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Abstract

Previous research has shown that training on inhibitory control (IC) leads to functional neural plastic changes, although this
effect on individuals with different levels of IC abilities has yet to be studied. Here, we examined the individual differences
in IC abilities of 85 participants, who performed a Simon task while undergoing a functional magnetic resonance imaging
(fMRI) scan. Participants in the experimental group followed an 8-day training session on IC between the pre- and the post-
test, whereas the control group did not receive any training. The fMRI results reported that, in comparison to the control
group, the training session elicited different patterns of neural adaptation between participants with high- and low-IC abilities
in the experimental group. While training reduced activation levels in the supplementary motor area (SMA), bilateral thala-
mus, and left anterior cingulate cortex (ACC) of individuals with low-IC performance prior to the training, the same pattern
was not found in participants with high-IC performance. In addition, individual differences in IC abilities before training
also positively correlated with activation reduction in these brain regions after training. These results suggest that individual
differences in IC abilities modulate the neural plasticity of IC, and IC training specifically enhanced neural efficiency in
individuals with low-IC abilities. Our findings provide a novel perspective for investigating the functional neuroplasticity
of the IC system by highlighting the interaction between individual variances in IC abilities and short-term training effects.
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Introduction

Inhibitory control (IC) refers to the ability to suppress inap-
propriate responses, S—R mappings or task-sets when con-
text changes (Aron et al. 2004b). As a part of the executive
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functions, IC plays a crucial role in the everyday life of
human beings (Miyake et al. 2000).

Previous studies showed that performing IC-related tasks,
including the go/no-go task, activate a fronto-striatal neural
network involving the right ventrolateral prefrontal cortex,
the bilateral dorsolateral prefrontal cortices, and the pre-
supplementary motor area/anterior cingulate cortex (Aron
2010; Aron et al. 2004b, 2014). Thus, it is believed that
the prefrontal cortex plays a central role in both top—down
control and response inhibition (e.g., Chambers et al. 2009;
Chikazoe 2010), while the pre-supplementary motor area/
anterior cingulate cortex is generally associated with conflict
detection (e.g., Botvinick et al. 2001; Crottaz-Herbette and
Menon 2006). Furthermore, several neuroimaging studies
on IC training have associated the functional and structural
changes observed in both the dorsal anterior cingulate cortex
and the right inferior frontal gyrus with the training effects
seen on IC performance (Berkman et al. 2014; Chavan et al.
2015, 2017; Lenartowicz et al. 2011). For example, Chavan
et al. (2015) trained healthy participants using the go/no-go
task for 2 weeks, and found that participants responded
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faster to Go trials after training associated with decreased
neural activity in the bilateral inferior frontal gyrus and with
an increase in both the grey matter and the modulations of
the white matter microstructure in the right inferior frontal
gyrus (rIFG). However, the effectiveness of IC training is a
matter of controversy, given that some studies have reported
null effects (e.g., Bowley et al. 2013; Cohen and Poldrack
2008; Enge et al. 2014).

One possible explanation for the contrasting findings in
previous training studies is that individual differences in par-
ticipants’ background factors, including IC abilities prior to
training, were not taken into consideration. In fact, it has
been shown that individual variance in IC abilities is a criti-
cal factor determining the neural mechanisms underlying
IC performance. For example, Aron and Poldrack (2006)
found a negative correlation between stop-signal reaction
time (SSRT) and levels of neural activations in the right IFG.
In addition, individuals with shorter SSRT also presented
enhanced activity in a large-scale network including both
the rIFG and the posterior cingulate cortex (Congdon et al.
2010). As compared to young adults, older adults showed
enhanced improvement in their ability to implement cogni-
tive control after practice (Paxton et al. 2006). Schizophrenia
patients also exhibited substantial cognitive control improve-
ments in their performance after cognitive control training
(Edwards et al. 2010). Overall, the evidence suggests that
individuals with lower baseline performance prior to train-
ing benefit more from training than individuals with higher
baseline performance. Therefore, we expect individual vari-
ance in IC abilities prior to training to affect the behavioral
outcome of training and the underlying neural processes.

