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Cognitive control is characterized by selective attention to relevant stimuli while
irrelevant, distracting stimuli are inhibited. While the classical color-word Stroop task
was implemented to investigate the processes of cognitive control, a variant of it—the
face-word Stroop task—allows for directly investigating processes of emotional conflict
control. It is thought that the prefrontal cortex (PFC) is especially involved in processes
of cognitive control, while the rostral cingulate is mainly associated with the resolution
of emotional conflict. In recent years, the role of the dorsolateral PFC (DLPFC) during
the performance of the classical Stroop was investigated by means of transcranial
direct current stimulation (tDCS) with divergent results. However, investigations to
the causal role of the DLPFC during emotional conflict processing are rare. For this
purpose, we used a combined high-definition tDCS (HD-tDCS)/electroencephalogram
(EEG) setting to investigate the impact of anodal stimulation of the left DLPFC on
behavioral and electrophysiological responses during an emotional face-word Stroop
task. In two separate sessions, participants (n = 18) received either sham or anodal
HD-tdc stimulation while responding to the emotional expression of the face and
ignoring the word. Our results show that anodal stimulation of the left DLPFC increases
the behavioral interference effect, that is, the already decelerated reaction times (RTs)
to incongruent trials further increase while RTs to congruent trials remain largely
unaffected. Furthermore, the stimulation modulates brain response to emotional facial
expressions during the face-word Stroop generally—independent of the valence of the
emotional expression and the congruency of the combined face-word presentation, the
N170 decreases during anodal stimulation. These results reveal that the left DLPFC has
a causal role in emotional conflict processing during a face-word Stroop.

Keywords: emotional control, tDCS—transcranial direct current stimulation, HD-tDCS, DLPFC (dorsolateral
prefrontal cortex), N170 amplitude

INTRODUCTION

Cognitive control supports flexible, adaptive responses and complex goal-directed behavior.
Also called executive control, this process includes selectively attending to relevant information
while inhibiting irrelevant information from the environment as well as flexible adjustments
in performance (Cohen, 2017). A classical paradigm assessing cognitive control processes is the
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color-word Stroop task (Stroop, 1935). The Stroop task has
become a standard task to investigate mechanisms of selective
attention and top-down control of behavior (MacLeod, 1992;
Banich et al., 2001). In the classical version of this task, subjects
have to name the ink colors of color words. Compared to naming
the ink color of a corresponding written color word (congruent
condition), naming the ink color of an incongruent color word
(incongruent condition) results in an increase in reaction times
(RTs). This effect of slowing in RT is known as the Stroop
interference or Stroop effect (Stroop, 1935; MacLeod, 1991).
One explanation for the occurrence of this interference effect
relates to different stages of automatic processing. The relatively
automatic and overlearned process of word reading competes
with the less automatic and more controlled process of naming
the ink color. Thus, in the incongruent condition it requires more
cognitive control to actively inhibit the automatically processed,
yet, task-irrelevant information (written word) and selectively
attend to the task-relevant information (color of the word;
MacLeod, 1991, 1992; Banich et al., 2001). The resulting conflict
occurs on a stimulus level (activation of ink color representation
conflicts with the activation of the representation corresponding
to the semantically meaning of the word; Hock and Egeth, 1970),
as well as on motor response level (selection of correct response
to ink color conflicts with response to task irrelevant word;
Posner and Snyder, 1975).

In the past, neuroimaging and electroencephalogram (EEG)
studies defined a distributed neuronal network underlying
cognitive control processes during performance of the Stroop
task. In particular, two brain areas have been associated
with the regulative and evaluative processes of cognitive
control—the prefrontal cortex (PFC), especially the dorsolateral
and ventrolateral part (Miller and Cohen, 2001) and the anterior
cingulate cortex (ACC; Posner and DiGirolamo, 1998). Several
studies demonstrated that prefrontal regions execute regulative
control processes as maintaining task demands, top-down
control, allocation of attention to task-relevant information,
demand for control resources, prearrangement of inhibiting
task-inappropriate response alternatives and adjustments in
behavior (Banich et al., 2000; MacDonald et al., 2000; Egner,
2011). In contrast, the ACC has been mainly associated with
evaluative control processes such as monitoring of processing
conflicts during error and high conflict trials (Kerns et al., 2004).
The interaction between the ACC and PFC emphasizes the
dynamic process of cognitive control (MacDonald et al., 2000).
It is thought that ACC and PFC form a feedback loop where
the ACC evaluates and detects conflicts due to interference or
mistakes and signals when adjustments in control is necessary to
achieve goal-directed behavior by recruitment of PFC as control
implementer (Botvinick et al., 2001, 2004; van Veen et al., 2001).

