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Abstract The aim of this study was to increase insight in the
neural substrates of attention processes involved in emotion
regulation. The effects of right dorsolateral prefrontal cortex
(i.e., DLPFC) stimulation on attentional processing of emo-
tional information were evaluated. A novel attention task
allowing a straightforward measurement of attentional en-
gagement toward, and attentional disengagement away from
emotional faces was used. A sample of healthy participants
received 20 minutes of active and sham anodal transcranial
direct current stimulation (i.e., tDCS) applied over the right
DLPFC on 2 separate days and completed the attention task
after receiving real or sham stimulation. Compared to sham
stimulation, tDCS over the right DLPFC led to impairments in
attentional disengagement from both positive and negative
faces. Findings demonstrate a causal role of right DLPFC
activity in the generation of attentional impairments that are
implicated in emotional disturbances such as depression and
anxiety.

Keywords Selective attention . Attentional control .

Emotion . DLPFC . Neurostimulation

Selective attention is a cognitive process that serves to filter
relevant external and internal information to be processed and
can be initiated either in automatic or controlled ways
(Corbetta & Schulman, 2002). In the context of emotional
processing, selective attention is a crucial mechanism that in-
fluences our emotional experience and functioning (Gross,

Sheppes, & Urry, 2011; Koole, 2009) by determining how
the organism perceives and interprets emotional information
in the environment (Everaert, Duyck, & Koster, 2014;
Sanchez, Everaert, De Putter, Mueller, & Koster, 2015).
Individual differences in attentional processing of emotional
information have been found to have a primary involvement
in emotion regulation processes (Gross et al., 2011; Joormann
& D’Avanzato, 2010). Whereas healthy individuals under
transient induced negative mood states direct their attention
more frequently to positive stimuli (Sanchez, Vazquez,
Gomez, & Joormann, 2014) and are faster in shifting attention
away from negative stimuli (Ellenbogen, Schwartzman,
Stewart, & Walker, 2002), individuals suffering from anxiety
and depression are characterized, among other biases, by
sustained attentional processing of negative information
(Armstrong & Olatunji, 2012). Individual differences in these
attention patterns are associated with recovery from transient
negative mood states (Ellenbogen et al., 2002; Sanchez,
Vazquez, Marker, LeMoult, & Joormann, 2013; Sanchez
et al., 2014).

Neuroimaging studies demonstrate an interactive network
of corticolimbic pathways playing a central role in the top-
down regulation of emotions (Johnstone, van Reekum, Urry,
Kalin, & Davidson, 2007; Ochsner & Gross, 2005;
Seminowicz et al., 2004; Wager, Davidson, Hughes,
Lindquist, & Ochsner, 2008). Specifically, a functional bal-
ance between ventral (ventral anterior cingulate cortex [ACC];
limbic structures) with dorsal compartments in the brain (dor-
sal ACC, dorsolateral prefrontal cortex [DLPFC]) is necessary
for maintaining homeostatic emotional control (Ochsner &
Gross, 2005). These brain structures are also involved in at-
tentional processing of emotional information (Fragopanagos,
Kockelkoren, & Taylor, 2005; Liotti & Mayberg, 2001), with
the DLPFC as an important region for the implementation of
top-down attentional control (MacDonald, Cohen, Stenger, &
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Carter, 2000; Vanderhasselt, De Raedt, Baeken, Leyman, &
D’Haenen, 2006). Therefore, emotional attention biases asso-
ciated to the dysregulation of emotional states can be under-
stood as the result of failures in top-down attentional control
implemented by the DLPFC (De Raedt, Vanderhasselt, &
Baeken, 2015).

It has been consistently observed that impairments in the
ability to disengage attention from negative information that
characterizes emotional disorders are commonly related to
dysfunctional DLPFC activity (De Raedt & Koster, 2010).
For instance, attention biases toward threat are characterized
by right hemispheric hyperactivation of regions including
frontal (orbital, prefrontal, anterior cingulate), parietal, and
subcortical regions, such as the amygdala (for reviews, see
Disner, Beevers, Haigh, & Beck, 2011; Nitschke & Heller,
2005). Recent research has examined the causal role of the
right DLPFC in emotional attention processes by employing
experimental neurostimulation techniques to manipulate right
DLPFC activity, such as repetitive transcranial magnetic stim-
ulation (rTMS) or transcranial direct current stimulation
(tDCS). These procedures consist of noninvasive techniques
that cause transient changes in activity of particular cortical
areas that last beyond the stimulation period (Kluger & Triggs,
2007; Nitsche et al., 2008). rTMS is an increasingly used
neurostimulation technique where electrical stimulation is de-
livered by an electromagnetic coil placed above the scalp in
which a high-intensity current is rapidly turned on and off.
The resulting time-varying magnetic field generated passes
to the surface of the brain area, where it induces weak electric
currents to flow in the underlying neurons. tDCS is a relatively
new but promising technique of neuromodulation to manipu-
late the membrane potential of neurons. tDCS modulates
spontaneous cortical activity through delivery of a constant
low-intensity direct current (e.g., 0.5–2 mA) via an anodal
electrode and a cathodal electrode attached to the scalp sur-
face, inducing intracerebral current flows. Research has dem-
onstrated an increase in cortical excitability due to anodal
stimulation (Nitsche & Paulus, 2000, 2001), whereas cathodal
stimulation decreases cortical activity (Nitsche & Paulus,
2000; Nitsche et al., 2003).

