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Abstract

Background Given findings showing that emotion regulation may be enhanced through prefrontal neurostimulation, the
present study examined whether the effect of transcranial direct current stimulation on emotional reactivity is mediated via
biased interpretation, and whether emotion regulation goals further moderate this relationship.

Methods Healthy participants (n=79) were allocated to one of four conditions to receive either active or sham tDCS con-
currently with an emotion regulation task during which they were instructed to maintain or down-regulate their emotional
reactions (between groups). A homograph priming task assessed biased interpretation, and emotional reactivity was assessed
in response to a negative video viewing task.

Results Those receiving active tDCS showed smaller elevations in negative mood in response to viewing negative videos
compared to sham stimulation. Neither tDCS condition nor emotion regulation condition had an impact on interpretive bias,
and there was no evidence for tDCS-enhancement of emotion regulation. As such, interpretive bias did not significantly
mediate the relationship between tDCS and emotional reactivity, and no moderating role of emotion regulation was observed.
Conclusions The present results are consistent with neural models implicating increased frontal activity with reduction in
emotional reactivity, but provides no support for the role of interpretive bias in this relationship, and no evidence that tDCS
enhanced the effects of emotion regulation.

Keywords Emotion reactivity - Emotion regulation - Interpretation bias - Neurostimulation - tDCS

Introduction

A considerable body of literature has sought to describe the
neural architecture that underpins the cognitive and emo-
tional regulatory processes operating in anxiety and depres-
sion. In particular, neural models of emotional disorders
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50 Patrick J. F. Clarke commonly associated with the top-down regulation of emo-

Patrick.Clarke @curtin.edu.au tion and the selective processing of emotional information

(Bishop 2007; Siegle et al. 2007). The identification of such
regions implicated in the regulation of emotion has given
rise to interventions employing non-invasive neurostimula-
tion techniques designed to modulate neural activity in these
areas (Brunoni et al. 2016; Vicario et al. 2019). One such
emerging intervention approach is transcranial direct current
stimulation (tDCS).
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tDCS is a non-invasive neurostimulation technique in
which a weak electrical current is passed through the scalp
via a conductive silicone electrode to alter cortical excitabil-
ity of underlying neural tissue. Specifically, anodal stimula-
tion is thought to raise the membrane resting potential of
neurons to increase cortical excitability while cathodal stim-
ulation lowers resting potential, decreasing cortical excit-
ability (Nitsche et al. 2008). Findings have shown that tDCS
stimulation can contribute to neuromodulatory effects which
last up to 90 min following administration (Bindman et al.
1964; Nitsche and Paulus 2001). The modulation of neural
activity via tDCS has been increasingly examined as a poten-
tial therapeutic intervention (Brunoni et al. 2016; Vicario
et al. 2019). Findings have also demonstrated that frontal
tDCS can attenuate negative emotional reactivity in healthy
samples (Smits et al. 2020). As such, tDCS also provides a
tool to experimentally investigate emotional psychopathol-
ogy, and to understand the ways in which cognitive and neu-
ral processes together modulate emotional experience (e.g.
Brunoni et al. 2014; Clarke et al. 2020; Heeren et al. 2017).

In seeking to understand the interaction between neural,
cognitive, and emotional processes, research has suggested
that tDCS may exert positive effects on emotion by changing
patterns of cognitive bias. Cognitive theories propose that
emotional pathology is underpinned by patterns of biased
cognition that skew emotional experience to more negative
and threatening aspects of the environment (Williams et al.
1997). These include patterns of biased attention that favour
the selective processing of threatening information, and
patterns of biased interpretation that favour more negative/
threatening resolutions of emotionally ambiguous material
(Bar-Haim et al. 2007; Hirsch et al. 2016). Findings have
shown that tDCS may exert positive effects on emotion by
changing patterns of cognitive bias (e.g. Heeren et al. 2017,
Ironside et al. 2016).

A number of studies have now confirmed that excitatory
tDCS stimulation (anodal) targeting the left DLPFC can
reduce patterns of attention bias to negative information.
Brunoni et al. (2014) found that a single session of tDCS
reduced interference of emotional information (negative
and positive) in an emotional Stroop task for individuals
with major depressive disorder. Similarly, Ironside et al.
(2016) also showed that tDCS eliminated attention bias to
fearful face stimuli that was otherwise present under sham
stimulation (subsequently replicated by Heeren et al. 2017),
with other studies also confirming reductions in attention
bias for emotional content in response to left DLPFC tDCS
(Sanchez-Lopez et al. 2018). In the study of Sanchez-Lopez
et al. left DLPFC tDCS increased the ability to top-down
disengage attention away from emotional face stimuli (inde-
pendent of valence). Furthermore, there is also evidence that
such reductions in biased attention may mediate the effects
of tDCS on emotional reactivity. Using an eye-tracked video
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stress task Chen et al. (2017) showed that not only did tDCS
attenuate biased attention to negative information, but that
the tDCS-induced pattern of attention mediated emotional
reactivity to the stress task. Thus, increased lateral prefrontal
activity reduces biased attention for threat, and such reduc-
tions may partially carry the effects of tDCS on emotional
reactivity to negative emotional content. However, we are
aware of no research that has investigated the potential
involvement of other thoroughly described cognitive biases,
such as biased interpretation, in the effects of tDCS on emo-
tional reactivity. Biased interpretation is a consistent feature
of anxiety and depressive disorders that is thought to play
a causal role in their maintenance (Hirsch et al. 2016). To
the extent that frontal tDCS could potentially contribute to
increased emotional resilience by enhancing the inhibition of
more negative meanings associated with ambiguity, biased
interpretation could also serve as a mediator of the rela-
tionship between tDCS and emotional reactivity. Therefore,
the first aim of the current study was to examine whether
biased interpretation potentially mediates the effect of tDCS
on reactivity to negative emotional content.

