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Abstract: The ability to suppress responses that are inappropriate, as well as the mechanisms
monitoring the accuracy of actions in order to compensate for errors, is central to
human behavior. Neural alterations that prevent stopping an inaccurate response,
combined with a decreased ability of error monitoring, are considered to be prominent
features of alcohol abuse. Moreover, (i) alterations of these processes have been
reported in heavy social drinkers (i.e. young healthy individuals who do not yet exhibit
a state of alcohol dependence); and (ii) through longitudinal studies, these alterations
have been shown to underlie subsequent disinhibition that may lead to future alcohol
use disorders. In the present functional magnetic resonance imaging study, using a
contextual Go/No-go task, we investigated whether different neural networks
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subtended correct inhibitions and monitoring mechanisms of failed inhibitory trials in
light versus heavy social drinkers. We show that, although successful inhibition did not
lead to significant changes, neural networks involved in error monitoring are different in
light versus heavy drinkers. Thus, while light drinkers exhibited activations in their right
inferior frontal, right middle cingulate and left superior temporal areas; heavy drinkers
exhibited activations in their right cerebellum, left caudate nucleus, left superior
occipital region, and left amygdala. These data are functionally interpreted as reflecting
a "visually-driven emotional strategy” vs. an "executive-based" neural response to
errors in heavy and light drinkers, respectively. Such a difference is interpreted as a
key-factor that may subtend the transition from a controlled social heavy consumption
to a state of clinical alcohol dependence.
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Abstract
The ability to suppress responses that are inappropriate, as well as the mechanisms

monitoring the accuracy of actions in order to compensate for errors, is central to
human behavior. Neural alterations that prevent stopping an inaccurate response,
combined with a decreased ability of error monitoring, are considered to be prominent
features of alcohol abuse. Moreover, (i) alterations of these processes have been
reported in heavy social drinkers (i.e. young healthy individuals who do not yet
exhibit a state of alcohol dependence); and (ii) through longitudinal studies, these
alterations have been shown to underlie subsequent disinhibition that may lead to
future alcohol use disorders. In the present functional magnetic resonance imaging
study, using a contextual Go/No-go task, we investigated whether different neural
networks subtended correct inhibitions and monitoring mechanisms of failed
inhibitory trials in light versus heavy social drinkers. We show that, although
successful inhibition did not lead to significant changes, neural networks involved in
error monitoring are different in light versus heavy drinkers. Thus, while light
drinkers exhibited activations in their right inferior frontal, right middle cingulate and
left superior temporal areas; heavy drinkers exhibited activations in their right
cerebellum, left caudate nucleus, left superior occipital region, and left amygdala.
These data are functionally interpreted as reflecting a “visually-driven emotional
strategy” vs. an “executive-based” neural response to errors in heavy and light
drinkers, respectively. Such a difference is interpreted as a key-factor that may
subtend the transition from a controlled social heavy consumption to a state of clinical

alcohol dependence.
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Go/No-go task; Cognitive control; Error awareness
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1. Introduction

Drug addiction is clearly linked with several deficient cognitive processes
indexed by abnormal neural functioning (reviewed by Rogers and Robbins, 2001). It
is well established that alcohol neurotoxicity from chronic alcohol dependence results
in deleterious effects on the central nervous system, such as brain atrophy or
dysfunction. This is thought to be mainly due to specific neurodegenerative
mechanisms, inducing neuronal loss as well as brain structural and functional
alterations (Crews et al., 2005). Moreover, these brain impairments correlate with the
lifetime dose of ethanol consumed (Nicolas et al., 1997). Aside from these clear-cut
effects induced by long-term heavy consumption, neuroimaging data also suggest that
even minor cognitive restrictions can represent biological predictors of future alcohol
abuse. There is indeed evidence suggesting that baseline decreased activity, or higher
neural resources needed to achieve some specific cognitive functions, can predict
substance use disorder in adolescence (Goldstein et al., 2001). For instance, by
functional magnetic resonance imaging (fMRI) during a Go/No-go task it was shown
youths with a family history of alcoholism displayed less frontal activity during
response inhibition than did controls. This suggests that this altered neural activity
may underlie subsequent disinhibition, potentially leading to future alcohol use
disorders (Schweinsburg et al., 2004). Similarly, through longitudinal Go/No-go fMRI
studies it was shown that future heavy drinkers exhibited less activation of the
inhibitory circuitry (Norman et al., 2011; Wetherill et al., 2013), as well as less
activity during performance monitoring (Smith and Mattick, 2013) before the onset of
heavy drinking, thus suggesting that neural vulnerabilities may exist prior to the onset
of alcohol abuse. These prior brain vulnerabilities are of the highest relevance, as the

initiation of excessive alcohol consumption will, due to substance neurotoxicity, lead
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to additional alterations in brain functioning. All up, this may explain why anomalies
displayed in heavy social drinkers can quickly mirror those observed in alcohol
dependence (Petit et al., 2014 for a review), and why they are associated with an
increased risk of subsequent long-lasting alcohol dependence (Chassin et al., 2002;
Bonomo et al., 2004; Viner and Taylor, 2007). Heavy consumption is, however, not
yet equivalent to dependence. The deficits are either less serious than those observed
in alcoholism or, while they may be detectable by neuroimaging tools, they remain
unexpressed at the behavioural level (reviewed by Hermens et al., 2013). It is
therefore important to emphasize the need for more education in regard to the dangers
of heavy social drinking, and for reconsideration of standard practices used to market
alcohol to young people (Smith and Foxcroft, 2009), in order to avoid the potential of
triggering the transition that leads from an excessive, but “controlled”, consumption to
a state of dependence.

While there have been several fMRI studies to date that have been able to link
heavy social drinking with a decreased performance in various cognitive tasks
(Squeglia et al., 2011, 2012; Xiao et al., 2013), most studies in this regard obtained
evidence of neural differences without any behavioral modification or indexing
compensation mechanisms (Schweinsburg et al., 2010; 2011; Campanella et al.,
2013). This was also true when techniques other than fMRI, such as event-related
potentials, were used (Ehlers et al., 2007; Crego et al., 2009, 2010, 2012; Lopez-
Caneda et al., 2012; Maurage et al., 2009; 2012; Petit et al., 2012). The main aim of
the present fMRI study was to compare the neural networks activated in heavy vs.
light social drinkers (i.e. in healthy participants who do not exhibit an alcohol
dependence) during a Go/No-go task when they perform equal successful and

unsuccessful inhibitions.
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The ability to withhold inadequate responses (e.g., laughing during a funeral)
is central to human behavior. Response inhibition (RI) is considered to be a key
component of executive control, as it refers to the ability to suppress responses that
are no longer required or contextually inappropriate, supporting flexible goal-directed
behavior in ever-changing environments, and allowing individuals to recover from
potentially harmful situations before it is too late (Verbruggen and Logan, 2009).
However, when inhibition fails, registering the unwanted self-generated outcome is
the first step to be able to adjust one’s own actions (Vocat et al., 2008). In this view,
error detection (ED) is among the highest evolved human self-monitoring functions
(Rubia et al., 2003; Ridderinkhof et al., 2004). A vast set of experimental studies has
been devoted to both processes, indicating that a complex neural circuit involving
both cortical (such as the inferior frontal cortex (IFC) and the pre-supplementary
motor area (pre-SMA)) and subcortical regions (e.g. basal ganglia structures) allow
for the successful inhibition of a prepotent motor response (reviewed by Bari and
Robbins, 2013), while the dorsal anterior cingulate cortex (dACC) plays a central role
in signaling the occurrence of conflicts in information processing, thereby triggering
compensatory adjustment mechanisms (reviewed by Botvinick et al., 2004).

Overall, on the one hand, neural alterations to RI prevent stopping of a
prepotent response (e.g. drug consumption). On the other hand, a decreased ability of
ED, also called “error awareness” (Garavan and Stout, 2005), which function is to
lead to optimization of behavioral responses, appeared as a main feature subtending
the continuation of the addictive behavior. Altogether, simultaneous deficits of Rl and
ED may trigger the onset and the persistence of alcohol abuse despite repeatedly
negative consequences (reviewed by Volkow et al., 2004; Luijten et al., 2014).

Moreover, while some studies reported no impact of alcohol-related context on
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correct/failed inhibitions (Nederkoorn et al., 2009; Houben et al., 2012; Mainz et al.,
2012; Petit et al., 2014), others have shown higher commission error rates, as alcohol-
related cues are supposed to grab attention and decrease inhibitory skills (Greeley et
al., 1993; Cox et al., 1999; Herrmann et al., 2001; Noél et al., 2005; Bartholow et al.,
2007; 2010; Stacy and Wiers, 2010). With this in mind, three main questions will be
investigated in the present study. Firstly, we aim to examine how context can
modulate the inhibitory performance of light vs. heavy social drinkers. To achieve this
aim, we used a variant of the Go/No-go task, in which Go and No-go trials were
displayed on long-lasting background contexts (neutral (NC), alcohol-related (AC),
non-alcohol-related (NAC)). Indeed, controlling drinking behavior within long-term
affective situations is often required, and behavioral and neural reactions provoked by
short-duration stimuli are clearly not as intense or complex as those generated by
longer emotional contexts (Carretié et al., 2006; Albert et al., 2010). Such a
“contextual Go/No-go task” has already been used in our laboratory with social
drinkers during an ERP recording (Petit et al., 2012) In that study, behavioral results
disclosed no main group effect, but a marginal significant interaction group x context
(p = 0.082), as heavy drinkers had a similar amount of commission errors
independent of contexts (between 20-22%), while light drinkers exhibited fewer
commission errors in AC than in NAC and NC (15% vs. 18-19%). Interestingly, when
confronted with the same task, recently detoxified alcoholic patients disclosed more
commission errors than matched controls, but independently of the context (mean of
22% vs. 11%) (Petit et al., 2014). Given these contradictory results, we decided to
investigate potential differences in neural networks involved when heavy and light
social drinkers have to perform inhibition on alcohol or non-alcohol related contexts.

Secondly, we expected that, independently of contexts, by controlling for some
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individual personality factors that are well-known to influence inhibitory skills (such
as impulsivity for instance; Noél et al., 2005), heavy and light social drinkers would
perform the task similarly (as in Wetherill et al., 2013). This would allow us to
compare a same amount of successful trials between groups. We hypothesized that
even in the absence of group behavioral differences; heavy drinkers would recruit a
different neural network as compared to light drinkers to achieve successful
inhibitions, as was found to be the case in a previous study of ours when both groups
performed equally well in a short-term verbal memory N-back task (Campanella et
al., 2013). Thirdly, keeping in mind what was said in regard to correct inhibitory
trials, the same logic may be applied to failed trials, as we expected that, for the same
amount of commission errors, light and heavy drinkers will disclose a different neural

network to monitor their errors.

