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Abstract

Transcranial direct current stimulation (tDCS) is a noninvasive method of modulating human brain activity and
potentially alters performance in cognitive tasks. Often it is assumed that effects of tDCS modulation depend on
the polarity—anodal stimulation typically boost cognitive processes whereas cathodal stimulation hampers them.
While most tDCS research focusses on the effects of anodal stimulation, cathodal tDCS effects are underexplored.
In the present study, cathodal tDCS over the right dorsolateral prefrontal cortex (rDLPFC) was used to potentially
hamper the response inhibition process as measured by the stop-signal task (SST). A 9 cm?® cathode was always
positioned over the rDLPFC while the 35 cm® anode was placed over the left deltoid. We contrasted a cathodal
stimulation condition (that is assumed to reduce neural processing) with sham stimulation and expected a decrease in
SST performance after cathodal tDCS, as evidenced by an increase in stop-signal reaction time (SSRT). In a sample
of N = 45 healthy adults, a significant Time x tDCS condition interaction emerged, indicating an increase in SSRT
after cathodal tDCS. In a recent study by Friehs and Frings (Journal of Experimental Psychology: Human Perception
and Performance, 2018), using a similar study design and stimulation protocol, single-session anodal tDCS over the
rDLPFC was used to enhance SST performance as indicated by an acceleration of SSRT. In concert, these results

suggest that response inhibition is tied to the neural state of the rDLPFC.

Keywords Cognitive control - Prefrontal cortex - tDCS - Neural network - Stop-Signal Task

Stopping an already initialized action is an ability essential
for adaptive everyday behavior. For example, a person
might have to stop moving in order to avoid a collision
with a car, or a baseball player might have to stop on the
base because the baseman caught the ball midair.
Withholding a response in order to achieve a goal (e.g.,
not getting injured or being safe in the baseball game) is
crucial for our life. The stop-signal task (Logan, Cowan, &
Davis, 1984) is used to study this kind of response inhibi-
tion. The task requires participants to react to a stimulus,
but inhibit the already-initiated action if a stop signal is
presented after the stimulus onset.

Results from studies on patients—for example, with
PFC lesions (Aron, Fletcher, Bullmore, Sahakian, &
Robbins, 2003) or ADHD (Lijffijt, Kenemans, Verbaten,
& Van Engeland, 2005)—show that there are considerable
differences between individuals in their ability to inhibit a
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response after it has been initiated. But such differences
can occur not only between individuals but also within an
individual, meaning that an individual’s abilities are not
set in stone from birth onwards. Exemplary, an increased
efficiency of the inhibition process can be observed after
intense training (Kramer et al., 1999; Tsai, 2009;
Verbruggen, Logan, & Stevens, 2008; Wang et al.,
2013). Furthermore, methods such as noninvasive brain
stimulation techniques (e.g., transcranial direct current
stimulation, or tDCS for short) can potentially be used
to modulate cognitive processes within an individual.
While anodal tDCS typically is associated with facilitato-
ry effects, cathodal tDCS—although typically linked to
inhibitory effects—has shown inconsistent results
(Schroeder & Plewnia, 2017). Accordingly, findings from
neuromodulation studies using anodal tDCS suggest that
the response inhibition process can be boosted on an in-
dividual level (e.g., a study by the authors of the present
study; Friehs & Frings, 2018), but it is unknown whether
this process can be disrupted. In the present study we
therefore investigate whether tDCS can not only be used
to increase but also to decrease the efficiency of the cog-
nitive response inhibition process.
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The stop-signal task and its neural
underpinnings

Although Lappin and Eriksen (1966) invented the task, the
term stop-signal task (SST) was coined later by Logan,
Cowan, and Davis (1984). Participants performing the SST
are required to react to a stimulus (e.g., left or right pointing
arrow) and on a random subset of trials a stop signal (e.g., a
coloration of the arrow) is presented, which requires partici-
pants to withhold their response. The latency between the
onset of the initial go signal and the stop signal is called
stop-signal delay (SSD). Depending on the duration of the
SSD, the SST will either get more difficult (i.e., if SSD in-
creases) or easier (i.e., if SSD decreases). In a typical SST, the
SSD is continuously adjusted on a trial-by-trial basis to pro-
voke an error rate of 50% (Band, van der Molen, & Logan,
2003; Logan, Schachar, & Tannock, 1997). From a partici-
pant’s performance data, the stop-signal reaction time
(SSRT) can be calculated. The SSRT is an estimate for the
covert inhibition process (for a detailed account of SSRT cal-
culation, see Verbruggen et al., 2013, 2019). Specifically, the
SSRT describes the average time needed for an individual to
reach the “point of no return”—the moment after which the
ballistic phase of the action has progressed far enough as to
where it can no longer be stopped. An SSRT of around 200
milliseconds was shown to be the typical duration of the inhi-
bition process in young, healthy adults (Logan, 2015).

A task such as the SST requires the cancelation of a prepo-
tent response—more specifically, an inhibition of an already
initiated action. FMRI studies probing the neurological under-
pinnings of the SST report that there are several brain areas
involved—specifically, the dorsolateral prefrontal cortex
(DLPFC), inferior frontal cortex (IFC), dorsal anterior cingu-
late cortex (ACC), and the presupplementary motor area
(preSMA; for review, see Aron, Robbins, & Poldrack,
2004). Recent fMRI studies specified the area of activation
and report a more right-lateralized PFC activity; especially
during the stop process (e.g., Hughes et al., 2014; Hughes,
Fulham, Johnston, & Michie, 2012; Hughes, Johnston,
Fulham, Budd, & Michie, 2013; Xue, Aron, A& Poldrack,
2008)." Supporting this claim, imaging studies on tasks related
to the SST, such as the go/no-go, report a mostly right-
hemispheric prefrontal activation (Garavan, Ross, Murphy,
Roche, & Stein, 2002; Menon, Adleman, White, Glover, &
Reiss, 2001).

