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Abstract

Rationale Alcohol intoxication and alcohol cue exposure impair ‘reactive’ inhibitory control and increase motivation to drink.

However, inhibitory control is a multi-component process that also comprises signal detection and proactive control. It is

unknown whether intoxication and cue exposure selectively influence these subprocesses in heavy drinkers.

Objectives In two pre-registered studies, we investigated whether exposure to alcohol-related cues (study 1) and alcohol priming

(study 2) impair each of these subprocesses of inhibitory control and increase motivation to drink.

Methods In study 1, 64 heavy drinkers completed a modified stop-signal task in an alcohol context (with embedded alcohol cues)

and a neutral context (with embedded neutral cues) followed by a subjective measure of craving and a bogus taste test to measure

ad libitum alcohol consumption. In study 2, 36 heavy drinkers consumed an alcoholic beverage (0.6 g/kg body weight), an

alcohol-placebo beverage, and water on a within-subjects basis, followed by the modified stop-signal task and a bogus taste test.

Results In study 1, alcohol cue exposure did not impair inhibitory control subprocesses. Reactive control was unexpectedly better

following alcohol cue exposure (compared to neutral cue exposure). However, craving and ad libitum consumption increased as

expected. In study 2, reactive control was significantly impaired following the alcohol and control primes, relative to the placebo,

but there was no effect on proactive slowing or signal detection. As expected, intoxication increased motivation to drink and ad

libitum consumption (compared to placebo and control).

Conclusions Alcohol intoxication and cue exposure increase motivation to drink in the absence of impairments in subcompo-

nents of inhibitory control.

Keywords Alcohol . Craving . Cue reactivity . Inhibitory control . Proactive slowing . Signal detection . Stop-signal task

Introduction

Inhibitory control is defined as the (in)ability to suppress, post-

pone or alter a response that is no longer appropriate (Logan

et al. 1984) and can be measured using the stop signal and go/

no-go computerised tasks. These tasks require the inhibition of

a pre-potent motor response following a ‘stop signal’ or ‘no-go’

cue, and provide an index of inhibitory failures (commission

errors) or latency to inhibit (stop-signal reaction time; SSRT).

Theoretical models of addiction suggest a failure or impairment

in inhibitory control is a candidate psychological mechanism

for the development and maintenance of substance misuse (e.g.

de Wit 2009; Fillmore 2003; Goldstein and Volkow 2002;

Yucel et al. 2018). These predictions are supported by empirical

evidence indicating that impairments in inhibitory control pre-

dict variance in hazardous drinking (Colder and O'Connor

2002; Houston et al. 2014), and meta-analyses demonstrating

that inhibition is impaired in heavy drinkers and substance-

dependent patients compared to controls (Smith et al. 2014).

Longitudinal studies have also demonstrated that impaired in-

hibitory control predicts the onset of alcohol-related problems

in at-risk adolescents (Nigg et al. 2006), the transition from

heavy drinking to alcohol dependence (Rubio et al. 2008) and

treatment success (Rupp et al. 2016).
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Whilst the association between inhibitory control and alco-

hol (mis)use is seemingly well established, several ‘null’ find-

ings have also been published (e.g. Kamarajan et al. 2005;

Nederkoorn et al. 2009) and on closer inspection inhibitory

control may only explain a modest amount of variance in

substance use behaviour (Smith et al. 2014). One potential

explanation for this is a simplistic conceptualization of inhib-

itory control. Cognitive neuroscience models (Verbruggen

et al. 2014a) emphasise the importance of the underlying

mechanistic processes that contribute to engagement of inhib-

itory control. For example, SSRT—the estimated time to with-

hold a response following the presentation of a stop signal

(Brevers et al. 2017)—is regularly used as an index of inhib-

itory control. However, SSRT represents more than simply the

time taken to inhibit a response, because effective stopping

relies on initial detection of the stop signal (‘signal detection’),

the selection of an appropriate response (‘response selection’),

followed finally by execution of the stopping response.

Importantly, Verbruggen et al. (2014b) demonstrated that sig-

nal detection contributed to the response inhibition process

and can be isolated in stop-signal tasks through calculating

differences in SSRTs on blocks when the stop signal is pre-

sented in the centre of the screen, compared to blocks when

the stop signal is presented in the periphery. Additionally,

although reactive control (SSRT; the act of stopping) is an

important aspect of executive control and has been the focus

of most research in substance use, we also have the ability to

plan our behaviour and alter this ‘proactively’ (Verbruggen

et al. 2014a). This preparatory response has a downstream

impact on ‘reactive stopping.’ Proactive slowing can be in-

ferred by examining the difference in reaction times in blocks

where inhibitory signals are present and blocks where these

signals are absent and no inhibition is required (Aron 2011).

Indeed, research has shown that participants employ proactive

adjustments in order to ready themselves to detect a stop sig-

nal and, therefore, slow down their responses (Elchlepp et al.

2016; Verbruggen and Logan 2009b; Zandbelt et al. 2011).

Although these additions may increase task difficulty, we can

investigate whether these additional processes influence per-

formance on stop-signal tasks and if reactive control alone is

limited as a model of executive control (Aron 2011).

Importantly, both signal detection and proactive control

may have a significant role in substance use behaviour

(Brevers et al. 2017). First, substance users’ selective attention

is guided by substance-related cues (Townshend and Duka

2001) and impaired by alcohol (Plawecki et al. 2018;

Roberts et al. 2014), which may make it difficult to detect

inhibitory signals in the environment. Second, substance users

rarely engage global reactive stopping responses in the real

world (i.e. reaching for a glass but then inhibiting), but regu-

larly engage proactive control processes (i.e. preparation in

advance, such as declining to order an alcoholic drink).

Therefore, to better understand the association between

inhibitory control and alcohol use, we need to account for

the influence of preparation and signal detection on inhibitory

control (Verbruggen et al. 2014a).

A second issue which may impact the association between

inhibitory control and alcohol use is the stability of the pro-

cesses. The majority of research suggests inhibitory control is

stable over long periods. However, more recent evidence sug-

gests inhibitory control may fluctuate over time within indi-

viduals, suggesting that the capacity to proactively prepare,

choose and stop a response is fluid. In a narrative review

(Jones et al. 2013), we identified various situational and inter-

nal triggers, for example, alcohol-related cues, alcohol intox-

ication, ego depletion and stress, which may cause short-term

deficits in inhibitory control (see also de Wit 2009).

