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Abstract: Previous research has demonstrated that brain stimulation can improve inhibitory control.
However, the neural mechanisms underlying such artificially induced improvement remain unclear. In
this study, by coupling anodal transcranial direct current stimulation (atDCS) with functional MRI, we
found that atDCS over preSMA effectively improved stopping speed, which was associated with
increased BOLD response in the preSMA and ventromedial prefrontal cortex (vmPFC). Furthermore,
such atDCS-induced BOLD increase in vmPFC was positively correlated with participants” improve-
ment in stopping efficiency, and the functional connectivity between preSMA and vmPFC increased
during successful stop. These results suggest that the rapid behavioral improvement from preSMA
brain stimulation involves modulated medial-frontal activity and preSMA-vmPFC functional connec-

tivity. Hum Brain Mapp 36:4004-4015, 2015.
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INTRODUCTION

Cognitive control reflects the ability to suppress a prepo-
tent response and is an important cognitive ability in
almost every aspect of our daily life. This ability has been
identified as a reliable predictor of school performance and
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socioeconomic status even 30 years later (Moffitt et al.,
2011), whereas a decline in this ability is commonly found
in many forms of mental illness such as depression and
substance abuse [Diamond, 2013]. Neuroimaging studies
have implicated a network of regions that together form
the “stopping network” that supports the processes
involved in inhibitory control. This network includes the
presupplementary motor area (preSMA), right inferior fron-
tal gyrus (rIFG), subthalamic nucleus, dorsolateral prefron-
tal cortex (DLPFC), medial prefrontal cortex (mPFC), and
posterior parietal cortex (PPC) [Aron and Poldrack, 2006; Li
et al., 2006; Zandbelt et al., 2013]. Further evidence from
granger causality analysis [Duann et al., 2009] and transcra-
nial magnetic stimulation studies (TMS) [Rushworth et al.,
2002; Taylor et al., 2007; Chen et al., 2009; Juan and Mug-
gleton, 2012] suggest that preSMA may play a causal role,
along with other regions, in mediating inhibitory control.
Recently, considerable progress has been made in
improving people’s cognitive ability, such as visual
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short-term memory [Tseng et al., 2012] and response inhi-
bition [Hsu et al., 2011; Jacobson et al., 2011], via the use
of noninvasive electrical stimulation. With 10 min of
anodal transcranial direct current stimulation (atDCS) over
preSMA, participants showed significant improvement in
their inhibitory control [Hsu et al., 2011]. These findings of
cognitive enhancement, however, have generated much
debate over whether tDCS really works beyond the motor
cortex, and if it does, does it work in every individual [for
reviews and opinions from both sides, see Antals et al.,
2015; Horvath et al., 2015a,b] Indeed, although researchers
have proposed many considerations such as baseline neu-
ronal activity [Li et al., 2015], individual cognitive ability
[Tseng et al., 2012], or task difficulty [Wu et al., 2014] to
address the issue of replicability in tDCS studies, at the
heart of this debate is the lack of neuroimaging data to
push forward our understanding of the mechanisms
behind tDCS. In addition, since electric current tend to
travel within the brain via paths of least resistance, with-
out any neuroimaging evidence, it is also not possible to
know whether atDCS improved inhibitory control via a
simple modulation of only the stimulated area or in a
network-like fashion. Thus, it is reasonable to suspect an
atDCS effect in areas that are functionally or anatomically
connected to preSMA. In our opinion, improving the
knowledge of the neural mechanisms whereby external
stimulation improves cognitive control is vital, both from a
basic research and a clinical perspective. Furthermore, the
combination of neuroimaging and causal techniques can
offer converging and insightful understandings of the
inhibitory control system. To this end, in this study we
used fMRI to investigate the neural basis of tDCS-
mediated improvement in inhibitory control.

Two experiments were run in this study, one tDCS-
behavior only (Experiment 1) and one with tDCS and
fMRI (Experiment 2). Experiment 1 was done to assess the
effect of practice (sham day) versus tDCS (active tDCS
day). To anticipate our results, since we observed no prac-
tice effect (presham vs. postsham performance) or order
effect (sham day first vs. active tDCS day first) from
Experiment 1, we simplified the design of Experiment 2 to
a sham-then-tDCS design so that all participants could fin-
ish the sham and active tDCS sessions in one day.