Furthermore a study by Swann et al. (2012) on a rare pa-
tient with subdural grid coverage of cortical regions showed
that the preSMA was active before the right IFC during stop-
ping. This is in line with the proposed role of the PFC in the
perception-action cycle (Fuster, 1988, 2017; Miller & Cohen,

! Fora detailed summary on fMRI studies dealing with the SST, see Friehs and
Frings (2018).
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2001), where the PFC is responsible for providing goal-
directed feedback to motor systems and does not act indepen-
dently. This feedback loop may result in the PFC being able to
select the appropriate response and exert inhibitory control
whenever needed. Taken together, previous research consis-
tently suggests that the rDLPFC is essential for cognitive in-
fluences on response inhibition.

Cathodal tDCS and its effects on response
inhibition

Cathodal tDCS is usually associated with an inhibition of the
underlying brain area. Generally, tDCS can be applied online
or offline. Online stimulation refers to co-occurring stimula-
tion and task performance by the participant. offline stimula-
tion describes a stimulation, where tDCS is applied for usually
up to 20 min before the to-be-modulated task. Magnetic reso-
nance spectroscopy (MRS) provides evidence that cathodal
offline tDCS (i.e., stimulation before the to-be-modulated
task) causes a reduction in glutamatergic neuronal activity
and long-term depression-like changes within the cortex
(Stagg & Nitsche, 2011). Long-term depression depends on
the association between presynaptic and postsynaptic activity,
mostly on glutamatergic synapses and the NMDA receptor.
Since cathodal tDCS reduces the glutaminergic activity, it
leads to a lower release of glutamate into the synapses, which
in turn weakens the postsynaptic depolarization (Cooke &
Bliss, 2006). And even though the neurophysiological evi-
dence strongly suggests that a modulation of brain functioning
using cathodal tDCS is possible, little is known about the
actual effects of cathodal tDCS on cognition (e.g., Berryhill,
2014; Jacobson, Koslowsky, & Lavidor, 2012; Schroeder &
Plewnia, 2017).

Although there have been a number of studies that set out
to modulate SST performance via tDCS, very few have im-
plemented a cathodal tDCS condition. Hsu et al. (2011) report
no significant modulation of inhibitory functions after online
cathodal tDCS of the preSMA. Similarly, no effect of cathodal
stimulation on SST performance was reported by studies
using offline tDCS over the right inferior frontal gyrus (or,
most recently, Stramaccia et al., 2015). Interestingly, in a study
utilizing online tDCS, neither anodal nor cathodal stimulation
affected SSRT (Stramaccia, Penolazzi, Alto¢, & Galfano,
2017). Furthermore, some studies investigated the effects of
cathodal stimulation on tasks similar to the SST, such as an
anticipation timing task with a motor component (Hayduk-
Costa, Drummond, & Carlsen, 2013), a cognitive reflection
task (Oldrati, Patricelli, Colombo, & Antonietti, 2016), or a
go/no-go task (Lapenta, Fregni, Oberman, & Boggio, 2012).
Hayduk-Costa, Drummond, and Carlsen (2013) report that
cathodal stimulation of the SMA had no effect on inhibition,
but contrary to their hypothesis, anodal tDCS led to a
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decreased inhibition process. Conversely, cathodal tDCS over
the DLPFC affected performance in a cognitive reflection
task, as indicated by an increase in impulsive, wrong re-
sponses (Oldrati, Patricelli, Colombo, & Antonietti, 2016).
Lastly, bilateral temporal cortex stimulation seems to affect
go/no-go task performance in a polarity-specific and gender-
specific way (Lapenta, Fregni, Oberman, & Boggio, 2012).
Against the background of literature, it seems reasonable to
state that cathodal tDCS effects on (response) inhibition are
inconsistent. The inconsistency of cathodal tDCS effects is
mirrored in the contemporary state of research on tDCS effects
on cognition in general. Partly, this inconsistency might stem
from widely different study procedures (e.g., electrode place-
ment, electrode size, current density, stimulation timing).

In fact, there seems to be a lack of studies implementing a
cathodal tDCS procedure at all. There may be several rea-
sons why cathodal tDCS studies are seldom conducted or
published as compared with anodal ones. First, it has been
suggested that inhibitory cathodal tDCS effects are less
pronounced and harder to find (probability of finding a
cathodal-inhibition effect: 48%) compared with enhancing
anodal tDCS effects (probability of finding an anodal-
excitation effect: 81%; Zheng, Alsop, & Schlaug, 2011;
for review, see Berryhill, 2014; Jacobson et al., 2012).
The authors speculated this might be because the inhibi-
tory cathodal effects sometimes cannot generate sufficient
inhibition in the targeted brain area if the initial brain state
is already high. Second, cathodal tDCS effects can be
contradictory. Even though cathodal stimulation has been
mostly associated with inhibitory effects on the brain,
there is evidence that it could even enhance cognition
under certain circumstances. There are a lot of factors
being discussed as a reason for why cathodal tDCS might
enhance cognition—for example, improved signal-to-
noise-ratio or reduction of network activity in hyperactive
regions (for review, see Schroeder & Plewnia, 2017).

As a result, cathodal tDCS is underresearched, although
investigating the effect of cathodal tDCS is crucial to our
understanding of tDCS modulation of cognition. Ideally, one
could modulate a cognitive process (i.¢., a specific experimen-
tal effect) by anodal and cathodal tDCS stimulation in a con-
trary manner, thereby dissociating facilitative and inhibitory
processes.

The present study

The present study set out to decrease performance in the SST
via the use of cathodal tDCS. Specifically, we hypothesized
that by manipulation of the prefrontal cortex the cognitive
inhibition process (as measured by SSRT) should be affected.
Any modulation of other response and performance measures
due to tDCS (e.g., no-signal RT) would lead us to conclude

that a motor process was also affected by the stimulation. To
this end, an improved study procedure was used, compared
with former attempts to measure tDCS effects on the SST. We
aimed to maximize stimulation focality by using a compara-
tively small electrode placed over the rDLPFC (F4 position),
while a larger electrode was positioned over the left deltoid.
As a result, the current flow was most pronounced in the
rDLPFC.? This is in line with the recommendations provided
by Nitsche et al. (2008). To assess whether this electrode
placement would lead to the predicted, area-specific stimula-
tion of the rDLPFC, the current flow was simulated using HD-
Explore software (Version 3.0; Soterix Medical Inc, New
York; see Fig. 1b). All participants had to participate in two
SST sessions separated by 20 minutes of tDCS (either cathod-
al or sham stimulation).

