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Electrophysiological and Behavioral Eﬀects of Combined
Transcranial Direct Current Stimulation and Alcohol
Approach Bias Retraining in Hazardous Drinkers
Tess E. den Uyl, Thomas E. Gladwin, and Reinout W. Wiers

Background: Cognitive bias modiﬁcation (CBM) can be used to retrain automatic approach tendencies for alcohol. We investigated whether changing cortical excitability with transcranial direct current
stimulation (tDCS) could enhance CBM eﬀects in hazardous drinkers. We also studied the underlying
mechanisms by including behavioral (craving, implicit associations, approach tendencies) and electrophysiological (event-related potentials) measurements.
Methods: The analytical sample consisted of 78 hazardous drinkers (Alcohol Use Disorders Identiﬁcation Test >8) randomly assigned to 4 conditions in a 2-by-2 factorial design (control/active CBM
and sham/active tDCS). The intervention consisted of 3 sessions of CBM, speciﬁcally alcohol approach
bias retraining, combined with 15 minutes 1 mA tDCS over the left dorsolateral prefrontal cortex.
There was a pre- and postassessment before and after the intervention that included experimental tasks
(Approach Avoidance Task, Implicit Association Task) and an electroencephalogram with an oddball
and cue-reactivity task.
Results: tDCS decreased cue-induced craving (but not overall craving) on postassessment. CBM
did not induce an avoidance bias during assessment. During the training, active and control-CBM only
diﬀered in bias score during the ﬁrst session. We found no enhancement eﬀects of tDCS on CBM. Electrophysiological data showed no clear eﬀects of active tDCS or CBM on the P300.
Conclusions: There were no electrophysiological or behavioral eﬀects of repeated CBM and/or
tDCS, except for an eﬀect of tDCS on craving. Applied in these speciﬁc ways these techniques appear
to have limited eﬀects in a hazardous drinking population.
Key Words: tDCS, CBM, EEG, Alcohol, Hazardous Drinkers.