Another process that is strongly implicated in mood and
anxiety dysfunction is emotion regulation. Emotion regula-
tion refers to the process via which individuals influence
their emotional experience including which emotions they
have, when they occur, and the way in which they express
them (Gross 1998). Emotion regulation includes the ability
to alter emotional states in line with an individual’s current
active intent which can be influenced by changing situational
demands. Dysfunctional emotion regulation is a recognised
as a vulnerability and maintaining factor for emotional dis-
orders (Berking et al. 2014; Cisler and Olatunji 2012; Joor-
mann and Gotlib 2010).

Of potential relevance to the enhancement of adaptive
emotion regulation, research has shown that altering cor-
tical activity via tDCS can potentially enhance the effects
of emotion regulation in line with an individual’s current
goals. Feeser et al. (2014) found that, relative to sham stimu-
lation, the delivery of tDCS to the right DLPFC concur-
rently with an emotion regulation task led to greater or less
emotional reactivity to viewing negative emotional content
when the individual’s goal was to respectively up or down-
regulate their emotional reactions. Thus there is evidence
that increased frontal activation via tDCS may enhance the
effects of emotion regulation (Feeser et al. 2014).

Indeed, in addition to evidence that emotion regulation
intent may interact with tDCS to influence emotion, there
is also some evidence for potential interactions between
emotion regulation and biased interpretation. Specifically
Everaert et al. (2017) demonstrated that the tendency to
impose more benign resolutions on emotional ambiguity was
associated with the use of positive reappraisal. This finding
was taken to suggest that those with a stronger tendency to
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Fig. 1 Depiction of effects under examination in the current study.
The first hypothesis seeks to examine whether the effects of tDCS
condition on emotional reactivation are mediated by interpretive
bias via the a-b pathway. If emotion regulation intent significantly

impose more positive resolutions on ambiguity were also
more likely to employ positive reappraisals in emotion regu-
lation. Therefore, given the observation that tDCS can poten-
tially enhance the effects of emotion regulation (Feeser et al.
2014; Peiia-Gomez et al. 2011), combined with the relation-
ship between biased interpretation and emotion regulation
(Everaert et al. 2017; Joormann and D’Avanzato 2010), the
second aim of the current study was to examine the extent
to which emotion regulation intent moderates any observed
mediating effect of biased interpretation in the relationship
between tDCS and emotional reactivity.

To achieve these aims, the current study compared the
effects of alternative emotion regulation goals delivered in
combination with either active or sham tDCS. tDCS targeted
the left DLPFC, a region consistently targeted due to its pro-
posed role in affect regulation (Bishop 2007). Active and sham
tDCS stimulation was delivered concurrently with the comple-
tion of an emotion regulation task involving the viewing of
negative images. To examine the legacy of tDCS delivered
concurrently with the repeated practice of a specific emotion
regulation goal, emotion regulation instructions were delivered
between groups, with one group instructed to maintain their
emotional reactions to negative emotional stimuli (maintain
condition) while the other group was instructed to use reap-
praisal to consistently down-regulate their emotional reactions
to these stimuli (down-regulate condition). Given past findings
showing that tDCS effects may be observed more frequently in
response-time measures (Hill et al.2016) we sought to include
a measure of interpretive bias likely to register effects associ-
ated with response time that incorporated simple stimuli with
rapid processing time. As such, interpretive bias was assessed
offline (following the cessation of stimulation) after the emo-
tion regulation task using a homograph priming task. The

enhances the effect of tDCS on interpretive bias and emotional reac-
tivity, then we would anticipate a significant interaction via moder-
ated mediation of emotion regulation through paths d and e

homograph priming task measure also has the benefit of being
more immune to response bias as compared to some other
interpretive bias measures (e.g. scrambled sentences, fragment
completion). Finally, to assess the impact of each condition on
emotional reactivity, participants completed a video viewing
task involving the assessment of mood before and after the
presentation of emotionally negative movie clips.

