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Abstract
Rationale Alcohol intoxication can dampen negative affective reactions to stressors. Recently, it has been proposed that these
acute anxiolytic effects of alcohol may extend to dampening of negative affective reactions to error commission during cognitive
control tasks. Nonetheless, empirical verification of this claim is lacking.
Objectives Test the acute effect of alcohol on negative affective reactions to errors during an effort-demanding cognitive control
task.
Methods Healthy, young adult social drinkers (N = 96 [49 women], 21–36 years old) were randomly assigned to consume
alcohol (0.80 g/kg; n = 33 [15 female]), active placebo (0.04 g/kg; n = 33 [18 women]), or a non-alcoholic control beverage
(n = 30 [16 women]) before completing the Eriksen flanker task. Corrugator supercilii (Corr) activation, a psychophysiological
index of negative affect, was tracked across the task. Two neurophysiological reactions to errors, the error-related negativity
(ERN) and the error positivity (Pe), were also measured.
Results Erroneous actions increased Corr activation in the control and (to a lesser extent) placebo groups, but not in the alcohol
group. Error-induced Corr activation was coupled to ERN and Pe in the control, but not in the alcohol and placebo groups. Error-
induced Corr activation was not coupled to post-error performance adjustments in any group.
Conclusions The ability of alcohol to dampen error-related negative affect was verified. It was also shown that placebo alone can
disrupt coupling of affective and (neuro)cognitive reactions to errors. Although its behavioral relevance remains to be demon-
strated, more attention should be paid to the role of affect in action monitoring and cognitive control processes.

Keywords Actionmonitoring .Alcohol .Anteriorcingulate cortex .Blameattribution .Cognitivecontrol .Corrugator supercilii .
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Cognitive control refers to a set of cognitive processes that
allow individuals to guide their behavior in accordance with
internal goals (Alexander and Brown 2010; Braver 2012;
Gratton et al. 2018). A core component of cognitive control
is the ability to adjust behavior in response to varying situa-
tional demands (Botvinick et al. 2001). Considerable research
points to a neural circuit centered on the dorsal anterior cin-
gulate cortex (ACC) as critical to cognitive control,

particularly for signaling when adjustments in control are
needed, i.e., following errors (Carter et al. 1998; Davis et al.
2005; Hall et al. 2007; Smith et al. 2019; Van Veen et al.
2001; Wang et al. 2005; Yeung et al. 2004). ACC responses
to errors can be observed in the amplitude of the scalp-
recorded error-related negativity (ERN), a response-locked
event-related potential (ERP) component that is much larger
during incorrect versus correct responses (Gehring et al. 1993;
Holroyd and Coles 2002; Van Veen and Carter 2002) and that
has been localized to ACC and neighboring structures in the
medial prefrontal cortex (Debener et al. 2005; Dehaene et al.
1994; Herrmann et al. 2004).

Impaired cognitive control is one of the acute effects of
alcohol (e.g., Casbon et al. 2003; Guillot et al. 2010).
Supporting evidence comes in part from studies showing that
alcohol reduces or eliminates adjustments in performance that
typically occur following errors (Bailey et al. 2014; Bartholow
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et al. 2012; Ridderinkhof et al. 2002). Additional evidence
comes from studies showing that alcohol reduces error-
related neurophysiological responses (Anderson et al. 2011;
Marinkovic et al. 2012), including the ERN (Bailey et al.
2014; Bartholow et al. 2012; Easdon et al. 2005; Nelson
et al. 2011; Ridderinkhof et al. 2002).

At least four explanations for alcohol-induced cognitive
control impairment have been offered. The first is that impair-
ment reflects alcohol-induced global deficits in executive
functions (Giancola 2000; Pihl et al. 2003). The second is that
impairment reflects alcohol-induced deficits in visual stimulus
processing (Yeung et al. 2007; Yeung and Cohen 2006). Both
of these explanations were challenged by Bailey et al. (2014),
who showed no effect of alcohol on conflict adaptation in
behavioral performance or neurophysiological correlates of
conflict monitoring (reactive control) processes during se-
quences of correct response trials. Acute effects of alcohol
on performance and neurophysiology were observed only af-
ter error commission. A third explanation is that impaired
cognitive control reflects deficits in error detection/
recognition under alcohol as evidenced by reduced ERN
(Ridderinkhof et al. 2002; also suggested in Yeung et al.
2007). This explanation was challenged by Bartholow et al.
(2012) and Bailey et al. (2014), who replicated the finding that
the ERN is reduced under alcohol, but also showed that par-
ticipants given alcohol were just as accurate in detecting/
recognizing their mistakes as participants given control and
placebo beverages. A fourth explanation, proposed by
Bartholow et al. (2012), is that impaired cognitive control
might reflect alcohol-induced reduction of affective reactions
to failures of control.

Negative affective reactions to failures of control, such as
error commission, are theorized to motivate post-error in-
creases in attention and improvements in performance (K.
Aarts et al. 2013; Dignath et al. 2020; Inzlicht et al. 2015;
Proudfit et al. 2013; Saunders et al. 2015). The idea that neg-
ative affective reactions may be especially important for cog-
nitive control is rooted in a long history of research showing
that the ACC is critically involved in the evaluation of distress
and pain (e.g., Ballantine et al. 1967; Rainville et al. 1997;
Talbot et al. 1991), that failures of control, such as error com-
mission, are aversive (Hajcak et al. 2004; Hajcak and Foti
2008), and that error-elicited activity in the ACC indexed by
ERN amplitude covaries with the motivational significance of
errors (Gehring et al. 1993; Gehring and Taylor 2004; Hajcak
et al. 2005). Viewed from this perspective, acute effects of
alcohol on error processing in cognitive control tasks could
reflect the drug’s well-known anxiolytic properties.

Acute alcohol has well-documented anxiolytic effects in
humans (for review, see Greeley and Oei 1999; Sayette
1999, 2017). Specifically, alcohol dampens subjective nega-
tive affective reactions (Bradford et al. 2013; Bujarski and
Ray 2014; Levenson et al. 1980; Ray et al. 2009, 2013; Sher

et al. 2007) as well as facial expressions of negative affect
(Kushner et al. 1997; Sayette et al. 1992, 2012) in a dose-
dependent manner. It similarly dampens negative affective
reactions at the level of central nervous system activity (e.g.,
Curtin et al. 2001; Franken et al. 2007; Gorka et al. 2013) and
autonomic nervous system regulation (e.g., Bradford et al.
2013; Donohue et al. 2007; Sher et al. 1994, 2007; Udo
et al. 2009; Vaschillo et al. 2008).

Yet, the degree to which negative affect elicited by errone-
ous actions is reduced by alcohol remains unclear. Indirect
support for this idea comes from studies showing that both
alcohol-induced ERN reduction and impairments of post-error
performance adjustment can be mediated by alcohol-induced
decreases in subjective negative affect (Bartholow et al.
2012), and from studies showing that anxiolytic medication
(e.g., lorazepam) also reduces the ERN (De Bruijn et al.
2004). Direct support for this idea, however, requires an ap-
proach in which alcohol’s effects on negative affective reac-
tions can be precisely time-locked to error commission.

Decades of research point to reactivity in the corrugator
supercilii, the facial muscles that furrow the brow, as an ex-
cellent measure for this purpose (Cacioppo et al. 1984, 1986,
1988; Cacioppo and Petty 1981; Larsen et al. 2003; Tan et al.
2012; Tassinary et al. 1989; Vrana 1993). Corrugator super-
cilii reactivity, measured via electromyography (EMG)
(Fridlund and Cacioppo 1986), has been advanced as an indi-
cator of automatic (involuntary) expression of negative affect
(Dimberg et al. 1998, 2000, 2002; Dimberg and Thunberg
1998). Corrugator supercilii EMG (cEMG) activity increases
during exposure to different kinds of aversive stimuli (e.g.,
electric shock, loud noise, disgusting odors, upsetting pictures
and videoclips, angry and fearful faces, negative emotion
words) (Cacioppo et al. 1986; Dimberg et al. 1998, 2000;
Dimberg and Thunberg 1998; Hermann et al. 2000; Larsen
et al. 2003; Neumann et al. 2005; Rymarczyk et al. 2011;
Sestito et al. 2013). Additionally, aversive stimulus-elicited
cEMG activity may reflect neural activity in the ACC because
the latter has projections to the brainstem facial nucleus, which
innervates the corrugator (Cattaneo and Pavesi 2014;
Shackman et al. 2011). Consequently, error-elicited cEMG
activity may reflect error-elicited activity in ACC. In keeping
with this idea, response-locked cEMG waveforms show am-
plified activity shortly after error commission (Elkins-Brown
et al. 2016; Lindström et al. 2013), and this activity appears
related to the magnitude of the error positivity (Pe), an ERP
component that follows the ERN and has been linked to dis-
tinct aspects of error processing, such as conscious error rec-
ognition (Overbeek et al. 2005). Like the ERN, the Pe is
thought to emanate from the ACC (Falkenstein et al. 2000;
Herrmann et al. 2004).

Here, we revisited the experiment reported by Bailey et al.
(2014), which aimed to characterize performance (accuracy,
response time, confidence) as well as stimulus- and response-
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locked ERPs (N2, FSW, ERN) during a classic, effort-
demanding cognitive control task, the Eriksen flanker task
(B. A. Eriksen and Eriksen 1974), among participants who
had consumed alcohol, a placebo, or a control beverage. The
breath alcohol concentrations and placebomanipulation check
for this experiment were also published in the Bailey et al.
report. For the current report, we examined never-before-
reported cEMG activity elicited by errors and correct re-
sponses during the flanker task. We predicted (1) that
response-locked cEMG activity would be enhanced on erro-
neous versus correct response trials; (2) that cEMG activity
elicited by errors would be dampened following alcohol con-
sumption; (3) that cEMG activity elicited by errors would
correlate with ACC activation, as reflected in the amplitude
of the ERN and/or Pe components of the response-locked
ERP; and (4) that cEMG activity elicited by errors would
predict post-error performance adjustments.

Method

Participants

A total of 96 healthy young adult social drinkers (46% fe-
male; Mage = 23.19 yra; N = 96) from Columbia, MO, com-
pleted the single-session experimental study. Recruitment
strategy and study eligibility criteria were previously report-
ed (Bailey et al. 2014). Characteristics of the final analytic
sample for th is repor t (N = 74) are presented in
Supplemental Table 1.

