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a b s t r a c t
Previous research has shown that stimulation of the left dorsolateral prefrontal cortex (DLPFC) enhances
working memory (e.g. in the n-back task), and reduces craving for cigarettes and alcohol. Stimulation of
the right inferior frontal gyrus (IFG) improves response inhibition. The underlying mechanisms are not
clearly understood, nor is it known whether IFG stimulation also reduces craving. Here, we compared
effects of DLPFC, IFG, and sham stimulation on craving in heavy drinkers in a small sample (n = 41). We also
tested effects of tDCS on overcoming response biases due to associations between alcohol and valence
and alcohol and approach, using implicit association tests (IATs). Mild craving was reduced after DLPFC
stimulation. Categorization of valence attribute words in the IAT was faster after DLPFC stimulation. We
conclude that DLPFC stimulation can reduce craving in heavy drinkers, but found no evidence for tDCS
induced changes in alcohol biases, although low power necessitates caution.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Transcranial direct current stimulation (tDCS) is a technique
that can inﬂuence cortical plasticity and excitability, and it has
been used to manipulate cognitive processes. With tDCS two electrodes are placed on top of the skull and a very low electrical
current is transmitted through, which increases excitability under
the anodal electrode and decreases excitability under the cathodal
electrode (Nitsche et al., 2003). By inﬂuencing activity in certain
cortical areas during relevant cognitive processes, tDCS may have
beneﬁcial effects. Anodal stimulation of the dorsolateral prefrontal
cortex (DLPFC) increases performance in several cognitive domains,
such as working memory (e.g. Fregni et al., 2005; Gladwin, den
Uyl, Fregni, & Wiers, 2012; Ohn et al., 2008) and decision making (e.g. Dockery, Hueckel-Weng, Birbaumer, & Plewnia, 2009;
Fecteau et al., 2007). The DLPFC is involved in many processes
related to addiction; mainly higher-order cognitive processes such
as behaviour monitoring and attentional and memory processes
(Goldstein & Volkow, 2011). The lack of control over impulses has
also been proposed to constitute an important factor (Goldstein &
Volkow, 2011; Jentsch & Taylor, 1999). Therefore, improving the
functioning of the DLPFC could have beneﬁcial effects in addiction.
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Indeed, anodal tDCS of DLPFC has been found to reduce craving
for several substances, such as alcohol, cigarettes and food (Boggio
et al., 2008; Fregni et al., 2008; Goldman et al., 2011). To the best
of our knowledge, effects of stimulation of other brain regions on
craving have not yet been tested. Anodal stimulation of the right
inferior frontal gyrus (IFG) has been found to increase inhibitory
control, measured by a stop-signal task (Ditye, Jacobson, Walsh, &
Lavidor, 2012; Jacobson, Javitt, & Lavidor, 2011). Therefore stimulation of this region may also decrease craving and/or increase
control over impulses to use addictive substances.
The current study had two goals. First, we aimed to extend
previous results of tDCS on craving. We investigated whether
the effects on craving are also present in heavy drinkers and
whether the IFG is also an effective target area. Second, we explored
the effects of prefrontal stimulation on the ability to change or
overcome biases due to automatic processing of alcohol-related
information. The reduction of automatic processing biases may
be a potential mediating mechanism for effects of tDCS on craving. One potentially important automatic process is the automatic
activation of alcohol associations, which can be measured using
an implicit association task (IAT). The IAT has been developed to
measure associations between two concepts by comparing performance on a classiﬁcation task when certain response-categories
are grouped together (Greenwald, McGhee, & Schwartz, 1998).
The grouping is congruent when the response-categories that
are grouped together are associated in memory and incongruent
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when the associated response-categories are mapped to opposite
