l- MTG, l-
lingual gyrus, PCC, ACC, r-MFG, claustrum, 
r-postcentral gyrus, r- IPL, r- STG 
CaUD>NDI putamen, ACC, med FG, bil- 
STG 
NDI>CaUD PCC, r- MFG, r- MTG, l- 
fusiform gyrus 

Wrase et 
al. (2007) 

16 AUD 
16 HC 

MID No differences 
between groups 

Reward anticipation win>neutral: 
HC>AUD l- VS, r- putamen, r- caudate 

* These studies include exactly the same participants and are therefore summarized together.  
Abbreviations: HC: healthy controls, NDI: nicotine dependent individuals, AUD: individuals with an alcohol use 
disorder, CaUD: individuals with a cannabis use disorder, CUD: individuals with a cocaine use disorder, MUD: 
individuals with a methamphetamine use disorder, OccSmo: occasional smokers, OUD: individuals with an opioid 
use disorder, MPH: methylphenidate, MID: monetary incentive delay task, RT: reaction times, n.m.: not 
mentioned, bil: bilateral, r-: right, l-: left; inf: inferior, med: medial, ant: anterior, post: posterior, ACC: anterior 
cingulate cortex, DLPFC: dorsolateral prefrontal cortex, DMPFC: dorsomedial prefrontal cortex, FG: frontal 
gyrus, IFG: inferior frontal gyrus, IPL: inferior parietal lobe, MFG: middle frontal gyrus,  MOG: middle occipital 
gyrus, MTG: middle temporal gyrus, OFC: orbitofrontal cortex, PCC: posterior cingulate cortex, PFC: prefrontal 
cortex, PHG: parahippocampal gyrus, SFG: superior frontal gyrus, SPL: superior parietal lobe, STG: superior 
temporal gyrus, STN: subthalamic nucleus, VS: ventral striatum, VMPFC: ventromedial prefrontal cortex, VTA: 
ventral tegmental area 
 
Table 3 Overview of correlational measures between brain response to non-drug reward processing and clinical 
measures or treatment outcome#   
Study Participants fMRI 

task 
Correlation with Results correlation analysis 

Heinz et al. 
(2007) 

12 AUD 
12 HC 
 

cue 
reactivity 
with 
alcohol, 
neutral, 
positive 
pictures 

Postive valenced vs. 
neutral pictures and 
future alcohol intake/ 
drinking days 

AUD: negative correlation thalamus and 
ventral striatum 

Zijlstra et 
al. (2009) 

12 OUD 
17 HC 

cue 
reativity 
with 
opioid, 
neutral, 
positive 
pictures 

Postitive valenced 
pictures vs. baseline 
and anhedonia 

OUD: negative correlation in bil- aPFC, 
r- ACC, r- DLPFC, l- precentral cortex 
and r- precuneus. 
HC: negative correlation in l- sup PFC, r- 
ant PFC, bil- dACC, vACC, dPCC, left 
precuneus, r- caudate and ventral 
tegmental area 

Beck et al. 
(2009) 

19 AUD 
19 HC 

MID Anticipation of reward 
(gain>neutral trials) and 
impulsivity 

AUD: negative correlation r- VS and l- 
ACC 

Bjork et al. 
(2008) 

23 AUD 
23 HC 

MID Anticipation 
(gain>neutral trials) and 
outcome (win>no win) 
of reward and positive 
affect, impulsivity, 
neuroticism 

Reward anticipation: AUD no 
correlations  
Reward outcome: AUD+HC correlation 
with impulsivity in the mFC 

Bjork et al. 
(2012) 

29 AUD 
23 HC 

MID Pre- and post-response 
anticipation 
(gain>neutral), outcome 
of reward (win>neutral)  
and impulsitvity 

AUD+HC: Correlation of post-response 
anticipation and outcome of low rewards 
with impulsivity: VS 

Bustamante 
et al. 
(2013) 

18 CUD 
20 HC 

MID Reward anticipation 
(win>neutral), outcome 
(win>baseline) and 

Positive correlation reward anticipation 
and treatment duration: l-caudate 
Negative correlation reward outcome and 
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Study Participants fMRI 
task 

