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Abstract
Rationale Alcohol use appears to decrease executive function
acutely in a dose-dependent manner, and lower baseline exec-
utive function appears to contribute to problematic alcohol
use. However, no studies, to our knowledge, have examined
the relationship between individual differences in working
memory (a subcomponent of executive function) after alcohol
consumption and drinking behaviors and consequences.
Objectives The current study assessed the relationship be-
tween drinking behavior, alcohol-related consequences, and
alcohol-induced changes in working memory (as assessed
by Trail Making Test-B).
Method Participants recruited from the community (n=41),
57.3 % male, mean age 39.2, took part in a three-session, with-
in-subjects, repeated-measures design. Participants were admin-
istered a placebo, 0.4 g/kg, or 0.8 g/kg dose of alcohol. Working
memory, past 30-day alcohol consumption, and consequences
of alcohol use were measured at baseline; working memory was
measured again after each beverage administration.
Results Poorer working memory after alcohol administration
(controlling for baseline working memory) was significantly
associated with a greater number of drinks consumed per
drinking day. Additionally, we observed a significant indirect
relationship between the degree of alcohol-induced working

memory decline and adverse consequences of alcohol use, which
was mediated through greater average drinks per drinking day.
Conclusions It is possible that greater individual susceptibili-
ty to alcohol-induced working memory decline may limit
one’s ability to moderate alcohol consumption as evidenced
by greater drinks per drinking day and that this results in more
adverse consequences of alcohol use.
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Introduction

There are bidirectional associations between executive function,
a higher-order cognitive construct involved in the self-regulation
of goal-directed behavior (Lezak et al. 2012), and alcohol use.
Specifically, alcohol use appears to acutely affect executive
function (e.g., Fillmore and Vogel-Sprott 2006; Duka et al.
2004) in a dose-dependent manner (Guillot 2010), and lower
baseline executive function appears to contribute to problematic
alcohol use (e.g., Finn and Hall 2004; Nigg et al. 2006).

Many studies examining executive function in relation to
alcohol focus specifically on working memory (e.g., Peeters
et al. 2014; Houben et al. 2011; Day et al. 2014), which has
been conceptualized as a sub-component of executive function-
ing associated with updating information (Suchy 2009).
Working memory is particularly relevant for alcohol-related be-
haviors; an individual who initiates a drinking episode with the
intention of stopping after a set number of drinks or foregoing
risks associated with uncontrolled drinking must rely, in part, on
working memory to meet these behavioral goals. This potential
for impaired control over drinking (e.g., Leeman et al. 2012)
may in turn contribute to more alcohol-related problems.
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Despite evidence demonstrating that working memory is
acutely affected by alcohol consumption, studies examining
the relationship between these variables have almost exclu-
sively assessed working memory at a point prior to alcohol
consumption. This is problematic, as it is possible that work-
ing memory may be differentially affected following alcohol
consumption, independent of an individual’s baseline working
memory. Individual differences in alcohol-induced changes of
other executive functions such as impulse inhibition (Weafer
and Fillmore 2008) have been linked to subsequent drinking
behaviors. However, little to no information exists in the lit-
erature on individual differences in working memory follow-
ing alcohol use and how this might affect subsequent behav-
iors. Indeed, it has been noted that there is a dearth of research
examining the ways in which alcohol-induced executive func-
tion impairments might influence drinking as well as other
risky behaviors, such as cigarette smoking, illicit drug use,
driving after drinking, overeating, and risky sexual behavior
(Day et al. 2015). Therefore, gaining a better understanding of
how individuals may differ in terms of alcohol-induced work-
ing memory decline, and how this may relate to alcohol use
behavior, is critical.

The current study examined the relationship between
alcohol-induced declines in working memory performance
and reported alcohol use behavior. Specifically, we examined
changes in working memory performance as measured by
Trail Making Test-B (TMT-B) following three doses of alco-
hol (placebo, low [0.4 g/kg], high [0.8 g/kg]) in relation to
reported drinks consumed per drinking occasion. We hypoth-
esized that poorer working memory after alcohol consumption
(controlling for baseline working memory) would be associ-
ated with greater self-reported drinks per drinking day.
Further, we hypothesized that alcohol-induced changes in pro-
cessing and motor speed (Trail Making Test-A) would not be
associated with self-reported drinking, indicating a specific
effect of working memory change as opposed to other cogni-
tive domains.

