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Background: Alcohol use disorder (AUD) is associated with cognitive deficits such as impaired
executive functions, which are hypothesized to contribute to the progression of the disease and worsen
treatment outcome. Training of working memory (WM) to improve cognitive functions and thereby
reduce alcohol use has been proposed as a novel treatment strategy.

Methods: Patients with AUD (n = 50) who were recruited to an outpatient addiction clinic were
randomized to receive 5 weeks of active WM training or control training. Participants had weekly fol-
low-up visits, and all cognitive training sessions were done online at home. Primary outcomes were
WM function and change in self-reported heavy drinking. Secondary outcomes were craving, other
drinking outcomes, and performance on a range of neuropsychological tasks from the Cambridge Neu-
ropsychological Test Automated Battery.

Results: The active training group demonstrated a significantly greater improvement in verbal WM
compared with the control group. No statistically significant effect of training was found on the primary
drinking outcome, but a trend was observed indicating that WM training reduces the number of drinks
per drinking occasion. WM training had no statistically significant effect on any of the other neuropsy-
chological tasks.

Conclusions: Cognitive training can improve WM function in individuals with AUD, suggesting
that such interventions are feasible to administer in this patient population. The results do not support
an effect of WM training on heavy drinking or transfer effects to other cognitive domains. Future stud-
ies should evaluate WM training as an adjunct to evidence-based treatments for AUD to assess poten-
tial synergistic effects.
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INDIVIDUALS WITH ALCOHOL use disorder (AUD)
repeatedly choose actions that are obviously disadvanta-

geous. An inability to control drinking, repeatedly relapsing,
and continued drinking despite negative physical, psycholo-
gical, and social consequences are not only the diagnostic cri-
teria of the disorder (American Psychiatric Association,
2013), but may also be evidence of a disrupted ability to
make rational decisions. This is in part explained by the fact

that patients with AUD exhibit impairments across a wide
range of cognitive domains (Stavro et al., 2013). It has been
suggested that a novel strategy in the treatment of substance
use disorders (SUDs) could be to reduce substance use via
improvement in cognitive dysfunction, either through phar-
macological (Sofuoglu, 2010) or behavioral interventions
such as cognitive training (Bickel et al., 2014).
Executive functions (EFs) refer to several cognitive func-

tions that allow individuals to self-regulate their behavior
and select appropriate actions in accordance with their long-
term goals (Diamond, 2013; Hofmann et al., 2012; Jurado
and Rosselli, 2007). Working memory (WM), defined as the
ability to maintain and manipulate information during a
brief period of time, is a critical EF necessary for higher
order self-regulation and decision making (Hofmann et al.,
2012). There are several different theoretical models of WM,
but one of the most influential models proposes that WM
involves a central executive and 2 storage systems: the verbal
WM (e.g., repeating a number sequence read aloud) and the
visuospatial WM (e.g., remembering details/location of visual
cues presented briefly on a screen; for more details, see Bad-
deley, 2003). Several lines of research have shown that AUD
is associated with impairments in EF (for review, see Le
Berre et al., 2017), including inhibition (Bjork et al., 2004;
Finn et al., 2002; Lawrence et al., 2009a; Le Berre et al.,
2012; No€el et al., 2012; Nowakowska-Domagała et al.,
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2017), WM (Chanraud et al., 2007; Lawrence et al., 2009b;
Martelli et al., 2017), cognitive flexibility (Goudriaan et al.,
2006; No€el et al., 2012; Nowakowska-Domagała et al.,
2017), and more rapid discounting of future rewards (Bjork
et al., 2004; Petry, 2001). These impairments in EF in AUD
manifest as increased impulsive behavior (i.e., a propensity
for inappropriate behavior without regard for future conse-
quences; Dick et al., 2010; Verdejo-Garc�ıa et al., 2008; de
Wit, 2009). Several studies have also highlighted an associa-
tion between alcohol intake, WM dysfunction, and impulsive
behavior. In laboratory experimental settings, lower WM
function predicts impulsive choices (Hinson et al., 2003) and
is associated with greater alcohol-induced increase in impul-
sive behavior (Finn et al., 1999). Furthermore, lower baseline
WM capacity predicts alcohol use in adolescents, an associa-
tion that was mediated by impulsivity (Khurana et al., 2013).
Improvement in EF through WM training, and thereby
strengthening impulse control, has therefore been proposed
as a novel treatment strategy in the treatment of AUD
(Bickel et al., 2014; Verdejo-Garcia, 2016).

Computerized WM training has been shown to improve
WM function in healthy volunteers (Dahlin et al., 2008; Li
et al., 2008) as well as in patient populations such as stroke
patients (Westerberg et al., 2007) and children with atten-
tion-deficit/hyperactivity disorder (Klingberg et al., 2002,
2005). Furthermore, previous studies have found that WM
training can induce improvement in other cognitive func-
tions, and the most consistent finding is a decrease in inatten-
tive symptoms (Bigorra et al., 2016; Brehmer et al., 2009;
Conklin et al., 2015; Green et al., 2012; Klingberg et al.,
2005). The hypothesis is based on the notion that WM is a
fundamental capacity subservicing other cognitive functions,
which therefore should improve if WM capacity increases. In
recent years, studies have started to investigate the effect of
WM training in different substance abuse populations. WM
training in stimulant-dependent individuals resulted in
reduced discounting rates of future rewards, even though
actual WM function did not seem to be improved by the
training (Bickel et al., 2011). In a study of patients on metha-
done maintenance, WM training improved performance on
WM tasks similar to trained tasks, and drug use remained
unchanged in the treatment group while increasing in the
control group (Rass et al., 2015). In heavy drinking partici-
pants recruited and tested online, training improved WM
and reduced drinking (Houben et al., 2011). Recently, it was
also shown that WM training improved impulse control in
patients with methamphetamine use disorder (Brooks et al.,
2017). Finally, in a recent study of alcohol-dependent
patients, Snider and colleagues (2018) found that WM train-
ing improved WM as well as delay discounting task of episo-
dic future thinking in a rate-dependent manner (i.e., only in
those with greatest impairments at baseline) (Snider et al.,
2018). Taken together, previous studies of WM training in
SUD populations have shown mixed results, with some pre-
liminary findings indicating an effect on WM function, sub-
stance use, and impulsive behavior. However, to our