In everyday life, our ongoing behavior is particularly
determined by emotionally salient stimuli (Nummenmaa
et al., 2006). In such situations, emotional conflicts emerge
from the interference of goal-relevant emotional stimuli
with goal-irrelevant emotional stimuli, which normally needs
to be suppressed through conflict control mechanisms to
optimize goal-directed behavior (Miller, 2000; Carter and van
Veen, 2007; Egner et al., 2007). Thus, one has to inhibit the

emotional distractor and resolve the ‘‘conflict’’ of emotion
(Etkin et al., 2006; Egner et al., 2008). To investigate this
emotional conflict control empirically, a variation of the classical
Stroop paradigm—the emotional face-word Stroop task—was
developed. In this Stroop version, participants are required
to indicate the emotional expressions of faces while ignoring
emotional words superimposed on the faces. As in the classical
version, words can constitute a congruent- (face and word
describe same emotional expressions) or incongruent (face and
word indicate different emotional expression) condition. Thus,
conflict arises when the lexical word information is incongruent
to the facial affective stimulus (i.e., the word happy written
across a sad face) resulting in the Stroop interference effect
(Etkin et al., 2006).

Insights into the underlying brain dynamics during the
execution of the emotional Stroop paradigm are determined by
fMRI measurements. These data assume that the dorsolateral
PFC (DLPFC) and amygdale are associated with emotional
conflict detection while the rostral ACC is related to conflict
resolution by inhibiting amygdalar responses to emotional
task-irrelevant stimuli (Etkin et al., 2006). As indicated by
electrophysiological data, the process of emotional interference
starts relatively early—with increased amplitude of the
face-sensitive N170 component to incongruent compared
to congruent stimuli when participants are asked to indicate
emotional expression, while during word indication tasks
congruent stimuli evoke enhanced N170 amplitude (Zhu et al.,
2010). The N170 constitutes an event-related potential (ERP) of
enhanced amplitudes to faces compared to non-facial stimuli
in an interval of 130 and 200 ms (Itier and Taylor, 2004a). The
neural origin of this component was determined in differing
but partly simultaneously active face processing brain regions
[e.g., lateral inferior occipital cortex and posterior fusiform
gyrus (Rossion et al., 2003) and posterior superior temporal
sulcus (Itier and Taylor, 2004b)]. Although several studies
report N170 amplitude differences between emotional and
neutral faces, there is no consensus whether the expression of its
amplitude is sensitive to specific facial emotions like sad, happy
or angry faces (for meta-analysis, see Hinojosa et al., 2015).

While in fMRI and EEG studies generally the association
between brain activation and behavior are drawn on correlational
inferences only, noninvasive brain stimulation (NIBS) methods
provide the opportunity to directly modulate related brain
regions and thereby investigate the role of this brain region in
a causal way. Transcranial direct current stimulation (tDCS) is
an established NIBS method to modulate cortical excitability.
TDCS delivers low currents to the cortex area of interest
resulting in the modulation of cortical excitability. The current
flows between an active and a reference electrode through
the skull to the brain tissue, thereby inducing diminutions
or enhancements of cortical excitability (Nitsche et al., 2008).
The direction of the tDCS-induced effect depends on the
current polarity. Anodal tDCS typically has an excitatory effect
while cathodal tDCS decreases the cortical excitability in the
region under the electrode (Nitsche et al., 2008). The spatial
specificity of this effect is especially important when considering
the effectiveness and precision of stimulation and can be
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controlled by i.e., the size of electrodes. In conventional tDCS
studies, rectangular electrodes with an area of 35 cm2 are used.
While this method displays the standard design, it bears the
disadvantage of relative low focal effectiveness. To improve
the spatial preciseness, so-called high-definition (HD)-tDCS has
been introduced recently (Datta et al., 2009). This stimulation
design uses a 4 × 1 ring electrode protocol to modulate
neuronal excitability (Datta et al., 2012; Kuo et al., 2013;
Heimrath et al., 2015) and allows for the parallel assessment of
EEG data.

