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Abstract

Pavlovian-to-instrumental transfer (PIT) tasks examine the influence of Pavlovian

stimuli on ongoing instrumental behaviour. Previous studies reported associations

between a strong PIT effect, high-risk drinking and alcohol use disorder. This study

investigated whether susceptibility to interference between Pavlovian and instru-

mental control is linked to risky alcohol use in a community sample of 18-year-old

male adults. Participants (N = 191) were instructed to ‘collect good shells’ and ‘leave

bad shells’ during the presentation of appetitive (monetary reward), aversive (mone-

tary loss) or neutral Pavlovian stimuli. We compared instrumental error rates (ER) and

functional magnetic resonance imaging (fMRI) brain responses between the congru-

ent and incongruent conditions, as well as among high-risk and low-risk drinking

groups. On average, individuals showed a substantial PIT effect, that is, increased ER

when Pavlovian cues and instrumental stimuli were in conflict compared with con-

gruent trials. Neural PIT correlates were found in the ventral striatum and the dors-

omedial and lateral prefrontal cortices (lPFC). Importantly, high-risk drinking was

associated with a stronger behavioural PIT effect, a decreased lPFC response and an

increased neural response in the ventral striatum on the trend level. Moreover, high-

risk drinkers showed weaker connectivity from the ventral striatum to the lPFC dur-

ing incongruent trials. Our study links interference during PIT to drinking behaviour

in healthy, young adults. High-risk drinkers showed higher susceptibility to Pavlovian

cues, especially when they conflicted with instrumental behaviour, indicating lower

interference control abilities. Increased activity in the ventral striatum (bottom-up),

decreased lPFC response (top-down), and their altered interplay may contribute to

poor interference control in the high-risk drinkers.
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1 | INTRODUCTION

To behave efficiently in one's daily life and to adapt one's actions

to a dynamic environment, a response selection system is fre-

quently engaged. Critical control components involved when making

such choices include Pavlovian and instrumental control. Through

Pavlovian conditioning, inborn and hard-wired responses

(e.g., approach or avoidance) to biologically potent (unconditioned)

stimuli can be associated with neutral stimuli. Thereafter, such

conditioned responses to Pavlovian cues are independent of their

outcomes. Conversely, instrumental behaviour, more specifically,

goal-directed instrumental behaviour, is controlled by the

contingencies between actions and outcomes. Pavlovian cues can

influence ongoing instrumental behaviour, even though the

responses to the Pavlovian cues were acquired separately

from the instrumental responses—this process is called Pavlovian-

to-instrumental transfer (PIT). To elaborate, a food's enticing scent

(Pavlovian) may encourage people to partake in eating behaviour

(Instrumental), whereas an unpleasant scent may hinder eating

behaviour. In a typical human PIT task,1,2 participants need to

perform learned instrumental responses (press a button for

approach or avoidance) in the presence of previously and

independently trained Pavlovian cues (appetitive or aversive).

Most previous human PIT studies investigated how Pavlovian

cues influence instrumental approach behaviour. Accordingly, appeti-

tive Pavlovian cues were found to promote instrumental approach

responses compared with the neutral cues,3–9 whereas aversive

Pavlovian cues were found to reduce instrumental approach behav-

iour.10,11 Additionally, some studies have examined PIT effects in the

avoidance context by rewarding successful instrumental avoidance

behaviour, in which aversive Pavlovian cues were shown to promote

instrumental avoidance behaviours.12–14

Moreover, in an orthogonal experimental design with the

appetitive–aversive Pavlovian axis and the approach–avoidance

instrumental axis, instrumental behaviour was impaired by incongru-

ent Pavlovian cues (instrumental approach behaviour by aversive Pav-

lovian cues or instrumental avoidance behaviour by appetitive

Pavlovian cues) but was promoted by congruent Pavlovian cues.10,15

Freeman, et al.16 used a go–no-go/PIT task, which resembles a classi-

cal go–no-go task. In this task, participants learned to respond to one

stimulus in the go trials while withholding their responses to another

stimulus in no-go trials. The authors modified the proportion of no-go

trials where appetitive Pavlovian cues were presented. It was then

found that when the proportion of incongruent no-go trials out of all

no-go trials was higher, the provocation of the appetitive cues on

instrumental approach behaviour (go trials) in the subsequent trials

was reduced. Additionally, in one EEG study, Cavanagh et al.17 used

another variant of a go–no-go task to investigate how Pavlovian

biases influence instrumental learning during the conflict between

both systems. It was found that midfrontal theta power, sensitive to

conflict and the following adaptive control, was associated with the

ability to overcome Pavlovian biases when they interfered with the

instrumental behaviour. Taken together, these four studies imply that

cognitive control is to be allocated to overcome the conflict between

Pavlovian and instrumental control.

Linked to alcohol drinking behaviour, previous studies from our

group have found associations between the stronger motivational

effect of Pavlovian cues on instrumental behaviour and alcohol

dependence,18–20 as well as high-risk drinking during young adult-

hood.21 In addition to the enhanced behavioural effect, the neural

correlates of the motivational PIT effect in the nucleus

accumbens19,20 and the amygdala21 were also associated with alco-

hol dependence and high-risk drinking during young adulthood,

respectively. Notably, when whether the Pavlovian cue interferes

with the instrumental behaviour was taken into account, alcohol-

dependent patients committed more errors compared with healthy

controls when Pavlovian stimuli and instrumental responses were

in conflict, especially when participants needed to inhibit

instrumental approach responses during the presence of appetitive

Pavlovian cues15; this behavioural impairment was also stronger for

future relapsers.22 As of yet, whether this interference effect along

with its neural correlates was associated with high-risk drinking

during young adulthood is not clear.

