
fnins-16-905247 July 25, 2022 Time: 15:36 # 1

TYPE Original Research
PUBLISHED 29 July 2022
DOI 10.3389/fnins.2022.905247

OPEN ACCESS

EDITED BY

Haiteng Jiang,
Zhejiang University, China

REVIEWED BY

Xiyuan Jiang,
Carnegie Mellon University,
United States
Christopher C. Cline,
Stanford University, United States

*CORRESPONDENCE

Xia Zhu
zhuxia@fmmu.edu.cn
Xuqun You
youxuqun@snnu.edu.cn

†These authors share first authorship

SPECIALTY SECTION

This article was submitted to
Neural Technology,
a section of the journal
Frontiers in Neuroscience

RECEIVED 26 March 2022
ACCEPTED 11 July 2022
PUBLISHED 29 July 2022

CITATION

Guo Z, Gong Y, Lu H, Qiu R, Wang X,
Zhu X and You X (2022) Multitarget
high-definition transcranial direct
current stimulation improves response
inhibition more than single-target
high-definition transcranial direct
current stimulation in healthy
participants.
Front. Neurosci. 16:905247.
doi: 10.3389/fnins.2022.905247

COPYRIGHT

© 2022 Guo, Gong, Lu, Qiu, Wang,
Zhu and You. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Multitarget high-definition
transcranial direct current
stimulation improves response
inhibition more than
single-target high-definition
transcranial direct current
stimulation in healthy
participants
Zhihua Guo1†, Yue Gong2†, Hongliang Lu1, Rui Qiu1,
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Prior studies have focused on single-target anodal transcranial direct

current stimulation (tDCS) over the right inferior frontal gyrus (rIFG) or

pre-supplementary motor area (pre-SMA) to improve response inhibition

in healthy individuals. However, the results are contradictory and the

effect of multitarget anodal stimulation over both brain regions has never

been investigated. The present study aimed to investigate the behavioral

and neurophysiological effects of different forms of anodal high-definition

tDCS (HD-tDCS) on improving response inhibition, including HD-tDCS over

the rIFG or pre-SMA and multitarget HD-tDCS over both areas. Ninety-

two healthy participants were randomly assigned to receive single-session

(20 min) anodal HD-tDCS over rIFG + pre-SMA, rIFG, pre-SMA, or sham

stimulation. Before and immediately after tDCS intervention, participants

completed a stop-signal task (SST) and a go/nogo task (GNG). Their

cortical activity was recorded using functional near-infrared spectroscopy

(fNIRS) during the go/nogo task. The results showed multitarget stimulation

produced a significant reduction in stop-signal reaction time (SSRT) relative

to baseline. The pre-to-post SSRT change was not significant for rIFG,

pre-SMA, or sham stimulation. Further analyses revealed multitarget HD-

tDCS significantly decreased SSRT in both the high-performance and

low-performance subgroups compared with the rIFG condition which

decreased SSRT only in the low-performance subgroup. Only the multitarget

condition significantly improved neural efficiency as indexed by lower Moxy-

Hb after stimulation. In conclusion, the present study provides important
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preliminary evidence that multitarget HD-tDCS is a promising avenue

to improve stimulation efficacy, establishing a more effective montage

to enhance response inhibition relative to the commonly used single-

target stimulation.

KEYWORDS

high-definition transcranial direct current stimulation (HD-tDCS), response
inhibition, right inferior frontal gyrus (rIFG), pre-supplementary motor area
(pre-SMA), fNIRS

Introduction

Response inhibition refers to the ability to inhibit
inappropriate or irrelevant responses so that one can make
flexible and goal-directed behavioral responses to changes in the
environment, which is an important part of executive function
(Verbruggen and Logan, 2008, 2009; Diamond, 2013). Response
inhibition is involved in many everyday activities, such as a
driver stopping from pressing the accelerator in order to not hit
a pedestrian. Prior studies have shown that response inhibition
is related to decision-making (Xu et al., 2020), working memory
(Alderson et al., 2017), impulse control (Mayer et al., 2020),
etc. Additionally, many psychiatric disorders are associated
with deficits in response inhibition (Hughes et al., 2012;
Steele et al., 2014; van Rooij et al., 2015; Gowda et al., 2019;
Alizadehgoradel et al., 2020; Sun et al., 2021). In recent years,
studies have increasingly focused on the neural substrates of
response inhibition and have demonstrated that it is based on
the right hemispheric fronto-basal ganglia network, including
the right inferior frontal gyrus (rIFG), the pre-supplementary
motor area (pre-SMA), and the basal ganglia (Aron and
Poldrack, 2006; Aron et al., 2016; Hannah and Aron, 2021). The
importance of the rIFG and pre-SMA in response inhibition is
well supported by investigations of traumatic brain injury and
transcranial magnetic stimulation (TMS) (Aron et al., 2003;
Chambers et al., 2006; Floden and Stuss, 2006). In summary,
the rIFG and pre-SMA are two critical brain regions for the
effective execution of response inhibition, and methods aimed
at simultaneously promoting the activity of these brain regions
provide a new direction for improving response inhibition and
treating patients with impaired response inhibition ability.

Transcranial direct current stimulation (tDCS) is a
promising method to regulate cortical activity and enhance
cognitive ability. Although there are some impact factors
limiting the reliability of causal relationship revealed by tDCS,
such as limited spatial precision and unwanted brain area
activation, tDCS is still a good way to provide causal evidence
for the links between brain function and corresponding
behavioral changes (Filmer et al., 2014; Gbadeyan et al., 2016;
Yavari et al., 2018). tDCS is non-invasive, safe, tolerable, and

easy to operate (Bikson et al., 2016; Valiengo et al., 2020;
Weidler et al., 2020). It transmits a weak direct current through
electrodes placed on the scalp and influences the activity of
the cerebral cortex (Nitsche and Paulus, 2000). Generally,
anodal stimulation will increase the excitability of the cortex
via subthreshold depolarization and long-term potentiation
(LTP)-like plasticity, while cathodal stimulation decreases
excitability via hyperpolarization and long-term depression
(LTD)-like plasticity (Nitsche and Paulus, 2000, 2001; Pisoni
et al., 2018).

