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Abstract

Background—Error-related brain activities are altered in individuals with substance use
disorders. Here we examined error-related activities in relation to problem drinking in
nondependent alcohol drinkers. In particular, we investigated sex differences and whether altered
error responses are related to post-error behavioral control.

Methods—A sample of 145 non-dependent drinkers (77 women) performed the stop signal task
during fMRI. Imaging data were processed and modeled using statistical parametric mapping.
Independent sample t-test and linear regression were employed to examine sex differences in error
response and relationship between error response and problem drinking.

Results—Compared to men, women showed greater error-related (stop error > go success)
activations in bilateral thalamus, right middle/superior temporal cortex and bilateral dorsal anterior
cingulate cortex. In whole-brain linear regression of error responses against the Alcohol Use
Disorder Identification Test (AUDIT) score, a wide swath of cortical and subcortical regions,
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including the thalamus, showed decreased activation in association with problem drinking in
women but not in men. However, men and women were not different in the extent of post-error
slowing (PES) and decreased thalamic error response in association with problem drinking was not
related to the extent of PES in women.

Conclusions—The results suggest sex differences in error-related activations with heavier
drinking associated with reduced error activations in women but not in men. These differences in
cerebral activations may reflect higher physiological arousal in response to errors and greater
vulnerability of saliency-related arousal response to problem drinking in female as compared to
male social drinkers.

Keywords
gender; cognitive control; imaging; thalamus; error detection; drinking problem

1. Introduction

Error-related cerebral and behavioral responses are an important phenotype of various
neuropsychiatric conditions including substance use disorders (1). Compared with non-drug
users, chronic cannabis users showed diminished error-correcting behavior and error
response in the dorsal anterior cingulate cortex and left hippocampus in a paired associative
learning task (2). Similar findings were also documented for cocaine addicted individuals in
behavioral paradigms of response inhibition (3-5). Blunted left middle frontal cortical
activations to commission errors in a go/no-go task predicted early substance use in
adolescents (6). Together, these findings associate deficient error monitoring and error-
related behavioral adjustment with substance misuse.

Whereas the findings on illicit substance users appear to be largely consistent, the literature
is mixed for alcohol misuse. For instance, regional activations to no-go errors distinguished
heavy and light non-dependent drinkers, each engaging predominantly visually-driven
emotional and task control neural networks (7). Alcohol dependence and higher alcohol
consumption is associated with less post-error behavioral adjustment in a stop signal task (8,
9). In contrast, some studies failed to identify differences in error-related brain response or
in post-error behavioral adjustment in heavy as compared to light drinkers (10). In fact,
alcohol dependent individuals appeared to demonstrate higher error-related responses as
compared to controls (11, 12). An earlier review highlighted the complexity in employing
interference control as a cognitive phenotype as a severity marker of alcohol misuse, with
many studies revealing negative findings (13). However, what exactly accounted for the
discrepancy in findings remained unclear. In particular, sex differences were often not
considered in these studies.

Men and women demonstrate important differences in their drug and alcohol use behaviors,
clinical profiles of substance and alcohol use disorders (14-21) as well as the risk factors and
consequences of problem drinking (22). The biological bases of these sex differences have
been a focus of active research and studies of brain imaging aimed to understand how men
and women respond differently to psychological challenges of importance to habitual drug
and alcohol use. For instance, stress may precipitate drug and alcohol use via distinct neural
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processes in men and women, with women more vulnerable to the influence of negative
affect and stress (23-25). In support, stress induced by personalized guided imagery elicited
sex-specific cerebral responses (26, 27). More broadly, men and women engaged distinct
neural circuits in affective processing (28); women but not men showed correlated
activations of bilateral caudate head and left thalamus during experience of social conflicts
(29), a potential risk factor for problem drinking. Of direct relevance to the current study,
men and women exhibited differences in error-related responses, with women showing
higher electrophysiological or blood oxygenation level dependent (BOLD) responses to
errors as compared to men (30, 31). On the other hand, men and women did not appear to
differ in the extent of post-error behavioral control (32, 33). Thus, error-related responses
may relate to problem drinking differently in men and women but whether these differences
manifest in altered post-error behavioral control remains an open question.