We thus investigated interference control during a PIT task in a

group of healthy, young men at age 18, who were drinking occasion-

ally but did not fulfil the criteria for Diagnostic and Statistical Manual

of Mental Disorders (DSM-IV) alcohol dependence. The rationale

behind this is that social drinking behaviour is influenced by numerous

environmental cues during social occasions, which reflects the PIT

task in the experimental settings to some extent. A reduction in the

ability to allocate cognitive resources in order to control the response

to cues that look tempting but violate the long-term goals may con-

tribute to hazardous drinking development. From this perspective, we

assumed that the ability to allocate interference control when the

Pavlovian cues conflict with the instrumental behaviour, along with its

associated neural responses, could be potential (bio)markers of haz-

ardous drinking behaviour during early adulthood. More specifically,

on the behavioural level, it was hypothesised that error rates (ERs)

would increase in the incongruent condition, that is, when Pavlovian

cues and instrumental stimuli are incongruent, as compared with the

congruent condition. Importantly, individuals with higher levels of risk

in drinking should show more susceptibility to this effect, that is, show

lower interference control.

On the neural level, previous literature has found neural corre-

lates of motivational effects of Pavlovian cues in the amygdala,11,23–25

the ventral striatum (VS),11,23,25 and the dorsal striatum.12,26 Accord-

ingly, the VS and amygdala were expected to show responses during

the PIT task. Importantly, referring to the meta-analysis of tasks that

require different dimensions of inhibitory or interference control,27

we also hypothesised that conflict between Pavlovian cues and

required instrumental behaviour would elicit responses in cognitive

control areas—the lateral prefrontal cortex (lPFC) and the dorsomedial

prefrontal cortex (dmPFC). Further, low-risk drinkers were hypo-

thesised to allocate more top-down interference control as compared

with high-risk drinkers. If this were to be the case, we would expect

the effective connectivity between the aforementioned brain regions
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to be altered in the high-risk drinkers, which we would explore with

dynamic causal models.

2 | MATERIALS AND METHODS

2.1 | Participants and general procedure

Invitation letters were first sent to 1937 males at age 18 who were

randomly sampled from the local registration offices in Dresden and

Berlin, Germany. At the baseline of the longitudinal study, only males

were recruited because of the higher prevalence of risky drinking

behaviour. After screening 445 respondents, those with the inclusion

criteria of right-handedness, no history of major mental disorders

including substance dependence (except for nicotine dependence), eli-

gibility for magnetic resonance imaging (MRI) and having had at least

two drinking occasions in the past 3 months were further invited. Of

those who met the inclusion criteria, 201 participants completed the

behavioural and MRI assessment. After excluding participants with

incomplete behavioural data because of technical issues, 191 partici-

pants were included for the final analysis.

Participants went through the experimental procedure with two

appointments. During the first appointment, participants finished the

Munich Composite International Diagnostic Interview (M-CIDI28,29)

according to the DSM-IV30, along with cognitive ability assessment

(details in Supporting Information S2). The risk status of our subjects

was defined according to their binge drinking behaviour based on

World Health Organization (WHO) standards31: as recommended, an

average intake of more than 60 g of ethanol on a given drinking occa-

sion was used as a cut-off for high-risk and low-risk drinkers.

According to the self-reported alcohol intake per occasion during the

last year reported in the M-CIDI, 97 participants were classified as

low-risk drinkers and the other 94 as high-risk drinkers (drinking

behaviours of the two groups shown in Table 1).

During the second appointment, approximately 9 days

(SD = 16 days) later, participants performed the PIT task consisting of

four phases. The Pavlovian phase and the PIT phase were done within

the MRI scanner, whereas the instrumental phase and the forced-

choice phase were conducted outside the scanner. As briefly men-

tioned above, participants were presented with images of various

shells whose quality (good or bad) was randomly assigned. During the

instrumental training, participants were asked to learn the quality of

each shell through trial-and-error instrumental responses. When col-

lecting or leaving the shells, the participants received probabilistic

feedback that dictated whether their action resulted in a monetary

gain or loss. To collect a shell, the participants were required to press

the left mouse button five or more times. Each button press resulted

in a visual cue (a small dot) moving closer to the image of the shell. To

leave a shell, there was no action required. A shell was only consid-

ered ‘collected’ if the threshold of five button presses was reached or

surpassed. During the Pavlovian conditioning, participants passively

learned the association between five types of compound conditional

stimuli (CSs, consisting of fractal-like images and pure tones) and posi-

tive (€1, €2), negative (€−1, €−2) or neutral (€0) unconditioned stimuli

(USs). Following this, participants performed the instrumental task

again (90 trials) with the fractal images of the CSs tiled in the back-

ground. This phase, referred to as the PIT phase, was performed under

nominal extinction to avoid further learning. Additionally, there were

72 trials with pictures of alcoholic/water beverages presented in the

background in combination with the two instrumental stimuli (details

about the alcohol/water PIT trials shown in Supporting

Information S1). In the last phase, participants were presented

with two CSs within 2 s and were required to choose one. A

more detailed PIT task description is provided in Figure 1

TABLE 1 Drinking behaviour of the sample

High-risk drinkers Low-risk drinkers

N Min–max Mean (SD) N Min–max Mean (SD)

General description of the sample

Age 94 18.1–18.9 18.4 (0.2) 97 18.1–18.8 18.4 (0.2)

Years of education 94 11–13.5 11.6 (0.6) 96 4–14.5 11.6 (1.1)

Drinking behaviour

Age first drinking 94 10–16 14.1 (1.4) 97 9–18 14.4 (1.3)

Age first drunk 94 12–18 15.5 (1.1) 89 10–18 16.0 (1.1)

Alcohol consumption last year (g/day) 94 3.2–112.5 19.4 (16.8) 97 0.6–22.5 5.1 (4.6)