Subsequent empirical research has demonstrated limited evi-

dence for stress-related impairments in inhibitory control

(Scholz et al. 2009) and the veracity of the ego-depletion

effect is under debate (Hagger et al. 2016). Nevertheless, the

effects of acute intoxication and cue exposure on inhibitory

control are seemingly robust, with a systematic review

(Weafer and Fillmore 2016) demonstrating alcohol intoxica-

tion consistently impairs inhibitory control and recent meta-

analyses demonstrating small but robust effects of alcohol cue

exposure on inhibitory control (Jones et al. 2018).

Across the majority of studies included in these evidence

syntheses, the focus was global reactive control indices

(SSRTs or No/Go errors), and currently, there is little research

investigating the effects of alcohol cues and intoxication on

inhibitory subprocesses (specifically, proactive slowing and

signal detection). In one study, Sharma (2017) showed how

preceding alcohol cues (compared to neutral cues) impaired

the performance of heavy drinkers, but not light drinkers, on a

modified Stroop task. These results implied that heavy

drinkers were relying on reactive control, whereas light

drinkers were employing proactive control to filter out the

context of the prior image. Conversely, Campbell et al.

(2017) demonstrated that alcohol intoxication increased motor

SSRTs but did not influence proactive slowing. Indeed, this

emphasises the simplistic conceptualization of inhibitory con-

trol in the majority of prior research and the need to break

inhibitory control down into its component processes to fur-

ther understanding.

Consequently, the current studies aimed to directly investi-

gate the effect of alcohol cue exposure (study 1) and alcohol

intoxication (study 2) on the different components of inhibi-

tory control (namely reactive stopping, signal detection and

proactive control), and subsequent craving and ad libitum al-

cohol consumption. We included these alcohol-seeking mea-

sures due to substantial evidence demonstrating that both

alcohol-related cues (Fatseas et al. 2015; MacKillop and

Lisman 2007) and alcohol intoxication (Christiansen et al.

2012; De Wit and Chutuape 1993) increase motivation to

consume subsequent alcohol. We also aimed to investigate
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whether increased alcohol seeking was the product of impair-

ments in the different components of control as past research

has demonstrated that impairments in inhibitory control pre-

dict hazardous drinking (Colder and O'Connor 2002; Houston

et al. 2014). We pre-registered the design, statistical power

calculations, hypotheses and analysis strategy, with data freely

available on Open Science Framework (study 1: [https://osf.

io/qf72a/], study 2: [https://osf.io/dg27x/]).

Study 1

We hypothesised that exposure to alcohol-related cues com-

pared to neutral cues would (i) impair reactive control, signal

detection and proactive slowing and (ii) increase self-reported

craving and subsequent ad libitum alcohol consumption. We

also hypothesised that (iii) deficits in proactive slowing and

signal detection would predict unique variance in alcohol con-

sumption after controlling for reactive inhibition. Finally, we

hypothesised that (iv) the effects of alcohol cue exposure on

ad libitum alcohol consumption would be partially mediated

by changes in the different components of control.

Methods

Participants

Heavy drinkers (N = 64; 37 females, 27 males) took part in a

laboratory study across two sessions, approximately one week

apart. Participants were aged between 18 and 59 (M= 23.73,

SD = 9.33) and were recruited from the University of

Liverpool and wider community through online advertise-

ments. We conducted a power analysis to detect a within ×

between interaction (d = .39, α = .05, 1 − β = 90%) based on a

pooled effect size from studies which have examined the ef-

fect of alcohol-related cues on inhibitory control in heavy

drinkers (e.g. Czapla et al. 2015; Kreusch et al. 2013).

Heavy drinking was defined using UK government guide-

lines: males and females who consume > 14 UK units of al-

cohol per week (1 UK unit = 8 g of pure alcohol). Eligibility

criteria included age 18 or over, a fluent English speaker and a

self-reported motivation to reduce their alcohol consumption.

We recruited individuals who reported motivation to restrict

consumption as these individuals should be employing inhib-

itory control to restrict their intake (Hofmann et al. 2012).

Exclusion criteria included self-reported current or previous

diagnosis of substance use disorder, ADHD, psychiatric dis-

order, a current/recent illness (e.g. flu) that could increase

sensitivity to alcohol, taking medications (e.g. antidepres-

sants) that are adversely affected by alcohol, pregnancy or

breastfeeding. The study was approved by the University of

Liverpool’s local ethics committee.

Materials

Questionnaires

Participants completed a battery of questionnaires; this includ-

ed a two-week timeline follow back (TLFB: Sobell and Sobell

1990) to measure retrospective alcohol consumption in units,

the Alcohol Use Disorders Identification Test (AUDIT:

Saunders et al. 1993) to measure hazardous drinking (study

1: α = .66, study 2: α = .66), the Brief Comprehensive Effects

of Alcohol Questionnaire (B-CEAQ: Ham et al. 2005) to mea-

sure alcohol outcome expectancies (study 1: α = .84 study 2:

α = .80), the Temptation Restraint Inventory (TRI: Collins and

Lapp 1992) to measure drinking restraint (preoccupation with

and efforts to reduce drinking) (study 1: α’s > .61, study 2:

α’s > .54) and the Barratt Impulsivity Scale (BIS: Patton

et al. 1995) to measure self-reported impulsivity across three

dimensions (motor, non-planning and attentional) (study 1:

α’s > .61, study 2: α’s > .44).

To measure self-reported craving before and after the stop-

signal task, participants completed the Approach and

Avoidance of Alcohol Questionnaire ‘right now’ version

(AAAQ: McEvoy et al. 2004) which consists of three sub-

scales of craving (inclined/indulgent, obsessed/compelled, re-

solved/regulated) (study 1: α’s > .64, study 2: α’s > .78).

Participants also completed a funnelled debrief to measure

awareness of the experimental aims of the study. This included

an open question asking what the purpose of the experiment

was and two fixed-response questions asking the purpose of

the computer task and the taste test (see supplementary

materials).