MATERIALS AND METHODS
Subjects

Eight participants (age range: 20-31 years, 5 males, and
3 females) took part in experiment 1 and 23 participants
(age range: 20-28 years, 13 males, and 10 females) took
part in experiment 2. All participants gave informed con-
sent prior to the start of the experimental session. All
reported being free of neurological or psychological medi-
cal problems and all had normal or corrected-to-normal
vision. The experimental procedures here were approved

by the Institutional Review Board of the Chang Gung
Memorial Hospital, Linkou, Taiwan.

Stop Signal Task

In the laboratory, cognitive control is often investigated
using a stop-signal paradigm [Logan et al., 1984], where a
“go” signal requires a motor response from the participants,
but an irregularly intervening sudden “stop” signal requires
the response to be inhibited. Participants” were required to
press the left or right button of response box with their left
or right index finger according to the direction of a “go”
arrow. In 70% of the trials, this made up the entire trial (go
trials). In the remaining 30% of trials, a red dot (stop signal)
appeared shortly after the go signal, prompting the partici-
pants to withhold their go response. The stop signal task
consisted of 140 go trials and 60 stop trials in one block, and
there were three blocks in each condition (four conditions
in experiment 1: prestimulation vs. poststimulation and
sham vs. atDCS; two conditions in experiment 2: sham and
atDCS). Participants had to respond to the corresponding
arrow direction by default, but to withhold their actions
when a stop signal was presented at the center of the screen
after the left/right arrow. The stimulus onset asynchrony
between go signal and stop signal is called the stop signal
delay (SSD), and it was dynamically adjusted in a staircase
fashion for each individual so that all participants per-
formed around 50% correct in trials with a stop signal. This
adaptation tracking method can eliminate practice effect,
since the difficulty level was around 50%. The intertrial
interval was randomly varied from an exponential distribu-
tion with a mean of 1 s and range between 0.5 and 4 s.

Procedures
Experiment |

All participants received sham and anodal conditions on
two separated days within one week in a within-group coun-
terbalanced sequence. In the practice session, participants
first received 80 “go” trials to set a response time threshold
for each individual’s critical go RT (by using the mean + 2 X
std of the 80 go trials), and had additional 70 go trials and 30
stop trials that provided auditory feedback if their reaction
times were longer than their critical go RT. The individual
mean SSD from the practice session would be set as their ini-
tial SSD for the formal experiment. In the formal experiment,
participants first performed the prestimulation session, then
received sham or anodal stimulation, and performed the
poststimulation session. The purposes of Experiment 1 are to
examine whether atDCS over FZ would enhance response
inhibition and to differentiate the practice effect, if any, from
the atDCS effect (if any) in response inhibition.

Experiment 2

The training and testing phases were distributed across
two days. All participants received a training session that
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Figure I.
(a) Experiment | shows that the behavioral improvement is mainly
an effect of atDCS. In the sham condition, there is no evidence of
practice or order effect in behavioral performances. (b) Experi-
ment 2 replicates this atDCS facilitation in the fMRI sessions.
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

was identical to the formal fMRI experiment to make
sure they perfectly understood the task requirements,
and to minimize possible practice effects by stabilizing
their performance level through training. All trial design
and task details were identical as Experiment 1 except
the simplified sham-then-active-tDCS procedure here:
participants first performed the Sham condition in the
scanner, then received atDCS outside the scanner, and
went back into the scanner to perform stop signal task

Behavioral Analysis

The mean and variation of go RTs were estimated after
removing incorrect response trials. Trials were also
excluded, which had latencies longer and shorter than 2.5
times the standard deviations away from each subject’s
mean go RT for each condition. The primary measure of
interest, stop signal reaction time (SSRT), reflects individ-
ual stop latency and is used as an index subject’s inhibi-
tory control, a shorter SSRT indicates a better inhibitory
control in individuals. SSRT is estimated by subtracting
mean SSD from mean reaction time of go trials [Band
et al., 2003]. Posterror slowing, an index of strategy adjust-
ment by examining how much response times increase fol-
lowing an error, was also analyzed to evaluate the effects
of atDCS. If the atDCS is affecting participants’ strategy
adjustment, we should observe increased posterror slow-
ing RT in both the neutral condition in the main experi-
ment and the control experiment. For calculating post-
error slowing, successful go trials were categorized into
two types: go trials after a correct go trial (pG) and go tri-
als after a stop-respond trial (pSR; unsuccessful stop).

tDCS Procedure

tDCS was delivered with an Eldith DC-stimulator via
one 4 X 4 cm stimulation electrode and one 5 X 7 cm ref-
erence electrode, both housed in saline-soaked sponge cov-
erings [Nitsche et al., 2007]. The center of the stimulation
electrode (anodal) was placed over the preSMA (with the
center of the electrode placed on the FZ site, 10-20 EEG
system) and the reference electrode (cathodal) was placed
over the left cheek. In the active atDCS condition, the cur-
rent was applied for 20 min (with additional 15 s fade-in
and fade-out each) with strength of 2 mA. The parameters
of sham tDCS were identical to those of the active condi-
tion, except that the current was only applied for 30 s.

