Exp Brain Res (2015) 233:2283-2290
DOI 10.1007/500221-015-4297-6

CrossMark

@

RESEARCH ARTICLE

Assessing the effects of tDCS over a delayed response inhibition
task by targeting the right inferior frontal gyrus and right

dorsolateral prefrontal cortex

Davide Francesco Stramaccia' - Barbara Penolazzi® - Giulia Sartori! -

Miriam Braga! - Sara Mondini*** - Giovanni Galfano'

Received: 29 December 2014 / Accepted: 20 April 2015 / Published online: 1 May 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Many situations in our everyday life call for
a mechanism deputed to outright stop an ongoing course
of action. This behavioral inhibition ability, known as
response stopping, is often impaired in psychiatric con-
ditions characterized by impulsivity and poor inhibitory
control. Transcranial direct current stimulation (tDCS) has
recently been proposed as a tool for modulating response
stopping in such clinical populations, and previous studies
in healthy humans have already shown that this noninvasive
brain stimulation technique is effectively able to improve
response stopping, as measured in a stop-signal task (SST)
administered immediately after the stimulation. So far, the
right inferior frontal gyrus (rIFG) has been the main focus
of these attempts to modulate response stopping by the
means of noninvasive brain stimulation. However, other
cortical areas such as the right dorsolateral prefrontal cor-
tex (tDLPFC) have been implicated in inhibitory control
with other paradigms. In order to provide new insight about
the involvement of these areas in response stopping, in the
present study, tDCS was delivered to 115 healthy subjects,
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using five stimulation setups that differed in terms of target
area (rIFG or rtDLPFC) and polarity of stimulation (anodal,
cathodal, or sham). The SST was performed 15 min after
the offset of the stimulation. Consistently with previous
studies, only anodal stimulation over rIFG induced a reli-
able, although weak, improvement in the SST, which was
specific for response stopping, as it was not mirrored in
more general reaction time measures.
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Introduction

On many occasions in our everyday life, we face situa-
tions that require suddenly stopping an ongoing course of
action. Often, this ability is essential to ensure ours or oth-
ers’ safety. For example, if while cooking we accidentally
drop a boiling pot, we could instinctively try to catch it,
as we often do when an object we are currently using falls
toward the floor. However, this would probably result in
getting burnt; hence, a process for outright stopping of an
overlearned response to a situation which is similar, but not
identical, to the one where such behavior would have been
appropriate is needed.

There is now a growing amount of evidence from neu-
roimaging studies (e.g., Aron et al. 2007; Chevrier et al.
2007; Li et al. 20006) that response stopping is associated
with activation in prefrontal areas, such as the inferior fron-
tal gyrus (IFG), the dorsolateral prefrontal cortex (DLPFC),
and the medial frontal gyrus, as well as in the basal ganglia.
Among these areas, the right portion of the IFG (rIFG) has
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been proposed as the core component of a prefrontal-basal
ganglia network selectively deputed to response stopping
(e.g., Aron et al. 2014; but see Swick and Chatham 2014,
for a different viewpoint).

The involvement of rIFG in response stopping processes
is also supported by lesion (e.g., Aron et al. 2003), and
brain stimulation studies including both transcranial direct
current stimulation (tDCS; Ditye et al. 2012; Jacobson
et al. 2011) and Transcranial Magnetic Stimulation, (TMS,
Chambers et al. 2006). Recently, noninvasive brain stimula-
tion techniques (NIBS) such as tDCS and TMS have gained
credit as promising tools for investigating and modulating
the neural substrates of high-level cognitive functions (e.g.,
Vannorsdall et al. 2012; Metuki et al. 2012; Penolazzi et al.
2010, 2013; see also Jacobson et al. 2012b) and inhibitory
control processes (Juan and Muggleton 2012). Indeed, the
same techniques are being tested for use as therapeutic
tools to improve symptoms in many psychiatric disorders,
with a particular attention to tDCS, given its relative inex-
pensiveness and ease of use (e.g., Brunoni et al. 2014; Feil
and Zangen 2010; Krause and Cohen Kadosh 2013). Since
inhibitory deficits have been implicated in many psychiat-
ric conditions, inhibitory processes are among the favored
cognitive processes targeted in brain stimulation studies
(see Juan and Muggleton 2012, for a review on both tDCS
and TMS studies).

