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Abstract

Attention is a multifaceted construct, including three distinct attentional net-
works: the alerting, orienting, and executive conflict networks. Recently, researchers 
have started to envision strategies to enhance the attentional networks, and transcra-
nial Direct Current Stimulation (tDCS) has emerged as a promising tool to do so, 
especially regarding the executive conflict network. On the other hand, other research 
lines have suggested that anodal tDCS might yield more substantial impacts among 
depressive and anxious participants. In this preregistered study, we thus examined 
two questions. First, we wanted to replicate previous observations and tested whether 
anodal tDCS does improve the executive conflict network's efficiency. Second, we 
set out to clarify the impact of anxiety and depressive symptoms on this effect. To 
do so, we adopted a double-blind within-subject protocol in an unselected sample (n 
= 50) and delivered a single session of anodal— applied over the dorsolateral part 
of the left prefrontal cortex—versus sham tDCS during the completion of a task as-
sessing the attentional networks. We assessed anxiety and depressive symptoms at 
baseline.  Although there were no significant direct effects of tDCS on the attentional 
networks, we found that the higher the levels of depression and trait anxiety, the 
larger the executive conflict network's enhancement during tDCS. By highlighting 
the importance of trait anxiety and depression when considering the impact of tDCS 
on the attentional networks, this study fulfills a valuable niche in clinical neurosci-
ence, wherein preclinical data provide critical clues for larger, more definitive future 
translational efforts.
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A vital concern for any living creature is the need 
to pay attention to crucial information amid all the 
irrelevant distractors that orbit around us.  Over the last 
decades, several prominent attention models have been 
proposed to account for attention's multifaceted nature 
(Corbetta & Shulman, 2002; Fan et al., 2005; Posner & 
Rothbart, 2007). Among them, the model pioneered by 
Posner and Petersen (1990) has quickly become a hot 
topic in contemporary research on attention. 

According to this perspective (Petersen & Posner, 
2012; Posner & Petersen, 1990), attention can be 
conceptualized as a multifaceted construct including 
three functionally and neuroanatomically distinct 
but overlapping attentional subsystems (e.g., Fan 
et al., 2005; Petersen and Posner, 2012; Posner and 

Rothbart, 2007).  These are the alerting network (i.e., 
maintenance of alertness), the orienting network (i.e., 
selective engagement and disengagement with certain 
stimuli rather than others), and the executive conflict 
network of attention (i.e., top-down control of attention 
exemplified by the maintenance of attention on certain 
stimuli and resisting distraction by other stimuli).  These 
networks play a critical role in regulating behavior, both 
in the control of positive and negative affect and of the 
sensory input, and give rise to consciousness of content 
and voluntary behaviors (e.g., Moriya & Tanno, 2009; 
Tortella-Feliu et al., 2014).  

Given its prominence in contemporary literature, 
many studies have relied on this framework to delineate 
specific attentional impairments in clinical populations 
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more effective the technique. Regarding the impact of 
tDCS on the executive conflict network of attention, one 
may thus wonder about the influence of depression and 
anxiety symptoms, especially given the study-to-study 
variations in terms of samples in prior research. And, to 
date, this question has never been examined. 

Based on the research mentioned above, the main 
goals of this project are twofold. First, we wanted to 
replicate whether anodal tDCS over the left dlPFC yields 
improvement in the efficiency of the executive conflict 
network of attention (hereafter, Hypothesis 1). Second, 
we wanted to examine whether this effect is influenced 
by participants’ depression and anxiety levels. Based on 
the existing literature regarding tDCS (e.g., Dedoncker 
et al., 2016; Ferruci et al., 2009) and the attentional 
networks in anxiety and depression (e.g., Bellaera, & 
von Mühlenen, 2017; Heeren et al., 2019), we predicted 
that the higher the levels of trait anxiety, social anxiety, 
and depressive symptoms, the larger the impact of anodal 
tDCS on executive conflict (hereafter, Hypothesis 2).

Method
Preregistration and Open Science Practices 

Following the recommendations of Medina and 
Cason (2017) for tDCS research, the design, analysis 
plans, and hypotheses for this study were preregistered 
at https://osf.io/x4quy. De-identified data are publicly 
available via the Open Science Framework and can be 
accessed at https://osf.io/5d9hm/.   

A priori power analysis
As stated in our preregistration (https://osf.io/x4quy), 

we conducted an a priori power analysis to determine the 
appropriate total sample size for testing hypotheses with 
the primary outcome variables. Based upon previous 
studies examining the impact of anodal tDCS on the 
attentional networks among healthy volunteers (i.e., 
Miler et al., 2017), our goal was to obtain .95 power to 
detect a medium effect size of .76 (as in Miler et al., 2017) 
at the standard .05 alpha error probability. We obtained a 
value of n = 28.52 and decided to target a total sample of 
n= 50 in case we would encounter dropouts among our 
participants. 