Correlation with Results correlation analysis 

treatment duration, 
number of lapses and 
relapses, length of 
abstinence 

length of abstinence: VS 

Jia et al. 
(2011) 

20 CUD 
20 HC 

MID Reward anticipation 
(win>no win), outcome 
(win>no win) and urine 
toxicology, selfreported 
abstinence measures 
and treatment retention 

Reward anticipation: negative correlation with  
     -percent cocaine negative urine toxicology: 
bil- thalamus, caudate 
     -selfreported abstinence measures: thalamus 
     -treatment retention: l- amygdala, l- 
parahippocampal gyrus 
reward outcome: negative correlation with 
abstinence and urine toxicology: r- thalamus, r- 
VS,l- culmen 

Nestor et 
al. (2010) 

15 CaUD 
14 HC 

MID Reward anticipation 
and life-time use, life-
time number of joints, 
abstinence 

Positive correlation with life-time use and 
reported life-time cannabis joints: VS. No 
correlation with abstinence 

Patel et al. 
(2013) 

42 Current 
CUD 
35 Former 
CUD 47 HC 

MID Reward anticipation 
and outcome and 
impulsivity 

No significant correlations 

Peters et al. 
(2011) 

43 NDI 
43 HC 

MID Reward anticipation 
and frequency of 
cigarette use 

NDI: negative correlation in VS and 
putamen 

Wrase et 
al. (2007) 

16 AUD 
16 HC 

MID Anticipation of reward 
and craving 

AUD: negative correlation VS  

# Only studies describing correlational analysis were included in this table 
* These studies include exactly the same participants and are therefore summarized together.  
a Only correlations with anticipation for neutral trials were  described (will not be discussed) 
Abbreviations: HC: healthy controls, NDI: nicotine dependent individuals, AUD: individuals with an alcohol use 
disorder, CaUD: individuals with a cannabis use disorder, CUD: individuals with a cocaine use disorder, MUD: 
individuals with a methamphetamine use disorder, OccSmo: occasional smokers, OUD: individuals with an opioid 
use disorder, r-: right, l-: left, bil-: bilateral, v: ventral, d: dorsal, sup: superior, ant: anterior, ACC: anterior 
cingulate cortex, FC: frontal cortex, PCC: posterior cingulate cortex, PFC: prefrontal cortex, VS: ventral striatum 
 
3.1. Studies comparing the response to drug related and non-drug related stimuli (studies 
1-5) 
In four studies,  brain responses to non-drug reward outcomes (positive valenced videos or 
pictures) were compared with brain responses to drug related outcomes (drug related videos 
or pictures) (Garavan et al 2000, Heinz et al 2007, Versace et al 2011, Zijlstra et al 2009), 
whereas in one study the expectation of non-drug and drug related rewards were compared 
(Buhler et al 2010).  
 