knowledge, no previous study has investigated the effects of
WM training in patients with AUD.

The aim of the current study was to investigate the feasibil-
ity and efficacy of 5 consecutive weeks of computerized WM
training on WM function and drinking in AUD patients.
Furthermore, we wanted to investigate whether the hypothe-
sized improvement in WM could induce transfer effects, that
is, improvements in other EF related to impulsive behavior
(e.g., response inhibition and risk taking), which was hypoth-
esized to mediate the putative treatment effect on drinking
behavior.

MATERIALS ANDMETHODS

Participants

Fifty patients with AUD currently not in any form of SUD treat-
ment were recruited through public advertising. After an initial tele-
phone screening, potential participants were invited to the
Stockholm Centre for Dependence Disorders outpatient research
clinic, where the study was performed. The study physician pro-
vided each participant with detailed information regarding the study
procedure before written informed consent was collected. The study
was approved by the regional ethical review board in Stockholm,
was independently monitored by the Karolinska Trial Alliance
(https://karolinskatrialalliance.se/), and was conducted in accor-
dance with the Declaration of Helsinki.

Inclusion and Exclusion Criteria

The main inclusion criteria were as follows: male or female with
18 to 60 years of age; a minimum of 9 years of education; fulfilling
the DSM-IV criteria for alcohol dependence; and having access to a
home computer with an Internet connection. The main exclusion
criteria were as follows: fulfilling DSM-IV criteria for current diag-
nosis of abuse or dependence other than alcohol (except nicotine);
fulfilling DSM-IV criteria for any major psychiatric disorder (e.g.,
bipolar disorder, schizophrenia, or severe major depression); current
suicidal ideation; severe somatic illness; and regular intake of psy-
chotropic medications over the last 3 months, with the exception of
selective serotonin re-uptake inhibitors for current anxiety or
depressive disorders currently in remission. See Supplementary
Information for a detailed description of all the inclusion and exclu-
sion criteria.

Study Design

The study employed a randomized, controlled, double-blind
design. Patients were randomized (1:1 allocation ratio) to
5 weeks of active WM training or control training. An external
monitor from the Karolinska Trial Alliance created the ran-
domization list together with Cogmed� without any involve-
ment of any research staff. Each participant was asked to
perform 5 training sessions per week, and the goal was to com-
plete 25 training sessions in total. Participants were informed
that they would earn 50 Swedish crowns ($5.75 USD) for each
completed training session, but would receive compensation
only if they completed at least 20 training sessions and the
final test day. Included participants completed a baseline bat-
tery of neuropsychological tests at the clinic and thereafter
returned on a weekly basis to report drinking, craving, and
mood. The trial ended with a test day at the research clinic,
which comprised end-of-study neuropsychological testing and
compensation for participation. All participants were offered
referral for treatment at Stockholm Center for Dependency
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Disorder clinics. The primary outcome measures were heavy
drinking and performance on Digit Span and Spatial Working
Memory (SWM) tasks (see descriptions following).

Working Memory Training

The current study used Cogmed� software research version,
which has been used in several previous studies (Klingberg et al.,
2005; Rass et al., 2015) and consists of 12 different exercises of ver-
bal and visuospatial WM. Each training session was composed of 8
exercises, of which 3 were present in all first 20 sessions, and the
other 5 varied across sessions. The exercises performed at each of
the first 20 sessions were grid, cube (remember sequences of visual
stimuli on a grid and cube, respectively), and numbers (remember
sequences of numbers read aloud). For further descriptions of the
different Cogmed exercises, see the Supplementary Information. At
inclusion, each participant was introduced to the software and pro-
vided with a unique login and password to use the software online
at home. The participants were randomized to either active or con-
trol training, and the research staff and participants were blind to
the allocation. The active training group performed 5 weeks of
repeated adaptive cognitive training (5 sessions of 30 to 45 min/wk),
in which the tasks become progressively more difficult based on the
user’s performance. The control group, however, performed the
same number of training tasks, but the training was nonadaptive
(i.e., the number of items to remember in each trial was 2 to 3, and
there was no increase in difficulty). In accordance with previous
studies (Klingberg et al., 2005), the compliance to treatment was
defined as completion of a minimum 20 training sessions during the
5-week study period. During the weekly visits, subjects also got feed-
back on how many trials they had completed, and encouragement
to keep training. A research colleague not involved in the current
study extracted information on the number of completed training
sessions, without informing either the research subjects or the
research staff of the treatment condition. Several measures were
undertaken to minimize risk of unblinding. For instance, the ran-
domization list was created by an external monitor, the brand name
Cogmed� was never shown/mentioned to participants, and both
participants and research staff were explicitly instructed not to
discuss the content of the training during the weekly visits. For fur-
ther details regarding blinding procedures, see the Supplementary
Information.

