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Abstract

Background: Binge drinking, defined as episodic alcohol intake reaching intoxication,
is prevalent among young adults and linked to impaired cognitive control and risk for
alcohol use disorder (AUD). Even though executive deficits contribute to addiction,
evidence on their alterations in young adult binge drinkers (BDs) as a function of bio-
logical sex remains limited. This study examined cognitive and motor aspects of deci-
sion making as reflected in event-related theta and beta oscillations, respectively. The
executive neurobehavioral markers were analyzed in conjunction with alcohol-related
and other self-reported variables and cognitive functions in BDs versus light drinkers
(LDs) of both sexes.

Methods: Sixty-eight participants (34 BDs, 34 LDs, 50% women) completed a modi-
fied Stroop task. Electroencephalography (EEG) signals were analyzed in the time-
frequency domain with Morlet wavelets. Behavioral performance and event-related
theta (4-7Hz) and beta (15-25Hz) power were compared across levels of conflict,
drinking groups, and sex.

Results: BDs exhibited longer reaction times on high-conflict trials, reflecting com-
pensatory slowing during cognitive interference. Lower conflict-induced theta power
in BDs than in LDs was evident primarily among women. It was associated with
greater alcohol intake and it mediated the impact of binge drinking on degraded task
performance among BD women. In contrast, event-related beta desynchronization
during response preparation was attenuated and delayed only in BD men, which was
partially mediated by impulsivity.

Conclusions: The observed links between binge drinking and dysregulated cognitive
and motor control processes were interpreted in regard to sex-specific neural altera-
tions. Weaker engagement of cognitive control in BD women may be reflected in an
impaired capacity to optimize decisions in challenging situations. Beta decrease dur-
ing response preparation was especially attenuated in more impulsive BD men, which
may contribute to their inability to refrain from risky behaviors. These findings high-

light the need to consider biological sex in alcohol-related neurocognitive research.
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INTRODUCTION

Binge drinking is prevalent among young adults and is character-
ized by episodes of heavy alcohol consumption interspersed with
periods of no or low-level drinking. A binge episode is defined as
imbibing enough alcohol to reach a blood alcohol concentration
(BAC) of at least 0.08g/dL (National Institute on Alcohol Abuse and
Alcoholism, 2016). However, young adults often consume alcohol in
greater amounts, which results in much higher BAC levels and en-
hances potential neurotoxic effects (Patrick & Terry-McElrath, 2019).
Binge drinking interferes with brain maturation, is associated with a
range of harms across different functional and organ systems, and
with an increased likelihood of engaging in impulsive and risky be-
haviors (Carbia et al., 2018). Despite these risks and consequences,
denial of alcohol-related problems remains common among emerg-
ing adults, and binge drinking is often perceived as nonproblematic
and socially acceptable (Bishop & Rodriguez Orjuela, 2018). As a re-
sult, this pattern of alcohol misuse might lay the foundation for long-
term consequences, as it increases the risk of developing alcohol use
disorder (AUD) (Koob & Volkow, 2010).

Cognitive control is an essential dimension of executive top-
down processing that enables flexible behavior in accordance with
specific goals, crucial for steering behavior toward or away from
tasks. A key aspect of cognitive control is the ability to suppress an
automated action in favor of a desired but nonautomated response
(Norman & Shallice, 1986). This capacity, together with related func-
tions, such as planning and response inhibition, is part of the exec-
utive system, which is often compromised in people with AUD due
to prefrontal dysfunction (Le Berre et al., 2017; Oscar-Berman &
Marinkovi¢, 2007). Cognitive control deficits make it more difficult
for individuals to refrain from risky behavior, including hazardous
drinking. Furthermore, they are linked to higher levels of impulsivity,
which can contribute to the development and maintenance of AUD
(Mitchell & Potenza, 2015). Therefore, influential models propose
executive deficits as one of the three core neurofunctional domains
critical for addiction (Kwako et al., 2016). Behavioral evidence on
impaired cognitive control in binge drinkers (BDs) is scant (Molnar
et al., 2018), as large-scale reviews have failed to find reliable be-
havioral cognitive deficits except lower inhibitory control in BDs
compared with light drinkers (LDs) (Almeida-Antunes et al., 2021).
In contrast, direct measures of neural activity can reliably detect
group differences even in small samples in the absence of perfor-
mance deficits (Almeida-Antunes et al., 2021; Correas et al., 2019,
2021; Crego et al., 2012; Holcomb et al., 2019; Huang et al., 2022).
Extensive evidence indicates that cognitive control is impaired under
acute intoxication (Bartholow et al., 2018; Kovacevic et al., 2012;
Marinkovic et al., 2019; Marinkovic, Rickenbacher, et al., 2012) as
well as in people with AUD (Murray et al., 2022; Oscar-Berman &

Marinkovi¢, 2007; Schulte et al., 2012; Wilcox et al., 2014), confirm-
ing its key role in self-regulating alcohol consumption. Measures that
are directly sensitive to neural activity can provide insight into the
neural underpinnings of cognitive control, as reflected in cognitive
conflict and response execution.

Event-related theta power (erTP, 4-7Hz) has emerged as a key
neural index of the engagement of cognitive control (Cavanagh &
Frank, 2014; Hanslmayr et al., 2008; Marinkovic et al., 2019; Rosen
et al., 2016). Prior research has shown that acute alcohol intoxica-
tion reduces erTP in high-conflict situations (Beaton et al., 2018;
Kovacevic et al., 2012; Marinkovic et al., 2019; Rosen et al., 2016),
making it a valuable marker for detecting potential impairments of
decision making. While studies on people with AUD have also re-
ported reduced erTP, indicating compromised engagement of cogni-
tive and inhibitory control processes (Harper et al., 2018a; Meyers
et al., 2023; Pandey et al., 2012), the evidence in BDs is scant and
limited to target detection, response inhibition, and memory tasks
(Correas et al., 2019; Holcomb et al., 2019; Huang et al., 2022). Thus,
the impact of binge drinking on theta power during decision making
remains largely unexplored. To advance our understanding of the
neural underpinnings of these processes, we have analyzed erTP as
a marker of cognitive control engagement during a modified Stroop
word-color naming task.