We built on this initial hypothesis by examining how the
relationship between alcohol-induced working memory de-
cline and reported drinking behaviors might relate to adverse
consequences of alcohol use. We hypothesized a positive re-
lationship between alcohol-induced working memory decline
and adverse consequences of alcohol use through increased
drinks per drinking day, but not through the number of drink-
ing days. This differential hypothesis was postulated based on
the notion that acute alcohol-induced changes in working
memory should be associated with the number of drinks con-
sumed, as this behavior occurs while alcohol is on board, but
not closely associated with the number of drinking days, as the
decision to engage or not engage in a drinking session most
often occurs while sober (except in rare cases of very heavy
drinkers). Specifically, we posited that greater working mem-
ory impairment following alcohol consumption would be

associated with diminished ability to moderate alcohol use
as evidenced by greater drinks per drinking day and that this
increased alcohol consumption would be associated with
more adverse consequences of alcohol use. It is possible that
this hypothesized directionality is reversed, that is, chronic
heavy drinking may impair one’s cognitive ability after alco-
hol administration. To control for the chronic effects of alco-
hol, we included past alcohol dependence as a covariate.
Additionally, given the previous literature indicating that im-
pulse inhibition may represent another key executive function
relating to negative consequences of alcohol use (e.g., Rose
et al. 2014; Albein-Urios et al. 2012; Weafer and Fillmore
2008; Marczinski et al. 2005), we controlled for trait
impulsivity.

Method

Participants

Full details of procedures used in the current study have been
previously outlined (Kahler et al. 2014), and all procedures
were approved by the Brown University Institutional Review
Board. The current analyses were conducted with a subsample
of individuals who completed executive function tasks. The
parent study examined smoking-related variables; therefore,
all participants were daily smokers. Participants were recruit-
ed from the community and met the following inclusion
criteria: 21–65 years old, use of 10–30 cigarettes daily, carbon
monoxide level >10 ppm, current heavy drinking defined by
≥5 drinks per occasion for men or ≥4 drinks for women, at
least twice a month, and endorsement of no history or inten-
tion to seek alcohol treatment. Exclusion criteria were as fol-
lows: the use of other tobacco or nicotine replacement therapy,
plan to quit smoking within 30 days, inability to abstain from
alcohol for 24 h without significant withdrawal symptoms,
current affective disorder or psychotic symptoms, current
pregnancy or nursing, illicit drug use on more than four occa-
sions in the past month, medical issues or medications contra-
indicated for alcohol consumption, and weight greater than
250 lbs.

The current sample included (N=41) participants with an
average age of 39.2 (SD=10.84), and 57.3 % were male.
Participants drank on 53.1 % of the 60 days prior to baseline,
averaging 6.0 (SD=2.5) drinks per drinking day, and 67 %
had history of alcohol dependence (no participants met the
criteria for current alcohol dependence).

Procedure

A repeated-measures design included three counter-
balanced sessions (mean days between=9.23) (SD=
2.13), in which participants received placebo (trace
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alcohol), 0.4 g/kg, and 0.8 g/kg dose of alcohol. Dose was
adjusted for weight and sex (women received 90 % of the
alcohol dose received by men). In line with the methods
used in prior research to control the effects of nicotine in
alcohol challenge designs (King et al. 2014), participants
smoked ad lib prior to the laboratory session and then
smoked in the laboratory exactly 3 h before beverage
administration. Nicotine withdrawal symptoms did not
differ across testing sessions. Participants refrained from
alcohol use for 24 h prior to testing, and 0.000 breath
alcohol concentration (BrAC) was confirmed via Alco-
Sensor IV (Intoximeters Inc., St. Louis, MO, USA).
Participants ate a standardized light meal in the laboratory
3 h prior to beverage consumption. In all conditions, the
beverage was divided into three glasses in equal-sized
portions; each drink was consumed within 5 min for a
total of 15 min. Working memory (TMT-B) and process-
ing and motor speed (TMT-A) were assessed at baseline
on the first testing day and 20 min after initiation of bev-
erage consumption in each condition. The mean BrAC
reading assessed after administration (within 5 min of
completion) of the Trail Making Test was 0.035 (SD=
0.003) for the low alcohol condition and 0.079 (SD=
0.021) for the high alcohol condition, and TMT A/B took
about 5 min to complete.

