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Abstract
The potentiation of neural activity in lateral prefrontal regions via transcranial direct current stimulation (tDCS) can reduce
patterns of biased attention for threat and may facilitate intentional emotion regulation. The current study sought to determine
whether left dorsolateral prefrontal cortex tDCS, in combination with intentional down-regulation of emotional responses would
reduce negative appraisals of aversive content during emotional regulation (assessed during online tDCS), reduce patterns of
biased attention and attention bias variability (assessed offline), and attenuate spontaneous (uninstructed) emotional reactivity to
negative content (assessed offline) above tDCS or intentional down-regulation of emotions in isolation. Healthy participants (n =
116) were allocated to one of four experimental conditions involving either active or sham tDCS, combined with an either a
down-regulate or maintain emotion regulation task. Attention bias/bias variability was assessed with an attentional probe task,
and emotional reactivity was assessed in a negative video viewing task. tDCS did not affect the appraisals of negative stimuli
during emotion regulation, and there were no effects on attention bias/bias variability. However, tDCS did attenuate emotional
reactivity. Those receiving active stimulation showed smaller elevations in negative mood in response to viewing aversive video
content compared with sham. The present findings are consistent with the potential of left frontal tDCS to attenuate negative
emotional reactions to aversive content but provide no support for tDCS enhancement of emotion regulation, nor its impact on
attention bias or attention bias variability.
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The accumulation of extensive neuroimaging research and
resulting neurocognitive models of psychopathology has in-
formed potential targets for noninvasive neurostimulation
techniques (Bishop, 2007). These techniques, such as trans-
cranial direct current stimulation (tDCS), seek to augment
neural activity in regions implicated in the maintenance of
emotional disorders. As a result, a considerable body of liter-
ature has accumulated in recent years showing the potential
promise of tDCS for the treatment of depressive disorders

(Brunoni et al., 2016). Albeit a number of studies have shown
limited (Loo et al., 2012) or no benefit (Palm et al., 2012).
Although considerably less advanced than research on depres-
sion, a number of studies also have shown potential promise
for tDCS as a treatment for anxiety disorders (Vicario,
Salehinejad, Felmingham, Martino, & Nitsche, 2019). In ad-
dition to clinical applications, neurostimulation techniques,
such as tDCS, provide a critical experimental tool to investi-
gate the cognitive and emotional effects of manipulating the
activity in specific neural regions implicated in affective reg-
ulation. These experimental techniques can inform the mech-
anisms via which tDCS exerts its therapeutic effects and also
provide important insights into ways to enhance the potential
benefits of tDCS.

One cognitive process that has been the focus of investiga-
tion in tDCS research is biased attention to negative emotional
content. An attentional bias refers to the selective prioritisation
of attention in favour of one specific class of information over
another. Within the context of emotional pathology, this man-
ifests in selective attention towards more negative/threatening
information (Bar-Haim, Lamy, Pergamin, Bakermans-
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Kranenburg, & van Ijzendoorn, 2007; Williams, Watts,
MacLeod, & Mathews, 1997). Attention bias favouring neg-
ative information has been consistently implicated in cogni-
tive and neural models of emotional pathology as a causal
process in the development and maintenance of emotional
disorders (Bishop, 2007; Eysenck, Derakshan, Santos, &
Calvo, 2007). It has been proposed that limbic hyperactivity
combined with inadequate recruitment of frontal control
serves to selectively direct attention towards negative emo-
tional content and increase emotional vulnerability (Bishop,
2007). It follows, therefore, that increasing cortical activity in
frontal areas via tDCS should serve to reduce patterns of bi-
ased attention to negative information. A number of studies
have produced results consistent with this. Brunoni et al.
(2014b) found that a single session of anodal tDCS to the left
dorsolateral prefrontal cortex (DLPFC) reduced attentional
interference of negative and positive information in an emo-
tional Stroop task among depressed individuals. More recent-
ly, Ironside, O’Shea, Cowen, and Harmer (2016) showed that
left DLPFC tDCS contributed to reductions in attention bias to
fearful facial expressions in healthy participants. This finding
was subsequently replicated by Heeren et al. (2017) in a sam-
ple of socially anxious individuals. Sanchez-Lopez,
Vanderhasselt, Allaert, Baeken, and De Raedt (2018) also
demonstrated that tDCS to the left (but not right) DLPFC
resulted in faster attentional disengagement from emotional
faces. A subsequent study by Ironside et al. (2019) incorpo-
rating neuroimaging showed that left DLPFC tDCS reduced
biased attention to threat and decreased amygdala threat reac-
tivity compared to sham stimulation, consistent with the role
of the DLPFC in down-regulating amygdala responding to
threat. Finally, Chen, Basanovic, Notebaert, MacLeod, and
Clarke (2017) examined whether the effects of left DLPFC
tDCS on emotional reactivity were mediated by the impact
of tDCS on attention bias. The results of this study confirmed
that tDCS reduced attention bias, and attention bias in turn
predicted emotional reactions to negative content, consistent
with a potential mediating role of attention bias. A number of
studies therefore have shown that tDCS affects patterns of
biased attention to threat, which may be one pathway via
which neurostimulation exerts effects on emotion.

Evidence also suggests that tDCS can attenuate emotional
reactivity in healthy populations. Emotional reactivity refers
to the tendency to experience acute elevations in negative
emotion (stress and/or dysphoria) in response to negative
emotional content or stress exposure. In a recent review and
meta-analysis, Smits et al. (2020) found that among 26 anodal
tDCS studies, there was a relatively weak beneficial effect in
reducing emotional reactivity to acute stressors or viewing
negative content. It should be acknowledged that this effect
was far from uniform, however, with a number of studies
recording no effects of tDCS on emotional reactivity
(Brunoni et al., 2013; Vierheilig, Mühlberger, Polak, &

Herrmann, 2016; Voss, Ehring, & Wolkenstein, 2019). It is
possible therefore that tDCS may produce larger effects on
emotion reactivity if delivered in combination with the re-
hearsal of cognitive processes that promote the regulation of
emotion.