Materials and Methods
Participants

First of all, a general screening of 150 students from the Faculty of
Psychology at the University of Brussels (Belgium) was conducted in order to
ascertain patterns of alcohol consumption. For this purpose, students filled in a
questionnaire assessing their alcohol-drug consumption behavior as well as personal
data and psychological parameters. On the basis of these self-reported data, groups of
participants were defined as detailed below. Exclusion criteria for participants
included major medical issues, conditions relating to impairment of the central
nervous system (including epilepsy and a prior history of brain injury), visual
impairments, and past or current drug consumption (other than alcohol and tobacco

use). Our main objective was to select two groups of participants who only displayed
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differences in terms of their alcohol-drinking pattern (see Table 1 for complete
descriptive data). Since there was a high co-occurrence of excessive drinking and
substance use, such as cannabis and tobacco (Hall, 1970; Campbell et al., 1971),
subjects concurrently consuming cannabis (defined as at least once in the month prior
to the study) were not included. Also, a similar number of participants with a family
history of alcoholism (FHA) (McGue, 1994) were included in the final groups. The
Alcohol Use Disorder Identification Test (AUDIT) was used to evaluate participants
in regard to hazardous drinking, harmful drinking, or alcohol dependence (Saunders et
al., 1993). AUDIT scores were used to include participants in light versus excessive
social drinker groups. Participants were only classified as heavy drinkers if their
score on the AUDIT was equal to or above the cut-off score of 8, which is an
indicator of hazardous drinking (Babor and Higgins-Biddle, 2001), while they were
considered to be light drinkers if they scored a 7 or lower (Field et al., 2008). This
classification was confirmed utilizing the AUDIT-C consumption subscore, which is
defined by three items of the complete 10-items AUDIT instrument, and which can
help identify people who are hazardous drinkers (Bush et al., 1998). The AUDIT-C is
scored on a scale 0-12. A score of 3 for women and 4 for men is considered optimal
for identifying hazardous drinkers; the higher the score, the more likely drinking
pattern affects participants’ safety (Bradley et al., 2003). Participants were also asked
to report the mean number of alcohol doses (one dose corresponding to 10 grams of
pure ethanol) they consumed in a week during the last six months (“In the last six
months, how many drinks do you consume in a week in general?”’). Hazardous
drinking, which can significantly impact public health despite the absence of any bona
fide disorder in the individual users, is defined as a level of alcohol consumption

likely to result in harm to the user or other individuals (Babor et al., 1994).
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In order to ensure that any potential difference in the fMRI data would be due
to alcohol consumption and not to other variables, groups were balanced for right-
handedness (assessed with the Edinburgh scale (Oldfield, 1971)), age, gender, and
level of education (i.e. the number of years of education completed since starting
primary school). Participants were also asked to fill out questionnaires assessing
psychological measures. These were the State-Trait Anxiety Inventory (STAI A and
B) to assess state and trait anxiety (Spielberger et al., 1983); the Liebowitz Social
Anxiety Scale (LSAS) to assess social anxiety (Liebowitz, 1987); the Beck
Depression Inventory (BDI) to assess depression (Beck and Steer, 1987); and the
Urgency Premeditation Perseverance and Sensation seeking impulsive behavior scale
(UPPS; Whiteside et al., 2003), which is a measure of impulsivity as a personality
trait. The UPPS is composed of subscales, one of which describes the difficulty to
restrain behavioral reactions in situations that elicit strong emotions (Urgency) (Cirilli
et al., 2011). The control of all of these variables is important, as young drinkers with
depression, generalized or social anxiety, as well as high impulsivity symptoms have
been shown to be at increased risk of AUD during young adulthood (McKenzie et al.,
2011; Norberg et al., 2011; Henges and Marczinsky, 2012). Therefore, we can
observe that participants of both groups disclosed no difference in terms of these
variables (see Table 1).

Based on these criteria, 40 undergraduate students were selected for the fMRI
study, and they were classified as light (n=20) or heavy social drinkers (n=20). We
obtained informed written consent from the participants after they were fully informed
regarding the nature of the study. The local ethics committee of the Brugmann
Hospital approved the study (“Comité d’Ethique Hospitalier OM 026”). The

participants were instructed to abstain from consuming alcohol 24 hours prior to the
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fMRI sessions, and none of them reported any drinking episodes in the two days prior
to the assessment. Alcohol abstinence before the test was confirmed using Alco-
Sensor |11 breath analyzers Alcometer (Alert J5®, Alcohol Countermeasure Systems
Corp, 2006), and their urine was tested to control for cannabis use
(Tetrahydrocannabinol; Instant-View® MultiDrug Screen Urine Test; Alfa Scientific
Designs, Inc.) in the light as well as in the heavy drinkers. Participants were paid 50
euros for their time.

Among these participants, four were found to have reaction times in response
to Go trials that were too slow (3 s.d. above the mean): they were therefore discarded
from final analyses. Among the remaining 36 participants, two (one in each group)
were identified as ambidextrous (Robinson, 2013): after running SPM analyses
without them, we observed that their inclusion did not affect the laterality of observed
brain activations. Therefore, these 36 participants were included in the final sample
used for the statistical analyses, with 17 and 19 participants in the light and in the
heavy social drinker groups, respectively.

Insert Table 1 about here
The Go/No-go task

Participants were instructed to press a button with the thumb of their right
hand, as fast and as accurately as possible, whenever the letter M (Go) was displayed,
and to withhold pressing the button when the letter W (No-Go) was displayed.
Responses were made on a commercially available MRI compatible keypad system
(FORP; Current Design, Vancouver). Both letters were superimposed on pictorial
backgrounds, denoting three different contexts: the neutral context (NC), represented
by a black screen; the alcohol-related context (AC), represented by someone holding a

glass of beer; and the non-alcohol context (NAC), represented by an empty basket.

10
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Two fMRI recording sessions were performed. During each session, the order of the
three stimulation blocks (NC, AC, and NAC) was similar in Sessions 1 and 2, and this
order was counterbalanced across participants. Each block contained 133 letters,
divided into 93 Go (70%) and 40 No-Go (30%) letters. Go and No-Go letters were
displayed in a semi-random order to avoid the consecutive presentation of two No-Go
letters within each block. Each block started with the presentation of a background
screen (black for NC, or AC or NAC; 500 ms) followed by the letter M or W
appearing on this background screen for 200 ms, subsequently replaced by a return to
the initial background screen for 1,300 ms. Thus, the subjects had up to 1,500 ms to
press the button before the next letter appeared. An interval of 1 minute was taken
between each block during a Session; a five minute interval was allowed between
Sessions 1 and Session 2. Additional details concerning the task can be found in Petit
et al. (2012) (see Figure 1 for illustration).
Insert Figure 1 about here

Procedure
Behavioral statistical analysis

Behavioral data were analyzed with repeated measures (ANOVA). Omission
error rates (i.e. no response in Go trials), commission error rates (i.e. a key press in
No-Go trials), and reaction time (RT) to Go stimuli were analyzed. Simple effects
were explored and interaction sources were systematically examined. The Students’ t-
tests, ANOVA, and Bonferroni’s post-hoc test were used when appropriate. All
analyses were done with SPSS 20®, and the level of significance was set at 0.05.
fMRI data acquisition and image analysis

Data were acquired on a Philips Achieva 3T (Philips HealthCare, Best, the

Netherlands) using a dynamic axial T2*-sensitive gradient-echo (EPI) sequence

11
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(TR=3,000 ms (=dynamic scan time); TE=35 ms; flip angle 90°; FOV 230 (RL) x 230
(AP) mm?; SENSE acceleration factor 2.9; matrix size 76 x 75; acquisition voxel size:
3.03 x 3.03 x 3 mm3). For each dynamic volume, a total of 40 contiguous transverse
slices were acquired in an interleaved order. Each fMRI session included 220 BOLD
volumes and lasted around 12 minutes. Two fMRI sessions were achieved as two
consecutive BOLD scans. Anatomical images were obtained using a sagittal 3D T1-
weighted TFE sequence with an inversion prepulse (TR/TE=9.8/4.6 ms; Tl 1,035 ms;
TFE shot acquisition: 1,950ms; flip angle 8°; FOV: 200 (FH) x 238 (AP) mm?2; matrix
size: 228 x 200; acquisition voxel size: 0.88 x 1.19 x 1.0 mms; total acquisition time
5min35s). The MR scanner was equipped with the Quasar Dual imaging gradients
(maximum amplitude and slew rate: 40mT/m and 200mT/m/ms) and an 8-channel
SENSE head coil.

Functional MRI data were pre-processed and analyzed with SPM8 (Wellcome
Department of Cognitive Neurology, London) implemented in MATLAB 7.8
(Mathworks Inc., Sherbom, MA). All the following steps were based on these main
following references: Holmes et al., 1997; Friston et al., 1998; 2005. The first five
functional volumes in the acquisition were discarded to avoid transient spin saturation
effects. Preprocessing for each individual required that functional images were (i)
corrected for slice acquisition delays, (ii) realigned to the first volume of the first run
to correct for within- and between-run motion, (iii) co-registered with the anatomical
scan, (iv) normalized to the MNI template using an affine fourth degree R-spline
interpolation transformation and a voxel size of 2x2x2mm? after the skull and bones
had been removed with a mask based on the individual anatomical images, and (v)
spatially smoothed using a 8-mm full width at half maximum (FWHM) Gaussian

kernel. All included subjects had less than 4mm of head movement in X, y, or z

12
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directions (a threshold usually reported in fMRI studies literature; e.g., Massat et al.,
2012; Murphy et al., 2012). Additionally, it is also current practice (in order to
minimize the influence of motion artifacts on group comparisons) to conduct a
matching of within scanner movements between groups (e.g., Schillbach et al., 2016).
Therefore, the magnitude of head motion at each time point for translation and
rotation parameters was obtained for each subject in each session, and averaged
within each group. No between-groups difference (p > .05) was evidenced using
either the maximum head motion or the mean head motion measurements, indicating
similar movement patterns during scanning.

Data were analyzed using a mixed-effects model that aimed to show a
stereotypical effect in the population from which the subjects were drawn (Penny and
Holmes, 2003). For each subject, a first-level intra-individual analysis was aimed at
modeling data to partition observed neurophysiological responses into components of
interest, confounds, and error, by using a general linear model (Friston, 2003). For
each subject, evoked hemodynamic responses to each event types were modeled with
a delta (stick) function corresponding to stimulus presentation (with an explicit
duration set to 0) convolved with a canonical hemodynamic response function within
the context of the general linear model (GLM) (e.g., Jacques et al., 2009). Correct and
incorrect responses were modeled separately (e.g., Strange et al., 2005). More
precisely, the regressors of interest were built using stick functions separately
positioned at the onset of each correct No-go trial (correct No-go trials in NC, AC,
NAC) as well as at the onset of all Errors (modeled separately and identified at each
button click for the letter “W”). The errors were considered altogether, independently
of contexts, due to their small rate (average number of 5.6 to 8.4 errors on 40 trials by

context and by session). Movement parameters derived from realignment of the

13
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functional volumes (translations in X, y and z directions and rotations around X, y and
z axes) were included as covariates of no interest in the design matrix. These
regressors were secondarily convolved with the canonical hemodynamic response
function. High-pass filtering was implemented in the matrix design using a cut-off
period of 128 seconds to remove low drift frequencies from the time series. The two
fMRI sessions were modeled separately. Effect of interests were then tested by linear
contrasts, generating statistical parametric maps [SPM(T)]. Here, the contrasts of
interest searched for significant changes in blood oxygen level-dependent (BOLD)
signal associated with correct and incorrect No-go trials (correct No-go trials in NC,
AC, and NAC, and all Errors) in both fMRI sessions. Since no inference was made at
this fixed effect level of analysis, summary statistic images were thresholded at p <
0.95 (uncorrected).  Resulting subject-level contrast images were then spatially
smoothed at 6 mm FWHM Gaussian kernel (Peigneux et al., 2006), and entered in
two separate second-level factorial analyses; one for correct trials (correct trials in
NC, in AC and in NAC) and the other one for failed trials (Errors), in which subjects
were considered as a random effect (RFX). This second smoothing procedure was
performed to increase inter-subject averaging at the group level, taking into account
inter-individual anatomical variability. As parameters estimation, contrasts and
smoothing are all linear operations, smoothing at the second level permits the overall
smoothing kernel to increase in a linear manner. This improves statistical power at the
group level while allowing spatially accurate results at the first level (e.g., Boly et al.,
2007).

Our first two questions concerned correct inhibitory trials. The first one
concerns the impact of different contexts on correct inhibitions, while the second one

refers to the neural activity related to correct inhibitions, independently of contexts.
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Similarly to analyses computed on behavioral results, these two questions could be
investigated through a full factorial design 2 (Light vs. Heavy) x 3 (NC, AC, NAC),
computed to show T-contrasts testing for significant activation changes between
groups, for the main effects of contexts and groups x contexts interactions. A null
conjunction analysis was also computed to identify the brain network commonly
activated when trials were correctly inhibited at the group level (N=36),
independently of context.

