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Background: Task switching, defined as the ability to flexibly switch between tasks in the face of goal
shifting, is a central mechanism in cognitive control. Task switching is thought to involve both prefrontal
cortex (PFC) and parietal regions. Our previous work has shown that it is possible to modulate set shifting
tasks using 1 mA tDCS on both the left dorsolateral prefrontal cortex and the left primary motor area.
However, it remains unclearwhether the effects of PFC tDCS on task switching are hemisphere-dependent.
Objectives: We aimed to test the effects of three types of cross-hemispheric tDCS over the PFC (left
anodeeright cathode [LA-RC], left cathodeeright anode [LC-RA] and sham stimulation) on participants’
performance (reaction time) and accuracy (correct responses) in two task-switching paradigms
(i.e., letter/digit naming and voweleconsonant/parity tasks).
Methods: Sixteen participants received cross-hemispheric tDCS over the PFC in two task-switching
paradigms.
Results: The results show that cross-hemispheric tDCS over the PFC modulates task-switching ability in
both paradigms. Our results were task and hemisphere-specific, such that in the letter/digit naming task,
LA-RC tDCS increased switching performance, whereas LC-RA tDCS improved accuracy. On the other
hand, in the voweleconsonant/parity task, LA-RC improved accuracy, and decreased switching
performance.
Conclusions: Our findings confirm the notion that involvement of the PFC on task switching depends
critically on laterality, implying the existence of different roles for the left hemisphere and the right
hemisphere in task switching.

� 2013 Elsevier Inc. All rights reserved.
Introduction

The ability to flexibly switch between tasks when changes in the
goal state occur [1] is considered to be a central mechanism in
cognitive control and behavior flexibility. Task switching (see [2] for
review) has been found to be dependent on a broader frontoparietal
brain network [3] with higher parietal activation, particularly in
situations with high shift costs [4].

Several neuroimaging studies have also associated prefrontal
cortex (PFC) regions with task switching, particularly in situations
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that require some type of rule shifting (see [5] for a detailed
explanation). Frontal regions are thought to be involved in condi-
tions requiring the inhibition of a previously acquired prepotent
response (i.e., top-down conflict reduction), with the parietal cortex
playing a role in the reconfiguration of the stimuluseresponse (S-R)
mappings [6]. Patients with a lesioned PFC frequently show
impairments in task-switching ability [7].

Taken together, experimental and clinical evidence has shown
that the endogenous preparation and the exogenous executive
adjustments required in task switching depend on both PFC and
parietal regions [8]. Despite this evidence, little is known about the
differential contributionsof eachhemisphere, particularly in thePFC.

Our previous work [9] has shown that it is possible to modulate
set shifting tasks using “offline” (i.e., the stimulation occurs
immediately before the task performance) 1 mA transcranial direct
current stimulation (tDCS) on both the dorsolateral prefrontal
cortex (DLPFC) and the primary motor area (M1). This study only
tested unilateral PFC (left hemisphere) tDCS. However, data on
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functional asymmetry between the right and left PFC (e.g., working
memory rehearsal/maintenance) [10] supports the need to test the
effects of cross-hemispheric PFC tDCS.

The interaction between the homotopic PFC regions may be of
particular interest because the left and the right PFC seem to have
distinct strategies for information processing. Whereas the left
hemisphere (LH) seems to act as an interpreter in deciding
ambiguous conditions (e.g., [11]), the right hemisphere (RH) can
accommodate more ambiguous situations [12]. In fact, studies with
patient populations showed that patients with RH lesions are more
prone to errors when the information is indeterminate and insuf-
ficient, whereas patients with LH lesions perform worse in situa-
tions in which the information is complete [13]. Also studies with
working memory (WM) suggest the involvement of both PFC
hemispheres: anodal tDCS over the left dorsolateral PFC is able to
increase WM performance [14], but neuroimaging studies suggest
also the involvement of the RHwhen there are increases in theWM
load demand [15].

Cross-hemispheric tDCS allows modulation of the PFC activity,
in such manner that the anode increases the activity in the
underlying region [16], while cathodal tDCS over the homotopic
contralateral region decreases the activity [17].