Leyman, De Raedt, Vanderhasselt, and Baeken (2009) ex-
amined the transient effects of high-frequency (HF) rTMS
applied over the right DLPFC—which increases cortical ex-
citability—on the attentional processing of emotional infor-
mation (happy and sad faces) of healthy volunteers. In line
with the existence of the aforementioned neurocircuitry of
emotion regulation, results supported an involvement of the
right DLPFC in attentional processing, evidenced by an in-
stant impairment of the attentional inhibition of sad faces fol-
lowing HF-rTMS. Furthermore, De Raedt et al. (2010) repli-
cated and extended this finding in a study where healthy indi-
viduals completed an exogenous cueing task involving atten-
tional processing of angry faces in the fMRI scanner following

HF-rTMS of both right and left DLPFC. Results showed that
right-sided neurostimulation resulted in impaired attentional
disengagement from angry faces, whereas left-sided stimula-
tion resulted in decreased attentional engagement toward an-
gry faces. It is important that impaired disengagement was
associated with decreased activation within the right
DLPFC, dorsal ACC, and left superior parietal gyrus,
combined with increased activity within the right amygdala
during the task performance. Specifically, results from De
Raedt et al. (2010) show that such impairments are based on
reduced activation of right DLPFC during disengagement tri-
als (as measured by event-related fMRI) as a result of
neurostimulation, which creates hemispheric imbalances as
observed in emotional disorders (i.e., higher right, lower left
activation; Disner et al., 2011; Nitschke & Heller, 2005).
These findings provide important insights on the neural sub-
strates of emotional attention processes implicated in emotion-
al regulation (i.e., ability to inhibit or disengage attention from
negative information).

However, further research is required given two limita-
tions of the aforementioned studies: (1) the absence of
direct measures of attention behavior (De Raedt et al.,
2010; Leyman et al., 2009), and (2) the absence of posi-
tive stimuli (De Raedt et al., 2010), to test whether the
observed effects are specific for negative stimuli or reflect
general impairments in the inhibition of emotional infor-
mation. First, the attention tasks employed by the afore-
mentioned studies rely on manual reaction time measures
as proxy estimations of attention allocation. For instance,
in the spatial cueing task employed by De Raedt et al.
(2010), longer reaction times to indicate the position of
a target that appears at the opposite position of the screen
(relative to where a negative cue was previously present-
ed) are assumed to indicate a delayed attentional disen-
gagement from negative information. However, in the ab-
sence of a continuous measurement of overt visual atten-
tion, it is difficult to disentangle the influence of emotion-
al processes on attentional responses from other con-
founding factors, such as deficits in motor response or
response selection biases. In addition, the absence of con-
tinuous measurement of overt visual attention may under-
mine the ability to effectively capture shifts in attention
over time. The measurement of distinct attention compo-
nents (i.e., attentional engagement vs. attentional disen-
gagement; Posner & Cohen, 1984) involved in emotional
processing requires methods to differentiate these compo-
nents in a more straightforward way, to test the hypothesis
that the right DLPFC plays a role in specific attentional
processes that require attentional control recruitment (i.e.,
attentional disengagement). In this study, a sample of
healthy undergraduates completed a novel engagement–
disengagement attention task based on eye tracking
(Sanchez et al., 2013), after receiving a session of both
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active anodal tDCS and sham (placebo) stimulation over
the right DLPFC. This design was aimed to establish the
specific effects of right DLPFC stimulation over direct
measures of engagement and disengagement components
of emotional attention, including both negative and posi-
tive stimuli. According to predictions from neurocognitive
models (Davidson 1992), and in line with the aforemen-
tioned studies using neurostimulation, higher right
DLPFC activity induced by anodal tDCS should be spe-
cifically involved in disruptions of attentional control of
negative information—namely, in the ability to inhibit or
disengage attention away from intrusive negative
information.

Second, although previous evidence indicates that dys-
functional right DLPFC activity may be specifically
linked to impairments in the ability to disengage attention
from negative information, the role of right DLPFC activ-
ity in attentional disengagement from positive information
remains unclear. Traditional neurocognitive models argue
that preferential processing of positive (approach related)
and negative emotions (withdrawal related) would be
lateralized towards the left and right prefrontal cortex,
respectively (Davidson, Ekman, Saron, Senulis, &
Friesen, 1990). However, recent studies on lateralized ef-
fects of neurostimulation over the left DLPFC have shown
general effects in implementing attentional control for all
emotional information rather than specific effects for neg-
ative information. Nitsche et al. (2012) found that anodal
tDCS compared to sham stimulation over left DLPFC had
temporal effects in improving attentional detection of both
disgusted and happy faces. These findings speak against
the traditional view on valence lateralization. A recent
study of healthy individuals tested the effectiveness of
an experimental procedure to modify the attentional inhi-
bition of different emotional stimuli in combination with
left DLPFC stimulation (Clarke, Browning, Hammond,
Notebaert, & MacLeod, 2014). Results showed that par-
ticipants receiving anodal tDCS in comparison to sham
stimulation showed increases in the specific trained atten-
tional inhibition pattern, irrespectively of its valence.
Taken together, whereas recent evidence on the role of
left DLPFC stimulation points toward general attentional
control improvements, previous findings (De Raedt et al.,
2010; Leyman et al., 2009) indicate that right DLPFC
stimulation leads to attentional disengagement impair-
ments for negative information. However, whether stimu-
lation of the right DLPFC is related to general impair-
ments in attentional control outcomes (i.e., attentional dis-
engagement for both negative and positive information)
remains unclear.