MRI Data Acquisition

All images were acquired with a Siemens Skyra 3-T
scanner in the Taiwan Mind and Brain Imaging Center at
National Chengchi University, Taipei, Taiwan. A TI1
weighted magnetization-prepared rapid-acquisition gradi-
ent echo (MPRAGE) image was acquired for each subject
for registration purposes (TR=2530 ms; TE=3.03 ms;

again. FOV =256 X 256 mm?% matrix=192 X 192; slice
TABLE |. Behavioral performances from experiment | (mean * standard error)
Variables Pre-Sham Post-Sham Pre-atDCS Post-atDCS
Go accuracy (%) 97.6 0.8 97.1+1.2 98.8+0.4 98.8+0.4
Mean Go RT (ms) 366.8 = 14.8 370.6 = 14.8 3721 x10.7 389.6 +16.0
SSRT (ms) 192.0 £3.4 195.1 €21 195.2 438 186.2 = 3.8 (*)
SR rate (%) 483+1.0 48.7+09 49.7 £04 49.7+0.8
SR RT (ms) 369.5+12.6 371.0+11.7 373.9 £8.8 3945+129
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TABLE Il. Behavioral performances from experiment 2
(mean = standard error)

Variables Sham Anodal
Go accuracy (%) 96.4+0.7 96.8 +0.7
Mean Go RT (ms) 457.5+7.7 4559 £8.2
SSRT (ms) 241.7 £45 2299 +3.7 (%)
SR rate (%) 50.6 +0.2 50.7 +0.2
SR RT (ms) 4482 £ 6.6 450.0 74
Post-Go RT (ms) 437.0x7.7 435.9 +10.8
Post-SR RT (ms) 442.0+95 4349 9.0
Post-SI RT (ms) 4322 +11.1 426.8 +10.8

thickness =1 mm with no gap; 192 slices). Blood oxygen
level dependent (BOLD) signals were then acquired with a
single shot gradient echo planar imaging (EPI) sequence
(TR=2000 ms; TE=25 ms; FOV =220 X 220 mm?;
matrix = 64 X 64; slice thickness = 3.4 mm with no gap; 37
slices) and 246 volumes were acquired in one session.

Image Preprocessing and Statistical Analysis

Image preprocessing and statistical analysis were carried
out using the FMRI Expert Analysis Tool (version 6.0; part of
the FSL package; FMRIB software, version 5.0.7). The first
three volumes before the task were automatically discarded
by the scanner to allow for T1 equilibrium. The remaining
images were then realigned to correct for head motion [Jen-
kinson et al., 2002]. Translational movement parameters
never exceeded one voxel in any direction for any subject or
session. Data were spatially smoothed by using a 5-mm
FWHM Gaussian kernel, and filtered in the temporal domain
by using a nonlinear high-pass filter with a 100-s cutoff. All
images were denoised using MELODIC [Beckmann and
Smith, 2004]. Registration was performed using a two-step
procedure: EPI from each scan were first registered to the
MPRAGE structural image in which non-brain structures
were removed using BET (Brain Extract Tool) and were then
registered to the standard MNI space using 12-parameter
affine transformations [Jenkinson et al., 2002]. Registration
from MPRAGE structural image to standard space was fur-
ther refined by using FNIRT nonlinear registration.

A standard general linear model (GLM) analyses was
conducted for all data from participants. First, lower-level
FEAT analysis was performed for each scan/block of each
participant. Then a fixed-effect analysis was performed for
each participant that combined the lower-level FEAT
results from different scans using the summary statistics
approach. The following events were modeled at stimulus
(arrow) onset times and convolved with a double-y hemo-
dynamic response function: Go, Stop-Inhibit (SI), and
Stop-Respond (SR). An additional nuisance regressor
included incorrect and discarded Go trails. Null events
were not modeled and were used as an implicit baseline.
Temporal derivatives were included as covariates of no
interest to improve statistical sensitivity. The SI-Go

contrast and the Stop (SI+ SR) contrast were the primary
contrasts of interest in this study. The output from the
participant-specific analyses was then analyzed using a
mixed-effects model with FLAME [Woolrich, 2008].
Group-level statistics images were thresholded with a
cluster-forming threshold of Z>2.3 and a cluster probabil-
ity of P <0.05, corrected for whole-brain multiple compari-
sons using Gaussian random field theory.