Furthermore, the experimental design mimicked a study by
Friehs and Frings (2018), who were able to successfully mod-
ulate SST performance via single-session offline anodal
tDCS. For reasons of comparison the data of the current study
(cathodal stimulation) and the published data of Friehs and
Frings (2018) are pooled and analyzed together in an addition-
al across-experiments analysis.

Experiment
Method

Sample Forty-five, right-handed students (33 female, 12 male)
ages 19-29 years (mean age 22.02 + 2.53 years) participated
in the study. Handedness was determined by self-report. We
only recruited right-handed participants because the reference
electrode was placed extracephalically over the left deltoid
and the SST required participants to react with their right
hand. All participants had normal or corrected-to-normal vi-
sion. Participants were excluded from the study if information
provided suggested prior neurological, psychiatric, or cardio-
vascular diseases. Furthermore, subjects were excluded if they
recently consumed illegal drugs or large amounts of alcohol
the previous night. The study was approved by the local ethics
committee of the University of Trier.® All participants provid-
ed written informed consent.

Because of our previous study on the modulation of SST
performance (Frichs & Frings, 2018), we expected an effect of
f=.33 and a medium-sized correlation between measures of »
=.5. Together with an « value of .05 and a power of 1 — 3 =
.95, a sample of at least 32 participants was planned to find a

2 1t cannot be ruled out other prefrontal areas adjacent to the targeted DLPFC
were modulated by the stimulation as well. Chief among those are the pre-
SMA and the right IFC, which both contribute to SST performance. We will
turn to this issue in the General Discussion.

3 Ethics committee, University of Trier, Universititsring 15, D-54286, Trier,
Germany.
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Fig. 1 Depiction of electrode position, including the calculated current
flow and the trial sequence displayed during the stop-signal task. a In the
cathodal as well as the sham condition, one 9 cm? (3 cm x 3 cm) electrode
was positioned over the IDLPFC (F4 position according to the extended
10-20 electrode reference system (Chatrian et al., 1988), while the 35 cm’
(5 cm x 7 cm) reference electrode was applied over the left deltoid

similar effect. Calculations were carried out using G*Power
Version 3.1.3 (Faul, ErdFelder, Lang, & Buchner, 2007).

tDCS Direct current was provided by a constant current stim-
ulator (four-channel DC-STIMULATOR by NeuroConn,
[lmenau, Germany). In the cathodal as well as the sham con-
dition, one 9 cm? (3 x 3 cm) electrode was positioned over the
rDLPFC (F4 position according to the extended 10-20 elec-
trode reference system; Chatrian et al., 1988), while the 35
em? (5 x 7 cm) reference electrode was applied over the left
deltoid muscle (see Fig. 1a). In the cathodal stimulation con-
dition a constant current of 0.5 mA was applied for 19 min.
There was a ramp-up/ramp-down period of 30 s at the start
and end of the direct current stimulation. This resulted in a
current density of 0.056 mA/cm? and 0.014 mA/cm?, respec-
tively. In the sham condition, a ramp-up/ramp-down phase of
30-s each was included at the start and right at the end of the
supposed stimulation. Figure 1b depicts the calculated current
flow. The stimulation was controlled via a panel PC, and cur-
rent flow patterns over the stimulated brain regions could be
validated using the software HD-Explore (Soterix Medical
Inc., New York, NY).

Stop-signal task Participants were seated in front of a 19-inch
color monitor with a viewing distance of 65 cm in a normally

@ Springer

muscle. The participant was seated 65 cm away from the monitor. b
Direct current flow during anodal stimulation using HD-Explore software
(Version 3.0, Soterix Medical Inc, New York). The tDCS electrodes were
positioned over F4 and the left deltoid. The MNI 152 template was used
for the MRI overlay. ¢ Display sequence for a trial in the employed SST.
(Color figure online)

lit room. Participants responded using only their right hand by
pressing one of two marked keys on a keyboard in front of the
monitor. The stop-signal task (SST) was implemented using
the free-of-charge STOP-IT2 MATLAB code provided by
Frederick Verbruggen, which is the newer iteration of the pre-
ceding STOP-IT software (Verbruggen, Logan, & Stevens,
2008). The pretest as well as the posttest SST consisted of
three blocks of 100 trials, which contained 75% go and 25%
stop trials. Between separate blocks, a pause of 15 s was
granted. Each trial begins with the presentation of a fixation
dot, which is replaced by a left-pointing or right-pointing ar-
row after 250 ms. On go trials, participants had to react to a
left-pointing arrow by pressing the left arrow key with their
index finger, and to react to a right-pointing arrow by pressing
the right arrow key with their ring finger. The stop signal, the
blue coloration of the arrow, was displayed following a vari-
able delay (the stop-signal delay; SSD), which was initially set
to 250 ms. Overall the SSD was continuously adjusted with
the staircase procedure in order to obtain a probability of
responding of 50%. After the reaction was successfully
stopped (i.e., button press was inhibited), the SSD was in-
creased by 50 ms, whereas when the participants did not stop
successfully, the SSD was decreased by 50 ms. The stimulus
was presented for a maximum of 1,500 ms or until reaction.
The intertrial interval was set to 500 ms. Figure 1¢ depicts the



Cogn Affect Behav Neurosci (2019) 19:1129-1142

1133

display sequence for the SST. Apart from the aforementioned
SSD (the probability of a correct inhibition and, most impor-
tantly, SSRT), several additional performance measures are
logged and calculated. This includes two variables that are
directly related to accuracy. First are the amount of omission
errors (reflecting the probability of missed response on no-
signal trials), and second are choice errors (reflecting the
probability of a wrong response on no-signal trials).
Additionally, two variables that are tied to RTs are logged:
no-signal RTreflects the speed of a (correct) response on trials
without a stop signal, and signal RT indicates the latency of
the incorrectly executed response on stop signal trials.
Furthermore the probability of a correct inhibition (i.e., the
likelihood of inhibiting an already initiated action) is recorded
for each participant. All participants performed the SST prior
to and after 20 minutes of anodal or sham tDCS.

