
NeuroImage: Clinical 32 (2021) 102875

Available online 10 November 2021
2213-1582/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Age dependent neural correlates of inhibition and control mechanisms in 
moderate to heavy drinkers 

Megan Swartz a, Finnigan Burton a, Kishore Vakamudi a, Kareem Al-Khalil a, Katie Witkiewitz b, 
Eric D. Claus a,c,* 

a The Mind Research Network, Albuquerque, NM, USA 
b Department of Psychology, University of New Mexico and the Center on Alcohol, Substance Use, and Addictions, Albuquerque, NM, USA 
c Department of Biobehavioral Health, The Pennsylvania State University, University Park, PA, USA   

A R T I C L E  I N F O   

Keywords: 
Response inhibition 
Alcohol use disorders 
Accelerated aging 
Error monitoring 
Sex differences 
Neuroimaging 

A B S T R A C T   

Background: Long-term, heavy alcohol consumption has been associated with impairments in control over alcohol 
use, but whether this extends to other areas of cognitive and behavioral control such as response inhibition 
remains unclear. Understanding individual differences in the neural correlates of response inhibition will provide 
further insight into the neurobiology of heavy drinking. The current study investigated response inhibition in a 
large sample of moderate to heavy drinkers 
Methods: One hundred fifty-three individuals completed a stop signal task while undergoing functional magnetic 
resonance imaging. Multiple regression analyses focused on blood oxygen level-dependent (BOLD) response 
contrasts of correct inhibition and failed inhibition as dependent variables and included age, sex, and hazardous 
drinking (as measured by the Alcohol Use Disorders Identification Test (AUDIT)), and their interactions, as in-
dependent variables 
Results: Age was negatively associated with BOLD response in lateral inferior and middle frontal gyri, anterior 
cingulate cortex, and inferior parietal lobe for both successful inhibition and failed inhibition contrasts. In 
addition, there was a significant age × AUDIT interaction in the successful inhibition contrast in the left middle 
frontal gyrus, with significant negative correlations between AUDIT and BOLD response in older participants, 
and a significant positive correlation between AUDIT and BOLD response in younger participants 
Conclusions: Age appears to be a particularly important factor in predicting BOLD response and may be a critical 
variable to include in future studies of heavy drinking and alcohol use disorder, particularly those that assess 
cognitive function. Finally, the age × AUDIT interaction observed in the current study may represent evidence 
for accelerated aging effects of alcohol on cognitive function.   

1. Introduction 

Alcohol use disorder (AUD) is a global health crisis affecting 283 
million people and causing roughly 3 million alcohol related deaths 
every year (World Health Organization, 2018). Long-term, heavy 
alcohol use is associated with myriad symptoms, including executive 
dysfunction and reduced behavioral control (Crews and Boettiger, 
2009). Impaired ability to control ones’ consumption of alcohol, such as 
drinking a greater quantity or for a longer duration than intended (Riley 
et al., 2018; Haeny et al., 2020; Fairlie et al., 2019; Pearson and Henson, 
2013) and failed attempts to quit or cut down on one’s drinking (Reyes- 

Huerta et al., 2018) are symptomatic of AUD and can result in alcohol- 
related problems. Identifying those mechanisms that contribute to these 
core symptoms of AUD will be critical for identifying potential treatment 
targets. 