Modified stop-signal task (SST; Verbruggen et al. 2014b)

Participants completed a modified stop-signal task, designed

to isolate proactive slowing, reactive control and signal detec-

tion. At the beginning of each trial, a white fixation line ap-

peared in the middle of the screen for 500 ms, as well as a

white border around the edge of the screen display. Following

these, two words appeared, one immediately above the line

and one immediately below the fixation line. These words

described natural (e.g. lion, swan) or man-made (e.g. desk,

shed) objects, based on Verbruggen et al. (2014b). Natural

words were assigned as targets, and participants had to re-

spond as quickly as possible to their position in relation to

the line (above or below) by a key press. Man-made words

were distractors. Depending on condition, a neutral-related

image (e.g. a scene from an office) or alcohol-related image

(e.g. a scene from a bar) appeared in the background on each

trial. There were 10 of each image type, and they were

230 mm× 130 mm in size. The task consisted of three blocks

(no-signal block, central-signal block, peripheral-signal
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block) , which were presented in a randomised,

counterbalanced order.

No-signal block In this block, participants had to identify the

position of the target word in relation to the line without in-

terruption on 100% of trials (128 in total).

Central-signal block In this block, participants had to identify

the position of the target word in relation to the line without

interruption on 75% of trials (96 in total). The remaining 25%

of trials (32 in total) were stop-signal trials, in which the white

fixation line between the words increased in size by 300%.

Participants were told to try and withhold their response to the

target word position if this happened.

Peripheral-signal block In this block, participants identified

the position of the target word in relation to the line without

interruption on 75% of trials (96 in total). The remaining 25%

of trials (32 in total) were stop-signal trials, in which the white

square around the edge of the display increased in size by

300%. Participants were told to try and withhold their re-

sponse to the target word position if this happened.

Participants were also given standard stop-signal instruc-

tions in which they were explicitly told that they should not

wait for the signal and should, instead, respond as quickly as

possible. In both the central-signal and peripheral-signal

blocks, the delay between presentation of the target and

distractor word and the increase in size of the stop signals

(fixation line or square around the display) was adjusted on

a trial-by-trial basis using a tracking procedure (Verbruggen

and Logan 2009a). In each block, the initial delay was 250ms;

if participants failed to inhibit, the delay decreased by 50 ms,

making subsequent inhibition easier; if participants success-

fully inhibited, then the delay increased by 50 ms, making

subsequent inhibition more difficult.

In line with our pre-registration, reactive control was in-

ferred as the mean SSRT (Verbruggen et al. 2013) collapsed

across central- and peripheral-signal blocks. However, we also

examined SSRTs based only on central-signal blocks in order

to provide a more direct comparison with previous literature.

Proactive slowing was inferred from the degree of reaction

time slowing on both stop-signal blocks compared to no-

signal blocks (RTstop signal −RTno signal). Signal detection

was inferred from the difference in SSRT (SSRTperipheral

signal − SSRTcentral signal) between central-signal and

peripheral-signal blocks. The effects of alcohol cues on each

process were measured by comparing performance across

conditions (alcohol context, neutral context).

Ad libitum taste test

Participants received 250 ml of chilled Skol beer (2.8%

vol. ABV) and 250 ml of chilled fresh orange juice (non-

alcoholic beverage). They were not informed of the brands

used and were given each drink simultaneously in un-

marked glasses. Participants were asked to taste and rate

the drinks on various gustatory dimensions e.g. ‘How bitter

did you find the drink?’ using visual analogue scales and

were told to ‘drink as much or as little as you like in order

to make accurate judgements’. Before completion, partic-

ipants were also told that alcohol would impair perfor-

mance on the next task, in which they had the opportunity

to win small amounts of money, in order to increase their

motivation to restrict their intake (taken from Christiansen

et al. 2012; Field and Jones 2017). The volume of each

drink consumed was recorded unobtrusively at the end of

each session, and ad libitum alcohol consumption was

expressed as the amount of beer as a percentage of total

fluid consumed.

Procedure

Participants attended two sessions approximately one week

apart, the order of which was counterbalanced. One session

was completed in a standard neutral laboratory; the other was

completed in the University of Liverpool’s Bar Laboratory

(https://www.liverpool.ac.uk/psychology-health-and-society/

departments/psychological-sciences/facilities/bar-lab/) which

resembles a typical UK bar containing advertisements for

alcohol, beer pumps, etc. Participants were breathalysed at

the beginning of each session and were required to have a

breath alcohol concentration (BAC) of 0.0 mg/l in order to

take part. Participants first provided demographic information

and completed the battery of questionnaires measuring alco-

hol use and personality (TLFB, AUDIT, B-CEAQ, TRI and

BIS) and the AAAQ to measure craving before the SST.

Before each block of the task, participants were asked to smell

a drink and allow a small amount to touch their lips (beer in

the alcohol session, water in the neutral session), to increase

cue reactivity further (see Field and Jones 2017). Following

the SST, participants completed a second AAAQ to measure

craving following the task. They then completed the taste test

followed by a Balloon Analogue Risk task (BART; Lejuez

et al. 2003). During this task, participants had to click a mouse

to pump up 10 simulated balloons. Each pump was worth £0.

05 which they could collect in a ‘permanent bank’. However,

if the balloon burst before collection, participants lost the

money from that trial. This task was presented to ensure par-

ticipants believed our cover story, that alcohol might impair

their performance. Our hypotheses did not concern perfor-

mance on this task, and as a result, it is not reported here

(see supplementary materials for further details). Participants

then provided a final breath alcohol sample, and in the final

session completed a funnelled debrief assessing awareness of

experimental measures (see supplementary analyses).

Psychopharmacology

https://www.liverpool.ac.uk/psychology-health-and-society/departments/psychological-sciences/facilities/bar-lab/
https://www.liverpool.ac.uk/psychology-health-and-society/departments/psychological-sciences/facilities/bar-lab/


Data reduction and analysis

For the stop-signal task, outliers were removed following

criteria suggested in previous research (Field and Jones

2017; Verbruggen and De Houwer 2007). Reaction times that

were greater than 2000 ms or less than 100 ms were removed,

as were reaction times that were 2.5 standard deviations great-

er or less than individual means. We also checked for outliers

during examination of box-and-whisker plots.1 Two partici-

pants were removed from the stop-signal task analysis as the

data did not record for one block. One participant did not

complete the taste test during the neutral session as they stated

they had not eaten during the day of testing. Details of how

each hypothesis was analysed are included in the pre-registra-

tion. Post hoc comparisons were carried out using LSD tests.