Currently, tDCS has been widely used in studies on
response inhibition, but the results are heterogeneous. Prior
studies have revealed elevated response inhibition after anodal
stimulation on the rIFG (Jacobson et al., 2011; Stramaccia
et al., 2015; Li et al., 2019) and pre-SMA (Hsu et al.,
2011; Kwon and Kwon, 2013a,b; Yu et al., 2015) in healthy
young participants, indicating that the rIFG and pre-SMA
are important targets for enhancing response inhibition using
tDCS. However, contradictory results have also been reported,
claiming that single-target tDCS over rIFG or pre-SMA is
ineffective (Dambacher et al., 2015; Bender et al., 2017;
Thunberg et al., 2020). Additionally, the majority of the tDCS
studies targeting rIFG or pre-SMA in healthy participants
employed conventional tDCS; few studies used high-definition
tDCS (HD-tDCS) (Hogeveen et al., 2016). HD-tDCS, an
optimized form of conventional tDCS, can produce more
prominent behavioral and neurophysiological effects with more
superior spatial precision compared with conventional tDCS,
supporting its more widespread application (Kuo et al., 2013;
Sehatpour et al., 2021). Taken together, this underscores the need
to develop more potent protocols using HD-tDCS to improve
response inhibition and clarify the validity of single-target tDCS.

It is well known that the normally effective execution
of brain function is based on neural networks rather than
on isolated brain regions (Ester and Kullmann, 2021).
Simultaneous HD-tDCS with identical polarity on multiple
functionally related brain regions – in other words, multitarget
stimulation – can regulate cortical excitability more efficiently
and enhance tDCS effects more prominently than single-
target stimulation (Fischer et al., 2017; Hill et al., 2018;
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Ester and Kullmann, 2021; Gregoret et al., 2021). Multitarget
HD-tDCS has been applied to studies of motor ability and
working memory and the results have demonstrated that
multitarget stimulation is more effective (Dagan et al., 2018;
Hill et al., 2018). However, currently, studies of multitarget
HD-tDCS for response inhibition have not been carried out.
Therefore, this study aims to investigate the effects of multitarget
HD-tDCS on enhancing response inhibition and compare them
with the effects of single-target HD-tDCS.

To better understand the neural mechanism of tDCS-
induced behavioral changes in response inhibition, relevant
neurophysiological tools such as fMRI, positron emission
tomography (PET), electroencephalography (EEG), and
functional near-infrared spectroscopy (fNIRS) should be used
in conjunction with behavioral tasks. However, the application
of fMRI and PET is limited by their large bulk and immobility,
and the accuracy of EEG signal is easily disturbed with the
artifacts, so fNIRS may be the ideal tool for tDCS research
(Yaqub et al., 2018; Yang et al., 2019; Friehs et al., 2021b), and
it has been used to monitor hemodynamic changes induced
by tDCS intervention (Yaqub et al., 2018; Lu et al., 2020).
fNIRS is an optical and non-invasive neuroimaging method,
with the advantages of greater tolerance to motion artifacts,
high adaptability, portability, low cost, and participant-
friendliness. Hence, fNIRS can overcome some limitations of
the aforementioned imaging technologies. It can measure the
concentrations of oxyhemoglobin and deoxyhemoglobin in
brain tissue in a more natural situation (Scholkmann et al.,
2014; Pinti et al., 2020; Veit et al., 2021). In recent years, fNIRS
has been employed in the study of response inhibition and the
results have revealed increased oxyhemoglobin concentrations
in the prefrontal cortex during response inhibition (Herrmann
et al., 2005; Hudak et al., 2017). However, few response
inhibition studies have applied fNIRS to measure the neural
activity of relevant brain regions before and after tDCS.

In order to overcome the limitations of previous studies, this
study was designed to examine the effects of multitarget anodal
HD-tDCS on improving response inhibition and to determine
whether anodal stimulation of the rIFG or pre-SMA actually

enhances response inhibition compared to sham stimulation.
We hypothesized that HD-tDCS applied to rIFG + pre-SMA,
rIFG, or pre-SMA could all enhance response inhibition
compared with sham stimulation. We further anticipated that
multitarget HD-tDCS could be more effective at improving
response inhibition. As far as we know, this is the first study
to examine the effect of multitarget anodal HD-tDCS on
response inhibition and to compare the effects of different
stimulation montages.

Materials and methods

Participants

A total of 92 healthy college students (mean
age = 20.58 ± 1.54 years, range = 18 – 24 years, 43 males)
participated in the experiment and were randomly divided into
four groups: (1) multitarget anodal HD-tDCS (rIFG+ pre-SMA
condition), n = 22; (2) anodal HD-tDCS on the rIFG (rIFG
condition), n = 24; (3) anodal HD-tDCS on the pre-SMA
(pre-SMA condition), n = 22; and (4) sham stimulation, n = 24.
All participants had normal or corrected-to-normal vision and
were right-handed as assessed with the Edinburgh Handedness
Inventory (Oldfield, 1971). Inattention and impulsivity were
assessed by the Adult ADHD Self-report Scale (ASRS); only
participants with an average score of 17 and below were
included, as individuals with a sum score on either subscale
of 17 or higher were considered likely to have ADHD (Kessler
et al., 2005; Yeh et al., 2008). All participants were naive to the
nature of the study and were screened to ensure that the final
sample included only neurologically and psychiatrically healthy
individuals without any contraindications (e.g., metal implants
in the head, pregnancy, a history of seizures, etc.) to tDCS,
and none of the participants reported taking any psychotropic
medication. G∗Power 3.1.9.6 was used to compute a priori
sample size, and a minimum sample N of 48 (12 per group) was
needed with a medium effect size of f = 0.25, a power of 1 -
β = 0.80, and an α-value of 0.05 (Cohen, 1992; Faul et al., 2007).

TABLE 1 Basic characteristics of participants (numbers or means and standard deviations).