In addition to impairments in drinking-related control, considerable 
evidence has found impulsivity to be associated with alcohol-related 
problems, and may be a key contributor to increased AUD severity 
(Dick et al., 2010; Congdon and Canli, 2005; Verdejo-García et al., 2008; 
Sher and Trull, 1994). Impulse control disorders are associated with 
reduced capacity and motivation to regulate behavior, which may lead 
to increased risk for developing and maintaining substance use disorders 
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(Crews and Boettiger, 2009; Wiers et al., 2007). For example, poor 
behavioral control/impulsivity during adolescence is predictive of 
future substance use disorders (Wiers et al., 2007; NIGG et al., 2006), 
and prolonged heavy alcohol use may lead to further impairment in 
neural substrates that support behavioral control (Crews and Boettiger, 
2009). Individuals who engage in binge drinking show diminished ca-
pacity to actively inhibit responses compared to those who do not 
engage in binge drinking (Poulton et al., 2016) and individuals with 
AUD, as compared to individuals without AUD, have higher rates of 
commission errors when performing common tasks of response inhibi-
tion (Bjork et al., 2004; Noël et al., 2007). While behavioral indices of 
response inhibition are not related to alcohol use severity (Liu et al., 
2019), there is evidence that neural responses during response inhibi-
tion may be related to AUD severity (Claus et al., 2013) and differ be-
tween individuals with an AUD and those without AUD (Li et al., 2009). 
For example, BOLD response in lateral and medial frontal networks 
during response inhibition in a Go/No-go task was negatively correlated 
with AUD severity in our previous study (Claus et al., 2013). Identifying 
those mechanisms of behavioral control that are affected as a function of 
AUD severity may be key for understanding the negative impacts of 
alcohol on executive functioning and subsequent attempts to reduce 
drinking. 

When considering individual differences in behavioral control, it is 
important to consider other potential factors such as sex and age. These 
factors may be especially critical given potential sex differences in the 
effects of alcohol on brain structure and function (Thayer et al., 2016), 
and accelerated aging that may be present in individuals who report 
heavy drinking (Guggenmos et al., 2017; Bachi et al., 2017; Zhao et al., 
2020). In one example of sex differences, men showed greater responses 
than women within anterior cingulate cortex (ACC) and posterior 
cingulate cortex (PCC), middle and medial frontal cortices (Li et al., 
2006) when comparing inhibition trials to control trials, and greater 
response in men compared to women in lateral orbital and superior 
frontal gyrus, perigenual ACC, and pre-supplementary motor area 
(SMA) when examining correct versus incorrect inhibition trials (Li 
et al., 2009). In contrast to these findings, no differences were observed 
between men and women during correct inhibition trials, but when 
examining trials that signaled a need for inhibition, women showed 
greater response in right lateralized SMA/pre-SMA, precentral gyrus, 
and inferior frontal gyrus (IFG) than men (Gaillard et al., 2020). In 
addition to potential sex differences, age appears to correlate with 
response inhibition performance on tasks such as the stop signal and Go/ 
No-go (Rey-Mermet and Gade, 2018) and engagement of neural net-
works implicated in inhibition (Coxon et al., 2016). Previous studies 
report slowed engagement of response inhibition processes in older in-
dividuals (Rey-Mermet and Gade, 2018), and a negative relationship 
between age and inhibition related BOLD response, such that older in-
dividuals had reduced engagement of regions such as IFG compared to 
younger participants (Sebastian et al., 2013; Kleerekooper et al., 2016). 
To date, only one study has investigated the effects of alcohol use 
severity and sex while controlling for age in the context of a response 
inhibition task (Ide et al., 2018), although this study focused on error 
trials rather than successful inhibition trials. Nonetheless, these authors 
reported greater response in the error contrast (incorrect inhibition 
trials vs. correct go trials) in middle/superior temporal gyrus, dorsal 
ACC, and the thalamus in women compared to men. Regarding AUD 
severity, there were no significant correlations between error related 
responses and AUDIT score in the overall group, but a significant 
interaction between sex and AUDIT emerged, such that women showed 
a significantly greater negative correlation between AUDIT scores and 
error related responses in the thalamus compared to men (Ide et al., 
2018). 

In the current study, we aimed to examine the independent contri-
butions of AUD severity, sex, and age on behavioral and neural measures 
of response inhibition and errors of commission. Similar to prior studies 
of response inhibition (Claus et al., 2013; Li et al., 2009), we 

hypothesized reduced response in lateral IFG and SFG during response 
inhibition in individuals with greater AUD severity. We also hypothe-
sized that men would show greater activity in dorsolateral prefrontal 
cortex (DLPFC) and perigenual ACC compared to women during 
response inhibition, consistent with Li et al (Li et al., 2006; Li et al., 
2009), and that women would demonstrate greater response in thalamus 
compared to men (Ide et al., 2018) during error trials. Finally, we ex-
pected to find a negative relationship between age and activity during 
response inhibition in several regions including inferior parietal lobe, 
insula, and IFG. 