Event-related beta power (erBP, 15-25Hz) changes are most
prominent over the sensorimotor cortices and reflect the engage-
ment of the network involved in response preparation, inhibition,
and execution (Barone & Rossiter, 2021). erBP decreases, or de-
synchronizes, in anticipation and preparation for movement and
increases during motor inhibition and is associated with impulsivity
(Barone & Rossiter, 2021; Barth et al., 2021; Happer et al., 2024;
Tzagarakis et al., 2019). However, research on the impact of alcohol
on beta activity is lacking. Beaton et al. (2018) reported a notable
decrease in theta power during acute alcohol intoxication as a func-
tion of cognitive control demands, but only subtle effects on beta
desynchronization. Importantly, no interactions between beverage
and task conditions were observed, indicating that beta activity was
not differentially engaged by cognitive conflict. Similarly, young BDs
showed lower erTP on inhibitory NoGo trials, which correlated with
alcohol intake. In contrast, an overall early decrease of erBP was
indicative of a deficient “inhibitory brake” before deliberate motor
response (Holcomb et al., 2019). These findings imply that alcohol
interferes primarily with cognitive processing, while additionally af-
fecting motor preparation, inhibition, and execution more broadly.
To address the lack of evidence in BDs during cognitive control tasks,
we investigate the impact of binge drinking on engagement of motor-
related processes during response conflict.

Despite known sex differences in alcohol metabolism, faster
progression of AUD, and greater alcohol-related harms observed
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in women than in men, research on the neurobehavioral indices of
cognitive control as a function of alcohol misuse and biological sex
is limited (Nixon et al., 2014; Ruiz & Oscar-Berman, 2013). In stud-
ies of inhibitory control, lower erTP was associated with drinking
in young women, but not in men (Harper et al., 2018b), consistent
with other reports of women's elevated vulnerability to the adverse
effects of alcohol on cognitive functions (Nixon et al., 2014; Ruiz &
Oscar-Berman, 2013). Conversely, impulsivity, known to play a key
role in the development and persistence of alcohol misuse, may dif-
ferentially influence alcohol consumption and the associated neu-
rocognitive outcomes in men vs. women (Mitchell & Potenza, 2015;
Weafer, 2020). These potentially sex-dependent effects could man-
ifest as sex-specific neural responses during decision making, re-
sponse preparation, and execution, as a function of cognitive control
demands and BD history. Although the extant evidence is rudimen-
tary, it highlights the importance of considering sex differences in the
studies of cognitive control in young adult BDs.

The overall aim of the current study was to explore the impact of
binge drinking on cognitive control as reflected in task performance
and event-related oscillatory activity during a Stroop naming task in
young adults. The biological sex factor was also modeled in the sta-
tistical analyses. Scalp EEG signals were analyzed as theta and beta
event-related oscillations, with a focus on their roles in cognitive and
motor control processes, respectively. The neural indices were ana-
lyzed in conjunction with task performance and an array of alcohol-
related variables and measures of anxiety, depression, personality,

and cognitive functions.

MATERIALS AND METHODS
Participants

Sixty-eight participants (23.37 +3.23years of age, 34 women)
were recruited from San Diego State University and the surround-
ing community with flyers and advertisements. Interested indi-
viduals filled out an online screening questionnaire that assessed
their handedness, alcohol and substance use habits, neurological
or neuropsychiatric disorders, and perceptual or learning impair-
ments. The survey was followed by an interview to confirm eli-
gibility for the study. All participants who met the inclusionary
criteria were right-handed adults who reported no tobacco, can-
nabis, or illicit drug use within the past month, no history of brain
injury, seizures, neurological or neuropsychiatric disorders, no vi-
sion, hearing, or learning problems, and no medication use at the
time of the study. An overview of the sample characteristics is
presented in Table 1. Participants who reported five or more binge
episodes within the past 6 months were classified as BD (N=34),
whereas LD (N=34) reported no more than one binge episode in
that period. A binge episode was defined as consuming 6+ (men)
or 5+ alcoholic drinks (women) within 2 h. This criterion was based
on the evidence indicating that the legal BAC limit is more likely
to be reached at that level of consumption (Lange & Voas, 2001).
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Abstainers were not recruited into the study, and all participants
reported drinking at least one drink per week on average in the
past 6 months. The two groups were matched on age, biological
sex, ethnicity, and educational background. The study's proto-
col was approved by the Human Research Protection Programs
at the University of California, San Diego, and San Diego State
University. All participants provided written informed consent to
participate in the study and received monetary compensation for

their participation.