To explore the atDCS effects in the regions identified by
the whole brain analysis, regions of interest were created
independently for each subject. The leave-one-subject-out
method [Esterman et al., 2010] was used in which 23 GLM
were run with one subject left out in each and with each
GLM defining the cluster for the subject that was left out.
By drawing a 6-mm sphere around the local maxima of
the activation, the ROI masks were then used to extract
the parameter estimates (f) of each event type for each
subject and session. Percent signal changes were calculated
by multiplying [f/mean] by ppheight by 100%, where
ppheight is the peak height of the hemodynamic response
versus the baseline level of activity (which is determined
by the event length and the convolved HRF) and the mean
is the average BOLD of that ROI over time.

26
[

4.6

Figure 2.

The stopping network: S| > Go. Details are summarized in Table II.
(@) In the sham condition, increased BOLD responses were
observed in the frontal and parietal brain areas during stopping. (b)
After atDCS over preSMA, the similar pattern of regional activa-
tions indicates that no additional areas were involved after atDCS.
Results were corrected for multiple comparisons using cluster-
based thresholding (z = 2.6, P < 0.05). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3.

Similar stopping networks in the Stop >rest contrast. Details
are summarized in Table Ill. (a) In the sham condition, the
regional activations were similar to the SI>Go contrast. (b)
Increased BOLD response within the stimulation site (FZ, espe-

To examine whether atDCS was affecting other brain
regions beyond the stimulation area (i.e.,, preSMA), psy-
chophysiological interaction (PPI) analysis [Cisler et al.,
2014; Friston et al.,, 1997] was used to test for event-
specific (SI) changes in areas that might be functionally
connected to the stimulation area. In this analysis, preSMA
was selected as a main seed ROI (MNI coordinates: 8, 8,
56; Table III). If the task-specific functional connectivity
between preSMA and other regions (the stopping network
or any region affected by atDCS identified by the GLM
mentioned above) was enhanced by atDCS during success-
ful stops (SI), such stop-specific connectivity can provide
new information about the underlying neural mechanisms
behind the observed behavioral improvements.

RESULTS
Experiment |

atDCS selectively enhanced SSRT. No main effect was
observed in the session (F; =4.057, P=0.084) and tDCS
condition (F;=1.583, P =0.249), and a statistical signifi-

cially preSMA). Results were corrected for multiple comparisons
using cluster-based thresholding (z = 2.3, P < 0.05). [Color figure
can be viewed in the online issue, which is available at wileyonli-
nelibrary.com.]

cance was observed in the interaction (F;=26.534,
P <0.001; Fig. 1la; Table I). Posthoc comparisons showed
significant differences in pre-atDCS and post-atDCS
(t=4.728, P=0.002) and in postsham and post-atDCS
(t; =4.287, P = 0.004). No difference of the SSRT was found
in the presham and postsham condition (t;=—1.657,
P =0.141), presham and pre-atDCS (t; = —1.078, P = 0.317).
These results indicate an absence of the practice effect in
SSRT as Cohen and Poldrack [2008] have reported before,
and therefore the effect of atDCS should not be mixed with
practice or familiarization of the task. This pattern of results
also allowed us to simplify the design of Experiment 2 to
better suit the demand of an fMRI experiment.

Experiment 2

Behavioral results: atDCS over preSMA
facilitated response inhibition

SSRT was significantly decreased after anodal stimula-
tion (t;» =5.495, P <0.001; Fig. 1b; Table II). However, the
mean Go reaction time (RT; ty =0.291, P=0.774), Go
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TABLE lll. Local maxima of brain activation for the SI-Go contrast

Brain Region Max Z X Y

Sham (cluster-level corrected P <0.05, Z >2.3)