2. Methods 

2.1. Participants 

Participants were recruited from the Albuquerque metropolitan area 
via flyers, newspaper, online, and radio advertisements, and direct 
recruitment occurred at local beer and wine festivals. Recruitment tar-
geted individuals who self-identified as a “moderate to heavy drinker”, 
“binge drinker”, or “weekly drinker”. The sample was recruited for a 
larger longitudinal study of non-treatment seeking hazardous drinkers. 
Institutional Review Board-approved written informed consent was 
obtained for all participants. 

To be eligible for the study, participants had to be between the ages 
of 22 and 55, report “harmful and hazardous drinking” as determined by 
the Alcohol Use Disorder Identification Test (AUDIT) (SAUNDERS et al., 
1993) with scores > 7 for men and > 6 for women (Dearing et al., 2013); 
have a breath alcohol concentration of 0.000  g% at the screening 
appointment, and be right-handed as assessed by the Edinburgh hand-
edness questionnaire (Oldfield, 1971). Potential participants were 
excluded if they met criteria for current psychiatric illness (not including 
mood or anxiety disorders), prior head injury, or any contraindications 
for MRI (e.g., pregnancy, non– removable metallic implants), past year 
substance use disorder (other than alcohol, cannabis, and nicotine), 
estimated IQ < 80, or were seeking treatment for AUD. Initially, 235 
participants were enrolled in the study, but 45 participants were 
excluded for not meeting eligibility criteria, 19 were lost to follow-up 
prior to the baseline scanning session, 3 did not complete the stop 
signal task, 7 did not meet imaging quality control standards, and 8 had 
task performance issues (n = 6 with go correct < 85%, n = 2 with stop 
signal reaction time > mean go response time (Verbruggen et al., 2019). 

2.2. Stop signal task and behavioral outcome measures 

The stop signal task was based on prior studies utilizing this task 
(Aron and Poldrack, 2006). On each trial, an empty circle was presented 
for 500 ms, followed by a circle with a left- or right-pointing arrow for 
up to 1000 msec. On each trial, participants were instructed to press a 
button with the index finger if the arrow pointed to the left and the 
middle finger if the arrow pointed to the right (i.e., Go trials). On 25% of 
the trials, the space within the circle turned red after a variable delay 
(the stop signal delay (SSD)), indicating to participants to withhold their 
response (i.e., Stop trials). The SSD was determined using an adaptive 
algorithm that increased or decreased the delay by 50 ms to ensure that 
participants were able to successfully withhold their response on 
approximately 50% of signal trials; the SSD was increased after correctly 
inhibited responses and decreased after trials in which a response was 
recorded. Participants were instructed to respond as quickly and accu-
rately as possible, without slowing down their responses in anticipation 
of a stop signal. Each run of the stop signal task included 96 Go trials and 
32 Stop trials; participants completed two runs of the task. The task was 
administered using E-Prime software (Psychology Software Tools, PA, 
USA). 

Three primary behavior outcome variables were computed from the 
response time (RT) and accuracy data from the stop signal task. As 
recommended by the consensus manuscript on the stop signal task 
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(Verbruggen et al., 2019), we used the integration method to compute 
stop signal reaction times (SSRT). Briefly, this measure is computed by 
determining the proportion of incorrect Stop trials, which is used to 
determine the quantile of the go RTs that corresponded to the end of the 
stop process. SSRT is computed by subtracting the mean stop signal 
delay time from the nth Go RT. Post error slowing was computed by 
calculating the difference between the RT for Go trials that followed 
incorrect Stop trials and Go trials that immediately preceded incorrect 
Stop trials on a pairwise basis, and the mean of these differences was 
computed across trials for each participant (Dutilh et al., 2012). 