Results

Sample characteristics

Participants consumed 53.64 (± 35.64) units on average in the

twoweeks prior to their participation in the study, and reported

an average AUDIT score of 12.59 (± 4.65), indicative of haz-

ardous drinking. An independent t test revealed no significant

differences in AUDIT scores between males (13.48 ± 5.21)

and females (11.95 ± 4.16; t (62) = 1.31, p = .195, d = 0.33).

However, males consumed significantly more units (68.87 ±

46.16) in the two weeks prior to the study compared to fe-

males (42.53 ± 19.56; t (33) = 2.79, p = .009, d = 0.71).

Hypothesis 1: Does alcohol cue exposure cause deficits

in inhibitory processes? (See Table 1)

Deficits in signal detection and reactive control were analysed

using a 2 (block: central signal, peripheral signal) × 2 (condi-

tion: alcohol cue exposure, neutral cue exposure) repeated-

measures ANOVA on SSRTs. This revealed a significant main

effect of block (F (1, 61) = 36.99, p < .001, ηp
2 = .38) where

SSRTs were significantly faster for central compared to pe-

ripheral blocks. This indicates greater reactive stopping when

the stop signal was presented centrally compared to in the

periphery. There was also a main effect of condition (F (1,

61) = 4.52, p = .038, ηp
2 = .07), but contradictory to our hy-

pothesis, SSRTs were significantly faster (indicating better

reactive stopping) during alcohol cue exposure compared to

neutral cue exposure. Furthermore, there was no interaction

between block and condition (F (1, 61) = 3.02, p = .087,

ηp
2 = .05) suggesting that cue exposure did not impair signal

detection. We also compared SSRTs in central stop-signal

blocks only, and this revealed no significant differences in

SSRTs following alcohol cue exposure compared to neutral

cue exposure (t (61) = − .74, p = .463, d = − 0.11), again sug-

gesting that alcohol cues did not impair reactive control.

Proactive slowing was analysed using a 2 (block: no-signal

block, central- and peripheral-signal blocks) × 2 (condition:

alcohol cue exposure, neutral cue exposure) repeated-

measures ANOVA on reaction times. This showed a main

effect of block (F (1, 61) = 134.47, p < .001, ηp
2 = .69) where-

by participants slowed down their responses more in the stop-

signal blocks compared to the no-signal blocks indicative of

proactive slowing. Furthermore, there was a main effect of

condition (F (1, 61) = 5.34, p = .024, ηp
2 = .08) whereby par-

ticipants were slower to respond during neutral cue exposure

compared to alcohol cue exposure. However, there was no

significant interaction between block and condition (F (1,

61) = 1.11, p = .295, ηp
2 = .02) suggesting that alcohol cue ex-

posure did not impair proactive slowing.

Hypothesis 2: Does alcohol cue exposure increase craving

and ad libitum alcohol consumption? (See Table 2)

To examine whether alcohol cue exposure increased craving,

scores on the AAAQwere analysed using a 3 (subscale: mean

scores on inclined/indulgent, obsessed/compelled, resolved/

regulated) × 2 (time: pre-manipulation, post-manipulation) ×

2 (condition: alcohol cue exposure, neutral cue exposure)

repeated-measures ANOVA. This revealed that there was no

main effect of condition (F (1, 63) = 1.31, p = .257, ηp
2 = .02)

or time (F (1, 63) = 2.41, p = .125, ηp
2 = .04). However, there

were significant condition × time (F (1, 63) = 11.96, p = .001,

ηp
2 = .16) and condition × time × AAAQ subscale (F (2,

114) = 5.95, p = .005, ηp
2 = .09) interactions.

To examine these interactions further, a 2 × 2 ANOVAwas

conducted on each subscale separately. For the inclined/

indulgent subscale, there was no main effect of condition (F

(1, 63) = 0.79, p = .378, ηp
2 = .01). However, there was a main

effect of time (F (1, 63) = 4.15, p = .046, ηp
2 = .06), with

scores decreasing post-manipulation. There was also a signif-

icant condition × time interaction (F (1, 63) = 13.45, p = .001,

ηp
2 = .18). This revealed a decrease from pre- to post-

manipulation following neutral cue exposure (p < .001) but

no difference between pre- and post-manipulation following

alcohol cue exposure (p = .279). This suggests craving did not

significantly increase following alcohol cue exposure. Lastly,

there was no difference at post-manipulation between the two

conditions (p = .437). For the obsessed/compelled subscale,

there was a condition × time interaction (F (1, 63) = 6.82,

p = .011, ηp
2 = .10) demonstrating that participants reported

greater craving post-manipulation compared to pre-

manipulation following alcohol cue exposure (p = .025) but

no difference following neutral cue exposure (p = .768).

There was also no difference between the conditions at post-

1
Two participants were identified during the outlier analysis with a high

frequency of errors. However, their removal did not change the pattern of

results.
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manipulation (p = .524). Lastly, there was only a main effect

of time on the resolved/regulated scale (F (1, 63) = 6.21,

p = .015, ηp
2 = .09) which showed scores decreased at post-

manipulation in both conditions.

To examine differences in ad libitum alcohol consumption,

we conducted paired-samples t tests on beer consumed (as a

percentage of total fluid). This revealed that participants drank

significantly more beer following alcohol cue exposure com-

pared to neutral cue exposure (t (62) = 2.66, p = .01, d = 0.34;

see Fig. 1). Finally, there was no significant difference in

ratings of alcohol pleasantness following alcohol cue expo-

sure (6.33 ± 2.31) compared to neutral cue exposure (6.11 ±

2.13; t (62) = 0.96, p = .34, d = 0.12) (see supplementary

materials for further details).

We also hypothesised that deficits in proactive slowing and

signal detection would predict unique variance in alcohol con-

sumption after controlling for reactive inhibition, and that the

effects of alcohol cues on ad libitum alcohol consumption

would be partially mediated by changes in the different com-

ponents of control. However, we did not demonstrate impair-

ments due to alcohol cue exposure and deficits in inhibitory

control did not predict alcohol consumption. Hence, we do not

meet the assumptions required to examine within-subjects me-

diation (see supplementary materials).