Alcohol consumption (g/occasion) 94 63–225 104.2 (40.4) 97 18–54 39.2 (11.5)

Age first bingeing 86 14–18 16.5 (0.8) 52 14–18 16.5 (0.9)

Frequency bingeing (lifetime) 86 1–150 26.1 (29.7) 97 0–100 5.3 (14.3)

Alcohol consumption per bingeing (g/occasion) 94 63–450 130.9 (52.5) 97 0–225 57.2 (59.5)

Generic drink scorea 94 −4.5-19.2 3.0 (4.2) 97 −8.4-8.5 −2.8 (3.2)

aDetailed information about how the Generic Drink Score was computed and the statistical analysis regarding this variable are shown in Supporting

Information S3.
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(also see Garbusow et al.19). Participants also rated their subjective

experience with the five Pavlovian fractals after the experiment. The

analyses for the subjective ratings and forced-choice query trials are

presented in Supporting Information S6.

2.2 | Behavioural analysis

It is important to note that the same dataset was used in a previous

study from within our group21; however, the analysis of the current

study uses these data for a different purpose: to investigate the inter-

ference of Pavlovian cues on the ongoing instrumental behaviour. A

detailed discussion about the difference between the analyses of the

current study and Garbusow et al.21 is provided in Supporting

Information S7.

The analysis for this study was restricted to PIT trials that

could either be categorised as ‘congruent’ or ‘incongruent’. In the

congruent condition, the Pavlovian background value and the

instrumental stimulus were positively or negatively concordant,

meaning the Pavlovian fractal images corresponding to the mone-

tary gains of 1 or 2€ were paired with the ‘good’ shells. Addition-

ally, the congruent condition consisted of trials in which the

Pavlovian images corresponding to monetary losses of 1 or 2€
were paired with the ‘bad’ shells. For the incongruent condition,

the opposite is true; this condition consisted of trials that were

paired discordantly. To keep the analysis parsimonious, trials with

neutral Pavlovian stimuli in the background were disregarded for

the analysis. Moreover, trials with or alcoholic/water beverages in

the background were also disregarded because it is not clear how

healthy young adults would perceive the valence of these back-

grounds. Thus, classifying these trials a priori as either congruent

or incongruent would not have been viable.

The behavioural data were analysed with R 3.4.0 (R Core

Team, Vienna, Austria). ER was used as a primary measurement of

F IGURE 1 Pavlovian-to-instrumental transfer (PIT) experiment procedure (also see Garbusow et al.18,19). (A) Instrumental phase: participants
learned to collect the good shells (press the button more than five times to move the dot towards the shell) and leave the bad shells (no action
was required) according to the probabilistic feedback. After 60 trials, instrumental training ended once participants reached the learning criterion
(80% correct choices over the last 16 consecutive trials) or at a maximum of 120 trials. (B) Pavlovian phase: participants passively learned the
association between five types of compound conditional stimuli (CSs, consisting of fractal-like images and pure tones) and positive (€1, €2),
negative (€−1, €−2) or neutral (€0) unconditioned stimuli (USs). There were 80 trials in total with 16 trials of each type. (C) PIT phase: Participants
performed the instrumental task again with the tiled fractal images of the CSs in the background. Each trial lasted 3 s, with the fractal images
shown 0.6 s before the instrumental shells. Therefore, participants had a response window of 2.4 s. There were 90 trials in total. This phase was
done under nominal extinction to avoid further learning. Additionally, there were 72 trials with alcohol/water pictures presented in the
background in combination with the two instrumental stimuli (details about the alcohol/water PIT trials shown in Supporting Information S6).
(D) Query trials: in order to verify the acquisition of Pavlovian expectations, participants needed to make forced choices between two CSs within

2 s. Each possible pair of the CSs was presented three times in a randomised order
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task performance in the PIT phase. Correct responses were defined

as at least five button presses in collect trials, or less than five

button presses in the leave condition, regardless of the

background stimuli.

To check whether our approach for PIT data analysis is

suitable, we first compared the ER across the 14 conditions

(7 Pavlovian cues × 2 instrumental behaviours), which confirmed

that the main difference in ER arises from the incongruent versus

congruent contrast (Figure S1). Within the incongruent condition,

the ER showed a symmetric pattern: collecting a good shell with a

negative Pavlovian background did not differ from leaving a bad

shell with a positive background. This symmetric pattern held true

when assessing the association between the ER and the drinking

behaviour; a detailed description and the exploratory analyses

of alcoholic/water beverage background trials are displayed in

Supporting Information S1.

The interference PIT effect score was calculated by subtracting

the ER in the congruent condition from the ER in the incongruent

condition for each individual. To test whether the participants make

more errors in the incongruent condition compared with the congru-

ent condition, a one-tailed, one-sample t test was conducted on the

interference PIT effect score. The one-tailed test was used on the

basis of our a priori hypothesis that the ER is higher in the incongru-

ent compared with the congruent condition.

The association between performance during the PIT task and

the alcohol drinking behaviour was then tested, particularly binge

drinking behaviour. Again, on the basis of our hypothesis, a one-tailed

two-sample t test was performed accordingly to test whether the

interference PIT effect was higher in the high-risk compared with the

low-risk drinking group.

2.3 | fMRI data acquisition and analysis

2.3.1 | fMRI data acquisition and preprocessing

The imaging data (echo-planar imaging [EPI]) sequence and structural

T1 weighted image were acquired using a Siemens 3-Tesla MRI scan-

ner (Magnetom Trio, Siemens, Erlangen, Germany). Preprocessing of

the fMRI data was performed with Nipype.32 The 480 EPI images

were slice time corrected, realigned to the first image of the sequence,

coregistered to the individual segmented and normalised structural

image and then smoothed with a Gaussian Kernel of full width at half

maximum of 8 mm (see Supporting Information S4 for detailed

information).