Participants 
We recruited 50 right-handed Belgian French-

speaking volunteers (32 women, 64 %) from the 
UCLouvain's community via media and listserv 
advertisements. In line with previous research on the 
impact of tDCS on attentional networks (e.g., Coussement 
et al., 2019; Miler et al., 2017), we relied on an unselected 
community sample to avoid potential problems of range 
restriction and maximize generalizability. 

Participants with metal or electronic implants, 
epilepsy, pregnancy, cardiovascular disease, lifetime 
history of psychiatric/alcohol/drug dependence, current 
pharmacological or psychological treatments, corrective 
eyewear for altered vision, or insufficient knowledge of 
French language were excluded before participating to 
the experiment.  Participants were between the ages of 18 
and 37 (M = 23.26, SD = 3.35). Their years of education 
completed since primary school ranged from 11 to 21 (M 
= 15.56, SD = 2.52).  Participants’ characteristics appear 
in table 1. 

with psychiatric (e.g., Heeren, Maurage et al., 2015; 
Lannoy et al., 2017; Maurage et al., 2014; Wang et al., 
2020; for discussion, see Heeren, Billieux et al., 2015; 
Lannoy et al., 2019) and neurological disorders (e.g., 
Heeren et al., 2014; Maurage et al., 2017; Togo et al., 
2015). Not surprisingly, research has also started to 
envision strategies to enhance, and potentially restore, 
the three distinct attentional networks. In this way, 
researchers examined the impact of clinical interventions 
on the attentional subsystems (e.g., Heeren, Mogoaşe 
et al., 2015; Jha et al., 2007; Kwak et al., 2020; for a 
discussion, see Posner et al., 2019).  Among these 
options, transcranial Direct Current Stimulation (tDCS) 
has been identified as a promising tool to modify the 
attentional networks (e.g., Lo et al., 2019; Roy et al., 
2015), and especially the executive conflict network of 
attention (e.g., Miler et al., 2017; Silva et al., 2017). 

tDCS is a noninvasive brain neuromodulation 
technique that can modulate cognitive and motor domains 
through the modulation of brain cortical excitability (e.g., 
Fregni & Pascual-Leone, 2007; Nitsche & Paulus, 2001). 
It consists of the application of a weak, direct electric 
current that flows from the anode to the cathode. These 
two electrodes are positioned over one’s scalp to reach 
the neuronal tissue and induce polarization-shifts on the 
resting membrane potential without triggering action 
potentials per se (e.g., Brunoni et al., 2012; Nitsche et al., 
2008). Anodal stimulation increases cortical excitability, 
whereas cathodal tDCS decreases it (Nitsche & Paulus, 
2000).

Because of its noninvasive nature, and relatively 
low cost compared to other neuromodulation techniques 
(e.g., transcranial magnetic stimulation), tDCS has 
quickly emerged as a promising therapeutic tool. Indeed, 
many several systematic reviews and meta-analyses of 
randomized controlled trials indicated the safety and 
beneficial impact of anodal tDCS on a wide range of 
cognitive processes (for meta-analyses, see Brunoni & 
Vanderhasselt, 2014; Hill et al., 2016) as well as in the 
alleviation of symptoms of various psychiatric disorders 
(for comprehensive reviews, see Kekic et al., 2016; 
Mondino et al., 2014; Tortella et al., 2015). 

Regarding the impact of tDCS on the attentional 
networks, most of the previous research suggests 
that one may modulate the attentional networks, and 
especially the executive conflict network of attention, via 
the application of anodal tDCS over the dorsolateral part 
of the left prefrontal cortex (hereafter, left dlPFC; e.g., 
Miler et al., 2017; Silva et al., 2017). However, although 
departures from this protocol—that is, changes in the 
targeted brain regions— have been associated to changes 
in the alerting and orienting networks of attention (e.g., 
Coffman et al., 2012; Trumbo et al., 2014), several 
researchers failed to replicate the effect of dlPFC-based 
tDCS anodal on the executive conflict network of 
attention (e.g., Chalah et al., 2017; Coussement et al., 
2019; Roy et al., 2015). On the other hand, most of these 
studies had relatively small sample sizes (e.g., n = 10, 
Chalah et al., 2017; n = 20, Coussement et al., 2019). 
As such, uncertainty thus remains regarding the impact 
of tDCS on the executive conflict network of attention. 