As regards response stopping, for instance, a recent
study by Jacobson et al. (2011) has shown that anodal
tDCS could be effectively used to modulate performance
in a commonly used behavioral inhibitory task called stop-
signal task (SST) (e.g., Logan and Cowan 1984). This mod-
ulation was obtained by targeting the rIFG. A subsequent
study (Jacobson et al. 2012a) with EEG recordings pro-
vided supporting evidence for the efficacy of a rIFG direct
current stimulation, showing a selective theta band reduc-
tion over the rIFG after anodal tDCS administration. On a
later study, Ditye et al. (2012) found that combining anodal
tDCS over the rIFG with training in a SST yielded a better
improvement in response stopping than training alone, but
only after the third session of four combined training and
stimulation sessions.

Remarkably, different stimulation loci have been shown
to successfully modulate performance in other inhibitory
tasks. For example, Beeli et al. (2008) found an increase
in false alarms in a go/no-go task that followed cathodal
stimulation of the right prefrontal region. In the same vein,
Penolazzi et al. (2014) showed that cathodal tDCS over
the right dorsolateral prefrontal cortex (rDLPFC) during
a retrieval-practice task induced a reduction in retrieval-
induced forgetting, a measure of forgetting which is
thought to reflect the intervention of an inhibitory process
deputed to selective retrieval from competing memories
(Anderson 2003).
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In the present study, we aimed to address two main ques-
tions related to the literature discussed above. Firstly, we
aimed to address the persistence of the modulatory effects
of tDCS in response stopping reported in previous studies
that delivered electrical stimulation over the prefrontal cor-
tex (Ditye et al. 2012; Jacobson et al. 2011). To this end,
we adopted a tDCS protocol where participants were asked
to perform a standard SST 15 min after the offset of the
stimulation (delayed task).

The SST probes inhibitory motor control by requiring
participants to withhold a response that has already been
triggered. In a typical SST, participants take part in a choice
RT task (e.g., a shape judgment task) and are instructed to
withdraw their response whenever they hear a stop signal
(e.g., a sound), which can be presented shortly after the
target stimulus has appeared. Trials that include the stop
signal are usually quite infrequent (e.g., 25 %) compared
to trials where participants must respond (go trials). This is
assumed to elicit a bias in the participants, who are some-
how “pushed” into responding. According to the horse-
race model of response inhibition in the SST (e.g., Logan
and Cowan 1984; Osman et al. 1986), during a stop trial,
the inhibitory process triggered by the stop signal races
against the ongoing response process triggered by the tar-
get. Response inhibition is therefore successful whenever
the former process acts faster, leading to inhibition of the
initiated response. Critically, the individual probability of
successful inhibition in a given stop trial is a function of the
stop-signal delay (SSD), i.e., the time elapsed between the
target stimulus and the stop-signal in that particular trial.
Indeed, longer SSD mean that the response process will be
closer to execution when the competing inhibitory process
is triggered. Inhibitory performance in the SST is typically
measured with the stop-signal reaction time (SSRT) index,
which is computed as the difference between mean RT
in the go trials (no-signal RT, NSRT) and the mean SSD
in the trials where they must interrupt response. SSRT is
interpreted as the covert latency of the response stopping
process, so that shorter SSRTs indicate a more efficient
response inhibition. The task is often kept challenging by
using an adaptive staircase procedure which adjusts the
SSD in a trial-wise fashion. This procedure is intended to
keep the probability of effectively inhibiting response at
~0.5. Previous work has shown that SSRT could also yield
clinical relevance, since high SSRTs had been associated
with several psychiatric conditions such as attention-deficit
hyperactivity disorder (Depue et al. 2010), eating disorders
(Wu et al. 2013), obsessive—compulsive disorder (Boisseau
et al. 2012), schizophrenia (Enticott et al. 2008), and sub-
stance abuse disorder (Fillmore and Rush 2002).

