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Abstract
Rationale Alcohol priming can modulate the value of rewards, as observed through the effects of acute alcohol administration on
cue reactivity. However, little is known about the psychophysiological mechanisms driving these effects. Here, we examine how
alcohol-induced changes in bodily states shape the development of implicit attentional biases and explicit cue reactivity.
Objectives To characterize the interoceptive correlates of alcohol priming effects on alcohol attentional biases and cue reactivity.
Methods In a two-session double-blind alcohol administration procedure, participants (n=31) were given a 0.4-g/kg dose of
alcohol or a placebo drink. Cardiovascular responses weremeasured before and after alcohol administration to observe the effects
of alcohol on viscero-afferent reactivity, as indexed through changes in heart rate variability (HRV) at or near 0.1 Hz (0.1-Hz
HRV). Next, participants completed a modified flanker task to examine implicit alcohol attentional biases and provided subjec-
tive valence and arousal ratings of alcohol cues to examine explicit cue reactivity.
Results We found that changes in 0.1-Hz HRV after alcohol administration positively correlated with attentional biases, and
negatively correlated with alcohol valence ratings; blood alcohol content was a null predictor.
Conclusions This is novel evidence that suggests alcohol-induced changes in bodily states maymediate the occurrence of alcohol
priming effects and highlights the potentially generative role of interoceptive mechanisms in alcohol-related behaviors. The
differential patterns revealed by implicit biases and explicit response tendencies are considered within the context of the
dissociation between wanting and liking.
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Introduction

The role of interoceptive signals in addictive behaviors is
gaining prominence (Naqvi and Bechara 2010; Verdejo-
Garcia et al. 2012). Interoceptive signals provide afferent in-
formation about the physiological condition of all tissues and
organs of the body (Craig 2014) and are key determinants of
bodily states (Cameron 2001). The integration, perception,
and interpretation of bodily states importantly participate in
adaptive cognitive responses (Strigo and Craig 2016) as well

as in maladaptive addictive behaviors (Gray and Critchley
2007); they also mediate the detection of explicit alcohol ef-
fects (Leganes-Fonteneau et al. 2019a).

One of the mechanisms by which bodily states are posited
to participate in addictive behaviors is by modulating the val-
ue of rewards, a process known as alliesthesia (Paulus et al.
2009). Changes in an individual’s internal milieu can change
the appeal of a stimulus in a similar way that hunger increases
the palatability of food (positive alliesthesia) and satiety de-
creases it (negative alliesthesia) (Cabanac 1971). Importantly,
this internal milieu is subject to intrinsic and extrinsic pres-
sures, such as homeostatic set points and pharmacological
challenges, respectively (Avery et al. 2017).

Small doses of a rewarding substance can prime the organ-
ism to increase the value of related rewards (Toates 1986).
Such priming appears to be of crucial relevance for the under-
standing of alcohol relapses and clinical prognosis (Rose
2013), as increased salience of alcohol-related stimuli elicited
by drinking initiation (when doses are still low) may affect
behavior and predict continued drinking (Weinstein and Cox
2006). Although not originally interpreted within the
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framework of interoception and alliesthesia, alcohol priming
can be considered in this context. At low levels of intoxica-
tion, increases in implicit alcohol attentional biases are ob-
served compared to placebo (Schoenmakers et al. 2008),
whereas at higher doses of alcohol, these attentional biases
dissipate (Rose and Duka 2006). These findings are consistent
with positive and negative alliesthesia, respectively.