Moreover, prior research (including meta-analyses) 
have shown that anodal tDCS over left dlPFC may 
yield larger impacts (i.e., effect sizes) on cognitive 
tasks’ performance among clinical populations, and 
especially among samples with depressive symptoms, 
social anxiety, or with elevated trait anxiety, than healthy 
ones (e.g., Brunoni & Vanderhasselt, 2014; Dedoncker 
et al., 2016; Hill et al., 2016). Ferruci et al. (2009) even 
suggested that the more severe the symptomatology, the 
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flankers, appearing above or below the fixation cross 
(the target remained on the screen until the participant 
responded or for 1700 ms if no response occurred); (5) a 
central fixation cross [lasting for 3500 ms minus the sum 
of the first fixation period’s duration and the reaction time 
(RT)]. RT (in ms) and accuracy (percentage of correct 
responses) were recorded for each trial. Figure 1 depicts 
a schematic representation of the ANT. 

The ANT task comprised 288 trials, divided into 
three blocks of 96 trials each (with a short break 
between blocks). There were 48 possible trials, based 
on the combination of four cues (no cue, center cue, 
double cue, spatial cue; see figure 1b), three flankers 
(congruent, incongruent, neutral; see figure 1c), two 
directions of the target arrow (left, right; see figure 1) 
and two localizations (upper or lower part of the screen; 
see figure 1). Trials were presented in random order, and 
each possible trial was presented twice within a block. 
The task was programmed and presented via E-Prime 2.0 
Professional® (Psychology Software Tools, Pittsburgh, 
PA, USA).

Following previous studies (e.g., Heeren et al., 2014; 
Lannoy et al., 2017; Maurage et al., 2014, 2017), we first 
excluded data from trials with incorrect responses and 
RTs lower than 200 ms or greater than 2000 ms for each 
participant at each session. Following Fan et al. (2002), 
we then computed the alerting effect by subtracting the 
mean (i.e., RT or accuracy score) for double cue trials 
from the mean for no cue trials (No cue – Double cue); 
the orienting effect by subtracting the mean for spatial cue 
trials from the mean result for center cue trials (Center 
cue – Spatial cue); and the executive conflict effect by 
subtracting the mean for congruent trials (summed 
across cue types) from the mean for incongruent trials 
(Incongruent – Congruent). For both alerting and orienting 
effects, greater subtraction scores for RT indicate greater 
efficiency. In contrast, greater subtraction scores for RT 
on executive conflict indicate increased difficulty with 
executive control of attention (Fan et al., 2005). Figure 
1d summarizes the computation of the scores.   

Transcranial direct current stimulation
Direct electrical current was delivered via a 

NeuroConn DC-Stimulator Plus device, with an 
integrated “double-blind study mode” (Neuroconn, 
GmbH, Ilmenau, Germany) and applied via a saline-
soaked (i.e., with a 0.9% concentration of NaCl sodium 
chloride) pair of surface sponge rubber electrodes (35 
cm2).  We used a sham-controlled within-subject design, 
so that all participants serve as their own control—a 

Measures and Materials 
Questionnaires assessing anxiety and 
depression. 

To assess depression, social anxiety, and trait anxiety, 
we administrated the Beck Depression Inventory (BDI-
II, Beck et al., 1998), the self-report version of the 
Liebowitz Social Anxiety Scale (LSAS; Liebowitz, 
1987), and the Trait Anxiety Inventory (STAI-T; 
Spielberger et al., 1983), respectively.  The questionnaires 
were administered before starting the experiment. The 
BDI-II is a 21-item self-reported questionnaire measure 
of symptoms of depression. The LSAS is a 24-item scale 
that measures fear and avoidance experienced in a range 
of social and performance situations over the last two 
weeks before completion. The STAI-T is a 20-item self-
report questionnaire assessing anxiety proneness. For 
each measure, we used the validated French version of 
the scales (BDI; Beck et al., 1998; STAI-T; Bruchon-
Schweitzer & Paulhan, 1993; LSAS; Heeren et al., 2012).  
For each scale, the internal reliability was high in the 
present sample. Cronbach’s alphas are presented in table 
1. For each scale, we computed total scale score, with 
higher score values denoting greater symptomatology. 