Only one study has tested this hypothesis (Leyman
et al., 2009), reporting effects of right DLPFC stimulation
on impaired inhibition of negative but not of positive

facial stimuli. Nonetheless, further research is required
to further illuminate this research question. The task
employed by Leyman and colleagues (negative affective
priming task [NAP]; Joormann, 2004) might limit the
generalizability of the results. Specifically, the NAP task
serves as an indicator of general inhibitory function that
may be linked to a broader component of cognitive con-
trol (Joormann, Yoon, & Zetsche, 2007). Moreover, a de-
crease in general attentional control for non-emotional
stimuli has been previously reported as the result of
rTMS over right DLPFC in a study testing the reorienting
of attention during the performance of a cued visual
choice task (Rounis et al., 2006).

In this study, the question of whether right DLPFC
stimulation leads to negative-specific or general impair-
ments in attentional disengagement from emotional infor-
mation was tested by using direct measures of attentional
engagement and disengagement processes through the
analyses of the time it takes to move gaze toward and
away from both positive and negative distractor faces.
Based on previous findings (De Raedt et al., 2010;
Leyman et al., 2009), we predicted that the stimulation
of the right DLPFC, in comparison to sham stimulation
of that area, would lead to the generation of specific im-
pairments in emotional attentional processes recruiting at-
tentional control (i.e., attentional disengagement).
Furthermore, we explored whether such effect would re-
flect valence-specific (i.e., negative facial expressions;
Leyman et al., 2009) or general attentional control impair-
ments (i.e., both negative and positive facial expressions;
Rounis, 2006).

Method

Participants

A sample of 30 undergraduates of Ghent University, with a
mean age of 23.27 years (SD = 4.15) was recruited via Internet
posting to participate in this study. All participants (10 males
and 20 females) were right-handed, had normal or corrected-
to-normal (using glasses or contact lenses) vision, were not
pregnant at the time of stimulation, and had no metal in or
around their scalp. None reported a history of, or currently
had, a neurological or psychiatric disorder (using the Dutch
version of the MINI screen; Overbeek, Schruers, & Griez,
1999; Sheehan et al., 1998). Moreover, participants were ex-
cluded if they reported a history of serious head injury or were
having eye problems or difficulties in vision that were not
corrected by the use of glasses or contact lenses. Participants
gave their written informed consent and received 40 euro for
their participation. The study was conducted in adherence to
the Declaration of Helsinki and approved by the medical
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ethical committee of the University Hospital (2014/0433).
Participants were recruited in the context of a larger project
investigating neurocognitive markers of attentional deploy-
ment and cognitive control for emotional material. 1

Questionnaires

Depressive symptoms Participants completed the Beck
Depression Inventory–II (BDI-II; Beck, Steer, & Brown,
1996; Van der Does, 2002), a 21-item self-report measure to
assess depression severity. Respondents report on 4-point
scales howmuch they have experienced depression symptoms
over the last 2 weeks. This measure has shown excellent reli-
ability and validity (Beck et al., 1996). In this study, internal
consistency was good (α = .90) as well as test–retest reliabil-
ity among sessions (ICC = .83, p = .001).

Anxiety symptoms Participants filled out the State-Trait
Anxiety Inventory (STAI; Spielberger, Gorsuch, Lushene,
Vagg, & Jacobs, 1983; Van der Ploeg, Defares, &
Spielberger, 1980), a 20-item self-report measure of trait anx-
iety. All items are rated on a 4-point scale. Scores range from
20 to 80, with higher scores correlating with greater anxiety.
Internal consistency and test–retest reliability among sessions
were good (α = .91; ICC = .91, p = .001, respectively) in this
study.

Mood state To evaluate temporary changes in mood before
(Tpre) versus after (Tpost) receiving real and sham tDCS,
mood ratings were administered using six Visual Analogue
Scales (VAS) providing measures of fatigue, tension, anger,
vigor, sadness, and cheerfulness (McCormack et al., 1988).
Participants were asked to describe how they felt Bat that
moment^ by indicating on horizontal 100-cm lines whether
they experienced the five aforementioned mood states, from
totally not to very much.