Y

OUNG ADULTS, ESPECIALLY college students,
show excessive and hazardous drinking (Hingson et al.,
2009). In hazardous drinkers, a relation has been found
between implicit alcohol biases and alcohol consumption or
alcohol-related problems (Wiers et al., 2007). Implicit alcohol biases represent preferences in processing of alcoholrelated information and can be measured with for example,
an Implicit Association Test (IAT; Palfai and Ostaﬁn, 2003),
a Visual Probe Task (Townshend and Duka, 2001), or an
Approach Avoidance Test (AAT; Wiers et al., 2009). In a
cognitive bias modiﬁcation (CBM) paradigm, some of these
tasks are adapted into a training version (review: Wiers et al.,
2013). In a speciﬁc type of CBM, the alcohol approach bias
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retraining, people learn to avoid alcohol stimuli by pushing
them with a joystick. A single session of this training was
found to reduce the alcohol approach bias in hazardous drinkers and in those successfully trained (i.e., became faster to
avoid alcohol) reduced alcohol consumption in a subsequent
taste test (Wiers et al., 2010). In 2 patient studies, the training
was eﬀective in reducing relapse (Eberl et al., 2013; Wiers
et al., 2011), and these outcomes were mediated by changes
in alcohol approach action tendency and approach association (Eberl et al., 2013; Gladwin et al., 2015). We are interested in further enhancing bias changing eﬀects of retraining
with transcranial direct current stimulation (tDCS).
tDCS is a neuromodulation technique with which a small
electrical current is sent through the brain, believed to inﬂuence excitability (Nitsche and Paulus, 2000). Changes in neural excitability and plasticity arise via cellular mechanisms
that can inﬂuence membrane polarization (Monai et al.,
2016; Nitsche et al., 2003). Due to changes in neuronal processes, electrical currents can increase cortical blood ﬂow (a
measure of brain activity) and modulate cortical connectivity
(Stagg et al., 2013; Zheng et al., 2012); the exact neural
eﬀects are still under investigation, but the eﬀects are likely
variable and task dependent. By modulating the cortical
activity and possibly increasing eﬃciency, tDCS can inﬂuence cognitive processes. Working memory performance,
Alcohol Clin Exp Res, Vol 40, No 10, 2016: pp 2124–2133
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which is highly dependent on the dorsolateral prefrontal cortex (DLPFC), has often been successfully improved with
tDCS over the DLPFC (review: Brunoni and Vanderhasselt,
2014). By also aﬀecting NMDA receptors (Monte-Silva
et al., 2013; Nitsche et al., 2003), tDCS could enhance plasticity in the brain and is therefore of interest to the goal of
enhancing learning eﬀects of cognitive training (Elmasry
et al., 2015) and in this study more speciﬁcally CBM. For
example, greater attentional bias modiﬁcation was obtained
after a single session of DLPFC tDCS (Clarke et al., 2014).
And better stop signal performance was found after a behavioral inhibition training combined with anodal right inferior
frontal gyrus (rIFG; an area involved in inhibitory processes)
stimulation compared to sham stimulation (Ditye et al.,
2012). In a sample of heavy drinkers, rIFG stimulation did
not reduce craving, whereas left DLPFC stimulation did
(den Uyl et al., 2015); others also show the potential clinical
relevance of DLPFC stimulation for alcohol craving (Boggio
et al., 2008). Changing DLPFC activity is relevant in relation
to implicit biases, since when cognitive control (of which
working memory is a component of) is low, people are driven
more by implicit alcohol biases (Wiers et al., 2013). Also in
cannabis users, higher DLPFC activation during an
approach trial predicted a decrease in problem severity (Cousijn et al., 2012).
In this study, we investigated whether tDCS could enhance
the eﬀects of alcohol approach bias retraining on alcoholrelated implicit cognitive processes and drinking behavior.
To further investigate the possible mechanisms of CBM and
tDCS, we included a electrophysiological measurement with
an electroencephalogram (EEG). Event-related potentials
(ERPs) can signal abnormal processes that may contribute
to the etiology of alcohol addiction. The P300, a positive
peak appearing around 300 to 600 ms after presentation of
an infrequent stimuli (Polich and Kok, 1995), is frequently
studied and is believed to be able to signal motivational and
emotional relevance (Hajcak et al., 2010). Previous research
has shown that in an oddball task, with frequent nontarget
stimuli and infrequent target stimuli, hazardous drinkers,
and binge drinkers have a higher P300 peak for alcohol target stimuli (Ceballos et al., 2012; Petit et al., 2013). Also
those hazardous drinkers with a higher risk for dependence
showed increased P300 for alcohol stimuli (Bartholow et al.,
2007, 2010), and alcohol-dependent patients with increased
P300 for alcohol were more likely to relapse (Petit et al.,
2015). This P300 response can be useful to measure the
objective motivational salience alcohol stimuli have.
In this study, we use behavioral and electrophysiological
measures to investigate whether tDCS can enhance CBM in
hazardous drinkers. The participants received 3 sessions of a
combination of (sham/active) tDCS and (control/active)
CBM. Before and after these training sessions, they performed 2 implicit tasks to measure their alcohol approach
bias, and they completed an oddball task and cue-exposure
task, during which EEG was measured. We expected that
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tDCS facilitated CBM would improve scores on alcoholrelated measures (such as reduced craving, bias, etc.). The
factorial design also makes it possible to compare main
eﬀects of tDCS and CBM on behavioral and electrophysiological measures to further explore the underlying mechanisms of these techniques.
MATERIALS AND METHODS
Participants
The recruitment message for this study aimed at ﬁnding participants who drank heavily and would like to cut back on their drinking. Participants were selected for participation if they scored higher
than 8 on the Alcohol Use Disorders Identiﬁcation Test (AUDIT)
(indicating hazardous drinking; Saunders et al., 1993), but no
screening questionnaire was used for motivation. Participants were
screened for tDCS safety criteria (for an overview such as epilepsy,
neurological damage, see e.g., den Uyl et al., 2015). We included 86
participants in the study, of which 6 dropped out during the experiment (scheduling diﬃculties) and 2 participants were excluded (1
was a heavy cannabis user; 1 did not speak ﬂuent Dutch). The analytical sample resulted in 78 Dutch-speaking participants (51
women, 27 men) between the age of 18 and 35 (mean: 21.8, SD: 3.2).
All participants were randomly assigned to 1 of the 4 conditions of
the 2-by-2 factorial design. All participants gave written informed
consent, and the study was approved by the local ethical committee.
Participants received either 60 euros or participation credits for
completing the experiment.
Intervention
Transcranial Direct Current Stimulation. The stimulation was
administered with two 35-cm2 electrodes inserted in saline-soaked
sponges. With rubber straps, the anodal electrode was placed on the
F3 position of the 10 to 20 EEG system (corresponding to the
DLPFC area) and the cathodal above the contralateral supraorbital
region. For active stimulation, the current was held constant at
1 mA for 15 minutes, which is a current strength commonly and
successfully used in studies with healthy participants (e.g., Clarke
et al., 2014; Gladwin et al., 2012; den Uyl et al., 2015). For sham
stimulation, the device was automatically turned oﬀ after 30 seconds. The DC-stimulator plus device (neuroConn GmbH, Ilmenau,
Germany) has a blinding function, so that neither participant nor
experimenter was aware of whether active or sham stimulation was
administered. The participants received only 1 session of (sham/active) tDCS a day and received 3 sessions within 3 or 4 days.
Approach Bias Retraining. While receiving the stimulation, participants performed the approach bias retraining. In this training,
participants viewed alcohol and nonalcoholic pictures and
responded to the orientation (here: left or right tilt; cf. Cousijn et al.,
2011) of the pictures, which caused either alcohol or nonalcoholic
pictures to be pulled or pushed (cf. Wiers et al., 2010). In the active
training, 90% of the alcohol stimuli required a pushing movement
with a joystick (during which the picture size also decreases, visualizing avoidance), and 10% of the alcohol pictures required a pulling
movement (and vice versa for the nonalcohol pictures). In the control training, the contingency was kept at 50%, so remained in
assessment phase (cf. Wiers et al., 2011, 2013). The stimuli set consisted of 25 alcohol and 25 nonalcohol pictures from the Amsterdam
Beverage Picture Set (Pronk et al., 2015). The training consisted of
3 blocks of 100 trials. During training session, 2 and 3 participants
received the whole training 1 more time after the tDCS was ﬁnished
to maximize potential training eﬀects.
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Questionnaires
The AUDIT was used to screen for alcohol-related problems,
where someone with a score of 8 or higher (of 40) is considered a
hazardous drinker (Saunders et al., 1993). The Fagerstr€
om Test for
Nicotine Dependence contained several questions assessing the
severity of nicotine dependence (Heatherton et al. 1991). The items
were summed to reach a score between 0 (very low dependence) and
10 (high dependence). The Readiness to Change Questionnaire
(RCQ) contained 12 questions and measured diﬀerent stages (contemplation, precontemplation, action) of motivation to change
drinking behavior (Budd and Rollnick, 1996). A continuous scale
(with precontemplation reverse scored) was used where positive
scores represented higher motivation and negative scores lower
motivation (range 24 to +24) (Forsberg et al., 2004). The Alcohol
Approach and Avoidance Questionnaire measured craving (McEvoy et al. 2004). We used the inclined scale, measuring inclinations
to approach alcohol, as an outcome measurement, because it contained mild craving questions (den Uyl et al., 2015).1 This scale consisted of 4 questions on a 9-item Likert scale, where higher scores
indicated higher craving. To measure alcohol use, participants ﬁlled
out how much they had drunk on each day of the preceding week.
A calendar and an explanation of a standard drink (10 mg alcohol)
were given as assistance. All drinks in the preceding week were
summed to obtain a total score. Side eﬀects due to tDCS were measured after each stimulation session. On a 4-item scale, participants
indicated whether they experienced itching, burning, tingling, pain,
headache, nausea, dizziness, or fatigue.