Attention Networks Task (ANT)
We assessed the efficiency of the three independent 

attentional networks (i.e., alerting, orienting, and 
executive control) via the ANT (Fan et al., 2002). 
Participants had to determine as quickly and accurately 
as possible the direction of a central arrow (the target) 
located in the middle of a horizontal line projected either 
at the top or at the bottom of the screen. They responded 
by pressing the corresponding button (left or right) 
on the keyboard. Each target was preceded by either 
no cue, a center cue (an asterisk replacing the fixation 
cross), a double cue (two asterisks, one appearing above 
and one below the fixation cross), or a spatial cue (an 
asterisk appearing above or below the fixation cross 
and indicating the location of the upcoming target). 
Moreover, flankers appeared horizontally on each side 
of the target. There were three possible flanker types: 
either two arrows pointing in the same direction as the 
target (congruent condition), two arrows pointing in the 
opposite direction of the target (incongruent condition), 
or two dashes (neutral condition). Each trial had the 
following structure: (1) a central fixation cross (random 
duration between 400 and 1600 ms); (2) a cue (100 ms); 
(3) a central fixation cross (400 ms); (4) a target and its 

Table 1. Demographic and clinical characteristics of the participants
Mean (SD) Cronbach’s alpha

Demographic measures
 Age  23.26 (3.35)
Educational level (in years) 15.56 (2.52)
Gender ratio (F/M)

Psychopathology  

32/18

BDI-II 7.54 (7.83) .91
STAI-T 40.44 (10.21) .89
LSAS 40.22 (22.71) .95

Note. Education level was assessed according to the numbers of years of education completed after starting primary school.  
Cronbach’s alphas were computed over the data of the current sample. 
BDI-II, Beck Depression Inventory; STAI-T, Spielberger State-Trait Anxiety Inventory-Trait version; LSAS, Liebowitz Social Anxiety Scale.
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stimulation; 25 participants first receiving the sham 
stimulation), and the second stimulation was carried out 
after an exact 48h-interval. For each session, participants 
started with the ANT after a 5-min stimulation (anodal 
or sham tDCS). This 5-min period was used to ensure 
that participants were accustomed to both the tDCS 
sensations (e.g., tingling, itching, or warming sensations) 
and the ANT’s instructions (via a practice session) 
before starting the actual ANT. This practice session 
consisted of 24 randomly selected trials. Note that the 
experimenter recalled the instructions and answered 
the remaining questions before starting the actual ANT 
measurement. Then, at the exact end of this 5-min period, 
the actual ANT measurement started.  The ANT lasted 
approximately 20 minutes—i.e., until the end of the 
tDCS stimulation. Participants were asked to perform the 
ANT’s task as quickly and accurately as possible. There 
were no dropouts between the two sessions. The results 
of the 50 participants were thus included in the analyses. 

The study was approved by the Institutional Review 
Board at the first author’s university and conducted 
according to the Declaration of Helsinki. Each 
participant provided informed consent before completing 
the study, was fully debriefed upon completing, and was 
compensated 20€.  

Preregistered data analysis plan
First, we computed a 2 (Stimulation) X 3 (attention 

networks) repeated-measures ANOVAs for RT with 
Stimulation (anodal tDCS, Sham) and Attention Network 
(Alerting, Orienting, Executive Conflict) with repeated 
measurement on the two factors and the network 
efficiency scores as dependent variables to investigate 
the impact of tDCS on the efficiency of three ANT 
networks. We predicted that anodal tDCS yields larger 
impact on the executive networks than the altering and 
orienting networks (i.e., Hypothesis 1)

Second, we examined whether anxiety and 
depression indices were associated with the tDCS-
induced improvement in the efficiency of the attentional 
networks.  For both alerting and orienting networks, 

design that substantially increases statistical power.  In 
line with previous studies (e.g., Coussement et al., 2019), 
we stimulated the left dlPFC. To do so, we vertically 
positioned the anode electrode over F3 of the 10–20 
international system for electroencephalogram electrode 
placement. The reference electrode (i.e., the cathode) was 
placed vertically over the ipsilateral arm (Cogiamanian 
et al., 2007; Priori et al., 2008). During the first 30 
seconds of stimulation, the current was ramped up to 2 
mA and then delivered consistently for 25 minutes. At 
the end of the stimulation, the current was ramped down 
to 0 mA over 30 seconds. For the sham stimulation, 
the electrodes' position was identical to the anodal 
stimulation; however, the current was ramped down to 0 
mA after 30 seconds. This procedure is commonly used 
in tDCS research and is known to be an optimal way to 
provide the initial sensation of stimulation without the 
subsequent effects on cortical excitability (e.g., Nitsche 
et al., 2008; Ohn et al., 2008). 

 Predefined codes assigned to either sham or real 
stimulation were used to start the stimulator and thus 
allowed for a double-blind study design. Anodal 
stimulation, or sham stimulation, respectively, started 
five minutes before the beginning of the ANT and was 
delivered for a further 20-min period (see the Procedure 
below). Hence, the ANT was executed simultaneously 
to the stimulation. To be consistent with previous tDCS 
studies in the field (e.g., Fregni et al., 2005; Heeren et al., 
2017), the second stimulation was carried out after an 
exact 48h-interval to avoid carry-over effect. 