Materials

Beverage administration

Details were previously published in Bailey et al. (2014).
Briefly, participants were randomly assigned to consume
one of three beverages during the experiment: an alcohol bev-
erage (dose = 0.80 g/kg), an active alcohol placebo beverage
(dose = 0.04 g/kg), or a control beverage. The alcohol bever-
age was 5:1 tonic to vodka (50%ABV). The placebo beverage
was 5:1 tonic to diluted vodka (9:1 flattened tonic to vodka).
Doses were calculated based on estimated total body water
and the duration of the drinking period (15 min) using pub-
lished formulae (Curtin and Fairchild 2003). The control bev-
erage was tonic. Beverages were divided into three drinks,
each consumed over 5 min. After the third drink, participants
sat idle for another 5 min to permit complete absorption.
Alcohol and placebo groups were told the beverage contained
“a moderate amount of alcohol.” The control group was told
that the beverage contained no alcohol.

Breath alcohol concentration

The concentration of alcohol in exhaled breath was measured
using a breathalyzer (Alco-Sensor IV; Intoximeters, Inc., St.
Louis, MO, USA). Breath alcohol concentration (BrAC) was
never shown to participants.

Cognitive control task

As previously reported in detail by Bailey et al. (2014), par-
ticipants completed an arrows version of the Eriksen flanker
task (B. A. Eriksen and Eriksen 1974; C. W. Eriksen and
Hoffman 1973; Gratton et al. 1992) adapted from
Ridderinkhof et al. (2002). Stimulus arrays were presented
for 100 ms and contained a left- or right-facing central arrow
plus two similarly or oppositely facing flanker arrows on each
side. Participants identified the direction of the central arrow
by pressing a left-hand or right-hand button on an ms-accurate
button box. Left- and right-hand responses were equally fre-
quent. On correct response-compatible trials, flanker arrows
faced the same direction as the central arrow. On correct
response-incompatible trials, flankers faced the direction op-
posite to the target. Correct response-compatible and
response-incompatible arrays were presented pseudo-
randomly and occurred with equal probability. Following a
button press on each trial, participants rated their confidence
in the correctness of their response (see Hester et al. 2005;
Nieuwenhuis et al. 2001; Payne et al. 2005). Three seconds
later, an inter-trial interval (randomly varying between 1100
and 1500 ms) occurred, after which the next trial began. Over
the course of seven practice blocks (28 trials/block), partici-
pants were titrated to a speed-accuracy balance that produced
approximately 10% errors. Participants making fewer errors
were instructed to speed up; those making more errors were
instructed to slow down. No feedback was given during the
subsequent experimental trials (10 blocks total, 80 trials/
block).

Electrophysiological recording

The scalp electroencephalogram (EEG) was recorded contin-
uously throughout the flanker task from 32 tin electrodes em-
bedded in a stretch-lycra cap (ElectroCap, Eaton, OH).
Electrode sites were prepared such that measured impedance
of the skin was ≤ 5 kΩ. The EEG was referenced to the right
mastoid during recording. The surface electromyogram
(EMG) was recorded throughout the task from 0.25 cm Ag-
AgCl electrodes in a bipolar recording configuration placed
about 1 cm apart over the left corrugator supercilii, following
EMG recording guidelines (Fridlund and Cacioppo 1986).
The EMG signal was grounded to the middle of the forehead
near the hairline. Both EEG and EMG signals were amplified
using a Synamps2 amplifier (Compumedics Neuroscan,
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Charlotte, NC) and sampled at 1000 Hz. The EEG signal was
band-pass filtered online (0.05 to 40 Hz). A 20–500-Hz band-
pass filter was applied offline to the EMG to attenuate all slow
non-muscle potentials (De Luca et al. 2010; Fridlund and
Cacioppo 1986; Van Boxtel 2001). After recording, the
EEG was re-referenced to an average of the two mastoids.
Ocular artifacts (blinks) were removed from EEG and EMG
using regression-based procedures (Semlitsch et al. 1986).

EEG data were segmented into epochs of − 200 to 1200ms
of post-response activity. Epochs containing artefactual de-
flections (exceeding ± 75μV; e.g., due tomajor musclemove-
ment) were rejected (28.36% of trials/subject). Average volt-
age from 200 to 100 ms before response onset was subtracted
from the rest of the waveform. Inspection of the grand average
ERP waveforms indicated a negative-going voltage deflection
peaking between 25 and 75 ms post-response that was maxi-
mal over the fronto-central scalp, corresponding to the ERN
and its correct response analog, the correct-related negativity
(CRN), as shown in Fig. 3a. There was also a later, broader,
positive-going deflection peaking between 150 and 450 ms
that was maximal over the centro-parietal scalp, correspond-
ing to the Pe and its correct response analog, the correct pos-
itivity (Pc), as shown in Fig. 4a. Consequently, the ERN/CRN
in each retained epoch was quantified as the average voltage
in the 25–75-ms post-response window on the frontal and
central electrode sides (Fz, F3, F4, FCz, FC3, FC4, Cz, C3,
C4). The Pe/Pc was quantified in each retained epoch as the
average voltage in the 150–450-ms post-response window on
the centro-parietal and parietal electrode sides (CPz, CP3,
CP4, Pz, P3, P4).

cEMG data were segmented into two sets of epochs:
200 ms of pre-stimulus activity and − 200 to 1200 ms post-
response activity. The root mean square voltage was comput-
ed for each 100-ms bin. Epochs containing artefactual deflec-
tions (i.e., exceeding ± 3.5 standard deviations from the aver-
age activity in the epoch or from the average activity across all
epochs for the subject) were rejected (1.98% of trials/subject
for pre-stimulus epochs and 1.91% of trials/subject for
response-locked epochs). Retained pre-stimulus epochs were
averaged together (collapsing the two bins) to produce each
subject’s overall average pre-trial cEMG (presented in Online
Supplemental Information). Retained response-locked cEMG
epochs were baseline corrected by subtracting the average root
mean square voltage in bin “-2” (which corresponded to the −
200 to − 100-ms post-response window) from the other bins in
the epoch.

Procedure

Figure 1 summarizes the experimental procedure and shows
the timing of different within-session events. Procedural de-
tails were previously published in Bailey et al. (2014).

Results

Of 96 participants, three (all control group) were excluded due
to equipment malfunction (they also were excluded in Bailey
et al. 2014). Stored data were lost for two participants (1 al-
cohol group, 1 placebo group). Data from four participants (1
alcohol group, 2 control group, 1 placebo group) were exclud-
ed due to unstable baseline cEMG.1 Data from 11 participants
(2 alcohol group, 3 control group, 6 placebo group) were
excluded because fewer than six error trials with artifact-free
cEMG and ERP data were available for analysis.2 Thus, our
final analytic sample consisted of 74 participants (21 control
group, 28 alcohol group, 25 placebo group). Given that this
sample differs substantially from that used by Bailey et al.
(2014), it was necessary to re-analyze certain measures critical
for understanding the current report. Re-analyses of BrAC,
flanker task performance, and ERN data are presented in the
main text. Re-analyses of placebo manipulation check and
subjective intoxication data are presented in Online
Supplemental Information. Readers also are referred to
Online Supplemental Information for analyses of pre-trial
cEMG and subjective affect data. Briefly, pre-trial cEMG
levels were reduced in the alcohol relative placebo and control
groups (but note that response-locked cEMG data were base-
line corrected). There were no beverage effects on subjective
affect data. Manipulation check and subjective intoxication
scores indicated a convincing placebo.

BrAC

Repeated-measures ANOVA indicated a significant main ef-
fect of the repeated measure (5 levels of “assessment”: #2–6),
F(4, 104) = 5.207, p < 0.001, η2 = 0.003. As shown in Fig. 2,
pairwise comparisons indicated an increase in BrAC from
assessment 3 to 4 capturing the final ascent to peak BrAC,
t(27) = 5.340, p < 0.001, d = 2.094, and successive decreases
in BrAC from assessment 4 through 6 capturing the initial
descent from peak BrAC, t(27) ≥ 1.995, p ≤ 0.057, d ≥ 0.782.

1 As indicated by mean pre-trial cEMG ± 2.5 SD from the grand mean. Such
extreme values are most likely due to poor cEMG recording (e.g., poor skin
preparation, poor electrode placement, sweating).
2 Prior psychometric work on ERP indices of performance monitoring (Olvet
and Hajcak 2009; Rietdijk et al. 2014) indicates that ideally six or more
artifact-free error trials are needed to measure error-related neurophysiological
signals reliably within individuals. Initial psychometric work on response-
locked cEMG has focused on within-person standardized activity, and sug-
gests that ideally 14 or more artifact-free error trials are needed for reliable
estimates of error-induced activity (Elkins-Brown et al. 2016, 2017). Since it is
unclear that the latter guideline can be applied to non-standardized cEMG
(given that standardization distorts the EMG waveform), we applied the “six
or more artifact-free error trials” guideline from the performance monitoring
ERP psychometrics literature.
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Response-locked ERPs

ERN/CRN

ANOVA3 on ERN/CRN mean amplitudes considered the
between-subject factor of the beverage group (3 levels: alco-
hol, placebo, control), the within-subject factor of the current
trial response accuracy (2 levels: correct, incorrect), and their
interaction, controlling for the within-subject factor of the
electrode (9 levels: Fz, F3, F4, FCz, FC3, FC4, Cz, C3, C4).
ANOVA detected a significant beverage group × response
accuracy interaction, F(2, 1315) = 5.520, p = .004, η2 =
0.016, evident in Fig. 3b. We followed up on this interaction
by testing a planned directional prediction based on what was
found in the larger sample (Bailey et al. 2014). Specifically,
we tested whether the ERN was significantly less negative for
the alcohol group compared to the control and placebo groups
using a 1-sided, independent-samples t test. This prediction
was confirmed: t(72) = 2.026, p = 0.023, d = 0.478. In con-
trast, the ERN was similar between the control and placebo
groups, t(44) ≤ 0.082, p ≥ 0.247, d ≤ 0.025.

Pe/Pc

This response-locked ERP component was not considered by
Bailey et al. (2014), but we were interested in it as a potential
predictor of response-locked cEMG activity and, thus,

quantified and analyzed it here. ANOVA3 on Pe/Pc mean
amplitudes considered the between-subject factor of the bev-
erage group (3 levels: alcohol, placebo, control), the within-
subject factor of the current trial response accuracy (2 levels:
correct, incorrect), and their interaction, controlling for the
within-subject factor of the electrode (6 levels: CPz, CP3,
CP4, Pz, P3, P4). Neither the main effect of the beverage
nor its interaction with response accuracy was significant,
F(2, 876) ≤ 2.180, p ≥ 0.114, η2 = 0.007, in keeping with
Fig. 4a. ANOVA detected only a significant main effect of
response accuracy, F(1, 876) = 611.320, p < 0.001, η2 =
0.408. This within-subject effect was due to a larger (more

3 Repeated-measures ANOVA was used for response-locked ERP analyses
(instead of linear mixed modeling [LMM], which was used for response-
locked cEMG analyses) because the effect of beverage on ERN/CRN and
Pe/Pc mean amplitudes is not of central interest in this report. Furthermore,
similar results were obtained when we re-analyzed the ERN/CRN and Pe/Pc
mean amplitudes at the trial level using LMM, following Volpert-Esmond
et al. (2018). For simplicity, only ANOVA results are presented.