In the present study, we took advantage of the high focal
HD-tDCS design to investigate the role of the DLPFC in
emotional conflict control. For this purpose, we measured
the behavioral performance of participants during a face-word
Stroop task and simultaneously recorded EEG while they
underwent anodal HD-tDCS or sham stimulation. Based on the
evidence mentioned above, we hypothesize that anodal tDCS will
alter cortical excitability of the lDLPFC and in turn, modulates
emotional control processing.

MATERIALS AND METHODS

Participants
Eighteen healthy subjects participated in the present study (mean
age 24.4 SD = ± 2.6; 10 female). To assess current depressive
disorder they completed the Beck Depression Inventory-II
(BDI-II; Hautzinger et al., 2006). Additionally, all participants
affirmed to have no neurological or psychiatric disease and
had normal or corrected-to-normal vision. Participants were
stimulated twice on two separate sessions (with at least 5 and
a maximum 7 days between)—receiving anodal stimulation

at active and sham stimulation at the other session—while
measuring their behavioral and electrophysiological performance
during a face-word Stroop task. To exclude any stimulation order
effect, the order of stimulation condition was pseudorandomized
across subjects such that half of the participants started with
sham and ended with an anodal stimulation session, while the
other half received anodal on the first and sham on the second
day. The order of stimulation sessions was predetermined by an
odd-even-even-odd stimulation protocol. All participants were
naïve to the stimulation conditions as well as the aim of the
study and signed informed consent prior to the measurements.
The local Ethical Committee of the University of Magdeburg
approved the study.

Stimuli
For the emotional face-word Stroop task, nine female and
nine male characters were selected from Karolinska face data
base (female: AF01, AF02, AF05, AF07, AF14, AF16, AF19,
AF20, AF21; male: AM09, AM10, AM11, AM13, AM14, AM17,
AM22, AM23, AM29; Lundqvist et al., 1998), each displayed
happy, sad and neutral facial expressions resulting in 54 face
stimuli. All stimuli were equally sized and oval shaped masked
to exclude details like hairstyle (see Figure 1). Stimuli were
further edited by inserting a written word across the face.
Words comprised the German words for happiness, sadness and
neutral (‘‘GLÜCK,’’ ‘‘TRAUER,’’ ‘‘NEUTRAL’’), centrally located
between face and mouth region, printed in gray capitalized
bold letters (see Figure 1). Stimuli were either presented
congruently (emotion word corresponds to facial expression)
or incongruently (emotion word contrasts facial expression),
where for the incongruent condition happy faces were always

FIGURE 1 | Emotional face-word Stroop paradigm illustrating an example of congruent (top) and incongruent (bottom) trial. Each trial started with the presentation
of a fixation cross (400 ms) followed by a blank screen with a random interval between 400 and 600 ms. After blank, a combined emotional face and word was
presented as congruent (top) or incongruent (bottom) stimulus lasting for 1,000 ms. Participants were requested to indicate whether the face displayed a neutral,
happy or sad expression by pressing the corresponding button on a computer keyboard (buttons: V, B, N). Responses had to be given within 1,000 ms. Target
buttons were pseudorandomly assigned to each participant, such that the possible allocation of response button and facial expression was balanced between
participants. Each trial ended with a varying inter stimulus interval of 1,800–2,300 ms.
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FIGURE 2 | Illustration of the electrode positioning and modeled current
density for the HD—stimulation (Jung et al., 2013).

contrasted with the word ‘‘sadness’’ and sad faces always
with the word ‘‘happiness,’’ while neutral faces were always
contrasted with ‘‘happiness.’’ Each emotional expression (3) of
each character (18) is displayed in each congruency condition (2),
resulting in 108 stimuli.

HD-tDCS
Transcranial direct current stimulation was applied to the left
DLPFC in a high-definition 4 × 1 ring configuration. For
this purpose and according to the international 10–20 system,
F3 electrode constituted the active electrode, surrounded by
four reference electrodes (Fz, C3, FP1, F7). Brain modeling
software (Jung et al., 2013) was used to ensure that this electrode
placement is suitable to modulate the activity of the left DLPFC
(see Figure 2). The sintered Ag/AgCl ring electrode (outer radius
12 mm, inner radius 6 mm) was fixed on a EEG cap and filled
with EEG electrolyte gel (Easy Cap, Abralyt 2000) to improve
the contact and thus the conductance between electrode and
skin. Impedances were under 5 kΩ and were kept constant
between electrodes. A battery-driven constant current stimulator
(NeuroConn gmbH, Ilmenau, Germany) delivered the current
with a strength of 0.5 mA with a linear fade in and fade out of
5 s. Stimulation started 10 min before the measurement to ensure
stable stimulation effects in accordance with Nitsche et al. (2008)
and ended with the termination of the experiment. In contrast
to anodal session, the stimulation during the sham condition was
applied for 30 s only. On the 2nd stimulation session, participants
were asked to indicate whether and when they received active or
sham stimulation.