To the best of our knowledge, although IC includes the
two sub-components, most studies have focused on neural
plastic changes as a result of training in response inhibi-
tion rather than interference suppression. However, previous
studies suggest that the neural mechanisms underlying the
two processes are dissociable (e.g., Nigg 2000; Van Box-
tel et al. 2001). For example, Blasi et al. (2006) showed
that interference suppression induced strong activation in
the dorsal anterior cingulate cortex (ACC), while response
inhibition activated an extended area in the prefrontal and
parietal cortex. In addition, previous studies have not inves-
tigated the role of individual variance in IC abilities in
training-induced functional neuroplastic changes. Address-
ing these issues would improve our understanding of the
neuroplasticity of the IC system, and also have implications
for the treatment of IC deficits. We are particularly interested
in the potential plasticity of two brain regions, i.e., the ACC,
and the rIFG. This is due to the fact that both these areas
play crucial, though distinct, roles in cognitive control.

Specifically, the ACC is associated with conflict monitor-
ing and detection (Botvinick et al. 1999, 2001, 2004; Carter
et al. 1998). Previous studies have shown that the activity in
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the ACC is greater when processing trials with high levels
of conflict as opposed to trials with low levels of conflict (for
reviews see Botvinick et al. 2004; Heilbronner and Hayden
2016).

In contrast, the rIFG is an important brain region related
to response inhibition (Aron et al. 2004b, 2014; Chikazoe
2010). In fact, while patients with lesions in the rIFG report
an impaired function in their inhibitory control (Aron et al.
2003, 2004a), participants with stronger activation of the
rIFG usually perform better in tasks related to response inhi-
bition (Aron and Poldrack 2006; Chamberlain et al. 2009;
Garavan et al. 1999). In addition, it has been proposed that,
once the ACC detects conflict, the rIFG is then recruited to
inhibit inappropriate responses (Aron et al. 2004a; Gehring
and Knight 2000).

In the current study, we aimed to examine the functional
plasticity of the neural mechanisms associated with IC
training using a modified Simon task (e.g., Liu et al. 2015).
Unlike the Go/No-go task and the stop-signal task, which
mainly tap into response inhibition, performance in the
Simon task reveals participants’ ability to suppress interfer-
ence from task-irrelevant information (e.g., Diamond 2013).
Neuroimaging studies have shown the Simon effect (the con-
trast between the incongruent condition with the congruent
condition) induced the strong activity in the dorsal ACC,
dorsal premotor cortex as well as the parietal cortex (e.g.,
Fan et al. 2003; Liu et al. 2004; Peterson et al. 2002), indi-
cating that individuals need to rely on this fronto-parietal
network to perform the Simon task. Participants in the pre-
sent study were divided into an experimental group (i.e., the
training group) and a control group (i.e., the non-training
group) and were matched by age, gender, and fluid intel-
ligence. All participants performed the Simon task while
undergoing a functional magnetic resonance imaging (fMRI)
scan in the pre-test. The experimental group then followed
an 8-day training using a Simon task highly comparable to
the one used in the experiment, while the control group did
not receive any training. To examine the effects of individual
variance on IC ability, participants were assigned to either
the high-IC group or the low-IC group, according to their
pre-test performance. Specifically, the median split method
was used; the top half of the participants with smaller Simon
effects were assigned to the high-IC group, whereas the bot-
tom half with larger Simon effects were assigned to the low-
IC group (Duverne et al. 2009; Liu et al. 2014; Wolf and
Walter 2005). Our hypotheses were that (1) a difference in
performance in the Simon task between the training and the
control group prior to training would not be observed; (2)
the training would induce functional plastic changes in the
neural mechanisms underlying IC performance in the experi-
mental group; (3) individuals with high- and low-IC abilities
would present different patterns of training effects at both
the behavioral and the neuroanatomical levels. Particularly,
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given that the Simon task is more associated with interfer-
ence suppression (e.g., Diamond 2013), we expect neural
plastic changes to be observed as reduced activation levels in
the ACC rather than the rIFG. In addition, we also expect to
see significant correlations between individual differences in
IC abilities before training and neural changes after training.