responses. In a standard alcohol IAT, participants categorize alcohol
and other beverages together with positive and negative attribute
words. If participants have strong positive associations with alcohol
they will show improved performance when “alcohol” responses
are grouped with “positive” than with “negative” responses. Perhaps unexpectedly, many studies found that both heavy and light
drinkers are faster to sort alcohol with negative than with positive attribute words (Meta-analysis, Rooke, Hine, & Thorsteinsson,
2008; Wiers et al., 2002). However, heavy drinkers were found to
be somewhat less negative than light drinkers. When positive and
negative associations were measured separately, heavy drinkers
showed both positive and negative associations with alcohol, with
positive and not negative associations correlating with drinking
(Houben & Wiers, 2008). Implicit valence and arousal associations
with alcohol have also been found to predict drinking prospectively
(Wiers et al., 2002). The IAT has also been tested with approach
and avoidance attribute words instead of valence or arousal words;
alcohol-approach associations correlated with a higher urge to
drink (Palfai & Ostaﬁn, 2003), and with alcohol use and problems (Ostaﬁn & Palfai, 2006). Automatic alcohol-related processes,
such as those measured by the IAT, play a potentially important
role in the development and maintenance of alcohol addiction. It
has been demonstrated that changing alcohol-approach tendencies
(and related associations) in alcohol-dependent patients helped
them to remain abstinent (Eberl et al., 2013; Wiers, Eberl, Rinck,
Becker, & Lindenmeyer, 2011).
Prefrontal tDCS could be hypothesized to inﬂuence the executive processes that allow biases due to automatic associations to be
overcome. In line with this hypothesis, an fMRI study found that
the DLPFC was more active during incompatible than during compatible trials (Ames et al., 2013). This leads to the possibility that
prefrontal stimulation will result in a relatively negative bias, due
to a shift from impulsive to reﬂective evaluation. This would align
with ﬁndings in the context of attentional biases: several studies
reported a fast alcohol-approach attentional bias while using alcohol, followed by a slow disengagement bias when patients were
abstinent (Noël et al., 2006; Townshend & Duka, 2007; VollstädtKlein, Loeber, von der Goltz, Mann, & Kiefer, 2009).
As yet, little is known of effects of tDCS on IAT performance. A
previous study with a classical IAT with insect and ﬂower words
showed that tDCS of the DLPFC did not reduce the bias, and
actually selectively improved performance within congruent trials
(positive-ﬂowers and negative-insects; Gladwin, den Uyl, & Wiers,
2012). One explanation of this is that stimulation of DLPFC facilitates the recall of information but does not affect the processes
leading to incongruence costs in the context of an IAT, thus only
leading to a beneﬁcial outcome in the congruent condition where
the task-related response is in line with the existing bias. However,
effects on alcohol-related IATs have not yet been studied. One possibility we explored is that prefrontal tDCS would enhance the ability
to overcome biases, in line with previous work on the enhancement
of working memory and executive function. Another possibility
is that it would actually enhance performance for the congruent
response-grouping, as in our previous study. Given the repeated
ﬁnding that negative alcohol-associations are stronger than positive alcohol associations, tDCS could then make alcohol associations
more negative. In either case, if tDCS can affect biases due to alcohol
associations, this could provide clues on how tDCS is able to reduce
craving.
To these aims, we tested the effects of tDCS on self-reported
alcohol craving and on two variants of the IAT, one with positive and
negative words (affective IAT) and one with approach/avoidance
words (motivation IAT). Based on previous research, the main
target area was the left DLPFC. Since addiction is associated
with weakened ability to inhibit drinking behaviour (Goldstein &