The present study uses two visual cue switch tasks, with similar
S-R mappings, but with different levels of cognitive demand. The
first task is a letter/digit naming task, with fixed, clear and defined
visual stimulus and motor response (S-R) mappings. The second
task, the voweleconsonant/parity task, relies on the same S-R
mappings of the previous one, but demands a secondary task
(i.e., a judgment of the visual target as voweleconsonant or as
oddeeven) prior to response selection.

Therefore, the objective of this study is to test the effects of three
types of cross-hemispheric tDCS over the PFC (i.e., left anodeeright
cathode [LA-RC], left cathodeeright anode [LC-RA] and sham) on
participants’ performance (i.e., reaction time) and accuracy (i.e.,
correct responses) in two task-switching paradigms (i.e., letter/digit
naming and voweleconsonant/parity tasks). In summary, the
present study aims to modulate the activity of both right and left
PFC, simultaneously and in opposite directions, assessing the effects
in two task-switching behavioral tasks.

Methods

Participants

Sixteen college student volunteers (age: 24 � 7.702, 13 females)
participated in the study. All participants were right-handed and
healthy, with normal or corrected-to-normal visual acuity and
without present or past history of neurological or psychiatric
disorders. Participants were excluded if any medication or
psychotropic drugs had been used during the 4 weeks prior to the
study. Participants were advised to avoid alcohol, cigarettes and
caffeinated drinks on the day of the experiment, and none reported
fatigue due to insufficient sleep.

All participants gave their written informed consent prior to
their inclusion in the study. The study was approved by the local
ethics committee and was in accordance with the Declaration of
Helsinki.

Procedure

Experimental design
Each session started with 3 min of tDCS applied to each

participant prior to execution of the control tasks [18], an interval
that has been reported to be theminimum amount of time required
to produce tDCS after-effects [19]. Then, each experimental session
started with a simple reaction time task followed by a choice
reaction time for both the left and right index fingers. There was an
interval of 1 min between the simple and choice reaction time
tasks. The letter/digit naming and the voweleconsonant/parity
tasks were then carried out, with a 2 min interval between them.
The order of the experimental tasks was fully randomized and
counterbalanced across participants and sessions.

At the end of each session, participants responded to a brief
questionnaire checking if the participants felt the tDCS, existence of
mood changes or report of any adverse effect. In the last session,
participants were also asked if they were aware of the identical key
bindings across tasks.

Letter/digit naming task. This task consisted of a pair of targets (i.e.,
a letter and a digit) that always appeared in the center of the screen
with an approximately 0.6� visual angle. Surrounding those targets,
a colored circle (green or red) with an approximately 3� visual angle
was presented. This color served as a visual cue to the participant,
signaling the response that he was required to perform: if the color
was green, the participant was required to respond to the letter,
whereas if it was red, a response to the digit was required.

Each session was preceded by a training phase consisting of 32
trials in which the participant was required to perform with 100%
accuracy before proceeding to the task. In the training phase, the
participants were instructed that if the cue was green and the letter
presented on screen was an A, they should press the “Z” key with
the middle finger of the left hand. If the letter presented was an H,
they should press the “X” key with the index finger of the left hand.
If the cue was red, participants were required to respond to the
digit. If the number was 4 or 9, participants should use the index
finger or the middle finger of the right hand on the “N” or “M” key,
respectively. Each trial started with a fixation point in the center of
the screen that lasted for 500 ms; immediately after, the pair of
targets appeared on screen and remained for 2500 ms. If no
response was detected, or in the event of an incorrect response,
a screen that lasted for 1000ms appearedwith theword “Incorrect”
with a hint for the correct response.

After training, participants performed the experimental task
consisting of 128 trials of paired targets (32 trials for each letter/
digitdA, H, 4 or 9). Each trial started with a fixator at the center of
the screen that lasted for 500 ms. Then the first pair of targets
(consisting always of a letter and a digit) (TP1) would appear,
remaining on screen up until a key press or until the 2500 ms time
limit; immediately after, the second pair of targets (TP2) appeared
on screen with the same time limit (as depicted in Fig. 1). After
either a key press or the time limit, the trial ended, and the fixator
for the new trial appeared on screen. This task had a maximum
duration of 13 min (if no key presses were detected).