Procedure

Upon arrival, participants completed a timeline follow-back (TLFB;
Sobell & Sobell, 1992) to establish their recent alcohol consump-
tion patterns within the past month and to confirm abstaining from
drinking for at least 2 days before the study. They completed a ques-
tionnaire battery that assessed their medical history and alcohol-
related behaviors within the past 6 months, age at drinking onset,
anxiety (GAD-7; Spitzer et al., 2006), depression (PHQ-9; Kroenke
& Spitzer, 2002), personality (EPQ; Eysenck et al., 1985), and impul-
sivity (ABIS; Coutlee et al., 2014). Participants also completed the
Self-Report of the Effects of Alcohol (SRE; Schuckit et al., 1997),
the Drinking Motive Questionnaire Revised (DMQ-R SF; Kuntsche
& Kuntsche, 2009), the Short Michigan Alcoholism Screening
Test (SMAST; Selzer et al., 1975), and the NIH-Toolbox Cognitive
Battery (Weintraub et al., 2013), which assesses working memory
capacity (List Sorting Working Memory Test), cognitive flexibility
(Dimensional Change Card Sort, DCCS), processing speed (Pattern
Comparison Processing Speed Test), and episodic memory (Picture
Sequence Memory, PSM). Participants were screened for drug use
using a 12-panel urine multidrug test (Discover, American Screening

Corporation), and all results were negative.

Experimental paradigm

Cognitive control was probed with a modified version of the Stroop
task that combines color naming and reading (Kovacevic et al., 2012;
Marinkovic et al., 2019; Molnar et al., 2018). Four color words (red,
green, blue, and yellow) were presented individually on a computer
screen. Participants were instructed to press one of four buttons
corresponding to the color of the font of each word written in color.
In the congruent condition (CONG, 25% of trials), the word meaning
matched the font color (e.g., red written in red), eliciting low response
conflict. In the incongruent condition (INCONG, 25% of trials), the
word meaning did not match the font color (e.g., red written in yel-
low). The mismatch elicited high response conflict and engaged cog-
nitive control to override the automatic reading response. In the
third condition (READ, 50% of trials), color words were written in
gray font, and participants were asked to press a button correspond-
ing to the meaning of the word. This control condition elicited a low
level of response conflict and helped maintain reading dominance
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TABLE 1 Participant characteristics for Binge Drinking (BD) and Light Drinking (LD) groups.

BD (n=34)
Women % 50%
Age (years) 23.32+3.27
% White/Non-Hisp 68%
Family Hist. of AUD (%) 59%
Education years 15.67 +2.00
Undergraduate GPA 3.15+0.46
BMI 24.92+3.89
In the past 6 months
Drinking days/week 3.13+1.20
Drinks/occasion 5.56+1.74
Drinks/week 17.93+10.70
Max no. of drinks in 24 h 12.73+5.43
Binge episodes 14.75+13.17
Alcohol-related blackouts 4.40+3.43
Age of drinking onset 16.00+1.44
Drinks to feel effects (SRE) 5.54+1.36
Drinking motives (DMQR-R SF)
Enhancement 6.64+1.34
Social 7.55+1.30
Conformity 4.24+1.41
Coping 497+1.71
Drinking conseq. (B-YAACQ) 10.58+5.20
Severity of alcoholism (SMAST) 3.52+3.54
Anxiety (GAD-7) 4.03+5.04
Depression (PHQ-9) 4.39+4.72
Personality (EPQ)
Neuroticism 3.76 +3.28
Psychoticism 2.55+2.06
Extraversion 9.63+2.28
Impulsivity (ABIS) 2.08+0.45
NIH cognitive battery
Working memory 0.76 +£0.10
Dimensional shift 0.87+0.14
Processing speed 0.58+0.07
Episodic memory 0.76 £0.19

LD (n=34) u/x? p

50% 0.015* 0.901
23.41+3.23 607 0.716
74% 0.350% 0.839
41% 1.812° 0.404
16.29+2.28 701 0.128
3.46+0.37 346 <0.05
23.25+3.14 450 0.115
1.65+0.91 124 <0.001
2.09+1.10 23 <0.001
3.70+2.82 16 <0.001
479+1.92 26 <0.001
0.09+0.28 0 <0.001
0.03+0.17 3 <0.001
18.55+2.02 184 <0.001
4.31+1.34 277 <0.001
5.32+1.49 305 0.001
6.24+1.61 308 0.001
4.06+1.21 529 0.663
3.76+£0.96 308 <0.001
1.91+1.87 62 <0.001
0.53+0.85 257 <0.001
2.44+3.08 465 0.217
2.09+1.98 430 0.093
3.50+3.22 524 0.640
2.18+1.62 512 0.527
8.29+3.37 450 0.157
1.84+0.31 385 <0.05
0.74+0.11 401 0.353
0.92+0.05 579 0.097
0.60+0.09 546 0.236
0.80+0.15 504 0.416

Note: M+SD were calculated for all measurements. Group comparisons for categorical variables (marked with A) were tested with the chi-squared
(X?) test and all others were analyzed with the nonparametric Mann-Whitney U-test. Significant p-values are reported in boldface.

Abbreviations: ABIS, Abbreviated Impulsiveness Scale; BMI, body mass index; BSSS, Brief Sensation Seeking Scale; DMQ-R, Drinking Motive
Questionnaire Revised; EPQ, Eysenck Personality Questionnaire; GAD-7, Generalized Anxiety Disorder scale; GPA, grade point average; PHQ-9,
Patient Health Questionnaire assesses depression severity; SMAST, Short Michigan Alcoholism Screening Test; SRE, self-report of the effects of

alcohol.

and automaticity. Participants responded with both hands on a four-
button device (Current Designs, Inc.), which contained red, green,
blue, and yellow buttons, with finger-response mapping from left to
right as follows: the left middle and index fingers pressed the red and
green buttons, respectively, and the right index and middle fingers
pressed the blue and yellow buttons, respectively.