2.3. MRI acquisition 

Scans were acquired on a Siemens 3 T Trio TIM scanner equipped 
with a 32-channel head coil. Structural scans were acquired using a 
high-resolution five-echo T1-weighted magnetization-prepared rapid 
acquisition with gradient echo (MPRAGE) sequence (TR/TE/TI = 2530/ 
5.36/1200 ms; flip angle = 7 degrees; matrix size = 256 × 256; 92 
sagittal slices; voxel size = 1 mm isotropic). Functional scans were ac-
quired with a gradient echo simultaneous multi-slice (SMS) EPI (https 
://www.cmrr.umn.edu/multiband) sequence (TR/TE = 460/29 ms; 
flip angle = 44 degrees; multi-band acceleration factor = 8, matrix size 
= 82 × 82; 56 axial slices, voxel size = 3 mm isotropic, phase encoding 
direction = AP, bandwidth = 2772 Hz/Px, 740 volumes, scan duration 
= 5.67 min). 

2.4. fMRI analysis 

All raw fMRI data were checked for quality using MRIQC v. 0.5.2 and 
preprocessing of MRI/fMRI data was performed using fMRIPrep v. 1.5.4 
(see Supplement). Briefly, functional images were corrected for distor-
tion, slice-time corrected, motion corrected, and normalized to the MNI 
152 template. Functional data were resampled to 2 mm isotropic voxels, 
smoothed with a 6 mm Gaussian kernel, and ICA-AROMA (Independent 
Component Analysis Automated Removal of Motion Artifacts) (Pruim 
et al., 2015) was used to identify and remove motion artifacts. 

Preprocessed functional images were brain extracted using Brain 
Extraction Tool (Smith, 2002); grand-mean intensity normalized using a 
single multiplicative factor, and high-pass temporal filtered (Gaussian- 
weighted least-squares straight line fitting, with sigma = 45.0 s). Single 
subject analysis used the general linear model as implemented in FEAT 
(FMRI Expert Analysis Tool) version 6.0 using FILM with local auto-
correlation correction. Custom timing files representing Correct Go, 
Incorrect Go, Correct Stop, and Failed Stop trials were created using the 
log files from E-prime; these timing files were used as regressors in the 
general linear model (GLM) along with their temporal derivatives. In 
addition, six movement parameters and their first order derivatives were 
added into the GLM. Voxel-wise beta maps were generated for each 
regressor of interest and contrast maps representing Correct Stop > Go, 
Incorrect Stop > Go, and Correct Stop > Incorrect Stop were derived for 
each task run. Individuals runs within a participant were combined 
using a fixed effects model in FEAT. 

2.5. Group analysis 

Analyses of behavioral outcomes (i.e., SSRT, Go RT, and PES) was 
performed using a multiple regression approach with sex, age, and 
AUDIT as independent predictors (e.g., SSRT = β0 + β1Age + β2AUDIT 
+ β3Sex). In addition, we tested a model that included all two-way and 
three-way interactions between predictor variables (e.g., SSRT = β0 +

β1Age + β2AUDIT + β3Sex + β4Age*AUDIT + β5Age*Sex + β6Sex*-
AUDIT + β7Age*AUDIT*Sex). Analyses of fMRI contrasts at the group 
level were performed using random effects modeling with FLAME 1 
(FMRIB’s Local Analysis of Mixed Effects). The main effect analysis 
across the entire sample used a single group with no regressors. Our 
second model included effects of biological sex, age, and AUDIT as well 

as all two-way and three-way interactions between variables. When two- 
way and three-way interactions showed no significant effects, those 
terms were removed from the final model. For example, in the analysis 
of Correct Stop > Go, no significant effects emerged for the main effect 
of Sex, or the Sex × AUDIT or Sex × AUDIT × Age interaction terms, so 
these were removed from the final model. In all models, we also 
included three binary covariates: diagnosis of mood disorder, diagnosis 
of anxiety disorder, and self-reported use of cannabis in the previous 90 
days. 

Group level maps were corrected for multiple comparisons using 
cluster-based correction with an initial voxel-wise threshold of z > 3.1 
(p < 0.001) and a cluster threshold of p < 0.05, in accordance with 
recent recommendations (Eklund et al., 2016). Thresholded statistical 
maps were projected onto surfaces for display purposes using Nilearn 
(Abraham et al., 2014). 