After the preprocessing, 139 subjects were included in the fMRI

analysis. Among the 52 subjects who were excluded from the fMRI

analysis, there were four participants with incidental findings, 22 par-

ticipants with more than 3 mm volume-to-volume movement or 3�

rotation and 26 participants without valid data for the first-level

model as they did not press a button at least once for some stimuli,

thus having an empty regressor in the first-level model preventing

model estimation.

2.3.2 | fMRI data analysis

Statistical analyses of the fMRI data during the PIT phase were per-

formed by the general linear model (GLM) in SPM12 (Wellcome Trust

Centre for Neuroimaging, London, UK). On the first level, a model that

consisted of 10 onset regressors of our main interest was used: five

Pavlovian CS values (€−2, −1, 0, 1 and 2 monetary loss or

reward) × two instrumental conditions (collect or leave). Additionally,

four onset regressors for the alcohol/water trials (collect/

leave × alcohol/water) were also included in the first level model. The

onset of each registered button press was entered into a regressor of

no interest. Finally, six nuisance (motion) regressors were also

included in the model.

On the first level, the incongruent versus congruent contrast

was defined as follows: the four types of incongruent trials were

collapsed (CSs paired with €−1 or €−2 in the collect trials or CSs

paired with €1 or €2 in the leave trials) together and then the four

types of congruent trials were subtracted, thus mirroring the

behavioural analysis. These individual contrast images were then

entered into second-level SPM analysis (one-sample t test). To

associate the neural incongruency effect (i.e., brain response to

interference) with the behavioural performance at the group level,

the individual behavioural interference PIT effect was included as a

covariate in the second-level model. Additionally, a covariate of no

interest was also included to specify the site information (the

experiment was performed in either Berlin or Dresden). To test the

hypotheses, brain responses in four regions of interest (ROIs) were

analysed. The dmPFC, lPFC and VS masks were defined on the

basis of the 12 mm spheres around the peaks from previous

review papers.27,33 The amygdala mask was defined anatomically

(details in Figure 2). The mean individual parameter estimates were

then extracted within the four ROIs from the first-level incongru-

ent versus congruent contrast. To examine the neural incongruency

effect on the group level, the mean parameter estimates from the

four ROIs were tested in 4 one-sample t tests. Following this, the

association between the brain response to interference and the

behavioural interference PIT effect (ΔER) was tested with Pearson

correlation tests for the four ROIs separately. These results were

corrected for four comparisons with Bonferroni correction, with

pcorr. = 0.05 (puncorr. = 0.0125) as the threshold.

These ROI analyses were followed by an exploratory whole-brain

analysis of the incongruent versus congruent contrast and its associa-

tion with the behavioural interference PIT effect (i.e., covariate effect

on the second level) at an uncorrected threshold of p < 0.001, cluster

size k ≥ 50. Whether or not the association between behavioural and

neural incongruency effect differs from risk status was also explored.

The detailed description for this analysis is shown in Supporting

Information S5.

To further explore how the effective connectivity modulated

by the incongruent condition differs between the two groups,

especially regarding the interplay between the VS and the dmPFC

and lPFC areas, dynamic causal modelling (DCM) analyses were

applied to the data.34 The time series were extracted from the
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peak voxels within the VS, lPFC and dmPFC that showed more

activation during the conflict (i.e., incongruent–congruent contrast)

because no regions were less activated during the conflict. Accord-

ingly, for each individual, the time series of the three regions were

extracted from 8 mm spheres centred on the individual local max-

ima, which were allowed to vary within 5 mm spheres around the

group peak voxels during the conflict (incongruent-congruent con-

trast). The amygdala was excluded for this exploratory analysis, as

there was no neural response in the amygdala within our contrast

of interest; detailed information about this can be found in

Section 3. In the model space, full intrinsic connections were

assumed among the three regions, including self-connections. All PIT

trials were used as driving inputs to enter VS, and the incongruent

condition was used as modulatory input. Three possible modulatory

effects were assumed on the connections between each pair of the

three regions: forward, backward or bidirectional. With three possible

connection structures between each pair, our model space consisted

of 27 models in total (three possible structures × three pairs between

the three regions; Figure 3).

Following this, Bayesian model selection (BMS) was conducted

in combination with family-level inference.35 The aim of the family-

level inference, in this case, was to compare the models with

different types of interplay between the VS and the two prefrontal

areas during the incongruent condition. Six families (Figure 4) were

defined accordingly: (1) incongruent condition only modulates the

top-down connections; (2) incongruent condition only modulates

the bottom-up connections; (3) incongruent condition modulates

top-down connections between the VS and the dmPFC but

bottom-up connections between the VS and the lPFC, or vice

versa; (4) incongruent condition modulates both top-down and

bottom-up connections only for the lPFC; (5) incongruent condition

modulates both top-down and bottom-up connections only for the

dmPFC; and (6) incongruent condition modulates both top-down

and bottom-up connections for both the lPFC and the dmPFC. The

BMS was done separately for the two groups. Given that fixed

optimal model structures were not assumed among individuals, a

random-effects analysis was used on the group level. This method

takes into account the individual differences in model structures.36

Following the BMS, Bayesian model averaging (BMA) was per-

formed across the entire model space to further obtain parameter

estimates of the effective connectivity. Finally, two-sample t tests

were done to compare the connectivity between the two groups.

The results were corrected for six comparisons with Bonferroni

correction, with pcorr. = 0.05 as the threshold.