Indeed, this possibility is in line with the hypothesis that the
neuroplastic effects of tDCS may be enhanced when stimula-
tion is combined with tasks that actively recruit neural regions
targeted. Examples of this are numerous but include research
in Parkinson’s patients, suggesting that tDCS in combination
with physical training can improve gait and balance, whereas
tDCS delivered in isolation may yield no benefit (Kaski et al.,
2014). Similarly, research on working memory suggest that
simultaneous tDCS and cognitive training results in greater
working memory performance compared with tDCS or cog-
nitive training alone (Martin et al., 2013; Andrews et al.,
2011). It is possible therefore that the emotional effects of
tDCS may be enhanced through the combination with an in-
dividual’s current active emotion processing goals.

Interestingly, an alternative line of research has shown that
tDCS can reduce the perceived emotional valence of negative
content and also may interact with an individual’s current
emotion regulation goals to influence their perception of neg-
ative content. Emotion regulation itself refers to the processes
via which individuals intentionally influence the emotions
they experience, including when and how they express such
emotions, and their intensity (Gross, 1998). A study by
Feeser, Prehn, Kazzer, Mungee, and Bajbouj (2014) examined
how emotion regulation goals interact with neurostimualtion.
They found that frontal tDCS can potentially enhance the
effects of intentional emotion regulation. They delivered right
DLPFC tDCS (compared with sham stimulation) concurrently
with an emotion regulation task in which participants were
asked to switch between upregulating, downregulating, or
maintaining emotional responses to negative images across
trials. The study revealed that participants receiving active
stimulation, compared to sham, showed both larger increases
and decreases in emotional reactions to negative content in
line with their current active intent to respectively up, or
downregulate emotional responses. These findings are consis-
tent with the hypothesis that frontal stimulation enhanced
emotion regulation in line with an individual’s current objec-
tives. Using a similar experimental design, Marques, Morello,
and Boggio (2018) found that tDCS targeting the left ventro-
lateral prefrontal cortex (VLPFC; but not the DLPFC) contrib-
uted to less negative appraisals of negative emotional content.
They did not, however, replicate Feeser et al.’s (2014) finding
in that this was not further modified by emotion regulation
goals. Thus, despite variance in the locations targeted for stim-
ulation, findings have shown that frontal tDCS in isolation can
reduce the perceived valence of negative content (Marques
et al., 2018; Peña-Gómez, Vidal-Piñeiro, Clemente, Pascual-
Leone, & Bartrés-Faz, 2011). Some research suggests that

1324 Cogn Affect Behav Neurosci (2020) 20:1323–1335



stimulation can interact with emotion regulation intent to in-
fluence the perceived emotionality of negative information
(Feeser et al., 2014).

Interestingly, studies to date examining the interactive ef-
fects of tDCS and emotion regulation goals have consistently
compared alternative regulation instructions within, rather
than between participants, with experimental designs requir-
ing participants to switch between upregulating, downregulat-
ing, and maintaining emotion intensity across trials (Feeser
et al., 2014; Marques et al., 2018). While this permits exam-
ination of how alternative tDCS conditions may facilitate
switching between emotion regulation instructions to influ-
ence appraisal of emotional content, it does not permit studies
to examine the enduring cognitive and emotional conse-
quences of combining tDCS with repeated practice of a single
emotional regulation goal. As such, the purpose of the current
study was to assess in a between-subjects design whether
tDCS combined with instructed downregulation of emotional
reactivity would reduce negative appraisals of aversive con-
tent, reduce patterns of biased attention, and attenuate emo-
tional reactivity to negative content above tDCS or emotion
regulation in isolation.

To achieve this, the current study incorporated four groups
resulting from the combination of two between-group exper-
imental factors of tDCS condition (Active vs. Sham) and emo-
tion regulation instruction (Down-Regulate vs. Maintain).
Identifying the most appropriate stimulation location was in-
formed by prior studies examining the effects of tDCS on
attention bias, emotional reactivity to negative content, and
emotion regulation. There has been some consistency in the
attention bias literature with findings showing that left DLPFC
stimulation attenuates biased attention to threat (Brunoni,
Boggio, et al., 2014a; Chen et al., 2017; Heeren et al., 2017;
Ironside et al., 2019; Ironside et al., 2016), whereas right
DLPFC stimulation does not (Sanchez-Lopez et al., 2018).
Among studies that have shown significant effects of tDCS
on emotional stress reactivity, five have targeted the left
DLPFC, one the right DLPFC, two the right VLPFC, and
two the VMPFC (Smits, Schutter, van Honk, & Geuze,
2020). As such, findings in relation to emotional stress reac-
tivity have been shownmost frequently in studies targeting the
left DLPFC. The regions targeted for stimulation in studies
examining the interaction of tDCS with emotion regulation
has been highly heterogeneous with some studies showing
enhancement of emotion regulation targeting the right
DLPFC (Feeser et al., 2014), whereas others have shown no
specific enhancement of emotion regulation targeting either
the left or right VLPFC, or DLPFC, but general reductions
in valence appraisals for stimulation to either the right or left
VLPFC (Marques et al., 2018). In the absence of consistent
findings from emotion regulation research, we sought to target
the left DLPFC given consistent findings from research exam-
ining attention bias and emotional reactivity. Participants

received either active or sham tDCS while either downregu-
lating or maintaining their emotional reactions in response to
emotionally negative images. Following this, participants
completed a probe task assessment of attentional bias. Given
recent findings showing that higher levels of attention bias
variability may be associated with heightened emotional vul-
nerability (Alon, Naim, Pine, Bliese, & Bar-Haim, 2019;
Zvielli, Bernstein, & Koster, 2015), it is possible that attention
bias variability may be relevant to understanding how the
enhancement of frontal control via tDCS (both with and with-
out emotion regulation) impacts adaptive emotional regula-
tion. As such, in addition to traditional measures of selective
attention we also incorporated measures of attention bias var-
iability. Finally, participants received a video viewing task
assessing emotional reactivity to negative content. The intent
of this task was to assess the consequent impact of tDCS
delivery with or without concurrent practice of down-
regulation of emotional response on spontaneous
(uninstructed) emotional reactivity to negative content. If
down-regulation of negative emotional content further en-
hances the effects of tDCS on biased cognition and emotional
reactivity, then we would anticipate that individuals receiving
active tDCS while consistently down-regulating their emo-
tional responses would show less negative appraisals of neg-
ative emotional content, lower levels of attention bias and/or
bias variability, and the lowest emotional reactivity to the
video viewing task relative to other conditions.