Clinical Instruments

The psychiatric evaluation was performed by a study physician
using the Structured Clinical Interview for DSM-IV (American Psy-
chiatric Association, 2000). Drinking outcomes were quantified by
the Timeline Followback interview (Sobell and Sobell, 1992) at
baseline and at the weekly visits. Heavy drinking days (HDD) were
defined as a day with consumption of at least 4 or 5 standard drinks
(equivalent to 12 g alcohol) for women and men, respectively. Crav-
ing at baseline and during the study was assessed using the Obses-
sive Compulsive Drinking Scale (Anton et al., 1995) and the
Swedish shortened version of the Desire for Alcohol Questionnaire
(Short-DAQ; Khemiri et al., 2017; Love et al., 1998), respectively.
Mood was assessed using the Montgomery–Asberg Depression
Self-Rating Scale (Svanborg and Asberg, 2001).

Tasks of Cognitive Function

All computerized tasks were from the Cambridge Neuropsycho-
logical Test Automated Battery (CANTAB�) and were adminis-
tered using a touch-screen tablet PC (MOTION J3500-i7B) and
press pad provided by Cambridge Cognition Ltd (www.cambridgec
ognition.com). For a detailed description of all tasks of cognitive
function and their outcomes, see the Supplementary Information.

Digit Span Task. The Digit Span task from the Wechsler Adult
Intelligence Scale-IV (Swedish version, 2010; Pearson assessment)
was used to measure verbal WM. The participant is presented with
digit sequences with increasing difficulty, and is asked to repeat
each digit sequence. In the first part, participants are asked to
repeat the digit sequence in the same order as presented (forward);
in the second part, the digit sequences are reported in the opposite
order (backward). The outcomes were total number of correctly
reproduced digit sequences, as well as number of correct forward
and backward digit sequences.

SWM Task. The SWM task from the CANTAB was used to
asses visuospatial WM function (Owen et al., 1990). The participant
is presented with a number of colored boxes on the screen and is
asked to find blue tokens hidden inside these boxes and place them
in an empty column on the side of the screen. Importantly, the par-
ticipant is asked not to return to boxes where a token has been pre-
viously found. The outcomes were number of total errors, between-
errors (opening a box in which a token has been found previously),
within-errors (opening a box that has already been found to be
empty), and a strategy score (number of times the participant begins
a new search with a different box, indicating a poor choice of
strategy).

Stop Signal Task. The Stop Signal Task from the CANTAB
was used to measure response inhibition (i.e., the ability to inhibit a
prepotent response; Logan et al., 1984). The main outcomes are the
stop-signal reaction time (SSRT), the median reaction time of go tri-
als, and the proportion of successful stops. See the Supplementary
Information for further details.

Rapid Visual Processing. The Rapid Visual Processing (RVP)
task from the CANTAB measures sustained attention (Coull et al.,
1995). The main outcomes are probability of hit, probability of false
alarm, and mean latency. See the Supplementary Information for
further details.

Cambridge Gambling Task. The Cambridge Gambling Task
(CGT) from the CANTAB assesses decision making and risk taking
(Rogers et al., 1999). The main outcomes are deliberation time,
overall proportion bet, risk taking, and delay aversion. See the Sup-
plementary Information for further details.

Stockings of Cambridge. The Stockings of Cambridge, a devel-
opment of the Tower of London (Owen et al., 1990; Shallice, 1982),
is a CANTAB test of planning and problem-solving ability. The
main outcomes are mean number of moves and number of problems
solved in a minimum of moves, for the most difficult problems (i.e.,
5-move problems). See the Supplementary Information for further
details.

Monetary Choice Questionnaire. The Monetary Choice Ques-
tionnaire (Kirby and Marakovi�c, 1996; Kirby et al., 1999) is a task
designed to estimate rates of delay discounting. It consists of 27
items that are presented as a choice between 2 different sums of
money—either a smaller immediate reward or a larger delayed
reward (e.g., “Would you. . .”). The rewards presented are small,
medium, or large, and the time period varies across items. See the
Supplementary Information for further details.

Statistical Analysis

Around the time the current study was planned, studies using
Cogmed� WM training software had found effect sizes of Cohen’s d
of approximately 1.0 for WM tasks (Klingberg, 2010). With a total
sample size of 50, an alpha level at 0.05, and power 80%, the study
was powered to detect large treatment effect sizes (i.e., Cohen’s
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d > 0.8). However, later studies examining the question of transfer
effects found that effect sizes for WM training on other cognitive
functions (e.g., symptoms of inattention; Spencer-Smith and Kling-
berg, 2015) and clinical outcomes such as drinking (Houben et al.,
2011) to be low to medium. In light of this, the results from our
study on those outcomes should be viewed as “pilot.”