Voweleconsonant/parity task. This task was identical to the digit
naming task except that the response required a judgment. In the
green cue condition, participants were requested to respond to the
letter, by pressing the “Z” key with the left middle finger for vowels
and the “X” key with the left index finger for consonants. In the red
cue condition, participants were required to respond to the number
by pressing the “N” or “M” key with the right index or middle
fingers if the number was even or odd, respectively. An additional
20% of trials consisted of pairs of novel targets (e.g., 5 and E), which
were analyzed separately as they did not have an equivalent trial in
the letter/digit naming task. They were inserted to mask the fact
that both tasks were identical in terms of response selection;
therefore, these pairs of novel targets were inserted tomask the fact
that the main tasks could be solved by using the same strategy (i.e.,
associating the letter or the digit to the same key binding). This task
had a maximum duration of 15 min.



Figure 1. Schematic representations of the main tasks used in the experiment. Each task consisted of a pair of letter/digits (i.e., a letter and a number). Response to the letters should
always be performed with the left hand, and responses to numbers, always with the right hand. On the bottom, there is the representation of the response that the participant was
required to perform, with the associated key press.
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For both tasks, in each trial that consisted of two consecutive
paired targets, every time, the cue color remained the same it was
considered a repeat trial; if not, it was a switch trial. There was
a 50% probability of a switch or repeat trial. Letter/digit locationwas
also randomized and letters and numbers had a 50% probability of
appearing on the left side of the pair (e.g., H9 and 9H).

For both tasks, only correct responses were submitted for
further analysis. The remaining responses were considered errors
and their RTs were not included in the estimates.

Control tasks. In order to control for possible motor or response
speed changes due to tDCS, simple and choice reaction time tasks
were performed.

Simple reaction time. In these tasks, participants were requested
to respond as quickly as possible to a target appearing in the center
of the screen. There were a total of 32 trials for each task. For each
trial, a fixator appeared on the screen for a period of 200, 400, 600
or 800 ms (jittered) being then replaced by the target. Immediately
after the response, a blank screen appeared for 500 ms. Participants
performed two different tasks, each one requiring only one target. If
the target was “*”, the participant was required to press the “X” key
with the index finger of the left hand. In the other task, “#” served
as a target, and the participant was required to press the “N” key
with the index finger of the right hand. The order of these tasks (i.e.,
left and right) was fully randomized and counterbalanced between
participants and sessions. These tasks had an approximate duration
of 2 min.

Choice reaction time. In the choice reaction time, participants
were requested to respond as quickly as possible to the target as
soon as it appeared in the center of the screen. There were a total of
64 trials. For every trial, a fixator appeared at the center of the
screen, and remained there for 200, 400, 600 or 800 ms (jittered)
being then replaced by the target. Immediately after the partici-
pant’s response, a blank screen appeared for 500 ms followed by
one of two possible targets. If “*” appeared on screen, the partici-
pant was required to press the “X” key with the index finger of the
left hand. If “#” appeared, the participant had to press the “N” key
with the right hand. There was a 50% probability for each target.
This task had an approximate duration of 2 min.
tDCS parameters. Two homotopic regions were selected as cortical
targets: left PFC (F3) and right PFC (F4), and the tDCS was delivered
by a battery-driven Eldith Stimulator DCþ (Neuroconn, Germany)
using 2 mA (15 s ramp up and then 15 s down) with 35 cm2 saline-
soaked sponge electrodes (current density of 0.057 mA/cm2). tDCS
was delivered for the entire duration of the experiment (maximum
duration of 30 min, as none of the participants reached the
maximum duration of each task) and started 3 min before the
beginning of the control tasks. The active electrodes were placed
over F3 and F4 according to the 10e20 electrode system [20].