The study of interoception and an individual’s awareness
of their internal milieu requires mechanistically grounded, ob-
jective, and sensitive indices of afferent signaling that convey
information about body state to the brain. Afferent responses
emanating from the cardiovascular system offer a particularly
valuable window into the study of bodily states influencing
cognitive processes because of an extensive literature detail-
ing the mechanisms that drive heart-brain signaling. The heart
and brain maintain continuous and bidirectional information
exchange that is measurable as the variability in beat-to-beat
intervals in the heart (i.e., heart rate variability (HRV)). There
is a robust literature detailing the mechanisms that drive HRV
at different oscillations (Task Force 1996). Our laboratory is
interested in the variability that occurs specifically at or near
0.1 Hz. This oscillation parallels the inherent ~ 10-s cycle of
the baroreflex, a body-brain feedback loop that participates in
blood pressure regulation and integration of cardiac signals in
cognitive-emotional experience (Eddie et al. 2020; Mather
and Thayer 2018; Vaschillo et al. 2012). As such, the ampli-
tude of the oscillation observed at or near 0.1 Hz reflects
afferent vagus nerve signaling that relays information about
the internal state of the body to interoceptive neural hubs in
the brain (Lehrer and Gevirtz 2014). We propose that 0.1-Hz
HRV operates in parallel to traditional cardiac interoceptive
signals (Critchley et al. 2004), and its measurement can pro-
vide novel information about how interoceptive signals shape
cognitive function (Leganes-Fonteneau et al. 2021, 2020).

0.1-Hz HRV also plays a unique role in the study of
alcohol-related responses. The magnitude of increase in
0.1-Hz HRV in the presence of alcohol-related stimuli
characterizes alcohol risk factors, such as excessive alco-
hol use (Mun et al. 2008), and a family history of alcohol
use disorder following alcohol administration (Bates et al.
2020). Furthermore, we found that 0.1-Hz HRV reactivity
to the presence of alcohol stimuli mapped onto memories
for those same stimuli, providing further support for 0.1-
Hz HRV as an interoceptive cardiac signal shaping alco-
hol cognitive biases (Leganes-Fonteneau et al. 2020). This
effect was found only after alcohol administration, sug-
gesting a critical role for positive alliesthesia in the linking
between physiological and cognitive alcohol cue reactivity.
Moreover, the association was dampened by increased
feelings of intoxication, suggesting negative alliesthetic
processes may also be at play. Importantly, alcohol admin-
istration has a unique and immediate effect on 0.1-Hz
HRV (Leganes-Fonteneau et al. 2020). By obtaining

ECG measurements before and after beverage administra-
tion (mean blood alcohol concentration, BAC=74 mg/dl),
we found decreases in 0.1-Hz HRV after alcohol admin-
istration; sensitive null effects were obtained for partici-
pants given a placebo or control beverage. The high-
frequency (HF) band of HRV however was affected by
all three beverages. Therefore, we propose that 0.1-Hz
HRV can be used as a proxy to quantify alcohol-
induced changes in bodily states. These changes would
in turn allow us to study how alliesthetic processes help
shape alcohol cognitive biases.

In this double-blind two-session experiment, ECG mea-
surements were obtained before and 5 min after alcohol
(0.4 g/kg) or placebo administration. HRV was measured
as the amplitude of the power peak at 0.1 Hz during a
low demand task, in parallel to Leganes-Fonteneau et al.
(2020), to obtain an index of bodily changes to alcohol
administration. Participants then completed a modified
flanker task (with alcohol and neutral stimuli presented
as task-irrelevant distractors), which has proven sensitive
to priming effects by low alcohol doses (0.4 g/kg,
Nikolaou et al. 2013a) but has not been assessed in rela-
tion to interoceptive cardiac signaling. Subjective picture
cue ratings of valence and arousal were included to study
explicit responses towards alcohol cues. To our knowl-
edge, subjective ratings have not been previously paired
with attentional responses towards alcohol stimuli in the
context of an alcohol administration procedure. Thus, this
study was designed to characterize how alcohol-induced
changes in bodily states modulated the value of alcohol-
related stimuli across implicit (flanker task) and explicit
(cue ratings) cognitive domains (Wiers and Stacy 2006).