Sociodemographic and clinical background variables were com-
pared between treatment groups using the Student t-test and the
chi-square test for continuous and categorical variables, respec-
tively. For outcomes related to WM, drinking, and other tasks of
cognitive function, mixed analyses of variance (ANOVAs) were
performed with Treatment (active training, control) as the between-
subject factor and Time (baseline, test day) as the within-subject fac-
tor. Significant main effects and interactions were further analyzed
using repeated-measures ANOVA for the whole study population
or within treatment condition, respectively. Measurements of crav-
ing and mood were analyzed using mixed ANOVA with Treatment
as the between-subject factor and Time (baseline, weeks 1 to 5) as
the within-subject factor. In a subgroup analysis, participants were
divided into low or high baseline verbal WM function (median split
of the Digit Span total score), visuospatial WM function (median
split of SWM total errors), and heavy drinking (median split of per-
centage of heavy drinking 90 days before inclusion) before analyz-
ing the effect of treatment on outcomes as described previously.
Further, we also performed a rate dependence analysis (i.e., to what
degree the intervention effect was different depending on baseline
value for the 3 primary outcomes), by calculating Oldham’s correla-
tion (the correlation between change score and mean of the baseline
and test day outcome) for each of the primary outcomes described.
A correlation of >0.3 is indicative of a moderate effect and has been
used as a cutoff in previous articles (for a full description of the
method, see Quisenberry et al., 2016; Snider et al., 2016).

For each outcome, 2 separate analyses were performed. In the
intention-to-treat (ITT) analysis, all participants were included, and
missing data were imputed using baseline observations carried for-
ward. The rationale for choosing this method was our limited study
duration. We assumed that any participant who dropped out would
not have undergone any significant change in drinking behavior
compared to the baseline value (i.e., drinking the last 90 days before
inclusion). In the per-protocol (PP) analysis, only participants who
completed the entire study (i.e., performed >20 training sessions and
completed the test day) were included.

All data were analyzed using IBM SPSS software, version 24
(IBM Corp., Armonk, NY). Data were assessed for normality using
the Shapiro–Wilk test and inspection of histogram plots, and trans-
formed if severe deviations from normality were found. If the
sphericity assumption was violated (evaluated using the Mauchly
test), Greenhouse–Geisser corrections were applied. The alpha level
was set to 0.05, uncorrected. Effect sizes were reported as partial eta
squared (gp

2).

RESULTS

Participants

As described in the Consolidated Standards of Reporting
Trials (CONSORT) flowchart (Fig. 1), 227 participants were
telephone-screened, of which 64 were assessed for eligibility
in person and 50 were finally randomized to active or control
training. The first participants were included in October
2013, and the final participant completed the study in August
2015. There were no statistically significant differences
between the treatment and control groups at baseline regard-
ing any sociodemographic variables or clinical characteristics,

including drinking, AUD severity, craving, or WM capacity
in the full sample at inclusion (Table 1). In the study com-
pleters (PP sample), there were no significant differences
between any of the baseline variables reported in Table 1 for
the full sample, except for the number of drinks consumed in
the last 90 days before inclusion, t(37) = 2.14, p = 0.039,
indicating a higher consumption in the treatment group com-
pared to the control group.

There was no difference between treatment groups regard-
ing the percentage of study completers (treatment 76%; con-
trol 80%; v2(1) = 0.117, p = 0.733). Of the 11 participants
who did not complete the study protocol (i.e., failed to com-
plete 20 training sessions), 5 of them still completed the fol-
low-up visits including the test day. Of the remaining 6, 2
dropped out during the study and 4 dropped out immedi-
ately after inclusion and had no follow-up visits. No serious
adverse events were reported in any of the treatment groups.

The ITT and PP analyses yielded similar conclusions for
all outcomes; therefore, only results from the PP analysis are
presented in the main article. The complete statistical analy-
sis including full ITT analysis is found in the Supplementary
Information.

Working Memory

For Digit Span total score, there was a main effect of
Time, F(1, 37) = 11.30, p = 0.002, gp

2 = 0.234, and no main
effect of Treatment, F(1, 37) = 0.788, p = 0.380, gp

2 = 0.021,
but a significant Treatment 9 Time interaction, F(1,
37) = 6.12, p = 0.018, gp

2 = 0.142. The interaction was dri-
ven by a significant improvement at test day compared with
baseline only in the active training group, F(1, 18) = 14.41,
p = 0.001, but not in the control group, F(1, 19) = 0.47,
p = 0.50 (Fig. 2A). Similar results were found in the Digit
Span backward score, with a significant main effect of Time,
F(1, 37) = 8.60, p = 0.006, gp

2 = 0.189, and no main effect of
Treatment, F(1, 37) = 0.013, p = 0.911, gp

2 = 0.00, but a sig-
nificant Treatment 9 Time interaction, F(1, 37) = 6.14,
p = 0.018, gp

2 = 0.142 (Fig. 2B). For the forward score,
however, there was a main effect of Time, F(1, 37) = 4.2,
p = 0.047, gp

2 = 0.102, but no significant main effect of
Treatment, F(1, 37) = 2.21, p = 0.146, gp

2 = 0.056, or inter-
action, F(1, 37) = 1.24, p = 0.273, gp

2 = 0.032 (Fig. 2C).
For SWM total errors, there was no main effect of Time, F

(1, 35) = 1.04, p = 0.316, gp
2 = 0.029, Treatment, F(1,

35) = 0.003, p = 0.960, gp
2 = 0.000, or Time 9 Treatment

interaction, F(1, 35) = 0.057, p = 0.812, gp
2 = 0.002. Simi-

larly, no significant main effects or interactions were found
for strategy score, between-error score, or within-error score
(Fig. 3; see the Supplementary Information for full analysis).