time for the alcohol approach block from the alcohol–avoidance
block; positive scores represented an approach association with
alcohol.2
Electrophysiological Outcome Measurements
Alcohol Oddball Task. In the oddball task in each block, 48 frequent (oﬃce supplies) stimuli were shown and 16 infrequent (8 alcohol, 8 nonalcohol) stimuli were shown. Each block was repeated 4
times, resulting in 32 (12.5%) alcohol trials, and 32 (12.5%) nonalcohol trials. The participants were instructed to push the left button
(left hand) for objects and the right button (right hand) for beverages (button press was counterbalanced). The stimuli were shown
for 800 ms, and interstimulus interval was jittered between 1,000
and 1,400 ms.
Cue Craving Task. In the craving task, alcohol or nonalcohol
pictures were presented on the screen for 800 ms, after which a
green screen indicated that participants could give a response to the
question how much they desired the drink they just viewed. Answers
were given on a scale from 1 to 4 (not at all, a little, much, very
much), with number 1 to 4 on the keyboard with the right hand.
The order (1 = not at all, vs. very much) was changed in the middle
of the task and practiced before each block so participants could
indicate the right feeling without looking at the keyboard. Twentyfour alcohol pictures and 24 nonalcohol pictures (of diﬀerent types,
e.g., beer and wine) were shown twice (resulting in 48 trials). Interstimulus interval (after response) was jittered between 900 and
1,100 ms.

Behavioral Outcome Measurements
Approach Avoidance Task. The AAT is the assessment form of
the approach bias retraining. In this task, 50% of the alcohol pictures were presented in push format and 50% in pull format (same
for nonalcoholic pictures). The task consisted of 96 trials. An
approach bias was measured by calculating the median reaction
time for each category and then subtracting the push and pull trials
for both picture types and then subtracting the alcohol approach
bias score from the nonalcohol approach bias score, so that a positive score indicated an approach bias toward alcohol (Wiers et al.,
2009).
Implicit Association Test. The IAT is a classiﬁcation task that
measured the strength of association between 2 concepts (Greenwald et al., 1998). Participants were required to categorize words
into 2 categories: alcohol versus nonalcohol, and approach versus
avoidance (Ostaﬁn and Palfai, 2006). These categories were shown
on each side of the screen, while words (e.g., beer, cola, take, avoid)
appear in the center of the screen that were categorized with a left
(F) or right (J) button press. In an approach alcohol block, alcohol
and approach words (and nonalcohol and avoidance) were categorized with the same response, and in an avoid alcohol block, alcohol
and avoid words (and nonalcohol and approach) were categorized
with the same response. For each category, 5 diﬀerent target words
were used. The 7-block structure was used, with single categories
practice blocks (1, 2, 5), practice blocks (3, 6) with both categories
(10 trials), and experimental blocks (4, 7) with both categories (40
trials). In block 5, the approach avoidance categories switch, so that
2 diﬀerent blocks (alcohol approach vs. alcohol avoid) were created,
and the order was counterbalanced across participants. An
approach bias was determined by subtracting the average reaction

1

We also included a short 6-item Desires for Alcohol Questionnaire before
and after tDCS, which showed ﬂoor eﬀects (only asks for strong feelings of
craving) and thus was not included.

EEG Recording and Analysis. Electrophysiological data were
recorded from 64 scalp electrodes with a Biosemi system (Amsterdam, the Netherlands). Six bipolar electrodes were used: 4 were
placed around the eyes to measure the horizontal and vertical eye
movements, and 2 were placed on the mastoids as a reference. Data
were recorded with a sampling rate of 1,024 Hz. A low-pass ﬁlter of
100 Hz was used, and data were down sampled to 256 Hz oﬄine.
Data analysis was performed with Brain Vision Analyser Software
(version 2, ; Brain products GmbH, Gilching, Germany). All electrodes were rereferenced to the mastoids. A high-pass ﬁlter of 0.01
was used, and an extra 30 Hz low-pass ﬁlter was used for ERP analysis. The algorithm of Gratton and colleagues (1983) was applied
for ocular correction.
Epochs ( 200, 800) around stimulus presentation were created
and baseline corrected for both tasks. Epochs with artifacts were
deleted using semiautomatic artifact rejection. In the oddball per
subject, an average of 4.9 (pre-assessment) and 6.4 (postassessment)
segments were deleted, and in the craving task, an average of 6.8
(pre-assessment) and 5.8 (postassessment) were deleted. There were
no signiﬁcant diﬀerences in amount of deleted segments between
conditions (p > 0.24), or beverage stimuli types (p > 0.16). Epochs
were averaged for each stimuli category. Peak detection was used to
ﬁnd the P3; for the oddball task, the peak between 300 and 650 ms
after stimulus presentation was used, and as the ERP of the craving
task showed 2 peaks, P3 was determined between 300 and 450 ms,
and P3 extended (P3e) between 450 and 700 ms. The maximum
amplitude were extracted for each stimulus type (alcohol vs. nonalcohol). We analyzed the peaks on the frontal and parietal right, central, and left, electrodes (F5, Fz, F6, P5, Pz, P6).

2
We also administered an IAT with valence words; however, this is not
included in this study, since hazardous drinkers generally have a negative
bias (den Uyl et al., 2015). We also administered a paper-and-pencil Stroop,
which is also not included.
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Procedure
Participants were screened for eligibility via email. Participants
ﬁlled out the baseline questionnaires (AUDIT, Situational Conﬁdence Questionnaire, RCQ, demographic questions) online (3 to
0 days) before the experiment. The participants performed the following questionnaires and tasks (in this order): alcohol use, craving,
AAT, IAT, EEG (craving, oddball task), once in the pre-assessment
and once in the postassessment.3 In addition to this, participants
performed a craving questionnaire and another AAT assessment
task before the second and the third intervention session. The ﬁrst
intervention session was administered immediately after the preassessment. All sessions were completed in the afternoon within 5
(mostly week) days. One week and 1 month after the experiment,
participants received an email with follow-up questionnaires (alcohol use, RCQ).
Statistical Analysis
All outcome measurements were analyzed with a repeated-measures analysis of variance (ANOVA) with time (2, 3, or 4 measurements) as within factor, and the condition CBM (control vs. active)
and tDCS (sham vs. active) as between-subject variables. Some
speciﬁc analyses included the within-factor stimulus type (alcohol
vs. nonalcohol). For the ERP analysis, we also included the speciﬁc
electrodes as within-factors location (parietal vs. frontal) and hemisphere (left, central, and right).