To demonstrate successful task effects, we sought to
replicate the observation that longer reaction time laten-
cies would be observed when alcohol stimuli, as com-
pared to neutral stimuli, appeared as distractors in the
flanker task. We further sought to replicate the observa-
tion that this effect would be more pronounced during
high cognitive load trials (Leganes-Fonteneau et al.
2019b; Nikolaou et al. 2013b). Because of the deleterious
effect of alcohol on flanker task performance during high
cognitive load (Marinkovic et al. 2013), the detection of
attentional biases could be restricted to low cognitive load
trials after alcohol administration (Nikolaou et al. 2013a).
The main hypotheses, however, target the larger, novel
design of this experiment. Specifically, we expected that
the modulation of bodily states by alcohol administration,
indexed as changes in 0.1-Hz HRV, would predict alcohol
attentional biases and explicit picture cue ratings. Due to
a lack of prior studies on this topic, we did not hypoth-
esize the directionality of these relationships, but the
relationship between 0.1-Hz HRV and attentional biases
could depend on cognitive load and beverage.
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Methods

Participants

Participants (n= 31,mean age = 23.52, SD=4.05, 16males)were
recruited from fliers posted on or near Rutgers University, NJ,
USA. Participants were eligible if they drank more than three
alcohol units per week in the past 3 months, were at least 21
years old, and did not report a history of learning disability,
psychiatric disorders, treatment for substance use disorder, cur-
rent AUD, or regular (weekly) illicit or prescription drug use.
Additionally, pregnant women and participants with a bodymass
index (BMI) 20% over- or under-weight were excluded. Upon
arrival to the laboratory, weight was confirmed as well as preg-
nancy status using a pregnancy test. Participants were compen-
sated for their participation in the study (USD 35–45).

Three participants completed only 1 session (alcohol ses-
sion only, n=2; placebo session only, n=1) due to premature
study termination related to COVID-19 and their data were
not included in analyses. Furthermore, ECG data for three
participants were not available due to technical errors (one in
the alcohol condition, two in the placebo condition), but their
available data but was included. An a priori power analysis
was performed for sample size estimation, based on correla-
tional data using the modified flanker task (Nikolaou et al.
2013b) that yielded an effect size = 0.451. With an alpha
=0.05, n=26 participants would generate a power = 0.80,
and n=35 a power = 0.90. The recruited sample size is thus
adequately powered (0.85) for the main objective of our study.

Questionnaires

Questionnaires evaluating alcohol use are presented in the
Appendix in the Supplementary information.

Beverage administration

In a double-blind alcohol administration procedure, participants
completed two sessions, one inwhich theywere given an alcohol
beverage and one in which they were given the placebo bever-
age; the order of the conditions was counterbalanced accounting
for gender. The alcohol beverage consisted of 0.4 g/kg of alcohol
(equivalent to ~2 standard alcohol drinks for a 70-kg person),
obtained from 190-proof Everclear mixed with sugar-free
Schweppes tonic water and 5 drops of angostura bitters to make
up a 200-ml solution. The placebo beverage consisted of 200 ml
of Schweppes with 5 drops of Angostura bitters. The solution
was served in 5 plastic glasses (40 ml each) and alcohol was
sprinkled over the serving tray for olfactory cues. Participants
had 2 min to drink each serving (drink times paced via
MATLAB). BAC was measured 2 times using an Alco-Pro
Alco-Sensor FST, starting 10 min after the beverage consump-
tion was completed.

Physiological reactivity

Participants’ cardiac physiology was measured before bever-
age administration (t0) and 5 min after (t1) using the vanilla
task (Jennings et al. 2007). Participants were instructed to sit
while a series of colored squares were presented on the screen.
Each square appeared for 10 s (0.1-Hz presentation). This was
repeated 30 times for a total period of 5 min. Participants were
instructed to silently count how many “blue” (t0) or “red” (t1)
squares they observed, although responses were irrelevant.

