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A core feature of human drug dependency is persistence in seeking and using drugs at the expense of other life goals. It has been

hypothesized that addiction is associated with overvaluation of drug-related rewards and undervaluation of natural, nondrug-related

rewards. Humans additionally tend to persist in using drugs despite adverse consequences. This suggests that the processing of both

rewarding and aversive information may be abnormal in addictions. We used fMRI to examine neural responses to reward and loss

events in opiate-dependent patients receiving methadone maintenance treatment (MMT, n¼ 30) and healthy controls (n¼ 23) using

nondrug-related stimuli. Half of the patients were scanned after/before daily methadone intake (ADM/BDM patient groups). During

reward trials, patients as a whole exhibited decreased neural discrimination between rewarding and nonrewarding outcomes in the

dorsal caudate. Patients also showed reduced neural discrimination in the ventral striatum with regard to aversive and nonaversive

outcomes and failed to encode successful loss avoidance as a reward signal in the ventral striatum. Patients also showed decreased insula

activation during the anticipation/decision phase of loss events. ADM patients exhibited increased loss signals in the midbrain/

parahippocampal gyrus, possibly related to a disinhibition of dopamine neurons. This study suggests that patients with opiate dependency

on MMT exhibit abnormal brain activations to nondrug-related rewarding and loss events. Our findings add support to proposals that

treatments for opiate addiction should aim to increase the reward value of nondrug-related rewarding events and highlight the

importance of potential abnormalities in aversive information processing.
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INTRODUCTION

Drug addiction is a major problem worldwide, contributing
significantly to the global burden of disease. A core
manifestation of human addiction is a focus on seeking
and using drugs, to the neglect of nondrug-related activities
(Hyman et al, 2006). This has led to a hypothesis that
human drug addictions are associated with overvaluation of
drug-related rewards and undervaluation of ‘natural’,
nondrug-related rewards (Diekhof et al, 2008; Hyman
et al, 2006). Drug use often continues despite repeated
aversive consequences, such as the need to engage in
criminal activity and failure to maintain social roles
(Hyman et al, 2006). This suggests that in human drug
addiction not only the processing of positive (reward)

information but also the processing of negative (aversive)
information is abnormal.

It has been hypothesized that drugs of dependence
‘hijack’ brain systems for learning about rewards and
punishments, such that drug-related stimuli become over-
valued and nondrug-related stimuli become undervalued
(Koob and Volkow, 2010). Brain regions proposed to be
affected include the mesolimbic dopamine system, given
that most drugs of addiction exert actions on this system,
and dopamine is critical for processing information about
reinforcing stimuli (Berridge, 2007; Hyman et al, 2006).
Phasic dopamine encodes an error in the prediction of
rewards (Schultz, 1998), serving as a ‘teaching’ signal in the
brain mediating the learning of associations (Montague
et al, 1996) and/or the attribution of ‘incentive salience’ to
reward-related stimuli (Berridge, 2007). Addictive drugs
have a common action of triggering increases in dopamine
in limbic regions (Hyman et al, 2006). Drug-induced firing
of dopamine is believed to facilitate the attribution of
incentive salience to drugs and drug-associated cues
(Volkow et al, 2009). If drug use becomes chronic,
repeatedly perturbing the dopamine system, neuroadaptive
long-term changes may be triggered in dopaminergic and
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other pathways (Volkow et al, 2009). Consistent with this, a
number of studies have reported a reduction in dopamine
D2 receptors and a reduction in dopamine release in the
striatum of drug-dependent humans, which can persist for
months after detoxification. This has been reported for a
variety of addictive drugs, including cocaine, alcohol,
methamphetamine, and nicotine (Fehr et al, 2008; Volkow
et al, 2009; Wang et al, 1997). These persistent neuroadap-
tive changes may result in reduced sensitivity to reinforcers
(Koob and Volkow, 2010).