Interim discussion

Study 1 demonstrates that alcohol cue exposure did not

impair inhibitory subprocesses. Indeed, reactive control

was unexpectedly better following alcohol cue exposure

(compared to neutral cue exposure) when examining cen-

tral and peripheral stop-signal blocks, although there was

no difference when analysing central blocks only.

Furthermore, although there was the presence of proactive

slowing and increased signal detection of central stop sig-

nals (compared to periphery), neither proactive slowing

nor signal detection were directly impaired by alcohol

cues. In line with previous research, alcohol cue exposure

increased craving (albeit weakly) and subsequent ad

libitum alcohol consumption. However, this was not the

result of impairments in inhibitory subprocesses.

Study 2

In study 2, we administered a control, placebo-alcohol and

alcohol prime to investigate the pharmacological and antici-

pated effects of alcohol on inhibitory subprocesses and moti-

vation to drink. Typical alcohol priming studies compare the

effects of an alcohol dose and a placebo dose to investigate the

pharmacological effects of alcohol (e.g. Fillmore et al. 2009;

Marczinski et al. 2005; Weafer and Fillmore 2008). However,

this comparison has low ecological validity as in the real

world it is likely that the effect of alcohol is the result of both

the pharmacological and the anticipated effects. Therefore,

with the addition of a control condition, we are able to distin-

guish the anticipated from the pharmacological effects of al-

cohol (Christiansen et al. 2012).

We hypothesised that acute alcohol intoxication compared

to placebo and control would (i) cause deficits in reactive

control, signal detection and proactive slowing and (ii) in-

crease alcohol-seeking measures.2 We also hypothesised that

(iii) following alcohol intoxication, proactive slowing, signal

detection and reactive control would predict unique variance

in alcohol consumption. Finally, we hypothesised that (iv) the

effects of alcohol intoxication on ad libitum alcohol consump-

tion would be partially mediated by changes in the different

components of control.

Methods

Participants

Heavy drinkers (N = 36; 19 males) took part in a laboratory

study with three sessions, approximately one week apart.

Participants were aged between 18 and 44 (M= 24.75, SD =

± 7.33). The number of participants was decided upon using a

power calculation to find a medium effect size (d = .50) at

α = .05, and 90% power. Studies have demonstrated larger

2
We also predicted that the placebo-alcohol beverage would increase subjec-

tive intoxication ratings, motivation to drink, beer consumed in the taste test

and deficits in proactive and reactive control compared to the control condi-

tion, but not to the same extent as alcohol.

Table 1 Descriptive statistics for

SSRTs and mean go-reaction

times (ms) shown separately for

each condition (values are mean,

SD)

Alcohol cue exposure Neutral cue exposure

SSRT (central) 426.13 (108.39) 437.32 (102.34)

SSRT (peripheral) 475.48 (132.71) 526.12 (156.64)

Overall SSRT 450.81 (103.27) 481.72 (116.30)

No-signal block RT 714.75 (101.78) 757.15 (114.72)

Signal block RT (central) 946.11 (233.52) 963.67 (182.66)

Signal block RT (peripheral) 945.29 (229.26) 971.08 (168.05)

Lower score = faster SSRT. Overall SSRT =mean of the peripheral and central SSRTs
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effect sizes of alcohol impairments on inhibitory control

(Stroop) tasks (e.g. Rose and Duka 2007, d = .89); however,

as no research has examined the effects on inhibitory subcom-

ponents, we opted for a more conservative estimate of d = .50.

Inclusion and exclusion criteria and recruitment strategy were

the same as those of study 1.

Materials

Questionnaires

Participants completed the same questionnaires and awareness

of experimental aims questions (see supplementary materials)

that are described in the method of study 1. They also com-

pleted the Subjective intoxication scales (SIS; Duka et al.

1998) to measure subjective feelings of ‘lightheaded’, ‘irrita-

ble’, ‘stimulated’, ‘alert’, ‘relaxed’ and ‘contented’ following

alcohol priming. We also asked participants how many alco-

hol units they believed they had consumed in the priming

drink in each session.

Stop-signal task (SST; Verbruggen et al. 2014b)

Participants completed a modified stop-signal task, which was

nearly identical to task 1, the only difference being that we

removed the alcohol and neutral-related images in order to

prevent contamination of findings with cue exposure.

Therefore, the task was presented on a black background

across each block and session.

Procedure

Participants attended three sessions (alcohol, placebo and con-

trol) in a neutral laboratory. Each session took place between

12 p.m. and 6 p.m. and had to be at least one week apart. The

sessions were completed in a pseudo-counterbalanced order.

In line with previous studies, participants completed the con-

trol session first, followed by either the placebo or alcohol

session in a counterbalanced order. Participants were informed

that the experiment was investigating the effect of a high, low

and no dose of alcohol on taste perception. Participants were

breathalysed at the beginning of each session, and a BAC of

0.0 mg/l was required in order to take part.

Participants first completed the demographic questions and

a battery of questionnaires measuring personality and alcohol

use (first session only). They then completed the AAAQ and

dependent on condition, received either the alcohol, placebo

or control drink (in two glasses) and were asked to consume

this within 10 min, followed by a 20-min absorption period.

The alcoholic drink contained vodka (Smirnoff Red, 37.5%

alcohol by volume (ABV)) and chilled tonic water. The alco-

hol dose was calculated as 0.6 g/kg of body weight (maximum

dose of 200 ml vodka/8 UK units) and the drink mixed one

part vodka, three parts tonic water. The placebo-alcohol drink

contained chilled tonic water, the total volume of which was

the same as that of the alcoholic drink. Vodka mist was

sprayed onto the surface of the drink and smeared onto the

rim of the glass to simulate the smell and taste of alcohol.