Volkow, 2011), the right IFG was also explored in our setup. We
hypothesized that, similar to alcohol-dependent patients, heavy
drinkers would also demonstrate reduced craving after receiving
DLPFC and possibly also IFG stimulation. As described above, we
further explored effects of tDCS on cognitive processes indexed by
the IAT.
2. Methods
2.1. Participants
Forty-eight students (age: M = 21.7, SD = 2.8; gender: 17M/31F) were included.
The study focused on hazardous drinkers (AUDIT > 8 at screening via email). On the
testing day six participants scored lower than 8 when retaking the AUDIT, and were
excluded from the ﬁnal sample. One participant did not perform the experiment as
required and was also excluded. The ﬁnal analytical sample therefore consisted of 41
participants (age: M = 21.7; SD = 3.0; gender: 15M/26F). All were right handed and
were Dutch speaking healthy participants. As is common in a Dutch student population approximately 60% were occasional drug-users (cannabis/other). They did
not meet any tDCS exclusion criteria to ensure the safety of the stimulation (exclusion criteria were; central nervous system disorders (e.g. epilepsy, meningitis), or
other neurological damage (stroke, severe concussion), the use of psychopharmacological medication, a pacemaker, metal in the head, pregnancy, claustrophobia,
regular headaches/nausea/panic attacks, direct family with epilepsy, skin conditions (e.g. eczema)). Participants gave written informed consent and the study was
approved by the faculty’s ethics committee.
2.2. Materials
Participants performed two different versions of the alcohol implicit association test (IAT), one with approach and avoidance words (motivation IAT; similar as
Ostaﬁn & Palfai, 2006) and one with positive words and negative words (affective
IAT; similar as Houben, Nosek, & Wiers, 2010). In the IAT, participants are required
to categorize words into a category shown on the left or right of the screen. Two
categories (target vs. attribute) are represented with two subcategories (target: alcoholic drinks vs. regular drinks and attribute: positive vs. negative words or in 2nd
IAT attribute: approach vs. avoidance words). In a single category block only target (or attribute) words were shown on the screen (one subcategory left and one
right). Words were presented in the middle of the screen and must be categorized
as alcoholic or non-alcoholic beverage (or approach/avoid; or pleasant/unpleasant).
In combined blocks, target and attribute category-words were alternated, thus two
categories were associated with the same response-key. In one combined block
pleasant words were coupled with alcohol words and unpleasant with non-alcohol
words (alcohol-positive block) and in another block unpleasant words were to be
categorized with alcohol words (alcohol-negative block) (see Supplementary Materials). The IAT consisted of 7 blocks; with 3 single (with a total of 30 trials) and 4
combined (with a total of 120 trials) blocks (see online Supplementary Materials).
The order (ﬁrst alcohol-positive, then alcohol-negative or vice versa) of the blocks
was randomized across subjects (due to a randomization error the distribution was
slightly askew; 63% received the alcohol-negative and 61% the alcohol-avoidance
block ﬁrst, there was no difference in the distribution of order per group, (respectively, 2 (2) = 1.53, p = 0.47; 2 (2) = 0.25, p = 0.88). Participants received the IAT in
the same order before and after tDCS. Each subcategory had ﬁve different words
(see online Supplementary Materials); in the combined practice each word was
presented once. In order to minimize exemplar learning, different sets of words
were used for each IAT session (approach/avoid or pleasant/unpleasant and preand post-tDCS). Order and combination of words were randomized across subjects.
Craving was measured with the alcohol approach and avoidance questionnaire
(AAAQ, McEvoy, Stritzke, French, Lang, & Ketterman, 2004). The AAAQ consists of
14 questions on a 9-Likert scale on attitudes towards alcohol at a speciﬁc moment.
Three subscales were used; measuring mild inclinations to drink (inclined/indulgent
scale), strong inclinations to drink (obsessed/compelled scale), and inclination to
avoid drinking (resolved/regulated scale) (McEvoy et al., 2004). Students scored
relatively high on the Inclined scale and this scale was most predictive of drinking behaviour. Participants also ﬁlled out the alcohol use disorder identiﬁcation
questionnaire (AUDIT, Saunders, Aasland, Babor, de la Fuente, & Grant, 1993) and a
retrospective 1 week alcohol diary before testing. The AUDIT assessed alcohol use
(ﬁrst three multiple choice questions) and alcohol related problems (seven multiple
choice questions).
2.3. Transcranial direct current stimulation
The current was administered by using two 35 cm2 (7 × 5) electrodes that were
placed on the head and kept in place with rubber straps. The current strength used
was 1 mA and the stimulation was kept constant for 10 min for active stimulation
and for 30 s for sham stimulation. In the sham stimulation condition the tDCS apparatus stopped automatically without notiﬁcation of the participant. For the stimulation
of the left dorsolateral prefrontal cortex the anodal electrode was placed on F3. For
right inferior frontal gyrus stimulation the electrode was placed on the crossing of
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Table 1
Demographic variables and baseline scores.