Most neuroimaging studies of human addiction have
focused on examining neural responses to drug-related
cues. These studies have typically reported that drug-related
cues trigger activations in brain regions such as the striatum
and medial prefrontal cortex, which normally activate in
response to nondrug-related rewards in healthy subjects
(Diekhof et al, 2008; Heinz et al, 2004; Sell et al, 2000; Wrase
et al, 2006). Fewer studies have investigated neural
responses to nondrug-related rewards in dependent in-
dividuals. Decreased neural responses to nondrug-related
rewards have been reported with cocaine (Garavan et al,
2000; Goldstein et al, 2007), alcohol (Wrase et al, 2007),
nicotine, (Buhler et al, 2010; Peters et al, 2011) and opiate
(Martin-Soelch et al, 2001) misuse. Investigation of neural
responses to aversive stimuli in addiction is rare. Only one
study, to our knowledge, has reported reduced ventral
striatal activation during anticipation of loss in detoxified
alcohol dependency (Wrase et al, 2006).

Here we used fMRI to investigate neural responses to both
rewarding and aversive, nondrug-related stimuli, in a
clinically stable population of opiate-dependent patients
receiving methadone maintenance treatment (MMT). We
hypothesized that patients would exhibit abnormalities in
processing rewarding and loss events, in regions such as the
striatum, midbrain, amygdala-hippocampal complex, in-
sula, and medial prefrontal cortex, which have been
associated with processing reinforcer information (Liu
et al, 2011). In addition, we investigated whether neural
responses in patients would differ depending on whether
patients were scanned before or after their daily methadone
dose (Langleben et al, 2008).

MATERIALS AND METHODS

Participants

The study was approved by the Tayside Committee adminis-
tered by the East of Scotland Research Ethics Service, and
written informed consent was obtained from all participants.
Data were acquired from a group of thirty-five patients with a
diagnosis of DSM-IV opiate dependence receiving MMT and a
group of twenty-six healthy controls. All patients were
recruited from the NHS Fife Addiction Service, United
Kingdom, with a history of poly-substance drug misuse and
heroin as the main ‘drug of choice’ preceding MMT.

The inclusion criterion for MMT patients was more than 3
years of regular and daily heroin consumption, followed by
more than 6 weeks at a stable dose on a MMT prescription
program. Exclusion criteria for all participants were any
neurological disorder, claustrophobia, other DSM-IV
diagnosis or evidence for current illicit drug misuse.
Comorbidity was assessed using the Mini International

Neuropsychiatric Interview (MINI Plus V. 5.0). Just before
scanning, all participants were screened using urine
toxicology to test for illicit drug use. One patient tested
positive for opiates other than methadone and so was
excluded from the analysis. Seven other participants were
excluded from the analysis because of inability to tolerate
the scanner environment (two patients), difficulties remain-
ing awake in the scanner (three controls and one patient),
and not understanding the task properly (one patient).

Demographic details of subjects included in the analysis
(23 controls; 30 patients) are presented in Supplementary
Table S1. Patients and controls were matched on the basis
of gender (all males) and age (range: 20–40 years;
t(33.9)¼ � 1.6, p¼ 0.11). Controls had higher estimated
pre-morbid IQ (t(51)¼ 2.67, p¼ 0.01) according to the
National Adult Reading Test (NART) (Nelson and Wilson,
1991) and current IQ measured using the Wechsler
Abbreviated Scale of Intelligence (WASI), vocabulary and
matrix reasoning subtests (t(50)¼ 3.32, p¼ 0.002).

Symptoms of depression and anxiety were assessed before
scanning using the Hospital Anxiety and Depression Scale
(HADS) (Zigmond and Snaith, 1983). As is typical with
alcohol and other types of dependency, patients had higher
depression symptom scores than healthy controls
(t(50.9)¼ � 3.17, p¼ 0.003) with a trend for higher anxiety
scores (t(50.9)¼ � 1.92, p¼ 0.061). However, none met DSM-
IV criteria for major depressive disorder at the time of the
scan. Fifteen of the twenty-three controls and twenty-nine of
the thirty patients were tobacco smokers with patients having
a higher Fagerstrom Test score for nicotine dependence
(Heatherton et al, 1991) (t(51)¼ � 3.73, po0.001). Smokers
were not in a withdrawal state at the time of scanning.
Differences between the patient and control groups (IQ,
depression, anxiety, and nicotine dependence) were ac-
counted for in the analysis (Supplementary Information).