Procedure Participants were randomly assigned to one of two
tDCS conditions: (1) cathodal stimulation of the right dorso-
lateral prefrontal cortex or (2) sham stimulation of the right
dorsolateral prefrontal cortex. Participants were naive to the
condition to which they were assigned. Each participant was
subjected to a standardized procedure: fill out (1) a question-
naire concerning the exclusion criteria and demographic data;
(2) pre-tDCS SST; (3) tDCS-application; (4) post-tDCS SST
(identical to the pre-tDCS task); and (5) side effects question-
naire and hair cleaning. The whole experiment took around 90
minutes from entering to exiting the lab.

Design The experiment was based on a 2 (test: pre-tDCS vs.
post-tDCS) x 2 (tDCS stimulation: prefrontal cathodal vs.
sham) mixed design with only the tDCS stimulation indepen-
dent variable (IV) being varied between participants. The
main dependent variable (DV) was the stop-signal reaction
time (SSRT; i.e., the estimate of time needed to respond to
the stop signal and to cancel the movement), which is a mea-
sure of the covert inhibition process. The estimation of the
SSRT was based on the integration method described by
Verbruggen et al. (2013).

Data analysis Data analysis was done in four stages. First, as
described in the following data reduction section, we excluded
any participant that was uncooperative or produced faulty da-
ta. Second, in a preliminary analysis stage, all remaining data
were checked for satisfaction of the horse-race model. Third,
we analyzed SSRT to test our hypothesis of whether or not
SSRT can be modulated by cathodal tDCS. Fourth, all addi-
tionally gathered performance and side-effect measures were
analyzed in order to explore any additional effects tDCS might
have had.

Data reduction For the exclusion of participants, we followed
the recommendations by Verbruggen and Logan (2015). First,

we looked at the difference between the signal-response RT
and the no-signal RT for every subject, because SSRT should
not be estimated for subjects with signal-response RTs longer
than no-signal RTs. The rationale behind this criterion is a
direct consequence of the horse-race model, wherein a re-
sponse that is executed even when a stop signal is presented
has to be the result of an extremely fast process (Logan 2015;
Verbruggen & Logan, 2015). No subject had to be excluded
based on this criterion in the pre-tDCS or post-tDCS session.
Second, we aimed to identify outliers and participants that
showed a strategic reaction during the SST (i.e., waiting for
the stop signal to show and then reacting very fast). We char-
acterized a strategic behavior as a high ratio between the over-
all no-signal RT and the SSRT. Based on the Tukey (1977)
outlier criterion, three participants had to be excluded because
of strategic behavior in the pre-tDCS and post-tDCS block.*
This resulted in a final sample of 42 subjects (31 female, 11
male), with a mean age of 22.07 years (SD = 2.57). The cath-
odal stimulation group was composed of 12 females and eight
males (mean age = 21.80 years, SD = 2.39), while the sham
stimulation group contained 19 females and three males
(mean age = 22.32 years, SD = 2.75).

Results

RT means, SSDs, and SSRTs are depicted in Table 1. Errors
and accuracy rates are depicted in Table 2.

To foreshadow the results, analyses focus on participants’
performance in the SST, specifically the performance change
from the pre-tDCS session to the post-tDCS session, depend-
ing on the stimulation group. Since our hypothesis focused on
the response inhibition process, the SSRT was the focus of our
analysis—specifically, we expected an increase in SSRT after
cathodal tDCS, indicating a less efficient inhibition process.
Additionally, error rates as well as no-signal and signal RTs
were analyzed as a form of secondary analysis. Finally, con-
trol analyses were carried out. As Fig. 2 shows, offline cath-
odal tDCS decreased performance in the SST as evidenced by
an increase in SSRT (see also Table 1). Importantly, control
analyses revealed that this was not due to a general speed-up
of responses after cathodal stimulation of reaction times.
Furthermore, the subjective side effects of the stimulation
were comparable between groups indicating successful
blinding (see Table 3 in the Appendix).

Preliminary analysis To validate the gathered data Verbruggen
and Logan (2015) recommend showing, that there is a statis-
tical difference between the average signal RT and the average

4 Two of the three participants stood out as outliers in the premeasurement as
well as the postmeasurement. One of the three excluded participants orally
admitted to strategic behavior after the pre-tDCS block and was reminded to
read the instructions properly in the post-tDCS session.
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Table 1 Mean RTs in milliseconds (standard deviations in brackets below) dependent on time of testing and tDCS condition

Cathodal Sham

Signal RT No-signal RT SSD SSRT Signal RT No-signal RT SSD SSRT

Pre  464.45(113.99) 550.97 (147.99)
Post 465.73 (137.64) 548.04 (137.64)

332.59 (31.13)

193.31 (19.34) 44791 (143.17) 515.52 (143.17) 292.32 (37.51) 204.89 (26.02)
322.64 (36.01) 211.04 (21.69) 461.17 (181.41) 512.26 (208.14) 295.45 (45.80) 201.34 (32.04)

no-signal RT for each experimental condition. A MANOVA,
with trial type as within-subjects factor and stimulation type as
a between-subjects factor revealed that signal RT and no-
signal RT are significantly different in the pre-tDCS, F(1,
40) = 139.675, p < .001, as well as the post-tDCS, F(1, 40)
= 128.782, p < .001, block, as indicated by the main effects
trial type.

SSRT SSRTs were submitted to a 2 (test: pre-tDCS vs. post-
tDCS) x 2 (tDCS: prefrontal cathodal vs. sham) MANOVA.’
Both the main effect test, F(1, 40) = 2.70, p = .10, and tDCS,
F(1, 40) = 0.02, p = .89, were not significant, suggesting that
SSRT was on average comparable between pre-tDCS and
post-tDCS testing as well as between the two stimulation con-
ditions (cathodal vs. sham). More importantly, the interaction
between time of testing (pre-tDCS vs. post-tDCS) x
Stimulation Condition (cathodal vs. sham) was significant,
F(1,40) = 6.01, p < .05, np2 = .13, showing that changes in
SSRT vary depending on the stimulation condition (see Fig.
2). To confirm our hypothesis, two Bonferroni-corrected post
hoc ¢ tests against zero at p = .025 were carried out to evaluate
the SSRT change over time for each group separately.
Specifically, the SSRT was significantly longer following
cathodal tDCS, #19) = —3.14, p = .005, but remained equal
after sham stimulation, #21) = 0.55, p = .59. This indicates
that the inhibition process significantly was impaired by cath-
odal stimulation of the rDLPFC. Additionally, SSRT in the
pre-tDCS block was submitted to a 7 test as to make sure that
baseline performance across groups was equivalent. Results
indicated that there was no statistically significant difference
between the two groups, #(40) = —1.62, p = .11, in their base-
line performance (see Table 1).