Gender (F/M)
Age
AUDIT
Drinks last week
AAAQ inclined
% used drugs this month

DLPFC group

IFG group

Sham group

8/6
21.1
15.2
20.1
5.5
57%

10/5
21.6
13.9
15.7
4.9
73%

8/4
22.4
13.9
18.1
5.0
50%

±2.9
±3.3
±11.8
±1.2

±3.2
±5.5
±9.1
±1.8

p-value
±2.7
±3.3
±13.9
±1.8

0.84
0.52
0.66
0.59
0.56
0.45

Note. The alcohol use disorder identiﬁcation questionnaire (AUDIT), total amount of drinks in past week, approach avoidance alcohol questionnaire (AAAQ) Inclined scale.
The ‘% used drugs this month’, refers to the percentage of participants per group that had used any sort of drugs (cannabis, XTC, etc.) at least once in the previous month.

F7 and Cz and Fz and T3 (Jacobson et al., 2011). The reference electrode (cathodal)
was placed on the contralateral supraorbital region. The experimenter was blind
to the sham or real stimulation type (a function incorporated in the neuroConn
DC-stimulator Plus). One third of the DLPFC stimulations and one third of the IFG
stimulations were sham, creating three equal groups.
2.4. Design and procedure
The study used a mixed repeated measures design with tDCS type as between
subject variable. Participants were informed of the in- and exclusion criteria beforehand. All testing sessions were done in the afternoon as it was expected that craving
in a student population would be less likely in the morning. Participants ﬁrst ﬁlled
out several questionnaires, performed a practise version of the IAT and then completed both IATs once.1 After the task, the tDCS electrodes were strapped to the head
and subjects received 10 min of stimulation while they read a student psychology
magazine. Participants also ﬁlled out the AAAQ before and after tDCS. Participants
were randomly assigned to receive either DLPFC, IFG or sham stimulation. After
stimulation they completed both IATs again in the same order. The experiment took
approximately 1 h.

Fig. 1. Effects of tDCS on craving. Mean score on Inclined scale (Likert scale 1–9)
before and after stimulation. Error bars represent standard errors. There is a significant decrease in craving after DLPFC stimulation compared to sham stimulation.

2.5. Statistical analysis
A repeated measures ANOVA was used to test the effects of tDCS on craving
in heavy drinkers. TDCS was the between-subjects factor and pre- and postmeasurement of the Inclined score was the within-subjects factor. We primarily
considered the subscale Inclined of the AAAQ, since students scored highest on this
scale (McEvoy et al., 2004). Difference scores were calculated (pre- minus posttDCS), to do planned comparisons with sham stimulation as control condition, and
test the speciﬁc hypothesis that DLPFC stimulation would decrease craving compared to sham, and inspect the effect of IFG stimulation. For the affective IAT a
bias score was calculated (in order to check for correlations with behaviour) by
subtracting combined alcohol-positive trials (or alcohol-approach trials) from combined alcohol-negative trials (or alcohol-avoid trials), for both reaction time and
accuracy. This bias score was also compared to zero with a one-sample t-test to
look at the baseline bias in the sample. The reliability of the IAT was tested with
Cronbach alpha, by taking the bias scores for each separate word category (positive/negative/alcohol/soda). Effects of tDCS on the IAT were tested with a repeated
measures ANOVA with tDCS as between subject variable and within-subject factors time (pre- and post-tDCS), block-type (alcohol-positive vs. alcohol-negative),
target-type (target vs. attribute), and word-type (target (alcohol vs. non-alcohol)
and attribute (negative vs. positive)) (baseline data were also assessed by excluding
the factor time and only looking at the pre-tDCS data). Interactions involving time
and (between-subject factor) Group were relevant for an effect of tDCS. Signiﬁcant
interactions were followed by single group comparisons with sham stimulation.
Analogous analyses were performed for the motivation IAT.

3. Results
All participants tolerated the stimulation well and none asked
for the stimulation to be terminated. Groups did not differ
on baseline characteristics (Table 1). The interaction between
tDCS and time on Inclined scores was signiﬁcant (F(2,38) = 4.13,
p = 0.024, 2 = 0.18; Fig. 1). Planned contrasts with difference scores
(post–pre) showed that craving decreased after DLPFC stimulation
compared to sham stimulation (t(38) = −1.88, p (one-sided) = 0.034,

1
Participants also performed an approach avoidance task (AAT), but due to problems (high error rates/low reliability) with this speciﬁc version of the task it is
excluded from this paper.

d = 0.762). Craving did not change signiﬁcantly after IFG stimulation
compared to sham stimulation (t(38) = 0.79; p = 0.43).
The affective IAT showed good internal reliability for each word
category (Cronbach alpha; pre-test = 0.90, post-test = 0.80). The bias
scores, however, did not correlate signiﬁcantly with AUDIT, TLFB,
or AAAQ Inclined scores.2 Bias score did correlate strongly with
the order of the blocks (−0.59, p < 0.001), showing that performance was dependent on time-on-task, adding extra variance to
the bias scores. At baseline the bias score differed signiﬁcantly
from zero; there was a negative bias in the sample (t(40) = −3.19,
p = 0.003; when the bias score was corrected for order effects this
effect remained, t(40) = −2.67, p = 0.01). The ANOVA with tDCS
and the affective IAT showed only one interaction effect involving
group and time; the three-way interaction including target-type
(F(2,38) = 4.00, p = 0.027, 2 = 0.17). Further analysis showed that
this interaction was signiﬁcant when comparing DLPFC stimulation
to sham (F(1,24) = 7.0, p = 0.014); there was a signiﬁcant decrease
in reaction times for attribute words after DLPFC (and not IFG or
sham) stimulation (F(1,13) = 12.60, p = 0.004, Fig. 2). There was also
a trend for an interaction with block-type (F(1,13) = 4.11, p = 0.063);
but follow-up analysis showed that there were no signiﬁcant differences compared to sham stimulation (p > 0.3). There were no
stimulation effects on accuracy.
The motivation IAT showed good internal reliability for each
word category (Cronbach’s alpha 4 items; pre-test = 0.83, posttest = 0.82). The bias score did not correlate with AUDIT, craving,
or explicit measures (p > 0.3). There was no signiﬁcant bias at baseline (p > 0.8). No effects of tDCS on the motivation IAT were found
(Fig. 3). There was a signiﬁcant interaction with target-type and
time (F(1,38) = 4.5, p = 0.04, 2 = 0.11), indicating that participants,
regardless of group (the interaction with group was not-signiﬁcant,