Half of the MMT patients were scanned 90 min after daily
methadone (ADM), with the others (BDM) scanned just
before daily methadone. Ninety minutes was chosen to take
account of the pharmacokinetics of methadone oral admin-
istration, aiming for a maximum ADM group methadone
plasma concentration (Dyer and White, 1997; Langleben
et al, 2008). Patients were randomly allocated to the ADM
and BDM groups. As the scanning schedule time was fixed,
to avoid possible withdrawal issues, patients were asked to
adjust (4–5 days before scanning) their daily time of taking
methadone so that they did not have to wait to take their
methadone at the time of scanning, regardless of which
group they were assigned to. The ADM and BDM groups did
not differ in daily methadone dose, age, NART, WASI,
HADS-Depression, or HADS-anxiety scores (all p40.14).
The half-life of methadone is 24–48 h in long-term opioid
users, and a once daily dose of methadone is believed to
induce a steady state (Curran et al, 2001). All patients were
established on daily methadone administration. Symptoms
of early withdrawal include agitation, anxiety, muscle aches,
and sweating. No patients experienced these symptoms.

Paradigm

During scanning, participants performed a reward and loss
learning task (Figure 1a). In this task, there were three types
of trial: reward, neutral, and loss. Each type of trial was
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associated with one of three pairs of fractal pictures (roughly
shaped as squares, circles, and triangles). Associations with
different picture pairs were randomized across subjects.

At the beginning of each trial, a fractal pair was presented
(each fractal randomly assigned to the left or right of the
screen), and the volunteer had to select one of the pictures
via a button press. Once a fractal picture had been selected,
it appeared circled in red, and then an outcome was
displayed. On each of the reward, neutral, and loss trials, the
possible outcomes were win-one-point/nothing, no-change-
in-points/nothing, and lose-one-point/nothing, respectively.
On reward trials, a given fractal stimulus (high-reward
probability stimulus) had a fixed probability 0.7/0.3 of
delivering win/nothing, whereas the other fractal stimulus
(low-reward probability stimulus) had complementary
probabilities. Similarly, on the loss trials, one of the pictures
(high loss avoidance probability stimulus) had fixed
probabilities 0.7/0.3 of delivering nothing/loss and the other
picture (low loss avoidance probability stimulus) had
complementary probabilities.

Participants agreed to accumulate as many points as
possible and were told that, at the end of the scanning
session, wins and losses would be summed, and they would
receive a gift voucher for an amount based on their net
points. Participants were told they could exchange the gift
voucher for a variety of items in shops such as books,
music, or clothes. A gift voucher was chosen instead of
money, as we wished to use a nondrug-related reinforcer,
and money could have been associated with drugs (Diekhof
et al, 2008) (see Supplementary Information for further
details on the task).

Behavioral Analyses

A mixed ANOVA was used to assess the effects of valence
(reward, neutral, and loss) and group (controls, patients) on

the number of high-probability stimuli selected and
reaction times.

fMRI Analyses

fMRI images were acquired using a 3T Siemens Magnetom
Tim Trio MRI scanner. SPM8 (http://www.fil.ion.ucl.ac.uk/
spm) was used for preprocessing (Supplementary
Information) and analyses.

For the first level analysis, an event-related design was
implemented with the picture pair onset time (anticipation/
decision time) and the outcome time modeled as truncated
delta functions. A general linear model was implemented
with events for each trial type onset (reward, neutral, and
loss) and the six outcomes (two reward outcomes win/no-
win, two neutral outcomes, and two loss outcomes loss
avoidance/loss), each considered as a separate regressor.
The six head motion realignment parameter estimates were
included as covariates of no interest. Regressors of interest
were convolved with the SPM8 hemodynamic response
function without time or dispersion derivatives.

To examine neural activity at the anticipation/decision
time, we computed the reward vs neutral and loss vs neutral
contrasts. To examine neural activity at the outcome time,
win vs no-win and the loss avoidance vs loss contrasts were
calculated. Contrast images for each subject were taken to the
second level of random effect analyses, to test for within
group activations (one-sample t-tests) and between groups
(controls vs patients) differences (two-sample t-tests). An
additional second level analysis compared activations be-
tween the two patient groups (ADM vs BDM) with a two-
sample t-test.