Tabasco sauce was also added to the drink to give the burning

sensation of alcohol. The control drink consisted of chilled

Fig. 1 Boxplot to show beer

consumed as a percentage of total

fluid following alcohol cue

exposure and neutral cue

exposure (N = 63)

Table 2 AAAQ scores before and after the modified stop-signal task

split by experimental condition (values are mean, SD)

Alcohol cue exposure Neutral cue exposure

Pre-task Post-task Pre-task Post-task

Inclined/indulgent 4.61 (1.54) 4.74 (1.58) 5.05 (1.44) 4.59 (1.68)

Obsessed/compelled 0.75 (0.89) 0.95 (1.05) 0.91 (1.04) 0.88 (1.03)

Resolved/regulated 1.28 (1.14) 1.15 (1.22) 1.38 (1.22) 1.38 (1.22)
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water; the total volume was identical to the alcoholic and

placebo drink. This procedure is similar to previous research

carried out (e.g. Christiansen et al. 2012).

Participants then completed the AAAQ and SIS, and pro-

vided a breath alcohol sample, before completing the SST.

Following the SST, participants completed the ad libitum taste

test (see study 1 method) and were informed that alcohol may

impair their performance on the last task, in which they had

the opportunity to win small amounts of money. Lastly, par-

ticipants completed the BART task (see study 1 procedure/

supplementary materials) and provided a final breath alcohol

sample.

Data analysis

SST data was handled using the same procedures as study 1.

Two participants were excluded from the SST analysis due to

outliers. One participant was removed from the analysis of the

taste test as they did not complete this during one session.

Further details on the analysis of each hypothesis can be found

in the pre-registration.

Results

Sample characteristics

Participants consumed an average of 48.90 (± 25.72) UK units

in the two weeks prior to the first session of the study and

reported a mean AUDIT score of 11.78 (± 4.81), indicative of

hazardous drinking. There was no significant difference in

AUDIT scores between males (11.32 ± 3.89) and females

(12.29 ± 5.75; t (34) = − .60, p = .55, d = 0.20); however,

males did consume significantly more units (60.32 ± 25.68)

than females (36.15, ± 19.43; t (34) = 3.16, p = .003, d =

1.06) in the two weeks prior to taking part. There were no

significant differences in drinking patterns of the participants

across the two studies (see supplementary materials).

Hypothesis 1: Does alcohol intoxication cause deficits

in inhibitory processes? (See Table 3)

Deficits in signal detection and reactive control were analysed

using a 2 (block: central, periphery) × 3 (condition: control,

alcohol, placebo) repeated-measures ANOVA on SSRTs.

There was a significant main effect of block (F (1, 33) =

48.05, p < .001, ηp
2 = .59), with SSRTs significantly faster in

the central stop-signal blocks compared to those of the periph-

eral stop-signal blocks. Similar to study 1, this indicates that

reactive stopping was better when stop signals were presented

centrally compared to in the periphery. There was also a main

effect of condition (F (2, 66) = 3.44, p = .038, ηp
2 = .09) which

revealed that as predicted SSRTs were significantly slower

(indicating poorer reactive control) following alcohol

intoxication compared to the placebo (p = .008). However,

there was no difference following alcohol compared to the

control prime (p = .841). Contrary to predictions, SSRTs were

also significantly faster following the placebo compared to the

control (p = .033) suggesting that the anticipated effects of

alcohol did not impair reactive control. Lastly, there was no

interaction between block and condition (F (2, 66) = 2.09,

p = .132, ηp
2 = .06) indicating alcohol intoxication did not im-

pair signal detection. For direct comparisons with previous

research, we also investigated differences in SSRTs computed

from central stop-signal blocks only. This also revealed a main

effect of condition (F (2, 66) = 3.39, p = .04, ηp
2 = .09) which

demonstrated that SSRTs were significantly slower following

alcohol compared to a placebo (p = .018) but no difference

following alcohol compared to a control (p = .084).

However, there was also no difference between control com-

pared to the placebo primes (p = .449), again demonstrating

there was no anticipated impairing effects of alcohol on reac-

tive control.

Deficits in proactive slowing were analysed using a 2

(block: no signal, stop signal) × 3 (condition: control, alcohol,

placebo) repeated-measures ANOVA on mean go-reaction

times. In line with study 1, this revealed a significant main

effect of block (F (1, 33) = 81.13, p < .001, ηp
2 = .71).

Participants responded significantly faster in the no-signal

block compared to the stop-signal blocks indicating the pres-

ence of proactive slowing. There was also a main effect of

condition (F (2, 66) = 3.64, p = .032, ηp
2 = .10) which revealed

that participants were slower to respond in the control session

compared to the alcohol (p = .011). However, there was no

difference following the alcohol prime compared to the place-

bo (p = .292) or following the placebo compared to the control

(p = .132). Most importantly, there was no interaction between

block and condition (F (2, 66) = 0.89, p = .415, ηp
2 = .03) sug-

gesting that alcohol intoxication did not impair proactive

slowing.

Hypothesis 2: Does alcohol intoxication increase alcohol

seeking and consumption? (see Table 4)

Changes in craving subscales were assessed using a 3 (sub-

scales: mean score on inclined/indulgent, obsessed/compelled

and resolved/regulated) × 3 (condition: control, alcohol, pla-

cebo) × 2 (time: pre-drink, post-drink) repeated-measures

ANOVA. There was no main effect of condition (F (2,

70) = 0.90, p = .41, ηp
2 = .03) or time (F (1, 35) = 2.54,

p = .12, ηp
2 = .07). However, there was a significant condition

× time interaction (F (2, 70) = 7.96, p = .001, ηp
2 = .19).

To examine the interaction, we conducted 3 (condition:

control, alcohol, placebo) × 2 (time: pre-drink, post-drink)

repeated-measures ANOVAs on each subscale individually.

For both the inclined/indulgent and obsessed/compelled sub-

scales, there was a significant condition × time interaction
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(inclined (F (2, 70) = 5.71, p = .005, ηp
2 = .14); obsessed (F (2,

70) = 3.98, p = .023, ηp
2 = .10)). The nature of these interac-

tions demonstrated that participants reported lower scores on

the inclined subscale at post-control compared to pre-control

(p = .005) but there were no significant differences across time

in the alcohol or placebo sessions (ps > .05). Across condi-

tions, participants reported higher scores on the inclined/

indulgent subscale following the alcohol prime compared to

the placebo (p = .044) but there were no other significant dif-

ferences between conditions. On the obsessed/compelled sub-

scale, participants reported higher scores at post-drink in the

alcohol session compared to pre-alcohol (p = .018) but there

was no difference following the placebo or control drinks.

