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ABSTRACT
BACKGROUND: Even after qualified detoxification, alcohol-dependent (AD) patients may relapse to drinking alcohol
despite their decision to abstain. Two mechanisms may play important roles. First, the impact of environmental cues
on instrumental behavior (i.e., Pavlovian-to-instrumental transfer [PIT] effect), which was found to be stronger in
prospectively relapsing AD patients than in abstaining patients. Second, an automatic approach bias toward
alcohol stimuli was observed in AD patients, and interventions targeting this bias reduced the relapse risk in some
studies. Previous findings suggest a potential behavioral and neurobiological overlap between these two
mechanisms.
METHODS: In this study, we examined the association between alcohol approach bias and both behavioral and
neural non–drug-related PIT effects in AD patients after detoxification. A total of 100 AD patients (17 females)
performed a PIT task and an alcohol approach/avoidance task. Patients were followed for 6 months.
RESULTS: A stronger alcohol approach bias was associated with both a more pronounced behavioral PIT effect and
stronger PIT-related neural activity in the right nucleus accumbens. Moreover, the association between alcohol
approach bias and behavioral PIT increased with the severity of alcohol dependence and trait impulsivity and was
stronger in patients who relapsed during follow-up in the exploratory analysis.
CONCLUSIONS: These findings indicate partial behavioral and neurobiological overlap between alcohol approach
bias and the PIT effect assessed with our tasks. The association was stronger in patients with more severe alcohol
dependence.

https://doi.org/10.1016/j.bpsgos.2022.03.014
Alcohol-dependent (AD) patients frequently relapse after
detoxification despite their intention to remain abstinent (1).
Pavlovian conditioning has been hypothesized to contribute to
relapse, because environmental cues associated with alcohol
intake can become conditioned stimuli (CS) that elicit drug
craving and may bias instrumental behavior toward drug
seeking [e.g., (2–4)]. This phenomenon—the impact of envi-
ronmental cues on instrumental behavior (i.e., Pavlovian-
to-instrumental transfer [PIT] effect)—has been investigated
in animal and human studies. Ethanol-associated cues can
promote seeking behavior for not only ethanol but also non–
ethanol-related reward in ethanol-treated rats (5). Repeated
drug intake can further enhance non–drug-related reward-
seeking elicited by nondrug cues in rats (6–10). Comparable
alterations in motivational processes have also been observed
in humans: enhanced non–drug-related PIT effects have been
observed in AD patients compared with healthy control sub-
jects and in prospectively relapsing patients compared with
abstaining patients (11–13). Functional magnetic resonance
imaging (fMRI) studies revealed that PIT effects can induce
activation in the nucleus accumbens (NAcc) (14–17). This brain
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area has long been associated with reinforcement learning
(18,19), processing of alcohol cues, and craving (20).

It has been suggested that relapse can be triggered by an
automatic approach tendency to alcohol stimuli, which was
observed to be stronger in AD patients and heavy drinkers in
some studies [e.g., (21–23)]. An alcohol approach bias in a
laboratory can be operationalized as a shorter response la-
tency to approach alcohol cues than to avoid them, even
though the content of alcohol cues is task irrelevant. Applying
an alcohol approach/avoidance task (aAAT), there is evidence
that alcohol approach bias was positively associated with past
hazardous drinking and future drinking (24,25). Inconsistently,
there are studies using a stimulus-response compatibility task
that found no approach bias or even an avoidance bias toward
alcohol in AD patients (26,27) and a predictive role of the
avoidance bias in future drinking or relapse (27,28). The
discrepant findings could partly be explained by differences in
the tasks (29). Cognitive bias modification (CBM) intervention
adapted from the aAAT to retrain the approach bias has shown
promising effects on decreasing relapse risk in AD patients
[e.g., (30–33)].
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The previous findings indicate that both alcohol approach
bias and PIT effect are closely associated with alcohol
dependence. Although the association between alcohol
approach bias and PIT effect in AD patients has so far not been
directly investigated, previous theories and findings indicated a
potential overlap between these two phenomena. Theoreti-
cally, in view of a dual-process model, an automatic approach
bias was suggested to occur when the appetitive stimulus
activates an impulsive or automatic system, which cannot be
overridden by cognitive control processes because this
reflective system is weakened (34). Automatic or impulsive
approach biases may then drive addictive behavior (35), pro-
moting drug seeking despite long-term harm (36). The strength
of a non–drug-related PIT effect in AD patients has also been
associated with impulsivity as assessed by a delay-
discounting task (12). Moreover, impairments in inhibiting
automatic approach biases to appetitive Pavlovian stimuli in a
non–drug-related PIT task predicted relapse risk in AD patients
(13). Based on those findings, we hypothesize that the impul-
sivity process could contribute to linking alcohol approach bias
with PIT effects. On the neural level, neuroimaging studies also
suggest that the underlying neurobiological mechanisms of the
two effects overlap at least partly, because functional NAcc
activation relates to both alcohol approach bias (37) and PIT
effects (14–17).