Error analysis Stop-signal task performance can cause two
different types of errors: choice errors (i.e., pressing the wrong
button after a go signal) and omission errors (i.e., missing a
response on no-signal trials). Both types of errors were sub-
mitted separately to a 2 (test: pre-tDCS vs. post-tDCS) x 2
(tDCS-condition: anodal vs. sham) repeated-measures
MANOVA. First, for choice errors, the aforementioned

3 For details on the use of MANOVAs for repeated-measures designs, see
O’Brien and Kaiser (1985); Stevens (2009); Tabachnick and Fidell (2012);
Vasey and Thayer (1987).
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analysis did not result in a significant main effect of test,
F(1, 40) = .1.70, p = .20, or a main effect of tDCS condition,
F(1, 40) = .02, p = .89, nor did the interaction reach signifi-
cance, F(1, 40) = 1.97, p = .17. Second, for omission errors,
both the main effects of test, F(1, 40) = 1.60, p = .21, and
tDCS condition, F(1, 40) = .02, p = .90, were not significant,
and neither was the two-way interaction, F(1, 40) = .02, p =
.90. See Table 2.

SSD The stop-signal delay is the delay needed between the go
signal and the onset of the stop signal to produce a 50% rate.
SSDs were submitted to a 2 (test: pre-tDCS vs. post-tDCS) x 2
(tDCS-condition: anodal vs. sham) repeated-measures
MANOVA. Neither the main effect test, nor the main effect
tDCS condition, or the interaction of the two, reached statisti-
cal significance (all F's < 0). This indicates that the delay
needed to evoke ~50% errors after a stop signal did not vary
depending on time or tDCS-condition (see Table 1).

No-signal RT The no-signal RT was submitted to a 2 (test: pre-
tDCS vs. post-tDCS) x 2 (tDCS stimulation: prefrontal cath-
odal vs. sham) repeated-measures MANOVA. Neither the
main effect test, F(1, 40) = .74, p = .79, nor the main effect
tDCS, F(1, 40) = .43, p = .52, or the two-way interaction, F(1,
40) = .0002, p = .99, reached statistical significance. This
result shows that participants’ overall reaction times did not
change over the course of the study. See Table 1.

Signal RT The signal RT was submitted to a 2 (test: pre-tDCS
vs. post-tDCS) x 2 (tDCS stimulation: prefrontal cathodal vs.
sham) repeated-measures MANOVA. Neither the main effect
test, F(1, 40) = .48, p = .48, nor the main effect tDCS, F(1, 40)
= .00, p = .81, or the two-way interaction, F(1, 40)=.33,p =
.57, reached statistical significance. This result shows that
participants’ overall reaction times did not change over the
course of the study. See Table 1.

Correct inhibition The expected proportion of successful stops
in a SST is 0.5 (as represented by the variable correct
inhibition. See Table 2). It has been recommended to use the
arcsine square root transformation for proportion data with
value ranges from 0 to 1 (Osborne, 2005, 2010).
Consequently, we transformed our data before the ratio of suc-
cessfully inhibited trials was submitted to a 2 (test: pre-tDCS



Cogn Affect Behav Neurosci (2019) 19:1129-1142

1135

Table2 Mean error rates and accuracy in their relative proportion to the total trial count (standard deviations in brackets below) dependent on time of

testing and tDCS condition

Cathodal Sham

Correct inhibition Omission error Choice error Correct inhibition Omission error Choice error
Pre 0.49 (0.005) 0.0035 (0.002) 0.0046 (0.0014) 0.49 (0.005) 0.0059 (0.003) 0.0082 (0.001)
Post 0.49 (0.006) 0.0021 (0.001) 0.01 (0.004) 0.49 (0.004) 0.0042 (0.002) 0.008 (0.003)

vs. post-tDCS) x 2 (tDCS stimulation: prefrontal cathodal vs.
sham) MANOVA. Neither the main effect of test, F(1, 40) =
.00, p = .81, nor the main effect tDCS condition, F(1,40)=.10,
p =.76, or the interaction between the two, F(1,40)=.72,p =
.40, reached statistical significance. These results show that the
staircase procedure was successful in adjusting the SSD in a
way that led to the expected and required 50% error rate.

Side effects After the experiment, the experimenters asked the
subjects to fill out a side-effects questionnaire and report the
intensity of certain symptoms on a visual analogue scale (cod-
ed from 0 to 100). Overall the reported side effects were small,
with tingling being the most noticeable (mean = 28.98, SD =
23.92). All side-effect measures were submitted separately to
a one-way ANOVA, with tDCS (cathodal vs. sham) as a
between-subjects factor. Results show that the cathodal and
sham group did not significantly differ with regard to the side
effects (see Table 3 in the Appendix for a detailed summary of
side-effect ratings and between-group differences).

Comparison with anodal stimulation by Friehs and Frings
(2018) The data from both studies were combined in a 3

40
35

(tDCS: anodal vs. sham vs. cathodal) x 2 (test: pre vs. post)
MANOVA, with SSRT as the DV. Subsequently, repeated
contrasts (cathodal vs. sham and anodal vs. sham) for the
pre—post difference scores are reported as part of the 3 x 2
analysis. The main effect of test was not significant, F(1, 94) =
.37, p = .54, nor was the main effect of tDCS, F(1, 94) = .004,
p =.99. Crucially, the interaction between time of testing (pre-
tDCS vs. post-tDCS) x stimulation condition (anodal vs. sham
vs cathodal) was significant, (1, 94) = 6.64, p < .05, np2 =
.12, showing that changes in SSRT vary depending on the
stimulation condition. Repeated-contrasts analysis against
the sham condition revealed that the change in SSRT was
significantly different between the sham and anodal stimula-
tion conditions (mean difference =—19.01, SE =7.54, p < .05)
and a trend toward significance between sham and cathodal
stimulation (mean difference = 13.93, SE = 845, p = .10).
Furthermore, we tested the change in SSRT depending on
the stimulation condition against zero (i.e., no change from
prestimulation to poststimulation) with a 95% confidence in-
terval. For anodal, #(27) = 2.13, p < .05, as well as cathodal,
t(19) = 3.14, p < .05, stimulation conditions, this analysis
resulted in a significant variation from zero. In stark contrast