Electrocardiogram (ECG) measures were obtained using
Thought Technology Infiniti hardware and software
(Thought Technology Inc. SA9306M). Data were obtained
at a 2000-Hz sampling rate and exported using WinCPRS
software (Absolute Alien Oy, Turku, Finland) to measure R-
wave to R-wave intervals (RRI) of ECG. Artifacts and missed
or irregular beats were manually modified prior to the analy-
sis. Beat-to-beat data were transformed into equidistant wave-
form processes through cubic interpolation and 4-Hz resam-
pling. Fourier spectra of RRI were then calculated for 0.1 Hz
and HF HRV. The 0.1-Hz HRV index was the main physio-
logical measure of interest in this report and was calculated as
the maximum amplitude of the RRI spectral power (Buckman
et al. 2010; Mun et al. 2008; Vaschillo et al. 2008) within a
narrow range surrounding the 0.1-Hz frequency (0.075 to
0.108 Hz). This index is thought to reflect individual differ-
ences in the amplitude of baroreflex responsivity to stimula-
tion (Vaschillo et al. 2002, 2006) and thus serves as a proxy
for the evaluation of viscero-afferent reactivity (Leganes-
Fonteneau et al. 2020). The HF HRV index was calculated
as total power in the high-frequency band of the RRI spectrum
(0.15–0.5 Hz). HF HRV is commonly equated with efferent
vagal functioning and was included as a “control” cardiovas-
cular measure that was not expected to correspond with inter-
oceptive signaling.

Modified flanker task

This task examines the interference of alcohol cues, compared
to neutral and control pictures, on attention and cognitive con-
trol (Nikolaou et al. 2013b). On each trial, participants had to
resolve a congruent flanker or an incongruent flanker. Behind
the flanker arrows was a task-irrelevant cue: either an alcohol,
neutral, or control (plain gray) stimulus that was randomly
presented during the task in a 240-trial block. (See Fig. 1,
Appendix in the Supplementary information, and previous
research (Nikolaou et al. 2013b for a detailed task
description.)

Cue reactivity task

During both sessions, participants were presented with two
picture cue blocks of 30 pictures each: alcohol or neutral.
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For each cue type, 60 stimuli were selected and randomly
divided into two 30 picture blocks so that pictures presented
during session 1 and session 2 were unique for each
participant.

The alcohol cues consisted of people consuming different
beverages, drinks being served, and pictures of naturalistic
drinking environments. Neutral cues consisted of images of
plants and people gardening or reading and were matched as
much as possible to the features of alcohol stimuli (close up
objects, number of people together in the scene (Bates et al.
2019)). Each picture remained on the screen for 5 s followed
by a 5-s inter-stimulus interval during which participants rated
the valence (positive/negative) and arousal (not at all/very) for
each picture cue on a visual analog scale.

All stimuli for the cue reactivity and flanker task are avail-
able on Open Science Framework to ensure experimental
t r ansparency (h t tps : / /os f . io /gzp3y/?v iew_only=
cf0742461f4844a2a5553068dfe249a7).

Procedure

This study was approved by the Rutgers University Arts and
Sciences Institutional Review Board for the Protection of
Human Subjects Involved in Research and all participants
provided written informed consent. All tasks were pro-
grammed using MATLAB Psychtoolbox.

Eligible participants completed both experimental sessions
at least 1 week apart and were instructed to have a low-fat
breakfast and to not eat for the 2-h period prior to the exper-
iment. They were also asked to not drink alcohol for 24 h
before the sessions. In the first session, after the consenting
process, participants completed the questionnaires assessing

traits and alcohol consumption and took part in an interocep-
tive awareness measurement (not presented here). At t0, par-
ticipants were connected to the ECG equipment and complet-
ed the first physiological baseline task (“blue” vanilla task).
Participants were administered a beverage according to the
procedure described above. After a 5-min rest, a second
ECGmeasurement (t1) was taken (“red” vanilla task) followed
by a BAC measurement (mean BAC t1=58 mg/dl, SD=18).
Finally, participants completed the modified flanker task and
the cue reactivity task. ECG measures were obtained during
the cue reactivity task (data not presented). BACwas collected
again at t2 (mean BAC t2=57 mg/dl, SD=13). The protocol
was designed ensure all tasks were completed on the ascend-
ing limb, near peak BAC. Participants remained in the facili-
ties until they reached a BAC <3 mg/dl. (See Fig. 2 for a
description of the protocol.)