Procedure 
Each participant was tested individually in a 

dimly lit and quiet room. Participants first completed 
questionnaires. Then, the two 25-min stimulation-
sessions were conducted. At the beginning of each 
stimulation, the electrodes were soaked in saline solution 
and placed on the participant’s scalp using the electrode 
montage depicted above.  The order of two tDCS-
stimulation conditions was counterbalanced across 
participants (i.e., 25 participants first received the anodal 

Figure 1. Description of the Attention Network Task

Note. (a) a trial example; (b) the four possible cues; (c) the six possible targets; (d) the scores computation.  Adapted from Fan et al. (2002)
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Results
Impact of tDCS on the Efficiency of the Attentional 

Networks (Hypothesis 1)
The Stimulation x Network interaction was not 

significant, F(2,38) = 0.07, p = .93, η2p <.01, implying 
that the stimulation did not modulate the attentional 
networks (as predicted by our Hypothesis 1). Likewise, 
the main effect of Stimulation, F(1,19) = .37, p = 
.55, η2p = .01, was not significant. The main effect 
of Network, F(2,19) = 130.04, p < .0001, η2p = .87, 
was, however, significant and implying that the three 
networks did differ.  Results appear in figure 2. 

For each attentional network, we also computed 
paired comparison t-tests between anodal and sham 
tDCS. As shown in figure 2, none of the paired 
comparison t-tests was significant [alerting network: 
t(49)= .75, p = .46, d = .11; orienting network: t(49)= 
1.51, p = .14, d = .21; executive conflict network: t(49)= 
.61, p = .55, d = .09]

Relations with anxiety and mood 
symptomatology indices (Hypothesis 2)

Table 2 depicts the correlations between the 
tDCS-induced improvements (i.e., score gains) in the 
efficiency of the attentional networks and the indices 
of anxiety and depression psychopathology. In line 
with our preregistered prediction (i.e., Hypothesis 2), 

tDCS-induced improvement scores were computed as the 
difference between anodal tDCS score and sham tDCS 
score.  In contrast, because greater subtraction scores 
for RT on executive conflict indicate increased difficulty 
with executive control of attention (Fan et al., 2005), 
tDCS-induced improvement score was computed as the 
difference between sham tDCS score and anodal tDCS 
score, so that higher values reflect greater improvement.  
As stated in our preregistration, we predicted that the 
potential effect of anodal tDCS on the efficiency of the 
executive network of attention would vary as a function 
of the level of mood and anxiety symptomatology. 
Especially, we predicted that the higher the level of 
psychopathology, the larger the impact of anodal tDCS 
on the executive network of attention (Hypothesis 2).  
To quantify the strength of the associations between 
each network efficiency and the indices of depression 
and anxiety, we computed the Pearson product-moment 
correlations between these variables and, to correct for 
chance capitalization, we used the Benjamini-Hochberg 
procedure to hold the false discovery rate at 5% for the 9 
correlations of interest (Benjamini & Hochberg, 1995). 

All statistical analyses were performed using SPSS 
software package (version 20.0). The significance level 
was set at an alpha level of .05 (bilateral). Effect sizes 
are reported in the form of partial eta-squared (η2p) for 
ANOVA and Cohen’s d using the formula for paired 
t-test comparison (i.e., mean pairs difference divided by 
the pooled SD).

Figure 2. Differential latencies (in milliseconds) for the three attentional networks as a function of the stimulation

Note. Error bars show standard errors

Table 2. Correlations coefficient between networks improvement following anodal tDCS and indices of anxiety 
and mood psychopathology

Alerting gains Orienting gains Executive gains

LSAS -.13 .15 -.08

BDI -.02 .14 .38**

 STAI-T .12 .10 .34**

**, p < .01 after correction for multiple comparisons using the Benjamini–Hochberg false discovery rate procedure
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orienting network of attention but not with the executive 
conflict network (e.g., Heeren, Maurage et al., 2015; 
Heeren & McNally, 2016; Moriya & Tanno, 2009; Wang 
et al., 2020), the absence of an association between the 
former and the improvement of the latter during anodal 
tDCS should not come as a surprise. In contrast, it echoes 
research suggesting that interventions aiming at targeting 
a specific cognitive process should only be delivered 
in case of exhibited alterations of the incriminated 
process (e.g., Grafton et al., 2017; Kuckertz et al., 2014; 
Mogoaşe et al., 2014; but see Heeren, Philippot et al., 
2015).  Likewise, although PFC areas, and especially 
the left dlPFC, are assumedly considered as key regions 
in depression and trait anxiety research (e.g., Bishop, 
2009; De Raedt & Koster, 2010; Hare & Duman, 2020; 
Heeren et al., 2013), the implications of PFC regions in 
social anxiety are less apparent (e.g., Bas-Hoogendam & 
Westenberg, 2020; Brühl et al., 2014; Heeren, Dricot et 
al., 2017).  Unfortunately, our study was not designed 
to examine these questions. A critical step in future 
iterations would thus be to recruit only participants who 
actually exhibit impairments in the executive conflict 
network of attention or, ideally, show a reduced dlPFC 
activation during the ANT's completion.