Method

Participants

Participants were 116 individuals (80 females, 36 males)
consisting of undergraduate students and members of the
community recruited through the Curtin University
School of Psychology research participant pool (Mage =
23.03, SD = 7.43). In accordance with ethics approvals
for the use of tDCS, participants were eligible if they
reported no history of neurological disorder, brain sur-
gery, any active skin condition, unstable medical condi-
tion, history of migraines or faintness, any metal implants,
devices, or hearing aids. Participants were made aware of
these criteria before registering for the study and again
upon arrival. The project was approved by the Curtin
University Human Research Ethics Committee. All proce-
dures followed were in accordance with the ethical stan-
dards of the responsible committee on human experimen-
tation (institutional and national) and with the Helsinki
Declaration of 1975 (as revised in 2000). Informed con-
sent was obtained from all participants included in the
study. A sensitivity power analysis indicated that the cur-
rent sample size of 116 participants with 4 groups would
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provide an 80% chance of detecting approximately
medium-sized effects (f = 0.26), suggesting that the cur-
rent sample is adequately powered for medium effects but
may be slightly underpowered for detecting smaller
effects.

Emotional assessment measures

The Positive and Negative Affect Scale (PANAS; Watson,
Clark, & Tellegen, 1988) was employed to assess variance in
dispositional positive and negative affectivity across experimen-
tal groups. Similarly, the Depression Anxiety and Stress Scale
(DASS; Lovibond&Lovibond, 1995) was administered at base-
line to assess patterns of general psychological distress across
groups, because patterns of biased attention and emotional reac-
tivity are known to vary as a function of emotional vulnerability
(Bar-Haim et al., 2007). Internal consistency of the subscales of
these questionnaires was consistently good, with Cronbach’s al-
pha varying between 0.75 to 0.90 in the current study.

Transcranial direct current stimulation delivery

tDCS delivery occurred via a portable battery-powered stim-
ulator (Chattanooga Group, United States, n.d.). Anodal stim-
ulation targeted the left DLPFC, corresponding to F3 using the
10-20 international system. The cathode was positioned on the
left superior trapezius muscle. Consistent with a number of
prior studies (Chen et al., 2017; Clarke, Browning,
Hammond, Notebaert, & MacLeod, 2014; Martin et al.,
2013), extracephalic electrode placement was designed to en-
sure that any effects would not be confounded by inhibitory
cortical stimulation and therefore could be more confidently
attributed to anodal stimulation. Current was delivered by two
4-cm x 6-cm conductive silicone electrodes covered in saline-
soaked sponges with current being ramped up/down over 1
minute. Participants in the Active condition received 2 mA of
stimulation for approximately 20 minutes (see Procedure),
translating to an approximate current density of 0.083 mA/
cm2. Those in the Sham condition received stimulation for 1
minute, after which the current was ramped down and
switched off without participant awareness. All participants
were led to believe that they were receiving active stimulation.
The experimenter was aware of condition allocation.

Emotion Regulation and Attentional Bias Assessment
Stimuli

To examine the potential crossover effects between the emotion
regulation task to patterns of attention bias, it was desirable to
include stimuli that could be used in the context of both emotion
regulation and the assessment of attention bias. For this purpose,
we employed stimuli from the International Affective Picture
System (Lang, Bradley, & Cuthbert, 1997). These stimuli are

commonly used in emotion regulation tasks (Feeser et al.,
2014), and while word and face stimuli are perhaps more com-
monly employed to assess patterns of attention bias, IAPS stimuli
also have been used in the assessment of attention bias in a
number of past studies (Bardeen, Tull, Daniel, Evenden, &
Stevens, 2016; Clarke et al., 2017). Past literature examining
attention bias in emotion has variously incorporated low arousal
(depressogenic) or high arousal (anxiolytic) stimuli. While tDCS
has been observed to attenuate attention bias and emotion reac-
tivity, it is unclear whether this occurs differentially for high and
low arousal stimuli. As such, to assess whether tDCS condition
and/or emotion regulation condition differentially impact, and
potentially interact with stimuli of different arousal levels, an
equal proportion of high arousal and low arousal stimuli were
selected. For the current study, emotionally negative stimuli were
required for use in the emotion regulation and attention bias
assessment tasks. To permit examination of whether emotion
regulation condition (Down-Regulate/Maintain) could potential-
ly impact attention bias for the stimuli encountered during the
emotion regulation task, the attentional bias assessment task in-
cluded two subsets of negative stimuli. One stimulus subset were
negative images that had been encountered during the emotion
regulation task (emotion regulation stimuli) and the other subset
were novel negative stimuli that had not been encountered pre-
viously (novel stimuli). As such, a total of 60 negative stimulus
images were employed across the emotion regulation and atten-
tion bias assessment tasks. Of these, 48 were used in the emotion
regulation task. The attentional bias task included a subset of 12
stimuli used in the emotion regulation task and 12 novel stimuli.
Stimuli were obtained from the International Affective Picture
System (Lang et al., 1997). Images in the database are rated on
valence (“pleasantness”) and arousal from 1 (low) to 9 (high). All
negative images had valence ratings below 5 (M = 2.63, range =
1.08-3.94). Half of these negative pictures were selected on the
basis of being mildly arousing (M = 5.29, range = 3.85-5.36),
whereas the other half were selected on the basis of being highly
arousing (M = 6.27, range = 5.52-7.35). An additional set of 24
neutral images was used only in the attention bias assessment
task. These neutral images were selected on the basis of being
non-negative (average ratings above 5) with values as close to 5
as possible (M = 5.32, range = 5.00–5.92).1 To examine whether
emotion regulation condition (Down-Regulate/Maintain) could
impact attention bias for the stimuli encountered during the

1 Low arousal negative IAPS images: 2141, 2205, 2276, 2301, 2312, 2399,
2456, 2682, 2692, 2718, 2750, 2799, 2900.1, 3181, 3300, 3301, 4621, 6825,
7520, 9000, 9010, 9180, 9186, 9280, 9295, 9331, 9419, 9426, 9430, 9435,
9584, 9594, 9610, 9922, 9926, 9927.
High arousal negative IAPS images: 1304, 2703, 3103, 3120, 3180, 3220,