3.1.1. Reward outcome 
Garavan et al. were the first researchers making a direct comparison between the brain 
response to drug related and non-drug related rewards (Garavan et al 2000). They found 
that cocaine dependent patients as compared to healthy controls had a decreased response to 
non-drug rewards in the medial, inferior and superior frontal gyrus, PCC, inferior and 
superior parietal lobe, and the cerebellum, while both groups subjectively rated the rewards 
equally positive. Comparing the response to cocaine related and non-drug related rewards, 
they found increased activations during cocaine related rewards in the ACC, right inferior 
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parietal lobule and caudate in cocaine users. Similar brain regions (medial and dorsal 
frontal regions, anterior cingulate cortex) were activated when cocaine dependent patients 
or healthy controls were exposed to non-drug rewards as when cocaine users were exposed 
to cocaine related rewards. A decreased response to non-drug rewards was also found in a 
group of opioid dependent subjects compared to controls in the hippocampus, anterior 
cingulate, putamen, globus pallidus, dorsomedial prefrontal cortex, insula and subthalamic 
nucleus (Zijlstra et al 2009). Compared to healthy controls, opioid users had an increased 
response to heroin related rewards in mostly different areas, i.e. bilateral hippocampus, 
putamen, amygdala, right thalamus and right subthalamic nucleus. However, no direct 
comparison between brain responses to drug related and non-drug related rewards was 
made in this study. In contrast to these studies, Heinz et al. (2007) found an increased 
response to non-drug rewards in detoxified alcoholic patients compared to controls in the 
anterior cingulate cortex, ventral striatum and thalamus (Heinz et al 2007). The brain 
regions in which activation was found during non-drug rewards overlapped with those in 
which activation was found during alcohol related rewards. Versace et al. (Versace et al 
2011) compared the brain response to non-drug rewards and smoking related rewards in 
treatment seeking smokers. No healthy controls were included in this study. They found an 
increased response for both drug related and non-drug related rewards as compared to 
neutral pictures in the secondary visual areas, cingulate gyrus, frontal regions, dorsal 
striatum and left insula in treatment seeking smokers. Contrary to Garavan et al. (Garavan 
et al 2000) they found a larger activation of most brain regions except the left insula during 
non-drug reward compared to smoking related rewards. The insula showed a larger 
activation for smoking related rewards (Versace et al 2011). However, because no healthy 
controls were included in this study, these results need to be interpreted with caution.  
 
3.1.2. Reward anticipation 
Buhler et al. (Buhler et al 2010) used a motivation task to differentiate between the brain 
response during anticipation of monetary (non-drug) and cigarette rewards in nicotine 
dependent individuals and occasional smokers. Participants were instructed to respond to 
stimuli predicting non-drug or cigarette rewards. While dependent smokers showed no 
differences in behavioral measures and brain activation during anticipation of non-drug and 
cigarette rewards, occasional smokers showed faster responses and increased activation 
during the anticipation of non-drug rewards in the mesocorticolimbic system. Compared to 
dependent smokers, occasional smokers had an increased response to stimuli predicting 
non-drug rewards while no differences were found during stimuli predicting cigarette 
rewards. 
 
3.1.3. Summary studies 1-5 
Three studies (Buhler et al 2010, Garavan et al 2000, Versace et al 2011) directly compared 
brain responses to drug related and non-drug related rewards. Similar regions, including the 
ventral striatum, amygdala, insula, anterior cingulate cortex, thalamus, orbitofrontal cortex 
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and other frontal regions were found to be activated during both types of reward. Of the 
four studies including healthy controls, three reported a lower response to non-drug rewards 
in patients with SUD (Buhler et al 2010, Garavan et al 2000, Zijlstra et al 2009). The brain 
regions in which this reduced response to non-drug rewards was found differed between 
studies (see Table 2), but are all part of the dopaminergic pathways known to be involved 
in reward processing.    
 
3.2. Studies on the response to non-drug related stimuli (studies 6-21) 
3.2.1. Reward anticipation 
All 12 studies evaluating reward anticipation used a monetary incentive delay (MID) task 
(Beck et al 2009, Bjork et al 2008, Bjork et al 2012, Bustamante et al 2013, Jager et al 
2013, Jia et al 2011, Nestor et al 2010, Patel et al 2013, Peters et al 2011, Schouw et al 
2012, Van Hell et al 2010, Wrase et al 2007). This task was developed to differentiate 
between the anticipatory and outcome phases of monetary reward processing (Knutson et al 
2001). The MID task is a reaction time task in which participants are instructed to respond 
as quickly as possible to cues predicting monetary gain, loss or no consequences. The 
participants’ monetary gain depends on their performance. In healthy controls the MID task 
has consistently found to activate the ventral striatum during anticipation of reward 
(Knutson et al 2001).  