Left anodeeright cathode (LA-RC) consisted of placing the anode
over the left PFC and the cathode over the right PFC. Conversely, left
cathodeeright anode (LC-RA) consisted of placing the cathode over
the left PFC and the anode over the right PFC. The sham condition
was performed with an LA-RC electrodes configuration and con-
sisted of a 15 s ramp up, 15 s of plateau and then 15 s downwith the
electrodes remaining on the head for the entire duration of the task.

All participants were subjected to the three tDCS conditions.
Therefore, the polarity of tDCS was randomized and counter-
balanced across participants, and the washout period was 24 h
between the first and the second sessions and 48 h between the
second and third sessions. This was performed to allow participants
to integrate the experiment, as a part of their course.

Data analysis
To test the effects of tDCS in the simple reaction time task,

repeatedmeasures ANOVAswere performedwith two factors: tDCS
(three levels: LA-RC, LC-RA and SHAM) and hand (two levels: left
and right).

Repeated measures ANOVAs were also performed to test: a) the
effects of tDCS in the choice reaction time taskwith tDCS as a factor;
b) the effect of tDCS subsequent to switched versus repeated trials
including the following factors: switched and repeated, task (letter/
digit naming and voweleconsonant/parity) and tDCS; c) the effects
of tDCS in the difference in terms of reaction times (RTs) between
switched and repeated trials (i.e., switch cost performance),
including the following factors: tDCS and task; d) the effects of tDCS
in the difference in terms of accuracy between switched and
repeated trials (i.e., switch cost error), including the following
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factors: tDCS and task; e) the overall accuracy when performing the
task independently of being a switch or a repeat trial with the
factors tDCS and task. For all models, we also tested the respective
interaction effects. An exploratory analysis for the novel targets was
also performed, including the effects of tDCS in (switch/repeat and
tDCS as factors), as well as three one way repeated measures
ANOVAs, exploring the effects of tDCS in terms of switch costs,
accuracy and switch cost errors, respectively.

When sphericity was not met, the GreenhouseeGeisser correc-
tion was applied to degrees of freedom in all cases with the cor-
rected probabilities and partial eta-squared (h2p) statistic reported.
Effect size f (f) and observed power (pwr) (computed with an alpha
of 0.05) are also reported. Post-hoc comparisons of the mean values
were carried out by paired multiple comparisons (Fischer LSD)
when ANOVA revealed significant effects. The criterion for statis-
tical significance was established at P < .05. All statistical analyses
were performed with SPSS for Windows (version 20.0.0, IBM, US).

Data are presented as mean (M) and standard error (SE). To
address possible outliers, we established a cutoff inwhich all scores
over 2 standard deviations from the mean were removed (which
represents less than 5% of the total number of scores).

Results

None of the participants in this study reported mood alterations
due to stimulation or experienced any adverse effects. In the sham
condition, participants reported a tingling sensation similar to the
one reported in the active tDCS conditions. None of the participants
reported awareness of the identical key bindings across tasks. The
Results sectionwill present (i) the data on the control tasks (RTs and
accuracy); (ii) switch/repeat performance in terms of RTs; (iii)
switch cost performance, measured by the switch costs in terms of
RTs (i.e., time difference between a switch and a repeat trial), and
switch cost errors (i.e., error percentage difference between the
switch and the repeat trials) for both the letter/digit naming and
the voweleconsonant/parity tasks; (iv) the overall accuracy for the
letter/digit naming and voweleconsonant/parity tasks (i.e., the
percentage of correct responses, independently of being a switch or
a repeat trial, is used as an overall index of accuracy during task
performance); and (v) exploratory analysis of the novel targets in
the voweleconsonant/parity task. All of the results are presented in
terms of Mean (M) and Standard Error (SE).

Control tasks

Simple reaction time
There were no statistically significant differences in RTs due to

the hand (left or right) (F(1,15) ¼ .379, P > .05, h2p ¼ .025, f ¼ .160,
Figure 2. Simple and choice RT control tasks. RT: the columns represent the mean and the
response for the left and right hand. Choice reaction time: RT from the stimulus onset unt
overall percentage of correct responses.
pwr ¼ .110), tDCS (F(2,30) ¼ .406, P > .05, h2p ¼ .026, f ¼ .163,
pwr ¼ .089) or the interaction between tDCS and the
hand (F(2,30) ¼ .746, P > .05, h2p ¼ .047, f ¼ .222, pwr ¼ .165) (see
Fig. 2).