3350, 3530, 3550, 6212, 6230, 6312, 6510, 6520, 6560, 6838, 8485, 9050,
9160, 9163, 9250, 9254, 9400, 9410, 9412, 9413, 9414, 9423, 9424, 9425,
9429, 9600, 9623, 9908, 9911, 9921.
Neutral IAPS images: 2102, 2107, 2384, 5390, 5471, 5520, 5533, 5731,

5740, 7000, 7003, 7004, 7026, 7052, 7081, 7090, 7233, 7300, 7490, 7500,
7512, 7547, 7550, 7830.
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emotion regulation task, the attentional bias assessment task in-
cluded 2 subsets of 12 negative stimuli, with each subset con-
taining 6 mildly and 6 highly arousing pictures. One stimulus
subset were negative images that had been encountered during
the emotion regulation task (emotion regulation stimuli), and the
other subset were novel negative stimuli that had not been en-
countered previously (novel stimuli).

Emotion regulation task

The format of the emotion regulation task was similar to other
studies examining the interactive effects of tDCS and emotion
regulation (Feeser et al., 2014). Participants were allocated to
either the Down-Regulate or the Maintain emotional reactions
condition. Those in the down-regulate condition were
instructed to attempt to reduce their emotional reactions to
the negative images shown by reappraising the content, with
examples of potential reappraisal strategies being provided.
Specifically, participants in the down-regulate condition re-
ceived the following instructions:

“When you view the following images, we would like
you to try and feel less negative about the picture by
trying to change the meaning of it. That means you think
of something to tell yourself about the picture that helps
you feel less negative about it. So, for example, you
could tell yourself something about the outcome so that
whatever is going on will soon be resolved, or that help
is on the way. Or you could try and view the situation in
an impartial way, similar to how a doctor might.
You could also focus on a detail of the situation that may
not be as bad as it first seemed. But we want you to stay
focused on the picture and not think of random things
that make you feel better, but rather to change some-
thing about the way you view the picture that helps you
to feel less negative about it.”

Alternatively, those in the Maintain condition instead re-
ceived the following instructions:

“When you view the following images, we would like
you to try and maintain your emotional reaction to what
you see in the picture without attempting to change it.
Try to stay focused on the image and allow yourself to
experience your natural emotional reaction to the pic-
ture without suppressing how you feel about it.”

On each trial of the emotion regulation task, a fixation point
was initially displayed for 2,000 ms in the centre of the screen,
followed by the negative stimulus image presented on a white
background 165 x 165 mm in size for 8,000 ms. Following the
offset of the image, a screen was presented with the question
“How did you feel viewing that image?” with a 12-cm line

presented below, with the anchors “Not negative at all” to
“Extremely negative.” Participants then marked a point along
this line to indicate their emotional reaction to the image. This
yielded a value from 0-12 with higher scores representing
more negative emotional reactions. The task consisted of 48
trials in total, with each image being presented once in random
order.

Attention bias assessment task

To assess the impact of experimental conditions on biased
attention, we employed a variant of the attentional probe as-
sessment task (MacLeod, Mathews, & Tata, 1986). On each
trial of this task, a black fixation cross was displayed for
500 ms followed by a negative-neutral image pair, presented
side by side on a white background, each occupying a space
60 mm x 78 mm, aligned on the horizontal axis, separated by
65 mm. These stimuli were presented for 500 ms, after which
a small grey arrow 5 mm in length appeared in the location
vacated by one of the two stimuli. Participants were required
to indicate whether the arrow pointed up or down by pressing
the corresponding up or down button on the keyboard. The
participant response cleared the screen, and the next trial
started after a 500-ms delay. If participants recorded an incor-
rect response, the word “incorrect” was displayed for 3 sec-
onds before continuing to the next trial. This was designed to
encourage correct responding. Negative/neutral picture posi-
tion and probe position were counter-balanced across trials
such that probes appeared with equal frequency in the location
of negative pictures (“probe-negative” trials) and in the loca-
tion of the neutral pictures (“probe-neutral” trials). A total of
96 trials were delivered in four randomised blocks of 24 trials.
Of each block of 24, 12 contained high arousal stimuli, and 12
contained low arousal stimuli. Of the high and low arousal
negative stimuli, half were “old” having been presented dur-
ing the emotion regulation task, and 12 were “novel” having
not been previously encountered.

Emotional reactivity task

The effect of experimental condition on spontaneous
(uninstructed) emotional reactivity was assessed in response
to four negative video clips. Participants were not supplied
with any direction regarding the processing of emotional con-
tent in the videos. Two of the clips depicted high arousal
negative content (e.g., fleeing armed militia – Blood
Diamond), and two depicted low-arousal negative content
(e.g., bedside death scene – The Champ). Each video lasted
approximately 2 minutes and were delivered consecutively
with no interruption. Emotional reactivity to the video view-
ing task was assessed using two visual analogue mood scales
delivered before and after the viewing of all videos. These
consisted of a 12-cm line with the anchors “Happy-Sad,”
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and “Relaxed-Anxious.” Participants marked the point on the
line corresponding to their current mood to yield separate
measures of dysphoric and anxious mood with a score from
0 to 12. For each measure, the pre-video mood scale was
subtracted from the post-video mood scale to yield an index
of change in dysphoric and anxious mood. Higher scores in-
dicated greater increase in negative mood.

tDCS manipulation check

To assess participants’ awareness of allocation to tDCS con-
ditions, at the conclusion of the study, participants were pro-
vided a question informing them that “in the current study,
there were two different neurostimulation conditions, one that
delivered active stimulation, and one that did not. Please indi-
cate the condition that you believe you received.” Participants
then recorded whether they believed they had received “ac-
tive” or “nonactive” stimulation.