Wrase et al. (2007) were the first to describe a reduction in activation of the 
ventral striatum, caudate and putamen during anticipation of reward in alcohol dependent 
patients compared to healthy controls. Beck et al. (Beck et al 2009) replicated the finding of 
a reduced response to anticipation of reward in the ventral striatum in their sample of 
detoxified alcohol dependent patients. In another study among adolescent smokers, a 
reduced activation of the ventral striatum and putamen was found (Peters et al 2011). In a 
study comparing smokers, patients with a cannabis use disorder and healthy controls, a 
blunted response during reward anticipation was found in both the ventral and dorsal areas 
of the striatum as well as in the medial and superior frontal brain regions in cannabis users 
compared to non-cannabis using and non-smoking healthy controls (Van Hell et al 2010). 
However, an increased activation during reward anticipation in cannabis users compared to 
controls was seen in the temporal gyrus, cuneus and parahippocampal gyrus. In comparison 
to smokers, cannabis users showed decreased activation of the caudate nucleus and 
increased activation of the middle temporal gyrus, while no differences in the ventral 
striatum were found. These data suggest that nicotine may be responsible for attenuated 
reward anticipation activity in the ventral striatum, but that reduced activation in the 
(dorsal) caudate is associated with the use of cannabis. Bustamante et al. (Bustamante et al 
2013) found a reduced response in the caudate nucleus during reward anticipation in long-
term abstinent cocaine dependent patients compared to healthy controls. Reduced responses 
to reward anticipation in the ventral striatum were also seen in dexamphetamine (dAMPH) 
users compared to healthy controls (Schouw et al 2012). Following a challenge with oral 
methylphenidate, which increases dopamine levels by inhibiting dopamine reuptake, a 
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reduction in activation of the ventral striatum was seen in healthy controls but not in 
dAMPH users. A blunted reward related response in patients with a SUD could not be 
confirmed by Bjork et al. (Bjork et al 2008), as activation in the ventral striatum associated 
with anticipation of reward did not differ between alcohol dependent patients and controls 
in this study. In a second study performed by this group (Bjork et al 2012) a modified 
version of the MID task was used which allowed to compare pre-response and post-
response (before and after the participant responded to the cue) anticipation to reward. The 
pre-response phase mainly represents motor anticipation and the prospect of working for a 
reward, whereas the post-response anticipation reflects the actual anticipation of monetary 
reward. No differences were found between alcohol dependent patients and controls for 
either stage of reward anticipation. Another study in which patients with a former or current 
cocaine use disorder and healthy controls were compared also failed to observe differences 
during reward anticipation in the post-response anticipation phase (Patel et al 2013). 
However, during the reward pre-response anticipation phase a decreased response was 
found in former and current cocaine dependent patients compared to healthy controls in the 
parahippocampal gyrus, but not in the ventral striatum. Two other studies also reported 
negative findings when comparing brain activation during anticipation of reward in healthy 
controls and patients with a cocaine and cannabis use disorder, respectively, in (Jager et al 
2013, Jia et al 2011). Finally, Nestor et al. (Nestor et al 2010) found an increased activation 
in the ventral striatum during reward anticipation in chronic cannabis users compared to 
healthy controls. While the authors suggest a different effect of cannabis on reward 
processing, this is not confirmed by the other studies described in this review in which 
patients with a cannabis use disorder were included (Jager et al 2013, Van Hell et al 2010). 
 
3.2.2. Summary 
In summary, of the 12 studies evaluating brain activity during anticipation of non-drug 
reward, 6 studies found decreased activation of the ventral striatum in patients with SUD 
compared to healthy controls (Beck et al 2009, Bustamante et al 2013, Peters et al 2011, 
Schouw et al 2012, Van Hell et al 2010, Wrase et al 2007), whereas five studies reported 
negative results (Bjork et al 2008, Bjork et al 2012, Jager et al 2013, Jia et al 2011, Patel et 
al 2013). In only one study an increased activation of the ventral striatum during 
anticipation of non-drug related stimuli was found in chronic cannabis users as compared to 
healthy controls (Nestor et al 2010). This heterogeneity in findings was not associated with 
type of substance or with different tasks. While a decreased activation of the ventral 
striatum during anticipation of reward is thought to be one of the key characteristics of 
substance use disorders, the above-reviewed findings indicate that the evidence supporting 
this assertion is inconsistent. 
 