Our third question concerned the neural activity related to failed inhibitions,
independently of contexts. Due to the small error rate by context, it was impossible to
carry on the full factorial design 2 (Light vs. Heavy) x 3 (NC, AC, NAC). We hence
computed a one-sample t-test to assess the neural network related to Errors across all
participants (N=36). Two-sample t-tests were then used to compare related activity in
light vs. heavy drinkers.

To conclude, statistical inferences about our three main questions were then
obtained after corrections at the voxel level using Gaussian random field theory
(Worsley, 1996) at p®" < 0.05 corrected for multiple comparisons in the whole brain

volume.

Results
Behavioral data

Three main analyses were performed to analyze this task by way of an analysis
of variance (ANOVA; 3 x 2 mixed factorial design) with ‘Context’ (NC, AC, NAC)
as the within-subject factor and ‘Group’ (light; heavy) as the between-subject factor.

The data are summarized in Table 2.
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Firstly, we checked the speed of response (RTs) in the Go trials. The results
did not reveal a main Group effect (p= 0.831) nor a Group x Context interaction (p=
0.634), but a main effect of Context was observed [F(2,68) =8.607, p= 0.001; eta-
squared = 0.202, observed power = 0.944], suggesting that RTs in the Go trials during
NC blocks were faster than during NAC ones (post hoc Bonferroni t-tests: NC Go vs.
NAC Go: 322 vs. 334 ms, p = 0.002; NC Go vs. AC Go: 322 vs. 330 ms, p= 0.063;
AC Go vs. NAC Go: 330 vs. 334 ms, p = 0.240).

We also examined whether both groups were equivalent in their performance
in terms of responding to Go trials. No significant statistical group effect emerged (p
> 0.175), probably due to a ceiling effect (i.e. a mean performance of 99% correct in
both groups).

The final analysis concerned commission errors, i.e. the rate of inhibition
errors (the key press in No-go trials). A main effect of Context emerged
[F(2,68) =5.679, p= 0.007; eta-squared = 0.143, observed power = 0.813]. Post hoc
Bonferroni t-tests showed that the rate of errors is more substantial in NC compared to
AC (p= 0.003) and NAC (p= 0.042), while AC and NAC did not differ (p=1).
However, the number of errors is not modulated by Group (main group effect:
F(1.34) =1.698, p= 0.201; interaction Group x Context: F(2.68) = 0.379, p= 0.661),
suggesting that the rate of commission errors is similar in light and heavy drinkers,
irrespective of contexts.

Overall, the behavioral data suggested that light and heavy social drinkers
performed the Go/No-go task equally, as indexed by a similar amount of correct
inhibitions as well as of commission errors, irrespective of contexts (see Table 2).
Importantly, hit rates on Go trials did not differ between groups. Indeed, it is well-

known that when participants tend to respond more rapidly, they also tend to exhibit
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decreased accuracy in No-go trials (Jonker et al.,, 2013). In the present study,
however, the absence of group difference on commission errors did not seem to be

due to a “protective” slowing of the RT in Go trials.

Insert Table 2 about here
fMRI data

(1) Is there an effect of context?

We computed a full factorial design 2 (Light vs. Heavy) x 3 (NC, AC, NAC)
analysis. Firstly, we checked for specific activations related to correct No-go trials
when each context was specifically envisaged on the whole sample (N=36). The NC
context involved a widespread neural activity, including bilateral frontal inferior, right
middle temporal regions, right angular and left inferior parietal regions. Activations of
left-lateralized frontal inferior, angular, middle temporal, and frontal superior areas
were disclosed during the AC context. In regard to the NAC context, activity was
shown in bilateral angular regions, in bilateral inferior and left superior frontal areas,
and left inferior temporal regions. When compared through T-contrasts for the whole
sample, these contexts (NC vs. AC-NAC; AC vs. NC-NAC; NAC vs. NC-AC) did not
reveal any supra-threshold results (neither for corrected p < 0.05 nor for uncorrected
p< 0.001; cluster extent > 100). Similarly, looking at between-population differences
for contexts (T-contrasts NC light vs. NC heavy; AC light vs. AC heavy; NAC light
vs. NAC heavy; NC heavy vs. NC light; AC heavy vs. AC light; NAC heavy vs. NAC
light) did not reveal any supra-threshold results (for corrected p < 0.05, as well as for
uncorrected p< 0.001; cluster extent > 100). Lastly, a null conjunction analysis on the

whole sample revealed that, independently of the type of contexts, correct inhibitions
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involve a neural network encompassing left angular and left inferior frontal regions
across all participants (see Table 3 and Figure 2).

Insert Figure 2 and Table 3 about here

(2) Are there any group differences for correct inhibitions?

Based always on the full factorial design, when all correct trials were considered
independently of the context, T-contrast looking at between-group differences (NC-
AC-NAC correct light vs. NC-AC-NAC correct heavy) did not reveal any supra-
threshold results (for corrected p <0.05 as well as for uncorrected p<.001; cluster

extent > 100) for the light or for the heavy drinkers.

(3) Are there any group differences for failed inhibitions?

A one sample t-test on all of the participants (N=36) revealed that, independently
of the type of contexts (as the ratio of errors was too small in separate contexts to
allow for specific analyses), failed inhibitions involve a widely distributed neural
network involving right anterior cingulate, inferior frontal and inferior parietal regions
as well as left superior temporal and angular areas (see Table 4 and Figure 3).
Looking at between-population differences, our two sample t-test analysis disclosed a
network of regions showing an increased BOLD response to failed trials which
differed considerable for the groups. On the one hand, light drinkers displayed higher
BOLD activity in the right inferior frontal, right middle cingulate, and left superior
temporal regions. On the other hand, heavy drinkers exhibited higher BOLD activity

in the left superior occipital, left caudate, left amygdale, and right cerebellum areas.

Insert Figure 3 and Table 4 about here
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Discussion

While there have been a few studies (Squeglia et al., 2011; Squeglia et al.,
2012; Xiao et al., 2013) linking heavy social drinking with decreased performance, as
compared to light drinkers, most studies using ERPs or fMRI found evidence for
neural differences indexing compensation mechanisms, without any behavioral
modification (reviewed by Petit et al., 2014). In the present study, we found that even
though light and heavy drinkers displayed a similar performance level in a visual
Go/No-go task, specific brain activations were detected, mainly for failed inhibitions,
when groups were compared.

A first set of analyses allowed us to check for activations observable in all of
the participants when they achieved correct RI in different contexts (NC, AC, and
NAC). Any supra-threshold significant data were not seen when t-contrasts were
performed between contexts (across all participants) nor when between-group
differences were examined separately for each context. This suggests that, in our
experiment, context is not strong enough to elicit BOLD signal modulation in light
and heavy social drinkers.

A second set of analyses aimed at investigating whether, independently of
context, correct inhibitions can elicit different brain activations in light versus heavy
drinkers. A conjunction analysis revealed that, when they achieved correct inhibitions,
all participants activated their left inferior frontal regions as well as their left angular
gyrus. Activation of the right inferior frontal cortex (rIFC) has been consistently
linked with RI (Aron et al., 2004; Chambers et al., 2009; Bari and Robbins, 2013),
although the involvement of the left IFC has also been reported (Swick et al., 2008),
indicating that sometimes activation has also been observed bilaterally (Menon et al.,

2001; Watanabe et al., 2002; Cai and Leung, 2011). A role for the left angular gyrus
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cannot be directly associated with executive functioning. Rather, the left angular
gyrus is known to be engaged in phonological short-term memory and mathematical
problem solving. Participants may therefore at times have employed a verbally-
mediated calculation strategy to respond to the Go/No-go task, instead of exerting
executive control (Mahmood et al., 2013). Though yet again, light and heavy drinkers
did not elicit different brain regions to achieve correct inhibitions. This could index a
still efficient cognitive control mechanism, that could therefore be envisaged as a
“protective factor against dependence”. Indeed, despite their profile as heavy
consumers of alcohol (i.e. a mean of 12 + 5.6 alcohol doses per week), our
participants cannot be considered as alcohol dependent patients, as suggested by a
mean AUDIT score below the cut-off score of 20 (as AUDIT scores of above 20
clearly warrant further diagnostic evaluation for alcohol dependence; Babor et al.,
1994) and the fact that recently detoxified alcoholic patients who were confronted to a
similar task in our laboratory (Petit et al., 2014) disclosed a mean AUDIT score of
32..

The most important results of the present study were obtained, however, when
failed inhibitions (independently of context) were considered. We were able to show
that all participants activated a widely distributed neural network, involving the
rACC, rIFC, right inferior parietal as well as left angular and left pole temporal
superior (STS) regions, when they commit errors. Aside from activations already
found with correct inhibitions, related to executive control (rIFC) and verbal strategy
(left angular gyrus) processes, specific activations were also revealed across all of the
participants when an error was committed. In this view, rACC activations are
probably the well-documented ones. Indeed, a well-established finding is that the

ACC transiently activates in association with the commission of errors (Botvinick et
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al., 2004), serving as a generic “error detector” (Braver et al., 2001) that may trigger
compensatory adjustment mechanisms necessary to adjust one’s own action (\Vocat et
al., 2008). Among the other activations, the inferior parietal lobe seems to be more
involved in visual-spatial attention (Behrmann et al., 2004), while activation of left
temporal regions has repeatedly been reported to occur in successive discrimination
and temporal comparisons of simple visual attributes, as engaged in our visual Go/No-
go involving the discrimination of letter “M” and “W” (De Zubicaray et al., 2000),
suggesting its implication in selective attention mechanisms (Stevens et al. 2000).
Overall, when the failed inhibitions of all of the participants were considered, the data
of the present study confirmed earlier results suggesting that IFC is a key brain region
responsible for inhibitory motor control; while the mesial prefrontal cortex, including
the ACC, in conjunction with the inferior parietal lobe, form a neural network for
error detection (Rubia et al., 2003; 2005; 2007). Above all, by controlling for
behavioral performance, the main relevance of the present study was that it allowed
for comparison of the neural networks subtending a same amount of correct and failed
inhibitions in light and heavy social drinkers. In this view, while neural differences
between groups for correct inhibitions could not be discerned, the main results of the
present study were in regard to BOLD group differences observed in response to
failed inhibitions, as these differences were highly significant (p corr <0.05, cluster
extent >100). Indeed, compared to heavy drinkers, light drinkers disclosed enhanced
activations in the rIFC, right middle cingulate (rMCC) and the left STS during errors,
while, inversely, heavy drinkers exhibited the most pronounced activations in the left
occipital superior, left amygdale, and left caudate areas, as well as the right
cerebellum. In other words, we observed that, while light and heavy drinkers

committed the same number of errors, the underlying neural networks for these errors
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were entirely different. On the one hand, we were able to document that light drinkers
exhibited activations in regions mediating response inhibition (rIFC; Chambers et al.,
2009), motor response selection (rMCC; Braver et al., 2001) as well as in regions
associated with the prediction of actions based on past actions (left STS; Choudhury
et al., 2006). Indeed, the MCC, corresponding to the rostral cingulate motor area
(Picard and Strick, 1996), is known to undergo enhanced activation during error
processing (Braver et al., 2001; Garavan et al., 2003; Nee et al., 2011), triggering
environmental monitoring and response selection mechanisms (Taylor et al., 2009).
On the other hand, we were able to document that heavy social drinkers exhibited
activations in regions devoted to movement control (as cerebellar activity has been
linked to the processing of error signals that could be used for improving
performance; Ernst et al., 2002), to pro-active slowing (as the function to slow
responses to favor successful no-go trials has been related to the caudate nucleus;
Boelher et al., 2010), to the enhanced visual computing that occurs during inhibitory
control (which engaged left superior occipital regions; Leroux et al., 2006) and to
emotional conflict processing (left amygdala; Etkin et al., 2006).