In the context of our study, we decided not to administer
the SST both immediately after tDCS and after this short
delay, because we did not want to make the experimental
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session too demanding for our participants (which, in turn,
also allowed us to test a reasonably larger sample com-
pared to standard tDCS studies). As for the effects observed
immediately after tDCS, we relied on the pattern observed
in previously published reports attesting that stimulation
over both the right IFG and right DLPFC is effective in
modulating inhibitory processing (Beeli et al. 2008; Jacob-
son et al. 2011, 2012a; see Juan and Muggleton 2012, for
a review). In addition, we decided to test participants after
15 min because this time delay seemed a good compromise
between our aim of estimating the short-term effects of
single session tDCS and the need to keep the duration of
the experimental session not too long for our participants.
In this regard, assessing the persistence of tDCS-induced
effects on behavior is particularly relevant. Indeed, on the
one hand, many studies have shown that, depending on
stimulation parameters and montage, tDCS is able affect
cortical excitability up to several hours after the current
has been delivered (Batsikadze et al. 2013). However, on
the other hand, much less effort has been devoted to assess
whether measures of behavioral performance mirror this
long-lasting effects. Hence, although some recent studies
have already suggested tDCS effects on delayed cognitive
tasks related to high-level cognitive processes (Falcone
et al. 2012; Penolazzi et al. 2010, 2013), the durability of
stimulation effects is in need of further investigation. The
second aim of the present study was to clarify the role of
areas other than the rIFG in response stopping. To this pur-
pose, anodal, cathodal, or sham stimulations were delivered
to either the rIFG or the rDLPFC in five groups of human
participants. We targeted the rDLPFC to probe the involve-
ment of this area in response stopping, thus contributing to
the debate about the specificity of the neural underpinnings
of inhibitory processes. Assuming that our tDCS protocol
was capable of inducing long-lasting neuromodulatory
effects, and in light of preexisting evidence of the asso-
ciation between anodal tDCS and faster SSRT (i.e., more
effective response inhibition; Ditye et al. 2012; Jacobson
et al. 2011), our main prediction was to observe beneficial
effects in inhibitory performance—if any—in the experi-
mental group that received anodal stimulation over the
rIFG. In light of the findings reported by Beeli et al. (2008)
and Penolazzi et al. (2014), we expected to observe also a
possible modulation of SSRT when administering tDCS
over rDLPFC.

Methods
Participants

One hundred and fifteen undergraduate students partici-
pated in the study (29 males, M = 23.37, SD = 2). All

participants met the inclusion criteria for taking part in
brain stimulation protocols (Bikson et al. 2009; Nitsche
et al. 2003), had normal or corrected-to-normal vision,
and did not suffer from hearing impairment. All partici-
pants gave a written informed consent before taking part
in the study, which was performed in accordance with the
principles of the Declaration of Helsinki and approved by
the local ethical committee. Participants were randomly
assigned to one of four experimental groups or to a control
group and were naive to the purpose of the experiment.

Procedure

The experiment began with a 20-min tDCS session. About
15 min after the end of the stimulation, participants per-
formed the SST. During the stimulation and the 15-min
interval prior to the SST, participants performed filler tasks
(i.e., they were required to learn word-pairs and to fill
paper-and-pencil questionnaires) aimed at delaying SST
administration but unrelated to motor inhibition processes.

SST

We administered the SST provided within the STOP-IT
software (Verbruggen et al. 2008). The task consisted of
two experimental blocks of 64 trials each (128 total), and a
shorter practice block (32 trials) at the beginning to ensure
that participants understood the instructions. The primary
task engaged participants in a choice reaction time test,
where they had to respond as fast and accurately as pos-
sible. Each trial began with a 250-ms central fixation (+),
followed by a visual stimulus (either a square or a cir-
cle) which stayed centrally on screen until participants
responded or 1.250 ms had elapsed. Both fixation and stim-
uli were presented in a white font on a black background.
The IST was 2000 ms and was independent of RTs. Partici-
pants used the keyboard to respond, and they had to press
“A” for squares or “L” for circles. On 25 % of the trials,
shortly after stimulus onset, a sound (750 Hz, 75 ms) was
presented through loudspeakers as a stop-signal. When the
stop-signal was presented, participants had to hold back
their response. The task began with a stop-signal delay of
250 ms, which then increased or decreased by 50 ms after
each successful or unsuccessful stopping trial, respec-
tively. Under this tracking procedure, participants correctly
stopped half the responses, which is required by the method
used to calculate SSRT. According to the horse-race model
(Logan and Cowan 1984; Osman et al. 1986), SSRT is
calculated as the difference between mean RT in the trials
where participants must respond and mean SSD in the trials
where they must withhold response.