Choice reaction time: RT and accuracy
For the choice reactions, there was no statistically significant

main effect of tDCS on RT (F(2,30) ¼ .274, P > .05, h2p ¼ .018, f ¼ .135,
pwr¼ .089) or accuracy (F(2,30)¼ 2.043, P> .05, h2p ¼ .120, f¼ .369,
pwr ¼ .387).

Interaction between tDCS and task: performance, switch error and
accuracy

Effects of tDCS in reaction times subsequent to switched and
repeated trials

There was a main effect of switch/repeat for both tasks
(F(1,15) ¼ 429.766, P< .001, h2p ¼ .966, f¼ 5.330, pwr ¼ 1.000), with
the repeat trials significantly decreasing the RT (M ¼ 680.40,
SE ¼ 33.052) when comparing to switch trials (M ¼ 1039.032,
SE ¼ 43.737) (P < .001). Also, there was a main effect of task
(F(1,15) ¼ 25.491, P < .001, h2p ¼ .630, f ¼ 1.305, pwr ¼ .997), with
shorter RT in the letter/digit naming task (M ¼ 819.353,
SE ¼ 37.392) when comparing to the voweleconsonant/parity task
(M¼ 900.139, SE ¼ 39.819) (P < .001). No main effects of tDCS were
found (F(2,30) ¼ .243, P > .05, h2p ¼ .016, f ¼ .128, pwr ¼ .085). From
all the possible interaction in the model, only the interaction
between switch/repeat, task and tDCS was significant
(F(2,30) ¼ 10.548, P < .001, h2p ¼ .413, f ¼ .839, pwr ¼ .981), but the
post hoc testing revealed that the effects were explained by the
main effect of switch/repeat and task (see Fig. 4).

Effects of tDCS in switch cost performance: difference in RTs between
switch and repeat trials

There was a significant interaction between tDCS and the task
(F(2,30) ¼ 12.047, P < 001, h2p ¼ .445, f ¼ .895, pwr ¼ .991) on RT,
without main effect of task (F(1,15) ¼ .202, P > .05, h2p ¼ .013,
f ¼ .115, pwr ¼ .071). The post-hoc pairwise comparison revealed
that for the letter/digit naming task, LA-RC (M ¼ 318.542,
SE¼ 19.948) significantly decreased the RTcompared to both LC-RA
(M ¼ 378.081, SE ¼ 19.434) (P ¼ .001) and sham (M ¼ 373.307,
SE ¼ 24.507) (P ¼ .033). No differences were found between LC-RA
and sham (P > .05). For the voweleconsonant/parity task, LA-RC
(M ¼ 399.358, SE ¼ 23.233) significantly increased the RT
compared to both LC-RA (M ¼ 340.268, SE ¼ 21.235) (P ¼ .003) and
sham (M ¼ 347.658, SE ¼ 23.041) (P ¼ .044). No statistically
significant differences were found between sham and LC-RA
(P > .05) (see Fig. 3).
bars, the standard error (SE); simple reaction time: RT from the stimulus onset until
il response performed with the index fingers of both hands. Choice reaction accuracy:



Figure 3. Interaction analysis of tDCS and task. The columns represent the mean and the bars, the standard error (SE). Switch cost RT: difference between a switch trial and a repeat
trial in terms of reaction time. Percentage of switch errors: difference of percentage of errors between a switch and repeat trials. Overall accuracy: percentage of correct responses in
performing the task (including the switch and repeat trials). *P < .05; **P < .01; ***P < .001.
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The tDCS effects across tasks show that both sham and LC-RA
produce similar results in terms of switch cost RTs, independently
of the task (P > .05). On the contrary, LA-RC produces significant
alterations in switch costs depending on the task (P ¼ .001).