Arrival Prep. Bev. Task Post Exit

Pr
ac

tic
e

Pr
ac

tic
e

Time (min)0 60 100 115 135 150 175 190 210
Fig. 1 Timeline of within-session events. Numbers below the line indicate
planned timing. Arrival: Participants provided informed consent,
indicated compliance with pre-study protocols, and were randomly
assigned to a beverage condition (alcohol, placebo, control).
Participants then completed a questionnaire battery unrelated to the cur-
rent report. Dashed arrows: At several times across the session, all par-
ticipants completed brief questionnaires to assess subjective affect (see
Online Supplemental Information). At these times, BrAC also was mea-
sured in alcohol and placebo group participants. At arrival, however,
BrAC was measured in all participants to confirm sobriety (0.000 g%).
Preparation (Prep.): Experimenters escorted the participant to a record-
ing chamber, measured height and weight, and then placed and tested
electrodes for electrophysiological recording. Practice: Participants com-
pleted 5 blocks of practice trials for the cognitive control task before

beverage administration, and 2 blocks of practice trials afterward.
Beverage administration (Bev.): Experimenters prepared beverages in
front of participants, and participants then consumed the beverage (three
drinks, 5 min/drink). Task: Participants completed 10 blocks of experi-
mental trials of the cognitive control task with breaks occurring after
blocks 3 and 7. Post: Experimenters detached electrodes and escorted
participants to the restroom where the latter could wash recording gel
from their face and hair. All groups then completed a post-experiment
questionnaire. For the alcohol and placebo groups, the latter contained a
placebo manipulation check (see Online Supplemental Information). All
participants were then debriefed. Exit: Participants in the control and
placebo groups were dismissed. Participants in the alcohol group were
retained until BrAC ≤ 0.02 g%

Assessment

0.000

0.025

0.050

0.075

0.100

2 3 4 5 6

Br
AC

(g
%

)
Sa

m
pl

e
M

±
S
E
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*

* *

Fig. 2 Breath alcohol concentration (BrAC) across post-drinking
assessments. Sample M and SEM are shown (n = 28). BrAC at
assessment 1, which took place before drinking, was 0.000 g%.
Assessment 2 took place 5 min after drinking and before starting the
cognitive control task experimental trials. Assessments 3, 4, and 5 took
place after cognitive control task experimental trial blocks 3, 7, and 10,
respectively. Assessment 6 took place after electrodes were detached
but before debriefing. Asterisk indicates p < 0.05
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positive) mean amplitude following erroneous compared to
correct responses, t(73) = 12.732, 2-sided p < 0.001, d =
2.980.

Response-locked cEMG activity

Trial-by-trial response-locked corrugator EMG waveforms
were analyzed using linear mixed models (LMMs) in R ver-
sion 3.6.0 using packages lme4 (Bates et al. 2015), lmerTest
(Kuznetsova et al. 2017), and emmeans (Lenth 2019) in order
to best account for the nested structure of repeated psycho-
physiological measurements (E. Aarts et al. 2014; Page-Gould

2019). Technical details are presented in Online Supplemental
Information.

Hypothesis 1 To test the prediction that response-locked
cEMG activity would be enhanced on erroneous versus cor-
rect response trials, we considered the simple slopes of bin and
bin2 as a function of response accuracy. In keeping with our
prediction, the simple slope of bin was more positive for er-
roneous compared to correct response trials, Δ b ± SE = 0.028
± 0.006 μV/bin, z = 5.022, p < 0.001, and the simple slope of
bin2 was more negative for erroneous compared to correct
response, Δ b ± SE = 0.0019 ± 0.0005 μV/bin2, z = 4.146,
p < 0.001.

a b

Fig. 3 ERN/CRN as a function of beverage group and response
accuracy. a Waveforms shown represent the average across frontal,
fronto-central, and central electrodes elicited by correct (“Corr”) and
erroneous (“Err”) responses. “R” on the x-axis denotes time of button
press. Note that the y-axis is reversed flowing convention for ERPs.
Window (25–75 ms) for component mean amplitude quantification

denoted by the yellow rectangle. b Mean amplitudes shown represent
average across frontal, fronto-central, and central electrodes. Note that
the y-axis is reversed because ERN/CRN are negative-going ERP com-
ponents. Asterisk indicates p < 0.05. a, b SampleM ± SEM shown for the
no-alcohol control group (n = 21), placebo alcohol group (n = 25), and
alcohol group (n = 28)

a b

Fig. 4 Pe/Pc as a function of beverage group and response accuracy. a
Waveforms shown represent the average across centro-parietal and pari-
etal electrodes elicited by correct (“Corr”) and erroneous (“Err”) re-
sponses. “R” on the x-axis denotes time of button press. Note that the y-
axis is reversed following convention for ERPs. Window (150–450 ms)

for component mean amplitude quantification denoted by the yellow
rectangle. b Mean amplitudes shown represent average across centro-
parietal and parietal electrodes. a, b Sample M ± SEM shown for the
no-alcohol control group (n = 21), placebo alcohol group (n = 25), and
alcohol group (n = 28)
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Hypothesis 2 To test the prediction that error-elicited cEMG
activity would be dampened in the alcohol relative to control
and placebo groups, we first considered the simple slopes of
bin and bin2 as a function of response accuracy within groups.
We then considered whether the simple slopes of bin and bin2

for erroneous response trials differed among groups. In keep-
ing with our prediction, the simple slope of bin was more
positive for erroneous compared to correct response trials in
the control group,Δ b ± SE = 0.052 ± 0.011 μV/bin, z = 4.839,
p < 0.001, and in the placebo group, Δ b ± SE = 0.029 ±
0.010 μV/bin, z = 2.910, p = 0.004, but not in the alcohol
group, Δ b ± SE = 0.004 ± 0.008 μV/bin, z = 0.494, p =
0.6211. Similarly, the simple slope of bin2 was more negative
for erroneous compared to correct response trials in the control
group, Δ b ± SE = 0.0037 ± 0.0009 μV/bin2, z = 4.101,
p < 0.001, and the placebo group, Δ b ± SE = 0.0027 ±
0.0008 μV/bin2, z = 3.389, p < 0.001, but not the alcohol
group, Δ b ± SE = − 0.0006 ± 0.0007 μV/bin2, z = 0.863, p =
0.388. Furthermore, the simple slopes of bin for erroneous
response trials were significantly more positive for the control
and placebo groups compared to the alcohol group, Δ b ±
SE ≥ 0.042 ± 0.013 μV/bin, z ≥ 3.350, p < 0.001, and the cor-
responding simple slopes of bin2 were significantly more neg-
ative, b ± SE ≤ − 0.004 ± 0.001 μV/bin2, z ≥ 3.398, p < 0.001.
The simple slopes of bin and bin2 for erroneous response trials
were not significantly different between the control and pla-
cebo groups, z ≤ 0.423, p ≥ 0.672.4 Group differences are ev-
ident in the average and LMM-estimated response-locked
cEMG waveforms (Fig. 5a, b).

Hypothesis 3 To test the prediction that error-elicited cEMG
activity would correlate with error-elicited neural activity in
the ACC, as reflected in the amplitude of the ERN and/or Pe
components of the response-locked ERP, we added new ef-
fects to the best LMM of the trial-by-trial cEMG waveform.
Since this hypothesis concerns within-trial associations with-
in-persons, we first isolated within-person trial-by-trial chang-
es in ERN and Pe following previous work from our labora-
tory (Von Gunten et al. 2018). Technical details are presented
in Online Supplemental Information.

In keeping with our prediction, in the control group,
erroneous response-elicited cEMG activity tended to be
greater overall when the same-trial ERN was large (i.e.,
more negative), b ± SE = − 0.005 ± 0.002 μV cEMG per
μV ERN, z = − 2.965, p = 0.003. As shown in Fig. 6, this

association was reversed in the placebo group, b ± SE =
0.007 ± 0.001 μV cEMG per μV ERN, z = 4.866,
p < 0.001, and nullified in the alcohol group, b ± SE =
0.0005 ± 0.0011 μV cEMG per μV ERN, z = 0.471, p =
0.638. Also, in keeping with our prediction, for the con-
trol group, the simple slope of bin in erroneous response
trials became significantly more positive with increasing
(i.e., more positive) Pe, b ± SE = 0.523 ± 0.110 μV cEMG
per bin per μV Pe, z = 4.746, p < 0.001, and the corre-
sponding simple slope of bin2 became significantly more
negative, b ± SE = − 0.0585 ± 0.0092 μV cEMG per bin2

per μV Pe, z = − 6.385, p < 0.001, effects evident in
Fig. 7. In contrast, for the placebo group, the simple
slopes of bin and bin2 in erroneous response trials were
not significantly affected associated with Pe, z ≤ 1.174,
p ≥ 0.241. For the alcohol group, the simple slope of bin
in erroneous response trials became significantly more
negative with increasing (i.e., more positive) Pe, b ±
SE = − 0.305 ± 0.091 μV cEMG per bin per μV Pe, z =
− 3.352, p < 0.001, and the corresponding simple slope of
bin2 became significantly more positive, b ± SE = 0.025 ±
0.008 μV cEMG per bin2 per μV Pe, z = 3.332, p < 0.001.

Hypothesis 4 To test the prediction that post-error cognitive
control adjustments would be informed by affective reactiv-
ity to error commission, we first evaluated evidence for
post-error reduction of interference (PERI) in the flanker
task, a post-error behavioral effect linked to cognitive con-
trol processes (Burle et al. 2002; Danielmeier and
Ullsperger 2011; King et al. 2010; Ridderinkhof et al.
2002). The flanker task interference effect manifests as low-
er accuracy (probability of correct response), and larger
(slower) correct response times (RTs), on trials with correct
response-incompatible relative to response-compatible
flanker stimuli. Consequently, we fit LMMs of trial-by-
trial accuracy and RT as a function of beverage group, cur-
rent trial flanker type (correct response-compatible vs. re-
sponse-incompatible), and previous trial response accuracy
(correct vs. erroneous response) accounting for time on
task. After determining the best LMMs of accuracy and
RT, we added new effects corresponding to isolated with-
in-person, trial-by-trial changes in previous trial response-
locked cEMG activity, following Von Gunten et al. (2018).
Technical details are presented in Online Supplemental
Information. As shown in Fig. 8, PERI was evident in ac-
curacy, but not in RT, and did not differ by beverage group.
Other effects evident in the best LMMs (e.g., beverage ef-
fects on the flanker task interference effect, beverage effects
on other post-error adjustments) are presented in Online
Supplemental Information. Critically, contrary to our pre-
diction, there was no evidence for associations between
error-elicited cEMG on one trial and performance (accuracy
or RT) on the next trial.

