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Abstract
The influence of Pavlovian conditioned stimuli on ongoing behavior may contribute to explaining how alcohol cues stimu-
late drug seeking and intake. Using a Pavlovian-instrumental transfer task, we investigated the effects of alcohol-related 
cues on approach behavior (i.e., instrumental response behavior) and its neural correlates, and related both to the relapse 
after detoxification in alcohol-dependent patients. Thirty-one recently detoxified alcohol-dependent patients and 24 healthy 
controls underwent instrumental training, where approach or non-approach towards initially neutral stimuli was reinforced 
by monetary incentives. Approach behavior was tested during extinction with either alcohol-related or neutral stimuli (as 
Pavlovian cues) presented in the background during functional magnetic resonance imaging (fMRI). Patients were subse-
quently followed up for 6 months. We observed that alcohol-related background stimuli inhibited the approach behavior in 
detoxified alcohol-dependent patients (t = − 3.86, p < .001), but not in healthy controls (t = − 0.92, p = .36). This behavioral 
inhibition was associated with neural activation in the nucleus accumbens (NAcc) (t(30) = 2.06, p < .05). Interestingly, both 
the effects were only present in subsequent abstainers, but not relapsers and in those with mild but not severe dependence. 
Our data show that alcohol-related cues can acquire inhibitory behavioral features typical of aversive stimuli despite being 
accompanied by a stronger NAcc activation, suggesting salience attribution. The fact that these findings are restricted to 
abstinence and milder illness suggests that they may be potential resilience factors.
Clinical trial: LeAD study, http://www.lead-studie.de, NCT01679145.
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Introduction

Cues consistently paired with drug reward have long been 
known to acquire strong motivational properties that are 
most likely important for addictive processes [1–3]. They 

are known to influence instrumental behavior [4, 5], may 
facilitate drug seeking and play an important role in the 
development, maintenance and relapse of addiction [6].

One paradigmatic measure of the influence of Pavlovian 
cues on behavior is the Pavlovian-instrumental transfer (PIT) 
task, where Pavlovian conditioned cues presented during 
instrumental responding can increase or decrease the instru-
mental response rate [7]. PIT effects can be elicited by Pav-
lovian cues predicting non-drug, but also drug rewards [4], 
particularly in drug-dependent animals [8]. We have recently 
found that PIT effects are more pronounced in patients suf-
fering from alcohol dependence (AD) than in healthy con-
trols, and that the neural correlates of the PIT effects in the 
nucleus accumbens (NAcc) predict relapses after detoxifi-
cation [9]. This suggests that the cues predicting alcohol 
may indeed have a more immediate impact on behavior in 
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patients with alcohol dependence, and that this influence 
arises in neural structures known to be involved both in PIT 
and in mediating the impact of rewards on behavior [10, 11].

However, our previous results [9] were obtained with 
monetary non-drug outcomes, rather than with stimuli pre-
dicting drugs. PIT effects are known to come in two forms: 
in specific PIT, the CS promotes instrumental behavior moti-
vated by the same outcome as the conditioned cue predicts, 
while in general PIT, the outcomes are different. General 
PIT is thought to result from a non-specific arousal induced 
by the conditioned stimulus value, while specific PIT is 
thought to act via the expectancy of a specific rewarding 
event [12, 13]. Lesion studies in animals have shown a dou-
ble dissociation between general and specific PIT effects 
both in the substructures of the amygdala and the nucleus 
accumbens [12, 14]. Functional imaging studies in humans 
have found the ventral striatum to be involved in both gen-
eral and specific PIT in healthy humans [15–17], probably 
due to the reduced spatial resolution.

As drug-related stimuli have been suggested to act more 
via general PIT [4, 18], they may involve more general 
arousal processes beyond pure valuation. The ventral stria-
tum is a core component of the mesolimbic reward system  
[10] and alterations of its reward functionality have long 
been related to addiction [19–22]. Additionaly, activation 
in the ventral striatum has been related to an unsigned 
value signal or to a non-incentive salience signal [23, 24]. 
Indeed, decreased ventral striatal activation during reward 
anticipation in alcohol-dependent patients is associated with 
relapse, while increased activation is associated with absti-
nence [25, 26]. Thus, ventral striatal activation in response 
to alcohol-related cues may also reflect more general arousal 
processes and promote flexibility rather than just supporting 
approach towards alcohol intake. For instance, the detection 
of prediction errors may itself bring other types of decision 
mechanisms on board, and this may be impaired by alcohol 
dependence [27].

It is, therefore, important to examine the impact of alco-
hol-related stimuli directly, and we turn to this here. Spe-
cifically, we ask whether pictures of alcoholic beverages 
exert a general PIT effect on the instrumental responding 
for monetary rewards, and whether this is associated with 
ventral striatal signals. As it is not ethically permissible, 
and would be practically very difficult, to establish novel 
stimulus–drug associations in patient populations, we rely 
on naturally established associations by presenting stimuli of 
drug cues. Following our previous findings, we focused our 
imaging analyses on a predefined anatomical region of inter-
est (ROI) of the NAcc. In parallel with our previous results, 
we hypothesized that: (1) alcohol-related stimuli act as Pav-
lovian cues influencing NAcc activation during previously 
acquired, instrumental approach behavior, (2) these alcohol-
related neural PIT effects are stronger in patients suffering 

from AD than in healthy controls, and (3) the strength of 
both behavioral and neural PIT effects are associated with 
the severity of AD and relapse after detoxification.

Materials and methods

Subjects

We assessed 31 detoxified alcohol-dependent patients 
(Mean age = 45.29 years, SD = 11.43 years; 4 female) and 
24 healthy controls (Mean age = 42.17 years, SD = 11.16 
years; 3 female) matched for age, gender, socioeconomic 
status and verbal intelligence (see Supplementary Informa-
tion, Table S1; all p > .2). Healthy controls were recruited 
via advertisement and patients via flyers in both in- and out-
patient departments. Subjects were recruited and tested at 
the two sites in Berlin and in Dresden, with parallel setups. 
The exclusion criteria were: left handedness, a history of any 
other substance dependence (except nicotine dependence); 
alcohol intoxication (assessed via breath testing); current use 
of drugs of abuse (assessed by drug urine testing); presence 
of current mood and severe anxiety disorders according to 
DSM-IV TR (assessed by a computer-based clinical inter-
view: Composite International Diagnostic Instrument, CIDI; 
Jacobi et al. [28]; Wittchen and Pfister, [29]); neurological 
disorders; any psychotropic medication (except for detoxi-
fication medication); less than four half-lives post the last 
intake for any medications known to interact with the CNS 
including detoxification medications. The sample reported 
here is identical to that in Garbusow et al. [9], and 33 of the 
subjects were also included in Garbusow et al. [30]. Gar-
busow et al. [30] piloted the behavioral effects of this PIT 
task modified from Huys et al. [31] and Geurts et al. [16] to 
assess the feasibility in a patient cohort, and Garbusow et al. 
[9] focused on behavioral and neural analysis of non-drug 
PIT effects, here we focus on alcohol-related PIT effects in 
the same paradigm.

Alcohol-dependent patients had undergone an average of 
3.6 detoxifications (SD = 3.77; range 1–15). All the patients 
were free of clinically significant alcohol withdrawal symp-
toms (Clinical Institute Withdrawal Assessment for Alcohol 
revised version, CIWA-Ar < 3; Sullivan et al. [32]) and had 
been abstinent for at least 5 days (mean [SD] = 20.38 [10.86] 
days) before fMRI.

Patients were followed up for 6 months (with follow-ups 
every 2 weeks during the first 3 months and every 6 weeks 
from month three to month six) assessing their drinking sta-
tus. In case of relapse, the amount of their alcohol intake 
during relapse was recorded using the timeline follow back 
(TLFB; Sobell and Sobell, [33]). Follow-ups were done 
either face-to-face (at follow-up time point week 4, 8, 12, 24 
including alcohol breath tests) or via telephone interviews. A 
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relapse was defined as an intake of more than 40 g (female) 
or 60 g (male) of pure alcohol on one drinking occasion 
[25]. Moreover, we sporadically contacted their relatives to 
verify relapse status. All the participants were given written 
informed consent to participate. The study was performed 
in accordance with the 1964 Declaration of Helsinki and 
approved by the Ethics Committees of Charité-Universitäts-
medizin Berlin (EA1/157/11) and Technische Universität 
Dresden (EK 228072012). The participants received a mon-
etary compensation for study participation (10 €/h) plus a 
performance-dependent compensation.