Procedure

Upon arrival, participants were provided information on the
requirements of the study and given opportunity to ask ques-
tions before providing their written, informed consent.
Participants were randomly assigned to one of the four exper-
imental conditions using a predetermined random assignment
of participant numbers. Fig. 1 provides a summary of exper-
imental procedures in the study. Participants initially complet-
ed baseline questionnaires and were then fitted with tDCS
equipment. Stimulation was then initiated according to their
assigned condition. After 6 minutes of sham/active stimula-
tion, the emotion regulation task commenced. Participants ini-
tially received instructions on the completion of the task, in-
cluding emotion regulation instructions, according to their
assigned condition. Participants then completed all 48 trials
of the emotion regulation task, after which tDCS stimulation
was ceased. This corresponded to approximately 20 minutes
in total of stimulation. A subset of participants (n = 76) also
completed a brief (5 min) word-association reaction time task
at this point as part of an alternative study. Participants then
completed the attentional probe assessment task, including 16
practice trials using neutral stimuli only. Following this, par-
ticipants completed the emotional reactivity assessment task,
which involved viewing the four video segments immediately
preceded and followed by the completion of mood scales. At

the completion of this, participants were offered the opportu-
nity to view two positive videos to promote mood recovery
and were then delivered the tDCS manipulation check ques-
tion and were debriefed regarding the purpose of the study.

Results

Baseline group characteristics

A one-way ANOVA on baseline emotional measures across
the four experimental groups revealed no significant differ-
ences in any of the DASS or PANAS subscales (largest F =
1.16, smallest p = 0.328). Chi square analysis also showed no
significant differences across experimental groups in gender
ratio, χ2 (3, 115) = 1.17, p = 0.760. Likewise, analysis of
participants’ response to the tDCS manipulation check ques-
tion showed that participants could not reliably identify
whether they had been allocated to the Active or Sham the
condition χ2 (1, 116) = 1.77, p = 0.230, with 75% of those in
the Active tDCS condition and 63% of those in the Sham
condition believing they were receiving active tDCS.2

Descriptive characteristics of groups are provided in Table 1.

Impact of tDCS and emotion regulation strategy on
the emotional regulation task

To examine the effect of experimental condition on responses
to the images encountered in the emotion regulation task, a 2 x
2 x 2 repeated measures ANOVAwas conducted with the two
between groups factors of tDCS Condition (Active vs. Sham
stimulation) and Emotion Regulation Condition (Down-
Regulate vs. Maintain)—the within subjects factor of
Stimulus Arousal Level (High arousal vs. Low arousal) and
the dependent variable of self-report emotional reactions to
stimulus images. A significant main effect of Stimulus
Arousal Level was observed F(1, 112) = 461.67, p < 0.001,

p
2 = 0.81, showing that high arousal stimuli were consistently

rated as more negative (M = 6.26, SD = 2.41) compared with
low arousal stimuli (M = 4.43, SD = 2.07). There also was a
main effect of Emotion Regulation Condition, F(1, 112) =

Fig. 1 Order and timing of experimental procedures. Participants initially
completed baseline questionnaires (BQ) before initiation of tDCS/sham
stimulation. After 6 minutes of active/sham stimulation, the emotion reg-
ulation task commenced in line with the allocated condition (down-

regulate/maintain). Participants then completed the attention probe as-
sessment task, followed by the emotion reactivity assessment task (video
viewing) which was preceded and followed by mood ratings

2 A number of participants in the Sham condition also disclosed that they had
believed they were receiving active tDCS throughout the study until after they
had been alerted to the alternative conditions by the question.

1328 Cogn Affect Behav Neurosci (2020) 20:1323–1335



20.621, p < 0.001, p
2 = 0.155, showing that those in the

Down-Regulate condition consistently rated all stimuli as less
negative (M = 4.50, SD = 2.07) compared with those in the
Maintain condition (M = 6.22, SD = 2.09). No other signifi-
cant main effects or interactions were observed (all Fs < 2.07,
all ps > 0.153), indicating that tDCS did not have the expected
differential effects on either negative emotion experience or
participants’ capacity to downregulate negative emotions.

Impact of tDCS and emotion regulation on attention
bias and attention bias variability

Preparation of response-time data

Accuracy on the attentional probe assessment task was con-
sistently high, with no participant recording an accuracy rate
below 85% (M = 98.01%, SD = 2.06%). Probe reaction time
data was prepared by initially excluding response times below
200 ms and above 2,000 ms, any incorrect responses, and
response times falling 3 median absolute deviations (Leys,
Ley, Klein, Bernard, & Licata, 2013) from each participant’s
own mean reaction time, resulting in the exclusion of 3.67%
of trials (the same response time and accuracy exclusions were
applied across all bias index computation methodologies). For
the standard average index measure of attention bias, four
separate indices were computed for the combination of high
and low arousal stimuli, and for both old (encountered during
the emotion regulation task) and novel (not previously en-
countered) stimuli. Each of these were computed by
subtracting probe-threat trials from probe-neutral trials with
higher scores representing greater attention bias to threat.
These traditional indices of attention bias we refer to as the
average index measure of attention bias (ABAveIndex).
Examination of standardised scores for each bias index re-
vealed a small number (n = 3) that fell more than 3 SD from
the group mean. These participants were excluded from anal-
yses involving these index measures.

In addition to the traditional measure of attention bias, we also
computed two recently developed measures of attention bias var-
iability. The first of these measures was based on the method
employed by Naim et al. (2015). This methodology involves the
initial computation of multiple attention bias index scores for each
participant, subtracting reaction times of individual probe-threat
trials from reaction times of individual probe-neutral trials accord-
ing to their temporal appearance in the task. Moving mean atten-
tion bias index scores are then computed for groups of 10 index
scores (i.e., for index scores 1-10, 2-11, 3-12, etc.). The standard
deviation of these average bias scores is then calculated and divid-
ed by the participant’s overall mean reaction time forming the final
measure of bias variability, which we refer to as the moving aver-
age measure of attention bias variability (ABVMovAve). One par-
ticipant’s score exceeded 3 SD from the group mean for this
measure and was excluded from analyses involving this index.