Figure 1 provides a summary of the over-arching model
under examination. We first separately examined the individual
and interactive effects of frontal tDCS and emotion regula-
tion conditions on: (i) emotional reactions during intentional
emotion regulation, (ii) interpretive bias, and (iii) reactivity to
negative emotional content. Second, these component effects
were then combined in a moderated mediation analysis. If
tDCS exerts an impact on emotional reactivity via interpre-
tive bias, this would be demonstrated by a significant indirect
a-b pathway depicted in the Fig. 1. Furthermore, if emotion
regulation intent influences this moderation relationship, we
would anticipate a significant effect of the emotion regulation
interaction factor (paths d and e). Specifically, we would antic-
ipate that practicing down-regulation of negative emotional
reactions (down-regulation condition) while receiving active
tDCS would lead to lower interpretive bias and less emotional
reactivity compared to the delivery of tDCS in combination
with no emotion regulation intent (maintain condition).

Method
Participants

Participants were recruited through the Curtin University
Undergraduate participant pool. Participants were required
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to be eighteen years or over, and self-identify as not meeting
medical exclusion criteria for tDCS. This included experi-
encing migraines, current psychoactive medication, active
skin conditions, unstable medical conditions, neurological
disorders, or metal implants. Participants were made aware
of exclusion criteria prior to registering for the study, and
again upon arrival. A total of 79 participants aged between
18 and 50 years (M =23.17, SD=6.77) were recruited to the
study (54 female, 25 male). While the current sample is sim-
ilar in size (per condition) to the prior study of Feeser et al.
(2014) which showed effects of tDCS on emotion regulation,
this prior study did not report effect sizes. While no prior
studies to our knowledge have examined the effects of tDCS
on interpretive bias, effect sizes from studies examining the
impact of tDCS on other cognitive biases (e.g. attention)
have tended to report medium effect sizes (np2 =0.09-0.14;
Chen et al. 2017; Heeren et al. 2015). With a medium effect
size (f=0.25), and a=0.05, the current sample would pro-
vide approximately 90% chance of detecting an effect.

Baseline Questionnaires

Measures of general emotional vulnerability were assessed
with the 21 item version of the Depression Anxiety and
Stress Scale (DASS-21; Lovibond and Lovibond 1995) and
the Positive and Negative Affect Schedule (PANAS; Watson
et al. 1988). Both are commonly used emotional assessment
measures and show good internal consistency, with Cron-
bach’s alpha in our study varying between 0.74-0.91.

Transcranial Direct Current Stimulation

tDCS was administered using a battery-powered, current-
controlled device (Chattanooga Group, United States). Cur-
rent was transferred via two 4 X 6 cm silicone electrodes cov-
ered in a saline-soaked sponge. Anodal stimulation targeted
the left DLPFC with the electrode placed at F3 according to
the 10-20 international system. The cathode was placed on
the left superior trapezius (lower neck). This extracephalic
reference location was used to avoid potential confounding
effects of inhibitory stimulation of other cortical sites (Chen
et al. 2017; Clarke et al. 2014; Martin et al. 2013). The dose
was set to 2.0 mA/min (current density=0.07lcm2) with a
30 s ramp up/down time. For those in the active stimula-
tion condition, current was delivered for 20 min. For those
in the sham condition, stimulation was delivered for one
minute before the current was ramped down and switched
off without their knowledge. Participants were not alerted to
the alternative tDCS conditions.

@ Springer

Emotion Regulation Task

The emotion regulation task was delivered in one of two
conditions: down-regulate emotional reaction, or maintain
emotional reactions. The instructions for these were adapted
from similar conditions employed in past studies (Feeser
et al. 2014; Ochsner et al. 2004; Van Bockstaele et al. 2019).
Those in the down-regulate condition were told that while
viewing the images they should attempt to feel less nega-
tive about the picture by trying to change the meaning of it.
Participants were provided examples of reappraisal strate-
gies that they could employ to down-regulate their emotional
reactions, such as imagining a more positive outcome, or
viewing the situation in an impartial way (similar to a doc-
tor). Those in the maintain condition were instructed to try
and maintain their emotional reactions to what they see in
the picture without attempting to change it, to allow them-
selves to experience their natural emotional reaction to the
picture without suppressing how they feel about it.

The stimuli employed in the task were 48 negative IAPS
images, 24 of which were high arousal images (e.g. depict-
ing imminent danger or violence, normative arousal ratings
between 5.63 and 7.35), and 24 were low arousal images
(e.g. depicting sadness and loss, normative arousal ratings
between 3.85 and 5.35). These images were selected on the
basis of IAPS ratings of valence and arousal (Lang et al.
1997). All 48 images had low mean and standard deviation
scores for valence (M <3.94, SD <1.70), indicating they
had been consistently rated as unpleasant.! Images depicted
a wide range of content and people (different cultures and
ethnicities), ensuring that specific demographics or groups
were not over/under-represented.