In the current study, we investigated how problem drinking is associated with error-related
cerebral responses and whether men and women differ in error-related response, and in its
association with problem drinking and deficits in cognitive control. We combined fMRI and
the stop signal task (SST) to address these questions. In the SST participants are required to
respond to a frequent go signal and withhold response to an occasional stop signal.
Participants showed higher skin conductance response, reflecting higher physiological
arousal, to stop error as compared to both go and stop success trials (34, 35). Further,
participants typically slowed down in response in go trials following a stop error trial as
compared to those following another go trial (36-38). Post-error slowing reflects behavioral
adjustment, a critical component process of cognitive control frequently compromised in
individuals with substance use disorders (2-5, 9). Thus, the SST would provide an
opportunity to investigate whether error-related cerebral responses are associated with
problem drinking and deficits in cognitive control.

2. Methods

2.1 Subjects, Informed Consent, and Assessment

Study participants were recruited with newspaper and radio advertisements as well as flyers
posted in the greater New Haven area. All participants were free of major medical illness,
past or present neurological and psychiatric illnesses including substance use disorders
(SCID-I for DSM-1V; (39)), denied current use of illicit substance, and showed negative
urine toxicology tests for stimulants, opioids, marijuana, and benzodiazepines at the time of
MRI. Individuals who were using any psychotropic medications were not invited to
participate in the study. Pregnant or lactating women were also excluded. Participants were
further required to be free of MRI-contraindications per Yale Magnetic Resonance Research
Center's safety guidelines.

One hundred and forty-five social drinkers (77 women; age 31 + 13 years; all right-handed)
were included in this study. This cohort is a subsample of the 158 (86 women) social
drinkers reported in our recent work (40), where 13 subjects participated in fMRI of a
different behavioral task. All participants completed questionnaires regarding alcohol use
over the past year, including average number of days of drinking and average number of
drinks consumed per occasion, framed on a monthly basis, as well as the Alcohol Use
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Disorders Identification Test (AUDIT) (41). AUDIT score was calculated by summing
subscores of ten self-report questions regarding level of alcohol use, alcohol-related
problems, and concern expressed by others for one's drinking behavior. Each question
receives a score ranging from 0 to 4, with higher numbers corresponding to a greater level of
risk for having or developing an alcohol use disorder. The mean (x SD) AUDIT score was
5.1 (x 4.2) across all subjects, in a range typical of non-dependent drinkers and significantly
lower than those reported for alcohol dependent individuals (42).

Participants were also assessed with the Barratt Impulsivity Scale (B1S-11; (43)) and
Alcohol Expectancy Questionnaire (AEQ-3; (44)). BIS-11 is a 30-item self-report
questionnaire designed to measure impulsivity. All items are scored on a 4-point scale (1 =
rarely/never; 2 = occasionally; 3 = often; 4 = almost always/always). The total score thus
ranges from 30 to 120, with a higher score indicating higher impulsivity. Eleven of the 30
items are reverse scored to avoid response bias. The AEQ-3 consisted of 40 items to address
both positive (6 subscales) and negative (2 subscales) alcohol expectancy, confirmed by
factor analysis and invariant across sex and race. Each subscale contains 4 to 6 statements
that can be endorsed on a six-point scale, from “disagree strongly (1)” to “agree strongly
(6)”. Despite the 8 factors identified and confirmed with factor analysis, ratings on the 8
factors are highly correlated (George et al, 1995). Thus, the authors acknowledged that the
discriminant validity among the 8 subscores was at best moderate. Here, we used the global
positive subscore to represent alcohol expectancy. A summary of demographic and clinical
measures is presented in Table 1.