All together, these data appear to indicate that, while light drinkers disclosed
an “executive-based” neural response to errors (€.g. planning future actions through
RI and motor response selection; “Next time | should not click on W), heavy drinkers

3

are more engaged in a “visually-driven emotional strategy” (e.g. planning future
motor action by enhancing visual processes of the salient stimuli, decreasing hit rate
to Go trials in order to avoid the negative emotion triggered by a failed response; such
as “Oh no, it was not the letter M”). Overall, at the structural level, brain atrophy

associated with chronic alcohol consumption is a common finding, with enlarged

ventricles and sulci as well as generalized loss of volume in cortical gray matter,
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white matter, cerebellum and subcortical structures (e.g., Pfefferbaum et al., 1992).
Longitudinally, deformation-based morphometry confirmed tissue recovery (mainly
in focal parts of the fronto—ponto—cerebellar circuit) in recovering alcoholics who
maintain long-term sobriety (e.g., Cardenas et al., 2007). It is intriguing to wonder
whether these brain abnormalities may have predated drug-taking, rendering
individuals vulnerable for the development of dependence. Abnormalities in fronto-
striatal brain systems implicated in self-control in both stimulant-dependent
individuals and their biological siblings who have no history of chronic drug abuse
have been found and may indicate markers of neural vulnerability for pathological
habits in drug addiction typically resulting in compulsive drug-taking behaviors when
prefrontal control fails to regulate behavior (e.g., Ersche et al., 2012). In addition, the
physiological correlates of the effects of alcohol on the brain have been examined
with a range of techniques, with most suggesting that acute alcohol consumption
results in numerous brain changes, including increases in cerebral blood flow (CBF)
(e.g., Schuckit et al., 1988). CBF increases with alcohol were less prominent in
individuals who required more drinks to experience alcohol-related effects (showing a
low response —LR- to alcohol), this relationship indexing a robust marker of an
enhanced risk for future alcohol problems (e.g., Tolentino et al., 2011). Also, at the
functional level, the role of neural alterations in cognitive control mechanisms
(reviewed by Luijten et al., 2014) as well as of error awareness (Garavan and Stout,
2005) in triggering addictions has become widely accepted. Tasks that are often used
to measure inhibitory control are the go/no-go task and the stop signal reaction time
task (SSRT), a test that measures the ability to stop a response that has already been
initiated thanks to a warning cue (see Goldstein and Volkow, 2011 for a review).

Consuming alcohol is known to impair inhibitory skills as well as error processing, as
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in go/no-go tasks (e.g., Easdon et al., 2005) than in SSRT (e.g., Li et al., 2009). Yet
neural differences in the inhibitory circuitry observable before the initiation of heavy
drinking may, however, predict the onset of substance abuse (Wetherill et al., 2013).
Clearly, the present study did not allow us to determine whether neural differences
observed with failed inhibitions were due to neural predispositions (i.e. present before
the onset of alcohol drinking) and/or to alcohol consumption. However, by comparing
healthy participants engaged in light vs. heavy social drinking habits, our study
appears to indicate that, while the neural network necessary to achieve correct
inhibitions is similar across participants, the neural network subtending commission
errors is completely different in light vs. heavy drinkers. The “rationale-executive”
neural response of light drinkers contrasted with the more “visual-perceptive-
emotional” reaction of heavy drinkers. We suggest that these neural differences
subtending error processing could index an “impaired insight” at the functional level
that may lead patients to deny the severity of their illness, thereby contributing to the
transition to addiction as well as to addiction persistence (Goldstein et al., 2009).
Future longitudinal fMRI studies (comparable to Wetherill and colleagues’ study
(2013)) should be envisaged to investigate whether young social drinkers displaying
this pattern of neural activity to failed inhibitions are actually at a higher risk to
develop long-term alcohol abuse. In this view, participants with low vs. high
responsiveness to alcohol (LR vs. HR groups) should also be taken into account in
further studies. Indeed, for instance, Schuckit and colleagues (2012) showed through a
SSRT that, despite similar group task performance, LR group demonstrated relatively
less, whereas the HR group demonstrated more, error- and inhibition- related BOLD

activations. These data suggest a brain mechanism that may contribute to how a low
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responsiveness to alcohol might enhance the risk for future heavy drinking and
alcohol dependence.

In conclusion, we are fully aware that our study suffers from some limitations.
For instance, the present results have to be cautiously considered due to small sample
size and further studies should involve larger samples in order to test for
reproducibility of our data (Button et al., 2013). Besides including LR and HR
participants, larger samples would also allow investigating for sex influence. Indeed,
(1) men are consistently more than twice as likely as women to report chronic heavy
drinking (e.g. Meyer et al.,2000); and (2) gender differences in regional brain
activation to response inhibition have been highlighted in a fMRI study (Ray Li et al.,
2006), suggesting that, during RI, men activated the motor circuitry while women
appeared to involve visual association or habit learning. It could therefore be highly
relevant to reproduce the current study with higher samples of females and males in
order to investigate for possible sex differences. Another limitation refers to the fact
that some authors prefer to use an extremely difficult situation of inhibitory control in
a challenging stop task by using an algorithm that adjusts the task individually so that
each subject only succeeds in half of all the stop trials, while failing in the other half
(Rubia et al., 2003; 2005; 2007). This allows computation of contrasts between an
equal number of correct and failed inhibitions in order to separate brain activation
related to successful motor response inhibition and to inhibition failure or error
detection (Rubia et al., 2003). In the present study, we used a simpler Go/No-go task
(Criaud and Boulinguez, 2013), which by controlling task accuracy allows the same
number of trials (correct or failed) between groups to be compared. Further studies
should use more complex inhibitory tasks to investigate whether (i) this would affect

the behavioral performances of social drinkers; and (ii) this would have a specific
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impact on the neural network devoted to correct and failed inhibitions. Also, the use
of a more complex task could allow more errors to be triggered, thus allowing
examination of the neural networks devoted to errors in different contexts. Indeed, in
the present study, we reduced error to a unique condition, mainly due to the small
ratio. However, while some studies reported no impact of an alcohol-related context
on correct/failed inhibitions (Nederkoorn et al., 2009; Houben et al., 2012; Mainz et
al., 2012; Petit et al., 2014), others were able to show higher commission error rates,
as alcohol-related cues are supposed to grab attention and decrease inhibitory skills
(Greeley et al., 1993; Cox et al., 1999; Herrmann et al., 2001; Noél et al., 2005;
Bartholow et al., 2007; 2010; Stacy and Wiers, 2010). Moreover, in the present study,
behavioral data showed that a higher rate of commission errors could be seen in NC
compared to AC and NAC in all of the participants, while it could be expected that by
grabbing attention, contextual no-go trials may be more difficult to inhibit. A possible
explanation could be that, due to a better visual contrast of the letters displayed on the
black screen, NC context triggered faster RTs to Go trials and then a higher rate of
commission errors (e.g., Dhar et al., 2011). We therefore suggest that further studies
should use other forms of experimental designs,by adapting the current go/no-go task
(no NC context? individual feedback to speed responses to Go trials?) or by using a
SSRT (e.g.,Verbruggen and Logan, 2008). Indeed, besides classical go and go-go
stimuli, using SSRT would allow by including stop warning signals to investigate for
proactive control strategies (that relies upon the anticipation and prevention of
interference before it occurs) as well as for reactive control strategies (that relies upon
the detection and resolution of interference after its onset). As both can be differently
affected in pathological populations (Aron, 2011; Verbruggen et al., 2012; Pani et al.,

2013), such a design may be particularly well-suited to investigate whether the neural
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networks devoted to correct and failed inhibitions may be modulated by contexts that

may or may not be related to alcohol.

Conclusions

The main finding of the present study is that, even though light and heavy
drinkers exhibited a similar level of performance in a Go/No-go task, they displayed
involvement of very different neural networks to failed inhibitions. Such neural
differences in the absence of behavioral modification are typical findings when heavy
social drinkers are compared to light ones (reviewed by Petit et al., 2014). According
to a ‘functional compensation view’, decreases or absences in activation reflect
deficits in brain function, and the concomitant increases in activation reflect
‘attempted’ or ‘successful’ compensation for these deficits (Pfefferbaum et al., 2001).
Clearly, it remains unclear whether these different activations reflect the recruitment
of different regions and processes indexing different strategies (assuming that regional
process-specificity does not change with alcohol consumption), and/or alterations in
the processes mediated by the recruited regions (as a result of neural plasticity and
regional changes in process-specificity due to alcohol consumption). However, as
clear previous fMRI data indicate that (1) altered inhibitory mechanisms may predict
the future onset of substance abuse (Wetherill et al., 2013), and (2) impaired insight
has a key-role in drug abuse development and persistence, the data obtained in the
present study suggests that the different networks subtending inhibitory errors in light
and heavy drinkers may be considered as vulnerability factors that may subtend the
transition from a controlled heavy consumption behavior to a state of dependence.

Further longitudinal studies designed to test this hypothesis are warranted.
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Figure Captions

Figure 1 — Go/No-Go task. Participants were confronted with 2 sessions of three
blocks of 133 stimuli, divided in 93 Go trials (letter M), and 40 No-Go trials (letter
W). The letters were superimposed on a long-lasting black background (No Context;
NC); a non-alcohol-related background picture (NAC), and an alcohol-related

background picture (AC).

Figure 2 — Through a full-factorial analysis, sagittal views with specific activations for

the whole sample (N=36) were disclosed for each separate context (NC, AC, NAC).
Brain areas activated for both groups across all contexts (null conjunction analysis)

were also displayed (p < .05 corrected; for all x, v, z coordinates details, see Table 3).

Figure 3 — Sagittal and coronal views of bBrain areas activated in response to failed

inhibitory trials in the whole sample (N=36; One Sample t-test) were displayed.

Group differences in brain activations to errors (Light vs. Heavy; Heavy vs. Light)

were highlighted thanks to two-sample t-tests (p < .05 corrected; for all x, vy, z

coordinates details, see Table 4).
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Abstract
The ability to suppress responses that are inappropriate, as well as the mechanisms

monitoring the accuracy of actions in order to compensate for errors, is central to
human behavior. Neural alterations that prevent stopping an inaccurate response,
combined with a decreased ability of error monitoring, are considered to be prominent
features of alcohol abuse. Moreover, (i) alterations of these processes have been
reported in heavy social drinkers (i.e. young healthy individuals who do not yet
exhibit a state of alcohol dependence); and (ii) through longitudinal studies, these
alterations have been shown to underlie subsequent disinhibition that may lead to
future alcohol use disorders. In the present functional magnetic resonance imaging
study, using a contextual Go/No-go task, we investigated whether different neural
networks subtended correct inhibitions and monitoring mechanisms of failed
inhibitory trials in light versus heavy social drinkers. We show that, although
successful inhibition did not lead to significant changes, neural networks involved in
error monitoring are different in light versus heavy drinkers. Thus, while light
drinkers exhibited activations in their right inferior frontal, right middle cingulate and
left superior temporal areas; heavy drinkers exhibited activations in their right
cerebellum, left caudate nucleus, left superior occipital region, and left amygdala.
These data are functionally interpreted as reflecting a “visually-driven emotional
strategy” vs. an “executive-based” neural response to errors in heavy and light
drinkers, respectively. Such a difference is interpreted as a key-factor that may
subtend the transition from a controlled social heavy consumption to a state of clinical

alcohol dependence.