This study tested the hypothesis that alcohol approach bias
is associated with behavioral and neural correlates of the non–
drug-related PIT effect in recently detoxified AD patients. We
hypothesized that patients with a stronger alcohol approach
bias would show a more pronounced PIT effect behaviorally
and in the NAcc. Furthermore, we hypothesized that the as-
sociation between alcohol approach bias and PIT effect in-
creases with the severity of alcohol dependence and trait
impulsivity. In addition, we explored if the association between
PIT and alcohol approach bias differed between prospective
relapsers and abstainers with a 6-month follow-up.

METHODS AND MATERIALS

Participants

AD patients were assessed in a bicentric research project
conducted in Berlin and Dresden, Germany (ClinicalTrials.gov
identifier: NCT02615977). The study was approved by local
ethics committees of Charité Universitätsmedizin Berlin (EA1/
268/14) and Technische Universität Dresden (EK 300082014).
All participants gave written informed consent before
participation.

Patients fulfilled the criteria of alcohol dependence
according to the DSM-IV-TR, assessed by the Munich Com-
posite International Diagnostic Instrument (38,39). After data
cleaning (Supplement), 100 AD patients (age [mean 6 SD] =
46.86 6 10.30 years; 17 females; abstinence before study
participation [mean 6 SD]: 22.44 6 12.77 days) were included
for behavioral analyses and a subcohort of 72 patients (age
[mean 6 SD] = 44.97 6 9.64 years; 10 females; abstinence
before study participation [mean 6 SD]: 23.33 6 12.54 days)
for imaging analyses.

The severity of alcohol dependence was measured by the
Alcohol Dependence Scale (ADS) (40). Trait impulsivity was
assessed by the Barratt Impulsiveness Scale-15 (BIS-15) (41).
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This study was conducted within a research consortium (DFG
FOR 1617 and CRC-TRR 265), which also applied other tasks
not reported in this paper. In addition, a subset of the partici-
pants underwent CBM training after the task assessments
(nonsignificant training effects will be reported elsewhere).
Patients had follow-ups 6 months (at weeks 6, 10, 14, 18, 22,
and 26) after study participation and retrospectively reported
their alcohol consumption since the last follow-up interview
using the Timeline Follow-Back (42). We applied an intention-
to-treat analysis (43) and classified all patients who relapsed
to heavy drinking (i.e., $5 standard drinks [e.g., one standard
drink = 0.33 L beer] for males and $4 standard drinks for fe-
males consumed on one drinking occasion), did not respond,
or had incomplete follow-up information as belonging to the
relapser group [as in (30,31,44)], while the rest of the patients
were categorized as abstainers. We additionally conducted
explorative analyses that included only patients with clear
relapse status and reported results in the Supplement.