Rating scales and neuropsychological assessments

To assess the severity of alcohol dependence, we used the 
Alcohol Dependence Scale (ADS; Skinner and Horn [34]) 
as a continuous covariate. For explorative analyses, we 
performed a median split of the ADS score (median = 14). 
The amount of lifetime alcohol intake was measured by the 
CIDI [28, 29], current alcohol craving by the Obsessive 
Compulsive Drinking Scale (OCDS-G; Anton et al. [35]; 
Mann and Ackermann, [36]) and withdrawal symptoms 
using the revised Clinical Institute Withdrawal Assessment 
for Alcohol scale (CIWA-Ar) [32, 37]. Severity of nicotine 
dependence was assessed via the Fagerstrom Test for Nico-
tine Dependence (FTND; Bleich et al. [38]; Heatherton et al. 
[39]). Socioeconomic status (SES) was computed as the sum 
of z-transformed self-rated scores of social status, household 
income, and inverse personal debt. Verbal intelligence was 
assessed by a task where subjects were repeatedly asked to 
select the correct German word among a list of nonsense 
words (MWT-B; Lehrl et al. [40]).

Natural PIT paradigm

The PIT task measures the performance of an instrumen-
tal task in the presence of irrelevant Pavlovian conditioned 
stimuli (CSs). Here, the instrumental task consisted of 
choosing whether to collect or not to collect shells. The irrel-
evant Pavlovian CSs consisted either of compound fractal-
tone stimuli conditioned to predict monetary gains or losses 
(henceforth monetary CSs). Alternatively, we replaced the 
CSs by images of water or the subject’s favorite alcoholic 
drink. The present report focuses on the drink stimuli only 
(see Garbusow et al. [9]; Garbusow et al. [30] for PIT results 
with monetary CSs).

Instrumental training

Prior to the fMRI scanning session, subjects were trained 
to choose whether or not to collect shells (Fig. 1a). Each 
choice yielded either a win or a loss of 20 Euro cents. For 
“good” shells, reward/punishment probabilities were 80/20 

when collecting them, and 20/80 when not collecting them. 
For “bad” shells, these outcome probabilities were inverted. 
Subjects collected a shell by repeatedly pressing a button 
(“approach”; i.e., instrumental response behavior; at least 
five button presses for successful collection), so that an ini-
tially central red circle was moved onto the laterally placed 
shell. The movement of the red circle onto the shell was 
visible during instruction, but was not displayed during 
instrumental learning to avoid influences from visual feed-
back on behavioral responses. The end position of the dot 
was presented, however, to inform subjects whether or not 
the shell had successfully been collected. Not pressing the 
button sufficiently often led to the shell not being collected 
(“non-approach”). Shell assignment (good/bad) was counter-
balanced and order randomized. Shells were visually highly 
discriminable yet had comparable visual features (such as 
size, resolution and color complexity). Training duration was 
a maximum of 120 trials, but could be terminated earlier if 
criterion was reached (80% correct choices over 16 trials 
after a minimum of 60 trials). The criterion was computed 
online on a trial-by-trial basis, and the training was finished 
immediately when the criterion was fulfilled in an individual 
trial.

Monetary Pavlovian conditioning

During scanning, participants first underwent Pavlovian 
conditioning with the monetary CSs (Fig. 1b). The five dif-
ferent compound monetary CSs were deterministically fol-
lowed by the monetary outcome. Subjects were instructed 
to observe the CSs and outcomes and to memorize the pair-
ings. Two positive CSs were paired with gains of + 2 EUR 
and + 1 EUR, one neutral CS paired with 0 EUR and two 
negative CSs paired with losses of − 1 EUR and − 2 EUR. 
Monetary CS value of specific compound cues was rand-
omized between subjects. All the participants completed 80 
trials. We only analyzed the neutral CSs in comparison to 
water and alcohol stimuli (see Supplementary Information, 
Fig. S2).

Pavlovian‑instrumental transfer

During the PIT scanning session, subjects performed the 
instrumental task with Pavlovian stimuli tiling the back-
ground. For trials with drink-valued stimuli, one picture of 
either their favorite alcoholic drink (glasses of lager, wheat 
beer, red wine, white wine or schnapps) or water glasses 
tiled the background (Fig. 1c). The alcoholic and the water 
stimuli were each shown 36 times in a pseudorandomized 
order resulting in 72 trials with the drink stimuli. To pre-
vent further learning, no outcomes were presented dur-
ing PIT. To enhance motivation, subjects were instructed 
that their instrumental choices still counted towards the 
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final reimbursement. The response window was 3 s with 
2–6 s inter-stimulus-intervals (individually exponentially 
distributed jitter).

Pavlovian forced choice

After scanning, subjects were asked to choose one out of two 
sequentially presented cues (Fig. 1d) to measure the relative 
value of the various Pavlovian cues. All the possible cue 
pairings were presented three times each in an interleaved, 
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Fig. 1  The PIT paradigm. a Instrumental training. To collect a shell, 
subjects had to move the initially central red dot onto the lateral shell 
by repeated button presses, and otherwise they did not collect the 
shell. Each response moved the button a fraction of the way towards 
the shell. Subjects were trained to collect certain shells but not others. 
Good shells probabilistically yielded more rewards when collected, 
bad ones yielded more rewards when not collected (shown in fig-
ure). b Pavlovian conditioning. During the monetary CS conditioning 
phase, five different fractal-tone compound stimuli were presented 
and deterministically followed by monetary wins or losses (+ 2, + 1, 
0, − 1, − 2  EUR). c Pavlovian-instrumental transfer. Subjects per-

formed the instrumental task in nominal extinction (i.e., without 
presentation of outcomes). The background was tiled with drink-
valued stimuli: either stimuli of water or subjects’ favorite alcoholic 
drink. d Forced choices. Subjects were asked to choose the one they 
liked more out of the two stimuli. e Time line of the study design. 
Patients were recruited during detoxification; an average of 20.4 days 
(SD ± 10.9) passed after the last alcohol drinking day until baseline 
assessment. At baseline, we conducted two appointments (assessment 
and MRI scanning including PIT). Moreover, patients were followed 
up for 24 weeks at seven time points to assess their relapse status (FU 
follow-up, w week)
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randomized order and stimuli were presented one at a time 
for 2 s. Slow responses led to a reminder requesting faster 
responses.

Task compensation

Subjects were informed during the instruction that they will 
receive monetary compensation for the task. Instrumental 
training: subjects received 20 cent for each correct response 
(collect a good shell or leave a bad shell) and they lost 20 
cent for each incorrect response (collect a bad shell or leave 
a good shell). PIT: subjects received money for correct 
instrumental responses and lost money for incorrect instru-
mental responses. Moreover, subjects received the payout 
associated with the Pavlovian cues presented in the back-
ground with a trial-by-trial probability of 50%. Note, that 
subjects did not receive visual feedback about their reward 
or punishment during this part (nominal extinction). Forced 
choices: subjects received 10% of the value that was asso-
ciated with their chosen CS. The sum of these three tasks 
yielded the theoretical compensation. The actual payout was 
limited to the range of 5–10 €.

MRI acquisition

FMRI was conducted during Pavlovian conditioning and 
during PIT, together lasting a total of about 50 min. After 
completion of the paradigm presented in the current manu-
script, subjects performed a two-step Markov decision-task 
in the scanner [41], which lasted about 35 min. Imaging 
was performed on two Siemens Trio 3 T MRI scanners—
one in Berlin and one in Dresden—with Echo Planar Imag-
ing (EPI) sequences (repetition time, 2410 ms; echo time, 
25 ms; flip angle, 80°; field of view, 192 × 192  mm2; voxel 
size, 3 × 3 × 2  mm3) comprising 42 slices approximately 
− 25° to the bicommissural plane. For coregistration and 
normalization during preprocessing a 3-dimensional mag-
netization-prepared rapid gradient echo image was acquired 
(repetition time, 1900 ms; echo time, 5.25 ms; flip angle, 
9°; field of view, 256 × 256  mm2; 192 sagittal slices; voxel 
size, 1 × 1 × 1  mm3). Prior to an EPI scan, a field map was 
collected to account for individual homogeneity differences 
of the magnetic field. An average total of 480 EPI volumes 
were recorded per subject.

The task was programmed using Matlab 2011 [42] with 
Psychophysics Toolbox Version 3 extension [43, 44]. It 
was presented on a Dell laptop screen (instrumental train-
ing) and on a projector via a mirror system in the scanner 
environment (Pavlovian conditioning and PIT). Participants 
wore MR-compatible Siemens headphones; the volume was 
adapted individually. Responses were made on a 1 × 4 Cur-
rent Design MR-compatible response box using the right 
index finger (instrumental response in training and transfer).