30 *
25
20
15
10

A SSRT in msec

o

-10
-15
cathodal

Fig. 2 Difference in SSRT (pre-tDCS vs. post-tDCS) as a function of
stimulation condition (cathodal vs. sham). *p < .05 (two-tailed). n.s. =
nonsignificant difference. The bracket indicates the significant two-way
interaction. The two-way interaction can also be expressed as the

sham

difference between the condition with regards to the SSRT-change over
time, #(40) = 2.47, p < .05. The result shows that cathodal tDCS led to a
statistically significant increase in SSRT. Standard error of the mean are
displayed for each group difference separately
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to these results, analysis on the sham stimulation condition
yielded a nonsignificant result (p =.39). For a visual summary
of the findings, see Fig. 3.

Taken together, these results suggest that polarity-
dependent modulation of the response-inhibition process is
possible. Anodal tDCS over the rDLPFC (F4 position) seems
to decrease and cathodal stimulation increase the SSRT.

Cross-experimental control analysis Additionally, baseline
SSRT was entered into a univariate ANOVA to examine po-
tential differences between the experimental groups (anodal
vs. pooled sham vs. cathodal). The baseline SSRT was com-
parable across all experimental groups, as was indicated by a
nonsignificant main effect of condition, F( 2, 95)=1.81,p =
.17. Furthermore, both sham conditions from Study 1 and
Study 2 did not differ in their baseline SSRT (F < 1, p =
.46). Thus, it can be assumed that baseline performance across
groups was comparable, and there were no large performance
differences between groups.

Cross-experimental side effects Furthermore, side effects were
compared across experiments (see Table 4 in the Appendix for
details). Analysis revealed that there were overall no signifi-
cant differences between the four experimental groups (cath-
odal vs. anodal — vs. sham (Study 1) vs. sham (study 2)) across
the two studies.

Discussion
In this study, we aimed to explore the effects of single-session

offline tDCS over the rtDLPFC (F4 position) on SST perfor-
mance, as to analyze whether cathodal tDCS could impair

current study

40

inhibition. Analysis of SSRT revealed that cathodal tDCS
leads to a statistically significant increase in the second SST
session (i.e., cathodal tDCS over the rDLPFC [F4 position]
impaired the cognitive response inhibition process). Although
cross-experimental comparisons reduced this result to a mar-
ginally significant effect (p = .10). Results from control anal-
ysis support this interpretation because overall reaction times
or error rates were not affected by the stimulation.

The result of the present study is partially contradictory to
studies by Jacobson, Javitt, & Lavidor, (2011) and Stramaccia
et al. (2015). Both studies found no significant effect of cath-
odal tDCS on SST performance. Yet there are several impor-
tant methodological differences between the aforementioned
studies and the present one. Importantly, neither of the previ-
ous studies specifically targeted the rDLPFC, and Stramaccia
et al. (2015), for example, did not implement a pre—post de-
sign. Furthermore, both studies used larger active electrodes
and applied the relevant return electrode to a contralateral
prefrontal area, which decreases stimulation focality. Since
the prefrontal cortex is especially well interconnected, even
across hemispheres (Blasi et al., 2006; Koechlin, Ody, &
Kouneiher, 2003; Miller & Cohen, 2001), the whole prefrontal
network is being stimulated, which can produce unwanted
interactions between the stimulation sites (Zheng et al.,
2011; Krause & Cohen Kadosh, 2014). Consequently, we ar-
gue that the tDCS procedure in the present study presents an
alternative approach that can potentially produce more unam-
biguous results. The lack of consistent cathodal tDCS results
could be explained by a high variance in tDCS procedures and
tasks. It has been argued on multiple occasions that meticulous
planning can benefit tDCS studies and enhance the probability
of finding a clear-cut result (Frichs & Frings, 2018; Frings,

Friehs & Frings
(2018, JEPHPP)

20

10 1

A SSRT in msec
o

-10

-30 1

cathodal
(N =20)

pooled sham

p<.05
anodal

(N =50) (N=28)

Fig.3 Difference in SSRT (pre-tDCS vs. post-tDCS) as a function of stimulation condition (anodal vs. sham vs. cathodal). Standard error of the mean are
displayed for each group difference separately. *p < .05 if tested against zero
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Brinkmann, Friehs, & van Lipzig, 2018; Horvath, Carter, &
Forte, 2014; Krause & Cohen Kadosh, 2014).

In our previous study (Frichs & Frings, 2018), an almost
identical stimulation protocol was used with the crucial differ-
ence that the anode was positioned over the rDLPFC instead
of the cathode. The results of that study were twofold. First, a
reduction in SSRT was observed, and second, anodal tDCS
reduced the amount of omission errors. Contrarily, the present
study did not find a modulation of error rates in any form, and
only resulted in a significant increase of SSRT after cathodal
tDCS.

General discussion

Overall results show that tDCS applied over the rDLPFC can
be used to influence SST performance in a polarity-specific
manner, with anodal effects being larger compared with cath-
odal stimulation. Specifically, an enhancement of the response
inhibition process could be observed after anodal tDCS over
the rDLPFC and conversely cathodal tDCS lead to an impair-
ment of the response inhibition process; this was indicated by
an increase (or decrease) in SSRT, respectively. These results
provide another essential piece of evidence for the role of the
DLPFC (and/or possibly adjacent regions) in inhibitory con-
trol. By up and down regulation of this brain area, only the
measure for the covert inhibition process was influenced.
Importantly, tDCS overall only significantly affected SSRT,
which is an estimate for the covert cognitive inhibition pro-
cess, and did not influence other performance measures like
go RT or error rates. In the context of the horse-race model,
this result provides evidence that stopping is not fixed per
individual and can be influenced: Anodal tDCS can potential-
ly postpone this moment, while cathodal tDCS could move it
forward in time.