2
There were also no signiﬁcant correlations when the D600 (Greenwald et al.,
2003) score was used.
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Fig. 2. Effects of tDCS on categorizing target-type. Mean reaction times for categorizing targets and attribute words before and after (DLPFC/IFG/sham) tDCS. Error
bars represent standard errors. After DLPFC stimulation (compared to sham) participants respond faster to attribute words compared to target words.

p = 0.19) were faster at attribute words the second time. There were
no effects on accuracy, although there was a trend for accuracy to
increase after sham stimulation (F(2,38) = 2.66, p = 0.083, 2 = 0.12).
4. Discussion
This study examined the effects of anodal tDCS over the DLPFC
and IFG on craving and two implicit association tests. It gives new
support for the possibility for tDCS of the DLPFC to also inﬂuence
mild craving in heavy drinkers, in line with earlier studies indicating reductions in stronger forms of craving in alcohol-dependent
patients (Boggio et al., 2008). In the present sample of heavy

Fig. 3. tDCS effects on IAT bias score. (a) Bias score for affective IAT per group, before
and after tDCS. (b) Bias score for motivation IAT per group, before and after tDCS.
Error bars represent standard errors. There are no signiﬁcant effects of tDCS on bias
scores.

drinking students, effects were found on a scale that measured
inclinations to drink; somewhat weaker feelings of craving. Stimulation of the IFG did not decrease craving. Previously this form
of stimulation has been shown to increase response inhibition in
a stop-signal task (Jacobson et al., 2011). Although inhibition of
motor responses is conceptually different from craving related inhibition of thoughts and desires, similar effects could be expected
when inhibiting craving-related thoughts. However, whether the
IFG solely plays a role in response inhibition is debated; some areas
might also be related to attention processes (Boehler, Appelbaum,
Krebs, Hopf, & Woldorff, 2010; Nikolaou, Field, Critchley, & Duka,
2013). It may be the enhanced attention to stop-stimuli in an
inhibition task that improves performance, however, enhanced
attention to alcohol without inhibition instructions might not lead
to decreased craving.
Craving requires cognitive processing, by elaboration and imagination of the substance and situation (Kavanagh, Andrade, & May,
2005). DLPFC stimulation has been suggested to interfere with a
craving response by interrupting the processes normally leading to
craving (Boggio et al., 2008; Fregni et al., 2008). However, the precise mechanisms are still unclear. These results showed that even
small inclinations towards alcohol, that are likely prompted by the
processing of alcohol related stimuli or alcohol related imaginative questions, may be reduced by anodal tDCS in heavy drinkers.
This suggests that tDCS of the DLPFC does not only interrupt a maladaptive craving process, but affects common reward processing
pathways in a continuous matter.
No clear effects of tDCS were found on alcohol association biases
in the two IATs. DLPFC stimulation did improve reaction times
when categorizing attribute words. This might be interpreted as
an improvement of general emotional processing, which has previously been found as a result of DLPFC stimulation (Nitsche et al.,
2012). However, attributes was also the category participants performed the worst on at baseline, hence the one in which they could
improve the most; another alternative explanation for this effect
is a facilitation of performance on relatively difﬁcult trials, which
has also been found in previous studies (Cerruti & Schlaug, 2009;
Gladwin, den Uyl, & Wiers, 2012; Meiron & Lavidor, 2012). However, neither an overall reduction in bias nor a shift to a more
negative association was found.
In contrast with previous research none of the bias scores correlated with drinking behaviour. This may have been due to the low
variance in the sample, since we only included hazardous drinkers
and no light drinkers. The absence of a speciﬁc bias does make it
more difﬁcult to draw conclusions on whether tDCS can inﬂuence
the bias score that exists in this population. The results did not precisely match the results found in Gladwin, den Uyl, Fregni, et al.
(2012); Gladwin, den Uyl, and Wiers (2012). In that study, as in
the current study, no decrease in bias was found; DLPFC tDCS was
in fact found to selectively result in an improvement in congruent
trials. However, in this previous classical ﬂowers-and-insects IAT
experiment three repetitions of the seven blocks were used, giving
a more reliable IAT score and more opportunity to optimize performance, which could have given rise to the detection of more
subtle learning effects. Since bias scores can diminish after frequent testing, we chose to limit the testing to one block in this