Second, although our decision to place the anode 
over the left dlPFC was built upon previous studies 
showing the beneficial effect of anodal tDCS on the 
executive conflict network of attention (i.e., Miler et al., 
2017; Silva et al., 2017), we slightly departed from these 
studies in terms of reference electrode's placement (i.e., 
the anode in case of cathodal stimulation and the cathode 
in case of anodal stimulation). Indeed, both Miler et 
al. (2017) and Silva et al. (2017) positioned the anode 
over the left dlPFC and the reference electrode over the 
contralateral supraorbital area. Ours was placed over the 
ipsilateral arm.  This decision was based upon previous 
works indicating that the position of the reference 
electrode may influence the overall current flow pattern 
through the brain (Moliadze et al., 2010), and thus bias 
the effect as they may therefore no longer be specific 
to the influence of the neural boost of the brain region 
under the anode but also reflect the decreased cortical 
excitability of the brain region under the cathode (e.g., 
Bikson et al., 2010; DaSilva et al., 2011).  However, 
although our montage aimed at safeguarding us against 
such an artifact, one cannot exclude that its wider inter-
electrode distance impacted the intensity of the current 
stimulation under the anodal electrode (e.g., Moliadze et 
al., 2010).  Of course, one may question the relevance 
of this explanation if it explains only our lack of support 
regarding the first hypothesis but cannot tell us anything 
about our partial confirmation of the second hypothesis.  
However, uncertainties remain regarding whether 
(sub)clinical populations may benefit from a distinct 
placement of the reference electrode. Today's tDCS 
research rests on the conjecture that conclusions from 
research on healthy volunteers can guide translational 
research in clinical samples.  However, in the case 
of the impact of tDCS on the attentional networks, 
this conjecture remains to be empirically tested.  For 
instance, although the placement of both the anode over 
the left dlPFC and the reference electrode (i.e., cathode) 
over the contralateral supraorbital area has been proved 
to be useful in the improvement of the executive conflict 
network of attention via tDCS in healthy samples (e.g., 
Miler et al., 2017), others have suggested that positioning 
the anode over the left dlPFC and the cathode outside the 
scalp (e.g., deltoid, ipsilateral arm) could be beneficial 
in patients with comorbid anxiety and mood disorders 
(Nasiri et al., 2020).  However, this issue has never been 
explored for cognitive tasks—such as the one used in 

tDCS-induced improvement in the efficiency of the 
executive network was significantly associated with 
trait anxiety and depression, but not with social anxiety.  
For both trait anxiety and depression, the higher the 
levels of psychopathology, the larger the tDCS-induced 
improvement in the efficiency of the executive network 
during anodal tDCS—that is, as predicted by our 
hypothesis 2. There were no other significant correlations.  

Discussion
In this preregistered study, we set out to examine 

two questions. First, we wanted to determine to what 
extent one can replicate the observation that anodal 
tDCS over the left dlPFC improved the efficiency of 
the executive conflict network of attention. In this way, 
we hypothesized that anodal tDCS over the left dlPFC 
should increase the efficiency of the executive conflict 
network of attention, as compared to the sham condition 
(Hypothesis 1). Second, in keeping with prior meta-
analyses (e.g., Dedoncker et al., 2016) reporting that 
anodal tDCS over the left dlPFC yielded larger impacts 
(i.e., effect sizes) on cognitive tasks' performance 
among depressive and anxious samples (Brunoni & 
Vanderhasselt, 2014; Dedoncker et al., 2016; Hill et al., 
2016), we set out to clarify the influence of anxiety and 
depressive symptoms in the malleability of the executive 
conflict network of attention during anodal tDCS. In 
this way, we predicted that higher levels of depression 
and anxiety should lead to a larger improvement in the 
efficiency of the executive conflict network of attention 
during anodal tDCS (Hypothesis 2).   

Our results lent some support to the second hypothesis, 
but no evidence was found to support the first hypothesis. 
In contrast with our first hypothesis (Hypothesis 1), there 
was no difference between anodal and sham tDCS for 
any of the three attentional networks, thus suggesting 
that anodal stimulation did not modulate, in average, the 
attentional networks in the present study.  On the other 
hand, the tDCS-induced improvement in the executive 
network's efficiency was significantly associated with 
trait anxiety and depression severity, but not with social 
anxiety.  This latter finding partially aligns with our 
second prediction (Hypothesis 2).  There are several 
explanations for this unexpected pattern of results. 