The SST used here is schematically represented in
Fig. 1.
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Fig. 1 Tllustration of the different trial types in the stop-signal task (SST) and sequence of events in a stop trial

tDCS

The study adopted the procedures for safe administration
of NIBS (Bikson et al. 2009; Nitsche et al. 2003). In the
active stimulation conditions, we delivered a 1.5 mA direct
current for 20 min (fade-in/fade-out time: 60 s) with a
battery-driven current stimulator (BrainStim, EMS, Italy),
wired to a pair of surface saline-soaked sponge electrodes
(16 cm?, resulting in a current density of 0.094 mA/cm?).
In the sham (i.e., control) condition, instead, we delivered
a 1.5 mA direct current for 15 s at the beginning and 15 s
at the end of the stimulation time. We choose to stimulate
with parameters that lead to a higher current density (i.e.,
intensity/electrode size) than previous studies (Ditye et al.
2012; Jacobson et al. 2011), in order to increase the spatial
focality of tDCS effects (Nitsche et al. 2007).

We used a single blind, between-group design: Depend-
ing on the random assignment to conditions, participants
could receive either anodal stimulation over the right
IFG (N = 20; 6 males, M = 23.95, SD = 2.26), cathodal
stimulation over the right IFG (N = 20; 8 males, 23.35,
SD = 1.53), anodal stimulation over the right DLPFC
(N = 20; 3 males, M = 23.65, SD = 2.08), cathodal stim-
ulation over the right DLPFC (N = 20; 3 males, 23.10,
SD = 2.57), or sham stimulation on either right DLPFC
or right IFG (N = 35; 9 males, M = 23.06, SD = 1.61).
In all conditions, electrode placement followed the 10-20
EEG system (Jasper 1958). The rIFG was identified as
the area underlying the crossing point between T4-Fz and
F8-Cz (Jacobson et al. 2011), the rDLPFC was identified
as the area underlying F4, and the reference electrode was
positioned above the left supraorbital area in all groups.
An overview of the different tDCS montages used here is
shown in Fig. 2 (see both Panel a and b). As anticipated ear-
lier, we choose the right IFG as a stimulation site because
we sought to extend previous findings on SST targeting
this area with tDCS. Furthermore, we stimulated the right
DLPFC, since previous studies suggest its involvement
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in several tasks probing response stopping (Hughes et al.
2014) as well as other inhibition-related phenomena (Beeli
et al. 2008; Bermpohl et al. 2006; Penolazzi et al. 2014).
Both at the beginning and at the end of the procedure,
participants completed a self-report questionnaire about
arousal and mood as further control to rule out alternative
accounts of tDCS effects on response stopping. At the very
end of the experiment, participants completed a self-report
questionnaire (Fertonani et al. 2010) dealing with unpleas-
ant sensations (if any) due to tDCS stimulation.

Results
SSRT and NSRT

Data from one participant of the Cathodal rIFG Group were
lost due to a technical failure of the software. In order to
investigate whether tDCS effectively and selectively modu-
lated inhibitory performance in the SST, we first calculated
SSRT and NSRT separately for each participant using the
ANALYZE-IT software (Verbruggen et al. 2008), which
comes as companion software to STOP-IT. To calculate
individual SSRT, ANALYZE-IT first computes the mean
RTs for all trials without a stop signal and then subtracts
the mean stop-signal delay from this value (Verbruggen
et al. 2008). First, we performed a between-participant
ANOVA with Group as factor. Subsequently, we performed
a series of independent samples 7 tests to compare SSRT of
each experimental group with SSRT of the control, sham
stimulation group. Independent samples ¢ tests on NSRT
were also carried out to assess any effect of the stimula-
tion on RTs in go trials, which, if found, could be attributed
to mechanisms different from those responsible of SSRT,
thus undermining the selective effect of tDCS on response
stopping. To minimize the occurrence of type II error while
controlling for type I error, we adjusted the a level for the
number of comparisons according to the False Discovery
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Fig. 2 a Schematic illustration of the tDCS montages used in the
study. Anodal electrodes are gray, cathodal electrodes have an
oblique texture, inactive electrodes are transparent. Dotted lines
in the Sham group indicate that for half participants the montage
involved the rIFG, whereas for the remaining participants it included
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Fig. 3 Mean (95 % confidence intervals in brackets) SSRT and NSRT values for each stimulation group

Rate procedure for multiple testing (Benjamini and Hoch-
berg 1995). This latter approach is well established (e.g.,
Betta et al. 2007; Galfano et al. 2004; Stefan et al. 2005)
and is particularly suited and powerful for analyzing RT
data, as shown by Montecarlo studies (Pastore et al. 2008).