Using the Presentation software package (Version 18.1; www.
neurobs.com), a total of 480 trials (120 CONG, 120 INCONG, 240
READ) were presented in a randomized order on a black background
at a viewing distance of 180cm from a 24-inch color monitor with
a visual angle of 3.02° by 1.25° All colors were equally repre-
sented across all conditions, and participants pressed buttons with
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(A) Accuracy (%) (B) Stroop Effect  (C) Reaction Time (ms) (D)  Stroop Effect
1004 607 Accuracy (%) 1100 . 300~ RT (ms)
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—t—
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CONG READ BD LD

mLD

900+ 2001

7001 1001

INCONG CONG

READ

BD LD

FIGURE 1 Performance measures (means + standard errors) for: (A) Task accuracy, (B) Stroop effect for accuracy (CONG-INCONG),
(C) reaction times, and (D) Stroop effect for reaction times (INCONG-CONG,) for binge (BDs) and light drinkers (LDs). BDs took longer to
respond to the high-conflict incongruent condition but performed as accurately as LDs. *p <0.05; **p <0.01).

all fingers equally often. Each word was presented for 300ms in
capital letters, followed by a fixation string (+++++) in gray, which
remained on the screen until the next trial. The stimulus onset asyn-
chrony (SOA) was 2200ms with a+200ms jitter in increments of
50ms to mitigate trial onset predictability. Before the experiment,
participants were thoroughly familiarized with the task by complet-

ing a 3-step practice session.

EEG signal acquisition and analysis

The EEG signal was sampled continuously at 500Hz with a
64-channel Brain Vision system (Brain Products GmbH, Germany)
with impedance below 5 kQ. Electrodes placed on the nose and fore-
head served as the reference and ground, respectively. A bipolarly
referred vertical electrooculogram (EOG) was recorded to monitor
eye blinks.

Continuous data were bandpass-filtered from 0.1 to 100Hz
and segmented into epochs extending from -300 to 1000 ms rela-
tive to stimulus onset. A 300ms padding interval was added to the
beginning and end of each epoch to account for edge artifacts re-
sulting from the Morlet wavelet convolution (Kovacevic et al., 2012;
Marinkovic, Rosen, et al., 2012; Oostenveld et al., 2011). Data were
analyzed using customized MATLAB (MathWorks, Natick, MA) rou-
tines, which incorporate publicly available Fieldtrip (Oostenveld
etal.,, 2011) and EEGLAB toolboxes (Delorme & Makeig, 2004). Trials
with evident artifacts were removed by careful visual inspection and
threshold-based rejection. An independent component analysis
(Delorme & Makeig, 2004) was used to identify and remove artifacts
caused by eye blinks and heartbeats. Only correct responses were
included in the analysis.

EEG data were analyzed in the time-frequency domain by calcu-
lating complex power spectra using Morlet wavelets within the theta
(4-7Hz) and beta (15-25Hz) frequency ranges (Beaton et al., 2018;
Holcomb et al., 2019; Kovacevic et al., 2012; Marinkovic et al., 2019).
The wavelet results were additionally inspected for artifacts, and the
padding was removed. erTP and erBP were calculated as the per-
cent signal change from the prestimulus baseline (-300 to Oms) for
each condition. Given that the Stroop task is language-based, we

examined the expected left-dominance (Marinkovic, Rickenbacher,
et al., 2012) by analyzing erTP within the left central (FC5, FC3, FC1,
C5, C3, C1, CP5, CP3, and CP1) and right central (FC6, FC4, FC2,
Cé6, C4, C2, CP6, CP4, and CP2) electrode clusters that were aver-
aged into regions of interest. erBP was analyzed by averaging the
signals from electrodes over the sensorimotor region (C2, C3, C4,
and C5) (Beaton et al., 2018). erTP subtractions were calculated for
the Stroop effect to isolate the effects evoked by high vs. low levels
of conflict interference. Specifically, the two types of Stroop effect
contrasts were defined as Incongruent minus Congruent (I-C) and
Incongruent minus Read (I-R) differences. R Studio version 4.4.0 was

used for statistical analyses.

RESULTS
Participant characteristics

As shown in Table 1, BDs and LDs were matched on age, biological
sex, ethnicity, family history of AUD, and education. The two groups
did not differ in personality, anxiety, or cognitive functions, includ-
ing processing speed, working memory, and episodic memory. BDs
tended to report more symptoms of depression and had margin-
ally weaker cognitive flexibility, as assessed with the Dimensional
Change Card Sort test as part of the NIH-Toolbox Cognitive Battery.
They had a lower GPA and tended to weigh more than their LD coun-
terparts. As expected, BDs exceeded LDs on all drinking-related
measures, reporting higher levels of habitual and high-intensity con-
sumption. They started drinking at an earlier age and showed greater

impulsivity.

Task performance

Accuracy

Behavioral responses were analyzed using a mixed ANOVA model:

2 (group; BD vs. LD)x 2 (biological sex; men vs. women)x 3 (condi-
tion; CONG vs. INCONG vs. READ). This task version was effective
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Event-Related Theta Power (erTP)

(A) Overall erTP (c) INCONG - CONG (I-C) (E) INCONG - READ (I-R)
40 401
% 80 % LD %
5
= 60
. 2
% v o 0 * BD 20- LD
g, 40 ",/ ~~LDINCONG — BD INCONG # 8D
a 7.2 --LDCONG --BDCONG
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FIGURE 2 Event-related theta power (erTP) over the left electrode cluster showing the effects of group and condition (top panel), and
associations with performance and alcohol consumption for men and women (bottom panel). (A) Across all participants, theta power was
greater in the INCONG condition than in the CONG and READ conditions, reflecting increased cognitive control demands. (B) On high-
conflict (INCONG,) trials, erTP was negatively correlated with response times (RT) among binge drinker (BD) women, but not among BD men.
(C) A main effect of group was observed for the erTP Stroop effect (I-C) contrast, with BDs exhibiting lower theta power than light drinkers
(LDs). (D) Lower theta power in the I-C contrast was associated with slower RTs only among BD women. (E) BDs exhibited marginally lower
theta power than LDs for the erTP I-R contrast, (F) which was negatively associated with levels of habitual drinking for women only. erTP is
expressed as a percent change in power from the prestimulus baseline. It was analyzed in the 500-750ms time window, as marked on the

x-axis. *p<0.05; ***p<0.001; *p=0.054.