3.2.3. Reward Outcome 
Various task paradigms have been developed to investigate the effects of non-drug reward 
outcome. A total of 10 of 14 studies on reward outcome investigated both reward 
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anticipation (as described above) and reward outcome by using an adapted monetary 
incentive delay task (MID) task (Bjork et al 2008, Bjork et al 2012, Bustamante et al 2013, 
Jager et al 2013, Jia et al 2011, Nestor et al 2010, Patel et al 2013, Peters et al 2011, 
Schouw et al 2012, Van Hell et al 2010).  

Van Hell et al. (Van Hell et al 2010) found increased activation in striatal brain 
regions during reward outcome in subjects with a cannabis use disorder compared to 
healthy controls but not to smokers. Enhanced activation of the ventral striatum and medial 
frontal cortex during non-drug reward outcome is also reported in a group of alcohol 
dependent patients compared to healthy controls (Bjork et al 2008) and in the ventral 
striatum, insula and caudate in cocaine users compared to healthy controls (Jia et al 2011). 
Jia et al. (Jia et al 2011) also found an increased response to reward outcome in the ventral 
striatum, insula and caudate in their sample of cocaine users. Six other studies (Bjork et al 
2012, Bustamante et al 2013, Jager et al 2013, Patel et al 2013, Peters et al 2011, Schouw 
et al 2012) reported no differences between SUD patients and healthy control groups in 
their brain response to non-drug related reward outcome. Finally, Nestor et al. (Nestor et al 
2010) found decreased activation in the ventral striatum and fusiform gyrus in response to 
outcome of reward in cannabis users compared to healthy controls. 

Several other tasks have been used to investigate reward outcome processes in 
patients with SUD. For example, De Ruiter et al. (De Ruiter et al 2009) used a probabilistic 
reversal-learning task to compare brain responses to reward outcome in smokers and 
healthy controls. Smokers showed increased activation during outcome of reward in the 
insula, prefrontal areas and parietal regions compared to controls, whereas activation in 
striatal brain regions did not differ between groups. Furthermore, using a gambling task, no 
differences in brain activation during reward outcomes were found between abstinent 
alcoholic patients and healthy controls (de Greck et al 2009). Lessov-Schlaggar et al. 
(Lessov-Schlaggar et al 2013) used a number guessing task to compare smokers and 
healthy controls. Healthy controls showed increased ventral striatal activation during the 
outcome phase while smokers showed an increased response in frontal and parietal regions 
and in the insular cortex. Finally, Goldstein et al. (Goldstein et al 2007, Goldstein et al 
2007) tested sensitivity to reward in cocaine abusers and healthy controls performing a 
forced-choice task under three monetary value conditions. They reported a reduced 
response of the orbitofrontal cortex to reward outcome in cocaine abusers compared to 
healthy controls. Furthermore, cocaine addicted patients compared to healthy controls had a 
restricted subjective sensitivity to different monetary value conditions. More than half of 
the cocaine abusers rated US$ 10 as being equally subjective valuable as US$ 1000. In 
cocaine addicted patients that were less sensitive to different monetary value conditions, an 
increased brain response to monetary reward was found in the orbitofrontal cortex and 
amygdala while a decreased response was found in the medial frontal gyrus.  
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3.2.4. Summary  
Of the 10 studies in which a MID task was used, three studies found an increase in striatal 
activity of patients with SUD compared to controls during reward outcome (Bjork et al 
2008, Jia et al 2011, Van Hell et al 2010), 6 studies found no differences in striatal activity 
between groups (Bjork et al 2012, Bustamante et al 2013, Jager et al 2013, Patel et al 2013, 
Peters et al 2011, Schouw et al 2012) and 1 study described a decreased response to reward 
outcome (Nestor et al 2010). Two studies also found differences in frontal regions, 
reporting contradictory results. While Bjork et al. (Bjork et al 2008) found an increased 
response in patients with an alcohol use disorder, van Hell et al. (Van Hell et al 2010) 
found both increased and decreased responses in different frontal regions. All other studies 
failed to observe differences in the frontal regions during reward outcome. 