Variable rIFG + pre-SMA rIFG pre-SMA sham F/χ2 p

n 22 24 22 24

Gender
(male/female)a

11/11 11/13 10/12 11/13 0.124 0.989

Age (years)b 20.82 (1.47) 20.38 (1.66) 20.41 (1.76) 20.71 (1.27) 0.457 0.713

Education (years)b 15.68 (1.17) 15.29 (1.71) 15.41 (1.59) 15.75 (1.54) 0.483 0.695

ASRS-inattentionb 11.41 (3.67) 9.46 (3.78) 11.64 (3.86) 10.63 (2.78) 1.790 0.155

ASRS-
hyperactivity/impulsivityb

7.95 (4.13) 7.58 (4.03) 8.00 (3.95) 8.04 (4.29) 0.063 0.979

ASRS, Adult ADHD Self-report Scale; rIFG, right inferior frontal gyrus; pre-SMA, pre-supplementary motor area; a, χ2 test; b, one-way analysis of variance; p < 0.05 was
considered significant.

Frontiers in Neuroscience 03 frontiersin.org

https://doi.org/10.3389/fnins.2022.905247
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-905247 July 25, 2022 Time: 15:36 # 4

Guo et al. 10.3389/fnins.2022.905247

The groups were matched in basic characteristics (Table 1).
Participants gave their written informed consent before the
experiment. The study was approved by the Tangdu Hospital
Ethics Committee and abided by the Declaration of Helsinki.

Design and procedure

The experiment followed a single-blind, randomized,
between-subject, and sham-controlled design (Figure 1). The
two important tasks used to study response inhibition are the
stop-signal task (SST) and the go/nogo task (GNG) (Cunillera
et al., 2016). In this study, we employed both SST and GNG
in order to increase the robustness of the results. To detect
neural changes, we chose to collect fNIRS data during behavioral
tasks. However, we only recorded fNIRS signals during GNG
but not during SST because the design of fNIRS recording
was drawing upon previous studies, which utilized SST and
GNG as behavioral assessment but only recorded fNIRS during
GNG (Hudak et al., 2017). Additionally, collecting fNIRS signals
during both SST and GNG takes more time to record, which
may make participants feel uncomfortable because they need
to keep still in the process. Before the experiment, participants
participated in a brief interview to collect basic demographic
information, complete the ASRS, and screen for their eligibility
for tDCS. Each participant completed a pretest including SST
and GNG in a counterbalanced order and fNIRS data were
recorded during the GNG. Then they were randomly assigned
to receive one of the four types of single-session stimulation.
After tDCS application, they immediately received a posttest
identical to the pretest as well as a questionnaire to evaluate
side effects and blinding efficacy. Tasks were programmed and
run on E-prime 3.0 software (Psychology Software Tools, Inc.,
Sharpsburg, PA). Before starting each task, participants were
given instructions on how to complete it. The whole experiment
was performed within 120 min.

High-definition transcranial direct
current stimulation

High-definition transcranial direct current stimulation
(HD-tDCS) was applied by a Soterix Medical MXN-9 High-
Definition Transcranial Electrical Stimulator (Soterix Medical,
Inc., New York, United States). This study followed all
procedures for using HD-tDCS as demonstrated previously
(Villamar et al., 2013). The electrodes were localized using
the 10-10 EEG system (Jurcak et al., 2007). The montage was
determined and the corresponding electric field and current flow
were generated (Figure 2A) using HD-Targets and HD-explore
software (Soterix Medical, Inc., New York, United States). This
method has been widely used in prior studies and has proven
to be effective (Nikolin et al., 2015; Hogeveen et al., 2016;

FIGURE 1

Schematic illustration of the study design. The experiment
followed a single-blinded, randomized, between-subject,
sham-controlled, and pretest-posttest design.

Reinhart and Nguyen, 2019; Maldonado and Bernard, 2021).
The parameters of each electrode in each verum stimulation
condition are listed below (Table 2). Participants in the sham
stimulation condition were pseudo-randomized to receive one
of the three verum stimulation montages (Hill et al., 2018). The
pseudo-randomization is different from randomization because
it is generated by some algorithms. In this study, participants
in the sham stimulation condition were sorted according to the
ascending order of their names and were labeled with number 1,
2, and 3 in order. Number 1, 2, and 3 represented the participant
received the rIFG + pre-SMA condition, rIFG condition, and
pre-SMA condition, respectively. All conditions were conducted
with the same electrode placement as the multitarget condition
with only the currents changed for blinding purposes (Schneider
et al., 2021; Zhou et al., 2021). The panel of the instrument
was not visible to the participants. HD-tDCS was delivered at
2.5 mA for multitarget stimulation and 1.25 mA for single-
target stimulation. These intensities have been proven safe and
reliable enough to improve cognitive performance (Villamar
et al., 2013; Hogeveen et al., 2016; Abellaneda-Perez et al.,
2021; Zhou et al., 2021). Verum stimulation was applied for
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FIGURE 2

Simulated stimulation conditions and time progression of tDCS. (A) Simulated electric field and current flow of rIFG + pre-SMA (top), rIFG
(middle), and pre-SMA (bottom). The color bar represents the field intensity and the arrow points in the direction of current flow. Column 1 is a
3D view, while column 2 to column 4 range from coronal to axial slices. (B) Schematic illustration of the duration of tDCS, ramp-up, and
ramp-down periods for verum (top) and sham stimulation (bottom). The current intensity was delivered at 1.25 mA for single-target HD-tDCS,
2.5 mA for multitarget HD-tDCS, and 1.25 mA or 2.5 mA in a pseudo-random order for the sham stimulation condition.

20 min with a ramp up and ramp down of 30 s each. Sham
stimulation consisted of a 30 s ramp up and a 30 s ramp
down at the beginning and the end, respectively, with no
current during the intervening time (Figure 2B), facilitating
blinding by mimicking the sensations of verum tDCS without
actual neurological changes (Di Rosa et al., 2019; Sharma

et al., 2021). After stimulation, participants were asked whether
they received verum or sham stimulation and how confident
they were based on a scale from 0 (complete guess) to 10
(absolutely sure), Additionally, another 11-point scale was used
to evaluate the intensity of any sensations (e.g., itching, tingling,
metallic taste, or burning) they felt during the stimulation,
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TABLE 2 Location and current intensity (mA) of each electrode for
each verum stimulation condition, according to the international
10-10 system.