RESULTS
There were no signiﬁcant diﬀerences on baseline measurements between conditions (Table 1). Most participants tolerated the stimulation well. When each side eﬀect was
averaged over all sessions, there was an interaction with
tDCS and side eﬀect type, F(7, 518) = 9.67, p < 0.01,
g2p = 0.12. Follow-up analysis for each side eﬀect shows that
after active tDCS (M = 2.59, SE = 0.15), participants report
more itching then after sham (M = 1.75, SE = 0.11, t
(67) = 4.42, p < 0.01); participants report less fatigue
(M = 1.78, SE = 0.16) and slightly less nausea (M = 1.02,
SE = 0.02) after active tDCS than after sham-tDCS (fatigue:
M = 2.41, SE = 0.13, t(67) = 3.07, p < 0.01, nausea:
M = 1.1, SE = 0.03, t(67) = 2.22, p = 0.02).
Behavioral Results
Approach Bias. The ANOVA showed no signiﬁcant
eﬀect of time (over 4 sessions, although a statistical trend
was observed, p = 0.06), and no signiﬁcant interaction with
tDCS or CBM (p > 0.5). There was, however, a signiﬁcant
main eﬀect of CBM, F(1, 72) = 5.85, p = 0.02, g2p = 0.08.
Although at baseline (or any other single session), the diﬀerence between active and control-CBM is nonsigniﬁcant
(p = 0.12), when all sessions were taken together participants
in the CBM group had a stronger avoidance bias (Fig. 1).

3
Data not included in this article: During EEG measurement, participants
ﬁrst performed a 3-minute eyes-closed resting state. They also ﬁlled out short
questions regarding their mood and sleep quality and gave a saliva sample
for genetic analysis.

2127

To examine the possible tDCS eﬀects more thoroughly,
we also analyzed the approach bias during training. As in the
training, the contingency was 90 to 10%, and it was possible
to calculate an approach bias with the few available
approach alcohol trials. The sessions during which participants received tDCS were included in the ANOVA. As to be
expected, there was a main eﬀect of CBM, F(1, 74) = 5.10,
p = 0.03, g2p = 0.06, and there was also an interaction with
CBM and time, F(2, 73) = 7.26, p < 0.01, g2p = 0.17. The
interaction with time showed that there was a diﬀerence in
bias during training session 1, t(50.81) = 3.53, p < 0.01, but
that this diﬀerence disappeared in sessions 2 (p = 0.21) and 3
(p = 0.14, Fig. 1). Even though in 1 condition, alcohol
approach trials only occur in 10% of the task, and there is no
diﬀerence in reaction times for frequent and infrequent trials
after 1 training session. There was no interaction with tDCS
(p > 0.7).
Approach Association Bias. The ANOVA only showed a
signiﬁcant eﬀect of time (pre- vs. postassessment, F(1,
74) = 10.25, p < 0.01, g2p = 0.12), the approach bias went
from slightly positive at pre-assessment (M = 6.40,
SE = 16.03) to more negative at postassessment
(M = 38.50, SE = 12.71). There was no interaction with
tDCS or CBM (p > 0.26).
Craving Inclined Score. The ANOVA only showed a signiﬁcant eﬀect of time (session 9 4, F(3, 222) = 2.81, p = 0.04,
g2p = 0.04); craving decreased over time, follow-up contrasts
showed that compared to session 1 (M = 5.07, SE 0.18), there
was a signiﬁcant reduction at sessions 3 (M = 4.48,
SE = 0.22, F(1, 74) = 8.59, p < 0.01, g2p = 0.10), and 4
(M = 4.56, SE = 0.25, F(1, 74) = 4.14, p = 0.046, g2p = 0.05),
but not session 2 (M = 4.77, SE = 0.21, p = 0.13). There
was no interaction with tDCS or CBM (p > 0.18).
Alcohol Use Previous Week. There was a trend for an
eﬀect of time (pre-assessment, 1-week follow-up, 1-month
follow-up),4 F(2, 74) = 2.70, p = 0.071, g2p = 0.35); planned
contrasts showed that from pre-assessment (M = 21.02,
SE = 1.61) to 1-week follow-up (M = 16.7, SE = 1.5), there
was a signiﬁcant decrease of alcohol use in the previous
week, F(1, 74) = 5.05, p = 0.03, and the decrease 1-month
follow-up (M = 17.25, SE = 1.85) did not reach signiﬁcance,
F(1, 74) = 3.44, p = 0.07. There was no interaction with
tDCS or CBM (p > 0.61).
Electrophysiological Results
Alcohol Oddball Task. Due to noise in the EEG recording, 7 participants were excluded from the analysis. Analysis
of the reaction times of the oddball task with time and

4
Postassessment is not included because it overlaps partly with the pre-assessment.
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Table 1. Demographic and Baseline Variables
1.
Group

M

n
F/M
Age
AUDIT
RCQ
% smokers
FTND
SCQ
Alcohol use previous week
Craving inclined scale
Approach bias
Association bias

20
13/7
20.95
16.10
0.63
40.0
1.25
5.28
23.76
4.83
7.05
14.48

2.
SE

0.43
0.77
0.45
0.37
0.37
3.88
0.27
18.57
38.01

M
19
12/7
22.79
15.32
0.63
42.1
0.88
5.42
17.79
5.60
5.84
21.18

3.
SE

0.88
0.86
0.38
0.40
0.39
2.88
0.38
11.36
34.35

M
20
14/6
21.80
17.60
0.50
40.0
0.88
5.11
23.22
5.06
10.78
30.98

4.
SE

0.86
1.02
0.40
0.40
0.45
2.59
0.36
18.29
28.01

M
19
12/7
21.89
15.74
0.54
26.3
0.00
6.39
19.32
4.80
29.95
44.34

Total
SE

0.60
1.25
0.41
0.00
0.38
3.40
0.43
19.09
24.26

M

SE

p-Value

78
51/27
21.85
16.21
3.57
37.2
0.83
5.91
21.08
5.07
6.83
6.02

0.36
0.49
0.20
0.4
0.19
0.28
1.61
0.18
8.60
15.90

0.97
0.23
0.59
0.97
0.73
0.52
0.16
0.75
0.16
0.60
0.28

€m Test for Nicotine Dependence;
AUDIT, Alcohol Use Disorders Identification Test; RCQ, Readiness to Change Questionnaire; FTND, Fagerstro
SCQ, Situational Confidence Questionnaire.