in eliciting word-color interference overall, as reflected in lower
accuracy in the INCONG condition than in the CONG (t64:4.64;
p<0.001) and READ conditions (t,,=3.57; p <0.001). However, per-
formance accuracy was equivalent between BDs and LDs across all
conditions (F1,64=0.04; p=0.83; Figure 1A). Similarly, the two groups
did not differ on the Stroop effect (Figure 1B; CONG - INCONG
subtraction) (t,,=0.14, p=0.89). The number of drinks consumed
per occasion correlated negatively with average accuracy for BDs
(r=-0.35, p=0.04) but not for LDs (r=-0.18, p=0.32). Similarly,
the number of drinks per occasion correlated positively with the ac-
curacy of the Stroop effect in BDs (r=0.53, p=0.001) but not LDs
(r=0.22, p=0.22). These correlations suggest that only for BDs,
heavier drinking was associated with poorer overall performance and
a larger Stroop interference effect, indicating that greater alcohol
consumption might be linked to increased difficulty resolving cogni-

tive conflict on high-interference trials.
Reaction times
RTs additionally confirmed that the Stroop task was effective

in inducing cognitive interference. A main effect of condition
(F21128=441.78, p<0.001) revealed longer RTs in the INCONG

than in the CONG (t,,=206.70, p<0.001) and READ conditions
(t,,=165.10, p<0.001) overall (Figure 1C). Furthermore, an inter-
action between group and condition (F, ;,3="5.67, p=0.004) indi-
cated that BDs exhibited longer RT only in the INCONG condition
(t,s=2.13, p=0.04) than LDs. This was also evident in the Stroop
effect (Figure 1D, INCONG-CONG subtraction), which demon-
strated that BDs were more susceptible to cognitive interference
than LDs (t,,=3.20, p=0.002). Longer RTs only on INCONG trials
in the BD group are suggestive of the speed-accuracy trade-off to
maintain normative performance accuracy under challenging condi-
tions. High-intensity drinking, quantified as the maximum number of
drinks within 24 h in the past 6 months, correlated with average RT
(r=0.26, p=0.04) as well as the RT for the Stroop effect (r=0.39,
p=0.001). These results suggest that participants with higher levels
of alcohol intake took longer to respond and experienced greater
cognitive interference. No sex differences were found for perfor-
mance accuracy or RTs.

Event-related theta power (erTP)

Engagement of cognitive control as a function of binge drinking his-
tory and sex was evaluated with erTP. As shown in Figure 2, erTP
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increased after stimulus onset during sensory and early lexico-
semantic processing, followed by engagement of cognitive control
at a later stage. To capture erTP during response conflict, we ana-
lyzed a 500-750ms time window, in line with previous studies using
similar paradigms (Kovacevic et al., 2012; Rosen et al., 2016). One
participant was excluded from the erTP analysis because their data
deviated significantly from the rest of the data set. A mixed ANOVA
model: 2 (group)x2 (sex)x3 (condition)x2 (hemisphere) revealed
a main effect of hemisphere. Task-related theta power was greater
over the left than the right hemisphere cluster (F1162= 5.18; p=0.03),
indicating sensitivity to the effects of group, sex, and conditions.
Therefore, the results presented here and in Figure 2 refer to erTP
over the left hemisphere. As shown in Figure 2A, a main effect of
condition (F2’126:17.75, p<0.001) was observed, with higher erTP
in the INCONG than in the CONG (t,,=0.18, p<0.001) and READ
(t;3=0.14, p<0.001) conditions across all participants. For the over-
all erTP, there was no main effect of group (F1163=O.06; p=0.81).
However, a marginal group-condition interaction (F2,126=2-90?
p=0.06) revealed conflict-related effects only in LDs. More specifi-
cally, erTP was higher in the INCONG condition than in the CONG
(t;3=0.26, p<0.001) and READ (t,,=0.20, p<0.001) conditions in
the LD group. Higher theta correlated with faster RTs (r=-0.31,
p=0.01), confirming that erTP is an index of more effective engage-
ment of cognitive control. This association was marginally signifi-
cant only for BD women (r=-0.44, p=0.08) but not for BD men
(r=-0.14, p=0.58) (Figure 2B).

The effects attributable to conflict interference were tested for
the Stroop effect, as reflected in I-C and I-R contrast conditions,
which were derived by subtracting low-conflict from high-conflict
trials. The main effect of group for the I-C condition (F1763=4.1O;
p=0.047) revealed lower conflict-specific theta power in BDs than
in LDs (Figure 2C). Among BD women, lower I-C theta power was
significantly associated with slower RT (r=-0.56, p=0.02), an effect
not observed in BD men (r=-0.18, p=0.49; Figure 2D). The main
effect of group was also evident in the I-R condition (Figure 2E;
F1,63=3.84; p=0.05). Additionally, a main effect of sex (F1763=5.25;
p=0.03) and a group-sex interaction (F, ,,=4.24; p=0.04) were
found for the I-R condition. Post hoc tests revealed that erTP was
lower only for BDw than for LDw (t63=0.24; p=0.03), while it was
higher for LDw than for LDm (t,,=0.26; p=0.02). Theta power in the
I-R condition was negatively associated with number of drinks per
occasion among women (r=-0.41, p=0.02), but not men (r=0.02,
p=0.92), suggesting that greater habitual alcohol use was linked to
reduced neural engagement during conflict processing for women
only (Figure 2F).