4 For completeness, we also considered whether the simple slopes of bin and
bin2 for correct response trials differed among groups. Ordering of the simple
slope of bin was as follows: placebo > alcohol > control, pairwise compari-
sons: z ≥ 2.337, p ≤ 0.019. Ordering of the simple slope of bin2 was as follows:
control ≥ alcohol (z = 1.793, p = 0.073) > placebo, pairwise comparisons:
z ≥ 3.020, p ≤ 0.005. These patterns are consistent with highly specific
cEMG reactivity to errors in the control group, and some specificity loss in
the alcohol or placebo group, though most evident in the latter.
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Discussion

The current study examined negative affective reactions to
error commission in the flanker task following consumption
of an alcohol, placebo, or control beverage by measuring
response-locked cEMG activity. Four hypotheses were tested:
(1) cEMG activity would be enhanced following erroneous
versus correct responses; (2) error-elicited cEMG activity
would be dampened in the alcohol group; (3) error-elicited
cEMG activity and error-elicited neural activity in the ACC,

as indexed by the ERN and/or Pe components of the response-
locked ERP, would be correlated; and (4) error-elicited cEMG
activity would be correlated with post-error adjustments in
cognitive control task performance.

Hypothesis 1 was supported, replicating previous work on
error-elicited cEMG activity (Berger et al. 2020; Dignath et al.
2019; Elkins-Brown et al. 2016, 2017; Lindström et al. 2013).
Hypothesis 2 was also supported, providing empirical weight
to the idea that alcohol consumption might decrease negative
affective reactions to erroneous actions in effort-demanding
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Fig. 5 Response-locked cEMG activity as a function of beverage group
and response accuracy. a Sample M and SEM are shown. b Estimated
marginal population M and SE from the best conditional LMM are
shown. a, b Data represent n = 21 participants who consumed the no-

alcohol control beverage, n = 25 who consumed the placebo alcohol bev-
erage, and n = 28 who consumed the alcohol beverage. On the x-axes,
“R” indicates button press. Y-axes differ between a and b. Some error bars
are hidden underneath the point symbols
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cognitive control tasks, as first proposed by Bartholow et al.
(2012). Although not hypothesized, we also found that pre-
trial cEMG activity in the flanker task was selectively damp-
ened in the alcohol group (see Online Supplemental informa-
tion). Given that response-locked cEMG activity was
corrected for pre-response activity, this effect suggests that
there may be acute effects of alcohol on both tonic affective
state and phasic error reactivity. Previous studies using
between-subject designs and similar participants have failed
to find acute effects of alcohol on stimulus-locked cEMG in
the context of a passive picture-viewing task (Curtin et al.
1998; Glautier et al. 2001; Stritzke et al. 1995), which is con-
sistent with the idea that certain effects of alcohol are restricted

to active and self-relevant contexts (for review, see Sayette
2017).

Hypothesis 3 was supported in the control group, providing
in principle replication of findings reported by Elkins-Brown
et al. (2016) and confirmation of ideas proposed by Lindström
et al. (2013). This finding suggests that negative affective
reactions to errors, at least as indexed by cEMG activity, are
shaped by both early (ERN) and late (Pe) error processing-
related neural activity in the ACC. Specifically, under normal
circumstances, the magnitude of negative affect elicited by
error commission may be set primarily by early ACC activity
captured in the ERN, whereas how quickly that negative af-
fective response is emitted relative to error commission and
how quickly it dissipates appear to be tuned by later ACC
activity captured in the Pe.

Hypothesis 3 was not supported in the alcohol or placebo
group.Within-trial associations between ERN or Pe and error-
elicited cEMG activity in these groups were inconsistent.
ERN failed to predict overall error-elicited cEMG activity in
the alcohol group, perhaps in keeping with selective dampen-
ing of the ERN in this group. In contrast, Pe predicted a dip
below pre-response baseline for error-elicited cEMG activity
in the alcohol group, although the Pe did not differ across
groups. Nonetheless, error-elicited cEMG activity was largely
abolished in the alcohol group. Consequently, it is possible
that within-trial ERP-cEMG associations in the alcohol group
are statistical artifacts. It is difficult to apply the same logic to
explain within-trial ERP-cEMG associations in the placebo
group. Erroneous actions still elicited cEMG activity in the

a

b

�Fig. 8 Correct response probability and response time (RT) as a function
of current trial flanker type and previous trial response accuracy. aBack-
transformed marginal populationM and SE estimated from the best con-
ditional generalized LMM (binomial, logit) of accuracy are shown. Post-
error reduction of interference (PERI) was detected: difference in predict-
ed probability of correct response when the current trial contains correct
response-compatible vs. response-incompatible flankers was significantly
diminished when previous trial response was incorrect relative to correct.
PERI effect was driven by a significant increase in the probability of
correct response on correct response-incompatible trials after an incorrect
relative to correct response. b Marginal population M and SE estimated
from best conditional LMM of RT are shown. PERI was not detected:
difference in RT due to flanker type was similar post-error vs. -correct
trial. a, bData represent n = 21 participants who consumed the no-alcohol
control beverage, n = 25 who consumed the placebo alcohol beverage,
and n = 28 who consumed the alcohol beverage. Nevertheless, LMMs
found no support for beverage × current trial type × previous trial re-
sponse accuracy effects (these LMM-estimated marginal Ms and SEs
and corresponding sample Ms and SEMs are presented in Supplemental
Fig. 5). Consequently, only the current trial type × previous trial response
accuracy effects are shown. Note that the current trial type × previous trial
response accuracy effect was not significant for RT, and was ultimately
dropped from the best LMM of RT used to test effects of previous trial
cEMG. Note also that all LMM-estimatedMs and SEs shown control for
other effects evident in the LMMs (e.g., beverage × current trial type,
beverage × previous trial response accuracy). Asterisk indicates p < 0.05

3392 Psychopharmacology (2020) 237:3383–3397



placebo group, even if less robustly than in the control group.
Yet, in the placebo group, ERN predicted dips below pre-
response baseline in overall error-elicited cEMG activity,
and Pe failed to predict error-elicited cEMG activity. There
were no differences in ERN or Pe between the placebo and
control groups.

We are left with one substantive factor to explain differen-
tial ERP-cEMG coupling in the control versus placebo
groups, namely, activation of alcohol use-outcome expectan-
cies in the latter group. To the extent that affective reactions to
error commission are shaped by attributional processes, then
the expectation of sub-optimal performance due to alcohol
(i.e., attribution to an external cause) could explain why
error-elicited cEMG was uncoupled from ERN and Pe in
placebo-consuming participants (see Testa et al. 2006). It also
could explain dampened error-elicited cEMG in placebo- vs.
control beverage-consuming participants despite equivalent
ERN and Pe. Consequently, one reason why errors failed to
elicit cEMG in alcohol-consuming participantsmay have been
that they too were liable to externalize blame for their mis-
takes. There is some precedent for such an account (e.g.,
Critchlow 1987; Isleib et al. 1988). Future studies could test
this idea by manipulating participants’ beliefs about the locus
of performance deficits prior to task completion (e.g., partic-
ipants could be convinced that alcohol does not diminish per-
formance on the task while covertly titrating task difficulty to
promote error commission). Alternatively, participants’ biases
toward explicitly externalizing vs. internalizing success and
failure could be measured (e.g., using false feedback) while
sober vs. intoxicated.

Hypothesis 4 was not supported. Performance data pro-
vided no support for the idea that error-elicited negative
affect is coupled to post-error adjustments in performance,
or our contention that alcohol-induced diminution of
error-elicited negative affect has implications for adjust-
ment of cognitive control. In hindsight, we propose two
reasons for this apparent failure. First, the experiment was
not optimally designed to test questions about the associ-
ation between affective reactivity to errors and subsequent
control adjustment per se. Rather, it was designed specif-
ically to test alcohol’s effect on the first part of this pre-
mise, i.e., that alcohol reduces negative affective reactions
to errors, as indicated by ERN and error-elicited cEMG
activity. This was our primary interest. The experiment
was designed to provide an alternative explanation for
alcohol-induced reduction of the ERN, the first demon-
stration of which was reported by Ridderinkhof et al.
(2002), who argued that alcohol reduced the ERN by
impairing participants’ ability to recognize when they
made mistakes. Our alternative hypothesis has been that
alcohol does not impair the ability to recognize when
errors are made—indeed, data from this experiment (as
reported in Bailey et al. 2014) and a separate experiment

(Bartholow et al. 2012) strongly support this idea—but
rather that alcohol reduces the ERN because it mollifies
negative affective reactions to control failures—a predic-
tion confirmed by the response-locked cEMG data report-
ed here. The desire to test this alternative hypothesis led
us to modify Ridderinkhof et al.’s original paradigm by
introducing response accuracy confidence judgments fol-
lowing each trial. This design feature had the unfortunate
side effect of introducing long inter-trial intervals (≈5 s)
into the task, which make it difficult to test whether error-
elicited negative affect on a given trial influences perfor-
mance on the subsequent trial.

A second possible reason why we failed to find associa-
tions between error-elicited cEMG activity and subsequent-
trial performance is that participants likely had little motiva-
tion to adjust their behavioral performance. There was no
penalty for errors or slow responses (and no performance
feedback during the experimental trials) and no real benefit
for accurate or fast responses. Over the course of a nearly
hour-long task, participants likely lost motivation for engag-
ing control in a consistent manner. Thus, although the cEMG
and ERN data support the idea that errors in the task elicited
some negative affect, and that alcohol reduced affective reac-
tions to errors, there likely was little motivation on the part of
participants to translate affective reactions into control adjust-
ments (e.g., see Boksem et al. 2006).

Findings from the current study should be considered
in light of its strengths and weaknesses. The current study
improved upon previous work in two important ways.
First, it joins two studies (Dignath et al. 2019; Elkins-
Brown et al. 2017) in showing that error-elicited cEMG
activity can be observed in the absence of explicit feed-
back about response accuracy as well as in the absence of
a threat (risk) of erroneous response-contingent punish-
ment, which has been shown to amplify overall (Curtin
et al. 1998) and error-elicited cEMG activity (Lindström
et al. 2013). Second, the current study used statistical
methods (i.e., LMM) that are arguably more statistically
powerful yet conservative, if not at least more appropriate,
for modeling psychophysiological data (E. Aarts et al.
2014; Page-Gould 2019). The use of this methodology
allowed us to model the response-locked cEMG wave-
form, its sensitivity to within- and between-person factors,
and change in the waveform across the task.