stimulus type (alcohol vs. nonalcohol) showed a signiﬁcant
decrease over time, F(1, 67) = 8.38, p < 0.01, g2p = 0.11.
There was also a main eﬀect of stimulus type, F(1,

Fig. 1. Approach bias data. (A) Shows the alcohol approach bias (reaction time difference score) at the beginning of each session. Those in the
control-cognitive bias modification (CBM) condition have a larger approach
bias overall. (B) Shows the alcohol approach bias for the training sessions;
in the first training, participants have an avoidance bias in the active CBM
condition (push alcohol), but this disappears in the second and third training. Error bars represent standard error of the mean.

67) = 25.12, p < 0.01, g2p = 0.27, and participants responded
faster to alcohol stimuli (M = 484.53, SE = 5.52), than nonalcohol stimuli (M = 472.98, SE = 5.61).
The ANOVA with P300 amplitude showed a main eﬀect
of time, F(1, 67) = 13.30, p < 0.01, g2p = 0.17, due to a
decrease in the overall P300 for targets. It also showed a
main eﬀect for location, F(1, 67) = 343.73, p < 0.01,
g2p = 0.83, and hemisphere, F(2, 134) = 47.7, p < 0.01,
g2p = 0.46, and also a signiﬁcant interaction Location 9
Hemisphere, F(2, 134) = 22.45, p < 0.01, g2p = 0.25, reﬂecting that the P300 was highest on Pz (Fig. 2). There was a signiﬁcant interaction with stimulus type and location, F(1,
67) = 8.86, p < 0.01, g2p = 0.18; the P300 for alcohol pictures
was larger on the parietal electrodes, but not on the frontal
electrodes. There were no signiﬁcant interactions with time,
stimulus type, and condition.
Cue Craving Task. Due to noise in the EEG recording, 8
participants were excluded. Analysis of the craving responses
showed a signiﬁcant main eﬀect of time, F(1, 65) = 5.36,
p = 0.02, g2p = 0.08, and of stimulus type, F(1, 65) = 195.23,
p < 0.01, g2p = 0.75, which indicated that craving decreased
the second session and was higher for nonalcohol pictures.
There was also a signiﬁcant interaction with time and tDCS,
F(1, 65) = 8.01, p < 0.01, g2p = 0.11, which showed that
tDCS decreased craving. The interaction with stimulus type
was not signiﬁcant (p = 0.56). However, as we were speciﬁcally interested in alcohol craving, we analyzed the stimuli
separately and there was an interaction with time and tDCS
for alcohol pictures, F(1, 65) = 4.43, p = 0.04, g2p = 0.06
(and no interaction for nonalcohol pictures; p = 0.15). This
showed that tDCS reduced cue-evoked craving for alcohol,
note, however, that there is already a trend level diﬀerence at
baseline (p = 0.10) (Fig. 3).
The ANOVA for the P300 amplitude showed a main eﬀect
of location, F(1, 65) = 368.44, p < 0.01, g2p = 0.85, and hemisphere, F(2, 130) = 5.08, p < 0.01, g2p = 0.07, and a signiﬁcant Location 9 Hemisphere interaction, F(2, 130) = 27.79,
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Fig. 2. Oddball ERP. ERPs on the Pz for the oddball task separately for each group (the number corresponds with the group). 1: Sham-tDCS with control-CBM, 2: active tDCS with control-CBM, 3: sham-tDCS with active CBM, 4: active tDCS with active CBM. Light lines represent the pre-assessment
and dark lines the postassessment. There is a clear oddball P300 effect visible for target (alcohol/nonalcohol) stimuli around 400 to 500 ms. CBM, cognitive bias modification; ERP, event-related potential; tDCS, transcranial direct current stimulation.

p < 0.01, g2p = 0.30, which showed the P300 was highest at
Pz (Fig. 4). There was a signiﬁcant interaction with location
and stimulus type, F(1, 65) = 6.491, p = 0.01, g2p = 0.09, and
there was a more positive peak for alcohol on the parietal
electrodes and a more negative peak on the frontal electrodes; however, the separate analyses for each location were
not signiﬁcant (p > 0.3). There was a signiﬁcant interaction
with time, location, hemisphere, and stimulus type, F(2,
130) = 3.54, p = 0.03, g2p = 0.05; the interaction was only signiﬁcant for the parietal electrodes, F(2, 65) = 3.53, p = 0.04,

g2p = 0.10, and not the frontal electrodes (p = 0.16), followup analysis showed that the peak for alcohol stimuli
decreased over time on the Pz, t(68) = 2.18, p = 0.03, and
P5, t(68) = 2.61, p = 0.01, but not on P6 (p = 0.47) or for
nonalcohol stimuli (p > 0.11).
The ANOVA for the extended P300 (P3e) amplitude
showed a main eﬀect of location, F(1, 65) = 203.58,
p < 0.01, g2p = 0.76, and hemisphere, F(2, 130) = 30.20,
p < 0.01, g2p = 0.32, and a signiﬁcant Location 9 Hemisphere interaction, F(2, 130) = 8.58, p < 0.01, g2p = 0.12,
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Fig. 3. Craving EEG task data. Average score for alcohol or nonalcohol pictures presented in the craving EEG task. There is a small decrease in alcohol craving from pre- to postassessment after active tDCS (*=p<0.05). Error bars represent standard error of the mean. *p < 0.05. tDCS, transcranial
direct current stimulation; EEG, electroencephalogram.