Electrode
location

rIFG + pre-
SMA

rIFG pre-SMA

Fz –0.51 0.00 –0.32

C2 1.48 0.00 1.25

FC4 –0.41 –0.32 –0.31

C4 –0.52 –0.31 –0.31

P4 –0.36 0.00 –0.31

FT8 1.02 1.25 0.00

FT10 –0.53 –0.31 0.00

TP8 –0.17 –0.31 0.00

Total current 2.50 1.25 1.25

with 0 = no sensation and 10 = strongest sensation imaginable
(Hill et al., 2017).

Stop-signal task

We employed a valid and reliable behavioral task, the stop-
signal task (SST), to investigate response inhibition (Logan et al.,
1984; Verbruggen and Logan, 2008; Verbruggen et al., 2019),
in which participants responded to a go stimulus (also referred
to as the primary task). Occasionally, the go stimulus was
unpredictably followed by a stop signal at irregular intervals; the
stop signal instructed participants to withhold their response.
The SST settings we applied were consistent with the current
consensus (Verbruggen et al., 2019). On the prepotent go stimuli
(75% of total trials), participants were required to press “F” on
the keyboard with their right index finger in response to left
arrows and press “J” with their right ring finger in response
to right arrows as quickly and accurately as possible. However,
on a minority of trials (25%), a small red square (stop signal)
was presented above the arrow after an interval (stop signal
delay, SSD), indicating the need to cancel the planned response.
The SSD started at 250 ms and was dynamically adjusted by a
tracking procedure (50 ms increment/decrement for successful
stopping/unsuccessful stopping, range = 0 – 1250 ms) to ensure
that each participant successfully inhibited about 50% of the
stop trials. Details about the task procedures and the duration
of fixation, stimulus presentation, and blank are displayed in
Figure 3A. Besides a practice block of 48 trials (25% stop-signal
trials), there were 200 trials in the test block, including 150 go
trials and 50 stop-signal trials, all presented in a randomized
order. We estimated the covert latency of the inhibition process
by using the stop-signal reaction time (SSRT) as calculated by
the mean method, which subtracted the mean SSD from the
mean reaction time in all correct go trials when the overall stop
accuracy converged at 0.5 (Logan et al., 1984; Verbruggen and
Logan, 2009; Hogeveen et al., 2016; Bartholdy et al., 2019; Chen
et al., 2020), with shorter SSRTs indicating superior response

inhibition. In addition to SSRT, stop accuracy (the probability of
correctly withholding responses on stop trials) and goRT (mean
RT on correct go trials) were also assessed.

Go/nogo task

The go/nogo task was designed to induce response
inhibition. In the current study, we recorded fNIRS during
GNG, and thus we redesigned the task in a block-design
paradigm (Figure 3B). The task began with a go block with
subsequent blocks alternating between go and nogo (four
repetitions each, and 12 trials per block) separated by rest blocks,
with each block lasting 30 s (Herrmann et al., 2005; Hudak et al.,
2017). Prior to the actual fNIRS measurement, participants were
given instructions for the following two task blocks, and they
were told to sit in a relaxed position and keep still to avoid
head movements. A 5 s cue appeared before each rest block to
alert participants whether the next block was a go or nogo block
(Nagashima et al., 2014; Lu et al., 2020). In the go block trials,
participants were asked to respond as quickly and accurately
as possible to each stimulus (number 1, 2, and 4) by pressing
“J” on the keyboard with their right index finger. In the nogo
block trials, the participants had to press “J” as quickly and
accurately as possible in response to the go stimuli (number
1, 2, and 4), whereas they were instructed to withhold their
response to the nogo stimulus (number 3) following the fixation
cross. For the go blocks, all 12 trials were go stimuli, and for
nogo blocks, both go and nogo stimuli had the same occurrence
probability of 0.5. In total, the go/nogo task maintained a ratio of
75% go and 25% nogo trials (Herrmann et al., 2005; Nagashima
et al., 2014; Rodrigo et al., 2014). For each trial, a fixation
cross appeared in the center of the screen for 1000 ms, and
then the number stimulus was presented for a maximum of
500 ms or until reaction. Once the participant responded to
the stimulus, it disappeared immediately and a blank screen
appeared. The stimulus and blank were together presented for
1500 ms (Figure 3C) (Herrmann et al., 2005). In addition to
goRT and nogo accuracy (the possibility of successful inhibition
in nogo trials), inverse efficiency score (IES) was analyzed and
adopted as the primary outcome. IES may be a better indicator
to measure GNG performance in consideration of the tradeoff
between speed and accuracy, with a lower value reflecting higher
performance (Bruyer and Brysbaert, 2011; Zhao et al., 2018).
IES was calculated by dividing goRT by the percentage of all
correct responses (the number of correct go trials and nogo trials
divided by the total number of trials).

Functional near-infrared spectroscopy

Changes in oxygenated (oxy-Hb) and deoxygenated (deoxy-
Hb) hemoglobin were measured using the LABNIRS fNIRS
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FIGURE 3

Detailed information about procedures of behavioral tasks. (A) SST. (B) Schematic illustration of block design for GNG, a = instruction, b = cue,
c = rest, d = go block, e = nogo block. (C) GNG.

system (Shimadzu Co., Kyoto, Japan) during GNG. We used
11 sources (emitting light at 780 nm, 805 nm, and 830 nm)
and 11 detectors to form 34 measurement channels over the
right cerebral cortex, including the regions of interest (i.e.,
the pre-SMA and rIFG), with a raw sample rate of 27.78 Hz.
Participants were fitted with a headcap with optode holders
to set the source-detector distance at 3 cm. For consistency of
optode placement across participants, channel 1 was located at
the Cz point of the international 10–20 EEG system (Jasper,
1958) and the uppermost edge of the probe set overlapped with
Cz-Oz (Figure 4A). To determine the anatomical locations of
optodes and channels, we used a digitizer (Fastrak, Polhemus,
Colchester, VT, United States) to capture the 3D coordinates
of optode positions based on head landmarks (nasion, Cz,
and left and right preauricular points) in real-world space
and registered fNIRS coordinates of channels and optodes on
the standard Montreal Neurological Institute (MNI) template
using the software package NIRS-SPM (Figures 4B,C) (Ye
et al., 2009; Orcioli-Silva et al., 2021). Finally, we estimated
the corresponding relationship between fNIRS channels and
the anatomical structural labels in the Brodmann areas and
LPBA40 according to the channels’ coordinates (Tsuzuki et al.,
2007; Ye et al., 2009; Nagashima et al., 2014). We stipulated
in advance that if the percentage of overlap exceeded 50%, the
channel represented the corresponding brain area. Finally, each
region of interest (ROI) consisted of corresponding channels.