All subjects signed a written informed consent, in accordance to a protocol approved by the
Yale Human Investigation Committee, prior to the study.

2.2 Behavioral task

We employed a simple reaction time task in this stop-signal paradigm (36, 45-51). There
were two trial types: “go” and “stop,” randomly intermixed in presentation each with a
probability of 0.75 and 0.25, and with an inter-trial interval of 2 s. A small dot appeared on
the screen to engage attention at the beginning of a go trial. After a randomized time interval
between 1 and 5 s, drawn from a uniform distribution, the dot turned into a circle (the “go”
signal), prompting the subjects to quickly press a button. The circle vanished at a button
press or after 1 s has elapsed, whichever came first, and the trial terminated. A premature
button press prior to the appearance of the circle also terminated the trial. In a stop trial, an
additional “X,” the “stop” signal, appeared after and replaced the go signal, and instructed
participants to withhold their response. Similar to go trials, a stop trial terminated at button
press or 1 s after the appearance of the stop signal. Failure to withhold the response for the 1
s constituted a stop error. The stop signal delay (SSD) — the time interval between go and
stop signals — started at 200 ms and was adjusted according to a staircase procedure,
increasing and decreasing by 67 ms each after a successful and failed stop (52). Subjects
were instructed to respond to the go signal quickly while keeping in mind that a stop signal
could come up occasionally. The staircase procedure ensures that subjects would succeed in
withholding their response in approximately half of the stop trials.
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2.3 Analyses of behavioral performance in the stop signal task

We computed a critical SSD that represents the time delay between go and stop signals that a
subject would need to succeed in 50% of the stop trials (52). Specifically, SSDs across trials
were grouped into runs, with each run defined as a monotonically increasing or decreasing
series. We derived a mid-run estimate by taking the median SSD of every second run. The
critical SSD was computed by taking the mean of all mid-run SSDs. It was reported that,
except for experiments with a small number of trials (less than 30), the mid-run estimate was
close to the maximum likelihood estimate of Xsq (50% positive response; i.e., 50% stop
success in the SST, (53)). The stop signal reaction time (SSRT) was computed by subtracting
the critical SSD from the median go trial RT (54).

It is known that in the SST the RT of a correct response is prolonged following a stop-error
trial, compared with other correct responses, and this prolonged RT is thought to reflect
error-detection and conflict monitoring (Hendrick et al., 2010). We thus compared the RT of
the go trials that followed a stop-error trial and those that followed another go trial, and
termed the effect size of this RT difference “post-error slowing” (PES) (11).

2.4 Image acquisition, preprocessing and statistical tests

All imaging data were collected in the same 3T Siemens Trio scanner (Erlangen, Germany)
while subjects performed the SST, as described in detail in our previous work. Each scan
comprised four 10-minute runs of the SST. Caffeine-using subjects were allowed drink
coffee or other caffeinated beverages until 30 minutes before MRI. Functional blood
oxygenation-level dependent (BOLD) signals were acquired with a single-shot gradient echo
echo-planar imaging sequence, with 32 axial slices parallel to the AC-PC line covering the
whole brain, using published parameters: TR=2000 ms, TE=25 ms, bandwidth=2004 Hz/
pixel, flip angle=85°, FOV=220x220 mm2, matrix=64x64, slice thickness=4 mm and no
gap. A high-resolution 3D structural image (MPRAGE; 1 mm resolution) was also obtained
for anatomical co-registration.