F IGURE 2 Regions of interest (ROI) masks.
(A) dorsomedial prefrontal cortex (dmPFC) mask:
generated according to the review paper by Hung
et al.27 In the cognitive inhibition meta-analysis,
there were four peaks located in the dmPFC
regions (Talairach coordinate: 6/14/40; 6/26/32;
8/8/58; −6/0/54). Four 12 mm spheres were
generated around each peak, and the
conjunctions of these spheres were used as the

dmPFC masks. (B) lateral prefrontal cortex (lPFC)
mask: conjunction of the three 12 mm spheres
generated around the three peaks in the lPFC
according to the same meta-analysis (Talairach
coordinates: 42/26/30; 46/14/22; 52/16/14).
(C) ventral striatum (VS) mask: defined on the
basis of the peak of a previous meta-analysis on
functional magnetic resonance imaging (fMRI)
reward-related tasks.33 The conjunction of the
two 12 mm spheres around the peak Montreal
Neurological Institute (MNI) coordinates:
−12/10/−6 and 12/10/−6 were defined as the
VS mask. (D) Amygdala mask: the bilateral
amygdala mask was defined anatomically on the
basis of the AAL atlas in the WFU PickAtlas
toolbox53
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2.4 | Association between risk status and PIT
effect

To further examine whether the PIT effects were associated with risk

status, logistic regression was employed with risk status as the depen-

dent variable. Possible predictors included the behavioural interfer-

ence PIT effect and parameter estimates from the neural activated

clusters in the incongruent condition (after adjusting for the behav-

ioural interference PIT effect to avoid collinearity in predicting). In a

stepwise backward selection process, the best combination of predic-

tors was examined. Data-driven clusters were again used for this anal-

ysis because it was expected that these regions would reflect the

neural responses within the PIT task more precisely compared with

the ROIs.

F IGURE 4 Dynamic causal modelling (DCM) model families. The 27 DCM models were divided into six model families on the basis of the
modulatory effect of the incongruent condition on the connectivity between the ventral striatum (VS) and the two prefrontal regions. Within
each model family, there were three possible types of modulatory effects of the incongruent condition on the lateral prefrontal cortex (lPFC)–
dorsomedial prefrontal cortex (dmPFC) connection: forward, backward and bidirectional

F IGURE 3 Dynamic causal modelling
(DCM) model space. There were
27 models in the DCM model space. The
driving input consisted of all Pavlovian-
to-instrumental transfer (PIT) trials that
entered the ventral striatum. The red
arrows specify the intrinsic connectivity:
all three regions were assumed to be
intrinsically connected to each other and

to themselves. The incongruent condition
was assumed to modulate the
connectivity between each pair of regions
in three ways: forward, backward or
bidirectional, which resulted in
27 modulatory structures in total
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3 | RESULTS

3.1 | Behavioural results

The ER was found to be, on average, approximately twice as high in

the incongruent condition (30.8%) as compared with the congruent

condition (15.6%, Figure 5A). This increase of ER was highly signifi-

cant (T = 7.23; df = 190; p = 5.47 × 10−12; d = 0.52), indicating a sub-

stantial interference PIT effect in the whole sample. As hypothesised,

the PIT effect was substantially stronger in the high-risk

compared with the low-risk drinking group (ΔERhigh-risk = 21.3%,

ΔERlow-risk = 9.2%, T = 2.96; df = 189; p = 1.74 × 10−3; d = 0.43). The

results are displayed in Figure 5B. t tests on working memory,

processing speed and crystallised intelligence revealed no

significant differences between the two groups (for details,

see Supporting Information S2).

3.2 | fMRI results

3.2.1 | Neural incongruency effect—ROI analysis

In the ROI analyses, the four one-sample t tests of the parameter esti-

mates within the four ROIs did not survive the correction for multiple

comparisons, thus indicating no significant difference in the congruent

condition compared with the incongruent condition on the group

level.

3.2.2 | Neural correlates of the behavioural
interference PIT effect—ROI analysis

When correlating the behavioural interference PIT effect and neural

responses (incongruent–congruent condition) in the four ROIs, posi-

tive correlations were found between the behavioural interference

PIT effect (ΔER) and the neural responses in the lPFC (r(137) = 0.23;

pone-tailed;corr. = 0.012) as well as in the dmPFC (r(137) = 0.25;

pone-tailed;corr. = 0.007). The correlation between neural responses in

the VS and the behavioural interference PIT effect was also positive,

but it did not survive the control for multiple comparisons (r

(137) = 0.16; pone-tailed = 0.080 without the Bonferroni correction).

However, correlations were not seen between the behavioural inter-

ference PIT effect and responses in the amygdala (r(137) = −0.02;

pone-tailed = 0.790 without the Bonferroni correction).

3.2.3 | Neural incongruency effect—Whole-brain
analysis

With respect to the explorative whole-brain analysis, the second-level

t-contrast of the incongruent versus congruent PIT condition was first

investigated; this included the individual behavioural interference PIT

effect as a covariate. Increased brain responses during the incongruent

compared with the congruent PIT trials (neural incongruency effect)

were found in the ventral tegmental area (VTA; k = 50, t = 4.01, peak

Montreal Neurological Institute [MNI] templates coordinates: −10/

−16/−22) at a whole-brain uncorrected threshold of p < 0.001, cluster

size k ≥ 50 (Figure 6A). As an additional sanity check, at a lower

threshold (p < 0.01, cluster size k ≥ 50), the BOLD response of parietal

top-down control regions (BA40, peak MNI coordinates: −34/−48/50,

k = 265, t = 2.93) were also more pronounced during the incongruent

condition. In contrast, no brain region showed higher activity during the

congruent compared with the incongruent PIT trials at the same

statistical threshold (whole-brain p < 0.001, cluster size k ≥ 50).