Transcranial direct current stimulation (tDCS)

Direct electrical current was applied by a saline-soaked pair of
surface sponge electrodes (35 cm2) and delivered by a battery-
driven stimulator (DC-Stimulator Plus, neuroConn GmbH).
To stimulate the right DLPFC, the anode electrode was verti-
cally positioned over F4 according to the 10–20 international

system for electroencephalogram electrode placement. The
cathode was horizontally placed over the contra lateral supra-
orbital area. This reference electrode location has been shown
to be functionally ineffective in experimental designs (Nitsche
et al., 2003). This electrodes placement and method of
DLPFC localization is in accordance with prior tDCS studies
(e.g., Giglia et al., 2014; Heinze et al. 2014) and has demon-
strated significant effects on cognitive information processing
in previous research (Vanderhasselt, De Raedt, et al., 2013;
Vanderhasselt, Brunoni, Loeys, Boggio, & De Raedt, 2013).
A constant, direct current of 2 mA, with 15 s of a ramp up and
down, was applied for 20min. Excitability changes on cortical
function using this technique and stimulation parameters are
expected to last more than 1 hour (Nitsche et al., 2008). For
sham stimulation (e.g., placebo stimulation condition), the
electrodes were positioned similar to when administering real
tDCS stimulation; however, the current was ramped down
after 15 seconds. This procedure is a reliable sham condition
because subjects are not able to discriminate real from sham
stimulation (Nitsche et al., 2008).

Attentional engagement–disengagement task

Stimuli Stimuli consisted of pairs of pictures comprising an
emotional and a neutral facial expression of the same person.
Faces were selected from the Radboud Faces database (RaFD;
Langner et al., 2010). Stimulus selection was based on data
from a previous validation study of the RaFD (Langner et al.,
2010), which measured the emotional discreteness of faces for
the corresponding emotion and their valence and intensity
ratings, among other parameters. Based on these data, 24 hap-
py, disgusted, and sad expressions (12 men and 12 women for
each emotional category), together with the corresponding
neutral expression of the same actors, were selected as the
stimuli for the current study.2 Two different types of negative
emotional faces were included to evaluate with tDCS the find-
ings from previous rTMS studies that have shown effects of
right DLPFC stimulation in the generation of attentional dis-
engagement impairments for both sad-related (i.e., sad faces;
Leyman et al., 2009) and threat-related (i.e., angry faces; De

1 Further cognitive control tasks in the project included (1) an emotional
appraisal paradigm, consisting of viewing pleasant and unpleasant pic-
tures, preceded by cues anticipating the emotional content of the pictures
(previously employed by Vanderhasselt, Remue, Ng, & De Raedt, 2014),
and (2) a cued emotion control task (CECT) to measure proactive and
reactive control for emotional information (previously employed by
Vanderhasselt, De Raedt, et al., 2013). Both tasks where applied after
completing the attentional engagement–disengagement task in both
sessions.

2 The following RaDF frontal view models were selected for each of the
three emotions plus their neutral pair: Rafd090_02_Caucasian_female,
Rafd090_03_Caucasian_male, Rafd090_04_Caucasian_female,
Rafd090_05_Caucasian_male, Rafd090_12_Caucasian_female,
Rafd090_16_Caucasian_female, Rafd090_18_Caucasian_female,
Rafd090_20_Caucasian_male, Rafd090_21_Caucasian_male,
Rafd090_24_Caucasian_male, Rafd090_28_Caucasian_male,
Rafd090_31_Caucasian_female, Rafd090_32_Caucasian_female,
Rafd090_33_Caucasian_male, Rafd090_36_Caucasian_male,
Rafd090_37_Caucasian_female, Rafd090_38_Caucasian_male,
Rafd090_46_Caucasian_male, Rafd090_47_Caucasian_male,
Rafd090_49_Caucasian_male, Rafd090_56_Caucasian_female,
Rafd090_57_Caucasian_female, Rafd090_58_Caucasian_female,
Rafd090_61_Caucasian_female.
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Raedt et al., 2010) negative stimuli. Disgust instead of angry
faces were used because current research points to a greater
threat perception for disgust faces (e.g., Amir et al., 2005).
Moreover, a previous study testing effects of tDCS over left
DLPFC have demonstrated improvements in the attentional
detection of both happy and disgust faces (Nitsche et al.,
2012). Therefore, this set was considered ideal to test whether
tDCS over right DLPFC leads to valence-specific or general
attentional disengagement impairments.

In terms of emotional discreteness, according to Langner
et al.’s (2010) validation data, the selected models showed a
high percentage of discreteness for the proper emotions (M =
88.83, SD = 12.23). In terms of valence, disgusted and sad
faces (M = 1.97, SD = .17, and M = 2.04, SD = .20, respec-
tively) did not show significant differences (p = .67), whereas
happy faces (M = 4.29, SD = .24) significantly differed from
both (p = .001, in both cases).

Experimental design The attention task comprised 72 trials
(24 happy, 24 disgusted and 24 sad expressions paired with the

corresponding neutral expression of the same actor), which
were randomly presented for each participant. Emotional and
neutral expressions were presented equally often on the left as
on the right. The task also included six practice trials, followed
by a brief pause before starting the actual trials. In total, the
attention task lasted approximately 9 minutes.