The aAAT

In this task, images of drink (alcohol drink or soft drink) were
randomly presented inclined to the left or the right, and
participants pulled or pushed a joystick (approach or avoid)
according to the inclination of the image (see detailed
description in the Supplement).

PIT Task

Participants performed an instrumental task (pressing the
button to collect shells) while monetary CS learned from
Pavlovian training were presented in the background [see the
Supplement and (11–13) for a detailed description].

MRI Acquisition

Functional imaging was performed on Siemens Trio 3T MRI
scanners at both study centers using echo-planar imaging
sequences (repetition time: 2410 ms; echo time: 25 ms; flip
angle: 80�; field of view: 192 3 192 mm2; voxel size: 3 3 3 3

2 mm3) comprising 42 slices approximately 225� to the
bicommissural plane. We acquired a three-dimensional
magnetization-prepared rapid gradient echo image (repetition
time: 1900 ms; echo time: 5.25 ms; flip angle: 9�; field of view:
2563 256 mm2; 192 sagittal slices; voxel size: 1 3 1 3 1 mm3)
for coregistration and normalization during fMRI data pre-
processing. A field map was collected before functional
scanning to account for individual homogeneity differences of
the magnetic field.

Data Analysis

Data were analyzed using MATLAB R2020b (MATLAB version
9.9, 2020; The MathWorks, Inc.) and the R System for Statis-
tical Computing version 4.0.3 (R Development Core Team,
2020). SPM12 software package (http://www.fil.ion.ucl.ac.uk/
spm/; Wellcome Centre for Human Neuroimaging) was used
for fMRI data analyses.

Behavioral Analyses

For the aAAT, 6 patients were excluded because of excessive
errors (.35%) (30,31). To exclude extreme outlier response
times, the 1% fastest and 1% slowest responses were excluded
www.sobp.org/GOS
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in the overall response time distribution, consistent with the
method used in previous studies (33,45–47). Trials with incorrect
responses on the first try were also discarded. In line with Wiers
et al. (31), D scores were calculated to reflect the approach bias
to each stimulus category (see below). We further calculated a
D-diff score to reflect an approach bias to alcohol relative to soft
drink:

D scorealcohol ¼ ðPush median RTalcohol

�Pull median RTalcoholÞ=Personal SD

D scoresoft drink ¼ ðPush median RTsoft drink

�Pull median RTsoft drinkÞ=Personal SD

D�diff score ¼ D scorealcohol�D scoresoft drink

where RT is the response time and personal SD is the standard
deviation of all response times including alcohol trials and soft
drink trials, per participant.

For the PIT task, 10 patients who did not successfully learn
the correlation between Pavlovian CS and unconditioned
stimuli (i.e., performance in the forced choice task was not
above chance) were excluded from analyses. A generalized
linear mixed-effects model (GLMM) [R package lme4 (48)] with
Poisson distribution was used to predict the number of button
presses in each trial in the transfer part. The number of button
presses depending on Pavlovian CS value was used to assess
the behavioral PIT effect to be consistent with the imaging
analyses (see Imaging Analyses). Parameters of Pavlovian CS
value (i.e., the monetary value of Pavlovian CS in the
background: 12, 11, 0, 21, 22), trial type of the instrumental
condition (go and no-go; coded as 10.5 vs. 20.5), the indi-
vidual alcohol approach bias (i.e., D-diff score in the aAAT), the
interaction of Pavlovian CS value and D-diff score, and the
interaction of instrumental condition and D-diff score were
included as fixed effects in the GLMM. Subject IDs, instru-
mental stimuli (shells), and Pavlovian CS (fractal combined with
pure tone) were treated as random effects to be controlled.

In addition, we further established GLMMs with additional
parameters of ADS score and BIS-15 score separately and
their interaction with other predictors (i.e., Pavlovian CS value
and D-diff score) to examine if the association between alcohol
approach bias and PIT effect interacts with those factors. We
applied another GLMM to explore if this association differed
between patients who abstained from alcohol and those who
relapsed in follow-up.