EEG Recordings
EEG was recorded from Ag/AgCl electrodes at positions F4,
F8, Cz, C4, T7, T8, Pz, P3, P4, P7, P8, PO3, PO4, PO7, PO8,
Oz and right mastoid according to 10–20 system. Horizontal
and vertical electrooculogram (HEOG/VEOG) was measured
from two electrodes placed below and lateral to the left eye.
Impedances were kept below 5 kΩ. Data of all electrodes
were referenced to left mastoid and digitally online filtered
with a high pass filter of 0.1 Hz, recorded with Brainamp DC
amplifier (Brainproducts) and corresponding recording software

(BrainVision Recorder 1.20, Brain Products GmbH, Munich,
Germany) at a sampling rate of 1,000 Hz.

Procedure
To investigate the impact of HD-tDCS modulation of the
lDPLFC on emotional conflict control, participants performed
an emotional face-word Stroop during sham and anodal HD-
tDCS. The experiment was conducted in a dimly lit room where
participants sat in a comfortable chair with view orientation
towards a display located in front of them. After EEG and
HD-tDCS preparation, the experiment started with an initial
HD-tDCS stimulation (either anodal or sham) of 10 min,
thereafter the face-word Stroop and EEG recording started
simultaneously to the ongoing stimulation. During the initial
stimulation phase, participants performed a practice block
to get familiar with the paradigm and response possibilities.
During the face-word Stroop, participants had to indicate
the emotional expression of the face while ignoring a written
word across the face. Stimulus presentation was controlled
by Presentationr software (Version 19, Neurobehavioral
System, Inc., Berkeley, CA, USA). The stimulation continued
during the entire duration of the task where all 108 trials
were presented within one block lasting approximately
7 min. Each trial started with the presentation of a fixation
cross (400 ms) followed by a blank display with random
presentation duration of 400–600 ms, hereafter combined
face-word stimuli were presented for 1,000 ms. Each trial
ended with a blank display with a random interval of
1,800–2,300 ms. Trials were randomly presented such that
there were no restrictions regarding repetition condition (see
Figure 1).

EEG Data Analysis
To investigate the impact of HD-tDCS modulation of lDPLFC
activity on electrophysiological level, the face sensitive N170 was
assessed. For this purpose, EEG data were processed using Brain
Vision Analyzer (version 2.1, Brain Products GmbH, Munich,
Germany). Only trials with correct responses within a time
window of 1,000 ms after stimulus onset were selected. In a
first preprocessing step, data were bandpass filtered between
1 and 30 Hz using a 2nd order zero-phase IIR Butterworth filter
(24 dB/oct) and segmented into 1,200 ms epochs (−200 ms
prestimulus interval) relative to the onset of the face stimulus.
Those epochs with artifacts were excluded from further analyses.
The artifact rejection proceeded semiautomatic in accordance
with pre-determined rejection criteria (maximal allowed voltage
step of 50 µV/ms, maximal allowed difference of values in
intervals 200 µV, lowest allowed activity in intervals of 0.5 µV).
Following this artifact rejection procedure, on average 3.78 trials
(SD ± 3.50) were excluded in sham condition and 6.44 trials
(±4.40 SD) in anodal stimulation condition. Subsequently,
artifact-free data were averaged separately for congruency and
valence (i.e., happy congruent, sad congruent, neutral congruent,
happy incongruent, sad incongruent, neutral incongruent) for
both stimulation sessions. Based on previous research (Zhu et al.,
2010; Eimer, 2011) and by visual inspection of grand-average
waveforms, data of P7, PO7, P8 and PO8 were pooled. Peak
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detection for most negative deflection within a time window
between 150 and 250 ms was conducted and subsequently mean
amplitude values within a time window of 20 ms around the
peak were extracted separately for each participant and each
stimulus condition.