Measures

Working memory was assessed with the TMT-B (Sánchez-
Cubillo et al. 2009) portion of the Trail Making Test, process-
ing and motor speed was assessed with the TMT-A portion of
the Trail Making Test (TMT; Reitan and Wolfson 1995).
Alcohol-induced working memory change was calculated by
subtracting TMT-B after drink administration in each session
from baseline TMT-B. Alternate versions of TMT were used
at each session in order to decrease the likelihood of practice
effects (Wagner et al. 2011). T-scores (Weaver et al. 2002;
Reitan and Wolfson 1995) adjusted for age, gender, and edu-
cation were used. The Timeline Followback Interview (28)
was used to assess past 60-day alcohol use (Sobell and
Sobell 1996), which was used to calculate drinks per drinking
day and number of drinking days. The Short Inventory of
Problems (SIP; Miller et al. 2005) was used to assess ad-
verse consequences of alcohol use including problems relat-
ed to health, mood, work, finance, and relationships. Current
and past alcohol dependence was determined with the
Structured Clinical Interview for DSM-IV Non-Patient
Edition (First et al. 1995). Self-reported impulsivity was
assessed via the UPPS Impulsive Behavior Scale which de-
rives an overall impulsive behavior score from four factors:
urgency, premeditation, perseverance, and sensation seeking
(UPPS; Whiteside et al. 2001).

Analytic strategy

The first hypothesis, that working memory performance
(TMT-B) after alcohol consumption would be associated with
drinks per drinking day, was tested utilizing generalized esti-
mating equations (GEE) to examine changes in working
memory across beverage condition, with a normal distribution
specified, along with an exchangeable working correlation
matrix. The independent variables for the model were condi-
tion [within-subjects effect: placebo, low, or high alcohol,
dummy coded with placebo as the reference group] and self-
reported drinks per drinking day [between-subjects effect:
(drinks coded as a linear effect)], as well as the two-way in-
teraction (condition by drinks per drinking day). Baseline
working memory was included as a covariate. In order to
determine if the observed effects were due to performance in
working memory versus general impairment in cognitive per-
formance after alcohol administration, we repeated the same
model with a separate measure of cognitive performance
(TMT-A) in place of our measure of working memory
(TMT-B).

Following the GEE analyses, we tested whether change
in working memory after alcohol consumption had signifi-
cant direct and indirect effects on adverse consequences of
alcohol use. Specifically, mediation analysis using
bootstrapping with replacement (Preacher and Hayes 2008)
was utilized in order to estimate the indirect effects of
alcohol-induced working memory decline (as measured by
TMT-B) on adverse consequences of alcohol (as measured
by SIP total score) use via drinks per drinking day and
number of drinking days (as measured by the TLFB), set
as independent mediators. In this analysis, working memory
decline score was calculated by subtracting the placebo con-
dition working memory score from the working memory
score measured after the high alcohol dose condition.
Bivariate associations between variables identified as rele-
vant in the extant literature and key outcome variables were
examined; baseline working memory, past alcohol depen-
dence, and impulsive behavior were included as covariates.
Notably, subjective effects of intoxication was examined but
omitted from subsequent analyses due to non-significant as-
sociations with variables of interest. Bias-corrected
bootstrapping with 1000 bootstrap samples was chosen for
its ability to maximize the power to detect mediation (Fritz
and MacKinnon 2007; Hayes and Scharkow 2013; Preacher
and Hayes 2008). Mediation analyses were conducted using
the SPSS PROCESS macro with bootstrapping which allows
for non-normality (Preacher and Hayes 2008). This model-
ing technique estimates simultaneous regression analyses
and generates confidence intervals that correct for bias in
estimating the indirect effects. An indirect effect is deter-
mined to be statistically significant if the confidence interval
does not contain zero.
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Results

Preliminary analyses

Baseline working memory was not associated with drinks per
drinking day, age, or past alcohol dependence. As detailed in
Day et al. (2015), participants performed more poorly on
TMT-B after the high dose of alcohol (B=−3.42, p=0.01)
compared to placebo, but not after the low dose versus
placebo.