Despite these strengths, the current studywas not without
limitations.First,wetestedasinglealcoholdose inabetween-
subject design, yet effects of alcohol on affective state and
reactivity canvary in extent, nature, and specificitywith dose
(Donohue et al. 2007; for review, see Sayette 2017). Second,
participants were predominantly non-HispanicWhite young
adults.Third,wefoundnoacuteeffectofalcoholonsubjective
affect, despite repeated assessment, including during the
flanker task (see Online Supplemental Information).
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However,subjectiveaffectassessmentduringthetaskwasnot
time-locked toerrors,unlike inSpuntet al. (Spuntet al.2012).
Fourth, the probability of errors across the taskwas low, lim-
itingthenumberoferrortrialsavailableforanalysis.Accuracy
was titrated to be 90% correct, by design, to ensure that bev-
erage effects on cognitive control task-relatedERPswere not
confounded by major differences in the frequency of correct
versus incorrect responses. The relatively low frequency of
errors in this study and others like it (Berger et al. 2020;
Dignath et al. 2019; Elkins-Brown et al. 2016, 2017;
Lindström et al. 2013) imposes psychometric constraints on
measured responses to error commission independently of
and/or in addition to the constraints imposed by the type of
measurement (i.e., subjective, neuro/psychophysiological).
Thus, futurestudiesshouldparametricallymanipulate thefre-
quency of error commission.

Keeping in mind its strengths and weaknesses, the current
study has implications for understanding the acute effects of
alcohol on cognition. Specifically, its findings suggest that the
acute effects of alcohol on canonical cognitive control tasks
sometimes may reflect acute effects of alcohol expectancy and
pharmacology on the affective underpinnings of action mon-
itoring and, more broadly, cognitive control. Continued work
on the affective underpinnings of cognitive control (Dignath
et al. 2020; Inzlicht et al. 2015) stands to improve our basic
understanding of not only decision-making and self-
regulation but also how the latter might be affected by the
acute and/or chronic effects of psychoactive substances, in-
cluding alcohol.

Acknowledgments BDB designed the project and procured its funding.
BDB and RUC formulated the research questions and wrote the manu-
script together. RUC processed and analyzed the data and prepared the
figures and tables. The authors are grateful to the research coordinators,
undergraduate research assistants, doctoral and post-doctoral students,
and laboratory managers that helped collect and archive the data for this
project while working in the Social Cognition and Addiction
Neuroscience Laboratory (SCANlab) over the years. Funding for the
project was provided by NIH grant R21 AA017282 (BDB). Preparation
of the manuscript was supported by NIH grant R01 AA025451 (BDB).
RUC thanks the University of Missouri Department of Psychological
Sciences Mission Enhancement Post-Doctoral Fellowship Fund and the
local NIH-funded T32 program (AA013526) for enabling his
contribution.

Funding information Funding and support for this work was provided by
NIH grants AA017282 (BDB), AA025451 (BDB), and AA013526
(RUC), and the University of Missouri College of Arts & Science
Mission Enhancement Fund (RUC).

Compliance with ethical standards

All procedures were approved by the University of Missouri Institutional
Review Board.

Conflict of interest The authors declare that they have no conflict of
interest.

References

Aarts K, De Houwer J, Pourtois G (2013) Erroneous and correct actions
have a different affective valence: evidence from ERPs. Emotion
13(5):960–973. https://doi.org/10.1037/a0032808

Aarts E, Verhage M, Veenvliet J (2014) A solution to dependency: using
multilevel analysis to accommodate nested data. Nat Neurosci
17(4):491–496. https://doi.org/10.1038/nn.3648

Alexander WH, Brown JW (2010) Computational models of perfor-
mance monitoring and cognitive control. Top Cogn Sci 2(4):658–
677. https://doi.org/10.1111/j.1756-8765.2010.01085.x

Anderson BM, Stevens MC, Meda SA, Jordan K, Calhoun VD, Pearlson
GD (2011) Functional imaging of cognitive control during acute
alcohol intoxication. Alcohol Clin Exp Res 35(1):156–165. https://
doi.org/10.1111/j.1530-0277.2010.01332.x

Bailey K, Bartholow BD, Saults JS, Lust SA (2014) Give me just a little
more time: effects of alcohol on the failure and recovery of cognitive
control. J Abnorm Psychol 123(1):152–167. https://doi.org/10.
1037/a0035662

Ballantine HT, Cassidy WL, Flanagan NB, Marino R (1967) Stereotaxic
anterior cingulotomy for neuropsychiatric illness and intractable
pain. J Neurosurg 26(5):488–495. https://doi.org/10.3171/jns.1967.
26.5.0488

Bartholow BD, Henry EA, Lust SA, Saults JS, Wood PK (2012) Alcohol
effects on performance monitoring and adjustment: affect modula-
tion and impairment of evaluative cognitive control. J Abnorm
Psychol 121(1):173–186. https://doi.org/10.1037/a0023664

Bates D, Mächler M, Bolker BM, Walker S (2015) Fitting linear mixed-
effects models using {lme4}. J Stat Softw 67(1):1–48. https://doi.
org/10.18637/jss.v067.i01

Berger A, Mitschke V, Dignath D, Eder A, van Steenbergen H (2020)
The face of control: corrugator supercilii tracks aversive conflict
s ignals in the service of adaptive cognit ive control .
Psychophysiology, May 2019, 1–13. https://doi.org/10.1111/psyp.
13524

Boksem MAS, Meijman TF, Lorist MM (2006) Mental fatigue, motiva-
tion and action monitoring. Biol Psychol 72(2):123–132. https://doi.
org/10.1016/j.biopsycho.2005.08.007

Botvinick MM, Braver TS, Barch DM, Carter CS, Cohen JD (2001)
Conflict monitoring and cognitive control. Psychol Rev 108(3):
624–652

Bradford DE, Shapiro BL, Curtin JJ (2013) How bad could it be? Alcohol
dampens stress responses to threat of uncertain intensity. Psychol
Sci 24(12):2541–2549. https://doi.org/10.1177/0956797613499923

Braver TS (2012) The variable nature of cognitive control: a dual mech-
anisms framework. Trends Cogn Sci 16(2):106–113. https://doi.org/
10.1016/j.tics.2011.12.010

Bujarski S, Ray LA (2014) Subjective response to alcohol and associated
craving in heavy drinkers vs. alcohol dependents: an examination of
Koob’s allostatic model in humans. Drug Alcohol Depend 140:161–
167. https://doi.org/10.1016/j.drugalcdep.2014.04.015

Burle B, Possamaï CA, Vidal F, Bonnet M, Hasbroucq T (2002)
Executive control in the Simon effect: an electromyographic and
distributional analysis. Psychol Res 66(4):324–336. https://doi.org/
10.1007/s00426-002-0105-6

Cacioppo JT, Petty RE (1981) Electromyograms as measures of extent
and affectivity of information processing. Am Psychol 36(5):441–
456. https://doi.org/10.1037/0003-066X.36.5.441

Cacioppo JT, Petty RE, Marshall-Goodell B (1984) Electromyographic
specificity during simple physical and attitudinal tasks: location and
topographical features of integrated EMG responses. Biol Psychol
18:85–121

Cacioppo JT, Petty RE, Losch ME, Kim HS (1986) Electromyographic
activity over facial muscle regions can differentiate the valence and

3394 Psychopharmacology (2020) 237:3383–3397

https://doi.org/10.1037/a0032808
https://doi.org/10.1038/nn.3648
https://doi.org/10.1111/j.1756-8765.2010.01085.x
https://doi.org/10.1111/j.1530-0277.2010.01332.x
https://doi.org/10.1111/j.1530-0277.2010.01332.x
https://doi.org/10.1037/a0035662
https://doi.org/10.1037/a0035662
https://doi.org/10.3171/jns.1967.26.5.0488
https://doi.org/10.3171/jns.1967.26.5.0488
https://doi.org/10.1037/a0023664
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/psyp.13524
https://doi.org/10.1111/psyp.13524
https://doi.org/10.1016/j.biopsycho.2005.08.007
https://doi.org/10.1016/j.biopsycho.2005.08.007
https://doi.org/10.1177/0956797613499923
https://doi.org/10.1016/j.tics.2011.12.010
https://doi.org/10.1016/j.tics.2011.12.010
https://doi.org/10.1016/j.drugalcdep.2014.04.015
https://doi.org/10.1007/s00426-002-0105-6
https://doi.org/10.1007/s00426-002-0105-6
https://doi.org/10.1037/0003-066X.36.5.441


intensity of affective reactions. J Pers Soc Psychol 50(2):260–268.
https://doi.org/10.1037/0022-3514.50.2.260

Cacioppo JT, Martzke JS, Petty RE, Tassinary LG (1988) Specific forms
of facial EMG response index emotions during an interview: from
Darwin to the continuous flow hypothesis of affect-laden informa-
tion processing. J Pers Soc Psychol 54(4):592–604. https://doi.org/
10.1037/0022-3514.54.4.592

Carter CS, Braver TS, Barch DM, Botvinick MM, Noll D, Cohen JD
(1998) Anterior cingulate cortex, error detection, and the online
monitoring of performance. Science 280(5364):747–749. https://
doi.org/10.1126/science.280.5364.747

Casbon TS, Curtin JJ, Lang AR, Patrick CJ (2003) Deleterious effects of
alcohol intoxication: diminished cognitive control and its behavioral
consequences. J Abnorm Psychol 112(3):476–487. https://doi.org/
10.1037/0021-843X.112.3.476

Cattaneo L, Pavesi G (2014) The facial motor system. Neurosci Biobehav
Rev 38:135–159. https://doi.org/10.1016/j.neubiorev.2013.11.002

Critchlow B (1987) Blaming the booze: the attribution of responsibility
for drunken behavior. Personal Individ Differ 9(3):451–473

Curtin JJ, Fairchild BA (2003) Alcohol and cognitive control: implica-
tions for regulation of behavior during response conflict. J Abnorm
Psychol 112(3):424–436. https://doi.org/10.1037/0021-843X.112.
3.424

Curtin JJ, Lang AR, Patrick CJ, Stritzke WGK (1998) Alcohol and fear-
potentiated startle: the role of competing cognitive demands in the
stress-reducing effects of intoxication. J Abnorm Psychol 107(4):
547–557. https://doi.org/10.1037//0021-843X.107.4.547

Curtin JJ, Patrick CJ, Lang AR, Cacioppo JT, Birbaumer N (2001)
Alcohol affects emotion through cognition. Psychogical Science
12(6):527–531

Danielmeier C, Ullsperger M (2011) Post-error adjustments. Frontiers in
Psychology 2(SEP):1–10. https://doi.org/10.3389/fpsyg.2011.
00233

Davis KD, Taylor KS, Hutchinson WD, Dostrovsky JO, McAndrews
MP, Richter EO, Lozano AM (2005) Human anterior cingulate cor-
tex neurons encode cognitive and emotional demands. J Neurosci
25(37):8402–8406. https://doi.org/10.1523/JNEUROSCI.2315-05.
2005