The tracking procedure was effective in keeping the
overall probability (respond/signal) at about 0.5 for all
participants. The main effect of Group in the ANOVA
approached significance, F (4,114) = 2,221, p = 0.07. The
FDR-corrected ¢ tests revealed that only the comparison
between SSRT of anodal rIFG group and control group

showed a significant difference, #53) = 2.281, p < 0.02,
with lower SSRT (indicating better inhibitory performance)
for the anodal right IFG group compared to the control
group (see Fig. 3; Table 1). No significant differences
between groups emerged on NSRT.

Analyses of questionnaires revealed no effect of stimula-
tion on any of the items (i.e., mood/arousal and sensations
perceived during stimulation) for participants assigned to
sham and real stimulation groups. No differences in the
percentage of correctly recalled word pairs (filler task)
emerged as a function of group.
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Table 1 Mean percentage and 95 % confidence intervals of SSRT
and NSRT as a function of stimulation group

Stimulation group SSRT NSRT

Sham 291.18 (276.97/305.38) 568.66 (521.97/615.35)
Anodal rIFG 264.02 (243.24/284.80) 583.86 (511.25/656.46)
Cathodal rIFG 272.57 (254.15/291.00) 587.43 (503.47/671.40)

Anodal rDLPFC ~ 291.38 (277.03/305.72) 525.66 (484.91/566.38)
Cathodal rDLPFC  287.58 (270.61/304.54) 590.05 (527.04/653.05)

Discussion

Previous research has shown that delivering tDCS to the
right prefrontal cortex can improve the ability to outright
stop an initiated course of action (Jacobson et al. 2011), an
inhibitory process often termed response stopping, which
is recruited whenever a change in the context occurs and
an overlearned, prepotent, behavioral response needs
to be suppressed because inappropriate to the updated
environment.

For the purpose of extending previous findings on the
modulation of the response stopping ability, the present
study tested the hypothesis that tDCS to the rIFG could
improve SSRT even on a delayed SST, whereas in previ-
ous studies (Ditye et al. 2012; Jacobson et al. 2011) par-
ticipants engaged in the SST immediately following tDCS
application. Overall, the observed results confirmed this
hypothesis, as SSRTs were lower for participants assigned
to the rIFG anodal tDCS condition as compared to those
assigned to the control group. Interestingly, the magnitude
of such improvement was similar to that reported in previ-
ous studies (Ditye et al. 2012; Jacobson et al. 2011). This
finding indicates that, in the domain explored by the pre-
sent study, at least for brief post-stimulation periods (i.e.,
about 15 min), the magnitude of behavioral effects induced
by tDCS does not seem to diminish. It is worth noting that
this response stopping improvement is unlikely to result
from a general cognitive enhancement. Indeed, it is more
likely to reflect a specific effect on a process selectively
deployed during stop trials, because NSRT analysis failed
to show any significant between-group difference.

In sharp contrast, delivering tDCS to the rDLPFC did
not affect response stopping. This is remarkable if one con-
siders that the stimulation sites were closely contiguous
(but see Penolazzi et al. 2013, for similar results with par-
tially overlapping tDCS montages), and that tDCS is gener-
ally described as characterized by a low spatial resolution
(especially when compared to other, more invasive, neuro-
stimulation techniques such as TMS). This finding might
be prone to several interpretations. One possibility is that
rDLPFC may be not involved in the process of response
stopping as measured in the SST. Notably, however, this

@ Springer

would not necessarily imply that rDLPFC plays no role
in inhibitory processing, given that this area is known to
be involved in other tasks that probe this cognitive func-
tion (e.g., Beeli et al. 2008; Penolazzi et al. 2014). Another
possibility is that the stimulation-induced engagement of
rDLPFC is short-lasting and hence not evident in the pre-
sent (delayed) protocol. Alternatively, tDCS parameters
implemented in the protocol adopted in the present study,
which were higher in both intensity and duration compared
to previous studies (Ditye et al. 2012; Jacobson et al. 2011),
could have been sub-optimal to produce an effective modu-
lation of the rDLPFC. Likely, all the different factors illus-
trated above played some role in accounting for the absence
of tDCS-induced modulations when targeting the rDLPFC.
Further studies focusing on the manipulation of both tDCS
parameters (e.g., density and duration) and stimulation-task
delay will possibly shed light on the relative weight of the
different alternatives illustrated above.