Data analyses

Data were analyzed using Matlab 2011 [42] and the R Sys-
tem for Statistical Computing Version  3.3.2 [45]. Functional 
magnetic resonance imaging data were analyzed using Sta-
tistical Parametric Mapping (SPM8, Wellcome Department 
of Neuroimaging, London, United Kingdom, http://www.fil.
ion.ucl.ac.uk/spm).

Behavioral analyses

Our dependent variable for approach (i.e., instrumental 
response behavior) was the average number of button presses 
across the instrumental approach and non-approach condi-
tions over time. We performed linear mixed-effects analy-
ses with the lme4 package [46] and the lmerTest package 
[47; R package version 2.0–11. http://CRAN.R-project.org/
package=lmerTest] in the R system for statistical computing 
[45]. For orthogonal contrasts in mixed-effects models, we 
used effect coding (− 0.5/+ 0.5). We used two-tailed signifi-
cance tests for behavioral analyses.

Instrumental learning

To measure asymptotic learning, we (1) tested whether the 
performance criterion was reached prior to the maximum 
of 120 instrumental learning trials, and whether this dif-
fered between groups (healthy controls versus AD) and as 
a function of severity (high versus low) using chi-squared 
tests. Moreover (2), we extracted the last sixth of all the 
instrumental trials. Average response rates were regressed 
on instrumental condition (approach versus non-approach), 
and on group (healthy controls versus AD) or severity (low 
versus high). To measure continuous learning, we divided 
each subject’s responses into six consecutive blocks of 
equal number of trials. We then regressed average response 
rates onto instrumental condition (approach versus non-
approach), number of blocks until end of training (− 5 to 0), 
and on either group (healthy controls versus AD), severity 
(low versus high), or relapse (week 12).

Forced choice data analysis

Individual Pavlovian values were assessed after the PIT 
task, as the percentage of answers indicating preference on 
the forced choice task. Preference for alcoholic over water 
stimuli and over neutral fractal CSs (which had been asso-
ciated with 0 EUR during conditioning) was tested using 
Wilcoxon signed-rank test. Differences in the preference 
between patients and controls were tested using Wilcoxon 
rank sum test.

http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://CRAN.R-project.org/package=lmerTest
http://CRAN.R-project.org/package=lmerTest
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Relating PIT effects to clinical variables

To test drink-related behavioral PIT effects for each sub-
ject, we computed the average number of button presses 
for the trials with alcohol-related or water-related pictures 
in the background. These were regressed on drink (alco-
holic versus water, coded as + 0.5 and − 0.5), and on one 
of two between-subject factors, including group (healthy 
controls versus alcohol-dependent patients, coded as − 0.5 
and + 0.5) and severity of alcohol dependence. Group dif-
ferences in drink’s effects between healthy controls and 
alcohol-dependent patients were followed up controlling for 
smoking. We used the alcohol dependence scale (ADS) as a 
measure of severity, first as a linear continuous predictor and 
in a second exploratory step as a median split (Median = 14) 
to assess the difference between mildly (n = 17; coded as 
− 0.5) versus more severely ill patients (n = 14; coded as 
+ 0.5). Our category of more severely ill patients included 
intermediate [n = 10], substantial [n = 3], and severe [n = 1] 
level AD according to the ADS.

To test for differences in drink-related PIT effects between 
patients experiencing relapse versus those remaining absti-
nent, we computed the alcohol-related PIT effect per subject 
and used Welch’s t test (an adaptation of Student’s t test that 
captures situations with possibly unequal variances; Welch 
[48]) to test group differences while accounting for unequal 
variances, and performed Bonferroni corrections for mul-
tiple comparisons. We tested for site effects (Berlin versus 
Dresden) on behavioral and neural NAcc PIT effects as well 
as interactions of site with the group (patients versus healthy 
controls) and clinical variables (ADS and relapse status). We 
found no significant effect of site (p > .2) and ignored this 
variable in further analyses.

Finally, we compared the current results to previously 
published findings on PIT elicited by a neutral CS experi-
mentally conditioned to predict zero EUR of monetary 
outcome [9, 30] to obtain an additional baseline and refer-
ence point for comparison and interpretation of the current 
results.

Imaging analyses

FMRI data were pre-processed using SPM8 software. Cor-
rection for differences in slice time acquisition was per-
formed. Voxel-displacement maps were estimated based 
on acquired field maps. All the images were realigned to 
correct for motion and also for distortion and the interac-
tion of distortion and motion. After coregistration of the 
individual T1-weighted structural images to the individual 
mean EPI, the structural image was spatially normalized and 
the normalization parameters were applied to all the EPI 
images. Finally, the images were spatially smoothed with a 
Gaussian kernel of 8 mm full width at half maximum. Prior 

to statistical analyses, data were high-pass filtered with a 
cutoff of 128 s.

An event-related analysis was applied on two levels using 
the general linear model approach, as implemented in SPM8. 
At the single-subject level, the alcohol-related pictures and 
water pictures were modeled as stick functions. Each CS was 
parametrically modulated by the trial-by-trial number of but-
ton presses [16, 17]. PIT effects were measured by compari-
sons between the parametric modulators, here comparing 
the parametric modulators of water and alcoholic stimuli. 
The button press responses themselves were modeled with 
an additional regressor containing all the individual button 
presses as stick functions. Regressors of no interest included 
the monetary CS pictures with a similar parametric modula-
tor [9] as well as the realignment parameters with derivatives 
and one regressor for detecting bad slices with volume-to-
volume motion larger than 1 mm [49].

We first extracted the drink-related PIT effects (the con-
trast between the parametric modulator for alcoholic stimuli 
greater than water stimuli) averaged across a priori defined 
ROIs in the right and the left nucleus accumbens  (NAccR, 
 NAccL; derived from the wake Forest University PickAt-
las software; http://www.fmri.wfubmc.edu/download.htm). 
The study site was included as covariate in the second-level 
analyses. We then tested whether patients showed a greater 
PIT BOLD correlate than controls using one-tailed Welch’s 
t test. The group differences in PIT effects between healthy 
controls and alcohol-dependent patients were followed 
up via ANCOVA, controlling for smoking. Similarly, we 
compared patients with high versus low severity alcohol 
dependence. Finally, to examine how this signal relates to 
relapse over time, we performed a further analysis splitting 
the patient group by relapse status for each follow-up time 
point. All the t tests of NAcc PIT effects were followed up 
with non-parametric tests to guard results against departures 
from normality in the case of outliers. The pattern of sig-
nificant versus non-significant results based on Welch’s t 
tests reported below was identical in non-parametric boot-
strapping analyses, and similar results were also stable in 
rank-based test statistics, except for the overall effect in the 
left NAcc and the group differences between patients ver-
sus controls and low versus high ADS patients in the right 
NAcc. We also performed exploratory whole-brain analyses.

To test how PIT effects relate to preference values, we 
performed Spearman’s correlations between alcohol-related 
behavioral and  NAccR PIT effects and forced choice pref-
erences for patients suffering from AD and healthy con-
trols. Moreover, we tested the correlation of alcohol-related 
behavioral with  NAccR PIT effects as well as their correla-
tion with PIT effects elicited by monetarily conditioned CSs 
reported in Garbusow et al. [9]. With respect to possible 
gender effects, see Supplement for additional analyses.

http://www.fmri.wfubmc.edu/download.htm
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Results

Behavioral results

Instrumental learning

Less than half of the subjects performed the maximum of 
120 trials of instrumental training (patients: 16/31: 51.6%; 
controls: 9/24; 37.5%; no significant group difference 
χ2 = 0.59, p = .44; and no significant difference between 
high/low severity patients, χ2 = 1.55, p = .21), while the 
remaining reached criterion after an average of 77 trials. 
Asymptotic performance was comparable with subjects in 
both the groups approaching good significantly more than 
bad shells at the end of training (approach/non-approach at 
the end of training: b = 2.53, SE = 0.47, t(53) = 5.34, p < .001). 
This effect did not significantly differ between the alcohol-
dependent patients and healthy controls (p = .46) or between 
low and high severity patients (p = .12). Instrumental perfor-
mance continuously improved across training (interaction 
between approach/non-approach and block number: b = 0.47, 
SE = 0.10, t(61) = 4.45, p < .001), and this effect did not sig-
nificantly differ between healthy controls versus AD (p = .66, 
see Supplementary Information, Fig. S1) nor between high 
versus low severity patients (p = .15) nor between relapsers 
and abstainers at week 12 of follow-ups (p = .38).

Forced choice data

Subjects overall showed an apparent aversion to alcoholic 
pictures, rather choosing water (rank sum = 102, p < .001) 
and neutral fractal CSs (which had been associated with 0 
Euros during conditioning; rank sum = 329, p < .001) over 
alcoholic pictures. Water pictures were preferred over neu-
tral fractal CSs (rank sum = 1074, p < .001). Patients and 
controls did not differ on any of these measures (all p > .15).