Stimuli were displayed on a 22-inch Mitsubishi 2070SB
color monitor using a Cambridge Research Systems ViSaGe
visual stimulus generator. The stimulus generator had a contrast
resolution of 14 bits per gun. The average luminance of the
monitor was 104 cd/m2 (4002 Td) and the output of the display
was gamma corrected. The size of each face was 7.5 cm (width)
× 11 cm (height). Pictures were centered on the screen, 39 cm
apart (measured from their centers). Participants were seated
approximately 75 cm from the screen’s center, resulting in a
visual angle of approximately 5.7 degrees between each pic-
ture’s center and the screen’s center.

The experimental design is presented in Fig. 1. Each
trial started with the presentation of a black screen for
500 ms, followed by the display of a white fixation cross

Fig. 1 Schematic of trial presentations in the attentional engagement–disengagement task
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in the middle of the screen. Immediately after the system
detected a visual fixation of at least 200 ms in the cross
area, a pair of faces (either happy-neutral, disgusted-
neutral or sad-neutral) was presented for 3,000 ms. An
engagement–disengagement task similar to the one used
by Sanchez et al. (2013) was performed after the 3,000 ms
of natural processing stimulus presentation. This task al-
lows the direct assessment of attentional engagement and
disengagement patterns (Sanchez et al., 2013). The task
comprised three conditions: (1) One third of the trials in
each emotion condition (happy, disgusted, sad) assessed
attentional engagement with emotional expressions. As
shown in Fig. 1, this condition involved that after the
3,000 ms of naturally viewing, stimulus presentation did
not continue until participants fixated on the neutral face
for 100 ms. When this fixation was detected, a frame
consisting of a square or a circle appeared surrounding
the opposite face (i.e., emotional face). Participants were
instructed to direct their gaze toward that frame as quickly
as possible and press one of two response keys on the
keyboard to indicate the type of frame (i.e., square or
circle). (2) Another third of the trials assessed disengage-
ment from emotional expressions in each emotion condi-
tion. The procedure was similar, but, in this case, after the
3,000 ms of naturally viewing, stimulus presentation did
not continue until participants fixated on the emotional
face for 100 ms and then the frame appeared surrounding
the opposite neutral face. (3) A last third of the trials
included a regular free-viewing task for each emotion
condition, in which after the 3,000 ms naturally viewing
period, a new fixation cross appeared, indicating the start
of the next trial.

Trials of engagement, disengagement, and regular free-
viewing conditions for each emotional condition (i.e.,
happy-neutral, disgusted-neutral, sad-neutral) were ran-
domly presented for each participant. Both types of
frames were equally likely to appear in the left and right
positions in all conditions. Criteria for identifying a first
shift in gaze to the stimuli surrounded by the frame on
each trial were as follows: (a) Participants were fixated on
the opposite stimulus before the frame appeared, (b) eye
movements occurred at least 100 ms after the frame ap-
peared, (c) gaze was directed to the stimulus surrounded
by a frame rather than remaining at the opposite position
or being directed to a different area on the screen, and (d)
participants made a fixation of at least 100 ms to the
stimulus surrounded by a frame after shifting their gaze
to it. Therefore, trials with visual fixations in the framed
stimulus occurring before 200 ms (i.e., 100 ms of visual
fixation on the opposite stimulus before the frame appear-
ance plus at least 100 ms after the frame appearance) were
excluded because they would not reflect eye movements
in response to the task demand. Similarly, trials where

initial visual fixations after the frame appearance did not
occur in the framed stimulus were also excluded.
Analyses were conducted on 83 % of the data.

Eye tracker Participants’ eye movements were recorded
using a Cambridge Research Systems High-Speed Video
Eyetracker (CRS HS-VET) with a spatial resolution of 0.05°
and accuracy of 0.125° to 0.25°. This system employs a dual-
Purkinje eye-tracking method (see Crane & Steele, 1985) and
samples eye-gaze coordinates at 250 Hz (e.g., a coordinates’
estimation every 4 ms). The CRT monitor and the eye tracker
were controlled using the CRS MATLAB toolboxes, with the
eye-tracking system automatically synchronized to the stimu-
lus presentation at the beginning of each trial. Eye position
samples were converted to visual fixation data by using CRS
MATLAB toolboxes. Visual fixations were defined as a min-
imum duration of 100 ms and a maximum fixation radius of 1
degree.

Attention indices Because our study aimed to test whether
right DLPFC stimulation leads to negative-specific or general
impairments in attentional disengagement from (as opposed to
attentional engagement toward) emotional information, we
focused our analyses on the direct measures of attentional
engagement and disengagement processes. Therefore, the en-
gagement–disengagement conditions employed after the
3,000 ms free viewing period served to establish direct mea-
sures of (1) attentional engagement (i.e., latency of the first
shift in gaze from the neutral face to the emotional face
surrounded by the frame in the engagement condition) and
(2) attentional disengagement (i.e., latency of the first shift
in gaze from the emotional face to the neutral face surrounded
by the frame in the disengagement condition).