3. Results 

3.1. Descriptives 

The individuals included in the current study (n = 153) were pre-
dominantly male (n = 89, 58.2%) and 50% (n = 76) reported Hispanic 
ethnicity. The racial breakdown of the sample included: White (n = 78; 
60.8%), Black/African American (n = 8, 5.2%), American Indian/Alaska 
Native (n = 31, 20.3%), Native Hawaiian (n = 1, 0.7%), Asian (n = 8, 
5.2%), more than one race (n = 18, 11.8%), and no race reported (n =
31, 20.3%). The sample had an average age of 34.53 years old with 
average AUDIT scores suggestive of hazardous drinking (Mean (SD) =
14.6 (6.6)). According to the Structured Clinical Interview for DSM-5 
(SCID-5) (First et al., 2015), 132 participants met criteria for AUD, 
seven participants met diagnostic criteria for a depressive disorder in the 
past 12 months and 18 participants met diagnostic criteria for an anxiety 
disorder. All participants provided demographic information and 
completed several self-report, behavioral, and imaging measures. The 
measures used in the current study are described below with data pre-
sented in Table 1. 

3.2. Group analysis of behavior 

First order correlations between independent variables of interest 
(age, sex, and AUDIT) and primary behavior outcomes on the stop signal 
(i.e. Go RT, SSRT, post-error slowing) are shown in Supplemental 
Table 1. Multiple regression analyses of median Go RT revealed that men 
(mean (SD) RT = 472.8 (71.1) msec) responded faster on average than 
women (496.7 (72.8); t(146) = 2.18, p = 0.03), and that RT was posi-
tively associated with age (t(146) = 3.69, p < 0.001); AUDIT scores 
were not significantly related to Go RT (t(146) = 1.34, p = 0.18). In the 
model with interaction terms, there were no significant terms that pre-
dicted Go RT (all p’s > 0.4). In the multiple regression analysis of SSRT, 

Table 1 
Sample characterization.   

Men Women 

n 89 64 
Age (years) 35.5 (9.7) 33.2 (10.3) 
Alcohol Use Disorder 83.1% 90.6% 
AUDIT 14.0 (6.0) 15.5 (7.4) 
Drinks per drinking day (standard drinks) 6.1 (4.1) 5.7 (3.4) 
Drinks per day (standard drinks) 3.1 (2.8) 3.0 (3.1) 
Percent heavy drinking days 25.2 (25.6) 29.8 (25.8) 
Percent heavy drinking while drinking 49.3 (34.2) 56.6 (32.9) 
Nicotine Use 36.0% 37.5% 
Cannabis Use 40.4% 40.6% 
Depressive Disorder 2.2% 7.8% 
Anxiety Disorder 7.9% 17.2% 

Displayed are means and standard deviations (mean(sd)) and percentages of 
participants meeting criteria for a given diagnosis or drug use category. 
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no effects emerged as significant in the model with no interaction (all 
p’s > 0.38) or in the model with interactions (all p’s > 0.2). Finally, we 
tested whether post-error slowing was present in the current sample and 
found no evidence of post-error slowing (mean (SD) = -1.28 (36.1); t 
(152) = 0.44, p = 0.66). In the analysis of post error slowing, no sig-
nificant effects emerged with age, AUDIT, or sex (all p’s > 0.3). In the 
multiple regression analyses of post-error slowing that included two- 
way and three-way interactions, no effects emerged as significant (all 
p’s > 0.5). Means and standard deviations for performance on the stop 
signal task are presented in Table 2. 

3.3. fMRI analysis 

Main effects of the task across all participants are included in the 
supplement. 

3.3.1. Correct Stop > Correct Go 
There were significant negative relationships with age and the Cor-

rect Stop > Correct Go contrast in several regions including right middle 
frontal gyrus (MFG), bilateral IFG and anterior insula (aIns), dorsal ACC, 
right putamen, SMA, right thalamus, and bilateral inferior/superior 
parietal lobe (IPL/SPL; see Fig. 1 and Table S1). A significant positive 
relationship with AUDIT and Correct Stop > Correct Go contrast 
emerged in the cerebellum in left Crus I. Men and women did not differ 
in their neural response during correct inhibition trials. 

In the interaction model, the interaction of AUDIT and age was sig-
nificant in predicting Correct Stop > Correct Go in left MFG. Specifically, 
younger participants had a strong positive relationship 

between AUDIT scores and signal change, whereas older individuals 
demonstrated a strong negative relationship (Fig. 2). No other in-
teractions were significant for this contrast. 