Descriptive analyses

Trait questionnaire scores (Table A1 in the Supplementary
information), flanker scores, explicit cue ratings, and the effect
of alcohol on HRV are presented to characterize the sample in
the Appendix section in the Supplementary information.
Flanker scores and explicit cue ratings are analyzed using
planned comparisons. Paired-samples t tests assessed the ef-
fect of alcohol administration on HRV.

Hypothesis testing

Flanker accuracy (number accurately identified) and latencies
(reaction time for accurate trials) were computed for each
distractor stimulus type (alcohol, neutral, control) and

Fig. 1 Modified flanker task—participants responded depending on the direction of the central arrow, which could be surrounded by congruent or
incongruent flankers. Alcohol, neutral, or control (gray background) stimuli were randomly presented as task-irrelevant distractors
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cognitive load (congruent, incongruent) combination.
Accuracy scores on incongruent control trials were examined
to exclude any participant with scores <0.70 (no exclusions).

The main purpose of this experiment was to determine if
alcohol-induced changes in 0.1-Hz HRV predict attentional
biases and explicit ratings for alcohol stimuli. Physiological
change (PhysioΔ) was computed as the change in 0.1 Hz and
HF HRV from before to after beverage administration (t1–t0).
HRV values were log-transformed. Higher scores are indica-
tive of less reduction of HRV following beverage administra-
tion. Flanker scores were computed as the difference in laten-
cies (alcohol-neutral) for congruent and incongruent trials sep-
arately. This allowed us to index attentional biases towards
alcohol (congruent trials), and the interference in cognitive
control (incongruent trials). Higher scores are indicative of
more attentional bias and greater interference by alcohol
stimuli.

A series of linear mixed models with session (alcohol vs.
placebo) and 0.1-Hz HRV PhysioΔ as fixed factors and BAC
at t1 as a covariate were conducted on congruent and incon-
gruent flanker effects separately. Significant interactions were
followed by simple slope analyses examining the effect of 0.1-
Hz HRV PhysioΔ on flanker effects for each session. For
valence and arousal ratings, difference scores were computed
(alcohol-neutral ratings) and introduced as DVs in analogous
linear mixed models. To further demonstrate the specificity of
the observed results relative to viscero-afferent/interoceptive
signaling, we repeated the analyses using changes in HF HRV
instead of changes in 0.1-Hz HRV; we did not predict any
significant relationships. False discovery rates based on the
Benjamini-Hochberg method (https://tools.carbocation.com/

FDR) were used to control for multiple comparisons in the
linear mixed models, separately for those including 0.1-Hz
HRV and HF HRV as PhysioΔ; all p values for the
interactions are adjusted unless otherwise indicated.

Results

Analyses of flanker scores (Table A2 in the Supplementary
information) and explicit cue ratings (Table A3 in the
Supplementary information) demonstrate task success and
replicate prior observations. We did not replicate a significant
effect of alcohol on 0.1-Hz HRV (Figure A1 in the
Supplementary information), but there was a substantial het-
erogeneity in individual responses to alcohol.

Alcohol-induced cardiovascular states and attentional
biases

For congruent flanker scores, there was a significant interac-
t ion between 0.1-Hz HRV PhysioΔ and sess ion
(F(1,53)=6.052, p=.034), whereas BAC had no significant
effect (F(1,53)=0.009, p=.926). Simple slope analyses show
that in the alcohol condition 0.1-Hz HRV positively correlated
with congruent flanker scores (β=.604, SE=0.223,
t(53)=2.713, p=.009), whereas no significant effects were ob-
served for placebo (t(53)=−0.813, p=.417). Figure 3 shows the
variability in the distribution of participants’ congruent flanker
scores and how those with less reduction in 0.1-Hz HRV after
alcohol administration displayed more attentional biases to-
wards alcohol stimuli.