During reward learning tasks, activity in the ventral
striatum is thought to be better described by reward
prediction errors (mismatch between the predicted and
actual outcome) rather than by a simple reward vs
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Figure 1 Experimental task and behavioral results. (a) Experimental task. On each trial, participants select one of two fractal pictures, subsequently, and
outcome is displayed. On reward trials, one of the pictures is associated with a 0.7/0.3 probability of delivering ‘win’/‘nothing’, whereas the other picture has
complementary probabilities. Similarly, on the loss trials, one of the pictures leads to ‘nothing’/‘loss’ with probabilities 0.7/0.3, whereas the other picture has
complementary probabilities. A neutral condition leads to outcomes ‘no-change’/‘nothing’ with probabilities as in the reward and loss trials. t1, duration of
the first screen. (b) Behavioral Choice. Proportion (percentage) of the number of times that participants selected the high-rewarding stimulus on reward
trials, the high loss avoidance stimulus on the loss trials, and the stimulus more associated with the ‘No-Change’ image on the neutral trials. (c) Reaction time
in seconds. Error bars denote SEM.
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no-reward contrast (Niv et al, 2012). To further examine
activity in the ventral striatum, we used a standard
reinforcement learning algorithm that estimated predi-
ction errors for the reward and loss trials at the
outcome time of the task. Prediction errors generated
by the model were used to investigate the encoding of
prediction errors in the ventral striatum (Supplementary
Information).

We investigated whether brain abnormalities observed in
the MMT patient group correlated with the daily methadone
dose. This analysis was limited to a priori regions of interest
that usually activate during the processing of rewarding and
aversive information—the striatum, midbrain, amygdala-
hippocampal complex, insula, and medial prefrontal cortex
(Liu et al, 2011)—and that exhibited abnormalities on
between group comparisons. The dependent variable in this
analysis was the mean value of the parameter estimates
across voxels within a 10 mm diameter sphere, centered at
the maximum peak coordinates of the regions that showed
between group differences.

Unless otherwise stated, all analyses regions are reported
as significant at a whole brain po0.05 cluster level. This was
achieved by a simultaneous requirement for a voxel
threshold of po0.005 and a minimum cluster size of 68
continuous voxels, these parameters being identified using
Monte Carlo simulations (Slotnick et al, 2003).

RESULTS

Behavioral Analyses

Both MMT patients and controls learned to select most
often the high-rewarding stimulus on the reward trials and
the high loss avoidance stimulus on the loss trials (po0.001
for both valences and both groups) (Figure 1b,
Supplementary Table S2). The mixed ANOVA for behavior-
al choice showed a significant effect of valence
(F(1.7,87)¼ 6.4, p¼ 0.004) and no significant effect of the
group (controls vs patients) or the group by valence
interaction. Post hoc Bonferroni corrections showed that
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Figure 2 Neural responses during reward trials for the contrast win4no-win at the outcome time of the task. Brain regions active in controls (a) and in
patients (b) during reward trials for the contrast win4no-win. (c) Controls exhibited greater activation than patients for the contrast win4no-win in the
dorsal caudate (d) Mean value of parameter estimates across voxels within a 10 mm diameter sphere, centered at peak coordinates (� 20, 22, 12) of the left
dorsal caudate region where patients differed significantly from controls. ADM/BDM, patients scanned after/before the daily methadone intake; DC, dorsal
caudate; mPFC, medial prefrontal cortex; S, striatum; VS, ventral striatum. Regions significant at po0.05 whole brain corrected as described in the methods,
overlay on an average structural scan. Error bars denote SEM.
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participants chose the high-probability stimulus more
frequently on the reward trials than on the neutral
(p¼ 0.012) and loss trials (p¼ 0.001).

The mixed ANOVA for reaction times showed a
significant effect of valence (F(2,102)¼ 53.5, po0.001) with
longer reaction times for the loss condition compared with
the reward and neutral conditions (Figure 1c). Slower
reaction times for loss event decision making have been
reported in a similar task (Pessiglione et al, 2006). As
discussed by the authors, this likely indicates physiological
differences between selecting an action that leads to a
reward and avoiding an action that leads to a loss. A
significant effect of the experimental group was present
(F(1,51)¼ 5.41, p¼ 0.024) with patients being slower. There
was also a significant valence by group interaction
(F(2,102)¼ 3.43, p¼ 0.036), with controls showing a trend
for faster reaction times on neutral compared with reward
trials, while patients did not show this pattern.