To further explore the observed sex-specific associations be-
tween theta power and behavioral outcomes, we used a multiple-
group mediation model for women and men separately (Ryu, 2015).
We tested whether the erTP to the I-C Stroop effect mediated the
impact of group (BD vs. LD) on response times (RT). Model fit was
excellent (CFI=1.000, RMSEA <0.001, SRMR <0.001). As shown in
Figure 3, the confidence interval for the indirect mediation effect
does not include zero, indicating significant mediation by erTP among
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FIGURE 3 Mediation analysis examined sex-specific
associations between the Stroop effect INCONG-CONG) event-
related theta power (erTP) and reaction times. For women, group
(binge drinker [BD] vs. light drinker [LD]) differences in response
times (RTs) are completely mediated by I-C erTP, with no direct
group effect on RT. This finding suggests that weaker conflict-
related engagement of cognitive control in BD women results in
degraded behavioral task performance. * indicates a statistically
significant effect (95% Cl excludes zero). All parameters for both
sexes can be found in the Appendix S1.

women but not among men. The observed sex-specific pathway link-
ing binge drinking to RT impairments via erTP indicates that weaker
conflict-related engagement of cognitive control in BD women re-
sults in performance deficits. All parameters of the multiple-group

mediation results for men and women are presented in Appendix S1.

Event-related Beta power (erBP)

To examine the impact of group, sex, and response conflict on the
stages of sensorimotor engagement, we analyzed erBP (averaged
across electrodes C2, C3, C4, and C5) with a 2x 2 x 3 mixed ANOVA.
A T1 time window (350-450ms latency) captured the nadir of beta
power, reflecting early response preparation (Figure 4). In T1, BDs
showed less beta decrease than LDs (F1'64=4.03, p=0.049), with
a marginal group-sex interaction (F1y64:3.68, p=0.06). Post hoc
tests indicated that erBP differed only between BD and LD men
(t,,=0.12; p=0.04) (Figure 4B). Furthermore, for BD men, erBP cor-
related with impulsivity as measured by ABIS (r=0.61, p=0.01), in-
dicating that a lower decrease in erBP was associated with greater
impulsivity, as shown in Figure 4C. BD women did not display this as-
sociation (r=0.22, p=0.35). Importantly, impulsivity scores did not
differ between men and women, even though impulsivity was higher
in BDs than in LDs (Table 1). The association between lower erBP de-
crease and impulsivity remained significant for the BD group over-
all (r=0.48, p=0.01), but no such correlation was found for the LD
group (r=-0.04, p=0.81). In contrast, the EPQ Psychoticism trait,
which is associated with impulsivity, was negatively correlated with
erBP for LDs (r=-0.42, p=0.01), but not for BDs (r=0.07, p=0.69).
Importantly, no effects of condition were observed, confirming that
erBP in T1 is sensitive to motor response readiness and not to cogni-
tive processing.
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FIGURE 4 Event-related beta power (erBP) as a function of group, biological sex, and Stroop conditions. erBP was calculated as the
average across electrodes C2, C3, C4, and C5. The stage of sensorimotor system engagement was examined in the 350 to 450 ms time
window (T1), as marked on the x-axis. (A) erBP decrease (desynchronization) was less pronounced and delayed in binge drinkers (BDs)
compared with light drinkers (LDs) in T1. Conflict-specific response preparation was captured in a 650-750ms time window (T2). In T2, the
erBP decrease was greater in the INCONG than in both low-conflict conditions overall. Vertical lines represent erBP nadir points for BD and
LD groups, indicating a delayed engagement of the sensorimotor system in BDs. (B) In T1, erBP desynchronization was lower in BD men than
in LD men, while erBP did not differ for women. erBP is shown as a percent change in power from the baseline within the 15-25Hz band.
*p<0.05; ***p<0.001. (C) erBP in T1 correlated with impulsivity only among BD men.

Men: Impulsivity

ab = -.04*
95% C.I. = [-.18; -.06]

Group: c =-.08*

BD vs LD

erBP

FIGURE 5 Mediation analysis shows that, for men only,
impulsivity partially mediates group (binge drinker [BD] vs. light
drinker [LD]) differences in event-related beta power (erBP),

in addition to a direct impact of group on erBP. * indicates a
statistically significant effect (95% Cl excludes zero). All parameters
for both sexes can be found in the Appendix S1.

We conducted a multiple-group mediation analysis (Ryu, 2015)
to explore further the mechanisms underlying the impact of binge
drinking on associations between impulsivity and erBP in T1 for
men and women (Figure 5). Model fit was excellent (CFI=1.000,
RMSEA <0.001, SRMR<0.001). The analysis revealed sex-specific
mediation patterns, such that impulsivity mediated group differences
in beta power only for men. However, this mediation effect only par-
tially accounted for group differences in erBP since a direct effect
of group (c’) was also significant. These results suggest that while
impulsivity contributes to the group differences in beta desynchroni-
zation among men, a history of binge drinking exerts an independent
effect on erBP. A table with all parameters of the multiple-group me-
diation model for both sexes is included in Appendix S1.

In BDs, the erBP decrease was lower and unfolded more slowly.
An ANOVA of the nadir latencies within T1 revealed a slower
erBP desynchronization in BDs than in LDs (F1y64=5.26, p=0.03),

Figure 4A. The latency of the first nadir correlated with I-C RT
(r=0.26, p=0.03). Furthermore, beta nadir latency correlated with
the number of binge episodes for men (r=0.35, p=0.04), but not
for women (r=0.26, p=0.14), suggesting that high-intensity drinking
dysregulates and delays response preparation in men.