Keywords: Social Drinking; Alcohol; Functional magnetic resonance imaging;

Go/No-go task; Cognitive control; Error awareness
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1. Introduction

Drug addiction is clearly linked with several deficient cognitive processes
indexed by abnormal neural functioning (reviewed by Rogers and Robbins, 2001). It
is well established that alcohol neurotoxicity from chronic alcohol dependence results
in deleterious effects on the central nervous system, such as brain atrophy or
dysfunction. This is thought to be mainly due to specific neurodegenerative
mechanisms, inducing neuronal loss as well as brain structural and functional
alterations (Crews et al., 2005). Moreover, these brain impairments correlate with the
lifetime dose of ethanol consumed (Nicolas et al., 1997). Aside from these clear-cut
effects induced by long-term heavy consumption, neuroimaging data also suggest that
even minor cognitive restrictions can represent biological predictors of future alcohol
abuse. There is indeed evidence suggesting that baseline decreased activity, or higher
neural resources needed to achieve some specific cognitive functions, can predict
substance use disorder in adolescence (Goldstein et al., 2001). For instance, by
functional magnetic resonance imaging (fMRI) during a Go/No-go task it was shown
youths with a family history of alcoholism displayed less frontal activity during
response inhibition than did controls. This suggests that this altered neural activity
may underlie subsequent disinhibition, potentially leading to future alcohol use
disorders (Schweinsburg et al., 2004). Similarly, through longitudinal Go/No-go fMRI
studies it was shown that future heavy drinkers exhibited less activation of the
inhibitory circuitry (Norman et al., 2011; Wetherill et al., 2013), as well as less
activity during performance monitoring (Smith and Mattick, 2013) before the onset of
heavy drinking, thus suggesting that neural vulnerabilities may exist prior to the onset
of alcohol abuse. These prior brain vulnerabilities are of the highest relevance, as the

initiation of excessive alcohol consumption will, due to substance neurotoxicity, lead
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to additional alterations in brain functioning. All up, this may explain why anomalies
displayed in heavy social drinkers can quickly mirror those observed in alcohol
dependence (Petit et al., 2014 for a review), and why they are associated with an
increased risk of subsequent long-lasting alcohol dependence (Chassin et al., 2002;
Bonomo et al., 2004; Viner and Taylor, 2007). Heavy consumption is, however, not
yet equivalent to dependence. The deficits are either less serious than those observed
in alcoholism or, while they may be detectable by neuroimaging tools, they remain
unexpressed at the behavioural level (reviewed by Hermens et al., 2013). It is
therefore important to emphasize the need for more education in regard to the dangers
of heavy social drinking, and for reconsideration of standard practices used to market
alcohol to young people (Smith and Foxcroft, 2009), in order to avoid the potential of
triggering the transition that leads from an excessive, but “controlled”, consumption to
a state of dependence.

While there have been several fMRI studies to date that have been able to link
heavy social drinking with a decreased performance in various cognitive tasks
(Squeglia et al., 2011, 2012; Xiao et al., 2013), most studies in this regard obtained
evidence of neural differences without any behavioral modification or indexing
compensation mechanisms (Schweinsburg et al., 2010; 2011; Campanella et al.,
2013). This was also true when techniques other than fMRI, such as event-related
potentials, were used (Ehlers et al., 2007; Crego et al., 2009, 2010, 2012; Lopez-
Caneda et al., 2012; Maurage et al., 2009; 2012; Petit et al., 2012). The main aim of
the present fMRI study was to compare the neural networks activated in heavy vs.
light social drinkers (i.e. in healthy participants who do not exhibit an alcohol
dependence) during a Go/No-go task when they perform equal successful and

unsuccessful inhibitions.
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The ability to withhold inadequate responses (e.g., laughing during a funeral)
is central to human behavior. Response inhibition (RI) is considered to be a key
component of executive control, as it refers to the ability to suppress responses that
are no longer required or contextually inappropriate, supporting flexible goal-directed
behavior in ever-changing environments, and allowing individuals to recover from
potentially harmful situations before it is too late (Verbruggen and Logan, 2009).
However, when inhibition fails, registering the unwanted self-generated outcome is
the first step to be able to adjust one’s own actions (Vocat et al., 2008). In this view,
error detection (ED) is among the highest evolved human self-monitoring functions
(Rubia et al., 2003; Ridderinkhof et al., 2004). A vast set of experimental studies has
been devoted to both processes, indicating that a complex neural circuit involving
both cortical (such as the inferior frontal cortex (IFC) and the pre-supplementary
motor area (pre-SMA)) and subcortical regions (e.g. basal ganglia structures) allow
for the successful inhibition of a prepotent motor response (reviewed by Bari and
Robbins, 2013), while the dorsal anterior cingulate cortex (dACC) plays a central role
in signaling the occurrence of conflicts in information processing, thereby triggering
compensatory adjustment mechanisms (reviewed by Botvinick et al., 2004).

Overall, on the one hand, neural alterations to RI prevent stopping of a
prepotent response (e.g. drug consumption). On the other hand, a decreased ability of
ED, also called “error awareness” (Garavan and Stout, 2005), which function is to
lead to optimization of behavioral responses, appeared as a main feature subtending
the continuation of the addictive behavior. Altogether, simultaneous deficits of Rl and
ED may trigger the onset and the persistence of alcohol abuse despite repeatedly
negative consequences (reviewed by Volkow et al., 2004; Luijten et al., 2014).

Moreover, while some studies reported no impact of alcohol-related context on
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correct/failed inhibitions (Nederkoorn et al., 2009; Houben et al., 2012; Mainz et al.,
2012; Petit et al., 2014), others have shown higher commission error rates, as alcohol-
related cues are supposed to grab attention and decrease inhibitory skills (Greeley et
al., 1993; Cox et al., 1999; Herrmann et al., 2001; Noél et al., 2005; Bartholow et al.,
2007; 2010; Stacy and Wiers, 2010). With this in mind, three main questions will be
investigated in the present study. Firstly, we aim to examine how context can
modulate the inhibitory performance of light vs. heavy social drinkers. To achieve this
aim, we used a variant of the Go/No-go task, in which Go and No-go trials were
displayed on long-lasting background contexts (neutral (NC), alcohol-related (AC),
non-alcohol-related (NAC)). Indeed, controlling drinking behavior within long-term
affective situations is often required, and behavioral and neural reactions provoked by
short-duration stimuli are clearly not as intense or complex as those generated by
longer emotional contexts (Carretié et al., 2006; Albert et al., 2010). Such a
“contextual Go/No-go task” has already been used in our laboratory with social
drinkers during an ERP recording (Petit et al., 2012) In that study, behavioral results
disclosed no main group effect, but a marginal significant interaction group x context
(p = 0.082), as heavy drinkers had a similar amount of commission errors
independent of contexts (between 20-22%), while light drinkers exhibited fewer
commission errors in AC than in NAC and NC (15% vs. 18-19%). Interestingly, when
confronted with the same task, recently detoxified alcoholic patients disclosed more
commission errors than matched controls, but independently of the context (mean of
22% vs. 11%) (Petit et al., 2014). Given these contradictory results, we decided to
investigate potential differences in neural networks involved when heavy and light
social drinkers have to perform inhibition on alcohol or non-alcohol related contexts.

Secondly, we expected that, independently of contexts, by controlling for some
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individual personality factors that are well-known to influence inhibitory skills (such
as impulsivity for instance; Noél et al., 2005), heavy and light social drinkers would
perform the task similarly (as in Wetherill et al., 2013). This would allow us to
compare a same amount of successful trials between groups. We hypothesized that
even in the absence of group behavioral differences; heavy drinkers would recruit a
different neural network as compared to light drinkers to achieve successful
inhibitions, as was found to be the case in a previous study of ours when both groups
performed equally well in a short-term verbal memory N-back task (Campanella et
al., 2013). Thirdly, keeping in mind what was said in regard to correct inhibitory
trials, the same logic may be applied to failed trials, as we expected that, for the same
amount of commission errors, light and heavy drinkers will disclose a different neural

network to monitor their errors.

Materials and Methods
Participants

First of all, a general screening of 150 students from the Faculty of
Psychology at the University of Brussels (Belgium) was conducted in order to
ascertain patterns of alcohol consumption. For this purpose, students filled in a
questionnaire assessing their alcohol-drug consumption behavior as well as personal
data and psychological parameters. On the basis of these self-reported data, groups of
participants were defined as detailed below. Exclusion criteria for participants
included major medical issues, conditions relating to impairment of the central
nervous system (including epilepsy and a prior history of brain injury), visual
impairments, and past or current drug consumption (other than alcohol and tobacco

use). Our main objective was to select two groups of participants who only displayed
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differences in terms of their alcohol-drinking pattern (see Table 1 for complete
descriptive data). Since there was a high co-occurrence of excessive drinking and
substance use, such as cannabis and tobacco (Hall, 1970; Campbell et al., 1971),
subjects concurrently consuming cannabis (defined as at least once in the month prior
to the study) were not included. Also, a similar number of participants with a family
history of alcoholism (FHA) (McGue, 1994) were included in the final groups. The
Alcohol Use Disorder Identification Test (AUDIT) was used to evaluate participants
in regard to hazardous drinking, harmful drinking, or alcohol dependence (Saunders et
al., 1993). AUDIT scores were used to include participants in light versus excessive
social drinker groups. Participants were only classified as heavy drinkers if their
score on the AUDIT was equal to or above the cut-off score of 8, which is an
indicator of hazardous drinking (Babor and Higgins-Biddle, 2001), while they were
considered to be light drinkers if they scored a 7 or lower (Field et al., 2008). This
classification was confirmed utilizing the AUDIT-C consumption subscore, which is
defined by three items of the complete 10-items AUDIT instrument, and which can
help identify people who are hazardous drinkers (Bush et al., 1998). The AUDIT-C is
scored on a scale 0-12. A score of 3 for women and 4 for men is considered optimal
for identifying hazardous drinkers; the higher the score, the more likely drinking
pattern affects participants’ safety (Bradley et al., 2003). Participants were also asked
to report the mean number of alcohol doses (one dose corresponding to 10 grams of
pure ethanol) they consumed in a week during the last six months (“In the last six
months, how many drinks do you consume in a week in general?”’). Hazardous
drinking, which can significantly impact public health despite the absence of any bona
fide disorder in the individual users, is defined as a level of alcohol consumption

likely to result in harm to the user or other individuals (Babor et al., 1994).
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In order to ensure that any potential difference in the fMRI data would be due
to alcohol consumption and not to other variables, groups were balanced for right-
handedness (assessed with the Edinburgh scale (Oldfield, 1971)), age, gender, and
level of education (i.e. the number of years of education completed since starting
primary school). Participants were also asked to fill out questionnaires assessing
psychological measures. These were the State-Trait Anxiety Inventory (STAI A and
B) to assess state and trait anxiety (Spielberger et al., 1983); the Liebowitz Social
Anxiety Scale (LSAS) to assess social anxiety (Liebowitz, 1987); the Beck
Depression Inventory (BDI) to assess depression (Beck and Steer, 1987); and the
Urgency Premeditation Perseverance and Sensation seeking impulsive behavior scale
(UPPS; Whiteside et al., 2003), which is a measure of impulsivity as a personality
trait. The UPPS is composed of subscales, one of which describes the difficulty to
restrain behavioral reactions in situations that elicit strong emotions (Urgency) (Cirilli
et al., 2011). The control of all of these variables is important, as young drinkers with
depression, generalized or social anxiety, as well as high impulsivity symptoms have
been shown to be at increased risk of AUD during young adulthood (McKenzie et al.,
2011; Norberg et al., 2011; Henges and Marczinsky, 2012). Therefore, we can
observe that participants of both groups disclosed no difference in terms of these
variables (see Table 1).

Based on these criteria, 40 undergraduate students were selected for the fMRI
study, and they were classified as light (n=20) or heavy social drinkers (n=20). We
obtained informed written consent from the participants after they were fully informed
regarding the nature of the study. The local ethics committee of the Brugmann
Hospital approved the study (“Comité d’Ethique Hospitalier OM 026”). The

participants were instructed to abstain from consuming alcohol 24 hours prior to the
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fMRI sessions, and none of them reported any drinking episodes in the two days prior
to the assessment. Alcohol abstinence before the test was confirmed using Alco-
Sensor |11 breath analyzers Alcometer (Alert J5®, Alcohol Countermeasure Systems
Corp, 2006), and their urine was tested to control for cannabis use
(Tetrahydrocannabinol; Instant-View® MultiDrug Screen Urine Test; Alfa Scientific
Designs, Inc.) in the light as well as in the heavy drinkers. Participants were paid 50
euros for their time.

Among these participants, four were found to have reaction times in response
to Go trials that were too slow (3 s.d. above the mean): they were therefore discarded
from final analyses. Among the remaining 36 participants, two (one in each group)
were identified as ambidextrous (Robinson, 2013): after running SPM analyses
without them, we observed that their inclusion did not affect the laterality of observed
brain activations. Therefore, these 36 participants were included in the final sample
used for the statistical analyses, with 17 and 19 participants in the light and in the
heavy social drinker groups, respectively.