Alcohol‑related PIT effects: alcohol‑dependent 
patients versus healthy controls

In line with the forced choice data, alcoholic pictures had 
a comparably negative value and suppressed approach 
responding compared to water pictures (main effect for alco-
hol versus water stimuli: b = − 1.17, SE = 0.36, t(53) = − 3.24, 
p = .002). This aversive effect was prominent in patients (b = 
− 1.84, SE = 0.48, t(53) = − 3.86, p < .001), but not in controls 
(t(53) = − 0.92, p = .36). The difference was only trend-wise 
significant (b = − 1.34, SE = 0.72, t(53) = − 1.86, p = .07, 
Fig. 2a), and was significant after controlling for smoking (b 
= − 2.00, SE = 0.88, t(52) = − 2.28, p = .03). Alcohol pictures 
also suppressed responding compared to a neutral monetary 
cue (conditioned to a US of 0 EUR), whereas the response 
rates for water pictures were enhanced (see Supplementary 
Information, Fig. S2). Strikingly, water pictures hence invig-
orated approach, while alcohol pictures inhibited it (Figure 
S2A). Instrumental behavior was stable over time suggesting 
no overall task disengagement, despite the fact that the task 

t 0.9 1.8 2.7 3.6

Y = 6

(c)(b)(a)

AD –
alcohol
dependent
pa�ents

HC –
healthy
controls

Fig. 2  Behavioral and neural alcohol-related PIT effects: alcohol-
dependent patients versus healthy controls. a Difference between 
the number of button presses in the presence of water versus alco-
hol stimuli for healthy controls and alcohol-dependent patients. 
Patients showed stronger decrease of approach in the presence of the 
alcoholic pictures. Error bars represent standard error of the mean 

(SEM). b Neural PIT effect in the right NAcc is stronger in patients 
than in healthy controls. a Significant group difference (p = .05). c 
Neural PIT effect for alcohol-dependent patients in the right NAcc. 
c, inset Exploratory voxel-based analysis. Glass brain suggests that in 
patients suffering from AD, the effect is restricted to the NAcc (puncorr 
< 0.001, cluster threshold k > 20)
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was conducted under nominal extinction (see Supplemen-
tary Information, Fig. S3). Moreover, we tested whether the 
suppression of button pressing occurred due to an interfer-
ence effect of the alcoholic background stimuli, but found 
no support based on subjective ratings and instrumental task 
performance (see Supplement).

To study the neural correlates of PIT, we first extracted 
the average effect size of the PIT parametric modula-
tors for each subject in a priori defined ROIs in the right 
 (NAccR) and left  (NAccL) ventral striatum. A priori, we 
had expected alcohol to elicit stronger NAcc PIT activa-
tion than water, and hence performed a one-sided test of 
the contrast alcohol > water PIT. This contrast was signifi-
cant in both the ROIs  (NAccR: t(54) = 2.00, p = .03;  NAccL: 
t(54) = 1.80, p = .04; both one-tailed). On the right side, this 
effect was significantly stronger in patients than in healthy 
controls (t(44) = 1.70, p = .05, one-tailed), where the patients 
did (t(30) = 2.06, p = .02, one-tailed; Fig. 2b, c) but the con-
trols did not show an effect (p = .39). This group differ-
ence remained significant when controlling for smoking 
(t(52) = 1.88, p = .03, one-tailed). There was no significant 
group difference on the left side (p = .27).

Exploratory whole-brain voxel-wise analyses suggested 
that this effect in alcohol-dependent patients was specific 
to the right ventral striatum, with the alcohol > water PIT 
contrast showing an effect only in the right ventral striatum 
(t(52) = 3.28, pFWE−SVC = 0.01; x = 18, y = 6, z = − 12, k = 59, 
Fig. 2c inset).

We tested whether the size of the neural alcohol-related 
PIT effect in the right NAcc was related to the other meas-
ures of alcohol preference or PIT. Across the whole sample 
of patients and controls, we found a trend-wise negative cor-
relation between neural and behavioral PIT, i.e., subjects 
with higher alcohol-related PIT activation in the  NAccR 
showed stronger suppression of approach responding by 
alcohol pictures (ρ = − 0.26, p = .056; in patients: ρ = − 0.26; 
in controls: ρ = − 0.26). In alcohol-dependent patients, high 
alcohol-related  NAccR PIT activation was also associated 
with a low preference for alcohol in the forced choices 
(alcohol compared to neutral monetary cues: ρ = − 0.45, 
p < .05; compared to water: ρ = − 0.42, p < .05; healthy 
controls: p > .18). Likewise, in patients, behavioral sup-
pression by alcohol pictures was associated with low forced 
choice preference for alcohol (forced choice alcohol versus 
water, ρ = 0.47, p = .008; alcohol versus neutral monetary 
cues, ρ = 0.34, p = .06; healthy controls: p > .12). Alcohol-
related PIT measures were thus closely associated with the 
aversive aspect of alcohol pictures in alcohol-dependent 
patients. Moreover, behavioral suppression by alcohol 
cues was closely related to strong behavioral monetary PIT 
effects (ρ = − 0.37, p = .006; in AD patients: ρ = − 0.42; in 
HC: ρ = − 0.32), as reported in Garbusow et al. [30], sup-
porting general PIT mechanisms underlying alcohol-related 

suppression of approach. In healthy controls, alcohol-related 
behavioral suppression was moreover trend-wise associated 
with increased neural monetary  NAccL PIT (ρ = − 0.36, 
p = .09; alcohol-dependent patients: p > .4). However, neu-
ral alcohol-related PIT was rather independent of monetary 
PIT effects as assessed by Garbusow et al. [9], as it was not 
correlated with neural monetary  NAccL PIT (p > .18) nor 
with behavioral monetary PIT (p > .2).

PIT effects and severity of alcohol dependence

We next asked how the behavioral and neural PIT effects 
varied with the severity of alcohol dependence as measured 
by the alcohol dependence scale (ADS). First, using the 
ADS score as a continuous linear predictor for behavioral 
PIT, we found no significant influence (p = .24). Second, we 
conducted exploratory analyses that classified the patients 
into low versus high severity dependence by a median split 
of ADS scores. Behaviorally, alcohol stimuli suppressed 
responding (compared to water cues) mainly in low sever-
ity patients [Fig. 3a; interaction between drink stimuli (alco-
hol versus water) and ADS severity (high/low): b = 2.97, 
SE = 1.05, t = 2.83, df = 29.0, p = .008; post hoc in low sever-
ity: b = − 3.18, SE = 0.71, df = 29.0, t = − 4.52, p < .001; 
post hoc in high severity: p = .78]. A pattern consistent with 
this emerged in the neural data. Using a median split, we 
found that the  NAccR PIT effect was present in low severity 
(t(16) = 2.34, p = .03), but not high severity patients (p = .90; 
group difference t(21) = 2.21, p = .04; Fig. 3b; for the continu-
ous linear effect of ADS: b = − 0.02, SE = 0.01, t = − 1.81, 
p = .08).
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Fig. 3  Behavioral and neural PIT effects are restricted to low sever-
ity alcohol dependence. a Behaviorally, alcohol stimuli suppressed 
responding in patients with low but not high dependence severity. a 
Significant difference between groups (p = .008). b Similarly, BOLD 
PIT effects in the  NAccR were only present in low severity depend-
ence. b Significant difference between groups (p = .04). Error bars 
represent standard error of the mean (SEM)
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PIT effects and relapse

Alcohol-related PIT effects were associated with relapse 
during the follow-up period of 6 months. Relapse infor-
mation was available for 29 patients (2 patients were lost 
during follow-up) at seven different follow-up time points 
(ranging from 4 to 24 weeks after the last drinking day prior 
to detoxification). Sixteen out of 29 patients experienced 
relapse in the follow-up period (24 weeks). χ2-tests across 
all the follow-ups indicated that relapse status was not sig-
nificantly related to alcohol dependence severity at any time 
point (all the p values > .10).

We first tested whether relapsers differed from abstain-
ers (i.e., relapse assessed at any follow-up time point from 
4 to 24 weeks after detoxification) in their alcohol-related 
behavioral PIT effects (only assessed at the initial testing 
session at baseline; see Fig. 1). Individuals who remained 
abstinent as assessed throughout the follow-up displayed the 
suppressive effect of alcohol stimuli on behavior at baseline 
(ranging from p = .004 for abstinence assessed at weeks 4 
and 6 to p = .08 at weeks 18 and 24). In contrast, patients 
who experienced relapse within the first 4 or 6 weeks after 
detoxification did not show this (all the p- values > .3). The 
difference in baseline PIT effects between relapsers and 
abstainers defined based on the 4 and 6 weeks follow-up was 
significant (p < .05; Bonferroni corrected for seven compari-
sons at follow-up time points; see Fig. 4a for week six), sug-
gesting that an absence of suppression to alcoholic stimuli 
indexes a particularly high, early relapse risk.