One may wonder whether the present findings may
reflect a different engagement of the rIFG and rDLPFC net-
works by the filler tasks used during stimulation to delay
the SST administration. We discard this alternative account
based on neuroimaging evidence (e.g., Kuhl et al. 2007)
revealing that both the rIFG and the rDLPFC are critically
involved in the cognitive processes called into play by our
filler memory tasks as parts of a broad prefrontal network
considered to support cognitive control.

Recently, Hughes et al. (2014) have proposed that per-
formance in the SST would be supported by two disso-
ciable networks, one including the rIFG responsible for
phasic, transiently activated, response stopping and the
other comprising the rDLPFC involved in tonically main-
taining the stopping rule (see also Chikazoe et al. 2009).
Within this perspective, it could be well possible that per-
turbing the neural underpinnings of either process would
produce different effects on response stopping, as the two
processes could be not only differently sensitive to dis-
ruption or enhancement by means of tDCS, but even dif-
ferently related to behavioral performance in the SST. The
version of the SST implemented in the present experiment
was more apt to probe the phasic, reactive, component of
response inhibition. In this regard, a recent study by Cuni-
llera et al. (2014) used a hybrid response stopping task
which allowed investigating both the tonic and the phasic
components of response inhibition. Both components were
modulated by stimulating the rIFG. Using a similar task by
targeting both the rIFG and the rDLPFC might represent a
promising avenue to disentangle the specific contribution
of these areas in the two types of response stopping.

Research so far suggests a role of the rIFG in response
stopping. However, there is far from unanimous agreement
on whether this inhibitory process is critically orchestrated
by the IFG and mainly dependent on the right hemisphere
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(Aron et al. 2014; Banich and Depue 2015), or else results
from the combined action of a more widespread network of
areas (Schall and Godlove 2012; Swick et al. 2011). Moreo-
ver, studies addressing the role of areas other than the rIFG
in response stopping obtained mixed results. For example,
Hsu et al. (2011) modulated inhibition as measured by non-
canceled rates in a SST by delivering tDCS over the pre-
supplementary motor area, but failed to observe a signifi-
cant effect on SSRT. Finally, Berryhill et al. (2014) failed
to find any effect of a stimulation protocol similar to the
one used by Hsu et al. (2011) on response inhibition in a
go/no-go task (Swick et al. 2011).

As a final remark, given the importance of the reference
electrode in determining the current flow distribution, it is
worth noting that, in tDCS studies, findings should generally
be ascribed to the combined effect of the active and the refer-
ence electrodes than to the effect of stimulated target areas
in isolation. Therefore, our results are more likely to reflect
the joint effect of stimulation of the rDLPFC and left frontal
pole on the one hand, and stimulation of the rIFG and left
frontal pole on the other hand. Nevertheless, it is important
to note that, although the same reference was used, stimu-
lation of two close but distinct areas resulted in different
behavioural effects related to the phenomenon under investi-
gation which, in turn, highlights that these two areas contrib-
uted to the investigated process to a different extent.

In summary, the results obtained in the present study
support the notion that tDCS-induced effects can be rela-
tively long-lasting by exploring a different cognitive
domain with respect to those already investigated in the lit-
erature (Falcone et al. 2012; Penolazzi et al. 2010, 2013).
Interestingly, the present findings add to the growing
amount of evidence that the rIFG is critically involved in
response stopping. In our opinion, the current state of the
literature suggests that the rIFG is the most reliable target
for brain stimulation studies aimed to modulate response
stopping in the SST, and perhaps favored target for clinical
investigations interested in developing therapeutic proto-
cols based on NIBS (especially tDCS) with regard to clini-
cal populations that suffer from lack of inhibitory control.
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