Functional MRI data was preprocessed with Statistical Parametric Mapping 12 (SPM12)
(Wellcome Department of Imaging Neuroscience, University College London, U.K.).
Images from the first five TRs at the beginning of each trial were discarded so only BOLD
signals in a steady state were included in analyses. Images of each individual subject were
first corrected for slice timing, realigned (motion-corrected). A mean functional image
volume was constructed for each subject for each run from the realigned image volumes.
The anatomical images (T1-weighted) were co-registered to the mean functional image, and
normalized to an MNI (Montreal Neurological Institute) template with affine registration
followed by nonlinear transformation using a unified segmentation and registration approach
(55). The normalization parameters determined for the anatomical volume were then applied
to the corresponding functional image volumes for each subject. Finally, images were
smoothed with a Gaussian kernel of 8 mm at Full Width at Half Maximum. Images from the
first five TRs at the beginning of each session were discarded so only signals with steady-
state equilibrium between radio frequency pulsing and relaxation were included in data
analyses.
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We distinguished four trial outcomes in this event-related study: go success (GS), go error,
stop success (SS), and stop error (SE), and modeled BOLD signals by convolving the onsets
of the go signals of each trial with a canonical hemodynamic response function (HRF) and
the temporal derivative of the canonical HRF. Realignment parameters in all six dimensions
were entered in the model. We included the following variables as parametric modulators in
the model: RT of GS trials, SSD of SS trials, and SSD of SE trials, in that order. Serial
autocorrelation of the time series was corrected by a first degree autoregressive or AR(1)
model. The data were high- pass filtered (1/128 Hz cutoff) to remove low-frequency signal
drifts. Group analyses were performed also using SPM12 on the error contrast maps
(SE>GS) using one and two sample t-tests and multiple regressions, with age as covariate
(56). Specifically, we employed a whole-brain regression against AUDIT score to examine
regional responses to errors in association with problem drinking for men and women
separately. All group analyses were examined with a threshold of voxel p<0.001 uncorrected
in combination with cluster p<0.05, FWE corrected, according to current reporting standards
(57).

3. Results

3.1 Clinical assessment and behavioral performance

As shown in Table 1, men showed higher AUDIT score, BIS score and average monthly
number of drinks in the prior year, compared to women. In linear regression, the AUDIT
score was correlated with alcohol expectancy score in men and women combined (r=0.52,
p=2.39%-11), as well as in men (r=0.45, p=0.0001) and women (r=0.60, p=7.54e-09)
separately. The AUDIT score was also correlated with BIS score in men and women
combined (r=0.29, p=0.0003) and in men (r=0.40, p=0.0007), but not in women (r=0.13,
p=0.2770) alone.

Behavioral performance in the SST is summarized in Table 2. Men and women did not differ
in any aspects of task performance, including the extent of post-error slowing (PES). The
effect size of the PES was correlated negatively with AUDIT score in men (r=-0.271,
p=0.0255), but not in women (r=0.113, p=0.3300) or in men and women combined
(r=-0.097, p=0.2440).

3.2 Error-related responses and sex differences

We contrasted stop error and go success trials in a one-sample t-test, which showed higher
activations in bilateral frontal and parietal structures, medial frontal cortex, thalamus,
bilateral insula and cerebellum (Figure 1A and Table 3). In a two-sample t-test we compared
men and women in error-related responses. Compared to men, women showed higher
activities in the thalamus, middle/superior temporal gyrus, and dorsal anterior cingulate
cortex (Figure 1B and Table 4). In contrast, no brain regions showed higher activations in
men as compared to women when examined at the same threshold.

To examine whether error-related activations are related to PES across subjects, we
conducted a voxel-wise linear regression against PES with age as a covariate for men and
women combined and for men and women separately. The results showed that, at the same
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threshold, no clusters were significantly correlated with PES in any of the three samples of
participants.

3.3 Error-related responses in association with AUDIT score

In a whole-brain linear regression against AUDIT score, with age as a covariate, we
examined how error-related responses are related to problem drinking. At the threshold of
voxel p<0.001, uncorrected and cluster p<0.05 FWE, no clusters showed significant
correlations with AUDIT score in men and women combined. We performed the same
analyses for men and women separately. At the same threshold, no clusters were
significantly correlated with AUDIT in men; in contrast, a number of cortical and subcortical
structures, including the thalamus, showed negative correlation with AUDIT score in women
(Figure 2 and Table 5). In a slope test (58), the correlations between error-related response of
the thalamus and AUDIT score, as well as average monthly number of drinks were
significantly different between men and women (Figure 3A and 3B). Notably, at this
threshold, the thalamic cluster showing negative correlation with AUDIT score did not
appear to overlap with the cluster showing greater error-related activation in women as
compared to men.