Insert Table 1 about here
The Go/No-go task

Participants were instructed to press a button with the thumb of their right
hand, as fast and as accurately as possible, whenever the letter M (Go) was displayed,
and to withhold pressing the button when the letter W (No-Go) was displayed.
Responses were made on a commercially available MRI compatible keypad system
(FORP; Current Design, Vancouver). Both letters were superimposed on pictorial
backgrounds, denoting three different contexts: the neutral context (NC), represented
by a black screen; the alcohol-related context (AC), represented by someone holding a

glass of beer; and the non-alcohol context (NAC), represented by an empty basket.

10
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Two fMRI recording sessions were performed. During each session, the order of the
three stimulation blocks (NC, AC, and NAC) was similar in Sessions 1 and 2, and this
order was counterbalanced across participants. Each block contained 133 letters,
divided into 93 Go (70%) and 40 No-Go (30%) letters. Go and No-Go letters were
displayed in a semi-random order to avoid the consecutive presentation of two No-Go
letters within each block. Each block started with the presentation of a background
screen (black for NC, or AC or NAC; 500 ms) followed by the letter M or W
appearing on this background screen for 200 ms, subsequently replaced by a return to
the initial background screen for 1,300 ms. Thus, the subjects had up to 1,500 ms to
press the button before the next letter appeared. An interval of 1 minute was taken
between each block during a Session; a five minute interval was allowed between
Sessions 1 and Session 2. Additional details concerning the task can be found in Petit
et al. (2012) (see Figure 1 for illustration).
Insert Figure 1 about here

Procedure
Behavioral statistical analysis

Behavioral data were analyzed with repeated measures (ANOVA). Omission
error rates (i.e. no response in Go trials), commission error rates (i.e. a key press in
No-Go trials), and reaction time (RT) to Go stimuli were analyzed. Simple effects
were explored and interaction sources were systematically examined. The Students’ t-
tests, ANOVA, and Bonferroni’s post-hoc test were used when appropriate. All
analyses were done with SPSS 20®, and the level of significance was set at 0.05.
fMRI data acquisition and image analysis

Data were acquired on a Philips Achieva 3T (Philips HealthCare, Best, the

Netherlands) using a dynamic axial T2*-sensitive gradient-echo (EPI) sequence

11
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(TR=3,000 ms (=dynamic scan time); TE=35 ms; flip angle 90°; FOV 230 (RL) x 230
(AP) mm?; SENSE acceleration factor 2.9; matrix size 76 x 75; acquisition voxel size:
3.03 x 3.03 x 3 mm3). For each dynamic volume, a total of 40 contiguous transverse
slices were acquired in an interleaved order. Each fMRI session included 220 BOLD
volumes and lasted around 12 minutes. Two fMRI sessions were achieved as two
consecutive BOLD scans. Anatomical images were obtained using a sagittal 3D T1-
weighted TFE sequence with an inversion prepulse (TR/TE=9.8/4.6 ms; Tl 1,035 ms;
TFE shot acquisition: 1,950ms; flip angle 8°; FOV: 200 (FH) x 238 (AP) mm?2; matrix
size: 228 x 200; acquisition voxel size: 0.88 x 1.19 x 1.0 mms; total acquisition time
5min35s). The MR scanner was equipped with the Quasar Dual imaging gradients
(maximum amplitude and slew rate: 40mT/m and 200mT/m/ms) and an 8-channel
SENSE head coil.

Functional MRI data were pre-processed and analyzed with SPM8 (Wellcome
Department of Cognitive Neurology, London) implemented in MATLAB 7.8
(Mathworks Inc., Sherbom, MA). All the following steps were based on these main
following references: Holmes et al., 1997; Friston et al., 1998; 2005. The first five
functional volumes in the acquisition were discarded to avoid transient spin saturation
effects. Preprocessing for each individual required that functional images were (i)
corrected for slice acquisition delays, (ii) realigned to the first volume of the first run
to correct for within- and between-run motion, (iii) co-registered with the anatomical
scan, (iv) normalized to the MNI template using an affine fourth degree R-spline
interpolation transformation and a voxel size of 2x2x2mm? after the skull and bones
had been removed with a mask based on the individual anatomical images, and (v)
spatially smoothed using a 8-mm full width at half maximum (FWHM) Gaussian

kernel. All included subjects had less than 4mm of head movement in X, y, or z
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directions (a threshold usually reported in fMRI studies literature; e.g., Massat et al.,
2012; Murphy et al., 2012). Additionally, it is also current practice (in order to
minimize the influence of motion artifacts on group comparisons) to conduct a
matching of within scanner movements between groups (e.g., Schillbach et al., 2016).
Therefore, the magnitude of head motion at each time point for translation and
rotation parameters was obtained for each subject in each session, and averaged
within each group. No between-groups difference (p > .05) was evidenced using
either the maximum head motion or the mean head motion measurements, indicating
similar movement patterns during scanning.

Data were analyzed using a mixed-effects model that aimed to show a
stereotypical effect in the population from which the subjects were drawn (Penny and
Holmes, 2003). For each subject, a first-level intra-individual analysis was aimed at
modeling data to partition observed neurophysiological responses into components of
interest, confounds, and error, by using a general linear model (Friston, 2003). For
each subject, evoked hemodynamic responses to each event types were modeled with
a delta (stick) function corresponding to stimulus presentation (with an explicit
duration set to 0) convolved with a canonical hemodynamic response function within
the context of the general linear model (GLM) (e.g., Jacques et al., 2009). Correct and
incorrect responses were modeled separately (e.g., Strange et al., 2005). More
precisely, the regressors of interest were built using stick functions separately
positioned at the onset of each correct No-go trial (correct No-go trials in NC, AC,
NAC) as well as at the onset of all Errors (modeled separately and identified at each
button click for the letter “W”). The errors were considered altogether, independently
of contexts, due to their small rate (average number of 5.6 to 8.4 errors on 40 trials by

context and by session). Movement parameters derived from realignment of the
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functional volumes (translations in X, y and z directions and rotations around X, y and
z axes) were included as covariates of no interest in the design matrix. These
regressors were secondarily convolved with the canonical hemodynamic response
function. High-pass filtering was implemented in the matrix design using a cut-off
period of 128 seconds to remove low drift frequencies from the time series. The two
fMRI sessions were modeled separately. Effect of interests were then tested by linear
contrasts, generating statistical parametric maps [SPM(T)]. Here, the contrasts of
interest searched for significant changes in blood oxygen level-dependent (BOLD)
signal associated with correct and incorrect No-go trials (correct No-go trials in NC,
AC, and NAC, and all Errors) in both fMRI sessions. Since no inference was made at
this fixed effect level of analysis, summary statistic images were thresholded at p <
0.95 (uncorrected).  Resulting subject-level contrast images were then spatially
smoothed at 6 mm FWHM Gaussian kernel (Peigneux et al., 2006), and entered in
two separate second-level factorial analyses; one for correct trials (correct trials in
NC, in AC and in NAC) and the other one for failed trials (Errors), in which subjects
were considered as a random effect (RFX). This second smoothing procedure was
performed to increase inter-subject averaging at the group level, taking into account
inter-individual anatomical variability. As parameters estimation, contrasts and
smoothing are all linear operations, smoothing at the second level permits the overall
smoothing kernel to increase in a linear manner. This improves statistical power at the
group level while allowing spatially accurate results at the first level (e.g., Boly et al.,
2007).

Our first two questions concerned correct inhibitory trials. The first one
concerns the impact of different contexts on correct inhibitions, while the second one

refers to the neural activity related to correct inhibitions, independently of contexts.

14



O©CoO~NOOTA~AWNE

Similarly to analyses computed on behavioral results, these two questions could be
investigated through a full factorial design 2 (Light vs. Heavy) x 3 (NC, AC, NAC),
computed to show T-contrasts testing for significant activation changes between
groups, for the main effects of contexts and groups x contexts interactions. A null
conjunction analysis was also computed to identify the brain network commonly
activated when trials were correctly inhibited at the group level (N=36),
independently of context.

Our third question concerned the neural activity related to failed inhibitions,
independently of contexts. Due to the small error rate by context, it was impossible to
carry on the full factorial design 2 (Light vs. Heavy) x 3 (NC, AC, NAC). We hence
computed a one-sample t-test to assess the neural network related to Errors across all
participants (N=36). Two-sample t-tests were then used to compare related activity in
light vs. heavy drinkers.

To conclude, statistical inferences about our three main questions were then
obtained after corrections at the voxel level using Gaussian random field theory
(Worsley, 1996) at p®" < 0.05 corrected for multiple comparisons in the whole brain

volume.

Results
Behavioral data

Three main analyses were performed to analyze this task by way of an analysis
of variance (ANOVA; 3 x 2 mixed factorial design) with ‘Context’ (NC, AC, NAC)
as the within-subject factor and ‘Group’ (light; heavy) as the between-subject factor.

The data are summarized in Table 2.
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Firstly, we checked the speed of response (RTs) in the Go trials. The results
did not reveal a main Group effect (p= 0.831) nor a Group x Context interaction (p=
0.634), but a main effect of Context was observed [F(2,68) =8.607, p= 0.001; eta-
squared = 0.202, observed power = 0.944], suggesting that RTs in the Go trials during
NC blocks were faster than during NAC ones (post hoc Bonferroni t-tests: NC Go vs.
NAC Go: 322 vs. 334 ms, p = 0.002; NC Go vs. AC Go: 322 vs. 330 ms, p= 0.063;
AC Go vs. NAC Go: 330 vs. 334 ms, p = 0.240).

We also examined whether both groups were equivalent in their performance
in terms of responding to Go trials. No significant statistical group effect emerged (p
> 0.175), probably due to a ceiling effect (i.e. a mean performance of 99% correct in
both groups).

The final analysis concerned commission errors, i.e. the rate of inhibition
errors (the key press in No-go trials). A main effect of Context emerged
[F(2,68) =5.679, p= 0.007; eta-squared = 0.143, observed power = 0.813]. Post hoc
Bonferroni t-tests showed that the rate of errors is more substantial in NC compared to
AC (p= 0.003) and NAC (p= 0.042), while AC and NAC did not differ (p=1).
However, the number of errors is not modulated by Group (main group effect:
F(1.34) =1.698, p= 0.201; interaction Group x Context: F(2.68) = 0.379, p= 0.661),
suggesting that the rate of commission errors is similar in light and heavy drinkers,
irrespective of contexts.

Overall, the behavioral data suggested that light and heavy social drinkers
performed the Go/No-go task equally, as indexed by a similar amount of correct
inhibitions as well as of commission errors, irrespective of contexts (see Table 2).
Importantly, hit rates on Go trials did not differ between groups. Indeed, it is well-

known that when participants tend to respond more rapidly, they also tend to exhibit
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decreased accuracy in No-go trials (Jonker et al.,, 2013). In the present study,
however, the absence of group difference on commission errors did not seem to be

due to a “protective” slowing of the RT in Go trials.

Insert Table 2 about here
fMRI data

(1) Is there an effect of context?

We computed a full factorial design 2 (Light vs. Heavy) x 3 (NC, AC, NAC)
analysis. Firstly, we checked for specific activations related to correct No-go trials
when each context was specifically envisaged on the whole sample (N=36). The NC
context involved a widespread neural activity, including bilateral frontal inferior, right
middle temporal regions, right angular and left inferior parietal regions. Activations of
left-lateralized frontal inferior, angular, middle temporal, and frontal superior areas
were disclosed during the AC context. In regard to the NAC context, activity was
shown in bilateral angular regions, in bilateral inferior and left superior frontal areas,
and left inferior temporal regions. When compared through T-contrasts for the whole
sample, these contexts (NC vs. AC-NAC; AC vs. NC-NAC; NAC vs. NC-AC) did not
reveal any supra-threshold results (neither for corrected p < 0.05 nor for uncorrected
p< 0.001; cluster extent > 100). Similarly, looking at between-population differences
for contexts (T-contrasts NC light vs. NC heavy; AC light vs. AC heavy; NAC light
vs. NAC heavy; NC heavy vs. NC light; AC heavy vs. AC light; NAC heavy vs. NAC
light) did not reveal any supra-threshold results (for corrected p < 0.05, as well as for
uncorrected p< 0.001; cluster extent > 100). Lastly, a null conjunction analysis on the

whole sample revealed that, independently of the type of contexts, correct inhibitions
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involve a neural network encompassing left angular and left inferior frontal regions
across all participants (see Table 3 and Figure 2).