Participants also reported higher scores following alcohol

compared to the control (p = .004), but there were no other

significant differences across conditions. For the resolved/

regulated subscale, there was only a main effect of time (F

(1, 35) = 10.90, p = .002, ηp
2 = .24) which demonstrated that

participants felt less avoidant towards alcohol post-drinks

compared to pre-drink. Notably, there were no significant dif-

ferences in any of these measures pre-drink (ps > .05).

We also investigated if alcohol priming increased ad

libitum alcohol consumption. There was a main effect of con-

dition on beer consumed in the taste test (F (2, 68) = 5.98,

p = .004, ηp
2 = .15). Participants drank significantly more beer

following the alcohol prime compared to both control

(p = .002) and placebo (p = .045) primes; however, there was

no difference following the control compared to placebo

prime (p = .199) (see Fig. 2). There was no main effect of

condition on pleasantness ratings of beer (F (2, 68) = 1.89,

p = .159, ηp
2 = .05).

For BACs, a 3 (condition: alcohol, placebo, control) × 2

(time: post-drink, end of session) repeated-measures ANOVA

with 3 levels demonstrated a significant main effect of condi-

tion (F (1, 34) = 399.94, p < .001, ηp
2 = .92) with significantly

higher BACs following the alcohol prime compared to the

placebo (p < .001) and control (p < .001) primes. As expected,

there was no significant difference following the placebo

prime compared to the control (p = .518). There was also a

significant main effect of time (F (1, 34) = 27.94, p < .001,

ηp
2 = .45). As expected, BACs were significantly higher at

end of session compared to post-drink. Finally, there was also

a significant condition × time interaction (F (2, 68) = 3.95,

p = .038, ηp
2 = .10) with significantly higher BACs following

the alcohol prime (0.27 ± 0.09) compared to the placebo-

alcohol (0.00 ± 0.00) and control (0.00 ± 0.00) at post-drink

(p < .001). Following the taste test, BACs were also signifi-

cantly higher at the end of the session following the alcohol

prime (0.32 ± 0.09) compared to the placebo (0.02 ± 0.03;

p < .001) and control (0.02 ± 0.04; p < .001). There was no

difference between the placebo and control drinks at post-

drink or end of session (p = .518). Analyses for subjective

intoxication and estimation of units can be found in the sup-

plementary materials.

We also hypothesised that deficits in inhibitory subpro-

cesses would predict unique variance in beer consumed during

the bogus taste test and that the effect of alcohol intoxication

on beer consumedwould be partially mediated by the different

components of control. However, the effect of alcohol priming

on SSRTs was weak and deficits in inhibitory subprocesses

did not predict unique variance in beer consumption; there-

fore, these analyses are included in supplementary materials.

Table 3 Descriptive statistics for

SSRTs and mean go-reaction

times (ms) shown separately for

each condition (values are mean,

SD)

Control Alcohol Placebo

SSRT (central) 378.39 (76.26) 410.39 (81.39) 364.86 (84.59)

SSRT (periphery) 512.11 (176.87) 490.48 (174.51) 431.50 (105.64)

Overall SSRT 445.25 (109.54) 450.44 (109.69) 398.18 (85.58)

No-signal block RT 708.67 (90.77) 670.85 (77.59) 691.27 (113.87)

Signal block RT (central) 948.71 (180.38) 887.37 (187.88) 879.85 (192.15)

Signal block RT (periphery) 976.68 (170.86) 894.70 (218.66) 940.19 (206.74)

Lower score = faster SSRT. Overall SSRT =mean of the periphery and central SSRTs

Table 4 Descriptive statistics for

craving scores before and after the

priming drinks (values are mean,

SD)

Inclined/

indulgent

Obsessed/

compelled

Resolved/

regulated

Pre-control 5.12 (1.92) 1.22 (1.65) 1.33 (1.37)

Post-control 4.34 (2.36) 1.11 (1.59) 1.18 (1.33)

Pre-placebo 4.74 (1.89) 1.38 (1.87) 1.48 (1.45)

Post-placebo 4.27 (2.23) 1.41 (1.88) 1.08 (1.28)

Pre-alcohol 4.68 (1.67) 1.41 (1.80) 1.34 (1.47)

Post-alcohol 4.98 (2.11) 1.83 (2.04) 1.13 (1.50)
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Discussion

The current studies aimed to investigate the effect of alcohol

cue exposure and alcohol intoxication on proactive slowing,

reactive control, signal detection and subsequent craving and

ad libitum alcohol consumption. In study 1, there were no

impairments of proactive slowing or signal detection following

alcohol cue exposure (compared to neutral cue exposure), and

contrary to hypotheses, reactive control was unexpectedly

faster following exposure to alcohol cues compared to neutral

cues. Alcohol cues did have a weak effect on craving (on the

obsessive scale of theAAAQ) and increased ad libitum alcohol

consumption. In study 2, neither proactive slowing nor signal

detection were impaired by alcohol intoxication. SSRTs were

slower (indicative of worse inhibitory control) following alco-

hol compared to the placebo prime supporting our hypothesis,

but there was no difference compared to the control condition.

SSRTs were also significantly faster following the placebo

compared to the control suggesting the anticipated effects of

alcohol did not impair reactive control. As expected, alcohol

priming did increase self-reported craving and ad libitum alco-

hol consumption (compared to placebo and control).

Taken together, these findings provide limited support for

theoretical models which suggest that inhibitory control is a

state variable which fluctuates in response to internal (alcohol

intoxication) and environmental (cue exposure) events (deWit

2009; Jones et al. 2013). Specifically, we failed to replicate

numerous studies which have demonstrated impairments fol-

lowing alcohol cue exposure in both non-dependent (Field

and Jones 2017; Kreusch et al. 2013; Monk et al. 2016; Petit

et al. 2012; Weafer and Fillmore 2012) and dependent

drinkers (Gauggel et al. 2010; Muraven and Shmueli 2006).

Indeed, SSRTs were faster during alcohol cue exposure com-

pared to neutral cue exposure when analysing both central and

peripheral stop-signal blocks and there was no difference

across central blocks only. However, a recent meta-analysis

(Jones et al. 2018) demonstrated this effect is likely to be small

in magnitude (standardised mean difference = 0.213), and oth-

er research has also failed to demonstrate these effects across

non-dependent and dependent drinkers (Field and Jones 2017;

Nederkoorn et al. 2009; Weafer and Fillmore 2012).