First, one cannot exclude that dlPFC-based 
anodal tDCS may only yield beneficial effects among 
participants who require a "neural" boost during the ANT 
(e.g., Horvath et al., 2015; Medina & Cason, 2017).  We 
believe the following analogy to be especially illustrative 
of our concern.  If one were to give a person a crutch 
to help them walking, one might expect that this would 
only be helpful if the person does present locomotor 
impairments justifying such an aid.  In contrast, if one does 
not require such assistance, a crutch would not improve 
one's locomotion—it may eventually lead to detrimental 
effects. Regarding our study, the transient tDCS neural 
boost within the left dlPFC may only benefit those who 
do require such a neural boost. Prior research indeed 
reported that individuals with depression or elevated trait 
anxiety exhibited impairments in the executive conflict 
network of attention (e.g., DeJong et al., 2019; Hammar 
et al., 2019; Wang et al., 2020) as well as reduced 
activation of the dlPFC when performing tasks involving 
such a network (e.g., Bishop et al., 2009; De Raedt & 
Koster, 2010; Hu et al., 2017; Wang et al., 2008). Thus, 
it is not surprising that we should consider the severity of 
depressive symptoms and trait anxiety for our effects to 
appear.  Moreover, given that prior studies indicated that 
social anxiety was associated with impairments in the 
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this project—and thus deserves a careful audit in future 
research.

Third, alike our discussion regarding the cathode 
placement, one may wonder whether (sub)clinical and 
healthy volunteers likewise benefit from the same anode 
placement. For instance, although the left dlPFC has been 
identified as a relevant target across distinct neurologic 
and psychiatric disorders (e.g., Brunoni & Vanderhasselt, 
2014; Kekic et al., 2016; Mondino et al., 2014; Tortella et 
al., 2015), the ideal target regions to boost the attentional 
networks are far much less apparent in nonclinical 
samples. For instance, left hemispheric structures may, in 
the first place, not have similar involvement in attentional 
performance as the right parietal cortex among healthy 
volunteers who do not exhibit impoverished left PFC 
activations when completing tasks that involve the 
recruitment of attentional resources (e.g., Corbetta & 
Shulman, 2002; Lückmann et al., 2014). Targeting 
the left dlPFC in a nonclinical sample might thus be 
less than ideal as this region may not have sufficient 
influence to modulate attention functions in a nonclinical 
group. Recent evidence indicated that applying anodal 
tDCS over the right posterior parietal may modulate the 
attentional networks (e.g., Lo et al., 2019). Although 
our study was not designed to examine this question, a 
critical step in future research would thus be to determine 
whether clinical and nonclinical samples differ in terms 
of the brain regions that should be placed under the anode 
to modulate the executive conflict network of attention 
via tDCS. If that hypothesis were correct, it would 
clearly explain why we had observed the emergence of 
a beneficial effect of tDCS only when considering trait 
anxiety and depression symptomatology. 

The present study may have implications. Indeed, we 
situate this preclinical study within the field's ongoing 
bench-to-bedside effort. One goal of preclinical research 
is to set the scene for novel clinical research directions.  
Because the present findings suggest that anodal tDCS 
over the left dlPFC may improve the efficiency of the 
executive conflict network of attention only when one's 
depressive symptomatology and trait anxiety are high, 
our findings invite the hypothesis that anodal tDCS may 
constitute a viable tool to improve impairments in the 
executive conflict network of attention among patients 
with depression or trait anxiety. Future research could 
also examine whether the improvement of the executive 
conflict network of attention via tDCS will generate 
a beneficial cascade of downstream benefits vis-à-vis 
depression and anxiety symptoms.  As anxiety and 
depressive symptoms often covary (e.g., Brown et al., 
2001; Kessler et al., 2005), our study also invites future 
research among patients with comorbid depression and 
anxiety disorders.  And, lastly, given that impairments 
in the executive control of attention are assumed to 
play a role in the maintenance of a wide range of 
neuropsychiatric disorders (e.g., Araneda et al., 2015; 
Heeren et al., 2014; Maurage et al., 2014; Rochat et 
al., 2019; Woud et al.  2019), future research may also 
benefit from transcending current disorder-oriented 
nomenclature (e.g., Hayes & Hofmann, 2018; Mansell 
et al., 2009; Nolen-Hoeksema & Watkins, 2011) and 
restrict their recruitment to patients with impairments in 
the executive conflict network of attention, regardless of 
the psychiatric diagnosis.