Materials and methods
Participants

Eighty-five participants (47 females) were recruited in the
current study, which was approved by the ethics committee
of the State Key Laboratory of Cognitive Neuroscience and
Learning at Beijing Normal University. Written informed
consent was obtained from each participant prior to the start
of the experiment. All participants were right handed, and
had normal or corrected-to-normal vision. No participants
reported a history of neurological or psychiatric disorders. In
addition, participants were randomly assigned to either the
experimental group or the control group. Given that five par-
ticipants were excluded from the analysis due to excessive
head movement (i.e., >3 mm) during the fMRI scanning, the
experimental and control groups comprised 40 participants
each. To examine the effects of individual differences (in IC
ability) on IC training, the experimental group and control
group were further divided into the high-IC and the low-IC
groups, according to the magnitude of the Simon effect (i.e.,
the difference in reaction times between incongruent and
congruent trials) in the pre-test. For both the experimental
and control groups, an independent samples ¢ test described
the Simon effect for the high-IC group to be significantly
smaller than that for the low-IC group (experimental group:
t (38)=7.083, p<0.001; control group: ¢ (38)=28.695,
p<0.001).

In addition, according to a 2 (group: experimental group/
control group) X2 (individual differences: high IC/low IC)
ANOVA on age, and fluid intelligence, the main effect of
group and individual differences was not significant (group
for age: F (1, 75) < 1; group for fluid intelligence: F (1,
75)=1.87, p=0.176; individual differences for age: F (1,

75) < 1; individual differences for fluid intelligence: F (1,
75)=1.14, p=0.290). In contrast, the interaction between
groups and individual differences for age was significant, F
(1, 75)=6.15, p=0.015. However, a significant difference
between IC groups was not reported by independent samples
t tests (experimental group: ¢ (38)=—1.32, p=0.194; con-
trol group: # (38) =1.91, p=0.064). Overall, the participants
were well matched in age and intelligence (see Table 1).

Task

A modified Simon task was used for both test sessions and
training sessions. At each trial of the test sessions, a fixation
cross was presented for 200 ms at the center of a screen,
followed by a blank screen that was shown for 300 ms. Suc-
cessively, a colored arrow, pointing either to the left or to
the right, appeared in the center of the screen for 1 s, during
which the participants were asked to respond by pressing a
button with either their left or right index finger. The arrow
was then replaced by a blank screen for 1, 2, 3, or 4 s (i.e.,
the inter-stimuli intervals). In contrast, the inter-stimulus
interval in the training session varied between 1500 and
2000 ms randomly (rather than 1, 2, 3, or 4 s), while the
stimuli appeared on the screen until participants provided a
response (rather than for a fixed duration of 1 s). The color
(blue or red) of the arrow specified the condition of the
trial. Specifically, a blue arrow signified that participants
needed to press the button on the same side to which the
arrow pointed (i.e., the congruent condition); whereas the
red arrow signified that they should press the button on the
opposite side to which the arrow pointed (i.e., the incongru-
ent condition). The correspondence between the color of the
arrow and the congruency of the trial was counterbalanced
across participants.

Procedure

As shown in Fig. 1, all participants completed identical pre-
and post-test sessions. The experimental group followed
an 8-day training between the two test sessions, while the
control group did not receive any training. In each session,
participants completed a short practice (16 trials) using a

Table 1 Descriptive
characteristics for participants

Experimental group

Control group

of the two groups (standard

High IC (N'=20)

Low IC (N=20)  HighIC (N=20)  Low IC (N=20)

deviations in parentheses)

Gender 10 Females
Age (years) 22.90 (2.45)
Intelligence (0-60) 57.00 (2.47)
Simon scores in the =77

pre-test (ms)

9 Females 13 Females 15 Females
22.05 (1.50) 21.90 (1.97) 23.25 (2.47)
56.05 (4.32) 55.79 (4.53) 54.90 (3.73)
27 (14) 0(14) 34 (10)

IC inhibitory control
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Fig. 1 a The schematic display

of the Simon task design. b A
Protocols for experimental and

control groups

The Simon task
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in MRI scanner

Simon task identical to the experimental task. The formal
experiment included 2 runs, each containing 41 congruent
trials and 41 incongruent trials, which were presented in
pseudorandomized orders, and lasted for 5 min and 28 s
in total. Owing to the unstable magnetic field of the scan-
ner, two trials were added at the beginning of each run as
filler trials, but were not considered for statistical analysis.
Following the functional scanning, the anatomical images
(8 min long) were obtained and, finally, all participants com-
pleted Raven’s Progressive Matrices to measure their fluid
intelligence.