3.2.4 | Neural correlates of the behavioural
interference PIT effect—Whole-brain analysis

In the next step of the whole-brain analyses, whether or not the neu-

ral response to interference was associated with the behavioural

interference PIT effect was investigated by conducting a one-sample

t test on the behavioural interference PIT effect covariate. Neural cor-

relates of the behavioural interference PIT effect were seen in the VS

F IGURE 5 Behavioural interference Pavlovian-to-instrumental transfer (PIT) effect. (A) Error rate (ER) increased on average by 15.2% in the
incongruent condition compared with the congruent condition (p = 5.47 × 10–12). (B) High-risk drinkers (n = 94), in contrast to the low-risk
drinkers (n = 97), reflected increased ER in the incongruent condition compared with congruent condition (p = 1.74 × 10–3). (C) Individual ER
change in the incongruent compared with the congruent condition, separated between high- and low-risk drinkers
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(k = 168, t = 4.58, peak MNI coordinate: 14/16/0), lPFC (k = 235,

t = 3.97, peak MNI coordinate: 50/38/22) and dmPFC (k = 955,

t = 4.35, peak MNI coordinate: 8/20/48) at a whole-brain uncorrected

threshold of p < 0.001, k ≥ 50 (Figure 6B; detailed results displayed in

Table 2). To illustrate the brain correlates of the behavioural interfer-

ence PIT effect (ΔER), the neural activation within the three activated

clusters was plotted in response to incongruent over congruent trials

(neural incongruency effect) against the behavioural interference PIT

effect (Figure 7). As can be seen, the neural response to incongruency

in the VS, lPFC and dmPFC was higher in subjects with a stronger

behavioural interference PIT effect. However, not all the individuals

showed responses to incongruency—this effect was driven by around

half of the individuals who committed more errors in the incongruent

condition as compared with the congruent condition. The association

between the behavioural interference PIT effect and the neural

incongruency effect was stronger for low-risk drinkers compared with

high-risk drinkers in the VS and the lPFC, but the difference was mar-

ginal in the dmPFC (detailed result in Figures S3 and S4).

3.2.5 | Effective connectivity difference between
high- and low-risk drinkers

The model selection was first performed in order to select an optimal

family of models among the six families in Figure 4. The selection was

performed separately for the high- and low-risk drinking groups to

test whether the winning family of models was different for the two

groups. The selection was based on the exceedance probability: a

higher exceedance probability suggests one family of models has

more evidence compared with other specified families of models.

According to the family exceedance probability, the winning family for

the high-risk drinking group was the family in which the incongruent

condition only modulated the bottom-up but not the top-down con-

nections between the VS, lPFC or the dmPFC. The winning family had

an exceedance probability of 0.32 (compared with the second-best

family with an exceedance probability of 0.17). In contrast, for the

low-risk drinkers, the model family in which the incongruent condition

fully modulated all the connections between the VS and both the lPFC

TABLE 2 fMRI results table

Whole-brain results (puncorrected. < 0.001, cluster size ≥ 50)

Region Side

Peak MNI

Peak-level t score Cluster sizex y z

Neural incongruency effect (incongruent–congruent)

Brain-stem (midbrain) L −10 −22 −22 4.19 50

Inferior temporal gyrus R 58 −42 −16 3.76 157

Neural correlates of the behavioural interference PIT effect

Right ventral striatum (extended to caudate) R 14 16 0 4.58 168

SMA (BA32, extended to BA8 and BA6) R 8 20 48 4.35 955

Middle frontal gyrus (SMA; BA6) L −28 2 58 4.03 226

Middle frontal gyrus (DLPFC/VLPFC; BA 45) R 50 38 22 3.97 235

Middle frontal gyrus (IFG; BA 44) L −36 22 34 3.84 69

Abbreviations: DLPFC, dorsal lateral prefrontal cortex; fMRI, functional magnetic resonance imaging; IFG, inferior frontal gyrus; MNI, Montreal

Neurological Institute; PIT, Pavlovian-to-instrumental transfer; SMA, supplementary motor area; VLPFC, ventral lateral prefrontal cortex.

F IGURE 6 Neural incongruency effect and neural correlates of behavioural interference Pavlovian-to-instrumental transfer (PIT) effect
(puncorrected < 0.001, cluster sizek ≥ 50). (A) Interference (incongruent–congruent trials) elicited activation in ventral tegmental areas (VTA)
(t = 4.01, k = 50, peak Montreal Neurological Institute (MNI) coordinates: −10/−16/−22). (B) A neural PIT effect (brain response to interference
correlated with behavioural interference PIT effect) was found in the ventral striatum (VS) (t = 4.58, k = 168, peak MNI coordinates: 14/16/0),
lateral prefrontal cortex (lPFC) (t = 3.97, k = 235, peak MNI coordinates: 50/38/22) and dorsomedial prefrontal cortex (dmPFC) (t = 4.35, k = 955,
peak MNI coordinates: 8/20/48)
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and the dmPFC had the highest exceedance probability of 0.38

(the second-best family had an exceedance probability of 0.19).

Generally speaking, with around twice the exceedance probability

of the winning family compared with the second-best family, it

was concluded that there was only weak support for the two dif-

ferent winning families for the two groups (plotted in Figure 8).

Because of the different winning families, the strength of the con-

nectivity was further obtained through BMA across the entire

model space for both groups; this ensured the parameter estimates

were comparable. The BMA does not make inferences about the

model structure, but it rather computes a weighted average of the

effective connectivity parameters from all the specified models.

The weights are given by the posterior probabilities of different

models.36 On the basis of the BMA results, one can directly com-

pare whether the effective connectivity parameters between cer-

tain brain regions are different for the two groups. According to

the criteria that the posterior mean is larger than zero at a proba-

bility threshold of 95%, the incongruent condition significantly

modulated the connection from the VS to the lPFC and the

bidirectional connection between the lPFC and the dmPFC for the

low-risk but not the high-risk drinkers (Table 3). By comparing the

modulatory parameters between the two groups, significantly

higher effective connectivity was found from the VS to the lPFC

modulated by the incongruent condition in the low-risk compared

with the high-risk drinking group (p = 0.004 after Bonferroni cor-

rection for six comparisons) (Table 3).