Fig. 2 Description of the
laboratory experimental protocol

1625Psychopharmacology (2021) 238:1621–1631

https://tools.carbocation.com/FDR
https://tools.carbocation.com/FDR


A parallel linear mixed model using incongruent flanker
scores as a DV was non-significant (F(1,53)=0.197, p=.877).
Using HF HRV PhysioΔ as a covariate, no significant inter-
actions were observed for congruent (F(1,53)=0.481, p=.655)
or for incongruent (F(1,53)=1.567, p=.864) flanker scores.

Alcohol-induced cardiovascular states and explicit
ratings

Valence difference scores were inverse-transformed due to vio-
lations of normality of the residuals. The linear mixed model
including BAC as a covariate revealed no significant interaction
between 0.1-Hz HRV PhysioΔ and session (p=.096), nor a sig-
nificant effect of BAC (p=.818). When the model was tested
excluding BAC scores, there was a significant interaction be-
tween 0.1-Hz HRV PhysioΔ and session (F(1,31)=7.476,
p=.0404). Simple slope analyses show that in the alcohol condi-
tion, 0.1-Hz HRV negatively correlated with valence scores
(β=.196, SE=0.077, t(37)=2.550, p=.015), whereas no signifi-
cant effects were observed for placebo (t(37)=−1.228, p=.227).

For arousal difference scores, there was no significant in-
teraction between 0.1-Hz HRV PhysioΔ and session
(F(1,48)=0.0396, p=.843). There was a significant main effect
of 0.1-Hz HRV PhysioΔ on arousal difference scores across
the board (F(1,48)=7.484 p=.009), signified by a negative
correlation between 0.1-Hz HRV PhsioΔ and arousal differ-
ence scores (r(51)=−0.336, p=.014). Figure 4 b and c show the
effects separately for alcohol and placebo despite the lack of
significant differences between sessions.

Using HF HRV PhysioΔ as a covariate, no significant in-
teractions were observed, neither for valence (F(1,48)=0.725,
p=.796), nor for arousal difference scores (F(1,48)=−0.159,
p=.874).

We used R to assess assumptions of linearity, homogeneity
of variance and normality, and qqmath with a threshold of
0.05 to remove multivariate outliers. Removal of outliers did
not modify the significance of the interactions except in the
case of valence scores, for which the removal of one outlier
decreased the significance of the main model from p=.010 to
p=.17 (unadjusted). The simple slope analysis showed that the
interaction between 0.1-Hz HRV and valence scores remained
significant for the alcohol condition (p=.019) and non-
significant for the placebo condition (p=.57).

Discussion

This study examined how alliesthetic processes influence the
value of alcohol-related stimuli. Our results are in line with

Fig. 3 Alcohol condition and the relationship between flanker congruent score and 0.1-Hz HRV: Less reduction in 0.1-Hz HRV after alcohol
administration positively predicted alcohol attentional biases

�Fig. 4 Relationship between 0.1-Hz HRV PhysioΔ and subjective cue
reactivity. a Less reduction in 0.1-Hz HRV after alcohol administration
was negatively associated with valence ratings of alcohol stimuli relative
to neutral stimuli. b Less reduction in 0.1-Hz HRV after alcohol
administration was negatively associated with arousal ratings of alcohol
stimuli relative to neutral stimuli. c Less reduction in 0.1-Hz HRV after
placebo administration was negatively associated with arousal ratings of
alcohol stimuli relative to neutral stimuli
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previous findings that alcohol priming modulates cognitive
biases on the ascending limb of the BAC curve. They also
extend that literature by offering a new mechanistic perspec-
tive on the role of bodily states in this effect. We found that
changes in 0.1-Hz HRV after consumption of an alcohol bev-
erage positively predicted implicit alcohol attentional biases
as measured with a modified flanker task; conversely, it neg-
atively predicted explicit valence ratings of alcohol cues. It is
noteworthy that BAC at the time of task completion did not
explain these results. This implies that alcohol-induced chang-
es on the cardiovascular system, and not blood alcohol con-
centration per se, were responsible for the observed modula-
tion of alcohol-related cognitive biases. This pattern of results
reveals the potential significance of alliesthetic mechanisms in
alcohol priming.