Insert Figure 2 and Table 3 about here

(2) Are there any group differences for correct inhibitions?

Based always on the full factorial design, when all correct trials were considered
independently of the context, T-contrast looking at between-group differences (NC-
AC-NAC correct light vs. NC-AC-NAC correct heavy) did not reveal any supra-
threshold results (for corrected p <0.05 as well as for uncorrected p<.001; cluster

extent > 100) for the light or for the heavy drinkers.

(3) Are there any group differences for failed inhibitions?

A one sample t-test on all of the participants (N=36) revealed that, independently
of the type of contexts (as the ratio of errors was too small in separate contexts to
allow for specific analyses), failed inhibitions involve a widely distributed neural
network involving right anterior cingulate, inferior frontal and inferior parietal regions
as well as left superior temporal and angular areas (see Table 4 and Figure 3).
Looking at between-population differences, our two sample t-test analysis disclosed a
network of regions showing an increased BOLD response to failed trials which
differed considerable for the groups. On the one hand, light drinkers displayed higher
BOLD activity in the right inferior frontal, right middle cingulate, and left superior
temporal regions. On the other hand, heavy drinkers exhibited higher BOLD activity

in the left superior occipital, left caudate, left amygdale, and right cerebellum areas.

Insert Figure 3 and Table 4 about here
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Discussion

While there have been a few studies (Squeglia et al., 2011; Squeglia et al.,
2012; Xiao et al., 2013) linking heavy social drinking with decreased performance, as
compared to light drinkers, most studies using ERPs or fMRI found evidence for
neural differences indexing compensation mechanisms, without any behavioral
modification (reviewed by Petit et al., 2014). In the present study, we found that even
though light and heavy drinkers displayed a similar performance level in a visual
Go/No-go task, specific brain activations were detected, mainly for failed inhibitions,
when groups were compared.

A first set of analyses allowed us to check for activations observable in all of
the participants when they achieved correct RI in different contexts (NC, AC, and
NAC). Any supra-threshold significant data were not seen when t-contrasts were
performed between contexts (across all participants) nor when between-group
differences were examined separately for each context. This suggests that, in our
experiment, context is not strong enough to elicit BOLD signal modulation in light
and heavy social drinkers.

A second set of analyses aimed at investigating whether, independently of
context, correct inhibitions can elicit different brain activations in light versus heavy
drinkers. A conjunction analysis revealed that, when they achieved correct inhibitions,
all participants activated their left inferior frontal regions as well as their left angular
gyrus. Activation of the right inferior frontal cortex (rIFC) has been consistently
linked with RI (Aron et al., 2004; Chambers et al., 2009; Bari and Robbins, 2013),
although the involvement of the left IFC has also been reported (Swick et al., 2008),
indicating that sometimes activation has also been observed bilaterally (Menon et al.,

2001; Watanabe et al., 2002; Cai and Leung, 2011). A role for the left angular gyrus
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cannot be directly associated with executive functioning. Rather, the left angular
gyrus is known to be engaged in phonological short-term memory and mathematical
problem solving. Participants may therefore at times have employed a verbally-
mediated calculation strategy to respond to the Go/No-go task, instead of exerting
executive control (Mahmood et al., 2013). Though yet again, light and heavy drinkers
did not elicit different brain regions to achieve correct inhibitions. This could index a
still efficient cognitive control mechanism, that could therefore be envisaged as a
“protective factor against dependence”. Indeed, despite their profile as heavy
consumers of alcohol (i.e. a mean of 12 + 5.6 alcohol doses per week), our
participants cannot be considered as alcohol dependent patients, as suggested by a
mean AUDIT score below the cut-off score of 20 (as AUDIT scores of above 20
clearly warrant further diagnostic evaluation for alcohol dependence; Babor et al.,
1994) and the fact that recently detoxified alcoholic patients who were confronted to a
similar task in our laboratory (Petit et al., 2014) disclosed a mean AUDIT score of
32..

The most important results of the present study were obtained, however, when
failed inhibitions (independently of context) were considered. We were able to show
that all participants activated a widely distributed neural network, involving the
rACC, rIFC, right inferior parietal as well as left angular and left pole temporal
superior (STS) regions, when they commit errors. Aside from activations already
found with correct inhibitions, related to executive control (rIFC) and verbal strategy
(left angular gyrus) processes, specific activations were also revealed across all of the
participants when an error was committed. In this view, rACC activations are
probably the well-documented ones. Indeed, a well-established finding is that the

ACC transiently activates in association with the commission of errors (Botvinick et
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al., 2004), serving as a generic “error detector” (Braver et al., 2001) that may trigger
compensatory adjustment mechanisms necessary to adjust one’s own action (\Vocat et
al., 2008). Among the other activations, the inferior parietal lobe seems to be more
involved in visual-spatial attention (Behrmann et al., 2004), while activation of left
temporal regions has repeatedly been reported to occur in successive discrimination
and temporal comparisons of simple visual attributes, as engaged in our visual Go/No-
go involving the discrimination of letter “M” and “W” (De Zubicaray et al., 2000),
suggesting its implication in selective attention mechanisms (Stevens et al. 2000).
Overall, when the failed inhibitions of all of the participants were considered, the data
of the present study confirmed earlier results suggesting that IFC is a key brain region
responsible for inhibitory motor control; while the mesial prefrontal cortex, including
the ACC, in conjunction with the inferior parietal lobe, form a neural network for
error detection (Rubia et al., 2003; 2005; 2007). Above all, by controlling for
behavioral performance, the main relevance of the present study was that it allowed
for comparison of the neural networks subtending a same amount of correct and failed
inhibitions in light and heavy social drinkers. In this view, while neural differences
between groups for correct inhibitions could not be discerned, the main results of the
present study were in regard to BOLD group differences observed in response to
failed inhibitions, as these differences were highly significant (p corr <0.05, cluster
extent >100). Indeed, compared to heavy drinkers, light drinkers disclosed enhanced
activations in the rIFC, right middle cingulate (rMCC) and the left STS during errors,
while, inversely, heavy drinkers exhibited the most pronounced activations in the left
occipital superior, left amygdale, and left caudate areas, as well as the right
cerebellum. In other words, we observed that, while light and heavy drinkers

committed the same number of errors, the underlying neural networks for these errors
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were entirely different. On the one hand, we were able to document that light drinkers
exhibited activations in regions mediating response inhibition (rIFC; Chambers et al.,
2009), motor response selection (rMCC; Braver et al., 2001) as well as in regions
associated with the prediction of actions based on past actions (left STS; Choudhury
et al., 2006). Indeed, the MCC, corresponding to the rostral cingulate motor area
(Picard and Strick, 1996), is known to undergo enhanced activation during error
processing (Braver et al., 2001; Garavan et al., 2003; Nee et al., 2011), triggering
environmental monitoring and response selection mechanisms (Taylor et al., 2009).
On the other hand, we were able to document that heavy social drinkers exhibited
activations in regions devoted to movement control (as cerebellar activity has been
linked to the processing of error signals that could be used for improving
performance; Ernst et al., 2002), to pro-active slowing (as the function to slow
responses to favor successful no-go trials has been related to the caudate nucleus;
Boelher et al., 2010), to the enhanced visual computing that occurs during inhibitory
control (which engaged left superior occipital regions; Leroux et al., 2006) and to
emotional conflict processing (left amygdala; Etkin et al., 2006).

All together, these data appear to indicate that, while light drinkers disclosed
an “executive-based” neural response to errors (€.g. planning future actions through
RI and motor response selection; “Next time | should not click on W), heavy drinkers

3

are more engaged in a “visually-driven emotional strategy” (e.g. planning future
motor action by enhancing visual processes of the salient stimuli, decreasing hit rate
to Go trials in order to avoid the negative emotion triggered by a failed response; such
as “Oh no, it was not the letter M”). Overall, at the structural level, brain atrophy

associated with chronic alcohol consumption is a common finding, with enlarged

ventricles and sulci as well as generalized loss of volume in cortical gray matter,
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white matter, cerebellum and subcortical structures (e.g., Pfefferbaum et al., 1992).
Longitudinally, deformation-based morphometry confirmed tissue recovery (mainly
in focal parts of the fronto—ponto—cerebellar circuit) in recovering alcoholics who
maintain long-term sobriety (e.g., Cardenas et al., 2007). It is intriguing to wonder
whether these brain abnormalities may have predated drug-taking, rendering
individuals vulnerable for the development of dependence. Abnormalities in fronto-
striatal brain systems implicated in self-control in both stimulant-dependent
individuals and their biological siblings who have no history of chronic drug abuse
have been found and may indicate markers of neural vulnerability for pathological
habits in drug addiction typically resulting in compulsive drug-taking behaviors when
prefrontal control fails to regulate behavior (e.g., Ersche et al., 2012). In addition, the
physiological correlates of the effects of alcohol on the brain have been examined
with a range of techniques, with most suggesting that acute alcohol consumption
results in numerous brain changes, including increases in cerebral blood flow (CBF)
(e.g., Schuckit et al., 1988). CBF increases with alcohol were less prominent in
individuals who required more drinks to experience alcohol-related effects (showing a
low response —LR- to alcohol), this relationship indexing a robust marker of an
enhanced risk for future alcohol problems (e.g., Tolentino et al., 2011). Also, at the
functional level, the role of neural alterations in cognitive control mechanisms
(reviewed by Luijten et al., 2014) as well as of error awareness (Garavan and Stout,
2005) in triggering addictions has become widely accepted. Tasks that are often used
to measure inhibitory control are the go/no-go task and the stop signal reaction time
task (SSRT), a test that measures the ability to stop a response that has already been
initiated thanks to a warning cue (see Goldstein and Volkow, 2011 for a review).

Consuming alcohol is known to impair inhibitory skills as well as error processing, as
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in go/no-go tasks (e.g., Easdon et al., 2005) than in SSRT (e.g., Li et al., 2009). Yet
neural differences in the inhibitory circuitry observable before the initiation of heavy
drinking may, however, predict the onset of substance abuse (Wetherill et al., 2013).
Clearly, the present study did not allow us to determine whether neural differences
observed with failed inhibitions were due to neural predispositions (i.e. present before
the onset of alcohol drinking) and/or to alcohol consumption. However, by comparing
healthy participants engaged in light vs. heavy social drinking habits, our study
appears to indicate that, while the neural network necessary to achieve correct
inhibitions is similar across participants, the neural network subtending commission
errors is completely different in light vs. heavy drinkers. The “rationale-executive”
neural response of light drinkers contrasted with the more “visual-perceptive-
emotional” reaction of heavy drinkers. We suggest that these neural differences
subtending error processing could index an “impaired insight” at the functional level
that may lead patients to deny the severity of their illness, thereby contributing to the
transition to addiction as well as to addiction persistence (Goldstein et al., 2009).
Future longitudinal fMRI studies (comparable to Wetherill and colleagues’ study
(2013)) should be envisaged to investigate whether young social drinkers displaying
this pattern of neural activity to failed inhibitions are actually at a higher risk to
develop long-term alcohol abuse. In this view, participants with low vs. high
responsiveness to alcohol (LR vs. HR groups) should also be taken into account in
further studies. Indeed, for instance, Schuckit and colleagues (2012) showed through a
SSRT that, despite similar group task performance, LR group demonstrated relatively
less, whereas the HR group demonstrated more, error- and inhibition- related BOLD

activations. These data suggest a brain mechanism that may contribute to how a low
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responsiveness to alcohol might enhance the risk for future heavy drinking and
alcohol dependence.