To compare choices and reaction times between the two
patient groups, the same analyses were repeated with the
factors valence and group (ADM, BDM). There was no
significant effect of group or group by valence interaction
on behavioral choice or reaction time, indicating a similar
performance from both groups of patients.

We tested for differences across groups (controls vs
patients and ADM vs BDM) in the reinforcement learning
model parameters a (learning rate) and b (inverse
temperature), and no significant differences were observed
(Supplementary Information).

Neuroimaging Analyses: Rewards

On reward trials, for the contrast win4no-win at the
outcome time, controls activated a network of brain regions
usually reported as active during rewarding events, such as
the ventral and dorsal striatum, midbrain, medial prefrontal
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Figure 3 Neural responses during loss trials for the contrast loss avoidance4loss at the outcome time of the task. (a) Controls activated the bilateral
ventral striatum for the contrast loss avoidance4loss. (b) In contrast, patients failed to show this activation. (c) Controls exhibited stronger activation than
patients for the contrast loss avoidance4loss in the bilateral ventral striatum. (d) Mean value of parameter estimates across voxels within a 10 mm diameter
sphere, centered at peak coordinates (� 14, 6, � 10)/(16, 6, � 10) of the left/right ventral striatal regions where patients differed significantly from controls.
ADM/BDM, patients scanned after/before the daily methadone intake; VS, ventral striatum. Regions significant at po0.05 whole brain corrected. Error bars
denote SEM.
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cortex and amygdala–hippocampal complex (Figure 2a).
MMT patients also exhibited activations in the ventral
striatum, medial prefrontal cortex and amygdala–
hippocampal complex (Figure 2b).

Significant between-group differences (patients vs con-
trols) were found bilaterally in the dorsal caudate
(Figure 2c, Supplementary Table S3) ((� 20, 22, 12),
t¼ 4.06; (16, 26, 4), t¼ 3.22). These between-group differ-
ences were driven by abnormalities in the MMT patient
group, with patient’s neural responses in the dorsal striatum
discriminating less between obtaining a reward and nothing
(Figure 2d). A comparison for the contrast win4no-win
between the two patient groups (ADM vs BDM) did not
identify significant differences in the caudate (Supplementary
Table S4). This indicates that caudate abnormalities con-
trasting patients (as a whole) and controls were not due to
methadone having been recently taken or not.

Both controls and patients exhibited significant encoding
of reward prediction errors in the ventral striatum
(Supplementary Figure S1) with no significant differences
between groups.

At the anticipation/decision time of the task (trial onset),
for the contrast reward4neutral, both controls and MMT
patients activated the ventral striatum, insula and dorsome-
dial prefrontal cortex. No significant differences between
patients and controls, or between the two patient sub-
groups, were found in regions of interest (Supplementary
Figure S2, Supplementary Tables S5 and S6).

Neuroimaging Analyses: Losses

On loss trials, at the outcome time, controls activated the
ventral striatum for the contrast loss avoidance4loss. This
is consistent with previous findings (Pessiglione et al, 2006),
indicating that in the case of the ventral striatum avoiding a
loss resulted in similar neural activity to obtaining a reward
(Figure 3a, Supplementary Table S7).

Notably, MMT patients failed to show activation in the
ventral striatum for discriminating loss avoidance4loss
(Figure 3b). This resulted in significant between-group
differences in the bilateral ventral striatum for the contrast
loss avoidance4loss (Figure 3c and d, Supplementary Table
S9) ((� 14, 6, � 10), t¼ 4.64; (16, 6, � 10), t¼ 3.79). Signi-
ficant differences between patients and controls were also
found in the ventral striatum when considering the
encoding of loss avoidance prediction errors (Supplemen-
tary Figure S3). When comparing the two patient subgroups
(ADM, BDM), either using the contrast loss avoidance4loss
or the loss avoidance prediction error signal, there were no
significant differences in activity in the ventral striatum
(Supplementary Table S10). This again suggests that altered
ventral striatal responses in patients were not driven by just
having taken methadone.