The emotion regulation task itself consisted of 48 trials.
On each trial, a central fixation cross was initially presented
for 2000 ms. A negative stimulus image was then presented
for 8000 ms. Following the presentation of this image, par-
ticipants were presented with the question “How did you feel
viewing that image?”, accompanied by a 12 cm line with the
anchors “Not at all negative” to “Extremely negative”. Par-
ticipants indicated their response by clicking a point along
the length of the line with the mouse, yielding a score from
0 to 12, with higher scores indicating more negative affect.
The participant’s response cleared the screen and the next
trial commenced.

1 High arousal image numbers: 1304; 2703; 3103; 3120; 3350; 6230;
6312; 6520; 6560; 8485; 9050; 9163; 9250; 9254; 9410; 9412; 9413;
9414; 9423; 9429; 9424, 9600; 9911; 9921.

Low arousal image numbers: 2141; 2276; 2301; 2456; 2692; 2718;
2799; 3181; 3300; 4621; 7520; 9000; 9010; 9186; 9295; 9331; 9419;
9426; 9430; 9584; 9435, 9610; 9922; 9927.
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Interpretive Bias Assessment Task

To assess interpretive bias we employed a homograph
priming task and stimuli previously used by Clifton et al.
(2016). This task has been shown to be sensitive to induced
changes in interpretive bias. Stimuli on this task consisted of
52 homographs (e.g. ‘ARMS’) each of which had 4 associ-
ate words: a related threatening word (e.g. “WEAPONS’), a
related benign word (e.g., ‘LEGS’), an unrelated threatening
word (e.g., ‘GREEDY’), and an unrelated benign word (e.g.,
‘TROUSERS’). On each trial of the task, a central fixation
cross was presented for 500 ms. The homograph prime was
then presented for 250 ms, followed by a blank screen for
500 ms, and then one of the four associate words. Partici-
pants were required to determine whether this target word
was related or unrelated to the prime by pressing the corre-
sponding “R” or “U” button respectively. Response latencies
for negative-related compared to benign-related targets pro-
vided the critical dependent measure, with disproportionate
speeding to identify negative as compared to benign-related
associates taken to indicate a greater interpretive bias favour-
ing negative interpretations of ambiguous content. The task
involved a total of 104 trials consisting of two repetitions of
each homograph, presented with a different associate word
on the second presentation. The type of associate presented
with each word was counter-balanced across participants in
one of two rotations. In each rotation, half of the homo-
graphs were presented once with a negative-related associate
and once with a benign-unrelated associate, while the other
half were presented once with a benign-related associate and
negative-unrelated associate.

Emotional Reactivity Assessment Task

The impact of experimental conditions on emotional reactiv-
ity was assessed via exposure to emotionally negative video
clips. Participants viewed four negative video clips sourced
from popular movies, each lasting around 2 min. The clips
were presented consecutively, without a break, lasting a
total duration of 8 min 26 s. These videos depicted negative
emotional content that was both high arousal (e.g. fleeing
armed militia—Blood Diamond) and low arousal (e.g. death
of Mufasa — Lion King). Immediately prior to and following
viewing of the video clips, participants completed ratings
of their current mood on two scales. This was done on two
12 cm visual analogue scales, one with “Happy” and “Sad”
as anchors, and the other with “Relaxed” and “Anxious”
as anchors. Participants marked the relevant point between
these two anchors on each scale, which were combined to
yield a single measure of negative mood between 0 and 12,
with higher scores representing more negative emotional
state.

tDCS Manipulation Check Question

At the conclusion of the experiment, participants were
informed that that there were two tDCS conditions, “Active”
and “Non-active”, and asked to indicate which condition
they believed they had been in.

Procedure

The study was approved by the University Human Research
Ethics Committee. Upon arrival participants first read and
indicated their informed consent to participate in the study.
Participants then completed the baseline questionnaire
measures. Next, they were fitted with tDCS equipment and
stimulation was initiated (according to experimental con-
dition). Six minutes following initiation of tDCS, partici-
pants received instructions on the completion of the emotion
regulation task, along with instructions associated with the
respective emotion regulation conditions. They then initiated
the emotion regulation task (around 8 min post tDCS-initia-
tion) which lasted approximately 12 min. On the completion
of this task (approx. 20 min post-tDCS initiation), tDCS
stimulation was terminated (for those in the active condi-
tion still receiving stimulation) and the equipment removed
(for all participants). Participants then completed the homo-
graph priming task. They were encouraged to respond as
fast as possible without compromising accuracy. Participants
completed 20 practice trials consisting of non-negative, non-
homograph stimuli, before commencing the priming task.
Following the priming task, participants completed a brief
(seven-minute) target discrimination response-time task
associated with an alternative project. This task involved
registering simple reaction time responses to the detection
of a neutral stimulus with no time pressure or restrictions,
and no error feedback making it unlikely that this task
would have exerted effects on subsequent emotional reac-
tivity. Finally, participants completed the emotional reactiv-
ity assessment task, including emotional ratings and video
viewing. Participants were offered the opportunity to view
two positive videos prior to the end of the study to ensure
no perseveration of negative mood. Participants then com-
pleted the tDCS manipulation check question before being
fully debriefed.