The stimulated rDLPFC is an area that is vital for cognitive
control and that is particularly well connected to other brain
areas, especially the preSMA (Bates & Goldman-Rakic 1993;
Goldman & Nauta 1976; Lu, Preston, & Strick, 1994;
Schmahmann & Pandya 1997), and which it is assumed that
the preSMA receives signals from the DLPFC when a need
for inhibition arises (Fuster 2015, 2017; Miller & Cohen,
2001). The PFC therefore biases information processing in
favor of task-relevant information. With regard to the SST,
the stop process normally receives strengthening influences
from the PFC in order to make it more competitive against
the already initiated go process. With that in mind, the
disordinal interaction we observed suggests that anodal stim-
ulation improved cognitive response inhibition while cathodal
stimulation disrupted the inhibition process.

Note, however, the cathodal tDCS effect was smaller in
size than an anodal effect in the context of a previous study
(Friehs & Frings, 2018). Yet cathodal tDCS effects have been

found to be smaller in size and have been reported as being
less reliable than anodal effects (for meta-analysis, see
Jacobson et al., 2012). Still, when tested against zero, the
cathodal tDCS group showed a significant effect.
Nevertheless, it might be important for future studies to bear
in mind that anodal effects on SSRT seem to be larger than
cathodal ones when replicating the cathodal tDCS effect on
SST performance.

Previous neuromodulation of the PFC

The tDCS research literature is fragmented, and results widely
different even if studies seem to be comparable at first glance.
Take, for example, a pair of studies by Stramaccia et al. (2017,
Stramaccia et al., 2015), in which tDCS was applied over the
prefrontal cortex. Both studies utilized relatively similar stim-
ulation protocols and stimulated over the FC4 position
targeting the right IFC. Both studies implemented all stimula-
tion conditions—anodal, cathodal, and sham—utilized 16-
cm? electrodes and 1.5 mA (current density of 0.09 mA/
cm?) but crucially stimulation timing differed. While in one
an improvement after anodal offline tDCS to the right IFC was
found (Stramaccia et al., 2015), the other study could not
replicate those findings when utilizing online stimulation.
Compared with the studies reported in this paper, there are
some notable differences in tDCS procedure (current density,
electrode placement, electrode size, stimulation timing),
which might have contributed to the differential findings.
So, concerning tDCS applications of the PFC and measuring
response inhibition, it seems safe to say that further studies are
warranted. Nevertheless, the general assumption that neuro-
logical states affect response inhibition processes still holds at
this point in time.

Converging evidence for this claim comes from studies
using another form of noninvasive brain stimulation—name-
ly, transcranial magnetic stimulation (TMS), in conjunction
with the SST. TMS originally was used to investigate the
motor cortex (Barker et al., 1985), but since then, TMS has
proved useful in the research of other brain areas, including
the prefrontal cortex. TMS functions by applying an electro-
magnetic coil to the scalp either inhibits or excites a focal
cortical area (Epstein, Wassermann, & Ziemann, 2012), de-
pending on the stimulation procedure. Similar to tDCS, not
only can TMS be used to excite or inhibit a brain area, the
timing of the stimulation can be varied as well. Online TMS
procedures use single or paired TMS pulses to depolarize
neurons and discharge an action potential (Pascual-Leone,
Darvey, Rothwell, Wassermann, & Puri, 2002), while offline
TMS approaches utilize repetitive application of TMS that can
produce longer-lasting aftereffects that are similar to long-
term potentiation or long-term depression (Fitzgerald,
Fountain, & Daskalakis, 2006).
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With regard to the SST, TMS has been used extensive-
ly to investigate the motor component of the response
inhibition process. TMS over the SMA has been shown
to decrease SSRT (Obeso et al. 2017; Obeso, Cho, et al.,
2013; Watanabe et al., 2015; Zandbelt, Bloemendaal,
Hoogendam, Kahn, & Vink, 2013) or increase SSRT
(Cai, George, Verbruggen, Chambers, & Aron, 2012;
Chen, Muggleton, Tzeng, Hung, & Juan, 2009; Obeso,
Robles, Marron, & Redolar-Ripoll, 2013; Watanabe
et al., 2015). With regard to the purely cognitive inhibi-
tion component, TMS has been applied over right
lateralized prefrontal areas such as the IFC. Specifically,
TMS over the rIFC can decrease SSRT (Obeso, Robles,
Marroén, & Redolar-Ripoll, 2013; Zandbelt et al., 2013) or
increase it (Chambers et al., 2007; Verbruggen, Aron,
Stevens, & Chambers, 2010). Importantly, however, it
should be mentioned that TMS compared with tDCS ben-
efits from much higher stimulation focality, and therefore
an area like the rIFC can be targeted. This is crucial be-
cause, as discussed earlier, although in the present study
the stimulation was focused on the rDLPFC, we cannot
rule out any secondary stimulation of the rIFC. In sum,
those results provide compelling and converging evidence
for the proposition that the underlying neural state (also of
neuron ensembles that contribute to the cognitive part of
the SSRT) is crucial for the response inhibition process.

Limitations

The present study faces several limitations. First, it relies
on a cross-experimental analysis to contrast different
stimulation polarities. Future studies should aim to repli-
cate the present finding utilizing a full within-study ma-
nipulation of tDCS polarities. Second, as discussed
above, the cathodal tDCS effect was not comparable in
size with the anodal tDCS effect on SSRT. Third, the
stimulation focality has to be addressed. Although the
electrode was placed over the rtDLPFC (F4 position), we
cannot fully reject the notion of having stimulated—at
least partly—other adjacent areas like the right IFC or
pre-SMA, which have been shown to be involved in the
inhibition process as well (e.g., Aron et al., 2004). As
shown in Fig. 1b, the area that is most stimulated lies
directly beneath the electrode positioned over the
rDLPFC (F4 position), but other areas around the elec-
trode show mild stimulation as well. This illustrates a
major limitation of tDCS as compared with other nonin-
vasive brain stimulation (NIBS) methods such as TMS. If
other areas were also stimulated, even if the stimulation
was weaker, then the obtained effect in this study cannot
be fully attributed to a modulation of the DLPFC—in this
instance, this fact has consequences for the interpretation
of the underlying mechanisms (see below).