Importantly, we demonstrated support that acute alcohol

intoxication impaired reactive control compared to a placebo

which supports previous research (e.g. Fillmore et al. 2009;

Marczinski et al. 2005; Weafer and Fillmore 2008). However,

the addition of a control group revealed that the effect of

alcohol intoxication on SSRTs is limited. We also failed to

support the observation that placebo intoxication impairs in-

hibitory control compared to control groups (Christiansen

et al. 2016) as when analysing both central and peripheral

blocks, SSRTs were unexpectedly faster following the placebo

compared to the control, although there was no difference

across central blocks only. These results may be partially ex-

plained by compensatory effects in which participants in the

placebo condition may attempt to compensate for impairments

(Fillmore et al. 1994), and research demonstrates that individ-

uals who show larger compensatory effects following a place-

bo usually show more tolerance to impairment following al-

cohol (Testa et al. 2006). Furthermore, although Campbell

et al. (2017) reported an impairment of motor (but not saccad-

ic) inhibition following alcohol intoxication, their effect was

smaller than predicted. This led them to suggest that there is a

lack of power and the existence of publication bias in the

literature. Similarly, Jones et al. (2018) also recently

questioned the clinical significance of any impairments due

to the small effect size and lack of associations with substance

use behaviours.

3
Note that this meta-analysis was published prior to recruitment of this study,

hence the larger estimate of d = .39 used for the power calculation.

Fig. 2 Boxplot of the mean

consumption of beer (as a % of

total fluid consumed) in the ad

libitum taste test during the

control, alcohol and placebo

sessions (N = 35) (The removal of

outliers from the control session

did not significantly influence the

comparison in beer consumption

following the alcohol prime

compared to the control, however

the comparison following the

alcohol prime compared to the

placebo was no longer

significant)
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Our findings provide support for recent cognitive models

which suggest that inhibitory control is amulti-process behaviour

(Verbruggen et al. 2014a). We were able to adapt tasks from the

literature to isolate signal detection and proactive control, and

across both studies showed that heavy drinkers demonstrate pro-

active slowing when inhibition is more likely and also increased

stopping times when stop signals are in the periphery, which

demonstrates the contribution of signal detection to reactive stop-

ping processes. Notably, the requirement of participants to detect

a visual central or peripheral stop signal and differentiate between

natural and man-made words may have improved the ecological

validity of the task as in the real world, signal detection and

response inhibition occur under complex conditions (e.g., multi-

ple environmental demands) and in ‘noisy’ surroundings

(Verbruggen et al. 2014b). However, this may have contributed

to a failure to replicate previous findings due to the increased task

difficulty and, therefore, attention requirements. The use of a

visual stop signal did, however, decrease the need for divided

attention as this was the same modality as the go stimuli

(Verbruggen et al. 2014b). Furthermore, it should be noted that

Campbell et al. (2017) also failed to demonstrate a reliable de-

crease in proactive slowing following alcohol priming; however,

as previously noted, there is a lack of research focusing on this

aspect of executive control and therefore it is still possible that

proactive slowing is impaired by alcohol. Despite limited evi-

dence for impairments within individuals, future research should

therefore investigate whether these impairments are exacerbated

in clinical populations, or evident in individuals who do not drink

to hazardous levels (Sharma 2017).

Finally, our findings provide further empirical support of

studies which have demonstrated that alcohol-related cues

(Fatseas et al. 2015; Koordeman et al. 2011; MacKillop and

Lisman 2007) and alcohol intoxication (e.g. Christiansen et al.

2012; De Wit and Chutuape 1993; Rose and Grunsell 2008)

increase subsequent alcohol seeking. Furthermore, although

the placebo-alcohol increased subjective feelings of

lightheadedness supporting previous research (e.g. Rose

et al. 2013), there was no difference in beer consumption

following the placebo-alcohol and control as predicted.

Nevertheless, this replicates the findings of Christiansen

et al. (2012) and implies that the pharmacological effects

(not the anticipated effects) of alcohol are key to the priming

effect on subsequent motivation to consume alcohol.

However, those studies (e.g. Marlatt et al. 1973) which have

found an increase in alcohol consumption following a placebo

compared to a control tend to have a short interval between

administration of the drinks and the taste test. In both

Christiansen et al. (2012) and the current study, there was a

longer interval (approximately 40 min passed between bever-

age consumption, the stop-signal task, and the bogus taste test

in the current study); therefore, the effect of the placebo on

subsequent motivation to drink may have reduced over time

(Christiansen et al. 2012). Additionally, despite the increase in

ad libitum consumption in both studies, we did not demon-

strate robust increases in craving. Although contradictory to

our hypothesis and previous findings (e.g. Christiansen et al.

2012; Fatseas et al. 2015; Field and Jones 2017; Rose et al.

2013), this suggests that alcohol seeking can increase without

an accompanied increase in self-reported craving, which has

also been reported in previous studies (e.g. Wiers et al. 2010;

see also Tiffany 1990; Wiers et al. 2007).

Our findings should be interpreted in light of limitations. In

study 1, our cue exposure manipulation may not have been

strong enough to influence inhibitory control. Although we

used similar methods to Field and Jones (2017), their manip-

ulation may have been strengthened by asking participants to

sniff beer after every 16 trials rather than at the beginning of

each block, and responding directly to alcohol-related cues

(rather than neutral words). Additionally, their sample had

greater levels of weekly alcohol consumption (~ 34.18 units)

and AUDIT scores (~ 14.18), suggesting these individuals

demonstrate a greater sensitivity to cue reactivity (Herrmann

et al. 2001). Second, we are unable to separate the effects of

these different cue modalities on inhibitory processes and ad

libitum alcohol consumption and future studies should attempt

to isolate these effects (Monk et al. 2016).

In conclusion, alcohol-related cues and alcohol priming in-

crease motivation to consume subsequent alcohol; however, this

is unlikely due to an impairment in the ability to inhibit behav-

iour(s). Future research should attempt to clarify the mechanisms

underlying this relationship and investigate additional processes

which may lead to impairments in inhibitory control, in order to

increase our understanding of hazardous drinking.
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