Procedure

Written informed consent was obtained from all participants.
First, participants filled in the questionnaires, followed by the
neuromodulation session. A single-blind randomized cross-
over within-subjects design was used, for which each partici-
pant received both real and sham (placebo) stimulation on two
separated days. The order of both stimulation sessions (real
tDCS and sham stimulation) was counterbalanced for each
participant, with an interval of at least 48 hours (most partic-
ipants had an interval of at least 1 week between real–sham
stimulation sessions). All participants were exposed to a sim-
ilar stimulation context during both stimulation sessions by
asking them to remain seated and relaxed until the stimulation
was finished. During both sessions, immediately after the end
of the stimulation, participants performed the attentional en-
gagement–disengagement paradigm during which eye move-
ments were recorded. In addition, subjective mood ratings
were recorded using the VASs at two time points in each
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session: at baseline, before receiving simulation, and approx-
imately 60 minutes after stimulation, after completing the at-
tentional engagement–disengagement task.

Results

Participants’ characteristics

Demographic and self-reported characteristics of the sample
are presented in Table 1. Participants were characterized by
low depression and anxiety levels, as assessed by the screen-
ing measures, reducing potential confounding effects of these
psychological dimensions in emotional attention processes in
the study. Regarding depression levels, participants reported a
low mean depressive symptom severity level of 5.14 (SD =
7.54), with no participants reaching subclinical depression
severity levels according to cut-off criteria (all BDI-II scores
< 14; see Beck et al., 1996). Regarding anxiety levels, partic-
ipants reported mid to low anxiety trait levels (M = 42.4, SD =
11.28; STAI-T range: 20–80).

TDCS effects on mood

Mean scores for each VAS score at both pre and post stimu-
lation assessment (for both stimulation conditions, active and
sham) are presented in Table 1.

To examine effects of tDCS stimulation in mood changes, a
2 × 2 repeated-measures ANOVAwas conducted, with stim-
ulation (active vs. sham tDCS) and time (prestimulation, post-
stimulation) as within-subjects factors for each VAS (i.e., fa-
tigue, tension, anger, vigor, sadness, and cheerful). Significant
time effects were found for all VASs, fatigue: F(1, 28) =
63.54, p = .001, η2 = .69; tension: F(1, 28) = 6.07, p = .02,
η2 = .18; anger: F(1, 28) = 9.37, p = .01, η2 = .25; vigor: F(1,
28) = 15.01, p = .001, η2 = .35; cheerful: F(1, 28) = 22.97, p
= .001, η2 = .45, with the exception of sadness: F(1, 28) =
1.07, p = .31, η2 = .04. Those effects were qualified by a
general mood decrease across time, with fatigue, tension,
and anger mood increases and vigor and cheerful mood de-
creases from prestimulation to poststimulation assessment.
However, none of these main effects were qualified by signif-
icant stimulation by time interactions, fatigue:F(1, 28)= 0.94,
p = .34, η2 = .03; tension: F(1, 28) = 0.51, p = .48, η2 = .02;
anger: F(1, 28) = 1.03, p = .32, η2 = .04; vigor: F(1, 28) =
0.58, p = .45, η2= .02; sadness: F(1, 28) = 0.11, p = .74, η2=
.01; cheerful: F(1, 28) = 0.01, p = .99, η2 = .01. Therefore, a
single session of anodal tDCS over right DLPFC did not dif-
ferently modify mood in comparison to sham stimulation, in
line with previous research (see Remue, Baeken, & De Raedt,
2016).

TDCS effects on attentional engagement–disengagement

Means and standard deviations for each attention index in
each stimulation condition are reported in Table 2. To test
differences among stimulation conditions in attentional en-
gagement toward and disengagement from emotional infor-
mation, a 2 × 2 × 3 repeated-measures ANOVAwas conduct-
ed, with stimulation (active vs. sham tDCS), attention compo-
nent (disengagement vs. engagement) and emotion (happy
faces vs. disgusted faces vs. sad faces) as within-subjects fac-
tors. First, analyses showed a significant interaction of atten-
tion component by emotion, F(2, 58) = 7.76, p = .001, η2 =
.21. Bonferroni-corrected comparisons showed that, in gener-
al, participants were characterized by significantly longer
times to disengage attention from happy faces than from sad
faces, F(2, 28) = 3.83, p = .03, η2 = .21, as well as by shorter
times to engage attention toward happy faces than toward sad
faces, F(2, 28) = 6.82, p = .01, η2 = .33.