4. Discussion

4.1 Sex differences in error-related activations

Consistent with a recent meta-analytic review (59), women showed higher error-related
activations as compared to men in the thalamus, middle/superior temporal gyrus, and dorsal
anterior cingulate cortex (dACC). The thalamus and dACC respond to salient stimuli, likely
via noradrenergic projections from the midbrain (60, 61). However, women and men did not
differ in the extent of post-error slowing and none of the regional activations to errors were
related to the extent of post-error slowing either in women or in men, or in women and men
combined. These findings suggested that increased error-related activities may not reflect a
mechanism in women to support post-error behavioral control but simply higher saliency
and/or physiological arousal elicited by outcome discrepancy (59, 62). In support, increased
thalamic responses were also reported to uncued electric shock in contrast to cued safe
condition in female but not male patients with irritable bowel syndrome (63) and to
conditioning cues of painful rectal extension in female but not male healthy participants
(64). A rodent study similarly demonstrated greater thalamic and dACC response to visceral
pain in female than in male rats (65). In a study of the effects of stress on fear conditioning,
administration of hydrocortisone reduced differential thalamic responses to conditioned and
unconditioned stimulus in men but enhanced the responses in women (66). In resting state
functional connectivity of the anterior insula, a core structure of the salience processing
network, women but not men showed right-lateralized connectivity to the thalamus (67).
Together, these studies support increased thalamic responses to error-related saliency in
women as compared to men.

More broadly, saliency response is supported by the midbrain noradrenergic system (60, 61).
Animal studies have documented the cellular and molecular mechanisms involving the locus
coeruleus (LC) and noradrenergic signaling that underlie sex differences in hyperarousal and
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other stress-related physiological responses (68, 69). For instance, there were important sex
differences in the regulation of tyrosine hydroxylase gene transcription by estrogen in the
LC (70, 71). Further, hyperarousal has been attributed to corticotropin-releasing factor
(CRF) regulation of LC activity, with females particularly affected by conditions resulting in
elevated CRF receptor trafficking and LC discharge rate (68). Heightened LC activity and
saliency response may contribute to the increased incidence of stress-related psychiatric
disorders in females. More studies are needed to directly investigate the role of the LC and
saliency circuit in error-elicited stress response and sex differences in the saliency circuit
functions.

4.2 Error-related activations and problem drinking

In women but not in men, AUDIT score was correlated with decreased thalamic and medial
prefrontal cortical activations. In the context of thalamic response to saliency, this finding
suggested that problem drinking is associated with less thalamic activation to saliency in
women. Alcohol consumption is known to impair detection of performance errors in the
dACC (72). Another study examined the effects of emotional distracters on working
memory performance (73). Although the study did not focus on sex differences, compared to
participants with attention deficit hyperactive disorder, individuals with alcohol dependence
were less vulnerable to the intrusion of salient emotional stimuli. In an event-related
potential study heavy drinkers demonstrated reduced P3 amplitude to visual oddball stimuli
(Chen et al., 2007). A more recent study showed that alcohol dampened functional
connectivity between the bilateral anterior insula and the dACC, with greater reduction in
right insula-dACC connectivity associated with calmer subjective experience (74). The
current findings suggest that, compared to men, women are more vulnerable to the influence
of problem drinking in cerebral responses to salient stimuli. An alternative explanation is
that diminished saliency response may represent a more significant risk to problem drinking
in women than in men.