Nine channels labeled the pre-motor and supplementary motor
cortex in the Brodmann areas (channel 1/2/5/6/8/9/12/19/26)
and 2 channels represented the right inferior frontal gyrus using
LPBA40 (channel 24/27).

FIGURE 4

fNIRS channel layout. (A) Optode arrangement, red
circle = source, blue circle = detector, white square = channel.
Channel 1 was located at Cz and the uppermost edge (i.e.,
channel 1 – 3) of the probe set overlapped with Cz-Oz.
(B) Spatial registration of channels on a rendered brain.
(C) Different views of optode locations.
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Data preprocessing

We preprocessed raw fNIRS data in the Homer2 fNIRS
analysis package (Huppert et al., 2009) based on Matlab R2013b
software. At first, raw data was down-sampled to 9.26 Hz
after being imported into Homer2 and was visually inspected
to ensure there was no totally bad signal channel. Next,
optical intensity was converted to optical density (OD) by the
hmrIntensity2OD function. Motion artifacts were identified by
a hmrMotionArtifactByChannel function and corrected by a
spline interpolation method in every participant (Scholkmann
et al., 2010; Zhang et al., 2021). Then the fNIRS signals were
bandpass-filtered with cutoff frequencies of 0.01 and 0.1 Hz to
eliminate physiological noise (e.g., heartbeat and respiration)
and correct drift artifacts throughout the experimental process.
According to the modified Beer-Lambert law, the filtered OD
signal was transformed to relative concentration signal data
for oxy-Hb, deoxy-Hb, and total-Hb. Finally, we used a 5-
s period prior to the onset of each block as a baseline to
standardize hemodynamic changes during the 30 s task block
and calculated a block-averaged relative concentration change
for the two conditions (go and nogo) over the time range. We
decided to analyze only oxy-Hb data because oxy-Hb is more
reliable and sensitive to brain activity changes relative to deoxy-
Hb or total-Hb (Hoshi et al., 2001; Nagashima et al., 2014;
Ehlis et al., 2016; Lu et al., 2020; Zhuo et al., 2022). But we
also provided the relevant deoxy-Hb and total-Hb data in the
Supplementary Material.

With regard to the behavioral data, 11 participants were
excluded from further analysis in the SST because they showed
(1) stop accuracy <0.25 or >0.75 (Congdon et al., 2012),
which might result from participants’ strategic behavior and not
complying with the task instruction, such as waiting for the stop
signal to show (obtaining a high stop accuracy) and pressing the
key too fast throughout the task (obtaining a low stop accuracy);
(2) goRT > 1000 ms (Enge et al., 2014) or (3) violation of the
independent race model, implying the mean RT on unsuccessful
stop trials is greater than goRT (Verbruggen and Logan, 2009).
After exclusion, the SST analysis was based on n = 20 for the
multitarget condition, n = 22 for the rIFG condition, n = 20 for
the pre-SMA condition, and n = 19 for the sham stimulation
group. One participant was excluded from the GNG and fNIRS
analyses due to an error rate exceeding 40% (Enge et al., 2014).
Therefore, the final sample for the GNG and fNIRS data analyses
included 91 participants (n = 22, 24, 22, and 23 for groups
1–4, respectively).

Statistical analyses

IBM SPSS (version 26.0) software was used to conduct
statistical analyses. The fNIRS data were analyzed by creating

oxy-Hb contrasts for the nogo block minus the go block (Moxy-
Hb = oxy-Hbnogo – oxy-Hbgo) (Veit et al., 2021). Moxy-Hb
signals from channel 1/2/5/6/8/9/12/19/26 were averaged to
represent pre-SMA activity, and those from channel 24/27
were averaged to yield rIFG activity. The data of Mdeoxy-Hb
and Mtotal-Hb are provided in the Supplementary Material.
Categorical variables were examined by the chi-square test.
One-way analysis of variance (ANOVA) was used to test data
measured once and baseline performance, and the Kruskal–
Wallis test was used for data with a skewed distribution.
Whether the tracking procedure in SST obtained a stop accuracy
of approximately 0.5 was verified using one-sample t-tests.
The effects of tDCS stimulation were assessed with repeated
measures ANOVA (RM-ANOVA) with time (pretest and
posttest) as the within-subject factor and stimulation condition
(multitarget, rIFG, pre-SMA, and sham stimulation) as the
between-subject factor. Post hoc analyses were performed using
Bonferroni-corrected pairwise comparisons. Considering the
limitation of the classic frequentist approach, we used Bayesian
analysis to further investigate the non-significant interaction
effect in order to strengthen the robustness of our results. This
was performed using JASP software (version 0.14.1.0) with a
default Cauchy prior distribution with γ = 0.707. The Bayes
factor BF10 represented the ratio of the possibility that the
data favored the alternative hypothesis (H1) compared to the
null hypothesis (H0). A BF10 superior to 3 indicated at least
moderate evidence for H1. A BF10 between 1/3 and 3 indicated
anecdotal evidence for H0 and H1, while a BF10 score between
1/10 and 1/3 represented moderate evidence for H0 and inferior
to 1/10 signified strong evidence for H0 (Wagenmakers et al.,
2011, 2018a,b). Further analysis explored the effect of each
tDCS condition on the SSRT. Participants were allocated to the
high-performance (HP) and low-performance (LP) subgroups
in each condition by a median split method based on baseline
SSRT (Whelan et al., 2012). An independent samples t-test was
employed to compare the SSRT of the HP and LP subgroups in
each condition. Further analysis was performed using a 2 (time:
pretest and posttest) × 2 (subgroup: HP and LP) RM-ANOVA.
In all analyses, p < 0.05 was considered statistically significant.
In addition, for ANOVAs, effect sizes were reported as partial
eta-squared (η2

p).

Results

Behavioral data

Baseline
As shown in Table 3, the one-way ANOVAs revealed

no significant difference (ps > 0.05) in any of the indices
for SST and GNG between the four groups before tDCS
intervention, thereby ensuring that any performance changes
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TABLE 3 Means and standard deviations of behavioral task performance at baseline.