design (where the tasks were done within a short amount of time
of each other opposed to at least a day apart). Also compared to a
classical insect IAT (Greenwald et al., 1998), in an alcohol-IAT, no
universal preference is assessed and many people are ambivalent,
which indicates they may have both positive (/approach) associations and negative (/avoidance) associations, which may differ in
relative strength, depending on context (Houben & Wiers, 2006;
cf. Roefs et al., 2006). The target categories are also not necessarily
straightforward, since high sugary (unhealthy) soda drinks might
also activate negative associations. The lack of a signiﬁcant result
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on these biases could also be due to the lack of power to ﬁnd smaller
effects; with these ambiguous biases we would need a much larger
sample to be able to detect all the different facets that underlie
these bias scores. It might also be of interest in further research to
classify people beforehand as to which bias they have and in such
a way create groups, who might react differently to a bias manipulation.
This is the ﬁrst study to show similar trends for DLPFC stimulation in hazardous drinkers as previously found in dependent
subjects. However, the context of craving questions for heavy
drinkers is somewhat different than the craving questions for alcoholics and it is still an open question whether tDCS will lead to
reduction in drinking behaviour in the long run. In line with the
general ﬁnding that anodal DLPFC simulation can enhance cognition; reaction times were reduced on the slowest trials on an IAT.
However, no evidence was found suggesting that alcohol-related
automatic associative processes measured by the IAT, or biases
due to them, are affected by tDCS. Thus, further study is needed
to understand the mechanisms underlying the potentially important effect of tDCS on craving and hence aid its potential clinical
applications.
Acknowledgements
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).
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.biopsycho.
2014.12.004.
References
Ames, S. L., Grenard, J. L., He, Q., Stacy, A. W., Wong, S. W., Xiao, L., et al. (2013). Functional imaging of an alcohol-implicit association test (IAT). Addiction Biology,
http://dx.doi.org/10.1111/adb.12071
Boehler, C. N., Appelbaum, L. G., Krebs, R. M., Hopf, J. M., & Woldorff, M. G.
(2010). Pinning down response inhibition in the brain – Conjunction analyses of the stop-signal task. NeuroImage, 52(4), 1621–1632. http://dx.doi.org/
10.1016/j.neuroimage.2010.04.276
Boggio, P. S., Sultani, N., Fecteau, S., Merabet, L., Mecca, T., Pascual-Leone, A.,
et al. (2008). Prefrontal cortex modulation using transcranial DC stimulation
reduces alcohol craving: A double-blind, sham-controlled study. Drug and Alcohol Dependence, 92, 55–60. http://dx.doi.org/10.1016/j.drugalcdep.2007.06.011
Cerruti, C., & Schlaug, G. (2009). Anodal transcranial direct current stimulation of
the presfrontal cortex enhances complex verbal associative thought. Journal
of Cognitive Neuroscience, 21, 1980–1987. http://dx.doi.org/10.1162/jocn.2008.
21143
Ditye, T., Jacobson, L., Walsh, V., & Lavidor, M. (2012). Modulating behavioral inhibition by tDCS combined with cognitive training. Experimental Brain Research,
219, 363–368. http://dx.doi.org/10.1007/s00221-012-3098-4
Dockery, C. A., Hueckel-Weng, R., Birbaumer, N., & Plewnia, C. (2009).
Enhancement of planning ability by transcranial direct current stimulation.
The Journal of Neuroscience, 29(22), 7271–7277. http://dx.doi.org/10.1523/
JNEUROSCI.0065-09.2009
Eberl, C., Wiers, R. W., Pawelczack, S., Rinck, M., Becker, E. S., & Lindenmeyer, J. (2013).
Approach bias modiﬁcation in alcohol dependence: Do clinical effects replicate
and for whom does it work best? Developmental Cognitive Neuroscience, 4, 38–51.
http://dx.doi.org/10.1016/j.dcn.2012.11.002
Fecteau, S., Knoch, D., Fregni, F. F., Sultani, N., Boggio, P., & Pascual-Leone, A. (2007).
Diminishing risk-taking behavior by modulating activity in the prefrontal cortex: A direct current stimulation study. The Journal of Neuroscience, 27(46),
12500–12505. http://dx.doi.org/10.1523/JNEUROSCI.3283-07.2007
Fregni, F. F., Boggio, P. S., Nitsche, M. A., Bermpohl, F., Antal, A., Feredoes, E.,
et al. (2005). Anodal transcranial direct current stimulation of prefrontal cortex enhances working memory. Experimental Brain Research, 166(1), 23–30.
http://dx.doi.org/10.1007/s00221-005-2334-6
Fregni, F. F., Liguori, P., Fecteau, S., Nitsche, M. A., Pascual-Leone, A., & Boggio, P.
S. (2008). Cortical stimulation of the prefrontal cortex with transcranial direct
current stimulation reduces cue-provoked smoking craving: A randomized,
sham-controlled study. The Journal of Clinical Psychiatry, 69(1), 32–40.