De Bruijn ERA, Hulstijn W, Verkes RJ, Ruigt GSF, Sabbe BGC (2004)
Drug-induced stimulation and suppression of action monitoring in
healthy volunteers. Psychopharmacology 177(1–2):151–160.
https://doi.org/10.1007/s00213-004-1915-6

De Luca CJ, Donald Gilmore L, Kuznetsov M, Roy SH (2010) Filtering
the surface EMG signal: movement artifact and baseline noise con-
tamination. J Biomech 43(8):1573–1579. https://doi.org/10.1016/j.
jbiomech.2010.01.027

Debener S, UllspergerM, SiegelM, Fiehler K, von CramnDY, Engel AK
(2005) Trial-by-trial coupling of concurrent electroencephalogram
and functional magnetic resonance imaging identifies the dynamics
of performance monitoring. J Neurosci 25(50):11730–11737.
https://doi.org/10.1523/jneurosci.3286-05.2005

Dehaene S, Posner MI, Tucker DM (1994) Localization of a neural sys-
tem for error detection and compensation. Psychol Sci 5(5):303–
305. https://doi.org/10.1111/j.1467-9280.1994.tb00630.x

Dignath D, Berger A, Spruit IM, van Steenbergen H (2019) Temporal
dynamics of error-related corrugator supercilii and zygomaticus ma-
jor activity: evidence for implicit emotion regulation following er-
rors. Int J Psychophysiol 146(October):101773–101216. https://doi.
org/10.1016/j.ijpsycho.2019.10.003

Dignath D, Eder AB, Steinhauser M, Kiesel A (2020) Conflict monitor-
ing and the affective-signaling hypothesis—an integrative review.
Psychon Bull Rev 27(2):193–216. https://doi.org/10.3758/s13423-
019-01668-9

DimbergU, ThunbergM (1998) Rapid facial reactions to emotional facial
expressions. Scand J Psychol 39(1):39–45. https://doi.org/10.1111/
1467-9450.00054

Dimberg U, Hansson G, Thunberg M (1998) Fear of snakes and facial
reactions: a case of rapid emotional responding. Scand J Psychol
39(2):75–80. https://doi.org/10.1111/1467-9450.00059

Dimberg U, Thunberg M, Elmehed K (2000) Unconscious facial reac-
tions to emotional facial expressions. Psychol Sci 11(1):86–89.
https://doi.org/10.1111/1467-9280.00221

Dimberg U, Thunberg M, Grunedal S (2002) Facial reactions to emotion-
al stimuli: automatically controlled emotional responses. Cognit
Emot 16(4):449–471. https://doi.org/10.1080/02699930143000356

Donohue KF, Curtin JJ, Patrick CJ, Lang AR (2007) Intoxication level
and emotional response. Emotion 7(1):103–112. https://doi.org/10.
1037/1528-3542.7.1.103

Easdon C, Izenberg A, Armilio ML, Yu H, Alain C (2005) Alcohol
consumption impairs stimulus- and error-related processing during
a go/no-go task. Cogn Brain Res 25(3):873–883. https://doi.org/10.
1016/j.cogbrainres.2005.09.009

Elkins-Brown N, Saunders B, Inzlicht M (2016) Error-related electro-
myographic activity over the corrugator supercilii is associated with
neural performance monitoring. Psychophysiology 53(2):159–170.
https://doi.org/10.1111/psyp.12556

Elkins-Brown N, Saunders B, He F, Inzlicht M (2017) Stability and
reliability of error-related electromyography over the corrugator su-
percilii with increasing trials. Psychophysiology 54(10):1559–1573.
https://doi.org/10.1111/psyp.12902

Eriksen BA, Eriksen CW (1974) Effects of noise letters upon the identi-
fication of a target letter in a nonsearch task. Percept Psychophys
16(1):143–149. https://doi.org/10.3758/BF03203267

Eriksen CW, Hoffman JE (1973) The extent of processing of noise ele-
ments during selective encoding from visual displays. Percept
Psychophys 14(1):155–160. https://doi.org/10.3758/BF03198630

Falkenstein M, Hoormann J, Christ S, Hohnsbein J (2000) ERP compo-
nents on reaction errors and their functional significance: a tutorial.
Biol Psychol 51(2–3):87–107. https://doi.org/10.1016/S0301-
0511(99)00031-9

Franken IHA, Nijs IMT, Muris P, Van Strien JW (2007) Alcohol selec-
tively reduces brain activity during the affective processing of neg-
ative information. Alcohol Clin Exp Res 31(6):919–927. https://doi.
org/10.1111/j.1530-0277.2007.00424.x

Fridlund AJ, Cacioppo JT (1986) Guidelines of human electromyograph-
ic research. Psychophysiology 23(5):567–589

Gehring WJ, Taylor SF (2004) When the going gets tough, the cingulate
gets going. Nat Neurosci 7(12):1285–1287. https://doi.org/10.1038/
nn1204-1285

Gehring WJ, Goss B, Coles MGH, Meyer DE, Donchin E (1993) A
neural system for error detection and compensation. Psychol Sci
4(6):385–390

Giancola PR (2000) Executive functioning: a conceptual framework for
alcohol-related aggression. Exp Clin Psychopharmacol 8(4):576–
597. https://doi.org/10.1037/1064-1297.8.4.576

Glautier S, O’Brien J, Dixon J (2001) Facial electromyographic (EMG)
responses to emotionally significant visual images: differences be-
tween light and heavy drinkers. Drug Alcohol Depend 64(3):337–
345. https://doi.org/10.1016/S0376-8716(01)00136-3

Gorka SM, Fitzgerald DA, King AC, Phan KL (2013) Alcohol attenuates
amygdala-frontal connectivity during processing social signals in
heavy social drinkers: a preliminary pharmaco-fMRI study.
Psychopharmacology 229(1):141–154. https://doi.org/10.1007/
s00213-013-3090-0

Gratton G, Coles MGH, Donchin E (1992) Optimizing the use of infor-
mation: strategic control of activation of responses. J Exp Psychol
Gen 121(4):480–506. https://doi.org/10.1063/1.1379753

Gratton G, Cooper P, Fabiani M, Carter CS, Karayanidis F (2018)
Dynamics of cognitive control: theoretical bases, paradigms, and a
view for the future. Psychophysiology 55(3):1–29. https://doi.org/
10.1111/psyp.13016

3395Psychopharmacology (2020) 237:3383–3397

https://doi.org/10.1037/0022-3514.50.2.260
https://doi.org/10.1037/0022-3514.54.4.592
https://doi.org/10.1037/0022-3514.54.4.592
https://doi.org/10.1126/science.280.5364.747
https://doi.org/10.1126/science.280.5364.747
https://doi.org/10.1037/0021-843X.112.3.476
https://doi.org/10.1037/0021-843X.112.3.476
https://doi.org/10.1016/j.neubiorev.2013.11.002
https://doi.org/10.1037/0021-843X.112.3.424
https://doi.org/10.1037/0021-843X.112.3.424
https://doi.org/10.1037//0021-843X.107.4.547
https://doi.org/10.3389/fpsyg.2011.00233
https://doi.org/10.3389/fpsyg.2011.00233
https://doi.org/10.1523/JNEUROSCI.2315-05.2005
https://doi.org/10.1523/JNEUROSCI.2315-05.2005
https://doi.org/10.1007/s00213-004-1915-6
https://doi.org/10.1016/j.jbiomech.2010.01.027
https://doi.org/10.1016/j.jbiomech.2010.01.027
https://doi.org/10.1523/jneurosci.3286-05.2005
https://doi.org/10.1111/j.1467-9280.1994.tb00630.x
https://doi.org/10.1016/j.ijpsycho.2019.10.003
https://doi.org/10.1016/j.ijpsycho.2019.10.003
https://doi.org/10.3758/s13423-019-01668-9
https://doi.org/10.3758/s13423-019-01668-9
https://doi.org/10.1111/1467-9450.00054
https://doi.org/10.1111/1467-9450.00054
https://doi.org/10.1111/1467-9450.00059
https://doi.org/10.1111/1467-9280.00221
https://doi.org/10.1080/02699930143000356
https://doi.org/10.1037/1528-3542.7.1.103
https://doi.org/10.1037/1528-3542.7.1.103
https://doi.org/10.1016/j.cogbrainres.2005.09.009
https://doi.org/10.1016/j.cogbrainres.2005.09.009
https://doi.org/10.1111/psyp.12556
https://doi.org/10.1111/psyp.12902
https://doi.org/10.3758/BF03203267
https://doi.org/10.3758/BF03198630
https://doi.org/10.1016/S0301-0511(99)00031-9
https://doi.org/10.1016/S0301-0511(99)00031-9
https://doi.org/10.1111/j.1530-0277.2007.00424.x
https://doi.org/10.1111/j.1530-0277.2007.00424.x
https://doi.org/10.1038/nn1204-1285
https://doi.org/10.1038/nn1204-1285
https://doi.org/10.1037/1064-1297.8.4.576
https://doi.org/10.1016/S0376-8716(01)00136-3
https://doi.org/10.1007/s00213-013-3090-0
https://doi.org/10.1007/s00213-013-3090-0
https://doi.org/10.1063/1.1379753
https://doi.org/10.1111/psyp.13016
https://doi.org/10.1111/psyp.13016


Greeley J, Oei T (1999) Alcohol and tension reduction. In: Leonard KE,
Blane HT (eds) Psychological theories of drinking and alcoholism.
Guilford Press, pp 14–53

Guillot CR, Fanning JR, Bullock JS, Mccloskey MS, BermanME (2010)
Effects of alcohol on tests of executive functioning in men and
women: a dose response examination. Exp Clin Psychopharmacol
18(5):409–417. https://doi.org/10.1037/a0021053

Hajcak G, Foti D (2008) Errors are aversive: defensivemotivation and the
error-related negativity. Psychol Sci 19(2):103–108. https://doi.org/
10.1111/j.1467-9280.2008.02053.x

Hajcak G, McDonald N, Simons RF (2004) Error-related psychophysi-
ology and negative affect. Brain and Cognition 56(2 SPEC. ISS):
189–197. https://doi.org/10.1016/j.bandc.2003.11.001

Hajcak G, Moser JS, Yeung N, Simons RF (2005) On the ERN and the
significance of errors. Psychophysiology 42(2):151–160. https://doi.
org/10.1111/j.1469-8986.2005.00270.x

Hall JR, Bernat EM, Patrick CJ (2007) Externalizing psychopathology
and the error-related negativity. Psychol Sci 18(4):326–333. https://
doi.org/10.1111/j.1467-9280.2007.01899.x

Hermann C, Ziegler S, Birbaumer N, Flor H (2000) Pavlovian aversive
and appetitive odor conditioning in humans: subjective, peripheral,
and electrocortical changes. Exp Brain Res 132(2):203–215. https://
doi.org/10.1007/s002210000343