Effects of tDCS in accuracy between switch and repeat trials: switch
cost errors

There was no statistically significant interaction between tDCS
and tasks in terms of switching cost errors (F(2,30) ¼ .657, P > .05,
h2p ¼ .042, f ¼ .209, pwr ¼ .150) (see Fig. 3) or across tasks
(F(1,15) ¼ .408, P > .05, h2p ¼ .026, f ¼ .163, pwr ¼ .092).

Effect of tDCS in overall accuracy independently of being a switched
or a repeated trial

There was a statistically significant interaction between tDCS
and tasks (F(2,30) ¼ 3.515, P ¼ .043, h2p ¼ .190, f ¼ .484, pwr ¼ .611),
without main effect of the task (F(1,15) ¼ 2.938, P > .05, h2p ¼ .164,
f ¼ .443, pwr ¼ .361). The post-hoc pairwise comparison revealed
that, for the letter/digit naming task, LC-RA (M ¼ 95.752, SE ¼ .634)
Figure 4. Switcherepeat analysis: RT and accuracy. The symbols represent the mean and the
responses.
significantly increased accuracy compared to sham (M ¼ 92.091,
SE ¼ 1.191) (P ¼ .007). No significant differences were found
between LA-RC (M¼ 94.434, SE¼ .996) and LC-RA (P> .05) or sham
(P > .05). For the voweleconsonant/parity task, LA-RC (M ¼ 95.265,
SE ¼ .675) significantly increased accuracy compared to sham
(M ¼ 87.451, SE ¼ 2.858) (P ¼ .009). No significant differences were
found between LC-RA (M¼ 93.996, SE ¼ 1.226) and both LA-RC and
sham (P > .05) (see Fig. 3). Nonetheless, LC-RA seems to reveal
a trend of increasing accuracy when comparing to sham (P ¼ .060).

All other possible pairwise comparisons for the differential
effects of the type of tDCS across tasks were not statistically
significant (P > .05) (see Table 1 for summary).

Exploratory analysis of the novel targets

The repeat/switch analysis only revealed main effects of repeat
switch (F(1,15) ¼ 146.498, P < .001, h2p ¼ .907, f ¼ 3.123,
pwr ¼ 1.000), with the repeat trials being significantly faster than
the switch ones (P < .001), but no effects were found for the tDCS
bars, the standard error (SE). RT: reaction time. Overall accuracy: percentage of correct



Table 1
Summary of the results found in the post hoc pairwise comparisons

Letter/digit naming task Voweleconsonant/parity task Control

tDCS LA-RC LC-RA Sham LA-RC LC-RA Sham RT

Switch cost performance LA-RC Increase Increase Decrease Decrease ____
Switch error ____ ____ ____ ____
Overall accuracy ____ ____ ____ Increase ____
Switch cost performance LC-RA Decrease ____ Increase ____ ____
Switch error ____ ____ ____ ____
Overall accuracy ____ Increase ____ ____ ____

Performance (i.e., as measured by decrease in the switch cost RT), the switch error (i.e., percentage difference of errors between shift and no shift trials) and accuracy
(i.e., percentages of correct responses in each task) according to the type of tDCS, for each task (letter/digit naming task, voweleconsonant/parity and control).
Increase and decrease with statistically significant P < .05dplease note that all the comparisons are the effect of LA-RC or LC-RA tDCS of the left column.
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(F(2,30) ¼ .119, P > .05, h2p ¼ .008, f ¼ .090, pwr ¼ .067) nor inter-
action between tDCS and switch/repeat (F(2,30) ¼ .361, P > .05,
h2p ¼ .024, f ¼ .157, pwr ¼ .103).

There were no significant effects of tDCS on the novel targets in
terms of switch cost RT (F(2,30) ¼ .361, P > .05, h2p ¼ .024, f ¼ .157,
pwr ¼ .103), accuracy (F(2,30) ¼ .452, P > .05, h2p ¼ .029, f ¼ .173,
pwr ¼ .117) or switch cost errors (F(2,30) ¼ .291, P > .05, h2p ¼ .019,
f ¼ .139, pwr ¼ .092).