Experimental analyses

Controlling for baseline working memory, the interaction be-
tween beverage condition and drinks per drinking day was
significantly associated with change in working memory (as
measured by TMT-B), B=−0.691, SE=0.3032, 95 % CI=
1.285, 0.097, p=0.023. Simple slope analysis indicated that
lower working memory score in the high alcohol dose condi-
tion compared to placebo was associated with greater number
of drinks per drinking day (1 SD above mean); B=−4.807,
SE=1.645, 95 % CI=−8.032, −1.581, p=0.003 (see
Table 1). This effect was not significant in the low-dose alco-
hol condition. The interaction between beverage condition
and drinks per drinking day was not associated with change
in TMT-A performance, B=−0.168, SE=0.3173, 95 % CI=
−0.790, 0.454, p=0.597.

Mediation analyses

Next, we examined the indirect effects of alcohol-induced
working memory decline on adverse consequences of al-
cohol use through reported drinking behaviors, controlling
for the effects of baseline working memory, past alcohol
dependence, and trait impulsivity. Consistent with our hy-
potheses, drinks per drinking day was a significant medi-
ator of the relationship between alcohol-induced working
memory decline (baseline minus working memory after
high alcohol dose) and adverse effects of alcohol (indirect
effect=0.025, SE=0.02; 95 % CI [0.0007, 0.1046]).
Greater declines in working memory after alcohol con-
sumption were associated with increased drinks per drink-
ing day, which, in turn, was associated with increased
adverse consequences of alcohol use. In order to examine
the possibility that these effects were associated with alco-
hol consumption in general rather than acute effects of
alcohol, we also included the number of drinking days
in the past month as a mediator in the model; drinking
days was not a significant mediator of the relationship
between alcohol-induced working memory decline and ad-
verse consequences of alcohol use (see Fig. 1).

Discussion

This study reports the first observed association, to our knowl-
edge, between alcohol-induced changes in working memory
performance, as assessed by TMT-B, and reported drinking
behaviors. We followed this observation with an examination
of the relationship between alcohol-induced working memory
decline and adverse consequences of alcohol use through re-
ported drinking behaviors. A significant indirect effect indi-
cated that the relationship between greater alcohol-induced
working memory decline and adverse consequences of alco-
hol use was mediated by drinks per drinking day, even when
controlling for baseline working memory, alcohol depen-
dence, and trait impulsivity. Additionally, we found that the
number of drinking days was not a significant mediator of the
relationship, consistent with our expectations.

These results expand the literature by demonstrating a link
between individual differences in changes inworkingmemory
after alcohol consumption and alcohol use behaviors and con-
sequences; previous studies have examined only baseline
working memory in relation to behaviors and consequences.
These results are in line with previous reports indicating an
association between individual differences in alcohol-induced
changes in response inhibition and drinking behaviors
(Weafer and Fillmore 2008). It is important to note that the
observed impairment in workingmemory only occurred in the
high alcohol dose condition. It appears as though working
memory in adult heavy drinkers is relatively unaffected at a
lower dose (0.4 g/kg) of alcohol and that only changes in
working memory after a higher dose relate to reported drink-
ing behaviors and adverse consequences of drinking outside
of the laboratory in this population. Taken together, these
studies highlight the importance of examining individual dif-
ferences in executive function after alcohol consumption rath-
er than focusing on the effects of baseline executive function-
ing alone on subsequent alcohol use behaviors.

Furthermore, the current study separated the effects of
drinks per drinking day and number of drinking days on ad-
verse consequences of alcohol use. Examining these effects
individually may provide useful information for selecting in-
dividualized interventions, as well as intervention develop-
ment. Recent research has demonstrated that enhancing exec-
utive function through interventions such as working memory
training results in decreased alcohol consumption (Houben
et al. 2011). However, it is unclear if this decreased alcohol
consumption occurs through decreased drinks per drinking
occasion or decreased drinking occasions. This is an important
distinction; working memory training might affect one’s abil-
ity to make decisions while sober but may not protect individ-
uals with a neuropharmacological predisposition toward
alcohol-induced working memory decline. Moreover, it is
possible that working memory performance after alcohol use
may be a better indicator of the potential for problems related
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to the inability moderate alcohol consumption once initiated,
whereas baseline working memory performance may be a
better indicator of the potential for problems related to the
decision to engage or not engage in a drinking session.
Examining interventions such as working memory training
as well as other intervention’s ability to curb alcohol-
induced working memory decline may be important in mod-
erating drinks per drinking occasion—a variable intimately
linked with the dangerous consequences of alcohol use.