We consider 0.1-Hz HRV as a measure of viscero-afferent
reactivity, indexing interoceptive cardiovascular signals
(Leganes-Fonteneau et al. 2020); changes in these interoceptive
signals represent the modulation of the internal milieu of the
subject by alcohol administration to modify reward values
(Toates 1986). Higher doses of alcohol have been shown to
decrease all indices of HRV (mean BAC ~75 mg/dl, Leganes-
Fonteneau et al. 2020; Vaschillo et al. 2008), but we did not
replicate this finding with the current lower dose. Here, we
observed large variability in participants’ 0.1-Hz HRV reactiv-
ity to the current dose of alcohol that gave rise to a lower BAC;
some participants showed the expected decreases following
alcohol administration whereas others did not. Participants with
less 0.1-Hz dampening after alcohol administration obtained
higher alcohol flanker latency scores in congruent trials, indic-
ative of greater attentional bias to alcohol stimuli. BAC was a
sensitively null predictor in these models. Change in HF HRV
did not significantly correlate with any index of cue reactivity.
This strengthens growing evidence for the uniqueness of 0.1-
Hz HRV as a measure of alcohol-induced changes in bodily
states in relation to cognitive processing. This also supports
previous evidence for the predictive and discriminative validity
of 0.1-Hz HRV compared to other HRV indices in relation to
emotional reactivity (Vaschillo et al. 2008).

In addition to 0.1-Hz HRV reactivity predicting implicit
attentional biases, this measure of viscero-afferent reactivity
was negatively associated with explicit valence ratings of al-
cohol cues. Although we hypothesized that changes across all
measures would be in the same direction, the distinction be-
tween the implicit and explicit components of alcohol cue
reactivity has been demonstrated in the past (Wiers et al.
2016) and has the mismatch between implicit responses, mea-
sured using a flanker task, and explicit ratings of pleasantness
towards reward conditioned stimuli (Leganes-Fonteneau et al.
2019b). The present findings (PhysioΔ positively predicting
attentional biases and negatively valence ratings) suggest that
the physiological effects of alcohol administration exacerbate
this differentiation, further disconnecting implicit processes

that represent involuntary responses towards alcohol stimuli,
from explicit evaluations that are constrained by conscious
representations (de Wit et al. 2018; Wiers et al. 2021).

We note that the observation of lower valence ratings but
higher arousal ratings for alcohol stimuli compared to neutral
stimuli in both alcohol and placebo conditions was not expect-
ed. To our knowledge, few studies have directly examined
differences in explicit hedonic responses towards alcohol cues
under alcohol/placebo administration, despite subjective rat-
ings being a widely used measure (Pool et al. 2016; Pulido
et al. 2010). Higher valence ratings for alcohol stimuli com-
pared to neutral regardless of beverage condition using a sim-
ilar stimulus set have been found (Nguyen-Louie et al. 2016).
However, in that case, stimuli were presented during the as-
cending limb right after the administration of a higher alcohol
dose. The role of dose and time in explicit valence ratings
warrants further exploration.