Discussion

This study demonstrates that cross-hemispheric driven tDCS
over the PFC can change switch cost performance, as well as overall
accuracy on switching tasks. Moreover, depending on the task, the
tDCS modulation produces asymmetric effects in inter-hemispheric
interactions. On the letter/digit naming task, LA-RC tDCS decreased
RT switch costs (thus increasing performance), whereas LC-RA tDCS
increased the overall accuracy as measured by the percent of
correct responses. At the same time, on the voweleconsonant/
parity task, LA-RC tDCS decreased performance (by reducing the
switch cost RT) compared to LC-RA tDCS, but increased the accuracy
compared to sham. Moreover, LA-RC tDCS is the only one that
seems to have significant and distinct effects depending on the
task: increasing performance in the letter/digit naming task and
decreasing in the voweleconsonant/parity task, suggesting asym-
metric involvement of the RHeLH interaction.

Participants in the three tDCS conditions did not show statisti-
cally significant differences in simple reaction time, choice reaction
time or overall accuracy. There were no significant effects of tDCS
on the amount of time required to respond to the stimulus or the
choice reaction time, where the participant must discriminate each
stimulus and perform a response selection. These data suggest that
the differences found in this study may not be due to motor or
response speed changes. Nonetheless, the simple and choice RT
tasks were not repeated at the end of the experiment and this could
be seen as a potential limitation of this study.

Even though both tasks rely on the same S-R mappings, the
different instructions seem to have impacted the results for
response speed (performance) but not overall accuracy. This effect
was present without the novel targets (that were analyzed sepa-
rately). This systematic increase in RT has been already showed in
studies as a function of memory load [21]. Also, as expected, repeat
trials were faster than switch trials (e.g., [9]). At least partially, the
conditions presented in this study can be related to different
working memory loads, especially due to the different levels of
cognitive control mechanisms required to successfully complete
the tasks. It is important to note, that the novel targets had the
highest RTs in this experiment, but were not affected by tDCS. It is
not possible to speculate why tDCS had no effect in these targets,
mainly due to a lack of statistical power in the present design.
Cross-hemispheric driven tDCS over the PFC was found to have
specific effects depending on the switching task. The results found
in the letter/digit naming task, that LA-RC improves switch cost
performance, have already been shown in another study [22],
where participants in a probabilistic guessing task were faster at
choosing the most frequent alternative. At the same time, in this
study, LC-RA tDCS increased accuracy. Moreover, LC-RA showed
also a trend of increasing accuracy in the voweleconsonant/parity
task. Although the particular mechanism underlying this effect is
not clear, this same result has been associated to a broader effect of
this LC-RA tDCS in decision making, found in studies related to risk
taking [23] or food craving [24]. Thus, the data in this study
supports the claim that this particular electrode montage might be
related to the modulation of circuits related to decision making
[23e25].

The present data is consistent with the different strategies of
information processing over the left and the right hemispheres
(e.g., [11,13]). One possibility is that in the letter/digit naming task,
the possible responses could be easily predetermined (the cue will
indicate which target will be selected, by pressing the associated
key). The activity change toward the LH (with the LA-RC tDCS)
improved switch cost performance, and this is consistent with the
propensity of the LH to better deal with determinate, precise and
unambiguous representations [22]. Conversely, LC-RA tDCS
changed the activity toward the RH, and despite not producing
significant RT differences in switch costs, it improved the overall
accuracy within the task, possibly by modulating circuits involved
in decision making [23e25].