which showed that the P3e was also highest at Pz. There was
a main eﬀect for stimulus type, F(1, 65) = 5.81, p = 0.02,
g2p = 0.08, and an interaction with location, F(1, 65) = 8.42,
p < 0.01, g2p = 0.11; the P3e amplitude was larger for nonalcoholic pictures and this was more pronounced at the frontal
electrodes. There was a signiﬁcant interaction with time,
hemisphere, stimulus type, and tDCS, F(2, 130) = 8.58,
p < 0.01, g2p = 0.12. The eﬀect was larger for parietal
(p = 0.09) then frontal electrodes (p = 0.30), and there was a
signiﬁcant interaction with hemisphere and tDCS for nonalcohol stimuli, F(2, 130) = 3.63, p = 0.03, g2p = 0.05, and not
for alcohol stimuli (p = 0.65). This interaction showed that
there was an small increase in peak amplitude on Pz and a
decrease on P6 for sham-tDCS, and no diﬀerence for active
tDCS; however, these follow-up tests for each electrode were
all nonsigniﬁcant (p > 0.34). There was also a signiﬁcant
interaction with time, hemisphere, location, CBM, and
tDCS, F(2, 130) = 4.38, p = 0.01, g2p = 0.06, but none of the
relevant follow-up analyses on location or hemisphere
reached signiﬁcance (p > 0.16).
DISCUSSION
In this study, we investigated whether tDCS could enhance
an avoidance bias trained with CBM. There was a decrease
in most measures over time; on average, students showed a
decrease in craving, drinking, and approach bias. Several sessions of CBM did not reduce approach bias (in the AAT or
IAT) at postassessment, but surprisingly, analysis of the bias
scores during the second training session indicated that in
both the control training and active training, no bias was

found (i.e., bias scores were around zero). In the absence of
clear CBM eﬀects, it is perhaps not surprising that we found
no evidence for an enhancement of CBM due to tDCS in any
of the outcome measurements. tDCS itself did not reduce
craving on the inclined scale of the alcohol craving questionnaire; however, it did reduce cue-evoked craving for alcohol
pictures in the EEG task. Another possibly interesting tDCS
eﬀect was that participants reported less fatigue after active
stimulation. The diﬀerent interventions did not aﬀect the
P300 for alcohol stimuli.
CBM did not lead to a more negative bias over time; training data showed that after the ﬁrst training participants did
not show a bias, that is they were as fast to approach alcohol
as to avoid alcohol stimuli. It is likely that participants
learned to fully ignore the contents of the picture and only
responded to the task-relevant (content irrelevant) feature,
the tilt of the picture, and that this reduced the eﬃcacy of the
training. However, in alcoholic patients, no signiﬁcant diﬀerences were found between a relevant and irrelevant feature
version of the training (Wiers et al., 2011). For future studies
with a subclinical sample, it might be better to create a relevant feature training condition. Furthermore, a previous
study with 2 sessions of approach bias retraining (also irrelevant feature 90 to 10%) with heavy drinking undergraduates
also did not ﬁnd evidence of training eﬀects (Lindgren et al.,
2015). It is likely that hazardous drinkers perform diﬀerently
than alcoholic patients, as there are many diﬀerences in population characteristics, for example, the gender distribution,
age, severity of impairments, and motivation to change
behavior. We tried to recruit participants who wanted to
reduce their drinking, but on average, motivation to change
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Fig. 4. Event-related potentials (ERPs) craving task. ERPs on the Pz for the cue craving task separately for each group (the number corresponds with
the group). 1: Sham-tDCS with control-CBM, 2: active tDCS with control-CBM, 3: sham-tDCS with active CBM, 4: active tDCS with active CBM. Light
lines represent the pre-assessment and dark lines the postassessment. CBM, cognitive bias modification; ERP, event-related potential; tDCS, transcranial direct current stimulation.

was low. Although we focused on changing automatic processes (which could occur independent of motivation), future
studies might beneﬁt from recruiting only participants with
high motivation to change (Wiers et al., 2016). Students were
also not asked to abstain from drinking during the period in
which they performed sessions of the experiment.
With an absence of clear CBM eﬀects, it becomes diﬃcult
to judge whether tDCS could enhance the training. Although
tDCS showed no eﬀect on reaction times during the training,
it remains to be investigated whether tDCS can enhance
CBM when it is successful in reversing a bias, for instance, in
clinical samples. It should be noted that recent neuroimaging
ﬁndings demonstrated an important role for the medial prefrontal cortex in reducing approach bias scores (Wiers et al.,
2015). This area is important for encoding the motivational
value of the addictive stimuli; it could be that eﬀectiveness of
CBM treatment is mostly dependent on changing the