Drinking

For the primary outcome of percent heavy drinking days,
there was a significant effect of Time, F(1, 37) = 6.278,
p = 0.017, gp

2 = 0.145, indicating a general reduction over
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time (overall reduction from 53 to 45%), but no significant
effect of Treatment, F(1, 37) = 1.82, p = 0.186, gp

2 = 0.047, or
Time 9 Treatment interaction, F(1, 37) = 2.257, p = 0.142,
gp

2 = 0.057 (Fig. 4A). For drinks per drinking days, there was
no significant effect of Time, F(1, 37) = 1.850, p = 0.182,
gp

2 = 0.048, or Treatment, F(1, 37) = 1.732, p = 0.196,
gp

2 = 0.045, but a trend for the Time 9 Treatment interac-
tion, F(1, 37) = 3.483, p = 0.070, gp

2 = 0.086 (Fig. 4B). The
active training group significantly reduced mean number of
drinks per drinking days [baseline: 7.07 (2.80); study: 6.13
(2.46)], F(1, 18) = 4.574, p = 0.046, whereas no significant
change was found in the control group [baseline: 5.58 (2.06);
study: 5.73 (2.31)], F(1, 19) = 0.147, p = 0.706. No significant
main effects or interactions were found for percent drinking
days (Fig. 4C) or drinks per day (Fig. 4D). See the Supple-
mentary Information for the full analysis.

Craving andMood

For the Short-DAQ craving scale total score, there was a
significant main effect of Time, F(3.6, 131.4) = 4.948,
p = 0.002, gp

2 = 0.118, indicating an overall reduction in

craving (pairwise comparisons showed significantly lower
craving score at each time point in weeks 1 to 5 compared
with baseline; p = 0.01 to 0.03 for all time points; Fig. 5A),
but no main effect of Treatment, F(1, 37) = 0.671, p = 0.418,
gp

2 = 0.018, or significant Treatment 9 Time interaction, F
(3.6, 131.4) = 0.163, p = 0.944, gp

2 = 0.004. Regarding Mon-
tgomery–Asberg Depression Self-Rating Scale total score,
there was no significant main effect of Time, F(2, 74) = 1.544,
p = 0.220, gp

2 = 0.040, Treatment, F(1, 37) = 0.266, p =
0.609, gp

2 = 0.007, or significant Treatment 9 Time interac-
tion, F(2, 74) = 0.888, p = 0.416, gp

2 = 0.023 (Fig. 5B).

Cognitive Functions

Table 2 presents descriptive data, as well as p-value
and effect sizes for the Treatment 9 Time interaction for
all outcomes for the different tasks of cognitive function
(see Table S1 for ITT analysis). In summary, no statisti-
cally significant treatment effect of WM training on any
of the neuropsychological tasks (including delay discount-
ing) was found (all Treatment 9 Time interaction terms
p-value >0.1; see the Supplementary Information for full

Fig. 1. CONSORT (Consolidated Standards of Reporting Trials) flowchart illustrating the flow of study participants. AUD, alcohol use disorder; WM,
working memory; ITT, intention to treat; PP, per protocol.
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statistical analyses). However, there were significant main
effects of time for some cognitive task outcomes (e.g.,
SSRT), F(1, 35) = 8.23, p = 0.007, gp

2 = 0.190, and RVP
probability of hit, F(1, 35) = 4.560, p = 0.04, gp

2 = 0.115,
indicative of overall improvement in performance at test
day compared with baseline. In contrast, for CGT, the
significant main effects of time for overall proportion

bet, F(1, 35) = 6.688, p = 0.014, gp
2 = 0.160, and risk

taking, F(1, 35) = 9.642, p = 0.004, gp
2 = 0.216, indicated

more impulsive behavior at test day.

Subgroup Analysis

In the subgroup analysis based on the median split of
baseline levels of the primary outcomes (Digit Span total
score; SWM total errors; percent heavy drinking), we did
not find any significant Treatment 9 Time interactions
for neither the low nor the high groups (all interaction
terms p-value >0.05) for any of the outcomes. Further, in
exploratory regression analyses investigating baseline
outcomes as continuous variables rather than median
split, similarly no significant interactions were found (all
p > 0.1). Finally, in a separate post hoc rate dependence
analysis, we calculated Oldham’s correlation and found
no evidence of rate dependence for any primary outcome,
with no correlations larger than 0.3 in the active treat-
ment group (see the Supplementary Information for full
statistical analysis).

Cognitive Training Data

There was no difference between treatment groups in mean
number of completed training sessions overall [treatment
19.7; control 20.2; t(48) = �0.194, p = 0.847] or among
study completers [treatment 23.8; control 23.7; t(37) = 0.140,
p = 0.889].

The active treatment group exhibited a statistically signifi-
cant training index improvement from baseline to test day, F
(1,18) = 169.91, p < 0.001, gp

2 = 0.904, accompanied by a
significant increase in mean number of completed WM items
over time, main effect: F(24, 504) = 13.75, p < 0.0001,
gp

2 = 0.396. As expected, the control group had a constant
training index and number of completed items across the
training sessions.