Results

Data Preparation

In preparing data from the homograph priming task, individ-
ual response times over 2000 ms, and under 100 ms were ini-

tially excluded (7.85% of trials), along with trials containing
incorrect responses (15.53% of trials). For each participant,
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Table 1 Descriptive baseline
data for emotional assessment

Active tDCS

Sham tDCS

measures and gender across Down-regulate Maintain Down-regulate Maintain
experimental conditions.
Standard error given Participants/condition 18 19 18 18
parentheses Gender ratio F/M 12/6 13/6 13/5 12/6
DASS
Depression 10.31 (0.83) 12.53 (1.28) 12.78 (1.01) 11.39 (1.22)
Anxiety 11.28 (0.59) 12.63 (0.93) 11.83(0.83) 11 (0.70)
Stress 13.42 (0.71) 15.42 (0.85) 15.17 (1.00) 14 (0.83)
PANAS
Positive 31.78 (1.57) 31.68 (1.46) 30.11 (1.44) 30.5 (1.53)
Negative 17.44 (1.00) 20.79 (1.67) 21.5(1.93) 18.72 (1.39)
Table 2 Dependent measures Active tDCS Sham tDCS
from the emotion regulation
task (E-R task; arousal ratings), Down-regulate Maintain Down-regulate Maintain
homograph priming task
(related-negative and related- E-R task stimulus ratings
benign trials), and assessment High arousal stim 5.57 (.50) 7.19 (.49) 4.87 (.50) 7.15 (49)
of emotional reactivity (video Low arousal stim 3.82(.50) 5.25 (49) 3.37(:50) 5.33 (:50)
task). Standard error given in o
parentheses Homograph priming RTs
Related-negative 972.21 (50.33) 1002.32 (47.51) 979 (50.13) 917.17 (47.65)
Related-benign 949.68 (52.14) 1008.81 (49.61) 955.82 (52.04) 899.97 (48.34)
Negative affect
Pre-video 3.53 (.57) 5.24 (.55) 3.36 (.57) 3.82(.57)
Post-video 5.69 (.57) 6.97 (.55) 6.39 (0.57) 7.21 (.57)

reaction times beyond 3SD from their mean reaction time for
each individual trial type were then excluded (7.28% of cor-
rect trials). D-prime (d’) values were calculated for responses
to related-negative and related-benign trials. The d’ measure
provides an index of sensitivity where the proportion correct
is a function of hits relative to false alarms. As per Clifton
et al. (2016) participants with d’ below 1.00 were excluded
(3 participants). Three participants were observed to have
extreme outlying response times for either the related-nega-
tive or related-benign trials (SD =3.63—4.82) and were also
excluded from analyses. All data reported in the following
analyses (excluding individual participant details) are avail-
able at https://osf.io/zvkft/.

Baseline Measures

Group characteristics across the four experimental condi-
tions revealed no significant differences in baseline mood
measures across any DASS subscales or the PANAS scales,
(all F<1.45, all p>0.235, nor significant differences in
gender ratio, ;(2 (3, 73)=0.17, p=0.982. Final participant
numbers per condition and baseline characteristics across
groups are given in Table 1.

The following analyses first individually consider the
effects of experimental condition on each dependent measure
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(emotion regulation stimulus ratings, interpretive bias, and
emotional reactivity) before examining these in the overall
moderated mediation model.

The Effect of tDCS and Emotion Regulation
on Stimulus Ratings

Average stimulus ratings across conditions are shown in
Table 2. To examine the effects of tDCS and emotion regula-
tion conditions on emotional responses to stimuli in the emo-
tion regulation task, we conducted a Linear Mixed Model
(LMM) with the fixed factors of tDCS Condition (between-
groups: active vs. sham) and Emotion Regulation Condition
(between-groups: down-regulate vs. maintain), and Stimulus
Arousal Level (within-groups: high vs. low-arousal images).
Participant was entered a random factor and the model terms
were tested with the Satterthwaite method (all LMM and
GLMM analyses were conducted in JASP; JASP Team
2020). In line with the expected impact of emotion regula-
tion on stimulus ratings, a significant main effect of Emo-
tion Regulation Condition was observed, F(1, 69)=14.14,
p<0.001. As anticipated, participants in the maintain condi-
tion consistently rated stimuli as more negative (M =6.23,
SE=0.34) compared to those in the down-regulate condition
(M=4.41, SE=0.34). A significant main effect of Stimulus
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Arousal Level was also found, F(1, 69)=301.42, p <0.001,
with high-arousal images (M =6.19, SE=2.48) rated sig-
nificantly more negative than low-arousal images (M =4.44,
SE=2.48). Inconsistent with the predicted impact of tDCS
on emotion regulation, no other main effects or interactions
were observed (all F<1.53, all p>0.219).