Participants in the experimental group underwent an
8-day training on inhibitory control. Specifically, each train-
ing session consisted of 6 blocks with 40 congruent and 40
incongruent trials presented in a random order. One trial, not
considered for statistical analysis, was added at the begin-
ning of each block. Notably, the correspondence between
the color and the congruency was reversed from one block
to the other to increase both the difficulty and the novelty
of the training. Every training session lasted for around half
an hour.

Data collection

All images were obtained using a 3-T Siemens Sonata whole-
body MRI scanner. During scanning, participants laid on the
scanner table with their heads fixed with a coil to minimize
head motion. For each participant, functional scans were
acquired using a single shot T2*-weighted gradient echo pla-
nar imaging (EPI) sequence at 164 time points. Contiguous
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axial slices were procured to cover the entire brain (includ-
ing the cerebellum). Each functional scan contained 33
slices. The following scanning parameters were used: TR
(repeated time) =2000 ms, TE (echo time) =20 ms, flip
angle =90°, field-of-view (FOV)=200x200 mm?, matrix
size = 64 X 64, resolution within slices=3.1x 3.1 mm?, and
slice thickness/gap =4 mm/0.8 mm. In addition, high-reso-
lution T1-weighted anatomical images were acquired. The
following scanning parameters were used: TR =2530 ms,
TE=3.39 ms, flip angle=7°, FOV =256 x 256 mm?, matrix
size =256 X 256, resolution within slices=1.0x 1.0 mm>,
slice thickness=1.33 mm, and the number of slices = 144.
All images were scanned in an interleaved fashion.

Behavioral data analysis

Reaction times either below 200 ms or above 1500 ms
were considered outliers and excluded from our analysis.
In addition, we omitted reaction times 2.5 standard devia-
tions either below or above each participant’s mean value.
Statistical analyses were then performed on the remaining
correct trials.

A two (individual differences: high-IC versus low-IC) by
eight (training session) by two (trial type: congruent versus
incongruent) repeated measures ANOVA was performed for
training results.

Furthermore, a two (group: experimental versus control)
by two (individual differences: high-IC versus low-IC) by
two (test session: pre-test versus post-test) by two (trial type:
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congruent versus incongruent) repeated measures ANOVA
was performed for pre- and post-test results.

Imaging data analysis

Imaging preprocesses and whole-brain analyses were per-
formed using SPM8 (Welcome Department of Cognitive
Neurology, London, UK) implemented in MATLAB. The
first four scans were discarded to allow magnetization to
reach the equilibrium state for each participant. For the rest
of the images, slice-timing correction was used to reduce
differences in acquisition time between slices. Subsequently,
the images were realigned to the first scan and the realign-
ment parameters were examined to correct for head motion.
The inclusion criterion was that any given participant did not
show an absolute motion greater than 3 mm. Accordingly,
five participants were excluded due to large head motions.
The remaining images were normalized to the T1 template
provided by SPMS to minimize cerebral differences between
participants and then were re-sampled with 3 X3 X3 mm
voxels. The images were smoothed with a cubic Gaussian
filter (6-mm full width at half-maximum).

At the individual level analysis, a General Linear Model
was used to estimate the hemodynamic parameters of differ-
ent trial types (i.e., congruent trials and incongruent trials)
and to generate statistical contrast maps of interest (incon-
gruent trials relative to congruent trials) for each participant.
Statistical analyses were performed by modeling different
conditions on a voxel-by-voxel basis.

At the group level, we first performed a two (trial type:
congruent/incongruent) by two (group: experimental group/
control group) repeated measure ANOVA to examine the
neural correlates associated with inhibitory control and
any potential group difference in the pre-test session with
a threshold of p <0.05 and k> 10 at the voxel level using
the familywise error (FWE) method implemented in SPM.

Fig.2 Graphic display of the
left anterior cingulate cortex
(=1, 26, 32), and right inferior
frontal gyrus (46, 6, 32). Coor-
dinates are reported in Montreal
Neurological Institute (MNI)
space

To examine how individual differences in IC ability might
affect the training effect, the statistical contrast maps, which
were derived from the Simon effect in the pre-test session
at the group level, were used as a mask to reveal the inter-
action between individual differences (high-IC/low-IC) and
test session (pre-test/post-test) in the experimental and the
control group, respectively, with an uncorrected threshold
of p<0.005, k> 10. Then, we built spherical regions with
an 8 mm radius centered at the peak of regions showing sig-
nificant interactions. The signals for the Simon effect were
then extracted to detail the interaction using a 2 (test ses-
sion: pre-test/post-test) X 2 (individual differences: high IC/
low IC) repeated measure ANOVA. In addition, correlation
analyses between Simon scores before training and changes
in beta values of significant brain regions were conducted.