3.3.2. Incorrect Stop > Correct Go 
We found significant positive relationships with age and the Incor-

rect Stop > Correct Go contrast in left superior frontal gyrus (SFG), left 
MFG, left lateral occipital cortex, and the left temporooccipital portion 
of the middle temporal gyrus. Significant negative relationships with age 
emerged in several regions including right MFG, bilateral IFG/aIns SMA, 
and bilateral IPL/SPL (see Fig. 1 and Table S2). 

There were no significant relationships between BOLD response 
during incorrect inhibition trials and AUDIT scores or sex in the first 
multiple regression model. However, when including interactions in the 
model, sex differences emerged in a cluster that spanned right pre/post- 
central gyrus, SPL, and precuneus, as well as right lateral occipital cortex 
in the inferior and superior divisions. In both cases, men had greater 
BOLD response than women. 

There was also a significant interaction of sex × AUDIT in postcentral 
gyrus and two clusters in lateral occipital cortex; in all cases, women had 
strong positive relationships between signal change and AUDIT whereas 
men showed the opposite effect (Fig. 3). All other interactions failed to 
show any significant effects. 

3.3.3. Correct stop vs. Incorrect stop 
There were no significant effects in either model in predicting BOLD 

responses in the contrast of correct and incorrect inhibition trials. 

4. Discussion 

The present study investigated the effects of sex, hazardous drinking, 
and age on neural responses to successful and unsuccessful response 
inhibition. Contrary to our hypotheses and prior study (Claus et al., 
2013; Hu et al., 2016), we failed to find negative correlations between 
AUDIT scores and BOLD response in right IFG or ACC; instead, we found 
a positive relationship with AUDIT scores in the left cerebellum Crus I. 
We observed a few sex differences, which are inconsistent with previous 
studies of the stop signal task (Li et al., 2006; Li et al., 2009; Gaillard 
et al., 2020). The effects of age were particularly robust and consistent 
with previous research, with significant negative relationships in several 
regions including IFG, MFG, and dorsal ACC/SMA during both suc-
cessful and unsuccessful response inhibition. Finally, we found two 
notable interactions: an age * AUDIT interaction in the correct inhibition 
contrast in MFG and a sex * AUDIT interaction in the contrast of 
incorrect inhibition trials. Although we did not replicate previous work, 
the results nonetheless point to the need to carefully consider task dif-
ferences as well as potential confounding variables such as age and sex. 

While our initial hypotheses regarding AUDIT scores were not sup-
ported, the interactions between AUDIT and age during successful in-
hibition and between AUDIT and sex during failed inhibitions do suggest 
a moderating role of hazardous drinking on BOLD response. First, the 
interaction between age and AUDIT in the left MFG provides additional 
evidence of accelerated aging in AUD that has been reported in studies of 
grey and white matter integrity (Bachi et al., 2017; Zhao et al., 2020). 
Specifically, older individuals demonstrated significantly reduced 
engagement of MFG as AUDIT scores increased, whereas younger par-
ticipants showed the opposite effect. The MFG is implicated in motor 
planning and its involvement in response inhibition may be the result of 
conflict between going and stopping (Stock et al., 2016), and reduced 
engagement in older adults may be suggestive of decreased ability of this 
region to engage when response conflict is high, whereas younger in-
dividuals with more severe AUD may increase resources in order to 
successfully inhibit responses. This possibility should be explored in 
future studies that specifically manipulate cognitive load to determine 
whether there is a threshold at which older individuals are able to 
engage this region. 

Second, we found a sex * AUDIT interaction during error trials, such 
that men had negative correlations between AUDIT and BOLD response 
and women showed positive relationships in lateral occipital cortex and 
postcentral gyrus. The lateral occipital cortex is implicated in object 
identification, and may be key for signaling other regions in a distrib-
uted behavioral control network (Gonzalez Alam et al., 2018), whereas 
the postcentral gyrus response appears to correspond to the force 
applied during button pressing (Thickbroom et al., 1998; Mizuguchi 
et al., 2014), which may differ during error and go trials in men and 
women. Of note, we did not replicate previous findings reporting an 
interaction of sex and AUDIT score on activity in the thalamus during 
error trials (Ide et al., 2018). Our sample size was nearly identical to the 
previous study, but the overall drinking levels and AUDIT scores were 
higher in the current sample, which may have influenced the findings. 
Given the importance of sex differences and the potential for differential 
effects of alcohol on men and women, future research is necessary to 
better understand the mechanisms of these sex differences. 