Herrmann MJ, Römmler J, Ehlis AC, Heidrich A, Fallgatter AJ (2004)
Source localization (LORETA) of the error-related-negativity
(ERN/Ne) and positivity (Pe). Cogn Brain Res 20(2):294–299.
https://doi.org/10.1016/j.cogbrainres.2004.02.013

Hester R, Foxe JJ, Molholm S, Shpaner M, Garavan H (2005) Neural
mechanisms involved in error processing: a comparison of errors
made with and without awareness. NeuroImage 27(3):602–608.
https://doi.org/10.1016/j.neuroimage.2005.04.035

Holroyd CB, Coles MGH (2002) The neural basis of human error pro-
cessing: reinforcement learning, dopamine, and the error-related
negativity. Psychol Rev 109(4):679–709. https://doi.org/10.1037/
0033-295X.109.4.679

Inzlicht M, Bartholow BD, Hirsh JB (2015) Emotional foundations of
cognitive control. Trends Cogn Sci 19(3):126–132. https://doi.org/
10.1016/j.tics.2015.01.004

Isleib RA, Vuchinich RE, Tucker JA (1988) Performance attributions and
changes in self-esteem following self-handicapping with alcohol
consumption. J Soc Clin Psychol 6(1):88–103. https://doi.org/10.
1521/jscp.1988.6.1.88

King JA, Korb FM, Von Cramon DY, Ullsperger M (2010) Post-error
behavioral adjustments are facilitated by activation and suppression
of task-relevant and task-irrelevant information processing. J
Neurosci 30(38):12759–12769. https://doi.org/10.1523/
JNEUROSCI.3274-10.2010

Kushner MG, Massie ED, Gaskel S, Mackenzie T, Fiszdon J, Anderson
N (1997) Alcohol effects on the facial expressions of anxiety pa-
tients undergoing a panic provocation. Addict Behav 22(2):275–
280. https://doi.org/10.1016/S0306-4603(96)00009-3

Kuznetsova A, Brockhoff PB, Christensen RHB (2017) {lmerTest}
Package: tests in linear mixed effects models. J Stat Softw 82(13):
1–26. https://doi.org/10.18637/jss.v082.i13

Larsen JT, Norris CJ, Cacioppo JT (2003) Effects of positive and negative
affect on electromyographic activity over zygomaticus major and
corrugator supercilii. Psychophysiology 40(5):776–785. https://doi.
org/10.1111/1469-8986.00078

Lenth, R. (2019). Emmeans: estimated marginal means, aka least-squares
means. https://cran.r-project.org/package=emmeans

Levenson RW, Sher KJ, Grossman LM, Newman J, Newlin DB (1980)
Alcohol and stress response dampening: pharmacological effects,
expectancy, and tension reduction. J Abnorm Psychol 89(4):528–
538. https://doi.org/10.1037/0021-843X.89.4.528

Lindström BR, Mattsson-Mårn IB, Golkar A, Olsson A (2013) In your
face: risk of punishment enhances cognitive control and error-

related activity in the corrugator supercilii muscle. PLoS One 8(6):
e65692. https://doi.org/10.1371/journal.pone.0065692

Marinkovic K, Rickenbacher E, Azma S, Artsy E (2012) Acute alcohol
intoxication impairs top-down regulation of stroop incongruity as
revealed by blood oxygen level-dependent functional magnetic res-
onance imaging. Hum Brain Mapp 33(2):319–333. https://doi.org/
10.1002/hbm.21213

Nelson LD, Patrick CJ, Collins P, Lang AR, Bernat EM (2011) Alcohol
impa i r s b r a in reac t iv i t y to exp l i c i t l o s s f eedback .
Psychopharmacology 218(2):419–428. https://doi.org/10.1007/
s00213-011-2323-3

Neumann R, Hess M, Schulz SM, Alpers GW (2005) Automatic behav-
ioural responses to valence: evidence that facial action is facilitated
by evaluative processing. Cognit Emot 19(4):499–513

Nieuwenhuis S, Richard Ridderinkhof K, Blom J, Band GPH, Kok A
(2001) Error-related brain potentials are differentially related to
awareness of response errors: evidence from an antisaccade task.
Psychophysiology 38(5):752–760. https://doi.org/10.1017/
S0048577201001111

Olvet DM, Hajcak G (2009) The stability of error-related brain activity
with increasing trials. Psychophysiology 46(5):957–961. https://doi.
org/10.1111/j.1469-8986.2009.00848.x

Overbeek TJM, Nieuwenhuis S, Ridderinkhof KR (2005) Dissociable
components of error processing: on the functional significance of
the Pe vis-à-vis the ERN/Ne. J Psychophysiol 19(4):319–329.
https://doi.org/10.1027/0269-8803.19.4.319

Page-Gould E (2019) Multilevel Modeling. In: Cacioppo JT, Tassinary
LG, Berntson GG (eds) Handbook of psychophysiology, 4th edn.
Cambridge University Press

Payne BK, Shimizu Y, Jacoby LL (2005) Mental control and visual
illusions: toward explaining race-biased weapon misidentifications.
J Exp Soc Psychol 41(1):36–47. https://doi.org/10.1016/j.jesp.2004.
05.001

Pihl RO, Paylan SS, Gentes-Hawn A, Hoaken PNS (2003) Alcohol af-
fects executive cognitive functioning differentially on the ascending
versus descending limb of the blood alcohol concentration curve.
Alcohol Clin Exp Res 27(5):773–779. https://doi.org/10.1097/01.
ALC.0000065434.92204.A1

Proudfit GH, Inzlicht M, Mennin DS (2013) Anxiety and error monitor-
ing: the importance of motivation and emotion. Frontiers in Human
Neuroscience 7(OCT):8–11. https://doi.org/10.3389/fnhum.2013.
00636

Rainville P, Duncan GH, Price DD, Carrier B, Bushnell MC (1997) Pain
affect encoded in human anterior cingulate but not somatosensory
cortex. Science 277(5328):968–971. https://doi.org/10.1126/
science.277.5328.968

Ray LA,MacKillop J, Leventhal AM,Hutchison KE (2009) Catching the
alcohol buzz: an examination of the latent factor structure of subjec-
tive intoxication. Alcohol Clin Exp Res 33(12):2154–2161. https://
doi.org/10.1111/j.1530-0277.2009.01053.x

Ray LA, Bujarski S, MacKillop J, Courtney K E, Monti PM, Miotto K
(2013) Subjective response to alcohol among alcohol-dependent
individuals: effects of the μ-opioid receptor (OPRM1) gene and
alcoholism severity. Alcoholism: Clinical and Experimental
Research, 37 Suppl 1(January), E116–24. https://doi.org/10.1111/j.
1530-0277.2012.01916.x

Ridderinkhof KR, De Vlugt Y, Bramlage A, Spaan M, Elton M, Snel J,
Band GPH (2002) Alcohol consumption impairs detection of per-
formance errors in mediofrontal cortex. Science 298(5601):2209–
2211. https://doi.org/10.1126/science.1076929

Rietdijk WJR, Franken IHA, Thurik AR (2014) Internal consistency of
event-related potentials associated with cognitive control: N2/P3
and ERN/Pe. PLoS One 9(7):3–9. https://doi.org/10.1371/journal.
pone.0102672

Rymarczyk K, Biele C, Grabowska A, Majczynski H (2011) EMG ac-
tivity in response to static and dynamic facial expressions. Int J

3396 Psychopharmacology (2020) 237:3383–3397

https://doi.org/10.1037/a0021053
https://doi.org/10.1111/j.1467-9280.2008.02053.x
https://doi.org/10.1111/j.1467-9280.2008.02053.x
https://doi.org/10.1016/j.bandc.2003.11.001
https://doi.org/10.1111/j.1469-8986.2005.00270.x
https://doi.org/10.1111/j.1469-8986.2005.00270.x
https://doi.org/10.1111/j.1467-9280.2007.01899.x
https://doi.org/10.1111/j.1467-9280.2007.01899.x
https://doi.org/10.1007/s002210000343
https://doi.org/10.1007/s002210000343
https://doi.org/10.1016/j.cogbrainres.2004.02.013
https://doi.org/10.1016/j.neuroimage.2005.04.035
https://doi.org/10.1037/0033-295X.109.4.679
https://doi.org/10.1037/0033-295X.109.4.679
https://doi.org/10.1016/j.tics.2015.01.004
https://doi.org/10.1016/j.tics.2015.01.004
https://doi.org/10.1521/jscp.1988.6.1.88
https://doi.org/10.1521/jscp.1988.6.1.88
https://doi.org/10.1523/JNEUROSCI.3274-10.2010
https://doi.org/10.1523/JNEUROSCI.3274-10.2010
https://doi.org/10.1016/S0306-4603(96)00009-3
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1111/1469-8986.00078
https://doi.org/10.1111/1469-8986.00078
https://cran.r-roject.org/packagemmeans
https://doi.org/10.1037/0021-843X.89.4.528
https://doi.org/10.1371/journal.pone.0065692
https://doi.org/10.1002/hbm.21213
https://doi.org/10.1002/hbm.21213
https://doi.org/10.1007/s00213-011-2323-3
https://doi.org/10.1007/s00213-011-2323-3
https://doi.org/10.1017/S0048577201001111
https://doi.org/10.1017/S0048577201001111
https://doi.org/10.1111/j.1469-8986.2009.00848.x
https://doi.org/10.1111/j.1469-8986.2009.00848.x
https://doi.org/10.1027/0269-8803.19.4.319
https://doi.org/10.1016/j.jesp.2004.05.001
https://doi.org/10.1016/j.jesp.2004.05.001
https://doi.org/10.1097/01.ALC.0000065434.92204.A1
https://doi.org/10.1097/01.ALC.0000065434.92204.A1
https://doi.org/10.3389/fnhum.2013.00636
https://doi.org/10.3389/fnhum.2013.00636
https://doi.org/10.1126/science.277.5328.968
https://doi.org/10.1126/science.277.5328.968
https://doi.org/10.1111/j.1530-0277.2009.01053.x
https://doi.org/10.1111/j.1530-0277.2009.01053.x
https://doi.org/10.1111/j.1530-0277.2012.01916.x
https://doi.org/10.1111/j.1530-0277.2012.01916.x
https://doi.org/10.1126/science.1076929
https://doi.org/10.1371/journal.pone.0102672
https://doi.org/10.1371/journal.pone.0102672


Psychophysiol 79(2):330–333. https://doi.org/10.1016/j.ijpsycho.
2010.11.001

Saunders B, Milyavskaya M, Inzlicht M (2015) What does cognitive
control feel like? Effective and ineffective cognitive control is asso-
ciated with divergent phenomenology. Psychophysiology 52(9):
1205–1217. https://doi.org/10.1111/psyp.12454