R. Middle Frontal Gyrus/Inferior Frontal Gyrus 5.96 50 12 38
R. Superior Parietal Lobule 6.94 36 —54 46
L. Superior Parietal Lobule 6.31 =30 —54 44
L. Occipital Fusiform Gyrus 6.06 —40 —64 -18
L. Precentral Gyrus 5.44 —38 2 32
R. Occipital Fusiform Gyrus 59 40 —66 -12
L. Insula 5.51 =30 26 0
R. Superior Frontal Gyrus/Paracingulate Gyrus 4.73 4 12 54
R. Middle Temporal Gyrus 49 52 —-18 -12
Anodal (cluster-level corrected P < 0.05, Z >2.3)
R. Precentral Gyrus/Inferior Frontal Gyrus 6.5 48 8 24
R. Supramarginal Gyrus 5.94 64 —44 22
L. Temporal Occipital Fusiform Cortex 6.03 —38 —62 —18
L. Superior Parietal Lobule 5.8 —26 —58 44
R. Temporal Occipital Fusiform Cortex 6.01 34 —52 —-16
L. Insula 543 —28 22 6
L. Precentral Gyrus 4.54 —52 6 20
L. Parietal Operculum Cortex 4.81 —60 —40 24
L. Frontal Pole 4.64 —34 38 30
R. Middle Temporal Gyrus-34 4.89 48 —28 —4
Anodal > Sham (uncorrected P < 0.001, Z >2.3)
R. Superior Frontal Gyrus 3.49 20 2 68
TABLE IV. Local maxima of brain activation for the stop contrasts
Brain Region Max Z X y z
Sham (cluster-level corrected P <0.05, Z >2.3)
R. Lateral Occipital Cortex 6.05 26 —102 —4
L. Lateral Occipital Cortex 6.1 —44 =76 )
R. Superior Parietal Lobule 5.58 40 —54 56
L. Postcentral Gyrus 513 —66 —18 26
R. Frontal Pole 4.84 28 58 24
R. Insula/Inferior Frontal Gyrus 4.82 38 18 0
L. SMA /preSMA 418 -6 6 52
L. Insula 4.57 -30 18 10
Anodal (cluster-level corrected P < 0.05, Z >2.3)
L. Lateral Occipital Cortex 6.84 -32 -92 —4
R. Cerebellum/Lateral Occipital Corte 6.39 36 —54 —32
R. Superior Frontal Gyrus/Paracingulate 5.55 12 2 72
R. Superior Parietal Lobule 517 32 —44 38
R. Frontal Pole 5.36 28 54 20
R. Inferior Frontal Gyrus 517 58 10 14
L. Superior Parietal Lobule 427 —42 —48 52
L. Postcentral Gyrus 4.55 —62 —20 32
R. Putamen 4.01 18 10 4
R. Postcentral Gyrus 4.61 64 —14 26
Anodal > Sham (cluster-level corrected P < 0.05, Z >2.3)
L. Superior Frontal Gyrus 3.71 —26 0 66
R. Frontal Medial Cortex 3.47 14 48 -8
L. Frontal Medial Cortex 3.8 -8 52 -8
R. Supplementary Motor Cortex/preSMA 3.09 8 8 56
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Figure 4.
Increased preSMA and vmPFC BOLD responses after atDCS. To explore the effect of atDCS in the
brain, we compared different contrasts of right preSMA and vmPFC in the Anodals.,, >
Shamg.,. Results were corrected for multiple comparisons using cluster-based thresholding (z = 2.3,
P < 0.05). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

accuracy rate (f»p = —1.007, P=0.325), Stop-Respond RT
(trp = —0.355, P=0.726), and Stop-Respond rate (t»=
—0.522, P =0.607), PSR-PG (tp, =0.743, P = 0.465) were all
unaffected. These results showed that anodal stimulation
over preSMA only affected stopping speed. Hence, given
the fixed difficulty level (50% correct) and no effect of
atDCS was observed in Go RT, SR RT, and pSR-pG, which
suggests that the SSRT effect observed here was likely an
atDCS effect instead of participant strategy or practice
effect. If there was practice effect, we would expect to
observe faster Go RT and smaller value of pSR-pG.

Regional brain activation in the sham condition

Results of the SI-Go contrast replicated regions that
have been reported in previous fMRI studies: preSMA,
rIFG, bilateral DLPFC, and bilateral PPC (Fig. 2a;
Table III). For the Stop contrast, SMA /preSMA, right IFG,
bilateral insula and superior parietal cortex were also iden-
tified (Fig. 3a; Table IV). Note that these two contrasts
showed similar activation patterns.