The T2 time window (650-750ms) was sensitive to conflict-
specific engagement of the motor circuitry. As shown in Figure 4A, a
main effect of condition (F2’128= 20.47,p<0.001) was due to a greater
erBP decrease for the INCONG than the CONG (t,,=0.01; p<0.001)
and READ conditions (t,,=0.01; p <0.001). This is consistent with pro-
longed engagement of the motor control network and longer RTs on
the INCONG trials. Indeed, the T2 nadir latency correlated positively
with the RT Stroop interference effect (r=0.32, p=0.01) overall.

DISCUSSION

This study examined neurobehavioral characteristics of cognitive con-
trol as a function of binge drinking in young adult men and women. A
modified Stroop task probed conflict-related decision making through
behavioral and neural metrics. Theta and beta oscillatory activity re-
vealed how the cognitive and motor response aspects of cognitive
control are implemented, respectively, in real time. Given the vulner-
ability of the cognitive control circuits to hazardous drinking and ad-
diction, we examined associations of neurobehavioral indices with
drinking behaviors and other self-reported variables. The principal
results can be summarized as follows: (1) Task accuracy was equiv-
alent between the two groups, but BDs took longer to respond on
high-conflict incongruent trials (Figure 1), which was associated with
heavier drinking. (2) Theta activity reliably indexed cognitive control
engagement, and conflict-specific erTP was reduced in BDs relative
to LDs (Figure 2). (3) Theta alterations were sex-dependent: reduced
conflict-related erTP in BD women was associated with alcohol use
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and response slowing and accounted for group performance differ-
ences (Figures 2 and 3). (4) Beta power during response preparation
showed group differences, with BDs exhibiting smaller and slower
erBP decreases than LDs (Figure 4). (5) Beta power effects were sex-
dependent: erBP alterations and their mediation by impulsivity were
present only in men but not women (Figures 4 and 5). Overall, these
findings indicate dysregulated cognitive control, especially in BD
women, reflecting suboptimal neural integration of conflict-relevant
representations and an inability to optimize decisions in challenging
situations. In contrast, impulsivity mediates engagement of the motor
response system, especially in BD men. The link between impulsivity
and dysregulated motor readiness in BD men may be relevant to their
inability to refrain from risky behaviors. The results emphasize the
need to consider biological sex as a moderating factor in the neural
mechanisms of cognitive control in BDs.

Measures of task performance indicated that BDs were espe-
cially susceptible to Stroop interference, requiring more time to
achieve the same level of accuracy as LDs on high-conflict trials
(Figure 1). Indicative of executive deficits, this finding is consistent
with similar reports in BDs (Molnar et al., 2018) and individuals with
AUD (Fadardi & Cox, 2006). In contrast to rather subtle task perfor-
mance deficits in BDs, EEG indices detected neural alterations asso-
ciated with alcohol misuse more readily, given their high sensitivity
to neural activity. Overall erTP increased as a function of conflict
across conditions (Figure 2A), but group differences emerged only
at the level of conflict-specific contrasts, with BDs showing reduced
erTP relative to LDs (Figure 2C,E). This finding suggests that the re-
cruitment of cognitive control to override automatic word reading in
favor of controlled processing is impaired in BDs. This is in line with
reports of lower conflict-related theta power during acute intoxica-
tion than placebo (Kovacevic et al., 2012; Marinkovic et al., 2019;
Rosen et al., 2016), suggesting that the detrimental effects of ine-
briation on executive functions extend beyond the intoxication epi-
sode. Notably, individuals with AUD also exhibit reduced erTP during
conflict-inducing tasks (Harper et al., 2018a; Meyers et al., 2023;
Pandey et al., 2012). The confluence of behavioral and neural indices
of deficient cognitive control in young adult BDs who misuse alcohol
at subclinical levels converges with other similar reports of reduced
erTP in BDs during cognitive tasks (Correas et al., 2019; Holcomb
et al., 2019; Huang et al., 2022). Given that erTP can be viewed as
an overarching oscillatory index of cognitive engagement and inte-
gration, lower erTP suggests that binge drinking is associated with
diminished capacity to make decisions under conflict. In contrast,
fMRI studies probing cognitive control have shown greater BOLD
activity in BDs and in abstinent individuals with AUD (Alderson
Myers et al., 2021; Molnar et al., 2018; Wilcox et al., 2014). These
seemingly diametrically opposite findings may reflect fundamentally
different biophysical properties of the EEG and BOLD signals. They
also suggest that elevated BOLD activity may reflect compensatory
engagement, serving to maintain normative functioning despite neu-
ral degradation. Furthermore, it is consistent with allostatic changes
in the neural excitation/inhibition balance due to alcohol misuse
(Koob, 2013; Koob & Le Moal, 2008).
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Importantly, lower erTP to cognitive conflict was especially evi-
dent in BD women, resulting in group differences between BD and
LD. Only in women, conflict-related erTP mediated the link between
binge drinking and slower RT (Figure 3). This finding suggests that
reduced cognitive control in BD women may impair their decision-
making capacity. However, given the small sample size, these
findings merit replication and should be interpreted with caution.
Nonetheless, the current study supports other evidence suggesting
that, despite their lower alcohol intake, women are more vulnera-
ble to the detrimental impact of binge drinking on neurocognitive
functions (Harper et al., 2018b; Nixon et al., 2014; Ruiz & Oscar-
Berman, 2013). This is compounded by recent trends suggesting a
narrowing of sex differences in alcohol intake, as women's rates of
consumption, binge drinking, and AUD approach those of men, es-
pecially among young adults (White, 2020).