automatic reactions toward these alcohol stimuli and less
dependent on the cognitive control over these stimuli. In that
case, improving cognitive and inhibitory processes in the
DLPFC might not be an eﬀective strategy to reduce this cognitive bias. Also as tDCS does not directly activate neurons,
but facilitates activation, the eﬀects are highly dependent on
the activated brain networks, and if the relevant networks
are not (or already optimally) activated, it might not have
any eﬀects at all.
As found in previous studies, tDCS could reduce cueevoked craving, speciﬁcally the desire to drink presented pictures of diﬀerent beverages (Boggio et al., 2008). It is likely
that, especially in this nondependent sample, cue-evoked
craving is a more appropriate target for craving reduction;
compared to simple questions, an alcohol cue is more potent
in creating a craving response and thus the potential to control it. However, these eﬀects on craving still remain unstable
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due to low craving scores and a small baseline diﬀerence.
There was an interesting unexpected diﬀerence in the side
eﬀects after tDCS stimulation. The decrease in fatigue after
tDCS might represent more eﬃcient processing during the
CBM task, thereby not causing an increase in fatigue.
Improved eﬃciency or attention would not lead to a stronger
bias, but it could for example, lead to improvements in working memory in long and diﬃcult tasks, where sustained attention is important.
These speciﬁc electrophysiological measures did not provide extra information as an intervention outcome in this
study. Similar as in previous research (Ceballos et al., 2012;
Petit et al., 2013), a higher amplitude for the P300 peak was
found for alcohol pictures on the parietal electrodes, which
could indicate preferential processing of alcohol stimuli in
this sample. Hazardous drinkers also responded faster to
alcohol stimuli in the oddball task. An important note
regarding the task is that both infrequent and frequent stimuli required a response, thus lacking the inhibitory eﬀect typically seen in oddball tasks. The inhibitory eﬀect might be
especially relevant for ﬁnding a large diﬀerence between alcohol or nonalcohol stimuli in the physiological response. The
craving task showed a similar larger P300 for alcohol stimuli
on the parietal electrodes, but a higher extended P300 peak
on the frontal electrodes for nonalcohol stimuli, which might
be related to the larger craving response participants showed
for nonalcohol stimuli. The P300 for alcohol stimuli was
slightly reduced after the intervention on the central and left
parietal electrodes, possibly indicating some reduced sensitivity for alcohol pictures; however, this did not diﬀer per condition.
This study did not show that CBM has any eﬀects in a
hazardous drinking student sample, most likely due to the
participants characteristics (nonabstinent and nonclinical)
and/or due to the speciﬁc training (irrelevant feature).
tDCS did not have any eﬀect on CBM, either during
training or on the outcome measurements. The ability of
tDCS to reduce alcohol cue-evoked craving was further
supported within a subclinical sample, and a beneﬁcial
eﬀect on fatigue was unexpectedly found. Although in this
sample the tDCS eﬀects did not extend to actual drinking
behavior and did not have electrophysiological consequences, it is important to note that we examined eﬀects
that occur after an intervention and not direct eﬀects that
occur immediately after CBM or tDCS. Our results support the further use of tDCS as a method to reduce alcohol craving and may help develop new ways to enhance
cognitive training with tDCS.
ACKNOWLEDGMENTS
This research was supported by N.W.O. (Dutch Science
Foundation) Research Talent Grant 406-11-203 and a grant
from the European Foundation for Alcohol Research
(ERAB, EA 1239). The authors declare there is no conﬂict of
interest.

REFERENCES
Bartholow BD, Henry EA, Lust SA (2007) Eﬀects of alcohol sensitivity on
P3 event-related potential reactivity to alcohol cues. Psychol Addict Behav
21:555–563.
Bartholow BD, Lust SA, Tragesser SL (2010) Speciﬁcity of P3 event-related
potential reactivity to alcohol cues in individuals low in alcohol sensitivity.
Psychol Addict Behav 24:220–228.
Boggio PS, Sultani N, Fecteau S, Merabet L, Mecca T, Pascual-Leone A,
Basaglia A, Fregni FF (2008) Prefrontal cortex modulation using transcranial DC stimulation reduces alcohol craving: a double-blind, sham-controlled study. Drug Alcohol Depend 92:55–60.
Brunoni AR, Vanderhasselt M-A (2014) Working memory improvement
with non-invasive brain stimulation of the dorsolateral prefrontal cortex: a
systematic review and meta-analysis. Brain Cogn 86:1–9.
Budd RJ, Rollnick S (1996) The structure of the Readiness to Change Questionnaire: a test of Prochaska & DiClemente’s transtheoretical model. Br J
Health Psych 1:365–376.
Ceballos NA, Giuliano RJ, Wicha NYY, Graham R (2012) Acute stress and
event-related potential correlates of attention to alcohol images in social
drinkers. J Stud Alcohol Drugs 73:761–771.
Clarke PJF, Browning M, Hammond G, Notebaert L, Macleod C (2014)
The causal role of the dorsolateral prefrontal cortex in the modiﬁcation of
attentional bias: evidence from transcranial direct current stimulation. Biol
Psychiatry 76:946–952.
Cousijn J, Goudriaan AE, Ridderinkhof KR, Van den Brink W, Veltman
DJ Wiers RW (2012) Approach-bias predicts development of cannabis
problem severity in heavy cannabis users: results from a prospective FMRI
study. PLoS One 7:e42394.
Cousijn J, Goudriaan AE, Wiers RW (2011) Reaching out towards cannabis:
approach-bias in heavy cannabis users predicts changes in cannabis use.
Addiction 106:1667–1674.
Ditye T, Jacobson L, Walsh V, Lavidor M (2012) Modulating behavioral
inhibition by tDCS combined with cognitive training. Exp Brain Res
219:363–368.
Eberl C, Wiers RW, Pawelczack S, Rinck M, Becker ES, Lindenmeyer J
(2013) Approach bias modiﬁcation in alcohol dependence: do clinical
eﬀects replicate and for whom does it work best? Dev Cogn Neurosci
4:38–51.
Elmasry J, Loo C, Martin D (2015) A systematic review of transcranial electrical stimulation combined with cognitive training. Restor Neurol Neurosci 33:263–278.
Forsberg L, Ekman S, Halldin J, R€
onnberg S (2004) The readiness to change
questionnaire: reliability and validity of a Swedish version and a comparison of scoring methods. Br J Health Psychol 9:335–346.
Gladwin TE, Rinck M, Eberl C, Becker ES, Lindenmeyer J, Wiers RW
(2015) Mediation of cognitive bias modiﬁcation for alcohol addiction via
stimulus-speciﬁc alcohol avoidance association. Alcohol Clin Exp Res
39:101–107.
Gladwin TE, den Uyl TE, Fregni FF, Wiers RW(2012) Enhancement of
selective attention by tDCS: interaction with interference in a Sternberg
task. Neurosci Lett 512:33–37.
Gratton G, Coles MG, Donchin E (1983) A new method for oﬀ-line removal
of ocular artifact. Electroencephalogr Clin Neurophysiol 55:468–484.
Greenwald AG, McGhee DE, Schwartz JL (1998) Measuring individual differences in implicit cognition: the implicit association test. J Pers Soc Psychol 74:1464–1480.
Hajcak G, MacNamara A, Olvet DM (2010) Event-related potentials, emotion, and emotion regulation: an integrative review. Dev Neuropsychol
35:129–155.
Heatherton TF, Kozlowski LT, Frecker RC, Fagerstrom KO (1991) The
Fagerstrom Test for Nicotine Dependence: a revision of the Fagerstrom
Tolerance Questionnaire. Br J Addict 86:1119–1127.
Hingson RW, Zha W, Weitzman ER (2009) Magnitude of and trends in
alcohol-related mortality and morbidity among U.S. college students ages
18–24: 1998-2005. J Stud alcohol drugs Suppl (16):12–20.