Task rIFG + pre-SMA rIFG pre-SMA sham F p

Stop-signal task

SSRT 291.31(33.43) 267.11(33.65) 274.34(31.87) 277.12(29.9) 2.036 0.116

stop accuracy 0.51(0.06) 0.51(0.04) 0.50(0.05) 0.53(0.06) 0.936 0.428

goRT 543.19(185.40) 515.47(159.84) 497.63(156.17) 591.42(212.05) 1.023 0.387

Go/nogo task

IES 388.42(67.52) 365.88(66.65) 378.46(59.73) 380.91(67.34) 0.476 0.700

goRT 371.41(56.07) 352.07(55.38) 364.58(56.22) 359.23(45.52) 0.539 0.657

nogo accuracy 0.93(0.07) 0.92(0.06) 0.92(0.06) 0.90(0.09) 1.028 0.384

goRT, mean reaction time on correct go trials; IES, inverse efficiency score; SSRT, stop-signal reaction time; rIFG, right inferior frontal gyrus; pre-SMA, pre-supplementary motor area.
Besides the accuracy indicators, the units of the other measurements were milliseconds (ms). p < 0.05 was considered significant.

between the pretest and the posttest would be attributable to the
tDCS stimulation.

Stop-signal task
One-sample t-tests indicated there was no significant

difference between stop accuracy and 0.5 either in pretest or
posttest for group (ps > 0.05). The number “0.5” refers to the
optimal stop accuracy ensured by the aforementioned tracking
procedure. RM-ANOVA showed a significant interaction effect
between time and stimulation condition (F (3,77) = 4.196,
p = 0.008, η2

p = 0.141) for SSRT. Post hoc analysis revealed a
significant decrease in SSRT after multitarget tDCS (p = 0.005).
However, no significant difference was found after rIFG
(p = 0.057), pre-SMA (p = 0.109), or sham stimulation
(p = 0.717) (Figure 5A). The main effects were not significant
(ps > 0.05). The baseline SSRT was significantly shorter
in the HP subgroup relative to the LP subgroup for each
condition after independent samples t-tests (ps < 0.001).
Further analysis revealed that the main effect of time (F
(1,18) = 7.547, p = 0.013, η2

p = 0.295) was significant in the
multitarget condition, manifesting significant smaller SSRT after
stimulation (mean = 267.39 ms, SD = 37.81 ms) compared with
pre-stimulation (mean = 291.31 ms, SD = 33.43 ms) regardless of
subgroup. For the rIFG condition, the interaction effect between
time and subgroup (F(1, 20) = 4.56, p = 0.045, η2

p = 0.186) and
the effect of subgroup (F (1, 20) = 4.56, p = 0.003, η2

p = 0.357)
were significant. Post hoc analysis showed only the LP subgroup
experienced reduced SSRT (p = 0.009) (Figure 5B). Only the
subgroup effect was significant in the pre-SMA condition (F
(1, 18) = 26.429, p < 0.001, η2

p = 0.595), which indicated
that no subgroups significantly changed SSRT after stimulation.
For sham stimulation, the interaction effect was significant (F
(1, 17) = 4.877, p = 0.041, η2

p = 0.223), but post hoc tests
showed no significant difference in SSRT between pretest and
posttest for both subgroups (ps > 0.05) (Figure 5B). There
were no significant interaction effects for stop accuracy or goRT
(ps > 0.05), and none of the main effects reached significance
(ps > 0.05). Bayesian analysis showed moderate evidence for

the null hypothesis that there was no interaction effect for stop
accuracy (BF10 = 0.13) or for goRT (BF10 = 0.13).

Go/nogo task
The main effect of time was significant for IES due to

a pre-to-post decrease for all conditions (F (1, 87) = 14.948,
p < 0.001, η2

p = 0.147), but the main effect of condition
and the interaction effect were not significant (ps > 0.05).
Bayesian analysis showed a BF10 of 0.07 for the IES interaction
term, indicating strong evidence for the null hypothesis. RM-
ANOVA revealed a significant time effect for goRT driven by
a decrease in RT after intervention under all conditions (F (1,
87) = 27.645, p < 0.001, η2

p = 0.241). There was no main effect
of condition and no interaction effect for goRT (ps > 0.05).
Bayesian analysis revealed moderate evidence to support the
absence of an interaction term (BF10 = 0.11). None of the
main effects or interaction effect reached significance for nogo
accuracy (ps > 0.05). Strong evidence in favor of no interaction
effect was established by BF10 = 0.09.

Functional near-infrared spectroscopy
data

The baselines of Moxy-Hb were matched between the four
tDCS conditions in both the pre-SMA (F (3, 87) = 2.546,
p = 0.061, η2

p = 0.081) and rIFG (F (3, 87) = 0.274,
p = 0.844, η2

p = 0.009). In the pre-SMA region, an interaction
effect between time and stimulation condition was found
(F (3, 87) = 3.023, p = 0.034, η2

p = 0.094), and post hoc
analysis indicated that Moxy-Hb significantly decreased after
the multitarget stimulation (p = 0.026). Although no significant
differences in the other three groups were detected (ps > 0.05),
a pre-to-post decrease in Moxy-Hb was observed under the
rIFG and pre-SMA conditions but not in the sham stimulation
condition (Figure 5C). The main effects of time and condition
did not reach significance (ps > 0.05). In the rIFG region, RM-
ANOVA revealed no significant main effects or an interaction
effect for Moxy-Hb (ps > 0.05) (Supplementary Figure 1).
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FIGURE 5

Box and whisker plots, showing the effects of HD-tDCS on the outcome measures. (A) Behavioral performance in SST. (B) Significant interaction
effects between subgroup and time for the rIFG condition (top) and sham condition (bottom) in the further analysis for SST. HP,
high-performance subgroup; LP, low-performance subgroup. (C) Changes in Moxy-Hb from pretest to posttest in the pre-SMA ROI. Boxes
extend from the 25 to 75th percentiles with a horizontal line representing the median. Whiskers show the min to max values. ∗p < 0.05,
∗∗p < 0.01, and ∗∗∗p < 0.001.