Only 1 of the 4 studies using other tasks found a decreased response to non-drug 
related reward outcome in the ventral striatum in SUID patients compared to healthy 
controls (Lessov-Schlaggar et al 2013), the other studies reported negative results. Two out 
of 4 studies found a reduced response in SUD patients in frontal regions (de Greck et al 
2009, Goldstein et al 2007, Goldstein et al 2007) while two other studies showed increased 
frontal activation in response to reward outcome in patients with a substance use disorder 
(De Ruiter et al 2009, Lessov-Schlaggar et al 2013) and one study found no differences 
between groups (de Greck et al 2009). 

Altogether, most studies found similar responses to non-drug related reward 
outcomes in SUD patients and healthy controls. Studies that did find a difference described 
both decreased and increased activation of the ventral striatum. Therefore, from this review 
it cannot be concluded that reward processing during reward outcome is affected in SUD 
patients. 
 
3.3. Associations with clinical characteristics and outcome  
Table 3 shows that 11 studies explored the association between brain responses to non-drug 
related anticipation or outcome of reward and severity and duration of the substance use 
disorder or treatment outcome. A negative correlation was found between ventral striatum 
activation in response to positive valenced pictures and drinking days and alcohol intake 
(Heinz et al 2007), suggesting that only patients with severe SUD have a decreased 
response to positive pictures. Three studies, investigating associations between brain 
activation during anticipation of non-drug rewards and clinical outcome measures, found 
that lower brain activation during anticipation of reward was associated with poor outcome 
(Bustamante et al 2013, Peters et al 2011, Wrase et al 2007). Two other studies, however, 
found the opposite (Jia et al 2011, Nestor et al 2010). Negative correlations were also 
described between activation of the ventral striatum during reward outcome and treatment 
outcome in two studies; patients with a more decreased response during reward outcome 
had longer periods of abstinence and more negative urines (Bustamante et al 2013, Jia et al 
2011).  
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Three studies reported correlations between impulsivity and brain responses during 
reward processing in SUD patients. Negative associations were found during the 
anticipation phase in one study (Beck et al 2009), while another study described a positive 
correlation between impulsivity and reward anticipation (Bjork et al 2012). During reward 
outcome, two studies found positive correlations between impulsivity and activation of the 
ventral striatum and medial prefrontal cortex (Bjork et al 2008, Bjork et al 2012). 

Finally, one study found a negative correlation between the response to positive 
pictures in the anterior cingulate gyrus and frontal regions and self-reported anhedonia 
(Zijlstra et al 2009). This finding is in line with the definition of anhedonia as an impaired 
capability to experience reward from natural rewarding events. 

 
3.3.1. Summary  
Summarizing, results regarding the associations between brain activation during non-drug 
reward anticipation or outcome, and severity of the substance use disorder or treatment 
outcome have been inconsistent, precluding firm conclusions. 