It is interesting to consider our findings within an incentive
salience framework, wherein “wanting” and “liking” are two
distinct components of reward processing (Berridge and
Robinson 2003). In that context, addictive disorders are charac-
terized by increases in “wanting,” understood as motivational
responses (i.e., reward-related attentional biases, Anderson and
Yantis 2013), and decreases in “liking,” the hedonic character-
istics of rewards. Although there is abundant evidence for this
effect in animal research, empirical behavioral evidence in
humans is limited (Arulkadacham et al. 2017). Earlier reports
pointed towards the possibility that implicit and explicit compo-
nents of cue reactivity would allow a clearer distinction between
“wanting” and “liking” (Wiers et al. 2002).We speculate that the
present implicit and explicit (i.e., subjective) reactions to alcohol
could map onto the constructs of “wanting” and “liking” respec-
tively. This distinction between “wanting” and “liking” is ob-
servable such that alcohol stimuli consistently generated prefer-
ential attentional responses and decreased valence ratings rela-
tive to neutral stimuli in both the placebo and alcohol conditions
(seeAppendix in the Supplementary information). Physiological
states have been linked to the dissociation of “wanting” and
“liking,” albeit in the context of food administration
(Stevenson et al. 2017). Our methodology allows quantifying
the extent to which changes in bodily states might magnify this
dissociation and help clarify it. Specifically, less dampening of
0.1-Hz HRV during intoxication was associated with greater
implicit attentional bias, as measured with the modified flanker
task, which we liken to an increased “wanting.” Less 0.1-Hz
HRV dampening by intoxication also was associated with less
explicit positive ratings of alcohol stimuli in a cue reactivity task,
which we liken to a decreased “liking.”

Future studies that directly test this hypothesis in different
populations of drinkers, particularly those with AUD, are need-
ed before strong conclusions can be made, as the dissociation
between “wanting” and “liking” is supposed to emerge as tra-
jectories of use accelerate. Our findings could also be
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methodologically biased because “wanting” is observable im-
plicitly and “liking” explicitly. A direct replication of the dis-
sociation using only explicit or implicit techniques would be
challenging, but highly informative. We also speculate that, in
humans, hedonic responses (“liking”) may only be measurable
explicitly (i.e., it may not possible to like something without
knowing it), whereas behavioral tendencies (“wanting”) may
only (or primarily) have an implicit component (Leganes-
Fonteneau et al. 2019b). That debate exceeds the focus of this
report but is a compelling direction for future research.

Finally, it is noteworthy that the present flanker results in
the placebo condition (see Appendix in the Supplementary
information) directly replicated previous findings (Nikolaou
et al. 2013b): alcohol stimuli increased interference in cogni-
tive control during incongruent trials (when no alcohol is ad-
ministered). In the alcohol condition, we also replicated pre-
vious findings of attentional biases observed in congruent tri-
als with a 0.4 g/kg dose (Nikolaou et al. 2013a), whereas
insensitive results were obtained in incongruent trials, signi-
fying the deleterious effect of alcohol administration on per-
formance and cognitive processing (Marinkovic et al. 2013).
This could be interpreted as an alcohol myopia effect (Steele
and Josephs 1990), by which alcohol intoxication reduces
participants’ cognitive resources (Watson et al. 2020), forcing
them to focus on the main task (resolving the flanker) and to
ignore task-irrelevant distractors (alcohol stimuli). Congruent
flanker trials would be easier to resolve, and hence, alcohol
distractors would have a better chance to generate attentional
interference. This hypothesis also warrants further study.

To summarize, the results show that alcohol-induced
changes in bodily states can modulate reward processing.
This is one of the first successful examinations of the physio-
logical mechanisms correlating alcohol priming effects in
humans and at the same time an empirical demonstration of
the hypothesized alliesthetic processes that shape drug-related
behaviors (Paulus et al. 2009). The importance of interocep-
tive signals and bodily states in reward processing had long
been hypothesized (Gray and Critchley 2007; Verdejo-Garcia
et al. 2012), and the present results align with recent evidence
from our research group showing that memories for alcohol
stimuli in high-risk drinkers depend on bodily reactivity to-
wards those same stimuli after alcohol administration
(Leganes-Fonteneau et al. 2020). Understanding how physio-
logical and interoceptive mechanisms shape reward process-
ing is not only relevant for the basic understanding of addic-
tive disorders but can also help to shape novel treatment tools,
focused on the link between interoception and cognition.
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