Given that previous studies have reported sex differences in contrasts 
measuring response inhibition, we were surprised to find no significant 
differences in the current study. Because the participants in the current 
study had significant drinking histories, it is possible that neurotoxic 
effects of alcohol differentially affected men and women, which could 
lead to a reduced likelihood of finding significant effects. However, 
careful inspection of the available literature suggests that sex differences 
in response inhibition may not be highly reliable. For instance, whereas 
two early studies (Li et al., 2006; Li et al., 2009) reported greater neural 

Table 2 
Stop signal task performance.   

Men Women 

Go median RT (msec) 482.6 (93.6) 512.7 (111.1) 
Go quantile (msec) 475.8 (73.0) 498.8 (73.6) 
Go proportion correct 97.0% (3.2%) 97.7% (2.5%) 
Stop proportion correct 49.6% (9.0%) 51.3% (10.7%) 
SSD mean (msec) 248.8 (92.7) 270.5 (103.0) 
SSRT quantile (msec) 225.5 (49.3) 228.3 (49.0) 
Post-error slowing (msec) − 4.0 (29.9) 2.5 (31.1) 

Means and standard deviations are presented for each task variable (mean(sd)). 
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response in men compared to women during response inhibition in 
medial and lateral frontal cortex, a subsequent study reported greater 
activation in women compared to men when averaging across Correct 
Stop > Correct Go and Incorrect Stop > Correct Go contrasts (Gaillard 
et al., 2020). In addition, a fourth study with a large sample of healthy 
control participants (n = 103) examined effects of sex differences and 
age, and found no effects of sex (Hu et al., 2012). Future studies that 
incorporate heavy drinking and control samples across the lifespan will 
be instrumental in advancing our understanding of sex differences in 
response inhibition related processes. 

While two previous studies demonstrated negative correlations be-
tween AUD severity and BOLD response during response inhibition 
(Claus et al., 2013; Hu et al., 2016) and failed inhibition (Claus et al., 
2013), the current study found no such relationships. One important 
difference between the previous study that showed significant re-
lationships between AUDIT scores and response inhibition related ac-
tivity in the stop signal task (Hu et al., 2016) is the sample of drinkers 
collected for each study. While Hu et al (Hu et al., 2016) included 
drinkers and non-drinkers, none of the drinkers met criteria for an AUD 
whereas 86% of participants in the current study met AUD criteria. This 
severity difference may account for the difference in findings across the 
two studies. While Hu et al recruited a very different sample, our pre-
vious study (Claus et al., 2013) included participants that were similar in 

AUD severity and drinking patterns. However, significant task differ-
ences exist between the stop signal task and the Go/No-go task that was 
used in our prior study (Claus et al., 2013). In the Go/No-go task, par-
ticipants viewed a rapidly presented stream of alternating X’s and Y’s, 
and inhibited responses on trials in which the current stimulus matched 
the stimulus shown immediately prior (Kaufman et al., 2003). In the Go/ 
No-go, inhibition decisions rely on comparisons of a stimulus with 
representations in working memory, which is more arguably more 
cognitively demanding than the stop signal task. A meta-analysis of 
simple and complex response inhibition tasks revealed key differences in 
regions depending on the nature of the task, with simple tasks engaging 
fewer regions within frontal cortex (Simmonds et al., 2008). An addi-
tional meta-analysis also demonstrated greater BOLD response in Go/ 
No-go tasks compared to stop signal tasks in regions such as inferior 
frontal gyrus and inferior parietal lobe (Swick et al., 2011). In addition, 
the adaptive nature of the stop signal task used in the present study 
reduces potential differences in behavioral performance whereas the 
Go/No-go task used previously did not include adaptive methods. The 
degree to which response inhibition is a group-defining difference or an 
important individual difference factor in predicting severity of AUD or 
treatment outcomes is still unclear (Kwako et al., 2016; Voon et al., 
2020), and future studies may need to address the different types of 
response inhibition tasks or use a latent variable approach with multiple 

Fig. 1. Effects of age on BOLD response Negative relationships between age and the Stop correct > Go correct contrast. b. Positive (orange) and negative (blue) 
relationships between age and the Stop incorrect > Go Correct contrast. 