Imaging Analyses

Nipype (49) was used for preprocessing the PIT fMRI data.
First, correction for differences in slice time acquisition was
performed to the middle slice as reference. Based on acquired
field maps, voxel displacement maps were estimated. Images
were realigned to correct for head motion, distortion, and their
interaction. Coregistration of the individual structural T1 image
to the individual mean echo-planar imaging was conducted.
Then, the structural image was spatially normalized with a
resampling solution of 2 3 2 3 2 mm3, and the normalization
Biological Psychiatry: Glob
parameters were applied to all echo-planar imaging images.
Finally, images were partially smoothed with a Gaussian kernel
of 8-mm full width at half maximum. Before statistical analysis,
data were high-pass filtered with a cutoff of 128 seconds to
remove low-frequency fluctuation in the blood oxygen level–
dependent signal.

After preprocessing, individual general linear models were
established in SPM12. Non–drug-related PIT trials were
modeled as one condition with three parametric modulators:
the Pavlovian CS value, the transformed number of button
presses [calculated as In(the original number of button
presses 1 e)], and the PIT parameter, which is the product of
the Pavlovian CS value and the transformed number of button
presses. We added e (Euler’s number) to the log transformation
function for the number of button presses so that 0 button
presses would be transformed to 1, resulting in different nu-
merical values in the PIT parametric modulator after weighing
by different Pavlovian CS values. In the end, a higher number
of button presses to a higher Pavlovian CS value leads to a
higher numerical value in the PIT parametric modulator. To
account for variance caused by motor responses associated
with button pressing, button presses of all trials were modeled
in an additional regressor as stick functions. Drug-related PIT
trials with similar parametric modulators as a separate condi-
tion and the realignment parameters with derivatives were
included as regressors of no interest. The individual neural PIT
effect was measured with a contrast in which the non–drug-
related PIT parametric modulator was weighted with 1 and
other regressors weighted with 0.

At the second-level analysis, a one-sample t test was
established with individual contrast images. Individual alcohol
approach bias (i.e., D-diff score) was treated as a covariate of
interest in the model. In addition, participants’ age, sex, and
study center were taken as additional covariates to control
their potential impact on the results. Consistent with Garbusow
et al. (11), a region of interest analysis was conducted with an a
priori–defined compound region of interest in the left and right
NAcc (NAccL, NAccR) (derived from the Wake Forest University
PickAtlas software; http://www.fmri.wfubmc.edu/download.
htm). Moreover, we performed an explorative whole-brain
analysis for the main PIT effect on a significance level of un-
corrected p, .001 and with k$ 20 activated voxels per cluster
(Supplement). In addition, similar to the behavioral analysis, we
also explored if retrospective relapsers and abstainers differ in
the association of alcohol approach bias and neural PIT effect.

RESULTS

Behavioral Results

Patients showed a significant behavioral PIT effect—more
button presses in the presence of higher monetary value–
associated Pavlovian CS (main effect of Pavlovian CS value:
estimate = 0.28, z = 77.81, p , .001) (Table 1). Moreover, there
was a significant association of PIT effect elicited by the
Pavlovian CS value with aAAT D-diff score (Pavlovian CS
value 3 D-diff score: estimate = 0.14, z = 11.34, p , .001).
Patients with a stronger alcohol approach bias in the aAAT
task showed a more pronounced PIT effect (Figure 1). For a
visual inspection of the raw D-diff scores and individual PIT
slopes, see the Supplement.
al Open Science July 2023; 3:443–450 www.sobp.org/GOS 445
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Table 1. Results of the Generalized Linear Mixed-Effects Model Regarding Effects of the Different Variables (Pavlovian CS
Value and Instrumental Condition) and Association of Alcohol Approach Bias With Number of Button Presses in the PIT Task