Consistent with the behavioral results, we found that the 
NAcc PIT effect was present for the group of abstainers 
(defined at any follow-up time point, ranging from p < .04 

after 4 and 6 weeks to p = .09 after 12 weeks; effects after 
18 and 24 weeks were not significant: p = .15 and p = .16). In 
contrast, patients with a relapse in the first 4 or 6 weeks after 
detoxification showed no significant alcohol-related NAcc 
PIT effect (p > .50), and their NAcc PIT effect was signifi-
cantly weaker compared to abstainers (p < .05 for week four 
or six; see Fig. 4b; again effects at the later time points were 
not significant, p > .10).

Discussion

We hypothesized that Pavlovian-instrumental transfer (PIT) 
may capture one key aspect of (dysfunctional) behavior in 
alcohol dependence and that the ventral striatum might 
both represent altered valuation of alcohol-associated cues 
and mediate their impact on approach behavior. Consist-
ent with this hypothesis, we found that drug-related stimuli 
influenced approach (i.e., instrumental response behavior) 
in recently detoxified alcohol-dependent patients more than 
in controls. The direction of the effect, however, was the 
opposite of what we had anticipated, with alcohol-related 
stimuli inhibiting approach. Strikingly, this inhibition was 
nevertheless accompanied by a stronger and positive BOLD 
PIT effect in the NAcc. Both the effects were mainly present 
in less severe patients who would go on to maintain absti-
nence after detoxification.

Alcohol-related background stimuli inhibited instrumen-
tal responding, suggesting that alcoholic images resulted in 
conditioned suppression due to a negative value. This para-
digm used natural stimuli rather than conditioned stimuli. As 
such, the value of the stimuli was not explicitly established 
using a specific manipulation, but presumably reflects the 
summary experience individuals had with alcohol-related 
imagery. However, the fact that pictures of alcohol drinks 
had a relatively negative value was corroborated by the 
forced choice data: patients and controls chose water CSs 
over alcoholic pictures. While this effect may also be influ-
enced by social desirability, the forced choice and PIT effects 
were correlated in alcohol-dependent patients, suggesting 
that they tap into the same value. It was also corroborated by 
the relative effects compared to the neutral stimulus predict-
ing zero monetary outcome. That alcohol stimuli can acquire 
such aversive features after detoxification is supported by 
previous reports. Alcohol-dependent patients show a bias 
towards approaching pictures of non-alcoholic rather than 
alcoholic drinks after detoxification [50] and in early stages 
of abstinence [51, 52]. In fact, detoxification may act like an 
alcohol-avoidance training, inducing changes in automatic 
approach biases similar to systematic interventions [53]. 
During detoxification, alcohol-related thoughts are paired 
with intensely aversive subjective states of craving. This may 
result in aversive conditioning, creating negative implicit 
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Fig. 4  Alcohol-related PIT effects in relapsers and abstainers 6 weeks 
after detoxification. a The behavioral PIT effect (difference in number 
of button presses between alcoholic versus water stimuli) for abstain-
ers and relapsers. Reduction of button presses by alcohol stimuli is 
present for abstainers, but not for relapsers. a Significant difference 
between groups (p < .005). b The alcohol-related NAcc PIT effect 
size plotted separately for abstainers versus relapsers. Results show 
a positive alcohol-related PIT effect for abstainers, which is absent 
for relapsers. b Significant difference between groups (p < .05). Error 
bars represent standard error of the mean (SEM)
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alcohol-related associations [54]. By altering the Pavlovian 
value of pictures of alcohol, it may contribute to the condi-
tioned suppression effect we found. Whether such aversive 
features arise through associative learning mechanisms, 
however, is uncertain. In our sample, conscious decisions 
to remain abstinent may for instance also play a role. Patients 
within the first weeks after detoxification are being advised 
to avoid exposure to alcoholic drinks and may, therefore, 
explicitly and consciously avoid alcoholic drinks [55], which 
could result in weaker responding towards alcohol pictures 
in our task via a more deliberate process. A final point in 
terms of interpreting the behavioral suppression as evidence 
of negative value is that suppression of approach behavior 
by aversively conditioned stimuli has been reported multiple 
times using this and similar task designs [16, 31, 56, 57], 
and that we have previously reported conditioned suppres-
sion with negative monetary value in a subsample of this 
sample [30].

Another possible interpretation of our behavioral results 
could be a more unspecific task disengagement in those sub-
jects suffering from severe alcohol dependence, thus measur-
ing an interference effect. This would be in line with studies 
showing drug-related interference effects in attentional bias 
and reaction time tasks [58–61]. We tested key predictions 
from an interference account in our data. Results indicated 
the absence of an interference effect, including no differ-
ence between alcohol and water pictures in the instrumen-
tal go/nogo effect, in instrumental accuracy, and in the first 
response time (see Supplementary Information). Moreover, 
subjective post-task questionnaire measures did not suggest 
task disengagement, as subjects denied a significance of the 
background stimuli for the PIT task across groups. Over-
all, then, alcohol stimuli did not appear to interfere with or 
detract attentional resources from the primary instrumental 
task, but rather suppressed approach in a manner that was 
indicative of an aversive value of the alcohol stimuli.

The aversive features of the alcohol stimuli differenti-
ated relapsers and abstainers, suggesting that the ability to 
assign aversive value to alcoholic stimuli might function as 
a protective or resilience factor against relapse [62]. Fur-
thermore, the (statistically weak) severity effect suggests the 
interesting possibility that the assignment of aversive value 
to alcoholic stimuli might be more effective in moderate 
alcohol dependence where the ability to regulate approach 
behavior may be less severely impaired.

Despite having an aversive value overall, alcohol-related 
stimuli still elicited an increased BOLD response in propor-
tion to the non-approach behavior in the NAcc. This dis-
sociation raises the distinct possibility that the NAcc PIT 
response might have been overlaid over an inhibition arising 
from a different, possibly prefrontal, brain region. Alterna-
tively, NAcc in the context of PIT might be an unsigned sali-
ence signal, rather than a value or learning signal, increasing 

with both appetitive and aversive value compared to neutral. 
This is supported by our observation that a strong NAcc 
activation was related to strong suppression of approach 
responses by alcohol stimuli and, in alcohol-dependent 
patients, to low preference for alcohol stimuli in forced 
choices. It is further consistent with the fact that the NAcc 
appears to be involved also in aversive PIT, with higher 
NAcc BOLD responses to aversive CSs in those subjects 
displaying stronger behavioral inhibition [16, 63]. In fact, 
aversive conditioning experiments have also shown positive 
BOLD signals [64]. Hence, an aversive labeling of a positive 
BOLD PIT might play a role in abstinence.

The BOLD PIT effect was again moderated by disorder 
severity, being present in moderate yet absent in severe 
dependence, and being present in abstainers but not relaps-
ers. We note that this is surprising given previous results 
showing increased stimulus reactivity in alcohol addiction 
[65, 66]. Note, however, also a related finding by our own 
group, whereby decreased activation of the NAcc elicited by 
alcohol cues predicted relapse [25]. The severity effect also 
mirrors recent results with cannabis and methamphetamine 
indicating that the dopaminergic system may be tuned down 
with disease severity [67, 68], and suggests that salience 
attribution effects on behavior may be abolished in severe 
alcohol dependence.

Interestingly, this role of the NAcc during alcohol-related 
PIT contrasts with its role in PIT based on monetary condi-
tioned CSs. For the latter, we have found that neural PIT in 
the left NAcc underlies behavioral PIT effects from CSs pre-
viously conditioned with monetary outcomes [9, 30]. Con-
trary to the present findings, this monetary neural PIT effect 
was enhanced in relapsers, providing a risk factor in AD. 
This dissociation of results on drug- versus non-drug-related 
PIT in alcohol dependence effects suggests two distinct roles 
of the NAcc in relapse behavior: first, it is involved in con-
ditioned suppression, presumably acting as a warning sig-
nal towards known alcohol cues in early abstainers. Second, 
based on learning about novel Pavlovian cues, it transfers 
their Pavlovian motivation towards instrumental approach 
behavior and thus facilitates alcohol-related relapse. While 
NAcc PIT from novel Pavlovian associations thus underlies 
Pavlovian motivation to drink alcohol, learning about the 
aversive aspects of alcohol cues during detoxification can 
also reveal a protective function of NAcc PIT, possibly by 
functioning as an alarm signal that engages other circuits.