Thalamic medial prefrontal cortical circuits are critical to performance monitoring (36, 37,
75). However, here, diminished thalamic and dACC responses to errors were not associated
with changes in post-error behavioral adjustment. One possibility is that women were able to
elicit reserve mechanisms to compensate for the disruption in saliency response in cognitive
control. Interestingly, a closer examination showed that problem drinking is associated with
decreased thalamic activity in the ventral and posterior lateral nuclei and the pulvinar in
women whereas, compared to men, women showed higher response in the area of dorsal
medial and ventral anterior nuclei, according to a recent functional parcellation study of the
thalamus (76). We speculate that, by engaging the frontal executive thalamic subregions to a
greater extent, women may be better able to accommodate behavioral control despite
diminished saliency related activities in the perceptual thalamus. Compared to women, men
are more prone to risk taking and impulsive behavior. Here, men demonstrated higher BIS
score, which was associated with elevated physiological arousal to salient stimuli (Zhang et
al., 2015), and a significant correlation between BIS and AUDIT scores. Thus, although men
overall showed less cerebral activations to errors, heavy-drinking men may be more
impulsive with higher error response masking the influence of alcohol use. These
considerations suggest the importance in considering personality traits, including
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impulsivity, and their interacting effects with alcohol consumption in understanding cerebral
responses to cognitive challenges.

4.3 Limitations and conclusions

There are a few limitations to consider. First, we employed a convenience sample in the
current study and did not perform a power analysis of the sample size needed to detect a
correlation between error-related activities and post-error slowing. Thus, whether sex and
drinking related differences in error response relate to post-error control remains to be
clarified. Second, it is not clear from the cross-sectional findings whether decreased error-
related responses reflect the effects of alcohol use or a neural process that may dispose
women to heavier drinking. Further, an earlier study reported diminished error-related
negativity in heavy as compared to light or non-drinkers but noted no sex differences (77).
Thus, a prospective study involving more heavier-drinking individuals is needed to address
these issues. In particular, men showed higher AUDIT and BIS score than women, and
studies with more women with higher impulsivity and more severe drinking problems would
clarify the sources and significance of the sex differences reported here. Another critical
limitation concerns the lack of menstrual cycle information of female participants. Women
are known to demonstrate behavioral and cerebral functional differences as hormones
fluctuate between follicular and luteal phases (78, 79). More studies are needed to confirm
and extend the current findings on sex differences. Finally, the current cohort comprised
primarily light, social drinkers and the findings should be considered as specific to this
population. Further, we did not assess family history of alcoholism, which is known to
increase the risk of dysfunctional impulse control and alcohol drinking (80). Future work is
warranted to address these issues and extend the findings.

In conclusion, women as compared to men showed higher thalamic cortical responses to
errors and reduction in the error responses in association with problem alcohol use. The
findings suggested sex differences in arousal elicited by salient events. More studies are
required to determine whether this phenotype reflect sex differences in the influence of
alcohol or in the neural processes disposing individuals to problem drinking.
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(B) Two sample t-test: Men vs. Women
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Figure 1.
(A) Brain regions responding to error: stop error > go success (p<0.05, FWE corrected). (B)

Regions showing greater error-related activations in women as compared to men (p<0.001,
uncorrected). The inset highlights the bilateral thalamus clusters. Clusters that met the
corrected extent threshold p<0.05 FWE are shown in Tables 3 and 4.
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Figure 2.
Error-related regional activations in correlation with AUDIT score in (A) men and (B)

women (p<0.001, uncorrected). Clusters that met the corrected extent threshold are shown in
Table 5.
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Figure 3.

Slope tests confirmed sex differences in the correlation of thalamic error-related response
and drinking variables. (A) Effect size vs. AUDIT (men: r=0.20 and p=0.1091, women:
r=-0.43, p=0.0001; slope test: t=4.05; p=8.3e-05). (B) Effect size vs. average monthly
number of drinks (men: r=0.11 and p=0.3781, women: r=-0.30, p=0.0071; slope test: t=2.64;
p=0.0092).
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