Within the active treatment group, there were positive
correlations between improvement in training index and

Table 1. Sociodemographic and Clinical Characteristics of the Entire
Sample of Study Participants at Baseline

Active training Control training

Males/females 13/12 12/13
Age 49.6 (6.1) 49.8 (8.7)
Education
Elementary school 4.0% 8%
High school 40.0% 36%
University/college 56% 56%

Marital status
Never beenmarried 8% 16%
Married/partner 76% 48%
Divorced 16% 32%
Widow 0% 4%

Daily nicotine use 48% 50%
Previous had treatment for AD 40% 28%
Age at first drink 13.9 (1.9) 14.8 (1.9)
Age when alcohol problem began 34.0 (10.8) 32.7 (12.7)
AD DSM-IV criteria 5.1 (1.2) 4.8 (1.3)
Heredity AD 87% 88%
OCDS total 22.7 (7.0) 21.9 (5.4)
TLFB 90 drinks 421.7 (211) 358.1 (156)
TLFB 90 drinking days 64.3 (21.6) 63.2 (20.1)
TLFB 90 heavy drinking days 49.8 (28.2) 45.0 (28.0)
TLFB 90 drinks per drinking day 6.5 (2.9) 6.0 (2.0)
Alcohol-free days before inclusion 4.1 (2.7) 3.6 (0.89)
Number of completed training sessions 19.7 (8.3) 20.2 (7.7)
Percentage of completers 76% 80%
Digit span total 15.7 (3.6) 16.0 (3.5)
Digit span forward 9.8 (1.9) 9.0 (2.1)
Digit span backward 5.9 (2.2) 6.9 (2.0)

Continuous outcomes are presented as mean (standard deviation).
There were no statistically significant differences between groups on any
of the outcomes.

AD, alcohol dependence; OCDS, obsessive–compulsive drinking scale;
TLFB, Timeline Followback.
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Fig. 2. Digit Span scores at baseline and test day in participants who completed the study. The total score (A) and backward score (B) were
significantly improved in the treatment group compared with controls. No statistically significant difference was found for the forward score (C). Values
are presented as mean � standard error of the mean; *p < 0.05.
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improvement in Digit Span total score (r = 0.548, p = 0.008),
Digit Span forward score (r = 0.409, p = 0.058), and Digit
Span backward score (r = 0.503, p = 0.017).

DISCUSSION

The present study is to our knowledge the first randomized
controlled trial investigating the effect of computerized WM
training in a clinical sample of patients with AUD. The main
finding was that WM training significantly improved verbal,
but not spatial, WM function. No significant treatment effect
was found on the primary drinking outcome of heavy drink-
ing, whereas a trend was observed indicating that WM train-
ing may reduce the number of drinks per drinking day. No
effect of WM training was found on craving, mood, or other
cognitive functions. The WM training was a demanding
intervention (5 sessions per week) and was administered
online in the homes of the participants. Despite this, more
than 75% of participants completed 20 sessions of cognitive
training, and no adverse events were reported, suggesting
that such a cost-effective intervention is feasible to administer
in outpatient AUD patients.
Similar to previous studies in healthy control subjects

(Dahlin et al., 2008; Jaeggi et al., 2008; Li et al., 2008) and

other patient populations (Klingberg et al., 2005; Wester-
berg et al., 2007), the present study also found a statistically
significant effect of repeated adaptive WM training on verbal
WM capacity in AUD patients. Our results are also partly in
line with the previous WM training studies indicating that
WM training can improve WM function in alcohol depen-
dence (Snider et al., 2018), heavy drinkers (Houben et al.,
2011), and opioid use disorders (Rass et al., 2015). Similar
to the current study, Rass and colleagues (2015) also found
a significant effect of WM training on the Digit Span task
manifested as improvement in backward score with no effect
on forward score. Even though the Digit Span is widely used
as a task of verbal WM function, it has been proposed that
the backward task is a better measure of pure WM function,
since it requires active manipulation of information (Gather-
cole et al., 2004). Within the active treatment group, we also
found significant correlations between improvement in the
training index and Digit Span score improvement, suggest-
ing that the effect was mediated by the actual cognitive train-
ing performance. Taken together, our findings on WM
outcomes partly corroborate previous research and further
suggest that a clinical sample of AUD patients is receptive
to targeted training of a specific cognitive domain such as
verbal WM.
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In contrast to Rass and colleagues (2015), however, we did
not find a significant effect on visuospatial WM. The reason
for this discrepancy is not clear and was surprising given that

the majority of Cogmed training exercises are visuospatial in
nature. One possible explanation for our results is that the
putative negative effects of alcohol use are more severe and
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evident on visuospatial WM than verbal WM function, ren-
dering the former more resistant to training for the time
period observed in the present study. However, in a meta-
analysis of cognitive deficits in AUD (Stavro et al., 2013),
the overall effect sizes were in a similar range (approximately
Cohen’s d 0.35 to 0.55) with overlapping confidence intervals
for all related constructs (i.e., WM [verbal], visuospatial,
visual learning/memory, and verbal learning/memory). Fur-
thermore, all these constructs were still impaired but had
recovered to a similar degree in AUD patients with long-term
abstinence (Cohen’s d 0.20 to 0.25). This indicates that, in
general, visuospatial WM is not more severely impaired or
less prone to recovery than verbal WM in AUD patients and
should therefore not explain our results. Another possibility
is that our sample of AUD patients for some reason did not
exhibit any impairments in SWM task performance, even at
baseline. This is supported by the fact that there was no main
effect of time (i.e., no significant change between baseline and
test day) for any of the SWM task outcomes. Furthermore,
in a previous study utilizing the same SWM task, Lawrence
and colleagues (2009b) found that patients with alcohol
dependence performed more errors (mean � standard

deviation [SD]: 40.3 � 30.0) compared with healthy controls
(22.8 � 21.4), whose results on the other hand were in the
same range as the AUD patients in the current study
(25.2 � 16.0). Taken together, the reason for lack of effect of
WM training on visuospatial WM in our sample is not clear
but can possibly be explained in part by lack of visuospatial
WM impairment at baseline.
The neurobiological mechanism of the WM training in