3.3 | Association between risk status and PIT
effects

In the backward stepwise logistic regression with risk status as the

dependent variable, the best model (χ2(3, N = 139) = 8.966, p = 0.030)

included three of the four predictors: the behavioural interference PIT

effect (β = 2.073; p = 0.014), the neural activation in the incongruent

condition in the VS (β = 0.298; p = 0.091) and the lPFC (β = −0.391;

p = 0.042), but not in the dmPFC. The logistic regression thus indi-

cated a positive association between risk status and behavioural

F IGURE 7 Neural correlates
of behavioural interference PIT
effect. Illustration of the positive
association between neural
activation in the ventral striatum
(VS), lateral prefrontal cortex
(lPFC), dorsomedial prefrontal
cortex (dmPFC) and the
behavioural interference

Pavlovian-to-instrumental
transfer (PIT) effect

F IGURE 8 Bayesian model selection (random-effects analysis; RFX) results for the high-risk and low-risk drinkers. According to the family
exceedance probability, the winning family for the high-risk drinking group was the family where incongruent condition only modulates the
bottom-up but not the top-down connections between the ventral striatum (VS) and the lateral prefrontal cortex (lPFC) as well as the
dorsomedial prefrontal cortex (dmPFC) (Family 2). In contrast, for the low-risk drinkers, the model family where the incongruent condition fully
modulates all the connections between the VS and both the lPFC and dmPFC had the highest exceedance probability (Family 6)
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interference PIT effect and the VS (trend-wise), whereas the risk sta-

tus was negatively associated with the neural responses in the lPFC.

4 | DISCUSSION

In this study, we investigated whether interference between

Pavlovian and instrumental control, assessed with a PIT task, is associ-

ated with risky alcohol use in a cohort of healthy males aged 18 years.

As expected, participants committed substantially more errors in the

incongruent compared with the congruent condition, which suggests

that interference by incongruent Pavlovian cues impairs instrumental

performance. Importantly, the instrumental performance was substan-

tially more impaired by Pavlovian interference in high-risk compared

with low-risk drinkers, indicating better interference control abilities

in the latter. At the neural level, participants with a stronger behav-

ioural instrumental impairment showed higher activation in the VS,

the dmPFC and the lPFC during incongruent PIT trials. Furthermore,

the neural responses also differed with risk status: high-risk drinkers

showed a blunted top-down control response of the lPFC, as well as

reduced effective connectivity from the VS to the lPFC during the

incongruent (i.e., conflict) condition. Taken together, these findings

indicate that individuals who can allocate top-down control to over-

come conflict, that is, interference between Pavlovian and instrumen-

tal cues, are less likely to show risky alcohol consumption.

At the behavioural level, the effect of interference was very pro-

nounced; however, at the neural level, interference was not detected

in the a priori ROIs. The subsequent explorative whole-brain analysis

revealed that incongruence was reflected by stronger activation in the

VTA and parietal areas, but these activations would not have survived

correction for multiple comparisons. Thus, for the entire sample of

young males, the neural effect of interference between Pavlovian and

instrumental control was rather modest. Regarding brain regions, this

finding is in line with previous animal studies, which showed that inac-

tivation of the VTA reduced the PIT effect.37,38 Additionally,

activation of the parietal areas, which has been suggested to be part

of the inhibitory brain network,27 may indicate the conflict partici-

pants experienced in the incongruent condition. The modest effect on

the group level might be due to the fact that only about half of the

sample showed impaired performance during interference between

instrumental and Pavlovian control.

In contrast, when the interindividual differences in interference

were considered, it was found that the VS, lPFC and dmPFC activa-

tion correlated positively with the behavioural interference PIT effect.

Previous literature repeatedly reported the VS to reflect the influence

of the Pavlovian cue on instrumental behaviour.11,23,25 The VS cluster

that was found also extended to the dorsal striatum; this has also

been shown by two previous studies.12,26 In contrast to previous

studies, we did not find amygdala activation.11,21,23–25 As suggested

by these studies, the amygdala may compute the affective valence of

Pavlovian cues in the PIT task. Notably, one difference between the

previously mentioned studies and the current study involves the

valence signal. In the aforementioned PIT studies, when comparing

the positive/negative Pavlovian cue condition with the neutral condi-

tion, the finding reflected a mixture of salience and valence signal.

Conversely, in the current analysis, the valence signal was averaged

out when pooling the different combinations of Pavlovian cues and

instrumental stimuli into incongruent and congruent conditions. This

may begin to explain why activation in the amygdala was not found.

Taken together, the signal seen in the VS may reflect a salience signal

indicating that the Pavlovian cue is at odds with the required instru-

mental behaviour.