41

Gladwin, T. E., den Uyl, T. E., Fregni, F. F., & Wiers, R. W. (2012). Enhancement
of selective attention by tDCS: Interaction with interference in a Sternberg
task. Neuroscience Letters, 512, 33–37. http://dx.doi.org/10.1016/j.neulet.2012.
01.056
Gladwin, T. E., den Uyl, T. E., & Wiers, R. W. (2012). Anodal tDCS of dorsolateral
prefrontal cortex during an implicit association test. Neuroscience Letters, 517(2),
82–86. http://dx.doi.org/10.1016/j.neulet.2012.04.025
Goldman, R. L., Borckardt, J. J., Frohman, H. A., O’Neil, P. M., Madan, A., Campbell, L. K., et al. (2011). Prefrontal cortex transcranial direct current stimulation
(tDCS) temporarily reduces food cravings and increases the self-reported ability to resist food in adults with frequent food craving. Appetite, 56(3), 741–746.
http://dx.doi.org/10.1016/j.appet.2011.02.013
Goldstein, R. Z., & Volkow, N. D. (2011). Dysfunction of the prefrontal cortex in
addiction: neuroimaging ﬁndings and clinical implications. Nature Reviews Neuroscience, 12(11), 652–669. http://dx.doi.org/10.1038/nrn3119
Greenwald, A. G., McGhee, D. E., & Schwartz, J. L. (1998). Measuring individual differences in implicit cognition: The implicit association test. Journal of Personality
and Social Psychology, 74(6), 1464–1480.
Greenwald, A. G., Nosek, B. A., & Banaji, M. R. (2003). Understanding and
using the Implicit Association Test: I. An improved scoring algorithm. Journal of Personality and Social Psychology, 85(2), 197–216. http://dx.doi.org/
10.1037/0022-3514.85.2.197
Houben, K., Nosek, B. A., & Wiers, R. W. (2010). Seeing the forest through
the trees: A comparison of different IAT variants measuring implicit alcohol associations. Drug and Alcohol Dependence, 106, 204–211. http://dx.doi.org/
10.1016/j.drugalcdep.2009.08.016
Houben, K., & Wiers, R. W. (2006). Assessing implicit alcohol associations with the
implicit association test: Fact or artifact? Addictive Behaviors, 31(8), 1346–1362.
http://dx.doi.org/10.1016/j.addbeh.2005.10.009
Houben, K., & Wiers, R. W. (2008). Implicitly positive about alcohol? Implicit positive associations predict drinking behavior. Addictive Behaviors, 33(8), 979–986.
http://dx.doi.org/10.1016/j.addbeh.2008.03.002
Jacobson, L., Javitt, D. C., & Lavidor, M. (2011). Activation of inhibition:
Diminishing impulsive behavior by direct current stimulation over the
inferior frontal gyrus. Journal of Cognitive Neuroscience, 23, 3380–3387.
http://dx.doi.org/10.1162/jocn a 00020
Jentsch, J. D., & Taylor, J. R. (1999). Impulsivity resulting from frontostriatal dysfunction in drug abuse: Implications for the control of behavior by reward-related
stimuli. Psychopharmacology, 146(4), 373–390.
Kavanagh, D. J., Andrade, J., & May, J. (2005). Imaginary relish and exquisite torture:
The elaborated intrusion theory of desire. Psychological Review, 112(2), 446–467.
http://dx.doi.org/10.1037/0033-295X.112.2.446
McEvoy, P. M., Stritzke, W. G. K., French, D. J., Lang, A. R., & Ketterman, R. (2004). Comparison of three models of alcohol craving in young adults: A cross-validation.
Addiction, 99(4), 482–497. http://dx.doi.org/10.1111/j.1360-0443.2004.00714.x
Meiron, O., & Lavidor, M. (2012). Unilateral prefrontal direct current stimulation
effects are modulated by working memory load and gender. Brain Stimulation,
6(3), 440–447. http://dx.doi.org/10.1016/j.brs.2012.05.014
Nikolaou, K., Field, M., Critchley, H., & Duka, T. (2013). Acute alcohol effects
on attentional bias are mediated by subcortical areas associated with
arousal and salience attribution. Neuropsychopharmacology, 38(7), 1365–1373.
http://dx.doi.org/10.1038/npp.2013.34
Nitsche, M. A., Fricke, K., Henschke, U., Schlitterlau, A., Liebetanz, D., Lang, N., et al.
(2003). Pharmacological modulation of cortical excitability shifts induced by
transcranial direct current stimulation in humans. The Journal of Physiology, 553,
293–301. http://dx.doi.org/10.1113/jphysiol.2003.049916
Nitsche, M. A., Koschack, J., Pohlers, H., Hullemann, S., Paulus, W., & Happe, S.
(2012). Effects of frontal transcranial direct current stimulation on emotional
state and processing in healthy humans. Frontiers in Psychiatry, 3(58), 1–10.
http://dx.doi.org/10.3389/fpsyt.2012.00058
Noël, X., Colmant, M., Van Der Linden, M., Bechara, A., Bullens, Q., Hanak, C., et al.
(2006). Time course of attention for alcohol cues in abstinent alcoholic patients:
The role of initial orienting. Alcoholism: Clinical and Experimental Research,
30(11), 1871–1877. http://dx.doi.org/10.1111/j.1530-0277.2006.00224.x
Ohn, S. H., Park, C., Yoo, W., Ko, M., Choi, K. P., Kim, G., et al. (2008).
Time-dependent effect of transcranial direct current stimulation on the
enhancement of working memory. Neuroreport, 19(1), 43–47. http://dx.doi.org/
10.1097/WNR.0b013e3282f2adfd
Ostaﬁn, B. D., & Palfai, T. P. (2006). Compelled to consume: The implicit association
test and automatic alcohol motivation. Psychology of Addictive Behaviors, 20(3),
322–327. http://dx.doi.org/10.1037/0893-164X.20.3.322
Palfai, T. P., & Ostaﬁn, B. D. (2003). Alcohol-related motivational tendencies
in hazardous drinkers: Assessing implicit response tendencies using the
modiﬁed-IAT. Behaviour Research and Therapy, 41, 1149–1162. http://dx.doi.org/
10.1016/S0005-7967(03)00018-4
Roefs, A., Quaedackers, L., Werrij, M. Q., Wolters, G., Havermans, R., Nederkoorn,
C., et al. (2006). The environment inﬂuences whether high-fat foods are associated with palatable or with unhealthy. Behaviour Research and Therapy, 44(5),
715–736. http://dx.doi.org/10.1016/j.brat.2005.05.007
Rooke, S. E., Hine, D. W., & Thorsteinsson, E. B. (2008). Implicit cognition
and substance use: A meta-analysis. Addictive Behaviors, 33(10), 1314–1328.
http://dx.doi.org/10.1016/j.addbeh.2008.06.009
Saunders, J. B., Aasland, O. G., Babor, T. F., de la Fuente, J. R., & 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.