Considering the opposite contrast, loss4loss avoidance
at the outcome time, both controls and MMT patients
activated the dorsal anterior cingulate and other regions
(Figure 4a and b, Supplementary Table S8). Patients
exhibited a cluster of activation that extended throughout
parts of the midbrain and into the parahippocampal gyrus
(Figure 4b). This resulted in a significant between-group
difference, with patients demonstrating stronger neural
responses to loss4loss avoidance (in the midbrain/para-

hippocampal gyrus) than controls (Figure 4c and d,
Supplementary Table S9) ((� 18, � 18, � 20), t¼ 3.73;
(16, � 18, � 20), t¼ 3.93). The between-group comparison
(ADM vs BDM) showed that the activation in the midbrain/
parahippocampal gyrus was stronger for patients who were
scanned after taking methadone (Figure 4d, Supplementary
Table S10). Taking the MMT patients as a whole, the neural
response for the contrast loss4loss avoidance in the left
midbrain/parahippocampal gyrus correlated positively with
daily methadone dose (r(30)¼ 0.47, p¼ 0.009) (Figure 4e).
This indicates that stronger midbrain/parahippocampal
gyrus activation during loss vs loss avoidance was
associated with increased methadone dose.

At the anticipation/decision time of the task, for the
contrast loss vs. neutral, both controls and MMT patients
activated the insula/inferior frontal gyrus and the dorsal
anterior cingulate (Figure 5a and b, Supplementary Table
S11). A significant between-group difference was found in
the left insula/inferior frontal gyrus ((� 50, 20, � 6),
t¼ 3.46) with patients exhibiting reduced discrimination
between loss and neutral trials in this region. There was no
significant difference in insula activity for the comparison
ADM vs BDM, suggesting that both groups of patients
contributed similarly to the difference between patients and
controls for this brain region (Figure 5d, Supplementary
Table S12).

DISCUSSION

This study investigated the neural correlates of reward and
loss processing in opiate-dependent patients receiving
MMT. In accord with hypotheses, patients differed from
controls in their neural responses to rewarding and aversive
events.

On reward trials, controls exhibited discriminatory
activation in the dorsal caudate for the outcomes win vs
no-win, a pattern that was not observed in patients. This
activation in controls is consistent with studies reporting
the involvement of the caudate in reward processing
(Delgado et al, 2005; Pizzagalli et al, 2009). In drug
dependency, the dorsal caudate is implicated in compulsive
drug seeking and habit formation (Everitt et al, 2008; Koob
and Volkow, 2010). Our finding is consistent with studies
reporting decreased neural sensitivity in drug-dependent
patients for nondrug-related rewarding stimuli (Buhler
et al, 2010; Diekhof et al, 2008; Goldstein et al, 2007;
Peters et al, 2011; Wrase et al, 2007) and with a hypothesis
of nondrug rewards being undervalued in drug dependency
(Hyman et al, 2006).

During both reward and loss trials, controls activated the
ventral striatum at the outcome time (for the contrasts win vs
no-win and loss avoidance vs loss). This suggests that the
ventral striatum represented loss avoidance similarly to
reward events, consistent with previous findings (Pessiglione
et al, 2006). In contrast to controls, during loss trials, patients
failed to differentiate with regard to ventral striatal activity,
between avoiding a loss and receiving a loss, resulting in
significant between-group differences. This suggests a
representational deficit in the ventral striatum of patients in
processing aversive outcome information. The finding is
consistent with a study reporting blunted striatal activation
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during the anticipation of loss in detoxified alcohol-
dependent participants (Wrase et al, 2007).

During reward processing, activity in the ventral striatum
has often been linked to the firing of dopaminergic neurons

(O’Doherty et al, 2004). Ventral striatal activation during
aversive processing may also relate to dopaminergic
neuronal activity (Delgado et al, 2008). If so, the finding
of altered ventral striatal activation during aversive
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dependent variable is the mean value of parameter estimates (for the contrast loss4loss avoidance) across voxels within a 10 mm diameter sphere,
centered at peak coordinates (� 18, � 18, � 20). ADM/BDM, patients scanned after/before the daily methadone intake; dAC, dorsal anterior cingulate; MB,
midbrain; MB/PH, midbrain/parahippocampal gyrus. Regions significant at po0.05 whole brain corrected. Error bars denote SEM.
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processing could reflect abnormal functioning of the
dopaminergic system in MMT patients, consistent with
studies reporting decreased dopaminergic function and
reduced D2 receptors in the striatum of addicted patients
(Volkow et al, 2009). Alternatively, ventral striatal activity
during aversive processing may also relate to alterations
within other neurotransmitter systems (Delgado et al, 2008).