The Effect of tDCS and Emotion Regulation
on Interpretive Bias

Reaction time data from the homograph priming task were
subject to a Generalised Linear Mixed Model with tDCS
Condition (between-groups), Emotion Regulation Condition
(between-groups), and target valence (negative vs. benign
target word; within-groups) as fixed factors. Participant was
entered as a random factor, and the model was tested with
likelihood ratio tests method, with inverse Gaussian fam-
ily, and identity link function. No significant main effects
or interactions were observed (all )(2 <0.93, all p>0.336),
indicating that groups did not systematically differ according
to interpretive bias, nor was there any general tendency to
interpret homographs in favour of either more negative or
benign meanings.

The Effect of tDCS and Emotion Regulation
on Emotional Reactivity

A LMM was conducted to assess the impact of both emo-
tion regulation and tDCS on emotional reactivity to an acute
stressor. This involved the fixed factors of tDCS Condi-
tion (between-group) and Emotion Regulation Condition
(between-group) and Time (within-group: pre vs post-
video viewing). Participant was entered as a random fac-
tor and the model terms were tested with the Satterthwaite
method. A significant main effect of Time was observed,
F(1,70)=80.32, p<0.001, consistent with an increase in
negative affect from pre-video (M =3.99, SE=0.28) to
post-video (M =6.56, SE=0.28). There was also a sig-
nificant main effect of Emotion Regulation Condition,
F(1,70)=4.79, p=0.032. This showed that participants
in the down-regulate condition on average reported lower
levels of negative affect (M =4.74, SE=0.34) compared to
those in the maintain condition (M =5.81, SE=0.34). This
suggests that the instruction to down-regulate emotion had
a general effect on reducing negative mood but showed no
evidence of attenuating emotional reactivity (i.e. did not
interact with mood assessment time).

A significant interaction was also observed between
tDCS Condition and Time, F(1, 69)=4.81, p=0.032. As
depicted in Fig. 2, the nature of this interaction was such
that those in the sham tDCS condition recorded a larger
increase in negative affect #(36) =6.90, p <0.001, d=1.15

from pre to post-video exposure compared to those in the
active tDCS condition who recorded a smaller elevation
1(36)=5.85, p<0.001, d=0.96. This finding is consist-
ent with tDCS attenuating emotional reactivity to nega-
tive emotional content. Interestingly, the groups did not
differ on level of emotional vulnerability at either pre or
post video (all < 1.45, p>0.15), indicating that the effect
was carried by the magnitude of the change in mood in
response to the video viewing task. There were no other
significant main effects or interactions (all F <0.77 all
p>0.384).

The Mediating Role of Interpretive Bias

and Moderating Role of Emotion Regulation

in the Relationship Between tDCS and Emotional
Reactivity

To examine the influence of tDCS on emotional reactiv-
ity via interpretive bias, we first computed a single index
measure of interpretive bias by subtracting response times
for trials with related-negative targets from response times
for trials with related-benign targets, resulting in an index
where higher values represent greater levels of threat-
related interpretive bias. The indirect effect of tDCS on
emotional reactivity through interpretive bias, and the
moderating role of emotion regulation was then assessed
using the bias-corrected bootstrapping procedure outlined
by Preacher and Hayes (2004) using the Process macro in
SPSS (Hayes 2017). Post-video mood was entered as the
dependent (Y) variable with pre-video mood as a covari-
ate. Results are summarised in Fig. 3.

The direct effect of tDCS condition on emotional reac-
tivity was not significant nor was the effect of tDCS condi-
tion on interpretive bias. A significant effect of interpre-
tive bias on emotional reactivity was observed, reflecting
a small negative correlation between interpretive bias
and post-video mood (controlling for pre-video mood),
r(70)= —0.25, p=0.032. This indicated that those with
higher interpretive biases tended to show lower levels
of negative emotion following the video than those with
lower interpretive bias. The interactive effects between
tDCS condition and emotion regulation condition on
both interpretive bias, and emotional reactivity were not
significant. When examining the stand-alone mediation,
the confidence interval for the indirect effect of tDCS
condition on emotional reactivity via interpretive bias,
path ab=0.04, did overlap zero, CI=[—0.2062, 0.4807],
indicating that biased interpretation did not significantly
mediate this effect. The over-arching index of moderated
mediation (-0.04) also overlapped zero, CI=[-0.7161,
0.5670], indicating that there was no evidence of moder-
ated mediation.
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Fig.2 Interaction between 10
mood assessment point
and tDCS condition. Error

bars = standard error 9 M Pre-video mood
g Post-video mood
’ I
: |

Mood rating
w

Active Sham

tDCS Condition

d=10.36, p= .871
Cl = [-116.76, 137.48]

b =-.004, p=.035
Cl = [-.0079, -.0003]

B e=-0.567, p= 613
a=-25.72, p = .800 Cl = [-2.79, 1.66]
Cl = [-227.45, 175.99]

c'=.84,p=.098
Cl = [-.1596, 1.843]

Total effect C = .88, p = .091
Cl =[-.1437, 1.908]