Fig. 2. Interactive effect of age and AUDIT on percent signal change (psc) in the Correct Inhibition vs. Correct Go contrast.  
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tasks (Friedman and Miyake, 2004). 
Next, our findings demonstrated significant correlations with age. 

Specifically, we observed significant negative relationships with age 
across all three contrasts, and some positive correlations within the 
incorrect inhibition contrast. Our findings are highly consistent with 
typical aging effects for both the contrast of response inhibition 
(Sebastian et al., 2013; Hu et al., 2018) and failed inhibition (Hu et al., 
2012). Several regions in the response inhibition network such as right 
lateralized IFG and MFG, dorsal ACC, and IPL were negatively correlated 
with age. The reduced response observed in this network potentially 
stems from meeting a “resource ceiling” that limits the degree to which 
regions can respond in the face of increasing cognitive demand 
(Sebastian et al., 2013; Hu et al., 2018). The degree to which reductions 
in gray matter volume influences activation or behavioral performance 
(Hu et al., 2018) in the current sample is not clear, but future in-
vestigations will explore these links to gain a more comprehensive un-
derstanding of how heavy alcohol use affects structural and functional 
integrity. Given the robustness of the effects of age on BOLD response, it 
will be critical to control for this potentially confounding variable in 
future examinations, particularly those examining cognitive 
functioning. 

While we used rigorous methods and analysis approaches for the 
current study, several limitations must be considered. First, the current 

study does not include any non-drinking or social drinking control 
participants, which limits interpretability. The parent study was 
designed as a within subject longitudinal examination of the neural 
mechanisms of self-change, a design that precluded the inclusion of 
controls. Regardless, it is still critical to understand how individual 
variation in response inhibition related BOLD response relates to varying 
levels of hazardous drinking. Inclusion of non-drinkers or social drinkers 
across a wide age range would also allow us to examine sex differences 
in the absence of any neurotoxicity that occurs over years of heavy 
drinking (Thayer et al., 2016). In addition to the lack of controls, 
approximately 40% of participants in the current study reported use of 
cannabis. While we controlled for cannabis use in our analyses, future 
studies would benefit from including a group of drinkers who do not use 
cannabis. In addition to the lack of controls, there was an error in the 
programming of question number two of the AUDIT, which omitted the 
“10 or more” option from the potential answer options. This may have 
led to lower AUDIT scores for up to fifteen participants that reported 
average drinking quantities of 10 or more standard drinks, which could 
have affected results. However, we identified these participants and 
conducted a separate set of analyses using AUDIT scores that were one 
point higher, and all results remained unchanged. 

Fig. 3. Interactive effect of sex and AUDIT on percent signal change (psc) in the Incorrect Inhibition vs. Correct Go contrast.  
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4.1. Conclusions 

Overall, the current findings extend the current literature on 
response inhibition in AUD, by examining the effects of age, sex, and 
drinking severity on neural responses during a stop signal task. While 
our findings did not replicate previous reports of AUD severity corre-
lating with BOLD response, two notable findings emerged with respect 
to age. First, age was a significant predictor of BOLD response in the 
contrasts of successful inhibition and failed inhibition, suggesting that 
future studies should include age as a covariate. Second, when exam-
ining the age by AUDIT interaction, we found that the direction of the 
correlation between AUDIT score and BOLD response in the middle 
frontal gyrus were moderated by age, which may be evidence of accel-
erated aging that results from prolonged heavy alcohol use. Finally, we 
observed some sex differences during error trials in postcentral gyrus 
and lateral occipital cortex, but this needs further exploration in future 
studies in order to identify sex effects across other tasks and cognitive 
functions to more fully understand the effects of sex differences resulting 
from heavy alcohol use. 
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