The second measure of attention bias variability was an
adapted version of the methodology employed by Zvielli et al.
(2015). For this approach, we employed a similar initial step of
pairing probe-threat and probe-neutral trials in order of appear-
ance on the task to compute multiple bias index scores. The
difference between each index score and the subsequent index
is then computed (i.e., difference between index 1-2, 2-3, 3-4,
etc.). The average of the normalised values of these differences
then provides the final measure of attention bias variability,
which we refer to as the trial-level bias score measure of attention
bias variability (ABVTLBS). In examining the distribution of
values on this measure, three participants’ scores fell beyond 3
SD from the group mean and were excluded from analyses in-
volving this measure. As three alternative measures relating to
attention bias were generated from this single set of reaction time
data, it was deemed appropriate to implement Bonferroni correc-
tion for multiple comparisons. As such, the adjusted alpha level
for analyses involving attention bias was α = 0.012.

An examination of correlations between each of these at-
tention bias measures and each subscale of the emotional as-
sessment measures at baseline (DASS and PANAS) revealed
no significant relationships (all rs < 0.14, all ps > 0.13).

Table 1. Baseline emotional assessment measures and gender ratio across experimental groups

Active tDCS Sham tDCS

Maintain Down-Regulate Maintain Down-Regulate

Gender ratio F/M 19/11 22/7 18/9 21/9

DASS

Depression 12.27 (4.63) 11.19 (4.48) 12.07 (4.33) 11.17 (4.56)

Anxiety 12.40 (3.70) 11.69 (3.17) 11.37 (3.32) 11.17 (3.40)

Stress 15.03 (3.91) 14.19 (3.47) 14.11 (4.07) 14.07 (4.04)

PANAS

Positive 32.10 (5.47) 30.00 (6.75) 31.56 (5.53) 30.10 (6.45)

Negative 21.07 (6.88) 18.24 (6.37) 21.07 (7.09) 19.70 (6.57)
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Effect of tDCS and emotion regulation condition on average
attention bias

Descriptive data for the ABAveIndex measures across condi-
tions is provided in Table 2. To examine the effect of tDCS
and emotion regulation conditions on average biased atten-
tion, we conducted a 2 x 2 x 2 x 2 repeated measures
ANOVA with the between-subjects factors of tDCS
Condition, Emotion Regulation Condition, and the within-
subject factors of Stimulus Arousal Level (High vs. Low
arousal) and Stimulus Familiarity (Old vs. Novel stimuli).
Not a single main effect or interaction was observed to be
significant for this analysis (all Fs < 2.77, all ps > 0.099),
indicating that neither tDCS nor emotion regulation instruc-
tions affected the traditional average attention bias index.

As some past findings have shown that attention bias may
only be exhibited at high levels of stimulus threat intensity
(Wilson & MacLeod, 2003), a post-hoc analysis was run to
examining high and low arousal stimuli separately. Whereas
no effect of tDCS condition was shown for the low arousal
stimuli (F(1, 109) = 0.45, p = 0.67), there was a slight trend
toward a significant main effect of tDCS condition for higher
arousal stimuli F(1, 109) = 3.60, p = 0.061, ηp

2 = 0.032).
Those in the Sham condition selectively attended toward these
stimuli on average (M = 6.57, SD = 32.80), whereas those in
the Active tDCS condition showed avoidance of these stimuli
(M = −5.12, SD = 32.61). It should be noted however that this
“trend” appears less compelling when considering the adjust-
ed α of 0.012.

Effect of tDCS and emotion regulation condition on attention
bias variability

Descriptive data for the ABVMovAve and the ABVTLBS mea-
sures of attention bias variability are provided in Table 2. Two
separate 2 x 2 ANOVAs were conducted for these two

dependent variables involving tDCS Condition and Emotion
Regulation Condition as between-subject factors. The analysis
involving ABVMovAve as the dependent variable showed no
significant main effects or interactions (all Fs < 0.32, all ps >
0.575). The analysis with ABVTLBS as the dependent measure
likewise showed no significant main effects or interactions (all
Fs < 1.54, all ps > 0.218).

Impact of tDCS and emotion regulation on the
emotional reactivity task

To examine the effects of experimental condition on emotion-
al reactivity, we conducted a 2 x 2 x 2 repeated measures
ANOVA with the two between-subject factors of tDCS
Condition and Emotion Regulation Condition and the within
subjects factor of Scale Type (anxiety vs. dysphoria). This
analysis revealed a main effect of Scale Type, F(1, 112) =
28.49, p < 0.001, ηp

2 = 0.203, whereby participants showed
larger increases in dysphoric mood (M = 3.72, SD = 2.98)
compared with anxious mood (M = 2.06, SD = 2.98). A main
effect of tDCS Condition also was observed, F(1, 112) = 5.59,
p = 0.020, ηp

2 = 0.05, showing that those in the Active tDCS
condition (M = 2.34, SD = 2.66) showed smaller increases in
negative emotional reactions overall compared with those in
the Sham tDCS condition (M = 3.44, SD = 2.66). This effect is
consistent with tDCS attenuating reactions to negative emo-
tional content. No additional main effects or interactions were
significant, all Fs < 0.96, all ps > 0.329.

Discussion

The current study sought to investigate whether active versus
sham left DLPFC tDCS delivered online with either intention-
al down-regulation or maintenance of emotional reactions
would differentially influence: 1) negative appraisals of

Table 2. Measures of mean attention bias across each experimental
condition, including the traditional average attention bias index
measures (ABAveIndex), the moving average measure of attention bias

variability (ABVAveIndex), and the trial level bias score measure of
attention bias variability (ABVTLBS)

Active tDCS Sham tDCS

Maintain Down-Regulate Maintain Down-Regulate

ABAveIndex

High Arousal-New −12.00 (49.63) −1.99 (56.98) 2.05 (57.18) 21.98 (51.52)

High Arousal-Old −7.59 (39.19) 1.11 (43.95) 2.96 (51.55) −0.70 (48.21)

Low Arousal-New -11.18 (39.84) −1.77 (60.65) −8.72 (38.15) −2.60 (47.33)

Low Arousal-Old 1.27 (46.39) −9.82 (46.41) −10.96 (39.26) −8.43 (35.56)

ABVAveIndex 0.06 (0.02) 0.06 (0.02) 0.06 (0.02) 0.06 (0.02)

ABVTLBS 153.97 (26.12) 144.41 (32.01) 150.18 (36.71) 156.43 (39.4)

Standard deviations given in parentheses

1330 Cogn Affect Behav Neurosci (2020) 20:1323–1335



aversive content during emotional regulation; 2) reduce pat-
terns of biased attention to negative information; and 3) the
spontaneous emotional reactivity to negative content. We
found no evidence that tDCS had a general effect of reducing
negative appraisals of emotionally negative stimuli, nor evi-
dence that tDCS interacted with emotion regulation condition
to enhance the effects of downregulation of emotional reactiv-
ity. There also were no significant effects of tDCS condition
or emotion regulation condition on different indices of atten-
tion bias. The single clear finding to emerge from this study
was that active tDCS led to less negative emotional reactivity
compared with sham tDCS, as revealed by changes inmood in
response to the video viewing task. As such, the present find-
ings support the effect of frontal tDCS in reducing negative
emotional reactivity.