Parameter Estimate SE z p

Intercept 1.44 0.05 28.80 ,.001

D-Diff Score 0.01 0.13 0.09 .93

Pavlovian CS Value 0.28 0.004 77.81 ,.001

Instrumental Condition (Go vs. No-Go) 0.56 0.04 15.93 ,.001

D-Diff Score 3 Pavlovian CS Value 0.14 0.01 11.34 ,.001

D-Diff Score 3 Instrumental Condition 20.06 0.04 21.74 .083

CS, conditioned stimulus; PIT, Pavlovian-to-instrumental transfer.
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When including alcohol dependence severity (i.e., ADS
score) in the GLMM, the results showed a significant interac-
tion effect (Pavlovian CS value 3 D-diff score 3 ADS score:
estimate = 0.02, z = 12.51, p , .001). Specifically, the more
severe the alcohol dependence of the patient, the stronger the
association between aAAT score and PIT effect (Figure 2A).
Similar results also showed in the model with trait impulsivity
(i.e., BIS-15 score) (Pavlovian CS value 3 D-diff score 3 BIS-
15 score: estimate = 0.04, z = 14.58, p , .001) (Figure 2B). The
association between alcohol approach bias and PIT effect
increased with trait impulsivity. It should be noted that ADS
score was positively correlated with BIS-15 score (rho = 0.24,
p = .026, Spearman rank correlation) (see the Supplement for a
visual inspection of the raw data).

For the exploratory analysis regarding aAAT D-diff score
and PIT association between abstainers (n = 21) and relapsers
(n = 79) using the intention-to-treat analysis approach, results
yielded a significant interaction of Pavlovian CS value, aAAT
D-diff score, and relapse group (estimate = 0.08, z = 2.34,
p = .020). Follow-up analyses examined the Pavlovian CS
value 3 D-diff score interaction in abstainers and relapsers
separately and showed a higher parameter estimate of
Figure 1. Patients who displayed a stronger alcohol approach bias (a
higher D-diff score in the alcohol approach/avoidance task) showed a
higher Pavlovian-to-instrumental transfer effect (a steeper slope) than
patients who had a lower alcohol approach bias (a lower D-diff score). The
continuous D-diff score was transferred to a factor with two levels with a
median split in this figure for illustration. Group means and SEMs are
shown with bars and error bars. Individual values (mean number of button
presses) are represented by colored dots. CS, conditioned stimulus.
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Pavlovian CS value 3 D-diff score interaction in relapsers
(estimate = 0.15, z = 10.57, p , .001) compared with ab-
stainers (estimate = 0.07, z = 2.43, p = .015).

Functional MRI Results

We observed a significant activation elicited by PIT in NAccL
(x = 210, y = 8, z = 210; t67 = 2.92, small volume–corrected
[SVC] and familywise error–corrected [FWE] pSVC-FWE = .035;
voxel-based analysis) and NAccR (x = 8, y = 8, z = 212, t67 =
3.29, pSVC-FWE = .014).

More importantly, we observed a significant effect of aAAT
D-diff score on PIT-related blood oxygen level–dependent
signals in NAccR (x = 16, y = 14, z = 212; t67 = 3.40, pSVC-
FWE = .010) (Figure 3) and a trendwise effect in NAccL (x = 214,
y = 12, z = 212; t67 = 2.74, pSVC-FWE = .053).

Exploratory analyses with 17 abstainers and 55 relapsers
did not find a significant difference between the two subgroups
in the association between aAAT D-diff score and neural PIT
effect in either NAccR (relapsers . abstainers: x = 14, y = 4,
z = 214, t65 = 0.98, pSVC-FWE = .667; abstainers . relapsers:
x = 16, y = 14, z = 212, t65 = 0.42, pSVC-FWE = .815) or NAccL
(relapsers . abstainers: x = 214, y = 8, z = 28, t65 = 20.04,
pSVC-FWE = .870; abstainers . relapsers: x = 212, y = 8,
z = 212, t65 = 1.33, pSVC-FWE = .523).
DISCUSSION