Fig.3 Results from the mediation analysis showing path coefficient, ity (non-significant), d-path =interactive effect of tDCS condition and
significance levels, and 95% confidence intervals (CI). a-path=effect emotion regulation condition on interpretive bias (non-significant);
of tDCS condition on interpretive bias (non-significant); d-path=interactive effect of tDCS condition and emotion regula-
b-path=effect of interpretive bias on emotional reactivity (signifi- tion condition on emotional reactivity (non-significant). The index of
cant); ¢’- path=direct effect of tDCS condition on emotional reactiv- moderated mediation=-.04, CI=[-.7161, .5670] was not significant
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Manipulation Check Question

A chi-square test of contingencies (a=0.05) showed that
participants in Active- versus Sham-tDCS conditions did not
differ significantly in levels of awareness about which exper-
imental condition they were assigned to, y* (3, 73)=2.72,
p=0.099.

Discussion

The current study examined the effects of tDCS and emo-
tion regulation on interpretive bias, and emotional reactivity
to negative content. In doing so we also sought to assess
the potential mediating role of interpretive bias in the rela-
tionship between tDCS and emotional reactivity, and the
role of emotion regulation in moderating this relationship.
In line with expectations, we observed a small, significant
relationship between tDCS and emotional reactivity. Specifi-
cally, those receiving active tDCS showed smaller increases
in negative mood in response to the emotional reactivity
assessment task as compared to those receiving sham tDCS.
This finding is consistent with past research showing that
increased activation of the DLPFC contributes to less emo-
tional reactivity in response to negative emotional content
(Pefia-Gomez et al. 2011). It is also consistent with recent
meta-analytic findings showing a small effect of tDCS atten-
uating emotional reactivity in healthy samples (Smits et al.
2020). However, when the pre-video mood was added as a
covariate with post-video mood as the dependent measure
in the mediation this relationship was no longer significant.
As noted in the LMM analysis of emotional reactivity, it
is possible that this reflects the fact that that the interac-
tion between tDCS and the pre-post video mood ratings was
not due to a significant difference between active and sham
tDCS groups at either the pre or post video mood ratings, but
reflected the smaller increase in negative mood in the active
tDCS condition and a larger increase in the sham condition.

Emotion regulation condition had the anticipated effect
on mood ratings of negative stimulus images during the
emotion regulation task, with those in the down-regulate
condition reporting less negative responses to these images
than those in the maintain condition. There was no observed
interaction between emotion regulation condition and
tDCS condition on these stimulus ratings, nor any interac-
tion between these on negative mood in response to that
emotional reactivity assessment task. There was however a
main effect of emotion regulation condition on mood dur-
ing the emotional reactivity assessment task, with those in
the down-regulate condition showing less negative mood on
average at both the pre and post-video assessment points.
This effect did not interact with the assessment time (pre-
post video) however, suggesting a general lowering of

negative mood but no evidence of influencing the degree of
emotional reactivity.

Of particular note, we did not observe the anticipated
interaction between tDCS condition and emotion regulation
condition. Specifically, there was no evidence that active
tDCS enhanced the ability to down-regulate emotional
reactivity to negative content compared to sham stimula-
tion. This is inconsistent with the findings of Feeser et al.
(2014) who found that frontal tDCS can enhance the effects
of deliberate emotion regulation. A number of differences
between these designs could potentially have contributed
to the absence of this effect in the current study. The first
possibility concerns the location targeted for stimulation.
In their study Feeser et al. (2014) targeted the right DLPFC
for anodal stimulation finding evidence for the enhancement
of both up and down-regulation of emotional responses to
negative images. In contrast, Marques et al. (2018) found
no evidence that any tDCS (left or right DLPFC or VLPFC)
enhanced emotion regulation. This study found only that
left VLPFC stimulation led to reductions in the negative
appraisal of aversive stimuli that was not further modified
by emotion regulation intent. As such, evidence that tDCS
can enhance emotion regulation intent appears restricted to
Feeser et al. (2014), while others (Marques et al. 2018; Pefia-
Gomez et al. 2011) have shown only that tDCS can attenuate
negative appraisals of stimuli, and not that it can enhance the
effects of intentional emotion regulation.

Another distinction between the Feeser et al. (2014) and
Marques et al. (2018) studies, and the present design, is
that both previous studies included contralateral cathodal
stimulation, whereas the present study employed an extra-
cephalic reference electrode. As such, while findings from
these previous studies have been attributed to enhanced cor-
tical activity via anodal stimulation locations, it is also pos-
sible that the additional effects of the contralateral cathode
could have contributed to the pattern of results. Given that
cathodal stimulation is not reliably associated with a reversal
of anodal effects (e.g. Baumert et al. 2019), it is possible that
a contralateral array may further enhance the likelihood of
observing tDCS-induced effects of emotion regulation and/
or stimulus appraisal.