The absence of an effect of tDCS reducing patterns of atten-
tion bias differs from a number of other recent studies that have
shown such an effect (Chen et al., 2017; Heeren et al., 2017;
Ironside et al., 2019; Ironside et al., 2016; Sanchez-Lopez et al.,
2018). A number of differences between experimental designs
could potentially account for this. One possibility is that greater
variance between conditions due to the between-group design
may have contributed to greater noise, reducing the likelihood
of detecting such an effect. Indeed, the majority of recent stud-
ies to demonstrate an effect of tDCS on attention bias have used
within-subject crossover designs (Heeren et al., 2017; Ironside
et al., 2019; Sanchez-Lopez et al., 2018), which can reduce
additional noise present in between-group designs. However,
the higher participant numbers in the current study compared to
these, and the fact that a number of other between-group studies
also have detected tDCS-attention bias effects (Chen et al.,
2017; Ironside et al., 2016) suggests that the additional noise
associated with a between-groups design is unlikely to be a
single cause of this.

An additional difference concerns the type of stimuli used.
The majority of past studies have employed disgust or fearful
face stimuli in assessments of attention bias (Heeren et al.,
2017; Ironside et al., 2019; Ironside et al., 2016; Sanchez-
Lopez et al., 2018), with another using simultaneous compet-
ing threat-neutral videos (Chen et al., 2017). It is possible,
therefore, that the greater complexity of the IAPS stimuli in
the current study (e.g., scenes of war or conflict) could mean
that valence was less rapidly registered. Using stimuli that
permit the rapid identification of valence, and/or the use of
longer stimulus exposure durations, may be an important fea-
ture for studies seeking to measure the effects of tDCS on
attention bias.

A final possibility for the absence of tDCS effects on at-
tentional bias relates to stimulus intensity. Some early atten-
tion bias studies highlighted that among samples with low or
average levels of anxiety, an attentional bias is only exhibited
at high levels of stimulus threat intensity (Wilson &
MacLeod, 2003). Not having stimuli of sufficient intensity

to evoke a general pattern of bias (for tDCS to then mitigate)
may have reduced the likelihood of detecting an effect of
tDCS on attentional bias. Indeed, as reported in the post-
hoc analysis examining the pattern of attention bias for high
and low arousal stimuli separately, no effect of tDCS condi-
tionwas shown for the low arousal stimuli with a slight trend
toward a significantmain effect of tDCS condition for higher
arousal stimuli, whereby those in the Sham condition selec-
tively attended toward these stimuli on average while those
in the Active tDCS condition showed avoidance of these
stimuli. While no conclusions should be drawn on the basis
of this post-hoc trend, it is possible that more intense stimuli
and/or a greater number of trials containing high arousal
stimuli may have yielded a significant main effect of tDCS
on attention bias. This may be particularly the case given the
low reliability of attention probe assessment tasks (Price
et al., 2015).

The present study found no evidence for an association
between any of the attention bias measures employed and
baseline measures of anxiety or positive and negative affec-
tivity. In addition to potential noted issues relating to the stim-
uli used in the current design, it is possible that the present
study may not have been sufficiently powered to detect cor-
relations involving such effects. As has been noted, attention
bias to threat tends to be observed in between-subjects designs
comparing those higher and lower in emotional pathology
although is less commonly demonstrated in correlational de-
signs (MacLeod, Grafton, & Notebaert, 2019). Indeed, recent
findings, which included each of the measures of attention
bias examined in the current study (although with the use of
word stimuli) with a larger sample of 195 participants, found
significant though small associations with anxiety (r = 0.254
to 0.183; Clarke et al., 2020a). This highlights the possibility
that the combination of power and stimuli may have prevented
the detection of such anticipated associations in the current
study.

The current study also found no evidence that frontal tDCS
interacted with emotion regulation intention to influence per-
ceptions of negative stimuli during the emotion regulation
task. This finding contrasts with that of Feeser et al. (2014)
who found that tDCS enhanced the down (and up)-regulation
of the perceptions of emotional content. One possibility for the
absence of this effect is that the current study was potentially
underpowered to detect smaller effects. Indeed, a post-hoc
power analysis indicated that with the observed main effect
of tDCS on emotional reactivity of ηp

2 = 0.05 (f = 0.23), the
current sample of 116 achieved a power of 69%, suggesting
that the study may have been underpowered to detect smaller
effects. While the number or participants in each condition (n
= 27-30) is broadly comparable, and perhaps slightly higher
than other similar tDCS studies (e.g., Feeser et al., 2014 - 21/
condition), higher power is obviously desirable and represents
a limitation of the current study.
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Another possibility for the lack of this effect is the differ-
ence between stimulation sites in the current study (left
DLPFC) and Feeser et al. (2014; Right DLPFC). However,
as with the current study, Marques et al. (2018), who
employed a larger sample (n = 45/condition) also found no
evidence that tDCS targeting the left or right DLPFC, or left or
right VLPFC resulted in the enhancement of intentional emo-
tion regulation capacity. Given these recent null findings, and
the fact that evidence of tDCS-enhancement of intentional
emotion regulation has, to our knowledge, been demonstrated
only in a single study (Feeser et al., 2014) with a reasonably
small sample (n = 21), the evidence that tDCS can enhance
emotion regulation appears equivocal at present.