Bayesian analysis revealed strong evidence supporting the null
hypothesis that there was no interaction effect (BF10 = 0.08).

Side effects, blinding efficacy, and
electric field modeling

All participants tolerated the tDCS procedure well and
there were no serious side effects reported. The ratings of
the intensity of sensations between groups were similar (F (3,
88) = 0.521, p = 0.669, η2

p = 0.017). There were 21, 23, 19, and 22
participants in conditions one to four respectively who reported
that they received real stimulation. No significant difference
(χ2 = 1.764, p = 0.656) was found in the number of participants
speculating whether they received real or sham stimulation,
and the confidence scores were insignificant according to the
Kruskal–Wallis test (p = 0.589). The electric field simulation
confirmed the focal electric field over the pre-SMA and rIFG
for the multitarget condition, rIFG for the rIFG condition, and
pre-SMA for the pre-SMA condition. The rIFG stimulation
condition produced much higher electric field intensity in

the targeted cortex than either the multitarget or pre-SMA
conditions (Figure 2A).

Discussion

Response inhibition is a critical part of executive function,
and thus it is worthwhile to investigate how response inhibition
ability can be more effectively improved through tDCS. The
present study aimed to investigate the effect of different
stimulation montages on response inhibition as assessed by
behavioral and neuroimaging methods. Behavioral data showed
a significant decrease in SSRT after multitarget HD-tDCS that
did not exist in the other conditions. Further analysis showed
that significant reductions in SSRT were present in both the
LP and HP subgroups after multitarget stimulation, as well as
in the LP subgroup after rIFG stimulation. fNIRS data showed
that only multitarget stimulation produced a significantly lower
Moxy-Hb in the pre-SMA. However, pre-SMA tDCS modulated
neither SSRT nor fNIRS signals significantly from pretest to
posttest. The other indices in SST or GNG were not substantially
altered for the real stimulation conditions relative to the sham
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stimulation condition. All null hypotheses of interaction effects
between time and stimulation condition were confirmed by
Bayesian analysis.

To the best of our knowledge, this is the first study to
provide evidence that multitarget stimulation is an effective
way to improve response inhibition and is more potent
than the commonly used single-target HD-tDCS. SSRT
decreased significantly after rIFG + pre-SMA stimulation,
indicating improved response inhibition. However, the pre-
to-post changes in SSRT did not reach significance under
the other three conditions. It has been reported that tDCS
effects are dependent on initial performance, with greater tDCS
effects observed in those with poor baseline performance; better
baseline performance is related to higher neural excitability,
which is difficult to elevate further (Wu et al., 2021a,b). The HP
subgroup and the LP subgroup were divided using a median-
split method in the present study (Whelan et al., 2012). After
statistical comparisons, the results showed the HP subgroup
had a significantly shorter SSRT relative to LP subgroup for
each condition. Further analysis revealed that multitarget tDCS
improved SSRT in both the HP subgroup and the LP subgroup
compared with the rIFG condition which improved SSRT
only in the LP subgroup. Coupled with the fact that none
of the changes were seen in either subgroup for the pre-
SMA tDCS condition, the results indicate that multitarget HD-
tDCS yielded the most pronounced effects of all the conditions
tried. This result is consistent with published studies indicating
that multitarget stimulation produces larger effects relative to
single-target tDCS (Vaseghi et al., 2015; Dagan et al., 2018).
Additionally, the electric field modeling results showed the rIFG
condition yielded greater electric field intensity in the targeted
cortex compared with the multitarget condition and pre-SMA
condition. However, the measurement results illustrated the
multitarget stimulation is more beneficial to improving response
inhibition. The results seemed contradictory because of the
assumption that electric field intensity in a brain area directly
associates with the behavioral effect of tDCS (Evans et al.,
2020). One highly possible explanation may lie in that efficient
execution of brain function is based on networks of brain areas
rather than individual brain regions (Hoogman et al., 2017;
Ester and Kullmann, 2021); and multitarget stimulation tries
to modulate the associated brain network and may result in
additive effects of tDCS on performance compared with single-
target stimulation (Brem et al., 2018; Ester and Kullmann, 2021;
Friehs et al., 2021a; Gregoret et al., 2021). Additionally, there
is some evidence for the potentially inverted U-shaped nature
of tDCS interactions with behavior performance, in which an
intensity may lead to better performance when it lies closer
to the peak of the inverted-U curve (Ehrhardt et al., 2021).
According to the electric field modeling results, if the site of
action of stimulation was just the IFG, the multitarget condition
seemed to apply a much lower stimulation intensity to the IFG

than the IFG stimulation condition; this stimulation intensity
produced by multitarget condition may lie near the peak of the
inverted-U curve. In this way, the inverted U-shaped intensity
response curve may partly account for the difference between
the rIFG condition and multitarget condition. Consequently, the
present study verifies our hypothesis and provided preliminary
evidence that multitarget tDCS is a more effective montage
for enhancing response inhibition and fills a research gap on
enhancing response inhibition using a multitarget montage.
However, additional studies are warranted to confirm whether
it is the particular case with our selected stimulation intensities.

We found that the rIFG condition was effective in improving
response inhibition, although only for the low-performance
participants. The favorable effect of rIFG stimulation relative to
sham stimulation is consistent with previous results (Jacobson
et al., 2011; Stramaccia et al., 2015; Li et al., 2019). However,
single-target tDCS over the pre-SMA did not improve response
inhibition. On the one hand, this result contradicts previous
studies reporting significant reductions in SSRT after anodal
tDCS over the pre-SMA (Kwon and Kwon, 2013a,b; Yu et al.,
2015). One factor that might account for the discrepancy could
be the different stimulation parameters employed in these
studies (Mayer et al., 2020; Schneider et al., 2021). Prior studies
used conventional tDCS with large pad electrodes ranging
from 16 to 35 cm2 (Kwon and Kwon, 2013a,b; Yu et al.,
2015), leading to low spatial resolution and distributed current.
Consequently, it is highly possible that other brain regions
related to response inhibition were stimulated in a complex
way (Chen et al., 2021). However, the present study used
HD-tDCS with small circular electrodes (1.2 cm diameter),
and the center anode was surrounded by return electrodes,
yielding greater spatial precision relative to conventional
tDCS (Kuo et al., 2013; Sehatpour et al., 2021). Hence, HD-
tDCS reduces the confounding impact of other brain regions
relative to conventional tDCS, making the causal relationship
between brain stimulation and relevant behavioral changes
more convincing. In addition, the placement of electrodes might
also lead to inconsistency because the anode electrode was
placed over C2 in the present study, and the center of the pad
electrode was put over Fz (Yu et al., 2015) or 4 cm anterior to
Cz (Kwon and Kwon, 2013a,b) in previous studies. On the other
hand, the absence of improvement in SSRT is consistent with the
results of some other studies (Bender et al., 2017; Fujiyama et al.,
2021), suggesting that more studies are needed to figure out the
effect of anodal tDCS over the pre-SMA.