Somewhat unexpectedly, we observed a small negative
relationship between interpretive bias and the degree of
increase in negative mood in response to the emotional
reactivity task, suggesting that a more negative interpre-
tive bias was associated with less elevation of negative
mood. One possible account for this is that those with a
more negative bias accurately predicted negative outcomes
depicted in the video segments, and as such experienced
less elevation in negative mood. It is possible therefore
that this type of unambiguous video content may not cap-
ture individual differences in emotional vulnerability asso-
ciated with the possession of a negative interpretive bias.
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To capture the negative emotional effects of interpretive
bias it may therefore be important for future studies to
incorporate an emotional reactivity assessment task that
involves greater ambiguity; for example, films where the
degree of negative outcome is indeterminate (e.g. Wilson
et al. 2006).

It is important to acknowledge limitations associated
with the present design. One of these concerns the alterna-
tive emotion regulation conditions employed. The decision
to include down-regulate and maintain emotion regulation
conditions was principally due to interest in comparing con-
ditions involving the intent to reduce emotional reactivity,
with a ‘baseline’ in which there was no requirement to alter
emotional reactions. However, many studies examining the
effects of emotion regulation and their interactions with
tDCS (including; Feeser et al. 2014; Marques et al. 2018)
include an ‘upregulate’ condition where participants were
instructed to increase their emotional reactions to stimuli.
While the between-subjects design adopted in the current
study meant that the inclusion of a further two groups to
incorporate such an additional upregulation condition was
not practical with available time and resources, it is possible
that such a condition may have increased the likelihood of
detecting effects. That is, rather than providing comparison
against a ‘baseline’ of no emotional change, the inclusion
of the upregulate condition could have provided a condition
producing higher emotional responsivity as a contrast to the
down-regulate condition. While the absence of a ‘maintain’
condition would remove a condition capable of capturing
baseline effects, future between-subject designs may never-
theless wish to contrast up and down-regulate conditions in
order to maximise the likelihood of detecting between-group
differences.

The emotion regulation task employed in the current
study involves participants responding to the explicit
instruction to execute a specific pattern of control over
emotional reactions (i.e. down-regulate and maintain). It
is possible that the use of explicit instruction in such tasks
could contribute to demand effects which, in turn poten-
tially mask smaller tDCS effects. One possible means of
addressing this is via the use of electrophysiological meas-
ures of arousal (e.g. skin conductance, heart rate variabil-
ity) which can serve to corroborate and/or contrast patterns
of effects observed on self-report measures. Given that
research has shown that tDCS can contribute to changes
in such physiological indicators of arousal (Allaert et al.
2020; Marques et al. 2018) the absence of such measures
in the current study could be considered a limitation and
future research would benefit from their inclusion. It may
also be worthy to consider alternative and more ecologi-
cally valid methods of assessing emotion regulation. For
example it may be possible to contrive lab-based situations
that initially elevate arousal (e.g. stress task), followed
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by a task in which it is highly adaptive to rapidly down-
regulate arousal to perform optimally.

It is important to also note that the sample size
employed in the current study was under-powered for
detecting small effects. While medium-large effects have
been reported in some prior studies for measures relevant
to the current study (e.g. Heeren et al. 2017), others have
reported small or no effects (Marques et al. 2018; Smits
et al. 2020). Indeed, a recent meta-analytic findings show-
ing that tDCS induced effects of emotional reactivity in
healthy samples tend to be relatively weak (Smits et al.
2020). As such the sample size in the current study must
be acknowledged as a limitation given the small effects
often associated with cognitive biases (Pergamin-Hight
et al. 2015) and tDCS (Smits et al. 2020). This speaks to
the need to employ larger sample sizes in future research,
particularly those involving between-subject designs that
necessarily involve greater variance than other within-
subject comparisons involving tDCS (e.g. Ironside et al.
2019).

The absence of baseline measures relating to biased
interpretation and emotion regulation should also be
acknowledged as a limitation of the present design. The
current study did include baseline measures of general
emotional vulnerability, and positive and negative affect
with the absence of group differences in these providing
some general reassurance that the experimental groups
were unlikely to systematically differ. Nevertheless, it
would be optimal for future research to include baseline
measures of direct relevance to the dependent measures
examined in the study, in particular biased interpreta-
tion and emotion regulation, to ensure similarity between
groups on these measures prior to the implementation of
experimental manipulations.

In summary, we examined the potential mediating role
of biased interpretation in the relationship between prefron-
tal tDCS and emotional reactivity to negative content, and
further determined the potential moderating role of emotion
regulation intent. We found evidence that active tDCS atten-
uated emotional reactions to negative content but no evi-
dence that tDCS reduced biased interpretation, or that biased
interpretation mediated the relationship between tDCS and
emotional reactivity. No evidence for tDCS enhancement of
emotion regulation was observed. An unexpected negative
relationship between interpretive bias and emotional reac-
tivity suggested that those with a more negative interpretive
bias showed the least increase in negative mood in response
to the emotional reactivity task. The present findings provide
additional support for the capacity of left frontal tDCS to
attenuate negative emotional reactions, but did not support
past findings suggesting such stimulation can enhance the
effects of intentional emotion regulation.
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