42

Tess.E. den Uyl et al. / Biological Psychology 105 (2015) 37–42

Townshend, J. M., & Duka, T. (2007). Avoidance of alcohol-related stimuli in alcoholdependent inpatients. Alcoholism: Clinical and Experimental Research, 31(8),
1349–1357. http://dx.doi.org/10.1111/j.1530-0277.2007.00429.x
Vollstädt-Klein, S., Loeber, S., von der Goltz, C., Mann, K., & Kiefer, F. (2009).
Avoidance of alcohol-related stimuli increases during the early stage of abstinence in alcohol-dependent patients. Alcohol and Alcoholism, 44(5), 458–463.
http://dx.doi.org/10.1093/alcalc/agp056

Wiers, R. W., Eberl, C., Rinck, M., Becker, E. S., & Lindenmeyer, J. (2011). Retraining automatic action tendencies changes alcoholic patients’ approach bias for
alcohol and improves treatment outcome. Psychological Science, 22(4), 490–497.
http://dx.doi.org/10.1177/0956797611400615
Wiers, R. W., Stacy, A. W., Ames, S. L., Noll, J. A., Sayette, M. A., Zack, M., et al.
(2002). Implicit and explicit alcohol-related cognitions. Alcoholism: Clinical and
Experimental Research, 26(1), 129–137.