4. Discussion and conclusion 
4.1. Discussion 
We reviewed studies in which the brain response to non-drug related rewards was measured 
in patients with a substance use disorder during fMRI-scanning. Firstly, we evaluated 
whether the processing of non-drug reward involved the same brain regions known to be 
associated with drug reward and drug related cue reactivity, by comparing the results of 
studies in which both drug related and non-drug related stimuli were included. Differences 
in the response to non-drug related rewards between patients and healthy controls were also 
evaluated. Secondly, we studied whether SUD differently affected the two stages of 
processing of non-drug reward: the reward anticipation phase and the reward outcome 
phase. As a last objective, we evaluated if the brain activation in response to non-drug 
rewards was associated with clinical measures of SUD and/or treatment outcome. 
 Regarding the first research question, we found that similar regions (such as 
ventral striatum, amygdala, insula, anterior cingulate cortex, thalamus, orbitofrontal cortex 
and other frontal regions) were involved in the processing of drug related rewards and non-
drug related rewards (Buhler et al 2010, Garavan et al 2000, Versace et al 2011). This was 
in line with our expectations because both drug related stimuli and non-drug related stimuli 
have been found to activate dopaminergic pathways (Franken et al 2005, Kuhn and Gallinat 
2011). Most studies found an increased response to drug related stimuli and a decreased 
response to non-drug related stimuli in SUD patients compared to healthy controls (Buhler 
et al 2010, Garavan et al 2000, Zijlstra et al 2009). This is in line with the theory that non-
drug reward processing is decreased in SUD patients (reward deficiency). Versace et al. 
(Versace et al 2011) however, found a larger brain response to non-drug related rewards 
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compared to drug related rewards, a finding that is difficult to interpret because these 
authors did not include healthy controls.  
 Regarding our second question, whether the brain response to reward anticipation 
and reward outcome is differentially affected in patients with a substance use disorder, we 
found that almost all studies reported a decreased or similar activation of the ventral 
striatum in SUD patients compared to healthy controls during anticipation to non-drug 
related reward, whereas a similar or increased activation was mostly found during non-drug 
related reward outcome. Only one study (Nestor et al 2010), found an increased response in 
SUD patients during the anticipation of non-drug reward and a decreased response during 
reward outcome. Results of this latter study are not in concordance with other findings and 
its interpretation remains speculative. While the authors suggest a different effect of 
cannabis on reward processing, this is not corroborated by the other studies described in 
this review in which patients with a cannabis use disorder were included (Jager et al 2013, 
Van Hell et al 2010).  

Of note, a substantial number of studies found no differences in brain activation 
between SUD patients and healthy controls during non-drug reward anticipation (5 out of 
12) and outcome (9 out of 14). While a blunted response to non-drug reward is commonly 
assumed to be one of the key symptoms of substance use disorders, this is not substantiated 
by this review. Possibly, differences in brain responses to non-drug reward processing are 
too small to detect due to insufficient power in some of the studies. However, we found no 
relation between sample size and significance of results of the studies included in this 
review. Characteristics of the tasks used to measure non-drug reward could also be related 
to the different findings. When cue-reactivity paradigms were used, a mostly blunted 
response to non-drug rewards was found in SUD patients, while during reward anticipation 
of monetary rewards only 6 out of 12 studies found a blunted response. It has been 
suggested that monetary rewards could act as drug associated cues in patients with SUD 
because money is often a limiting factor for substance use. Martin-Soelch et al. (Martin-
Soelch et al 2001) used a PET study to compare responsiveness to monetary and non-
monetary reward in opiate addicts and healthy controls. They found that opiate addicts 
showed no activation in response to non-monetary reward, while they did respond to 
monetary rewards. Future studies should therefore also include non-monetary rewards to 
control for this effect.  

Although this review reveals substantial heterogeneity, the combination of 
decreased activation during anticipation of non-drug reward in half of the studies and 
mostly similar processing of reward outcome in the ventral striatum in SUD patients 
compared to healthy controls suggests a general imbalance in reward processing in this 
brain region in SUD patients. Previous studies have already suggested that different brain 
processes could be involved in anticipation of reward and reward outcome (Knutson et al 
2001). While the ventral striatum appears to be activated during both reward anticipation 
and outcome, the orbitofrontal cortex is found to be selectively activated during reward 
outcome (Liu et al 2011). The involvement of the ventral striatum was confirmed in this 
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review, whereas involvement of the orbitofrontal cortex was not supported by most studies. 
However, functional neuroimaging of the orbitofrontal cortex is problematic using fMRI 
methods because this region is in the proximity of air-filled regions causing susceptibility 
artifacts including signal dropout and geometric distortion. To study the influence of the 
orbitofrontal cortex on reward processing in SUD patients, preferably other imaging 
techniques should be used. However also these techniques also have limitations, e.g. 
temporal resolution of PET/SPECT is too low to make a distinction between reward 
anticipation and reward outcome, whereas spatial resolution of EEG/MEG is too low to 
adequately locate these processes in (subcortical regions of the) brain.  