Statistical Analysis
Statistical analysis for both, behavioral data as well as EEG data
was performed using IBM SPSS software 24. Greenhouse-Geisser
adjustment was applied for violations of sphericity. Finally, post
hoc paired t-tests were conducted to further explore significant
main or interaction effects.

Behavioral Data
Responses faster than 200 ms and responses exceeding 1,000 ms
were excluded from further analysis (sham stimulation:M = 6.5,
SD ± 5.97, anodal stimulation: M = 8.56, SD ± 9.04). Further,
incorrect responses were not included into the following
statistical analysis (sham stimulation: M = 3.11, SD ± 1.63,
anodal stimulation: M = 4.56, SD ± 2.99). Subsequently,
two separate repeated-measures ANOVAs for the RTs and
arcsine transformed error rates (ER) with the within-subject
factors stimulation (anodal, sham), valence of the facial
emotional expression (happy, sad, neutral) and congruency
between target face and word (congruent, incongruent)
were performed.

EEG Data
Analogously, missing (no response between 200 and 1,000 ms) as
well as incorrect responses were excluded from statistical analysis
of EEG data. Mean amplitudes of the N170 were entered into
a repeated-measures ANOVA with the within-subject factors
stimulation (sham, anodal), valence of the facial emotional
expression (happy, sad, neutral) and congruency between face
and word (congruent, incongruent).

RESULTS

Behavioral Performance
RT data are presented in Figures 3, 4. The 2 × 3 × 2 repeated
measures ANOVA revealed a significant main effect of the
factor congruency (F(1,17) = 37.559, P = 0.000) due to faster
responses to congruent stimuli (M = 674.91 ms, SE = 13.74)
compared to incongruent stimuli (M = 711.98 ms, SE = 14.51 ms,
t(17) = −6.129, P = 0.000; see Figure 4A) and valence of facial
emotional expression (F(2,34) = 27.859, P = 0.000) due to faster
responses to happy faces (M = 656.47 ms, SE = 16.58) compared
to sad (M = 707.83 ms, SE = 11.70, t(17) = −5.744, P = 0.000)
and neutral faces (M = 716.04 ms, SE = 15.30, t(17) = −7.158,
P = 0.000; see Figure 4B).

Furthermore, ANOVA revealed a significant interaction
between the factors stimulation and congruency (F(1,17) = 4.832,
P = 0.042). This interaction was driven by a trend for
increased RTs for incongruent stimuli during anodal tDCS
(M = 723.05 ms, SE = 17.04) compared to sham stimulation
(M = 700.90 ms, SE = 13.87, t(17) = −1.992, P = 0.063;
see Figure 4C). Finally, the ANOVA revealed a significant

interaction between the factors congruency and valence of
facial emotional expression (F(2,34) = 8.726, P = 0.001) due
to a more pronounced congruency effect for neutral faces
[neutral congruent M = 687.95 ms, SE = 14.71, neutral
incongruent M = 744.12 ms, SE = 16.72, t(17) = −7.545,
P = 0.000)] than for happy (happy congruent M = 642.84 ms,
SE = 16.42, happy incongruent M = 670.09 ms, SE = 17.47,
t(17) = −3.892, P = 0.001) and sad faces (sad congruent
M = 693.95 ms, SE = 13.14, sad incongruent M = 721.72 ms,
SE = 11.63, t(17) = −3.366, P = 0.004; see Figure 4D).
There was no main effect of stimulation (F(1,17) = 1.308,
P = 0.269). Further, the interaction between stimulation and
emotion (F(2,34) = 0.15, P = 0.859) as well as between stimulation
and valence and congruence (F(2,34) = 0.179, P = 0.837) did not
reach significance.