Second, analyses revealed a significant interaction of stim-
ulation by attention component, F(1, 29) = 15.04, p = .001, η2

= .34. Bonferroni-corrected comparisons showed a general
effect of tDCS on attentional disengagement from emotional
faces, irrespective of their valence: compared to sham stimu-
lation, tDCS over the right DLPFC generated longer times to
disengage attention from emotional faces, F(1, 29) = 12.91, p
= .01, η2 = .31. In contrast, Bonferroni comparisons did not
reveal significant differences between sham and tDCS stimu-
lation in the time to engage attention toward emotional faces,

Table 1 Emotional characteristics in each tDCS condition

Variables Sham tDCS (N = 30) Active tDCS (N = 30)

M SD M SD

BDI-II Depression 4.91 7.42 5.37 7.16

STAI-T Trait Anxiety 42.44 11.01 42.76 12.44

VAS Fatigue pre-tDCS 2.88 2.05 2.98 1.89

VAS Fatigue post-tDCS 5.36 2.04 5.83 2.54

VAS Vigor pre-tDCS 5.72 2.11 5.57 2.11

VAS Vigor post-tDCS 4.67 2.26 4.08 2.32

VAS Anger pre-tDCS 0.87 1.20 0.57 0.71

VAS Anger post-tDCS 2.23 2.51 1.33 2.13

VAS Tension pre-tDCS 2.00 2.16 1.25 1.55

VAS Tension post-tDCS 2.83 2.64 2.35 2.69

VAS Sadness pre-tDCS 1.04 1.49 0.97 1.28

VAS Sadness post-tDCS 1.18 1.53 1.00 1.43

VAS Cheerful pre-tDCS 6.20 2.27 6.28 2.05

VAS Cheerful post-tDCS 5.01 2.05 5.13 2.10

Note. M = mean, SD = standard deviation, tDCS = transcranial direct
current stimulation, BDI-II = Beck Depression Inventory-II; STAI-T =
State-Trait Anxiety Inventory–Trait subscale; VAS = Visual Analogue
Scale
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F(1, 29) = 1.26, p = .27, η2 = .04. This general tDCS effect is
shown in Fig. 2. Supporting a general impairment hypothesis,
there was no significant three-way stimulation by attention
component by emotion interaction, F(2, 58) = 1.24, p = .29,
η2 = .04.

Discussion

The aim of this study was to increase our insight in the neural
substrates involved in cognitive processes of emotional regu-
lation. The DLPFC, among other brain regions, has been pro-
posed as one of the key hubs linking attention and emotion
regulation processes via the implementation of top-down con-
trol (e.g., MacDonald et al., 2000). Previous research has
shown that transient neurostimulation of the right DLPFC in
healthy individuals generates impairments in the ability to
inhibit or disengage attention from negative information (De
Raedt et al., 2010; Leyman et al., 2009), in the same way that

is commonly observed in individuals suffering from disorders
characterized by emotional dysregulation (i.e., anxiety,
depression; see Armstrong & Olatunji, 2012). In this study,
we aimed to replicate and extend these findings by employing
a paradigm that allowed obtaining direct measures of gaze
behavior involved in both attentional engagement toward
and attentional disengagement from both negative and posi-
tive information. This innovative paradigm allowed us to dis-
entangle separate components of emotional attention process-
ing to clarify (1) the specific role of right DLPFC activity in
the inhibition or disengagement of attention from emotional
faces, in contrast to processes of attentional engagement to-
wards them, and (2) whether such an attention disengagement
impairment reflects a valence-specific impairment for nega-
tive faces, or whether it reflects a more general impairment in
emotional attentional control (i.e., both negative and positive
faces).

Whereas previous studies have shown effects of the stim-
ulation of right DLPFC in proxy measures of attention (De
Raedt et al., 2010; Leyman et al., 2009), this is the first study
showing effects of right DLPFC stimulation in direct mea-
sures of gaze behavior. First, our results confirmed a specific
effect after anodal tDCS of the right DLPFC on the attentional
disengagement component. In comparison to sham stimula-
tion, active tDCS over the right DLPFC significantly delayed
attentional disengagement from emotional faces but had no
effects on attentional engagement towards them. These effects
were independent from mood state differences because tDCS
had no differential effects on causing mood state changes be-
fore completing the attention task, which is in line with former
neurostimulation research (Baeken, Leyman, De Raedt,
Vanderhasselt, & D’Haenen, 2006, 2008; see also Remue
et al., 2016). Moreover, we tested the effects of tDCS in a
healthy sample reporting low levels in subclinical dimensions
of depression and anxiety, thereby reducing potential con-
founds due to these variables. Therefore, our results reflect
impairments in attentional disengagement processes as a result
of the direct action of anodal tDCS over the right DLPFC.
This deficient attentional control is congruent with previous

Table 2 Attention indices in each tDCS condition

Attention index (in ms) Sham tDCS (N = 30) Active tDCS (N = 30)

M SD M SD

Disengagement from happy faces 348.92 63.26 379.16 71.72

Engagement toward happy faces 345.22 66.86 339.91 58.22

Disengagement from disgusted faces 329.47 63.13 369.68 56.19

Engagement toward disgusted faces 364.60 87.64 328.98 85.57

Disengagement from sad faces 318.30 50.39 342.76 73.01

Engagement toward sad faces 374.79 80.27 368.01 57.77

Note. M = mean, SD = standard deviation, ms = milliseconds, tDCS = transcranial direct current stimulation

Fig. 2 Mean times of attentional disengagement from and attentional
engagement toward emotional faces comparing sham and real tDCS
conditions. Note. ms = milliseconds, tDCS = transcranial direct current
stimulation. Error bars indicate standard error. **p < .01
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findings using different techniques of right DLPFC
neurostimulation (i.e., HF-rTMS: De Raedt et al., 2010;
Leyman et al., 2009) and points toward a role of this brain
area in emotional attentional control. In contrast, initial detec-
tion or attentional engagement toward emotional information
is proposed to be dependent of initial activity in limbic areas
such as the amygdala (e.g., Morris et al., 1998), and consis-
tently, no effects of DLPFC neurostimulation were observed
in the attentional engagement component.