This study examined the association between a non–
drug-related PIT effect and automatic alcohol approach bias
in AD patients. These two paradigms were chosen because
both may reflect an impulsive approach bias (12,34), one
alcohol cue–related and one reflecting an effect of nondrug
Pavlovian cues, and because approach effects assessed in
both paradigms have been associated with poor treatment
outcomes or greater future drinking (11,13,25). Our key finding
is that detoxified AD patients who had a stronger alcohol
approach bias (relative to soft drinks) displayed a higher
behavioral PIT effect (i.e., a stronger effect of Pavlovian CS in
the background on unrelated instrumental behavior, indicated
by more button presses) and a stronger PIT-related functional
activation of NAccR. Furthermore, as expected, the association
between alcohol approach bias and behavioral PIT effect
increased with the severity of alcohol dependence and trait
impulsivity. These findings link two well-established paradigms
in alcohol research and indicate at least partially shared un-
derlying mechanisms between alcohol approach bias and
behavioral PIT effect.
www.sobp.org/GOS
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Figure 2. (A) Patients with higher Alcohol Dependence Scale (ADS) scores had a stronger association between alcohol approach bias (i.e., D-diff score) and
the Pavlovian-to-instrumental transfer effect. (B) Patients with higher Barratt Impulsiveness Scale-15 (BIS-15) scores showed a stronger association between
alcohol approach bias and the Pavlovian-to-instrumental transfer effect. Alcohol approach bias, ADS score, and BIS-15 score in this figure were all transferred
to factors with two levels with a median split for illustration. Group means and SEMs are shown with bars and error bars. Individual values (mean number of
button presses) are represented by colored dots.
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From the perspective of dual-process accounts, alcohol
approach bias is mainly driven by a system associated with
impulsive and automatic decision making (34), and PIT effect
has also been associated with choice impulsivity in AD patients
Figure 3. Strength of the alcohol approach bias was associated with
Pavlovian-to-instrumental transfer–related neural activation in the nucleus
accumbens. The bilateral nucleus accumbens region of interest is marked in
blue, and functional Pavlovian-to-instrumental transfer activation associated
with alcohol approach bias is marked in yellow (uncorrected p , .005 for
illustration).

Biological Psychiatry: Glob
(12). In this study, the association between the two effects was
indeed larger in patients who reported higher trait impulsivity.
Conditioned cues in the PIT paradigm were associated with
monetary reward, while conditioned cues in the aAAT task
reflect drug versus nondrug cues. These findings suggest that
impulsive decision making can be triggered by the impact of
drug-related and drug-unrelated cues on approach behavior in
AD patients.

The severity of alcohol dependence might modulate the
association of these two effects, because stronger associa-
tions between PIT and aAAT effects were found among pa-
tients with more severe alcohol dependence. Correlations are
not causations, and potential explanations for these observa-
tions indicate two directions of further research. First, a
stronger effect of nondrug Pavlovian background cues on
approach behavior was already observed in young adults with
higher versus lower levels of alcohol intake (50) and may reflect
a risk factor for excessive consumption. Second, higher levels
of alcohol intake can impact monoaminergic neurotransmis-
sion and promote associative learning of drug-related and
contextual cues (51,52), thus potentially modifying cue-
induced approach biases. With more severe alcohol
dependence and higher levels of drug intake, the impact of
conditioned cues on fast and impulsive decision making can
increase, which may then lead to the observed, stronger as-
sociation between cue effects assessed with both aAAT and
the PIT paradigm. In this study, we observed a positive cor-
relation between the severity of alcohol dependence (i.e., ADS
score) and trait impulsivity (i.e., BIS-15 score), which empha-
sizes the role of impulsive decision making in more severe
forms of alcohol dependence. Again, impulsive decision
making can be both a cause and a consequence of excessive
alcohol intake, because alcohol is known to impact not only
monoaminergic systems but also prefrontal cortical brain areas
associated with impulse control (53). Future studies in
nonclinical high risky drinkers are needed to longitudinally
assess the development of associations between impulsive
al Open Science July 2023; 3:443–450 www.sobp.org/GOS 447
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decision making, conditioned cues responses, and alcohol
intake.