The atDCS effects on response inhibition

After atDCS over preSMA, regions that were originally
involved in response inhibition remained active in the SI-
Go (Fig. 2b; Table III) and Stop contrasts (Fig. 3b; Table IV).
In the SI-Go contrast, right superior frontal gyrus (rSFG)
showed higher BOLD response (MNI coordinate of 20, 2,
68; Z =3.49, uncorrected P <0.001; Table III) after anodal
stimulation compared to sham. For the Stop contrast, higher
activations were observed in preSMA and ventromedial
prefrontal cortex (vinPFC) in atDCS condition over sham

(corrected for multiple comparisons using cluster-based
thresholding, Z = 2.3, P < 0.05; Fig. 4; Table 1V).

Impact of atDCS on activity in a priori ROls

Three ROI masks were defined based on the results
from the Stop contrasts (Fig. 5a). Independent ROI analysis
was conducted for the SI-Go using the above ROI masks.
For the SI-Go contrast, preSMA (t,; =2.127, P = 0.045), left
vmPFC  (tp; =2.746, P=0.012), and right vmPFC
(t2p =2.629, P = 0.015) showed significantly more activation
after atDCS than the sham condition (Fig. 5b). Critically, to
explore the predictive power which these three ROIs may
have on each participant’s behavioral performance, we cal-
culated an index denoting the percentage of SSRT
improvement (% of SSRT improvement=100% X
(SSRTsham — SSRT anoda1) / SSRTsham), and performed a corre-
lation analysis with each of these separate ROIs. Results
showed that enhanced vmPFC (MNI coordinate of 14, 48,
—8) activity was positively correlated with SSRT decre-
ment (improvement) across subjects (r=0.417, P =0.04S;
Fig. 5c), while the other two ROIs were not significantly
correlated with such measures of behavioral improvement.

Functional connectivity of the preSMA

The PPI analyses revealed increased coupling between
preSMA and vmPFC, and posterior cingulate cortex after
atDCS stimulation when participants successfully withheld
their responses (SI). In addition, the vmPFC in the PPI
result overlie with the vmPFC in the GLM (stop — rest) con-
trast (Fig. 6). Although such task-related change in func-
tional connectivity between preSMA and vmPFC provides
an explanation for the atDCS-induced increase in vmPFC
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Figure 5.

Increased frontal activation during response inhibition by atDCS.
(a) Three ROI masks, preSMA and bilateral vmPFC, were defined
based on the results from the Stop contrasts. (b) ROI results
showed increased activations in right preSMA and vmPFC after
atDCS, as opposed to sham atDCS. (c) A positive correlation

was observed between individual right-vmPFC activations and
their SSRT facilitation [% of SSRT improvement= 100% X
(SSRTgham — SSRTanodal)/SSRTgham] (*: P < 0.05). [Color figure can
be viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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Figure 6.
PPl results from the atDCS condition showed an increase in
functional connectivity between preSMA and vmPFC in the SI
condition, which overlaps with the vmPFC from the stop > rest
contrast from the GLM. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

BOLD activity, both the direction and magnitude of the
coupling is not known. We also performed ROI analysis to
estimate PPI between preSMA and vmPFC in both SI and
SR conditions. We found an increase in functional connec-
tivity after atDCS only in the SI trials (t», = 2.588, P = 0.017)
and not in the SR trials (t» =0.3, P =0.767). However,
there was no correlation between changes in the preSMA-
vmPFC functional connectivity and SSRT improvement
(r=-0.12, P =0.589), which implied that individual behav-
ioral performance was not associated with the change of
preSMA-vmPFC connectivity.

DISCUSSION

The role of the preSMA in response inhibition was
investigated by a combination of fMRI and tDCS techni-
ques. Consistent with previous fMRI studies, preSMA,
rIFG, bilateral DLPFC and PPC showed higher activations
when individuals performed efficient stopping (SI) com-
pared with correct action execution (Go). Anodal tDCS
over preSMA improved participants’ inhibitory control
and accelerated the stopping process (decreased SSRTs),
while leaving other behavioral indexes such as Go RT and
SR RT unchanged. Hence, increased activation in the pre-
SMA was observed after atDCS as opposed to the sham
condition when stopping processes occurred. In addition,
vmPFC—a region not commonly implicated in response
inhibition—was identified to have higher BOLD response
in efficient stopping after atDCS stimulation. It is also the
only region whose activation difference was predictive of
the individual improvement in behavioral performance.