Other factors, like volumetric [69], connectivity [21], 
working memory [70], and genetic [71] markers, are also 
known to predict relapse in alcohol dependence, and it 
would be interesting to compare the relative importance of 
different predictors. Our current sample size, however, is 
rather limited for such a comprehensive investigation, and 
larger sample sizes (e.g., 200 subjects) are needed to inves-
tigate this question.
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The particular strengths of this study are the investigation 
of a highly specific measure of how alcohol-related Pavlo-
vian contingencies bias ongoing instrumental behavior, and 
assess the functional activations underlying this influence. 
Our study has several limitations: the number of female 
patients was substantially smaller than the number of male 
patients; the subgroup analyses of dependence severity and 
relapse would benefit from a larger sample; data on relapse 
from several follow-up time points are necessarily depend-
ent on each other, with later follow-up time points being 
dependent on earlier time points, which limits conclusions 
about their temporal development; as stated some results 
are based on exploratory analyses and require replication 
in independent samples. Moreover, NAcc core is known to 
mediate general PIT, while the NAcc shell underlies specific 
PIT [14]. However, the precise location of the neural PIT 
activation in the core or shell of the right nucleus accumbens 
could not be identified in the present study due to limitations 
of spatial resolution of the fMRI scanner. Our experimen-
tal design, however, suggests that the USs associated with 
alcohol stimuli, i.e., the aversive aspects of detoxification, 
are distinct from the monetary wins and losses in the instru-
mental task, suggesting a general PIT effect.

In conclusion, then, mild illness and the ability to abstain 
may involve a (possibly prefrontal) ability to suppress an 
overall approach to alcoholic cues, with a maintained 
NAcc-mediated promotion of approach. Alternatively, 
NAcc BOLD could index salience, and the approach could 
be purely related to salience of aversively valued alcoholic 
stimuli. Finally, NAcc BOLD may index aversive values pos-
itively and still promote approach. This may mirror a loss of 
the distinction between approach and withdrawal which we 
have also observed in depression [57]. These results extend 
work on Pavlovian-instrumental transfer in addictive disor-
ders, point towards PIT effects as a component of dysfunc-
tional behavior in substance use disorder [14, 72, 73], and 
highlight the importance of examining drug-relevant cues.

Acknowledgements This work was supported by the German Research 
Foundation (Deutsche Forschungsgemeinschaft, DFG, FOR 1617: 
Grants HE 2597/13-1 and 13-2, HE 2597/14-1 and 14-2, HE 2597/15-1 
and 15-2, RA 1047/2-1 and 2-2, SCHA 1971/1-2, SCHL 1969/2-1 and 
2-2, SM 80/7-1 and 7-2, WI 709/10-1 and 10-2, and ZI 1119/3-1 and 
3-2). Eva Friedel is a participant in the BIH Charité Clinician Scien-
tist Program funded by the Charité-Universitätsmedizin and the Berlin 
Institute of Health. Moreover, we thank the LeAD study teams in Berlin 
and Dresden for all the work and help regarding data collection! We 
would also like to gratefully thank Carolin Wackerhagen for produc-
ing the alcohol- and water-related background stimuli! Finally, we are 
grateful to Lee Hogarth for discussing the nature of our PIT effects, and 
for interference account predictions. MR-imaging for this study was 
performed at the Berlin Center for Advanced Neuroimaging (BCAN) 
and Department of Psychiatry and Neuroimaging Center, Technische 
Universität Dresden.

Author contributions AB, AH, MAR, MNS, QJMH, USZ were 
responsible for the study concept and design. CS, DJS, HW, MG, MS, 
NB, PS and QJMH implemented and piloted the PIT (behavioral and 
fMRI) paradigm. AH, CH, CS, EF, MG, MS, UE, and USZ recruited 
alcohol-dependent patients and assessed the follow-up data. HUW and 
SKP were responsible for the assessment of questionnaires. SN set up 
a preprocessing pipeline for the imaging data. DJS, EF, FS and MG 
performed the first- and second-level analyses on fMRI data. DJS and 
MG performed further statistical analyses with support of AH, MAR 
and QJMH. AH, DJS, EF, FS, MG and MS drafted the manuscript. 
CS, HUW, HW, MAR, MNS, NB, PS, QJMH, SKP, SL, SN and USZ 
provided critical revision of the manuscript for important intellectual 
content. All the authors critically reviewed content and approved the 
final version for publication.

Compliance with ethical standards 

Conflict of interest On behalf of all the authors, the corresponding au-
thor states that there is no conflict of interest.

References

 1. Heinz A, Löber S, Georgi A, Wrase J, Hermann D, Rey ER, 
Wellek S, Mann K (2003) Reward craving and withdrawal relief 
craving: assessment of different motivational pathways to alcohol 
intake. Alcohol Alcohol 38:35–39

 2. Robbins TW, Everitt BJ (1999) Drug addiction: bad habits add 
up. Nature 398:567–570

 3. Sanchis-Segura C, Spanagel R (2006) REVIEW: behavioural 
assessment of drug reinforcement and addictive features in 
rodents: an overview. Addict Biol 11:2–38

 4. Corbit LH, Janak PH (2007) Ethanol-associated cues produce 
general pavlovian-instrumental transfer. Alcohol Clin Exp Res 
31:766–774

 5. Hogarth L, Dickinson A, Wright A, Kouvaraki M, Duka T (2007) 
The role of drug expectancy in the control of human drug seeking. 
J Exp Psychol Anim Behav Process 33:484–496

 6. Barker JM, Torregrossa MM, Taylor JR (2012) Low prefrontal 
PSA-NCAM confers risk for alcoholism-related behavior. Nat 
Neurosci 15:1356–1358

 7. Everitt BJ, Robbins TW (2005) Neural systems of reinforcement 
for drug addiction: from actions to habits to compulsion. Nat Neu-
rosci 8:1481–1489

 8. Glasner SV, Overmier JB, Balleine BW (2005) The role of Pavlo-
vian cues in alcohol seeking in dependent and nondependent rats. 
J Stud Alcohol 66:53–61

 9. Garbusow M, Schad DJ, Sebold M, Friedel E, Bernhardt N, Koch 
SP, Steinacher B, Kathmann N, Geurts DE, Sommer C, Muller 
DK, Nebe S, Paul S, Wittchen HU, Zimmermann US, Walter 
H, Smolka MN, Sterzer P, Rapp MA, Huys QJ, Schlagenhauf 
F, Heinz A (2016) Pavlovian-to-instrumental transfer effects in 
the nucleus accumbens relate to relapse in alcohol dependence. 
Addict Biol 21:719–731

 10. Haber SN, Behrens TE (2014) The neural network underlying 
incentive-based learning: implications for interpreting circuit dis-
ruptions in psychiatric disorders. Neuron 83:1019–1039

 11. Huys QJ, Tobler PN, Hasler G, Flagel SB (2014) The role of 
learning-related dopamine signals in addiction vulnerability. Prog 
Brain Res 211:31–77

 12. Corbit LH, Balleine BW (2005) Double dissociation of basolateral 
and central amygdala lesions on the general and outcome-specific 
forms of pavlovian-instrumental transfer. J Neurosci 25:962–970



306 European Archives of Psychiatry and Clinical Neuroscience (2019) 269:295–308

1 3

 13. Corbit LH, Fischbach SC, Janak PH (2016) Nucleus accumbens 
core and shell are differentially involved in general and outcome-
specific forms of Pavlovian-instrumental transfer with alcohol and 
sucrose rewards. Eur J Neurosci 43:1229–1236

 14. Corbit LH, Balleine BW (2011) The general and outcome-spe-
cific forms of Pavlovian-instrumental transfer are differentially 
mediated by the nucleus accumbens core and shell. J Neurosci 
31:11786–11794

 15. Bray S, Rangel A, Shimojo S, Balleine B, O’Doherty JP (2008) 
The neural mechanisms underlying the influence of pavlovian cues 
on human decision making. J Neurosci 28:5861–5866

 16. Geurts DE, Huys QJ, den Ouden HE, Cools R (2013) Aversive 
pavlovian control of instrumental behavior in humans. J Cogn 
Neurosci 25:1428–1441