The voweleconsonant/parity task requires recognition and,
afterward, a simple judgment prior to response selection (i.e., the
cue will indicate to which target the participant will make one of
two possible judgments, which will then determine which key will
be selected). In this more demanding (or even “ambiguous”
condition due to inclusion of a secondary task prior to response
selection) situation, LA-RC tDCS decreased performance. The LH
tendency to “overinterpret” information (e.g., [11,26,27]) may be
responsible for slower performance in this more demanding situ-
ation, which has been found in previous studies but was not related
to risk-taking behaviors [23]. This “overinterpretation” could lead
to slower performance but increased accuracy. Studies suggest that
a lesion to the RH PFC will impair its inhibitory function and then
the LH PFC-imposed interpretation will be rendered determinate
(e.g., [11,13,26]). In our study, the LH tendency to fill in the gaps does
not seem to lead to premature conclusions as demonstrated by the
increased accuracy. One possibility here is that there were no tDCS
effects in the inhibitory function of the RH. Modeling studies with
tDCS already demonstrated that the peak of the current is induced
under the electrode [28,29], and a possibility is that the right
inferior frontal gyrus (rIFG), responsible for this functional inhibi-
tion [30], was not affected by the tDCS. This possibility gains further
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support as tDCS over the rIFG is capable of neuromodulating this
inhibitory functioning [31].

Another important factor is if attention plays a significant role in
our results. Although the DLPFC is involved in attention-related task
processing, other areas such as dorsal parietal areas seem to be
more critical for modulating attentional resources. In fact, research
has shown that intentional shifts in visual attention are dependent
on a bi-hemispheric network consisting of DLPFC and parietal
regions [32,33]. This network is thought to be involved in top-down
selection of stimuli, thus guiding goal-directed behavior [33]. In this
context, the level of difficulty of a task that demands additional
prefrontal engagement (for instance, the voweleconsonant/parity
task) may requiremore resources (as revealed by the increase in the
RTs), thus decreasing parietal activation and attention span;
therefore, the cathodal tDCS over the DLPFC may have reversed this
change in activation, improving accuracy by a secondary effect on
attentional networks. Nonetheless, studies targeting several levels
of attentional demands, and combining tDCS and fMRI are needed
in order to test this hypothesis.

This study suggests that the inter-hemispheric balance between
the homotopic PFC may be important in task switching. The data
from this study are consistent with the assumption that more than
a nonspecific switching area, there could be specific inter-
hemispheric activity balance in the PFC (and other regions)
involved in task switching that future studies should try to deter-
mine. One of those, for instance, will be the coordinating role of the
inferior parietal cortex that in task switching seems to precede the
role of the PFC [34].

The present study has several limitations. First, we cannot
conclude if the effects are due to the anodal or cathodal tDCS or if
they are due to anodal/cathodal interaction effects. The results
found in this exploratory study need to be replicated with larger
samples. Also, we cannot dismiss the possibility of carryover effects
between sessions (despite the washout period), so future research
should use weekly periods between sessions or, preferably,
between-subjects designs. Although the tasks employed in this
study worked as designed, they need to be further replicated. Also,
future studies with functional magnetic resonance (fMRI)
combined with online tDCS should be performed to test the
asymmetric involvement of right and left hemispheres in those
tasks, as well as the cross-hemispheric tDCS effects in other brain
regions. Future studies should also test the possible effects of cross-
hemispheric driven tDCS on the parietal cortex, as studies with
tDCS [35] and with single cell recording suggest the specialization
of the parietal region during both the preparation and behavioral
execution of switching tasks (i.e., parietal cortex as a suitable area
for potential neuromodulation) [36]. Future studies should also
focus on the inferior frontal gyrus, due to its crucial role in inhibi-
tion [30] and in novel target detection [37]. Also, switching tasks
seems to include both an endogenous preparation component (i.e.,
without the presence of an external stimulus) as well as an exog-
enous executive component (i.e., a response adjustment to that
stimulus) (e.g., [38,39]). Thus, future studies should use tasks
specifically designed for each component.

In summary, the present data shows that increasing the activity
of the left hemisphere, while decreasing the activity in the right
one increases switch cost performance but only for the letter/digit
naming task. For the voweleconsonant/parity task, LA-RC tDCS
decreased switch cost performance, suggesting that activity
increase in the LH, while decreasing the activity in the homotopic
contralateral region impairs performance; however, this strategy
enhances accuracy. More studies manipulating the frequency of
targets involved in the response selection generation, with larger
samples sizes, as well as testing the cross-hemispheric effects of
tDCS over the PFC and the parietal cortex in other cognitive
functions are needed in order to fully understand the present
results.
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