Although several fMRI and TMS studies have suggested
a critical role for preSMA in response inhibition and selec-
tion via the use of correlational methods and temporary
impairment [Neubert et al., 2010, 2011; Rushworth et al.,
2002; Sharp et al., 2010; Taylor et al., 2007; Zandbelt et al.,
2013], only few studies have demonstrated a behavioral
improvement via the use of tDCS over preSMA [Hsu

et al., 2011; Liang et al., 2014; Reinhart and Woodman,
2014]. In this study, a higher BOLD response in the pre-
SMA after atDCS supports our hypotheses, as well as pre-
vious findings from other laboratories, that higher
preSMA activation is associated with faster stopping
speed. This result is also consistent with the assumption in
the literature that atDCS should modulate the activation
level of the site of stimulation; thus, the simple-
modulation idea that is often assumed in the field of brain
stimulation is to some extent verified here.

What is more intriguing here is perhaps the observation
of atDCS-induced higher vmPFC activations in stop trials.
The vmPFC, although highly implicated in several impor-
tant cognitive functions such as value-based decision-mak-
ing, risk, and uncertainty [Figner et al., 2010; Hare et al.,
2009; Kable and Glimcher, 2010; Xue et al.,, 2012], has
rarely been reported in response inhibition literatures. To
our knowledge, the only study in the field that also
observed vmPFC activation in the context of inhibitory
control was conducted by Li et al. [2010] in a group of
cocaine-dependent patients. These authors gave cocaine-
dependent participants methylphenidate, a neural stimu-
lant that is applied intravenously, and they observed an
SSRT improvement that was associated with vmPFC acti-
vation. Beyond validating our observed activation here in
vmPFC, this also makes for quite an interesting compari-
son with our current results. Although the methods of
induced neural stimulation (stimulant drug vs. electrical
stimulation) and participants (substance abusers vs. health
volunteers) were different, both methylphenidate and
atDCS induced a short-term and within-subject activation
change in vmPFC. This similar pattern seems to indicate
that perhaps stimulants and electrical stimulation may
share certain similarities in terms of neural substrates or
chemistry, which may help explain the effect of preSMA-
tDCS that induced activation in vmPFC. In this light, it is
known that stimulants can modulate frontal cortex activity
by altering local high gamma oscillations [e.g., Berke,
2009] or dopaminergic pathways [Kuo et al., 2008; Wagner
et al.,, 2007]. It is possible that similar amechanisms are at
work here behind the atDCS effect as well, though much
work needs to be done to substantiate this speculation.

Another important uniqueness that sets the current
study and the Li et al. [2010] study apart from the litera-
ture on response inhibition is the fact that both studies are
the only ones in the field that have employed a within-
subject design and with a short-term artificially induced
boost in performance. Other studies to date have com-
pared high- and low-performers in a between-subject
design, mostly because behavioral improvement in inhibi-
tory control is difficult to induce within individuals. Con-
sequently, our current understanding of the stopping
network is solely based on between-subject neuroimaging
data, with no information on the neural mechanisms
behind within-individual improvements. From this per-
spective, there are two similarities between our and Li
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et al. studies. First, tDCS and stimulant drug are short-
term boost in behavioral performance that does not last
long; second, these two methods induced within-
individual improvements. Whether the additional recruit-
ment of vmPFC is a result of the former or latter, or both,
requires further research in the future. For now, at least
one study by Berkman et al. [2014] provides support for
the latter explanation. These authors gave participants 10
training sessions across a span of 3 weeks and observed
improvement in SSRT. Importantly, they found activations
from the same areas within the original inhibitory net-
work, though differing in magnitude. In other words,
long-term behavioral training seems to elevate response
inhibition by recruiting the original stopping network,
whereas temporary stimulation via methylphenidate or
atDCS recruits additional areas such as the vimPFC to aid
the stopping network.

Although not a part of the inhibitory control network,
we note that the function of the vmPFC must be directly
related to, yet independent from, the overall response inhi-
bition processes. The direct relationship to the stopping
processes is likely because vmPFC BOLD response was
highly predictive of the atDCS-induced behavioral
improvement. However, such functional facilitation should
be independent from the general stopping processes since
previous fMRI studies using similar paradigms have not
observed signals from vmPFC in a stopping related con-
trast (i.e., SI-Go or SI-SR). One recent fMRI study using a
probabilistic reasoning paradigm with noisy feedback that
manipulated the combinations of stimuli and response
(rule switching) to probe the neural correlates of actor asset
switching has suggested vmPFC activation to be associated
with the extent to which a strategy is applicable to the cur-
rent situation [Donoso et al., 2014]. That is, vmPFC makes
probabilistic inferences between current external contin-
gencies and ongoing behavioral strategy and evaluates
whether it is time to move on and switch to new strategies.
Consistent with this view, in the context of the stop signal
task, participants are faced with the uncertainty of whether
to release or withhold motor actions. Therefore, if one
views the stopping process as a form of motor reprogram-
ming or action re-selection [see, Neubert et al., 2011, for
compelling evidence using double-pulse TMS], then proba-
bilistic inference and program evaluation would seem to
be a suitable facilitator for such processes. Thus, it is possi-
ble that preSMA acquires the information about task reli-
ability and stop-signal probability from vmPFC to form a
more efficient action set to achieve better performance in
the context of the stop-signal paradigm. This would also be
consistent with the criterion that vmPFC functioning is
directly related to, but independent from, cognitive and
inhibitory control [Shenhav et al., 2013]. This enhanced
functional connectivity between the vmPFC and preSMA