Sayette MA (1999) Does drinking reduce stress? Alcohol Res Health
23(4):250–255

Sayette MA (2017) The effects of alcohol on emotion in social drinkers.
Behav Res Ther 88:76–89. https://doi.org/10.1016/j.brat.2016.06.
005

Sayette MA, Smith DW, Breiner MJ, Wilson GT (1992) The effect of
alcohol on emotional response to a social stressor. J Stud Alcohol
53(6):541–545. https://doi.org/10.15288/jsa.1992.53.541

Sayette MA, Creswell KG, Dimoff JD, Fairbairn CE, Cohn JF, Heckman
BW, Kirchner TR, Levine JM, Moreland RL (2012) Alcohol and
group formation: a multimodal investigation of the effects of alcohol
on emotion and social bonding. Psychol Sci 23(8):869–878. https://
doi.org/10.1177/0956797611435134

Semlitsch HV, Anderer P, Schuster P, Presslich O (1986) A solution for
reliable and valid reduction of ocular artifacts, applied to the P300
ERP. Psychophysiology 23(6):695–703. https://doi.org/10.1111/j.
1469-8986.1986.tb00696.x

Sestito M, Umiltà MA, De Paola G, Fortunati R, Raballo A, Leuci E,
Maffei S, Tonna M, Amore M, Maggini C, Gallese V (2013) Facial
reactions in response to dynamic emotional stimuli in different mo-
dalities in patients suffering from schizophrenia: a behavioral and
EMG study. Front Hum Neurosci 7(July 2013). https://doi.org/10.
3389/fnhum.2013.00368

Shackman AJ, Salomons TV, Slagter HA, Fox AS, Winter JJ, Davidson
RJ (2011) The integration of negative affect, pain and cognitive
control in the cingulate cortex. Nat Rev Neurosci 12(3):154–167.
https://doi.org/10.1038/nrn2994

Sher KJ, Bylund DB, Walitzer KS, Hartmann J, Ray-Prenger C (1994)
Platelet monoamine oxidase (MAO) activity: personality, substance
use, and the stress-response-dampening effect of alcohol. Exp Clin
Psychopharmacol 2(1):53–81. https://doi.org/10.1037/1064-1297.2.
1.53

Sher KJ, Bartholow BD, Peuser K, Erickson DJ, Wood MD (2007)
Stress-response-dampening effects of alcohol: attention as a media-
tor and moderator. J Abnorm Psychol 116(2):362–377. https://doi.
org/10.1037/0021-843X.116.2.362

Smith EH, Horga G, Yates MJ, Mikell CB, Banks GP, Pathak YJ,
Schevon CA, McKhann GM, Hayden BY, Botvinick MM, Sheth
SA (2019) Widespread temporal coding of cognitive control in the
human prefrontal cortex. Nat Neurosci 22(November):1883–1891.
https://doi.org/10.1038/s41593-019-0494-0

Spunt RP, Lieberman MD, Cohen JR, Eisenberger NI (2012) The phe-
nomenology of error processing: the dorsal ACC response to stop-
signal errors tracks reports of negative affect. J Cogn Neurosci
24(8):1753–1765. https://doi.org/10.1162/jocn_a_00242

StritzkeWGK, Patrick CJ, Lang AR (1995) Alcohol and human emotion:
a multidimensional analysis incorporating startle-probe methodolo-
gy. J Abnorm Psychol 104(1):114–122. https://doi.org/10.1037/
0021-843X.104.1.114

Talbot JD, Marrett S, Evans AC, Meyer E, Catherine M, Talbot JD,
Marretr S, Evans AC, Meyer E, Bushnell MC, Duncan GH (1991)
Multiple representations of pain in human cerebral cortex. Science
251(4999):1355–1358 http://www.jstor.org/stable/2875534

Tan J-W, Walter S, Scheck A, Hrabal D, Hoffmann H, Kessler H, Traue
HC (2012) Repeatability of facial electromyography (EMG) activity
over corrugator supercilii and zygomaticus major on differentiating

various emotions. J Ambient Intell Humaniz Comput 3(1):3–10.
https://doi.org/10.1007/s12652-011-0084-9

Tassinary LG, Cacioppo JT, Geen TR (1989) A psychometric study of
surface electrode placements for facial electromyographic record-
ing: I. the brow and cheek muscle regions. Psychophysiology
26(1):1–16. https://doi.org/10.1111/j.1469-8986.1989.tb03125.x

Testa M, Fillmore MT, Norris J, Abbey A, Curtin JJ, Leonard KE,
Mariano KA, Thomas MC, Nomensen KJ, George WH, VanZile-
Tamsen C, Livingston JA, Saenz C, Buck PO, Zawacki T, Parkhill
MR, Jacques AJ, Hayman LW (2006) Understanding alcohol ex-
pectancy effects: revisiting the placebo condition. Alcohol Clin Exp
Res 30(2):339–348. https://doi.org/10.1111/j.1530-0277.2006.
00039.x

Udo T, Bates ME,Mun E-Y, Vaschillo EG, Vaschillo B, Lehrer P, Ray S
(2009) Gender differences in acute alcohol effects on self-regulation
of arousal in response to emotional and alcohol-related picture cues.
Psychol Addict Behav 23(2):196–204. https://doi.org/10.1037/
a0015015

Van Boxtel A (2001) Optimal signal bandwidth for the recording of
surface EMG activity of facial, jaw, oral, and neck muscles.
Psychophysiology 38(1):22–34. https://doi.org/10.1017/
S004857720199016X

Van VeenV, Carter CS (2002) The timing of actionmonitoring processes
in rostral and caudal anterior cingulate cortex. J Cogn Neurosci
14(4):593–602. https://doi.org/10.1016/j.eeh.2005.10.006

Van Veen V, Cohen JD, Botvinick MM, Stenger VA, Carter CS (2001)
Anterior cingulate cortex, conflict monitoring, and levels of process-
ing. NeuroImage 14(6):1302–1308. https://doi.org/10.1006/nimg.
2001.0923

Vaschillo EG, Bates ME, Vaschillo B, Lehrer P, Udo T, Mun E-Y, Ray S
(2008) Heart rate variability response to alcohol, placebo, and emo-
tional picture cue challenges: effects of 0.1-Hz stimulation.
Psychophysiology 45(5):847–858. https://doi.org/10.1111/j.1469-
8986.2008.00673.x

Volpert-Esmond HI, Merkle EC, Levsen MP, Ito TA, Bartholow BD
(2018) Using trial-level data and multilevel modeling to investigate
within-task change in event-related potentials. Psychophysiology
55(5):1–12. https://doi.org/10.1111/psyp.13044

Von Gunten CD, Volpert-Esmond HI, Bartholow BD (2018) Temporal
dynamics of reactive cognitive control as revealed by event-related
brain potentials. Psychophysiology 55(3):e13007. https://doi.org/
10.1111/psyp.13007

Vrana SR (1993) The psychophysiology of disgust: differentiating nega-
tive emotional contexts with facial EMG. Psychophysiology 30(3):
279–286. https://doi.org/10.1111/j.1469-8986.1993.tb03354.x

Wang C, Ulbert I, Schomer DL, Marinkovic K, Halgren E (2005)
Responses of human anterior cingulate cortexmicrodomains to error
detection, conflict monitoring, stimulus-responsemapping, familiar-
ity, and orienting. J Neurosci 25(3):604–613. https://doi.org/10.
1523/jneurosci.4151-04.2005

Yeung N, Cohen JD (2006) The impact of cognitive deficits on conflict
monitoring. Psychol Sci 17(2):164–171

Yeung N, Botvinick MM, Cohen JD (2004) The neural basis of error
detection: conflict monitoring and the error-related negativity.
Psychol Rev 111(4):931–959. https://doi.org/10.1037/0033-295X.
111.4.931

Yeung N, Ralph J, Nieuwenhuis S (2007) Drink alcohol and dim the
lights: the impact of cognitive deficits on medial frontal cortex func-
tion. Cogn Affect Behav Neurosci 7(4):347–355

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

3397Psychopharmacology (2020) 237:3383–3397

https://doi.org/10.1016/j.ijpsycho.2010.11.001
https://doi.org/10.1016/j.ijpsycho.2010.11.001
https://doi.org/10.1111/psyp.12454
https://doi.org/10.1016/j.brat.2016.06.005
https://doi.org/10.1016/j.brat.2016.06.005
https://doi.org/10.15288/jsa.1992.53.541
https://doi.org/10.1177/0956797611435134
https://doi.org/10.1177/0956797611435134
https://doi.org/10.1111/j.1469-8986.1986.tb00696.x
https://doi.org/10.1111/j.1469-8986.1986.tb00696.x
https://doi.org/10.3389/fnhum.2013.00368
https://doi.org/10.3389/fnhum.2013.00368
https://doi.org/10.1038/nrn2994
https://doi.org/10.1037/1064-1297.2.1.53
https://doi.org/10.1037/1064-1297.2.1.53
https://doi.org/10.1037/0021-843X.116.2.362
https://doi.org/10.1037/0021-843X.116.2.362
https://doi.org/10.1038/s41593-019-0494-0
https://doi.org/10.1162/jocn_a_00242
https://doi.org/10.1037/0021-843X.104.1.114
https://doi.org/10.1037/0021-843X.104.1.114
http://www.jstor.org/stable/2875534
https://doi.org/10.1007/s12652-011-0084-9
https://doi.org/10.1111/j.1469-8986.1989.tb03125.x
https://doi.org/10.1111/j.1530-0277.2006.00039.x
https://doi.org/10.1111/j.1530-0277.2006.00039.x
https://doi.org/10.1037/a0015015
https://doi.org/10.1037/a0015015
https://doi.org/10.1017/S004857720199016X
https://doi.org/10.1017/S004857720199016X
https://doi.org/10.1016/j.eeh.2005.10.006
https://doi.org/10.1006/nimg.2001.0923
https://doi.org/10.1006/nimg.2001.0923
https://doi.org/10.1111/j.1469-8986.2008.00673.x
https://doi.org/10.1111/j.1469-8986.2008.00673.x
https://doi.org/10.1111/psyp.13044
https://doi.org/10.1111/psyp.13007
https://doi.org/10.1111/psyp.13007
https://doi.org/10.1111/j.1469-8986.1993.tb03354.x
https://doi.org/10.1523/jneurosci.4151-04.2005
https://doi.org/10.1523/jneurosci.4151-04.2005
https://doi.org/10.1037/0033-295X.111.4.931
https://doi.org/10.1037/0033-295X.111.4.931

	Acute effects of alcohol on error-elicited negative affect during a cognitive control task
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Method
	Participants
	Materials
	Beverage administration
	Breath alcohol concentration
	Cognitive control task
	Electrophysiological recording

	Procedure

	Results
	BrAC
	Response-locked ERPs
	ERN/CRN
	Pe/Pc

	Response-locked cEMG activity

	Discussion
	References