 17. Talmi D, Seymour B, Dayan P, Dolan RJ (2008) Human pavlo-
vian-instrumental transfer. J Neurosci 28:360–368

 18. Dayan P (2009) Dopamine, reinforcement learning, and addic-
tion. Pharmacopsychiatry 42(Suppl 1):S56–S65

 19. Beck A, Schlagenhauf F, Wustenberg T, Hein J, Kienast T, 
Kahnt T, Schmack K, Hagele C, Knutson B, Heinz A, Wrase J 
(2009) Ventral striatal activation during reward anticipation cor-
relates with impulsivity in alcoholics. Biol Psychiat 66:734–742

 20. Heinz A, Siessmeier T, Wrase J, Buchholz HG, Grunder G, 
Kumakura Y, Cumming P, Schreckenberger M, Smolka MN, 
Rosch F, Mann K, Bartenstein P (2005) Correlation of alcohol 
craving with striatal dopamine synthesis capacity and D2/3 
receptor availability: a combined [18F]DOPA and [18F]DMFP 
PET study in detoxified alcoholic patients. Am J Psychiatry 
162:1515–1520

 21. Park SQ, Kahnt T, Beck A, Cohen MX, Dolan RJ, Wrase J, Heinz 
A (2010) Prefrontal cortex fails to learn from reward prediction 
errors in alcohol dependence. J Neurosci 30:7749–7753

 22. Wrase J, Schlagenhauf F, Kienast T, Wustenberg T, Bermpohl F, 
Kahnt T, Beck A, Strohle A, Juckel G, Knutson B, Heinz A (2007) 
Dysfunction of reward processing correlates with alcohol craving 
in detoxified alcoholics. NeuroImage 35:787–794

 23. Heinz A, Schlagenhauf F (2010) Dopaminergic dysfunction in 
schizophrenia: salience attribution revisited. Schizophrena Bull 
36:472–485

 24. Zink CF, Pagnoni G, Martin-Skurski ME, Chappelow JC, Berns 
GS (2004) Human striatal responses to monetary reward depend 
on saliency. Neuron 42:509–517

 25. Beck A, Wüstenberg T, Genauck A, Wrase J, Schlagenhauf F, 
Smolka MN, Mann K, Heinz A (2012) Effect of brain structure, 
brain function, and brain connectivity on relapse in alcohol-
dependent patients. Arch Gen Psychiatry 69:842–852

 26. Vollstädt-Klein S, Kobiella A, Buhler M, Graf C, Fehr C, Mann K, 
Smolka MN (2011) Severity of dependence modulates smokers’ 
neuronal cue reactivity and cigarette craving elicited by tobacco 
advertisement. Addict Biol 16:166–175

 27. Ostlund SB, Maidment NT, Balleine BW (2010) Alcohol-paired 
contextual cues produce an immediate and selective loss of goal-
directed action in rats. Front Integr Neurosci 4:19

 28. Jacobi F, Mack S, Gerschler A, Scholl L, Hofler M, Siegert J, 
Burkner A, Preiss S, Spitzer K, Busch M, Hapke U, Gaebel W, 
Maier W, Wagner M, Zielasek J, Wittchen HU (2013) The design 
and methods of the mental health module in the German Health 
Interview and Examination Survey for Adults (DEGS1-MH). Int 
J Methods Psychiatr Res 22:83–99

 29. Wittchen H-U, Pfister H (1997) DIA-X-Interviews: manual Für 
Screening-Verfahren Und Interview; Interviewheft Längsschnit-
tuntersuchung (DIA-X-Lifetime); Ergänzungsheft (DIA-X-Life-
time). In: Interviewheft Querschnittuntersuchung (DIA-X-12 
Monate); Ergänzungsheft (DIA-X-12 Monate); PC-Programm Zur 
Durchführung Des Interviews (Längs- Und Querschnittuntersu-
chung); Auswertungsprogramm. Swets & Zeitlinger, Frankfurt

 30. Garbusow M, Schad DJ, Sommer C, Jünger E, Sebold M, Frie-
del E, Wendt J, Kathmann N, Schlagenhauf F, Zimmermann US, 
Heinz A, Huys QJ, Rapp MA (2014) Pavlovian-to-instrumental 
transfer in alcohol dependence: a pilot study. Neuropsychobiology 
70:111–121

 31. Huys QJ, Cools R, Golzer M, Friedel E, Heinz A, Dolan RJ, 
Dayan P (2011) Disentangling the roles of approach, activation 
and valence in instrumental and pavlovian responding. PLoS 
Comput Biol 7:e1002028

 32. Sullivan JT, Sykora K, Schneiderman J, Naranjo CA, Sellers EM 
(1989) Assessment of alcohol withdrawal: the revised clinical 
institute withdrawal assessment for alcohol scale (CIWA-Ar). Br 
J Addict 84:1353–1357

 33. Sobell LC, Sobell MB (1992) Timeline Follow-back: a technique 
for assessing self-reported ethanol consumption. In: Allen J, Lit-
ten RZ (eds) Measuring alcohol consumption: psychosocial and 
biological methods. Humana, Totowa, pp 41–72

 34. Skinner HA, Horn JL (1984) Alcohol dependence scale (ADS): 
users guide. Addiction Research Foundation, Toronto

 35. Anton RF, Moak DH, Latham P (1995) The Obsessive Compul-
sive Drinking Scale: a self-rated instrument for the quantification 
of thoughts about alcohol and drinking behavior. Alcohol Clin 
Exp Res 19:92–99

 36. Mann K, Ackermann K (2000) Die OCDS-G: psychometrische 
kennwerte der deutschen version der obsessive compulsive drink-
ing scale. Sucht 46:90–100

 37. Stuppäck C, Barnas C, Falk M, Günther V, Hummer M, Oberbauer 
H, Pycha R, Whitworth A, Fleischhacker WW (1995) Eine modi-
fizierte und ins deutsche über-setzte Form der Clinical Institut 
Withdrawal Assessment for Alcohol Scale (CIWA-A). Wiener 
Zeitschrift für Suchtforschung 18:39–48

 38. Bleich S, Havemann-Reinecke U, Kornhuber J (2002) Der Fager-
ström-Test für Nikotinabhängigkeit (FTNA). Göttingen, Hogrefe

 39. Heatherton TF, Kozlowski LT, Frecker RC, Fagerstrom KO (1991) 
The Fagerstrom test for nicotine dependence: a revision of the 
Fagerstrom tolerance questionnaire. Br J Addict 86:1119–1127

 40. Lehrl S, Triebig G, Fischer B (1995) Multiple choice vocabulary 
test MWT as a valid and short test to estimate premorbid intel-
ligence. Acta Neurol Scand 91:335–345

 41. Daw ND, Gershman S, Seymour B, Dayan P, Dolan R (2011) 
Modelbased influences on humans’ choices and striatal prediction 
errors. Neuron 69:1204–1215

 42. MATLAB version 7.12.0 (2011). The MathWorks Inc, Massachusetts
 43. Brainard DH (1997) The psychophysics toolbox. Spat Vis 10:433–436
 44. Pelli DG (1997) The VideoToolbox software for visual psycho-

physics: transforming numbers into movies. Spat Vis 10:437–442
 45. R Development Core Team (2013) R: a language and environment 

for statistical computing. R Foundation for Statistical Computing, 
Vienna

 46. Bates D, Maechler M, Bolker B, Walker S (2014) lme4: linear 
mixed-effects models using Eigen and S4. R package version 1.1–7, 
http://CRAN.R-project.org/package=lme4. Accessed 15 Dec 2017

 47. Kuznetsova A, Brockhoff PB, Christensen RB (2014) lmerTest 
Package: tests in linear mixed effects models. J Stat Softw 82:672

 48. Welch BL (1947) The generalisation of student’s problems when 
several different population variances are involved. Biometrika 
34:28–35

 49. Iglesias S, Mathys C, Brodersen KH, Kasper L, Piccirelli M, den 
Ouden HE, Stephan KE (2013) Hierarchical prediction errors in 
midbrain and basal forebrain during sensory learning. Neuron 
80:519–530

 50. Spruyt A, De Houwer J, Tibboel H, Verschuere B, Crombez G, 
Verbanck P, Hanak C, Brevers D, Noel X (2013) On the predictive 
validity of automatically activated approach/avoidance tendencies 
in abstaining alcohol-dependent patients. Drug Alcohol Depend 
127:81–86

http://CRAN.R-project.org/package=lme4


307European Archives of Psychiatry and Clinical Neuroscience (2019) 269:295–308 

1 3

 51. Townshend JM, Duka T (2007) Avoidance of alcohol-related 
stimuli in alcohol-dependent inpatients. Alcohol Clin Exp Res 
31:1349–1357

 52. Vollstädt-Klein S, Loeber S, von der Goltz C, Mann K, Kiefer F 
(2009) Avoidance of alcohol-related stimuli increases during the 
early stage of abstinence in alcohol-dependent patients. Alcohol 
Alcohol 44:458–463