In conclusion, we are fully aware that our study suffers from some limitations.
For instance, the present results have to be cautiously considered due to small sample
size and further studies should involve larger samples in order to test for
reproducibility of our data (Button et al., 2013). Besides including LR and HR
participants, larger samples would also allow investigating for sex influence. Indeed,
(1) men are consistently more than twice as likely as women to report chronic heavy
drinking (e.g. Meyer et al.,2000); and (2) gender differences in regional brain
activation to response inhibition have been highlighted in a fMRI study (Ray Li et al.,
2006), suggesting that, during RI, men activated the motor circuitry while women
appeared to involve visual association or habit learning. It could therefore be highly
relevant to reproduce the current study with higher samples of females and males in
order to investigate for possible sex differences. Another limitation refers to the fact
that some authors prefer to use an extremely difficult situation of inhibitory control in
a challenging stop task by using an algorithm that adjusts the task individually so that
each subject only succeeds in half of all the stop trials, while failing in the other half
(Rubia et al., 2003; 2005; 2007). This allows computation of contrasts between an
equal number of correct and failed inhibitions in order to separate brain activation
related to successful motor response inhibition and to inhibition failure or error
detection (Rubia et al., 2003). In the present study, we used a simpler Go/No-go task
(Criaud and Boulinguez, 2013), which by controlling task accuracy allows the same
number of trials (correct or failed) between groups to be compared. Further studies
should use more complex inhibitory tasks to investigate whether (i) this would affect

the behavioral performances of social drinkers; and (ii) this would have a specific
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impact on the neural network devoted to correct and failed inhibitions. Also, the use
of a more complex task could allow more errors to be triggered, thus allowing
examination of the neural networks devoted to errors in different contexts. Indeed, in
the present study, we reduced error to a unique condition, mainly due to the small
ratio. However, while some studies reported no impact of an alcohol-related context
on correct/failed inhibitions (Nederkoorn et al., 2009; Houben et al., 2012; Mainz et
al., 2012; Petit et al., 2014), others were able to show higher commission error rates,
as alcohol-related cues are supposed to grab attention and decrease inhibitory skills
(Greeley et al., 1993; Cox et al., 1999; Herrmann et al., 2001; Noél et al., 2005;
Bartholow et al., 2007; 2010; Stacy and Wiers, 2010). Moreover, in the present study,
behavioral data showed that a higher rate of commission errors could be seen in NC
compared to AC and NAC in all of the participants, while it could be expected that by
grabbing attention, contextual no-go trials may be more difficult to inhibit. A possible
explanation could be that, due to a better visual contrast of the letters displayed on the
black screen, NC context triggered faster RTs to Go trials and then a higher rate of
commission errors (e.g., Dhar et al., 2011). We therefore suggest that further studies
should use other forms of experimental designs,by adapting the current go/no-go task
(no NC context? individual feedback to speed responses to Go trials?) or by using a
SSRT (e.g.,Verbruggen and Logan, 2008). Indeed, besides classical go and go-go
stimuli, using SSRT would allow by including stop warning signals to investigate for
proactive control strategies (that relies upon the anticipation and prevention of
interference before it occurs) as well as for reactive control strategies (that relies upon
the detection and resolution of interference after its onset). As both can be differently
affected in pathological populations (Aron, 2011; Verbruggen et al., 2012; Pani et al.,

2013), such a design may be particularly well-suited to investigate whether the neural
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networks devoted to correct and failed inhibitions may be modulated by contexts that

may or may not be related to alcohol.

Conclusions

The main finding of the present study is that, even though light and heavy
drinkers exhibited a similar level of performance in a Go/No-go task, they displayed
involvement of very different neural networks to failed inhibitions. Such neural
differences in the absence of behavioral modification are typical findings when heavy
social drinkers are compared to light ones (reviewed by Petit et al., 2014). According
to a ‘functional compensation view’, decreases or absences in activation reflect
deficits in brain function, and the concomitant increases in activation reflect
‘attempted’ or ‘successful’ compensation for these deficits (Pfefferbaum et al., 2001).
Clearly, it remains unclear whether these different activations reflect the recruitment
of different regions and processes indexing different strategies (assuming that regional
process-specificity does not change with alcohol consumption), and/or alterations in
the processes mediated by the recruited regions (as a result of neural plasticity and
regional changes in process-specificity due to alcohol consumption). However, as
clear previous fMRI data indicate that (1) altered inhibitory mechanisms may predict
the future onset of substance abuse (Wetherill et al., 2013), and (2) impaired insight
has a key-role in drug abuse development and persistence, the data obtained in the
present study suggests that the different networks subtending inhibitory errors in light
and heavy drinkers may be considered as vulnerability factors that may subtend the
transition from a controlled heavy consumption behavior to a state of dependence.

Further longitudinal studies designed to test this hypothesis are warranted.
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Figure Captions

Figure 1 — Go/No-Go task. Participants were confronted with 2 sessions of three
blocks of 133 stimuli, divided in 93 Go trials (letter M), and 40 No-Go trials (letter
W). The letters were superimposed on a long-lasting black background (No Context;
NC); a non-alcohol-related background picture (NAC), and an alcohol-related

background picture (AC).

Figure 2 — Through a full-factorial analysis, sagittal views with specific activations for
the whole sample (N=36) were disclosed for each separate context (NC, AC, NAC).
Brain areas activated for both groups across all contexts (null conjunction analysis)

were also displayed (p < .05 corrected; for all X, y, z coordinates details, see Table 3).

Figure 3 — Sagittal and coronal views of brain areas activated in response to failed
inhibitory trials in the whole sample (N=36; One Sample t-test) were displayed.
Group differences in brain activations to errors (Light vs. Heavy; Heavy vs. Light)
were highlighted thanks to two-sample t-tests (p < .05 corrected; for all x, y, z

coordinates details, see Table 4).
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Light Heavy
drinkers drinkers
(n=17) (n=19)
Gender (3:9) (x3(1) =.071; p =.790) 7:10 7:12
Family history of alcoholism (No:Yes) (y3(1) = .390; p = .532) 14:3 14:5
Age (year) (t (34) =.942; p =.353) 25.8+4.2 24.7+3
Level of education (years) (t (34) =-.275; p =.785) 152+22 154+1.9
Right handedness (Oldfield Inventory) (t (34) = -.536; p = .596) 82.3+24 86 + 13
AUDIT (t (34) = -10.533; p < .001)* 32+22 17+3
AUDIT-C (t (34) =-9.219; p < .001)* 2.9£19 7.8£1.3
Number of alcohol doses per week (t (34) = -7.459, p <.001)* 15+15 12+5.6
BDI (t (34) =-.626; p = .535) 6.3+5.8 75+55
STAI State (t (34) = -.926; p = .361) 452 +£95 479+£7.7
STAI Trait (t (34) =.133; p = .895) 455+11.1 45+10.1
Liebowitz SAS (t (34) =.113; p =.911) 35.4+184 34.7+14.3
UPPS Total (t (34) = .230; p = .820) 105+ 11.9 104+ 12.7
UPPS — Urgency subscale (t (34) = .359; p =.722) 32.9+5 32.2+6
Table 1 - The results are expressed as number, or mean + SD. AUDIT: Alcohol Use Disorder Identification
Test: score of 0 indicate total abstinence, scores from 1 to 7 refer to light drinking, scores starting a 8 define
hazardous drinking while scores from 20 to 40 indexed a possible dependence; BDI: Beck Depression
Inventory: scores between 0 and 4 were used on the BDI to signify absence of depression while people with
scores between 8 and 15 displayed a subclinical level of moderate depression; STAI: State and Trait Anxiety
Inventory: STAI scores group the participants as follows: less than 36: very low; 36-45: low; 46-55: normal;
56-65: high; more than 65: very high.; SAS: Social Anxiety Scale: high social anxiety individuals were defined
as those scoring 65 or more on the SAS and the low social anxiety individuals were defined as those scoring 50
or below on that scale; UPPS: Urgency Premeditation Perseverance and Sensation seeking impulsive behavior
scale: higher scores indicate a higher level of impulsivity, the range for the Urgency subscale being [17-46]. *

Significant results at p < .001.
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Light Heavy
NC AC NAC NC AC NAC
Go RTs (ms) 322 333 335 322 327 334
(30) (29) | (21) (40) (41) | (37)
Go performance:
mean number on 917 | 923 92.4 92.4 92.4 | 92.6
correct tri)asli (score | (1.6) | (1.2) | (0.8) (1.3) (12.6) | (0.8)
on

Commission errors:
mean number of 6.8 5.9 5.6 8.4 7 7.3
failed trials (score | (3.6) | (2.7) | (2.7) 4.7 3.6) | 4.7)

on 40)

Table 2 — Behavioral data: mean correct response time on Go trials, mean number of correct response to Go
trials by session and mean number of commission errors by session (+ SD ) for Light and Heavy drinkers.
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MNI Coordinates Anatomical Area K p(FWE) | Peak Z
(X,V, 7) i(Cluster extent) | -corr score
Correct Inhibitions
NC
48 -60 42 Right Angular Gyrus 825 .002 452
5050 -4 Right Frontal Inferior Cortex 734 .003 4.62
-46 -56 40 Left Parietal Inferior Cortex 550 .012 3.90
62 -26 -2 Right Middle Temporal Gyrus 349 .056 3.89
-44 52 -12 Left Frontal Inferior Cortex 358 .052 4.26
Correct Inhibitions
AC
-50 36 -18 Left Frontal Inferior Cortex 1167 .000 5.56
-50 -66 44 Left Angular Gyrus 857 .001 5.14
-66 -26 -14 Left Middle Temporal Gyrus 428 .029 4.15
-16 56 34 Left Frontal Superior Cortex 356 .053 3.60
Correct Inhibitions
NAC
-40 46 -14 Left Frontal Inferior Cortex 1225 .000 4.92
-4 46 44 Left Frontal Superior Cortex 2840 .000 431
-50 -68 42 Left Angular Gyrus 657 .005 4.54
50 -66 44 Right Angular Gyrus 414 .033 4.01
36 44 -16 Right Front Inferior Cortex 517 .015 4.02
-66 -22 -18 Left Temporal Inferior Cortex 370 .047 5.10
Correct Inhibitions
Conjunction
-50 -68 38 Left Angular Gyrus 423 .031 3.83
-44 52 -12 Left Frontal Inferior Cortex 338 .061 4.26

Table 3 — Brain networks involved in correct inhibitions for the whole sample (N=36). Coordinates X, y, z (mm)
are given in Montreal Neurological Institute (MNI) standard stereotactic space. All results are significant at the

voxel level p < .05 corrected; only those in italics disclosed marginally significant data (p<.061 corrected).
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MNI
Coordinates Anatomical Area K D(FWE) | Peak Z
ACluster extent) -CO¥r score
(X, v, 2)
Failed Inhibitions
43426 Right Anterior-Cingulate Cortex 3926 .000 6.59
48 26 -10 Right Frontal Inferior Cortex 3641 .000 7.22
-44 18 -14 Left Temporal Pole Superior 1785 .000 6.14
58 -42 50 Right Parietal Inferior 990 .001 4.86
-58 -60 32 Left Angular Gyrus 346 .055 3.96
Two-sample t tests
Activations
Light vs. Heavy
5022 -14 Right Frontal Inferior Cortex 883 .001 5.36
-48 18 -16 Left Temporal Pole Superior 696 .002 5.29
83030 Right Middle Cingulate Gyrus 869 .001 4.27
Heavy vs. Light
18 -36 -20 Right Cerebellum 25277 .000 5.40
-26 -92 22 Left Occipital Superior Gyrus 5.34
-144-14 Left Amygdala 2781 .000 5.01
-26 -6 26 Left Caudate Nucleus 290 .072 4.87

Table 4 — Brain networks involved in failed inhibitions. Coordinates X, y, z (mm) are given in Montreal

Neurological Institute (MNI) standard stereotactic space. All results are significant at the voxel level p < .05

corrected; only one in italics disclosed marginally significant data (p<.072 corrected).
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