The 2 × 3 × 2 repeated measures ANOVA on ER revealed a
significant main effect of the factor congruency (F(1,17) = 7.848,
P = 0.012) due to fewer errors to congruent stimuli (M = 0.094,
SE = 0.012) compared to incongruent stimuli (M = 0.143,
SE = 0.016, t(17) = −2.802, P = 0.012) and valence of facial
emotional expression (F(2,34) = 3.639, P = 0.037) due to fewer
errors to happy faces (M = 0.067, SE = 0.02) compared to
sad (M = 0.130, SE = 0.025, t(17) = −1.849, P = 0.082)
and neutral faces (M = 0.158, SE = 0.023, t(17) = −2.546,
P = 0.021). Furthermore, ANOVA revealed a significant
valence × congruency interaction (F(2,34) = 4.069, P = 0.026)
due to more pronounced congruency effects for neutral (neutral
congruentM = 0.118, SE = 0.029, neutral incongruentM = 0.198,
SE = 0.027, t(17) = −2.570, P = 0.020) and for happy faces (happy
congruentM = 0.025, SE = 0.014, happy incongruentM = 0.111,
SE = 0.034, t(17) = −2.593, P = 0.019) than for sad faces (sad
congruent M = 0.14, SE = 0.026, sad incongruent M = 0.121,
SE = 0.029, t(17) = 0.798, P = 0.436). There was no main effect of
stimulation (F(1,17) = 2.647, P = 0.122). Further, the interaction
between stimulation and emotion (F(2,34) = 0.446, P = 0.644),
stimulation and congruency (F(1,17) = 0.024, P = 0.877) as well as
between stimulation and valence and congruence (F(2,34) = 0.279,
P = 0.758) did not reach significance.

EEG Data
Electrophysiological data are presented in Figures 5, 6. The
2 × 3 × 2 repeated measures ANOVA for the N170 amplitude
revealed a significant main effect of the factor stimulation
(F(1,17) = 6.131, P = 0.024) due to significant decreased
N170 amplitude during anodal stimulation (M = −6.81
µV, SE = 0.53) compared to sham stimulation (M = −7.93
µV, SE = 0.78, t(17) = −2.476, P = 0.024; see Figure 6B).
Further, ANOVA revealed a significant main effect of the
factor valence, due to highest N170 amplitude for sad faces
(M = −7.77 µV, SE = 0.66) compared to happy faces (M = −7.24
µV, SE = 0.63, t(17) = 2.659, P = 0.017) and neutral faces
(M = −7.12 µV, SE = 0.63, t(17) = −3.153, P = 0.006; see
Figure 6C). The ANOVA revealed no significant main
effect of congruency (F(1,17) = 0.283, P = 0.601) as well as
no significant interaction effects (stimulation × emotion:
F(2,34) = 1.024, P = 0.370; stimulation × congruency:
F(1,17) = 0.00, P = 0.985; emotion × congruency: F(2,34) = 1.061,
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FIGURE 3 | Behavioral performance: mean reaction times (RT) in ms, separately for sham (left) and anodal (right) stimulation for happy, sad and neutral faces during
congruent (blue) and incongruent (gray) trials. Error bars represent SEM.

P = 0.357, stimulation × emotion × congruency: F(2,34) = 2.14,
P = 0.133).

DISCUSSION

The present study investigates the impact of HD-tDCS
on emotional conflict processing. For this purpose, we
applied anodal HD-tDCS over the left DLPFC while
participants performed an emotional face-word Stroop task and
simultaneously measured behavioral and electrophysiological
responses. To our knowledge, this is the first study modulating
the activity of left DLPFC by means of HD-tDCS while
simultaneously recording EEG data during cognitive control.

In result, we show that behaviorally, the face-word Stroop
task induced a general interference effect that was additionally
modulated by the valence of the processed faces. Importantly,
HD-tDCS modulated this interference effect. Under tDCS,
participants tended to slow in response times during incongruent
trials only, while performance of congruent trials remained
unaffected. Finally, the direct electrophysiological data revealed a
general effect of the DLPFC stimulation. HD-tDCS consistently
decreased the amplitude of the N170 ERPs.

Despite the novel results reported in this study, there are
some limitations that have to be acknowledged. First, since
this is the first study investigating the influence of HD-tDCS
of the lDLPFC on behavioral and electrophysiological data
measured during a face-word Stroop task with a rather small
sample, further studies are needed to make reliable conclusion.
Second, as the performance during a Stroop task depends on

attention as well as facial expression discriminations skills,
future studies should additionally measure the individual level
of the related capabilities to consider results in a more
differentiated way and exclude participants with deficits related
to these skills. Third, the present study did not control for
sequence effects of congruent and incongruent trials, while
previous studies (e.g., Botvinick et al., 1999; Kerns et al.,
2004; Egner, 2007) revealed a reduction in RTs of trials
preceded by high-conflict trials compared to low-conflict trials
(Gratton effect, Gratton et al., 1992). In accordance with the
conflict-monitoring hypothesis (Botvinick et al., 2001) and
with respect to the performance during the Stroop task, the
dorsal part of the ACC detects the conflict signal during
incongruent trials. In return, this conflict signal triggers
adjustment in cognitive control implemented by the PFC
especially the dorsolateral part of it (i.e., Botvinick et al.,
2004; Kerns et al., 2004). This is an important issue for
future research, which could concentrate on the influences of
those sequence effects while modulating DLPFC activity by
means of tDCS.