 53. Wiers RW, Eberl C, Rinck M, Becker ES, Lindenmeyer J (2011) 
Retraining automatic action tendencies changes alcoholic patients’ 
approach bias for alcohol and improves treatment outcome. Psy-
chol Sci 22:490–497

 54. Houben K, Havermans RC, Wiers RW (2010) Learning to dis-
like alcohol: conditioning negative implicit attitudes toward 
alcohol and its effect on drinking behavior. Psychopharmacology 
211:79–86

 55. Grüsser SM, Heinz A, Raabe A, Wessa M, Podschus J, Flor H 
(2002) Stimulus-induced craving and startle potentiation in absti-
nent alcoholics and controls. Eur Psychiatry 17:188–193

 56. Eder AB, Dignath D (2016) Asymmetrical effects of posttraining 
outcome revaluation on outcome-selective Pavlovian-to-instru-
mentaltransfer of control in human adults. Learn Motiv 54:12–21

 57. Huys QJ, Golzer M, Friedel E, Heinz A, Cools R, Dayan P, Dolan 
RJ (2016) The specificity of Pavlovian regulation is associated 
with recovery from depression. Psychol Med 46:1027–1035

 58. Baxter BW, Hinson RE (2001) Is smoking automatic? Demands 
of smoking behavior on attentional resources. J Abnorm Psychol 
110:59–66

 59. Cox WM, Hogan LM, Kristian MR, Race JH (2002) Alcohol 
attentional bias as a predictor of alcohol abusers’ treatment out-
come. Drug Alcohol Depend 68:237–243

 60. Hogarth LC, Mogg K, Bradley BP, Duka T, Dickinson A (2003) 
Attentional orienting towards smoking-related stimuli. Behav 
Pharmacol 14:153–160

 61. Mogg K, Field M, Bradley BP (2005) Attentional and approach 
biases for smoking cues in smokers: an investigation of competing 
theoretical views of addiction. Psychopharmacology 180:333–341

 62. Bühringer G, Wittchen HU, Gottlebe K, Kufeld C, Goschke T 
(2008) Why people change? The role of cognitive-control pro-
cesses in the onset and cessation of substance abuse disorders. Int 
J Methods Psychiatr Res 17(Suppl 1):S4-S15

 63. Lewis AH, Niznikiewicz MA, Delamater AR, Delgado MR (2013) 
Avoidance-based human Pavlovian-to-instrumental transfer. Eur 
J Neurosci 38:3740–3748

 64. Seymour B, O’Doherty JP, Koltzenburg M, Wiech K, Frackowiak 
R, Friston K, Dolan R (2005) Opponent appetitive-aversive neural 
processes underlie predictive learning of pain relief. Nat Neurosci 
8:1234–1240

 65. Grüsser SM, Mörsen CP, Wolfling K, Flor H (2007) The relation-
ship of stress, coping, effect expectancies and craving. Eur Addict 
Res 13:31–38

 66. Heinz A, Siessmeier T, Wrase J, Hermann D, Klein S, Grusser 
SM, Flor H, Braus DF, Buchholz HG, Grunder G, Schrecken-
berger M, Smolka MN, Rosch F, Mann K, Bartenstein P (2004) 
Correlation between dopamine D(2) receptors in the ventral stria-
tum and central processing of alcohol cues and craving. Am J 
Psychiatry 161:1783–1789

 67. Boileau I, Payer D, Houle S, Behzadi A, Rusjan PM, Tong J, 
Wilkins D, Selby P, George TP, Zack M, Furukawa Y, McCluskey 
T, Wilson AA, Kish SJ (2012) Higher binding of the dopamine D3 
receptor-preferring ligand [11C]-(+)-propyl-hexahydro-naphtho-
oxazin in methamphetamine polydrug users: a positron emission 
tomography study. J Neurosci 32:1353–1359

 68. Volkow ND, Wang GJ, Telang F, Fowler JS, Alexoff D, Logan 
J, Jayne M, Wong C, Tomasi D (2014) Decreased dopamine 
brain reactivity in marijuana abusers is associated with negative 
emotionality and addiction severity. Proc Natl Acad Sci USA 
111:E3149–E3156

 69. Sullivan EV, Pfefferbaum A (2014) The neurobiology of alco-
hol craving and relapse. Alcohol Nerv Syst Handb Clin Neurol 
125:355–368

 70. Charlet K, Beck A, Jorde A, Wimmer L, Vollstädt-Klein S, Galli-
nat J, Walter H, Kiefer F, Heinz A (2014) Increased neural activity 
during high working memory load predicts low relapse risk in 
alcohol dependence. Addict Biol 19:402–414

 71. Prom-Wormley EC, Ebejer J, Dick DM, Bowers MS (2017) The 
genetic epidemiology of substance use disorder: a review. Drug 
Alcohol Depend 180:241–259

 72. Hogarth L (2012) Goal-directed and transfer-cue-elicited drug-
seeking are dissociated by pharmacotherapy: evidence for inde-
pendent additive controllers. J Exp Psychol Anim Behav Process 
38:266–278

 73. Hogarth L, Chase HW (2011) Parallel goal-directed and habitual 
control of human drug-seeking: implications for dependence vul-
nerability. J Exp Psychol Anim Behav Process 37:261–276

Affiliations

Daniel J. Schad1,2 · Maria Garbusow1,3 · Eva Friedel1,11 · Christian Sommer4 · Miriam Sebold1,3 · Claudia Hägele1 · 
Nadine Bernhardt5 · Stephan Nebe5 · Sören Kuitunen‑Paul6 · Shuyan Liu1 · Uta Eichmann7 · Anne Beck1 · 
Hans‑Ulrich Wittchen6,12 · Henrik Walter1 · Philipp Sterzer1 · Ulrich S. Zimmermann4 · Michael N. Smolka5 · 
Florian Schlagenhauf1,8 · Quentin J. M. Huys9,10 · Andreas Heinz1 · Michael A. Rapp2

1 Department of Psychiatry and Psychotherapy, Charité-
Universitätsmedizin Berlin, corporate member of Freie 
Universität Berlin, Humboldt-Universität zu Berlin, 
and Berlin Institute of Health, Campus Charité Mitte, Berlin, 
Germany

2 Social and Preventive Medicine, Humanwissenschaftliche 
Fakultät, Area of Excellence Cognitive Sciences, University 
of Potsdam, Am Neuen Palais 10, 14469 Potsdam, Germany

3 Department of Psychology, Humboldt-Universität zu Berlin, 
Berlin, Germany

4 Department of Psychiatry and Psychotherapy, University 
Hospital Carl Gustav Carus, Technische Universität Dresden, 
Dresden, Germany

5 Department of Psychiatry and Neuroimaging Center, 
Technische Universität Dresden, Dresden, Germany

6 Institute of Clinical Psychology and Psychotherapy, 
Technische Universität Dresden, Dresden, Germany

7 Department of Psychiatry and Psychotherapy, Vivantes 
Wenckebach-Klinikum, Berlin, Germany



308 European Archives of Psychiatry and Clinical Neuroscience (2019) 269:295–308

1 3

8 Max Planck Fellow Group ‘Cognitive and Affective Control 
of Behavioral Adaptation’, Max Planck Institute for Human 
Cognitive and Brain Sciences, Leipzig, Germany

9 Translational Neuromodeling Unit, Department 
of Biomedical Engineering, ETH Zürich and University 
of Zürich, Zurich, Switzerland

10 Department of Psychiatry, Psychotherapy 
and Psychosomatics, Hospital of Psychiatry, University 
of Zurich, Zurich, Switzerland

11 Berlin Institute of Health (BIH), Berlin, Germany
12 Department of Psychiatry and Psychotherapy, 

Ludwig-Maximilians-Universität München, Nußbaumstraße 
7, 80336 München, Germany


	Neural correlates of instrumental responding in the context of alcohol-related cues index disorder severity and relapse risk
	Abstract
	Introduction
	Materials and methods
	Subjects
	Rating scales and neuropsychological assessments
	Natural PIT paradigm
	Instrumental training
	Monetary Pavlovian conditioning
	Pavlovian-instrumental transfer
	Pavlovian forced choice
	Task compensation
	MRI acquisition
	Data analyses
	Behavioral analyses
	Instrumental learning
	Forced choice data analysis
	Relating PIT effects to clinical variables

	Imaging analyses

	Results
	Behavioral results
	Instrumental learning
	Forced choice data

	Alcohol-related PIT effects: alcohol-dependent patients versus healthy controls
	PIT effects and severity of alcohol dependence
	PIT effects and relapse

	Discussion
	Acknowledgements 
	References