@ Springer

The neural underpinnings of response inhibition

It has been proposed, that the neurological state of the
rDLPFC as modulated by noninvasive brain stimulation in
general (e.g., tDCS or TMS) has an impact upon SST perfor-
mance. In Friechs and Frings (2018), it was suggested that
modulation of the rDLPFC via tDCS led to an improved mon-
itoring process, since omission errors as well as SSRT were
affected by the stimulation. This interpretation of results was
in line with the suggestion that the rDLPFC is involved in
monitoring the need to stop and stepping into action when
inhibitory top-down control is required (Fuster, 2015).
Against the background of the present results, this proposition
might have to be changed, because cathodal tDCS did not
influence omission errors (or any other type of error) signifi-
cantly. Furthermore, the effect of anodal tDCS on omission
errors was rendered insignificant in the cross-experimental
comparison. Thus, it seems more reasonable to propose that
tDCS can potentially affect the time at which the PFC steps
into action: Anodal tDCS speeds up this process whereas
cathodal tDCS delays it.

Assuming the main stimulation target was the rDLPFC,
one possible explanation for the effects in both studies is tied
to the role of the DLPFC in representing and implementing
task rules (Aron, Robbins, & Poldrack, 2014; Swann, Tandon,
Pieters, & Aron 2013). This is achieved actively maintaining
stimulus—response associations and task goals (MacDonald,
Cohen, Andrew Stenger, & Carter, 2000; Mostofsky &
Simmonds, 2008). Moreover, it has been put forward that
the DLPFC is needed for action preparation (Pochon, 2001)
and whenever access to working memory is required—for
example, for retrieval of a stimulus—response association (for
review, see Mostofsky & Simmonds, 2008). Building on this,
the specific task rule (i.e., stopping after a stop signal) was,
depending on the stimulation polarity, either strengthened or
weakened in its representation and accessibility.
Subsequently, since the task-goal and the stimulus—response
association were either more or less present, the implementa-
tion of the stopping response was either faster or slower.

But if a substantial amount of activation spread to the
rIFC—which plays a crucial role in inhibitory control ranging
from suppression of memories to manual responses (Aron,
Robbins & Poldrack, 2004, 2014)—then the effect could be
traced back to the modulation of the implementation of re-
sponse inhibition directly. Therefore, one might also argue
that tDCS applied over the rDLPFC actually increases or de-
creases rIFC activity and hence directly affect SSRT via sup-
pressing of manual responses (Aron, Robbins, & Poldrack,
2004, 2014). Note that this would also suggest a “cognitive”
component of the inhibitory processes—as reaction time per
se was not modulated by tDCS. This is in line with the de-
scription of the rIFC as a “brake” that can be turned on in
response to an external stop signal to totally suppress a
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response (Aron, Robbins, & Poldrack, 2014). Yet this inter-
pretation would be somewhat narrower—SSRT modulation
via rIFC can be seen as a quite specific form of inhibitory
control, whereas a modulation of SSRT via the rDLPFC
would place response inhibition in the wider context of cog-
nitive control processes. In the present study, however, the
specific neural origin of the SSRT modulation cannot be con-
clusively determined.

On a more practical and behavioral level, the results sug-
gest that tDCS can be used to modulate intraindividual perfor-
mance states. It has been shown that there is an interindividual
variation in inhibition processes due to psychological disor-
ders such as ADHD (Schachar & Logan, 1990), schizophrenia
(Hoptman et al., 2004; Kiehl, Smith, Hare, & Liddle, 2000), or
posttraumatic stress disorder (PTSD; Catarino et al., 2015;
Falconer et al., 2008). But in light of the present findings, it
can be argued that the cognitive capacity for inhibition varies
not only interindividually but also within a person depending
on his or her state. Other possible state alterations that effect
inhibitory control are, for example, due to acute alcohol intake
(Field et al., 2010), sleep deprivation (Anderson & Platte,
2011; Drummond, Paulus, & Tapert, 2006), or blood pressure
levels (e.g., Frings & Domes, 2018). Importantly, however,
these state alternations refer to a physiological changes,
whereas tDCS does not affect the overall physiology and only

Appendix

modulates the neurological state of a particular target brain
region. In sum, we suggest that neurological and physiological
states can affect inhibition processes in healthy individuals.

Conclusion

Taken together, our results suggest that neuromodulation of
the rDLPFC due to tDCS affects response inhibition processes
in a polarity dependent way—anodal stimulation boosts inhi-
bition, whereas cathodal stimulation diminishes it, although to
a lesser degree. Note that while the precise mechanism and
anatomical source of the present finding is unclear, the disso-
ciation of facilitative and inhibitory effects on response inhi-
bition confirms previous arguments on the direct link between
the neural state of the rDLPFC and SSRT.
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Table 3 Side effects of the tDCS

procedure for cathodal and sham Side effect Cathodal tDCS Sham tDCS p value

conditions (rated on a 0—100

scale) as well as a comparison of Mean SD Mean SD

between-group differences.
Itching 19.75 22.85 16.68 23.46 .671
Tingling 33.00 2227 25.32 25.29 .304
Headache 4.50 12.76 6.00 16.78 748
Burning 12.00 18.52 4.18 12.95 118
Discomfort 11.75 20.86 7.68 14.37 462

Table4  Side effects of the tDCS procedure for all experimental conditions across experiments (rated on a 0—100 scale). Standard deviations in brackets

under the mean

Side effect Current study Friehs and Frings (2018) p value
Cathodal tDCS sham tDCS sham tDCS anodal tDCS

Itching 19.75 (22.85) 16.68 (23.46) 15.71 (23.67) 13.57 (19.67) 822

Tingling 33.00 (22.27) 25.32(25.29) 27.90 (27.13) 21.96 (18.87) 445

Headache 4.50 (12.76) 6.00 (16.78) 8.57 (17.79) 5.00 (11.39) 167

Burning 12.00 (18.52) 4.18 (12.95) 15.71 (21.63) 9.21 (14.07) 129

Discomfort 11.75 (20.86) 7.68 (14.37) 7.14 (11.17) 6.79 (8.95) .620
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