While the present null findings regarding the tDCS-
enhancement of emotion regulation are consistent with other
recent findings, it is relevant to consider the possibility that the
absence of such effects may have been due to inadequate
modulation of neural activity in the region targeted for stimu-
lation. Specifically, it is possible that the use of an
extracephalic reference electrode could have contributed to
this with the greater distance between the anode and cathode
potentially reducing the current density at the stimulation site.
However, a number of findings suggest that such electrode
placements can successfully modulate neural activity, with
consequent effects on related cognitive and emotional pro-
cesses. For example, studies have shown that the use of such
extracephalic electrode placement in combination with anodal
DLPFC stimulation yields effects on biased attention (Chen
et al., 2017; Clarke et al., 2014) and can enhance behavioural
effects interactively with current cognitive goals (Martin et al.,
2013). Recent findings systematically comparing cortical and
extracephalic cathode placement on basic enhancement of
cortical excitability (motor evoked potentials) also have
shown that both arrays enhance excitability and is maintained
for 60 minutes after stimulation (Tatemoto, Yamaguchi,
Otaka, Kondo, & Tanaka, 2013). As such, it seems unlikely
that the electrode array employed in the present study did not
lead to sufficient enhancement of cortical excitability.

While methodological differences between studies repre-
sent one reason for inconsistencies in findings, it also is pos-
sible that differences in the way that individuals respond to
tDCS, and neurostimulation more generally could contribute
to such inconsistency. For example, it has been recognised
that there exists considerable variance in the response to
tDCS for depression, with large interindividual variability in
clinical outcomes noted (Brunoni et al., 2016). Rather than
reflecting general “noise” between individuals, research is be-
ginning to show that such variance in responsivity to tDCS
may bemeaningfully associatedwith neurochemical balances.
A recent study by Filmer, Ehrhardt, Bollmann, Mattingley,
and Dux (2019) showed that the baseline balance of excitatory
and inhibitory neurochemicals (GABA and glutamate) pre-
dicted the extent to which tDCS impacted the acquisition of

learning on a forced-choice task (Barron et al., 2016). This
follows earlier work showing that GABA responsiveness
may predict the effects of tDCS on learning. Some initial
findings also highlight that it may be possible to predict the
potential therapeutic effects of tDCS. A study by Bulubas
et al. (2019) indicated that measures of neural structure (me-
dial prefrontal grey matter volume) were associated with sub-
sequent effects of tDCS on depression. Other findings have
shown that degree of neural activation during a baseline
working-memory task subsequently predicted degree of
symptom improvement in tDCS treatment for depression.
Such early findings provide encouragement for the potential
ability to identify factors that account for variance in the im-
pact of tDCS on emotion in the future.

The present study provided evidence that left DLPFC
tDCS attenuated negative emotional reactivity to the aver-
sive content depicted in the video viewing task. These
results are consistent with previous findings suggesting
that tDCS can attenuate emotional reactivity via frontal
stimulation. Specifically, Rêgo et al. (2015) examined
whether left DLPFC tDCS would influence emotional re-
actions to video content depicting painful situations. Their
findings showed that left DLPFC tDCS attenuated eleva-
tions in ratings of negative valence and emotional arousal
in response to viewing this content compared to right
DLPFC tDCS and sham tDCS conditions. More generally,
the present findings showing a small effect of tDCS on
the reduction of emotional reactivity are consistent with
the recent meta-analysis by Smits et al. (2020). This
showed that across 26 studies, tDCS in healthy samples
has a significant, although weak, effect on reducing emo-
tional stress reactivity. While consistent with these past
findings, a limitation of the present study is the exclusive
reliance on self-report to assess emotional reactivity.
Future research might consider the inclusion of additional
measures of current emotional state, such as heart rate
variability and skin conductance, to corroborate self-
report mood measures and also should seek to replicate
the current pattern of effects in a larger sample.

A further limitation in the assessment of emotional reactiv-
ity was the fact that the current design did not enable the
separate examination of the emotional effects of high arousal
(threat/danger) and low arousal (sadness/loss) video content.
While anxiety and sadness were separately indexed before and
after all videos, the delivery of the clips within a single block
did not allow the separate assessment of the effects on anxious
compared with dysphoric mood. While the assessment of
mood after each video clip would have been impractical due
to sequence effects, it would be useful for future research to
examine the emotional effects of tDCS for dysphoric versus
anxiolytic content by delivering different types of stressor
between groups.
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Finally, the video assessment task also exclusively focused
on emotional reactivity while not addressing the subsequent
recovery from the emotional stressor. As psychopathology is
commonly associated with greater emotional reactivity to neg-
ative and/or threatening experiences (Chen, Clarke,MacLeod,
Hickie, & Guastella, 2016), experimental research often fo-
cuses on this reactivity component of emotional change as a
proxy for understanding the impact of cognitive and neural
processes on emotion. However, there is increasing recogni-
tion that individual differences in emotional recovery follow-
ing exposure to a negative experience/content can account for
unique variance in emotional distress above and beyond emo-
tional reactivity alone (Boyes, Carmody, Clarke, & Hasking,
2017; Boyes, Clarke, & Hasking, 2020; Ripper, Boyes,
Clarke, & Hasking, 2018). Indeed, a recent study examining
the emotional effects of tDCS in relation to intentional worry
indicated that active left DLPFC stimulation not only impact-
ed emotional reactivity, but facilitated subsequent reductions
in negative emotion compared with sham (Clarke, Sprlyan,
Hirsch, Meeten, & Notebaert, 2020b). As such, it would be
relevant for future research to examine emotional reactivity in
response to negative emotional experiences, as well as subse-
quent recovery following the cessation of such an experience/
stressor, to inform whether tDCS facilitates one or both of
these processes.

Conclusions

The present study sought to examine the effects of tDCS
and emotion regulation on perception of emotional stim-
uli, biased attention, and emotional reactivity to negative
content. There was no evidence that tDCS and emotion
regulation strategy interacted to influence the perception
of negative stimuli. We were not able to confirm an effect
of tDCS attenuating biased attention for negative informa-
tion, and we found no evidence in support of the effect of
tDCS or emotion regulation on attention bias variability.
However, we did find clear evidence that tDCS contrib-
uted to less elevation in negative mood in response to a
stressor as compared to sham stimulation. As such, the
present findings are consistent with other studies that have
found no evidence to support tDCS enhancement of emo-
tional regulation and supports the potential of left frontal
tDCS to reduce emotional reactivity to negative content.
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