AUD patients is currently not known. Prior studies have
indicated that WM training mainly affects the frontoparietal
cortical regions responsible for both WM and attention
(Constantinidis and Klingberg, 2016) Furthermore, posi-
tron-emission tomography neuroimaging studies have indi-
cated that WM improvement through cognitive training is
associated with changes in dopaminergic neurotransmission,
affecting cortical D1 receptor density (McNab et al., 2009)
and striatal dopamine release targeting D2 receptors (B€ack-
man et al., 2011). Since alcohol induces dopamine release
(Boileau et al., 2003; Di Chiara and Imperato, 1988) and
AUD patients exhibit dysregulated dopaminergic transmis-
sion in both the striatum (Heinz et al., 2005) and frontal cor-
tex (Narendran et al., 2014), one might hypothesize that

Table 2. Main Outcomes of the Tasks of Cognitive Functions at Baseline and Test Day for Each of the Experimental Conditions

Active training Control training

p gp
2Baseline Test day Baseline Test day

Digit Span task
Total score 15.9 (4.0) 18.5 (3.6) 16.1 (3.7) 16.5 (2.7) 0.018 0.142
Backward score 5.9 (2.4) 7.7 (2.1) 6.7 (2.0) 6.9 (2.0) 0.018 0.142
Forward score 9.9 (2.1) 10.8 (2.1) 9.4 (2.1) 9.7 (1.4) 0.273 0.032

SWM task
Strategy 30.9 (7.6) 30.4 (6.4) 32.5 (7.1) 30.5 (7.1) 0.452 0.016
Within errors 1.6 (2.3) 1.4 (2.1) 1.6 (2.7) 1.0 (2.4) 0.711 0.004
Between errors 21.8 (18.4) 20.3 (17.2) 22.2 (13.3) 19.8 (16.2) 0.855 0.001
Total errors 22.7 (18.8) 20.8 (17.8) 23.0 (13.4) 19.9 (16.2) 0.812 0.002

Monetary choice
K small 0.0188 (0.022) 0.0183 (0.019) 0.0080 (0.007) 0.0127 (0.019) 0.644 0.006
K medium 0.0111 (0.015) 0.0182 (0.022) 0.0133 (0.016) 0.0099 (0.015) 0.112 0.067
K large 0.0063 (0.007) 0.0080 (0.010) 0.0050 (0.006) 0.0037 (0.003) 0.442 0.016
K total 0.0098 (0.001) 0.0128 (0.014) 0.0073 (0.007) 0.0065 (0.007) 0.277 0.032

Stop Signal Task
Successful stops (%) 59.4 (13.5) 56.4 (9.7) 59.2 (11.1) 56.8 (11.3) 0.858 0.001
SSRT 187.4 (40.3) 172.2 (45.4) 195.4 (55.4) 170.1 (35.6) 0.478 0.014
Median Go RT (ms) 640 (199) 576 (199) 604 (187) 592 (168) 0.095 0.078
Go RT variability (SD) 245 (199) 145 (50) 182 (116) 167 (83) 0.130 0.064

RVP
Mean latency (ms) 446 (112) 407 (69) 446 (95) 408 (59) 0.967 0.000
Probability of hit 0.61 (0.24) 0.64 (0.22) 0.53 (0.25) 0.61 (0.27) 0.331 0.027
Probability of false alarm 0.005 (0.008) 0.004 (0.005) 0.006 (0.006) 0.006 (0.006) 0.342 0.026

CGT
Deliberation time 2,496 (673) 2,332 (739) 2,298 (576) 2,096 (607) 0.864 0.001
Overall proportion bet 0.55 (0.15) 0.58 (0.08) 0.50 (0.15) 0.55 (0.14) 0.698 0.004
Risk taking 0.58 (0.16) 0.63 (0.08) 0.53 (0.16) 0.59 (0.14) 0.711 0.004
Delay aversion 0.10 (0.15) 0.16 (0.19) 0.12 (0.15) 0.09 (0.14) 0.059 0.099

SOC (5-move problems)
Meanmoves 6.7 (1.3) 6.3 (1.1) 7.0 (1.3) 7.3 (1.9) 0.176 0.052
Problems solved in minimummoves 2.2 (1.3) 2.6 (1.1) 2.2 (1.0) 2.0 (1.2) 0.190 0.049

p-Values and effect sizes are shown for the Treatment 9 Time interaction in the mixed ANOVA per-protocol analysis, see Supplementary Information
for full statistical analysis.
CGT, Cambridge Gambling Task; RT, response time; RVP, Rapid Visual Processing task; SOC, Stockings of Cambridge task; SSRT, stop-signal reac-

tion time; SWM, Spatial Working Memory. gp
2, partial eta squared.
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AUD patients are resistant to dopamine-dependent WM
training. However, our findings suggest that these dopamin-
ergic deficits in AUD patients do not hinder verbal WM
improvement. Furthermore, our results indicate that it is
possible to improve AUD patient’s verbal WM capacity
through repeated daily WM training, despite continued alco-
hol intake during the training period.