In the tDCS literature, it is not uncommon to observe
activation in areas other than the stimulation site [e.g., Elli-
son et al., 2014]. One plausible explanation for the current

results is that offline atDCS may have facilitated neural
activity within the preSMA and further transformed this
facilitation effect via functional connectivity to the vmPFC.
The reverse direction of effect would be less plausible for
two reasons: (1) the stimulation effect must have first
entered the cortex via preSMA and further propagated
beyond that point and (2) results from our effective
connectivity analysis revealed that atDCS facilitated the
correlation of neural activity between preSMA and vmPFC
when participants performed correct stops, a cognitive
function that preSMA is known to mediate. As of now,
although the precise mechanisms behind the facilitating
effect of atDCS remain largely unclear, there are some
recent studies documenting that electrical stimulation also
seems to have a positive effect on dopaminergic activity
[Nitsche et al., 2006] and neural oscillations [Jacobson et al.,
2012]. Importantly, one notable recent study analyzed the
neural oscillation signals in terms of their signal complex-
ity, or entropy, over different time scales while participants
performed the stop-signal task, with or without electrical
stimulation [Liang et al., 2014]. Authors found that atDCS
over preSMA also effectively increased the complexity of
the signals originating from the frontal lobe, which was
coupled with improved SSRT performance. Additionally,
evidence from resting state fMRI studies showed that pre-
SMA is functionally connected with PFC, parietal lobe,
thalamus, and basal ganglia [Zhang et al., 2012]. Since pre-
SMA is functionally connected to the vmPFC, observations
of changing frontal activity, either here or those reported
by Liang et al. [2014], are quite plausible. Thus, although
vmPFC has not been widely implicated in the inhibitory
control network, its functions may nevertheless be quite
relevant to the processes by which successful inhibitory
control occurs. If this is true, it becomes intriguing why
such functionally relevant region was never implicated in
any stop-signal studies in healthy individuals. One possible
explanation is that perhaps vmPFC is positioned on or near
the path of least electrical resistance, thus benefitting from
overflowing currents in this study. More imaging and mod-
eling studies are needed to precisely map out the directions
of current flow in the brain.

Regarding individual differences and the generalizabil-
ity of tDCS, it is worth noting that there were two individ-
uals whose performance did not improve after atDCS in
this study (Fig. 5c). This lack of tDCS effect is possibly
due to homeostatic plasticity [Lang et al., 2004; Siebner
et al.,, 2004], where individuals’ pre-existing excitability
state can alter their stimulation outcomes, as evidenced by
the TMS literature [Silvanto et al., 2008]. This can be one
possible explanation for the two individuals whose per-
formance did not improve.

CONCLUSIONS

In this study, we combined tDCS and fMRI to trace the
neural underpinnings of the facilitatory effect of tDCS.
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Beyond observing activation in the usual inhibitory net-
work comprised of preSMA, rIFG, bilateral DLPFC, and
bilateral PPC, the novel finding here comes from the
robust activation in vimPFC, an area that has never been
implicated in the literature of cognitive control in healthy
participants. In addition, vmPFC activation level was pre-
dictive of each individual’s improvement in cognitive con-
trol, suggesting that vmPFC was indeed related to
inhibition performance instead of a mere byproduct of
brain stimulation. This is the first study that demonstrates
(1) vinPFC may be better-suited to explain individual-
specific improvement in cognitive control than the usual
inhibitory network; (2) the neural mechanisms behind the
short and rapid behavioral improvement brought forth by
brain stimulation may be quite different from, yet func-
tionally connected to, the region/network responsible for
normal and long-term cognitive training. (3) preSMA acti-
vation has been found useful in segregating low from high
performers in cognitive control (between-subject), vmPFC
may be better-suited to explain individual-specific improve-
ment in inhibitory control (within-subject).
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