Several important limitations apply to the current study.
Due to the controlled laboratory environment, our findings
on alcohol-induced changes in working memorymay not gen-
eralize to natural drinking environments. It is also important to
note that TMT-B may not be measuring working memory
exclusively. TMT-B has been documented as measuring sev-
eral specific constructs including attentional set shifting, cog-
nitive control, and working memory (Langenecker et al.
2007). However, studies examining the constructs measured
by TMT-B have found that performance on a separate task of
working memory (when compared to other tasks of executive

function) accounted for the greatest proportion of variance in
TMT-B performance (Sanchez-Cubillo et al., 2009), and this
is consistent with other reports (e.g., Crowe 1998). Thus,
while TMT-B has been used to measure several different cog-
nitive constructs in the past, based on the evidence suggesting
that the construct referred to as working memory accounts for
the most variance in TMT-B, we used the term working mem-
ory for the purposes of the current study. Future studies might
examine the extent to which other tasks of executive function
(e.g., response inhibition, set-shifting) are impaired after alco-
hol use and how this might affect drinking behaviors. In ad-
dition, a third variable (e.g., genetics, family history) may
contribute to both drinking more drinks per occasion and
alcohol-induced working memory decline. The current study
was conducted in a group of individuals who smoked between
10 and 30 cigarettes per day; it is possible that these results
may not generalize to individuals who do not smoke regularly.
Additionally, it is important to note that we cannot infer direc-
tionality in the current study. It is possible that individuals who
drink more on drinking days may have incurred more accu-
mulative neurodysregulating effects from these chronic re-
peated episodes of heavy alcohol consumption, which could
make them more sensitive to acute alcohol-induced working
memory decline. While the current study attempted to control
for these effects by including past alcohol dependence as a
covariate, the lack of prospective data precludes inference of
direct causality. Lastly, the current sample consisted of heavy
drinking adults with an average age of 39.2 years, most of
whom (67 %) have a history of alcohol dependence; it is
possible that a younger sample with less history of alcohol
use may produce different results. Thus, these findings set
the stage for the next set of studies that could explore the
mechanisms by which alcohol’s acute effects on executive
functioning contribute to different types of alcohol-related
consequences.

Future studies might examine these effects in vivo using
ecological momentary assessment to evaluate whether alco-
hol’s acute effects on executive function influence later

Table 1 Effects of alcohol dose
and drinks per drinking day on
working memory performance

Parameter B Std. error Lower Upper p value
(95 % Wald CI) (95 % Wald CI)

Intercept 17.950 7.1072 4.020 31.880 0.012

Placebo vs. low-dose alcohol −1.624 1.4513 −4.468 1.221 0.263

Placebo vs. high-dose alcohol −4.816 1.6477 −8.046 −1.587 0.003

Baseline working memory 0.748 0.1084 0.536 0.961 0.000

Drinks per drinking day 0.562 0.2077 0.155 0.969 0.053

Low dose×drinks (1 SD above) −0.256 0.2866 −0.818 0.306 0.372

High dose×drinks (1 SD above) −0.691 0.3032 −1.285 −0.097 0.023

Dependent variable=working memory score (TMT-B standardized). Interaction terms are dummy coded with
placebo as the reference group. Negative coefficients represent a decrease in working memory as compared to the
reference group

Fig. 1 Dual mediator model of the relationship between alcohol-induced
working memory decline and adverse consequences of alcohol use
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choices to engage in risky or aggressive behavior. Future
laboratory-based studies may examine changes in working
memory after alcohol consumption on subsequent drinks con-
sumed in an alcohol self-administration paradigm (O’Malley
2002), in order to more directly assess causality in the
relationship.
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