TDCS AND CBM IN HAZARDOUS DRINKERS

Lindgren KP, Wiers RW, Teachman BA, Gasser ML, Westgate EC, Cousijn
J, Enkema MC, Neighbors C (2015) Attempted training of alcohol
approach and drinking identity associations in us undergraduate drinkers:
null results from two studies. PLoS One 10:1–21.
McEvoy PM, Stritzke WG, French DJ, Lang AR, Ketterman R (2004) Comparison of three models of alcohol craving in young adults: a cross-validation. Addiction 99:482–497.
Monai H, Ohkura M, Tanaka M, Oe Y, Konno A, Hirai H, Mikoshiba K,
Itohara S, Nakai J, Iwai Y, Hirase H (2016) Calcium imaging reveals glial
involvement in transcranial direct current stimulation-induced plasticity in
mouse brain. Nat Commun 7:11100.
Monte-Silva K, Kuo MF, Hessenthaler S, Fresnoza S, Liebetanz D, Paulus
W, Nitsche MA (2013) Induction of late LTP-like plasticity in the human
motor cortex by repeated non-invasive brain stimulation. Brain Stimul
6:424–432.
Nitsche MA, Fricke K, Henschke U, Schlitterlau A, Liebetanz D, Lang N,
Henning S, Tergau F, Paulus W (2003) Pharmacological modulation of
cortical excitability shifts induced by transcranial direct current stimulation in humans. J Physiol 553:293–301.
Nitsche MA, Paulus W (2000) Excitability changes induced in the human
motor cortex by weak transcranial direct current stimulation. J Physiol
527:633–639.
Ostaﬁn BD, Palfai TP (2006) Compelled to consume : The Implicit Association Test and automatic alcohol motivation. Psychol Addict Behav
20:322–327.
Palfai TP, Ostaﬁn BD (2003) Alcohol-related motivational tendencies in hazardous drinkers : assessing implicit response tendencies using the modiﬁedIAT. Behav Res Ther 41:1149–1162.
Petit G, Cimochowska A, Cevallos C, Cheron G, Kornreich C, Hanak
C, Schroder E, Verbanck P, Campanella S (2015) Reduced processing
of alcohol cues predicts abstinence in recently detoxiﬁed alcoholic
patients in a three-month follow up period: an ERP study. Behav
Brain Res 282:84–94.
Petit G, Kornreich C, Verbanck P, Campanella S (2013) Gender diﬀerences
in reactivity to alcohol cues in binge drinkers: a preliminary assessment of
event-related potentials. Psychiatry Res 209:494–503.
Polich J, Kok A (1995) Cognitive and biological determinants of P300: an
integrative review. Biol Psychol 41:103–146.
Pronk T, van Deursen DS, Beraha EM, Larsen H, Wiers RW (2015) Validation of the Amsterdam Beverage Picture Set: a controlled picture set for
cognitive bias measurement and Modiﬁcation Paradigms. Alcohol Clin
Exp Res 39:2047–2055.

2133

Saunders JB, Aasland OG, Babor TF, de la Fuente JR, Grant M (1993)
Development of the Alcohol Use Disorders Identiﬁcation Test (AUDIT):
WHO Collaborative Project on Early Detection of Persons with Harmful
Alcohol Consumption–II. Addiction 88:791–804.
Stagg CJ, Lin RL, Mezue M, Segerdahl A, Kong Y, Xie J, Tracey I (2013)
Widespread modulation of cerebral perfusion induced during and after
transcranial direct current stimulation applied to the left dorsolateral prefrontal cortex. J Neurosci 33:11425–11431.
Townshend JM, Duka T (2001) Attentional bias associated with alcohol
cues: diﬀerences between heavy and occasional social drinkers. Psychopharmacology (Berl) 157:67–74.
den Uyl TE, Gladwin TE, Wiers RW (2015) Transcranial direct current stimulation, implicit alcohol associations and craving. Biol Psychol 105:37–42.
Wiers CE, Ludwig VU, Gladwin TE, Park SQ, Heinz A, Wiers RW, Rinck
M, Lindenmeyer J, Walter H, Bermpohl F (2015) Eﬀects of cognitive bias
modiﬁcation training on neural signatures of alcohol approach tendencies
in male alcohol-dependent patients. Addict Biol 20:990–999.
Wiers RW, Bartholow BD, van den Wildenberg E, Thush C, Engels RCME,
Sher KJ, Grenard J, Ames SL, Stacy AW (2007) Automatic and controlled
processes and the development of addictive behaviors in adolescents: a
review and a model. Pharmacol Biochem Behav 86:263–283.
Wiers RW, Becker D, Holland R, Moggi F, Lejuez CW (2016) Cognitive
motivational processes underlying addiction treatment, in Addictions. A
Social psychological perspective. Series: Frontiers in Social Psychology. A.
Kruglanski & J. Forgas (Series Editors) (K€
opetz C, Lejuez C eds), pp 201–
236. Psychology Press, NY.
Wiers RW, Eberl C, Rinck M, Becker ES, Lindenmeyer J (2011) Retraining
automatic action tendencies changes alcoholic patients’ approach bias for
alcohol and improves treatment outcome. Psychol Sci 22:490–496.
Wiers RW, Gladwin TE, Hofmann W, Salemink E, Ridderinkhof KR (2013)
Cognitive bias modiﬁcation and cognitive control training in addiction
and related psychopathology: mechanisms, clinical perspectives, and ways
forward. Clin Psychol Sci 1:192–212.
Wiers RW, Rinck M, Dictus M (2009) Relatively strong automatic appetitive
action-tendencies in male carriers of the OPRM1 G-allele. Genes Brain
Behav 8:101–106.
Wiers RW, Rinck M, Kordts R, Houben K, Strack F (2010) Retraining
automatic action-tendencies to approach alcohol in hazardous drinkers.
Addiction 105:279–287.
Zheng X, Alsop DC, Schlaug G (2012) Eﬀects of transcranial direct current
stimulation (tDCS) on human regional cerebral blood ﬂow. NeuroImage
58:617–632.