Second, our results indicate an involvement of the right
DLPFC in general emotional attentional control rather
than valence-specific effects in the processing of negative
information. Consistent with previous findings, our results
showed that attentional control impairments are observed
in the attentional disengagement from different types of
negative faces, including sad (Leyman et al., 2009) and
threatening (De Raedt et al., 2010) faces. However, this
effect in attentional control impairments was also ob-
served in the attentional disengagement from positive in-
formation (i.e., happy faces). These results, although ap-
parently contradictory with predictions from traditional
neurocognitive models (e.g., Davidson, 1992), are con-
gruent with recent findings pointing to a hemispheric lat-
eralization of processes related to all emotional informa-
tion rather than emotion-specific processes. Whereas pre-
vious studies using anodal tDCS over the left DLPFC
have shown that such stimulation has effects on
implementing attentional control for different emotional
stimuli, irrespective of their valence (Clarke et al., 2014;
Nitsche et al., 2012), our study is the first in demonstrat-
ing a general attentional control impairment for both pos-
itive (happy) and negative (disgust and sad) stimuli as a
result of right DLPFC anodal stimulation. Furthermore,
our results are also in line with previous research suggest-
ing a direct action of anodal tDCS over the right DLPFC
in the generation of deficient general attentional control
(i.e., nonemotional cues; Rounis et al., 2006).

This study should be noted for its methodological rigor.
The novel eye-tracking paradigm employed in the study
allowed for the direct assessment of engagement and dis-
engagement components of emotional attention process-
ing in controlled conditions, an aspect not addressed by
previous neurostimulation research (De Raedt et al., 2010;
Leyman et al., 2009). Our results provide support for the
notion that right DLPFC alterations may be involved in
the generation of impairments in attentional disengage-
ment from emotional information, a commonly observed
problem in emotional disorders that is linked to sustained
negative affect and emotional dysregulation (e.g., Sanchez
et al., 2013). Specifically, attentional disengagement im-
pairments observed in emotional disorders (De Raedt &
Koster, 2010) may be lateralized to the right DLPFC,
which would be related to hemispheric imbalances in this

area, as commonly reported by previous research (e.g.,
Blackhart, Minnix, & Kline, 2006; Debener et al., 2000;
Gotlib, 1998).

Some limitations should be acknowledged. The effects
induced by anodal tDCS are not limited to the DLPFC
region, but reflect the involvement of a network including
the DLPFC. Neuroimaging data has demonstrated that
tDCS over the DLPFC influences other cortical and sub-
cortical sites beyond the targeted region, modulating, for
instance, resting-state functional connectivity in distinct
functional brain networks (e.g., Keeser et al., 2011;
Stagg et al., 2013). Anodal tDCS might stimulate not only
the proposed region and underlying neural network but
also adjacent cortical areas, resulting in the modulation
of more remote areas lying between the two tDCS elec-
trodes. Future studies should consider applying neuroim-
aging to investigate the neural connectivity changes dur-
ing the attentional engagement with and attentional disen-
gagement from emotional stimuli following tDCS. Further
research would also benefit from including measurements
of adverse effects associated with tDCS (see Brunoni
et al., 2011) to control for potential side-effects of
neurostimulation (e.g., discomfort, headache).

Our findings, if replicated and extended with the com-
bination of neuroimaging techniques (see De Raedt et al.,
2010), provide support for the rationale of new therapies
f o r emo t i ona l d i s o rd e r s ba s ed on the u s e o f
neuromodulation techniques. These approaches aim to
balance the activation of right and left DLPFC areas by
inhibiting the right DLPFC or activating the left DLPFC
in combination with attentional control training (De Raedt
et al., 2015). It has already been observed that the addi-
tion of tDCS of the left DLPFC to multiple sessions of
cognitive control training can be promising to increase
long-term effects (Brunoni et al., 2011; Segrave, Arnold,
Hoy, & Fitzgerald, 2013). Although further research is
necessary to replicate and extend these findings, current
evidence points out to the need of integrating cognitive
interventions aimed to generate improvements in atten-
tional control of emotional information together with
neuromodulation techniques directed to balance the acti-
vation of DLPFC areas involved in such process (for a
rationale, see De Raedt et al., 2015). In this sense, initial
research testing the use of DLPFC neuromodulation in
combination with attentional control training is starting
to show that this may be a promising intervention tool
to improve attentional impairments in emotional disorders
(Heeren, Baeken, Vanderhasselt, Philippot, & De Raedt,
2015; Heeren, De Raedt, Koster, & Philippot, 2013).
Furthermore, current evidence also opens the possibility
of developing new diagnostic tests based on biological
markers, by identifying target brain areas involved in tar-
get maladaptive cognitive processes.
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