We found no statistically significant effect of WM training
on self-reported drinking outcomes. It is possible that there
is an actual treatment effect that we failed to detect because
of lack of power given our limited sample size. This is sup-
ported by the fact that the mean reduction in HDD, even
though not statistically significant, indeed was greater in the
treatment group (�11.5%) compared with controls
(�3.4%). Furthermore, there was a trend in the secondary
outcome, drinks per drinking day, suggesting a putative
treatment effect in favor of WM training compared with con-
trol training. Although speculative, this may indicate that
any potential clinical effect of WM training on drinking
could be via improvement in impulse control when the drink-
ing behavior is initiated, but future studies are needed to con-
firm this tentative finding in experimental conditions or via
real-time data collection. In contrast to our findings, a previ-
ous online study of heavy drinkers did find a significant effect
of WM training on drinking outcomes (Houben et al., 2011).
It is thus possible that WM training has an effect on drinking
behavior in individuals with less severe substance-related
problems, whereas the effect is diminished in the more severe
phenotype of AUD. Another possibility is that the putative
benefits of WM training in AUD populations may be evident
only if WM training is administered adjunct to evidence-
based AUD treatments, which address coping with craving
and other alcohol use behaviors.

The current study found no evidence of WM training
improving other cognitive functions (i.e., transfer effects), as
assessed by a wide range of neuropsychological tests. Previ-
ous research has been inconsistent to what degree WM train-
ing induces such transfer effects. Some studies have indeed
found that WM training can improve attention (Bigorra
et al., 2016; Brehmer et al., 2009; Conklin et al., 2015; Green
et al., 2012; Klingberg et al., 2005) and general fluid intelli-
gence (Au et al., 2015; Jaeggi et al., 2008). It is, however,
important to note that there are several studies that have
failed to detect such effects (e.g., Owen et al., 2010), and
there is an ongoing scientific debate regarding this question
with conflicting results in different meta-analyses (e.g., Au
et al., 2015; Melby-Lerv�ag et al., 2016). To what degree WM
training can induce transfer effects in SUD patients remains,
at present, an open question since very few studies have been
conducted thus far. Two studies in SUD patients have indi-
cated WM training transfer effects through improvement in
delay discounting (Bickel et al., 2011) and impulse control
(Brooks et al., 2017). In a recent study in opioid-dependent
patients, however, no transfer effects to other cognitive
domains were found (Rass et al., 2015). This is line with the
current findings, but some important considerations should

be highlighted when interpreting these results. First, there
was a significant main effect of time for some of the cognitive
task outcomes, indicative of a spontaneous improvement in
cognition or practice effects, which could conceal potential
treatment effects. Second, it is possible that potential transfer
effects are not possible to induce in AUD patients because of
alcohol toxicity. Since acute alcohol intake impairs cognitive
processes including memory function (e.g., Matthews and
Silvers, 2004) and AUD is associated with widespread long-
term cognitive deficits (Stavro et al., 2013), it is possible that
neurotoxic effects of both acute (during the study) and long-
term alcohol consumption diminish potential transfer effects
to occur. Third, previous studies that did find transfer effects
in SUD patients (Bickel et al., 2011; Brooks et al., 2017)
were performed in an inpatient setting—suggesting that per-
haps a controlled environment without substance intake is
necessary for transfer effects to occur. Finally, it should be
emphasized that the power of the present study to detect an
effect with the Cohen’s d effect size of 0.4, as found for inat-
tentive symptoms in previous studies on WM training trans-
fer effects (Spencer-Smith and Klingberg, 2015), was only
28%. No definitive conclusions can therefore be made from
the present negative finding.

There are several important limitations of the current
study that are worth discussing. First, the sample size was
limited, resulting in low power to detect medium-to-small
effects. Furthermore, the follow-up time was too short to
possibly elucidate long-term clinical benefits. Second, the
AUD participants in the current study represent a subset of
highly motivated patients. They are thus likely not represen-
tative of more clinically severe AUD patients, who may have
more difficulties performing a demanding intervention such
as 5 weeks of repeated cognitive training. Third, we did not
include patients based on their baseline WM performance
but rather on their DSM-IV criteria. In a subgroup analysis,
however, we did not find any significant moderating effect of
verbal WM, visuospatial WM, or heavy drinking on the pri-
mary outcomes. However, our power was small given the
limited sample size, and a previous study with greater sample
size did find that WM training effect in alcohol dependence is
different depending on baseline performance (Snider et al.,
2018). Thus, it is possible that interventions such as cognitive
WM training may be clinically beneficial when targeted
toward patients with existing deficits in WM function.
Future studies should consider stratifying patients on base-
line cognitive deficits to more clearly identify phenotypical
differences in treatment response. Finally, an important limi-
tation is that all cognitive training was performed at home
and not in a controlled environment. We can, thus, not
exclude that other people performed the actual training or
that participants were intoxicated by alcohol during training,
which of course could affect the outcome of WM training.
Future studies should consider conducting the WM training
supervised at the research clinic or collecting self-report data
from participants on the training conditions if the training is
done at home.
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In summary, the current study showed preliminary data to
suggest that it is possible to improve verbal WM function in
AUD patients through repeated adaptive WM training per-
formed online in the home environment. Our results did not
however support an effect of WM training on drinking out-
comes or transfer effects to improvement in other cognitive
functions. Future studies should investigate whether admin-
istration of WM training as add-on treatment to evidence-
based psychotherapeutic or pharmacological AUD treat-
ments can improve treatment outcomes.
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