The response elicited by incongruent trials was also found in the

dmPFC. This region has been extensively linked to conflict-related

performance monitoring, in which it plays an important role in decid-

ing the subsequent adjustments in performance.39,40 Additionally,

incongruent trials also evoked a response of the lPFC, which is a criti-

cal structure that gathers task-related information and exhibits top-

down cognitive control41,42 in relation to conflict monitoring, error

monitoring and response selection.43 To summarise, the activation

TABLE 3 DCM results
Modulatory effects of the incongruent condition

Low-risk drinkers High-risk drinkers

Two-sample t test

t value p value

VS ! lPFC 0.056 (0.099)** −0.002 (0.095) 3.52 0.001 **

VS ! dmPFC 0.021 (0.097) 0.017 (0.093) 0.22 0.829

lPFC ! VS 0.001 (0.098) 0.004 (0.097) −0.22 0.828

lPFC ! dmPFC 0.049 (0.100)** 0.013 (0.097) 2.13 0.035 *

dmPFC ! VS −0.010 (0.098) 0.006 (0.097) −1.00 0.317

dmPFC ! lPFC 0.045 (0.099)** 0.020 (0.097) 1.52 0.132

Driving input from all PIT trials

!VS 0.011 (0.008)** 0.005 (0.009) 3.98 0.001 **

Abbreviations: DCM, dynamic causal modelling; dmPFC, dorsomedial prefrontal cortex; lPFC, lateral

prefrontal cortex; PIT, Pavlovian-to-instrumental transfer; VS, ventral striatum.

*Significant at uncorrected threshold p < 0.05.**Survives Bonferroni correction for multiple comparisons

(six comparisons).
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found in the VS, lPFC and dmPFC is part of a corticostriatal circuit

that is critical for response selection and cognitive control through the

extensive communication between the subcortical and cortical

parts44,45—which makes it essential for overcoming interference dur-

ing incongruent task trials.

Compared with low-risk drinkers, the high-risk drinkers showed

a stronger association between the behavioural and the neural PIT

effect. This effect may be related to the findings from the DCM

analysis, which suggested that the incongruent stimuli tended not

to modulate the effective connectivity from the dmPFC and lPFC

to the VS for the high-risk drinkers. Parameter estimates further

indicated that the effective connectivity from the VS to the lPFC

was higher in response to the incongruent stimuli in the low-risk

compared with the high-risk drinking group. It is also worth men-

tioning that the VS mask for the DCM analysis was generated

around the peak activation from the analysis—this mask also partly

consisted of the dorsal striatum. Therefore, the interplay between

the VS and the lPFC may have also involved the dorsal striatum to

some extent. Taken together, the neural response in this network

may explain why low-risk drinkers showed better interference con-

trol (i.e., were less susceptible to response conflicts induced by

incongruent stimuli) when the Pavlovian cue conflicts with the

instrumental behaviour. It is plausible that the VS of low-risk

drinkers sends a salience signal that helps allocate cognitive top-

down control to resolve the response conflict.

It is worth noting that a previous paper from our group found

that the association between the valence of the Pavlovian cues

and response rates (indicating response vigour) was stronger for

high-risk than low-risk drinkers.21 However, in this study, the main

focus was to investigate the motivational effect of Pavlovian cues

on the ongoing instrumental behaviours, regardless of whether they

promote (congruent condition) or hinder (incongruent condition)

the required instrumental response. Despite using the same

dataset, the main focus of the current study was to examine the

interference effect of Pavlovian cues when they are in conflict

with the necessary instrumental behaviour. By doing this, the moti-

vational and cognitive control perspectives were able to be exam-

ined simultaneously, as both perspectives were present during

trials with interference from Pavlovian cues. Therefore, these

results connect previous research in the fields of cognitive control

and motivated behaviour. Even though the interplay of cognitive

control and motivated behaviour is essential to understand addic-

tive behaviour, most experimental approaches either focus on one

or the other. An exception would be the go–no-go/PIT task,16,46

which assesses the influence of non-drug Pavlovian cues on

response inhibition. So far, go–no-go/PIT tasks have not been used

to study substance use or dependence. These results, therefore,

complement previous studies that reported an association between

binge drinking and impaired interference control in young adults.47

Importantly, the conflict between Pavlovian and instrumental

control substantially differs from conflict seen in traditional interfer-

ence tasks such as the classical colour-word Stroop task (conflict at

stimulus level)48,49 or the Simon task (conflict at response level).50,51

In these ‘cold’ interference tasks, responses are instructed and are not

the result of learning based on rewards or punishments. Interference

in these tasks mainly results from automated response tendencies

(i.e., neither the colour representation in the Stroop task nor the loca-

tion cue representation in the Simon task triggers motivational

responses). In contrast, in our ‘hot’ interference task, Pavlovian cues

trigger a motivational response, that is, approach or avoidance behav-

iour and interfere with motivated instrumental behaviour. On the

basis of the hypothesis about the difference between the ‘cold’ and

‘hot’ interference task, future studies could investigate whether the

PIT effect we found could (to some extent) be explained by these

‘cold’ interference tasks or it involves fundamentally different

mechanisms.

To conclude, the results of the current study show that the sus-

ceptibility to Pavlovian interference during a PIT task is linked to haz-

ardous drinking behaviours at age 18. Although the imbalance

between the top-down and bottom-up systems has been suggested

to be associated with addictive behaviour, previous studies have

tended to consider either the perspective of cognitive control or moti-

vated behaviour but not both at the same time. Using a PIT task, we

assessed the top-down control and its interaction with bottom-up

Pavlovian and instrumental processes. Our experimental data indicate

that a poor interplay between top-down and bottom-up processes

may contribute to early hazardous alcohol use.

5 | LIMITATIONS

We investigated a sample of 18-year-old social drinkers. In this sam-

ple, some participants did not commit any errors during the PIT task.

It is thus unclear whether these participants experienced no interfer-

ence at all or they had better interference control. Another explana-

tion could be that the PIT task was not sensitive enough to capture

the very subtle effects that may have been present in these partici-

pants. Therefore, a possible solution to this issue could be found in

further refinement of the PIT task to increase the sensitivity to more

subtle effects. Additionally, the classification of high- and low-risk

drinkers based on the self-reported alcohol consumption data during

the past year may not be entirely accurate because of the possible

memory bias; future studies may improve this by using more fre-

quently assessed electronic diary data. Another limitation of the cur-

rent study is that these results cannot be generalised to nonmale

populations.
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