On the neural level, functional NAcc activation has been
associated with both PIT effect (14–17) and alcohol approach
bias (54). In this study, the strength of the behavioral alcohol
approach bias was associated with the PIT-related functional
activation of NAccR. Previous literature suggested a lateralized
dopamine function in the NAcc, with dopamine release in
NAccR reflecting the impact of drink-related CS (i.e., beer fla-
vor) (55). In this study, NAccR was related to the association
between alcohol approach bias and neural PIT effect, which
underlies the role of this brain area in mediating the effects of
Pavlovian conditioned cues as assessed in both paradigms. In
the aAAT, Pavlovian conditioning to alcohol stimuli has been
established during prolonged alcohol consumption, while in
the PIT task, the Pavlovian conditioning was drug-unrelated
and had been established in a laboratory setting. The corre-
lation of the two effects is likely to reflect a more general
alteration in the Pavlovian learning processes in alcohol
dependence. Future longitudinal research can help assess
changes in Pavlovian conditioning across the addiction cycle.

Some research has shown the predictive role of alcohol
approach bias in drinking behavior (24,25). The CBM inter-
vention targeted on retraining alcohol approach bias showed
evidence of reducing the relapse risk in AD patients [e.g.,
(30,31)]. In contrast, the instrumental go/no-go responses in
PIT can also be understood as an approach/no-approach
behavior. The stronger impact of environmental cues on
approach/no-approach behavior in the PIT task was particu-
larly pronounced in prospective relapsers compared with ab-
stainers (13). Our exploratory analysis compared subsequent
relapsers with abstainers and observed a stronger association
between alcohol approach bias and PIT effect in relapsers,
indicating a potential role of the association of two approach
behaviors in predicting treatment outcome.

Several limitations should be addressed. First, we lost track
of a substantial number of patients during follow-up, which
limits the interpretation of our exploratory analysis regarding
the treatment outcome. Our study categorized patients with
missing follow-up information as relapsers, in accordance with
the method used in previous studies under the assumption
that missing data is indicative of relapse [e.g., (30,31,44)].
When excluding patients who had unclear relapse status (n =
49) from the analysis, there was no more significant group
difference between relapsers and abstainers in the association
between alcohol approach bias and behavioral PIT
(Supplement). We suspect that this null effect could be due to
the insufficient statistical power of the small sample size.
Future studies are warranted to elucidate the predictive role of
the association between alcohol approach bias and PIT
regarding relapse. Second, abstaining in our study was defined
as not relapsing to heavy drinking. Other studies with different
abstaining definitions (e.g., no alcohol consumption at all)
might have different results. Third, most of the participants in
this study underwent a CBM training procedure after con-
ducting the aAAT and PIT, which we expected to reduce the
relapse risk in AD patients. However, the relapse ratio did not
differ between the training and placebo groups (results will be
reported elsewhere). Considering that the null effect of training
on relapse status could be due to insufficient statistical power
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(56), we included the training condition as a covariate in
additional analyses. By doing that, we still observed a statis-
tically significant interaction of treatment outcome (relapsers
versus abstainers, categorizing patients lost to follow-up
as relapsers) with the association between D-diff score
and behavioral PIT and no difference between relapsers and
abstainers in the association between D-diff score and
neural PIT in either NAccR or NAccL. There is no indication
that the training impacted findings regarding relapse in this
study.

In conclusion, our study observed a significant association
between alcohol approach bias and behavioral and neurobi-
ological non–drug-related PIT effect in AD patients, and the
behavioral association was correlated with the severity of
alcohol dependence and trait impulsivity. These findings
indicate at least a partial overlap of the underlying mecha-
nisms of learning and decision making assessed in both par-
adigms and emphasize their relevance for severe alcohol use
disorders.
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