On loss trials at the decision time, patients exhibited
decreased left insula/inferior frontal gyrus activation during
the presentation of loss vs neutral stimuli. Insula respon-
siveness to anticipated losses predicts a participant’s ability
to learn to avoid losses (Samanez-Larkin et al, 2008), and
insula activation predicts behavioral avoidance of high-risk
options during decision making (Kuhnen and Knutson,
2005). In our study, decreased insula activation in patients
during the anticipation of loss could indicate reduced
valuation of aversive outcomes, conceivably resulting in less
efficient adjustment of behavior to minimize risks and
avoid failures. The finding is consistent with reduced
activity in the insula of pathological gamblers during
anticipation of losses (Balodis et al, 2012).

Patients scanned after their daily methadone dose exhibited
increased neural discrimination between loss and loss
avoidance outcomes in the midbrain/parahippocampal gyrus
compared with those scanned before methadone. In addition,
increased neural responses to loss4loss avoidance correlated
with increased methadone dose across all patients, for the left
midbrain/parahippocampal gyrus. Both findings are consis-
tent with methadone administration driving the increased
activation. In this context, animal studies report that aversive

stimuli causing conditioned place aversion can inhibit
dopaminergic neurons in the ventral tegmental area (VTA)
(Tan et al, 2012; Ungless et al, 2004). Aversive stimuli
stimulate action potentials in GABAergic neurons in the VTA
leading to inhibition of dopaminergic neurons (Tan et al,
2012). Opiates such as methadone activate m-opioid receptors
leading to hyperpolarisation of GABAergic neurons, with a
reduction in GABA release onto dopaminergic neurons,
reducing inhibition of dopamine firing (Matsui and Williams,
2011). Therefore, midbrain/parahippocampal gyrus activation
in response to aversive stimuli could be due to disinhibition
of dopaminergic activity. However, methadone may also
disinhibit additional excitatory pathways in this brain region.
Further work is required to clarify the increased signal
observed in patients who had just taken their methadone and
its significance for decision making.

Possible limitations of this study should be noted.
Patients and controls differed with regard to IQ, symptoms
of low mood, anxiety, and nicotine use. However, this was
taken into account in the analysis, reproducing the findings
while covarying for these variables (see Supplementary
Material). It is important to note that the study design does
not allow disentangling whether the observed brain
abnormalities in patients relate to current methadone
treatment, previous heroin addiction, or vulnerability to
develop addiction.

In summary, this study investigated brain activity in
response to rewarding and loss stimuli in opiate-dependent
patients receiving MMT. Patients showed decreased respon-
siveness to rewarding stimuli in the dorsal caudate and
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Figure 5 Neural responses for the contrast loss4neutral at the decision time of the task. Both controls (a) and patients (b) activated the bilateral insula/
inferior frontal gyrus and the dorsal anterior cingulate for the contrast loss4neutral at the decision time of the task. (c) Controls showed stronger neural
responses than patients in the left insula/inferior frontal gyrus. (d) Mean value of parameter estimates across voxels within a 10 mm diameter sphere, centered at
peak coordinates (� 50, 20, � 6) of the left insula/inferior frontal gyrus region where patients differed significantly from controls. ADM/BDM, patients scanned
after/before the daily methadone intake; IN/IFG, insula/inferior frontal gyrus. Regions significant at po0.05 whole brain corrected. Error bars denote SEM.
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decreased responsiveness to loss events in the ventral
striatum and insula. The findings contribute to elucidating
the neural correlates of the clinical features of opiate
addiction, whereby drugs are pursued at the expense of
nondrug-related life goals and despite adverse conse-
quences. Our findings add further support to the suggestion
that treatment for opiate addiction should aim to increase
the reward value of nondrug-related reinforcers (Volkow
et al, 2009) and highlight the importance of abnormalities in
aversive information processing. Future studies are re-
quired to examine whether the observed neural abnormal-
ities persist after long-term abstinence, predict relapse risk
and relate to pre-morbid vulnerabilities.
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