Finally, our study has limitations that require further 
investigation in follow-up research. First, following 
previous research (e.g., Coussement et al., 2019; Miler 
et al., 2017; Roy et al., 2015), our participants were from 
an unselected community sample.  However, our sample 
was heterogeneous, with 16% of participants reporting a 
total score above 14 at the BDI-II (the cut-off score for 

mild depression; Beck et al., 1998), 50% of participants 
reporting a total score above 40 at the STAI-T (the cut-
off score for elevated trait anxiety; Julian, 2011), and 22 
% of participants reporting a total score above 56 at the 
LSAS (the cut-off score for SAD for the French version; 
Heeren et al., 2012); thus, enabling us to avoid potential 
problems of restricted range variability that are common 
in healthy volunteers or in severe clinical samples (e.g., 
Terluin et al., 2016; Salkind, 2010). Nevertheless, future 
iterations would want to consider the impact of tDCS 
on the executive conflict network of attention at varying 
points in the development and course of depression, 
anxiety disorders, and their co-occurrence. 

Second, we assessed the impact of anodal tDCS on the 
attentional networks during the stimulation (i.e., online), 
but did not collect post-stimulation data (i.e., offline). 
On the other hand, research has so far never reported 
any beneficial effect of tDCS on the executive conflict 
network of attention when this latter was assessed offline 
and without the completion of a cognitively-demanding 
task during the stimulation (e.g., Coffman et al., 2012; Lo 
et al., 2019; Roy et al., 2015). An offline administration 
of the ANT would thus require deciding which task 
should be administered online, in combination with the 
anodal tDCS. So far, only one study (Silva et al., 2017) 
has examined this issue and suggest that combining a go/
nogo task (that is, online) to the anodal tDCS may yield 
post-stimulation (i.e., offline) beneficial impacts on both 
the orienting and the executive conflict networks. Future 
studies should further investigate whether trait anxiety 
and depressive symptoms also drive offline ANT's 
tDCS-induced effects.  However, offline and persistent 
improvements often require repeated tDCS sessions 
(e.g., Nissim et al., 2019, but see Mosayebi Samani et 
al., 2020). 

Third, we used a 35-cm2 electrode's size. However, 
although this size has been proved to be optimal in terms 
of cortical excitability (e.g., Ho et al., 2016), it might 
be less than ideal in terms of focality (e.g., Bastani 
& Jaberzadeh, 2013; Imburgio & Orr, 2018). Future 
iterations would thus want to examine whether the 
present findings replicate with a more focal stimulation 
(e.g., 16cm2 electrodes). This issue is especially relevant 
given that a beneficial impact of anodal tDCS on the 
executive conflict network of attention has been found in 
a study relying on smaller electrode's sizes (i.e., 16cm2; 
Miler et al., 2017)1.    

Fourth, trait anxiety and depression do share common 
features that might have driven the effects of tDCS. For 
instance, intrusive thoughts and difficulty disengaging 
attention from negative concerns have been identified 
as central features of trait anxiety and depression (e.g., 
De Raedt & Koster, 2010; Clark & de Silva, 1985; 
Heeren et al., 2018). And, interestingly, they both have 
been repeatedly associated with features of the executive 
conflict network of attention (e.g., Bomyea, & Amir, 
2011; Reinholdt-Dunne et al., 2009; Taylor et al., 2016; 
Verwoerd et al., 2008; Woud et al., 2019). As such, one 
cannot rule out the hypothesis that the mechanisms at 
play here are neither trait anxiety nor depression per se 
but rather the transdiagnostic processes that are shared 
between features of depression and trait anxiety. Future 
research would thus want to dispense with broad and 
somewhat vague clinical entities and examine whether 
the baseline's magnitude of transdiagnostic processes 
(for discussion, see Hayes & Hofmann, 2018; Mansell et 
al., 2009; Nolen-Hoeksema & Watkins, 2011) may boost 
the impact of tDCS on the attentional networks. 

1 We are thankful to one of the anonymous reviewers of 
this paper for drawing our attention to this point.
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Finally, this study's purpose required the use of a 
group-level approach that does not always generalize to 
idiographic, within-individual approach that is requisite 
for the clinical recommendations for a specific patient 
(Fisher et al., 2018). Further exploration of the impacts 
of tDCS on the attentional networks via exhaustive 
idiographic approach to individual participants may 
ultimately be a more appropriate approach for clinical 
practice (for example in other contexts, see Billieux et 
al., 2015; Philippot et al., 2019). Bayesian case-control 
research methods might also help achieve this aim (e.g., 
Heeren, Busana et al., 2015).

In conclusion, the present study is not definitive, but 
it highlights the value of considering depression and trait 
anxiety when thinking about the impact of anodal tDCS 
on the executive conflict network of attention. Like other 
preclinical laboratory studies, this study fulfills a valuable 
niche, wherein preclinical data provide critical clues for 
larger, more definitive future translational efforts. 
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