Generally, RT as well as ER data of the present study
replicate the classical interference effect while performing a
Stroop task—incongruent trials lead to longer RTs and higher
ER compared to congruent trials. This interference effect is
widely proven in classical Stroop paradigms (i.e., Stroop, 1935;
Vendrell et al., 1995; Liotti et al., 2000) as well as in the face-word
Stroop task (i.e., Etkin et al., 2006; Zhu et al., 2010; Shen
et al., 2013; Xue et al., 2015, 2016) and results from a response
competition between the distracting but automatically processed
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FIGURE 4 | Behavioral performance: (A) RTs during congruent (blue) and incongruent (gray) trials. (B) RTs to happy (left), sad (middle) and neutral (right) faces. (C)
RTs during anodal (orange) and sham (gray) stimulation separately for congruent (left) and incongruent (right) trials. (D) RTs to happy (left), sad (middle) and neutral
(right) faces separately for congruent (blue) and incongruent (gray) trials. Error bars represent SEM. †p ≤ 0.06, ∗p < 0.05, ∗∗p < 0.001.

FIGURE 5 | Electrophysiological data: grand average event-related potentials (ERPs) recorded during (A) anodal (orange) and sham (gray) stimulation and (B) in
response to happy (dashed), sad (solid) and neutral (gray) faces.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 7 September 2019 | Volume 13 | Article 224

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Kuehne et al. HD-tDCS on Emotional Stroop

FIGURE 6 | Electrophysiological data: high-definition transcranial direct
current stimulation (HD-tDCS) induced changes in the N170 amplitudes (A)
separately for sham (left) and anodal (right) stimulation for happy, sad and
neutral faces during congruent (blue) and incongruent (gray) trials, (B) during
anodal (orange) and sham (gray) stimulation and (C) in response to happy
(left), sad (middle) and neutral (right) faces. Error bars represent SEM.
∗p < 0.05.

word stimulus and the target stimulus (facial valence in the
present study, ink color in the classical Stroop task). Additionally,
our data reveal a general advantage for the processing of
happy faces, independent of congruency and stimulation session.
This advantage is demonstrated by faster RTs to happy faces
compared to sad and neutral faces. Such valence dependencies
(i.e., happy face vs. sad face) were less addressed in previous
literature. However, an advantage of positive stimuli has been
shown in a study by Chechko et al. (2012) where responses to
happy faces were faster than to sad and fearful faces, indicating
a general processing advantage for positive facial expressions.
However, since for incongruent trials neutral as well as sad
face stimuli were always combined with the word happy, it
cannot be completely excluded that this overrepresentation of
the word happy further influenced the RTs to happy faces.
Nonetheless, this face-word combination of incongruent trials
did not influence the stimulation effect, which is consistent
across the different valences of facial emotional expressions. Our
data show that anodal HD-tDCS over the left DPLFC interacted
with the behavioral congruency effect. The effect, however, was
limited to incongruent trials. Interestingly, while data in our
study indicate a slowing of response times for incongruent
trials during anodal stimulation, former studies also reported
opposing effects. In particular, two previous studies investigating
the influence of conventional anodal tDCS over the left DLPFC

on the performance in a classical Stroop (Jeon and Han, 2012)
and a modified color-word Stroop task (Loftus et al., 2015).
Jeon and Han (2012) demonstrated a general speeding during
word naming condition and during the interference condition
of the Stroop after 20 min of 1 mA conventional anodal tDCS
over F3, corresponding to the left DLPFC. Using 2 mA anodal
tDCS for 10 min over the left DLPFC, Loftus et al. (2015) also
reported decreased RTs for incongruent trials after tDCS. While
already the applied Stroop tasks differ between these studies
and the present, both former investigations applied a pre-post
design, assessing the effects of conventional tDCS from pre-
to post-stimulation. While such repetitive testing might add an
additional parameter, also the assessed tDCS influences can differ
between online and offline effects (Martin et al., 2014).