Some hypotheses have been proposed for the difference in findings during reward 
anticipation and reward outcome. It has been suggested that unlike reward anticipation, 
reward outcome is not associated with dopaminergic neurotransmission (Robinson and 
Berridge 2008). The increased response to reward outcome could also be related to 
increased impulsivity of SUD patients (Beck et al 2009, Bjork et al 2008). Two studies 
from the same group indeed reported significant correlations between impulsivity and brain 
activation during reward outcome (Bjork et al 2008, Bjork et al 2012). However, 
correlations between brain activation during anticipation of non-drug reward and 
impulsivity were also found (Beck et al 2009, Bjork et al 2012). 

It is unknown whether differences in reward processing precede SUD or whether 
they are a consequence of chronic drug use.  In one study, a reduced activation of the 
ventral striatum was found in smokers, even when they had smoked on fewer than 10 
occasions (Peters et al 2011). In addition, reduced brain activation during anticipation of 
non-drug reward was found in at risk individuals with a family history of SUD, (Andrews 
et al 2011). Taken together these studies suggest that differences in reward processing may 
precede SUD and may be a biomarker for some kind of addiction vulnerability. 
Several studies discussed in this review found associations between brain activation during 
reward processing and outcome measures (Bustamante et al 2013, Heinz et al 2007, Jia et 
al 2011, Nestor et al 2010, Peters et al 2011, Wrase et al 2007). However, the 
heterogeneity in results makes it very difficult to draw firm conclusions. While four studies 
found that lower brain activation during anticipation of reward was associated with poor 
outcome (Bustamante et al 2013, Heinz et al 2007, Peters et al 2011, Wrase et al 2007), 
two other studies found the opposite (Jia et al 2011, Nestor et al 2010). Activation of the 
ventral striatum during reward outcome was found to be negatively correlated with 
treatment outcome in two studies (Bustamante et al 2013, Jia et al 2011). Although the 
direction of the associations differed in between studies, finding these associations 
underlines the importance of reward processing of non-drug related rewards in the 
treatment of substance use disorders.  
 
4.2. Limitations and strengths 
While some overlap in neural deficits underlying reward processing in SUD patients was 
identified, inconsistencies were evident. These inconsistencies in results are probably due 
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to differences in methodology such as patient characteristics, specifications of task 
paradigms, data acquisition and analysis techniques, and differences in statistical power. 
Although we report several patient characteristics in table 1 (i.e., age, gender, ethnicity, 
abstinence duration and disorder and treatment status), it is a limitation of the current 
review that the effects of these characteristics on fMRI results could not be evaluated due to 
the large variability and the limited number of studies. With regard to task paradigms, we 
included studies in which different tasks were used which were all designed to measure 
brain response to reward processing. This may have introduced variation due to different 
cognitive processes needed for task performance. However, a more strict selection of task 
paradigms would result in a smaller number of studies and would therefore narrow the 
scope of our review too much. Studies evaluated in this review included subjects using 
different substances of abuse. While no clear differences between various substance 
categories were found, these cannot be ruled out due to the limited number of studies. 
However, because reduced dopamine levels in the ventral striatum have been found in 
patients using different substances of abuse (Volkow et al 2007), we expected that most 
substances of abuse would have comparable effects on reward processing.  
 
4.3. Conclusion 
From the current review it can be concluded that non-drug reward related brain activation 
and drug related brain activation are localised in overlapping brain regions such as ventral 
striatum, amygdala, insula, anterior cingulate cortex, thalamus, orbitofrontal cortex and 
other frontal regions. Several studies discussed in this review found no differences between 
patients and healthy controls in the processing of non-drug related rewards. Half of the 
studies found that patients with SUD had reduced brain activation during anticipation of 
non-drug related reward while most studies failed to observe differences in response to 
outcome of non-drug related reward in SUD patients compared to healthy controls. SUD 
therefore seems to differentially affect the different stages of reward processing. 
Correlations between brain responses to non-drug related reward anticipation and outcome 
and clinical measures were reported although results were heterogeneous. We propose that 
for reasons of clinical relevance the association between non-drug related reward 
processing and treatment outcome needs further study. 
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