As an executive function, cognitive control is primarily engaged
by ambiguous situational demands that require making deliberate
decisions in the service of flexible behavior optimization. As de-
scribed above, task-related theta is sensitive to the detection of in-
congruity and to top-down regulatory control over relevant action
choices (Cavanagh & Frank, 2014; Marinkovic et al., 2019; Rosen
et al., 2016). At the same time, anticipatory preparation for move-
ment proceeds in parallel in an interactive manner. Generated by the
motor system, preparatory activity is automatic and largely inacces-
sible to conscious awareness (Beaton et al., 2018). It is reflected in an
event-related decrease in beta power, which indicates anticipatory
response readiness (Barone & Rossiter, 2021; Beaton et al., 2018;
Happer et al., 2024). This pattern was confirmed in the present
study, as stimuli induced an expected early overall erBP decrease
reflecting involuntary motor preparation (T1 in Figure 4A). The erBP
decrease was attenuated and delayed in BDs compared with LDs.
Reduced beta desynchronization is consistent with findings in intox-
icated social drinkers during a similar task that evoked response con-
flict (Beaton et al., 2018). Clinical studies have linked reduced beta
decrease to motor system impairments and executive deficits in var-
ious disorders affecting motor function, as well as in healthy and
pathological aging (Peter et al., 2022). Reduced erBP desynchroni-
zation is commonly interpreted as a marker of dysregulated engage-
ment of the neural circuitry necessary for adaptive motor inhibition
and execution. This broad conclusion may also apply to BDs in this
study, which provides novel mechanistic evidence on the impact of
repeated binge drinking on motor engagement and the underlying
alterations in cell signaling.

Notably, a marginal group-sex interaction in the early (T1) time
window revealed that these effects primarily pertained to BD men
(Figure 4B), who exhibited a reduced erBP decrease, which was as-
sociated with greater impulsivity. Among men, group differences
in erBP were partially mediated by impulsivity, a trait consistently
linked to greater alcohol use and increased risk for AUD (Mitchell
& Potenza, 2015). In addition, a remaining direct group effect in-
dicated that engaging in binge drinking episodes is likely to disrupt
neural mechanisms involved in motor engagement beyond the in-

fluence of impulsivity. These findings point to erBP as a promising
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pairments associated with binge drinking. Crucially, the fact that
these effects were observed predominantly in men, despite the ab-
sence of sex differences in impulsivity, indicates that men might be
especially at risk for developing motor control deficits as a result of
repeated binge drinking.

In the current study, BDs reported higher impulsivity than LDs,
which appears to contradict studies showing greater beta desyn-
chronization in more impulsive individuals (Barth et al., 2021; Happer
et al., 2024; Tzagarakis et al., 2019). Two points help reconcile this
seeming contradiction. First, in the LD group of this study, we ob-
served the expected pattern: greater erBP decrease was associated
with higher scores on the Psychoticism (P) scale of the EPQ ques-
tionnaire, which has been linked to trait impulsivity (Rawlings, 1984).
The opposite relationship emerged in the BD group, in which higher
impulsivity was associated with less beta desynchronization. This
suggests that binge drinking alters the typical association between
impulsivity and greater erBP decrease. Second, the task demands
differ: previous studies used paradigms requiring fast responses in
the context of motor inhibition, whereas our Stroop task emphasizes

cognitive control and interference resolution.

Limitations

Overall, this study provides novel insights into sex-based differences
in neural mechanisms underlying cognitive control deficits in young
adult BDs. However, findings from the current study should be con-
sidered in light of potential limitations that should be addressed in
future research. Given the relatively low statistical power of our
sex-stratified analyses, these findings should be interpreted with
caution. Future studies with larger samples are needed to confirm
the robustness of these sex-specific effects. Furthermore, given its
cross-sectional design, this study cannot address whether the ob-
served effects reflect premorbid traits or result from heavy drinking.
A prospective, longitudinal approach is needed to address such con-
cerns (https://abcdstudy.org/). However, alcohol-related variables
correlated with neural alterations in BDs, suggesting their vulner-
ability to neurotoxicity. Additionally, this study did not include an
objective verification of alcohol abstinence at the time of testing.
While participants reported no alcohol use for at least 2days before
the experimental session, future studies would also benefit from
including a breathalyzer screening to ensure full compliance with
abstinence instructions. Relatedly, participants' AUD and substance
use disorder status need to be evaluated with standardized diagnos-
tic assessments to characterize their addiction profiles better and
permit comparisons with clinical samples.

CONCLUSION

Taken together, this study demonstrates that binge drinking disrupts
core components of decision making through cognitive and motor

control pathways. Although BDs matched LDs in performance ac-
curacy, their longer RT on high-conflict trials indicate compensatory
slowing under increased demands on cognitive control. EEG analysis
revealed reduced conflict-specific erTP in BDs compared with LDs,
indicative of weaker cognitive control engagement, especially in BD
women. Lower conflict-induced erTP correlated with alcohol con-
sumption and mediated the impact of binge drinking on degraded task
performance in BD women. Given its role as an index of cognitive en-
gagement and integration, reduced erTP in BDw is suggestive of their
impaired capacity to make decisions in cognitively challenging situa-
tions. Conversely, in BD men, an attenuated and slower overall de-
crease of erBP during response preparation was partially mediated by
impulsivity, which may contribute to their inability to refrain from risky
behaviors. These findings suggest sex-specific pathways of vulnerabil-
ity in BDs. Overall, these results support the claim that binge drink-
ing is associated with neural deficits resembling those seen in AUD,
reflected in alterations of conflict processing and response execution.
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