Two recent studies investigated the effect of anodal HD-tDCS
of the left (Gbadeyan et al., 2016) and right (Gbadeyan et al.,
2016, 2019) DLPFC during a visual flanker task. In contrast to our
study, cognitive control was enhanced after anodal HD-tDCS.
However, considerable methodological differences between these
and the current study do not allow for a direct comparison.
Particularly, both former studies used a concentric HD-tDCS
setup, where the smaller anode was placed in the ring center of a
bigger cathode, while we used a 4× 1 ring electrode placement to
stimulate the DLPFC. Additionally, both former studies applied
1 mA while in the present study we used 0.5 mA only. Since
current intensity (Hoy et al., 2013; Papazova et al., 2018), as well
as stimulation setup, can have a strong impact on tDCS-effects,
further systematic investigations are needed to assess these effects
in more detail.

While previous research consistently associates the DLPFC
with cognitive control processing, divergent assumptions on the
implementation of these control processes exist. While some
authors assume that the DLPFC solves conflicts by suppressing
the processing of task-irrelevant information (i.e., Banich et al.,
2019) other affirm that the DLPFC amplifies the processing
of task-relevant information (i.e., Egner and Hirsch, 2005). In
the present study, modulating the activity of the DLPFC by
anodal tDCS increased RTs to incongruent trials and additionally
decreased the face selective N170 component, independent of
congruency and emotional valence.

It might be assumed that the reduced N170 amplitude
represents a reduced processing of task-relevant faces and
that, in turn, the stimulation amplifies the processing of
the task-irrelevant word by distracting attention from the
relevant face stimulus towards the irrelevant word stimulus.
While during the congruent condition this enhanced automatic
processing of the congruent word would support emotional face
identification with no changes in RTs, the enhanced processing
of the incongruent word would result in deterioration of task
performance during incongruent trials. However, assuming
that anodal stimulation results in excitation of the underlying
brain region, the present results would contradict results
of Banich et al. (2019). In this study, increased DLPFC
activity was associated with decreased perceptual processing of
task-irrelevant stimuli. An explanation of the discrepancy of
results could rely on task demands; while in the present study
participants were asked to indicate emotional valence of the face,
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they had to indicate the emotional category of the word in the
study by Banich et al. (2019).

Finally, when applying tDCS as a tool to investigate brain
mechanisms during cognitive processes one has to consider that
the general assumption of the dichotic anodal/cathodal effect
on brain activity should not be regarded as ultimate. This note
for caution is supported by the fact that anodal stimulation
does not necessarily result in an excitation. In contrast to the
classical anodal excitation–cathodal inhibition theory, recent
research demonstrate opposing effects with decreased reactivity
after anodal stimulation (Chen et al., 2014) and increased
reactivity of brain regions after cathodal stimulation (Zaehle
et al., 2011). Furthermore, starting from an optimal level of
brain performance in unstimulated condition, anodal/cathodal
stimulation does not necessarily result in increase/decrease of
the neuronal reactivity of the underlying brain region but may
impair processing of it (Baldi and Bucherelli, 2005). Findings
of recent studies support this assumption, that the conventional
anodal excitation–cathodal inhibition polarity hypothesis cannot
be regarded as representative for all tDCS modulation effects
(for a review, see Jacobson et al., 2012). In a previous study,
cathodal HD-tDC stimulation of the dorsal ACC results in
faster responses while participants performed an emotional
counting Stroop task (To et al., 2018). Additionally, slowing
in RT during a working memory task was reported by
Marshall et al. (2005) after anodal and cathodal stimulation
of the DLPFC.

Our data show that anodal HD-tDC stimulation over the
left DLPFC modulates brain response to facial expressions of
emotions and increases the interference effect during a face-word
Stroop task. However, from these results, it cannot be reliably
concluded that anodal stimulation of left DLPFC influences
cognitive control processes by modulating processing of task-

relevant-, or by modulating task-irrelevant stimuli by amplifying
or suppressing their processing. Furthermore, in contrast to the
assumption that anodal stimulation generally results in excitatory
effects of the underlying brain region and consequently enhanced
cognitive processing, present results suggest that our stimulation
setup disturbed the (optimal) DLPFC performance during
cognitive control. For this, future studies are necessary to
investigate whether HD-tDC stimulation of the DLPFC alters
performance during the face-word Stroop task by modulating
processing of the task-relevant face or task-irrelevant word.
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