Corresponding cortical activity is critical for the execution
of response inhibition and is directly related to cerebral blood
flow. We measured hemodynamic responses in the rIFG and
pre-SMA during a go/nogo task using fNIRS and found
that Moxy-Hb was significantly reduced in the pre-SMA after
multitarget stimulation compared to baseline. There was also a
decrease of Moxy-Hb in both the rIFG and pre-SMA stimulation
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conditions, although it was not significant. This decrease could
be considered as a biomarker of improved neural efficiency
representing a more efficient neural network, defined as the
quantity of performance-related changes accomplished by per
neuron activity (Zarahn et al., 2007; Enriquez-Geppert et al.,
2013). Neural efficiency has been discussed in prior studies,
which found that behavioral performance was unchanged or
improved even though the corresponding brain activity was
decreased using tDCS (Holland et al., 2011; Lu et al., 2020;
Orcioli-Silva et al., 2021). We found that HD-tDCS intervention
might reduce the amount of energy the brain needs to finish
the same GNG without changing performance. In particular,
the multitarget HD-tDCS significantly decreased Moxy-Hb,
demonstrating substantially improved neural efficiency, which
is further proof of the advantage of using multitarget
stimulation. However, in contradiction to prior studies that
showed brain activity in the rIFG (Herrmann et al., 2005;
Rodrigo et al., 2014), we did not observe a significant change
of Moxy-Hb in that region even when using multitarget HD-
tDCS. One possible explanation is that the probe set covering
the rIFG was located at the border of the rIFG, so there
were only two channels representing the rIFG. Therefore,
the fNIRS in our study may have failed to measure the
activity of the rIFG reliably and reflect the true changes.
Besides, the channels representing pre-SMA in our study
included relatively lateral channels (e.g., channels 19 and 26),
meaning the pre-SMA may not be specific enough. This
may occur because there only exists the “Pre-Motor and
Supplementary Motor Cortex” anatomical label in the standard
brain template when we anatomically labeled fNIRS channels,
which limits us to further segment the brain region. We had
to regard this label as the pre-SMA label. This practice is in
line with previous studies which also used the pre-SMA to
refer to the “Pre-Motor and Supplementary Motor Cortex”
(Wang et al., 2021).

Although the present study provides preliminary evidence
for the advantages of multitarget tDCS for improving response
inhibition, some limitations should be considered. First, the
participants were all young healthy adults in our study;
consequently, the results should be cautiously generalized to
other groups with different ages. Considering neural anatomical
differences, the effect of tDCS over the rIFG and pre-
SMA on response inhibition has been shown to be age-
dependent (Fujiyama et al., 2021), so future studies are
warranted to further elucidate age-related differences in the
results of tDCS application. Second, there was no follow-
up assessment and thus the sustainability of the effects of
multitarget tDCS remains unclear; this is a vital issue for
the use of tDCS in practical applications. Some studies have
reported that a single session of conventional tDCS-induced
(1 mA, 13 min) excitability changes could last for 90 min
(Nitsche and Paulus, 2001) and single-target HD-tDCS (2 mA,
20 min) has shown a lasting after-effect for more than 2 h

(Kuo et al., 2013). Hence, additional studies with follow-
up measurements are needed to illuminate the duration of
the after-effect of multitarget HD-tDCS. Third, the brain
activity in the rIFG has yet to be clarified. For future work,
more accurate probe placement should shed more light on
the neurophysiological changes that take place after tDCS
intervention. Fourth, the brain region of the pre-SMA needs
to be more specific. It is recommended for future studies to
utilize MRI to obtain more fine-grained segmentation of the
brain region. Besides, the present study adopted a single-blind
and between-group design, which might weaken the power of
the results (Lu et al., 2020; Friehs et al., 2021b). Therefore,
more rigorous experimental designs are recommended for
future studies. Moreover, the electric field intensity differed in
different stimulation conditions. Although it did not impact the
interpretation of the findings in this study, future studies should
carefully consider to normalize to produce roughly equivalent
electric field intensity at the cortex. Finally, the multitarget
HD-tDCS protocol in this study, including electrode positions
and current intensity, was determined based on a generic
head model rather than personalized adjustment. However,
due to the inter-individual variability of cortical excitability
changes in response to stimulation, the standardized “one size
fits all” application of the multitarget HD-tDCS stimulation
protocol may not be generalized well to other clinical individuals
(Mizutani-Tiebel et al., 2022). Personalized application of
multitarget stimulation protocol should be further explored
in future studies.

Conclusion

The present study has demonstrated that multitarget
HD-tDCS improved response inhibition. Both high-
performance and low-performance participants showed a
significant reduction in SSRT after multitarget stimulation,
whereas only the low-performance participants yielded a
significantly decreased SSRT after the rIFG stimulation.
We did not observe any significant improvements in SSRT
after the pre-SMA stimulation and sham stimulation.
Other indicators in behavioral tasks were not significantly
altered for the verum stimulation conditions compared with
the sham stimulation condition. fNIRS signals recorded
during GNG showed a decrease in Moxy-Hb under all three
verum tDCS conditions in the pre-SMA region, interpreted
as sharpened neural efficiency, but the decrease reached
statistical difference only for multitarget tDCS. This study
thus provides preliminary evidence that multitarget HD-tDCS
over the rIFG and pre-SMA is likely to be the most potent
protocol for enhancing response inhibition ability in healthy
individuals. It also lays a solid theoretical basis for clinical
utility and provides new progress for the treatment of response
inhibition deficits.
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