In addition, we extracted ROI signals from statistical con-
trast maps for the Simon effect, and performed ROI analyses
to further investigate the impact of individual differences
in IC ability on the training effects. The coordinates of the
left ACC location (MNI: — 1, 26, 32) were based on the
meta-analysis study by Chein and Schneider (2005), which
reported an activity reduction in the ACC following practice
of the domain-general control task. In contrast, the coor-
dinates of the rIFG location (MNI: 46, 6, 32) were based
on another meta-analysis on the cognitive control network
conducted by Niendam et al. (2012). Subsequently, based
on the coordinates of both the left ACC and the rIFG (see
Fig. 2), we built spherical regions with an 8 mm radius.
The beta values were extracted at the individual level for
each region. Furthermore, the experimental and the control
participants were separated, respectively, into the high- and
low-IC subgroups using the median split method. There-
after, two (test session: pre-test/post-test) by two (group:
experimental group/control group) by two (individual differ-
ences: high IC/low IC) ANOVAs were performed to reveal
the training effects.

Anterior cingulate cortex

Right inferior frontal gyrus
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Likewise, correlational analyses between individuals’
Simon scores in the pre-test and changes of beta values in
each ROI were conducted in the experimental and control
groups, respectively. All p values were corrected using
the Bonferroni method to avoid alpha error inflation from
multiple comparisons within the two predefined ROIs, and
were evaluated at a threshold of p <0.05.

Results
Behavioral results

The accuracy rate for the experimental and control groups
were 97.1% and 95.7%, respectively. Given the high accu-
racy rates, a smaller variance in the data may occur. There-
fore, we do not report analyses for the accuracy rate data.

Low-IC group

Congruent

Incongruent

650

3
RT (ms)

RT (ms)

S
5
3

350

650

250

Training results

The training results (reaction times) are illustrated in Fig. 3.
Analysis of reaction times showed that the main effect of
individual differences was not significant, F' (1, 38)=1.93,
p=0.173, while the main effect of training session was
significant, F (7, 266)=15.37, p=0.001, 77, =0.288, show-
ing a decrease of global reaction times as a result of train-
ing. The main effect of trial type was also significant, F (1,
38)=13.36, p=0.001, 712 =0.260, showing longer reaction
times in the incongruent trials (M =514 ms, SD=155 ms) as
compared to the congruent trials (M =502 ms, SD=59 ms).
In contrast, no significant interactions between these vari-
ables were found.

Pre-test and post-test results

As shown in Table 2 and Fig. 4, the main effect of group was
significant, F (1, 76)=28.34, p=0.005, 77]2,= 0.099, whereas

High-IC group

Congruent

Incongruent

4

23 g

® i ! ! T

] ] ' ¥ Y

i 1 ! : 1

' ' b ' I

,,

L b 3.8 :
R ey ] e e
- - l 1 8 g t [

¥ 3 ExsalS RS

1 -t 8 8 v
- P ! b

- ey

250

Training session

EN
3

1 2 3 4 5

Training session

Fig.3 Mean reaction times (ms) for two trial types (congruent/incongruent) of the Simon task across the low-IC group (left panel) and the high-

IC group (right panel) during training

Table 2 Behavioral results of
2 (group: experimental group/

control group) by 2 (individual
differences: high IC/low IC) by
2 (test session: pre-test/post-
test) by 2 (trial type: congruent/
incongruent) ANOVA analyses
for pre-test and post-test across
groups

F p 0
Group F(1,76)=8.34 <0.01 0.099
Individual differences F(1,76)<1
Test session F (1,76)=30.16 <0.001 0.284
Trial type F(1,76)=4547 <0.001 0.374
Group X test session F(1,76)=16.11 <0.001 0.175
Individual differences X trial type F(1,76)=47.09 <0.001 0.383
Group X individual differences F1,76)<1
Individual differences X test session F(1,76)<1
Group X trial type F(1,76)<1
Trial type X test session F(1,76)<1
Group X trial type X test session F(1,76)=9.05 <0.005 0.106
Individual differences X trial type X test session F(1,76)=9.98 <0.005 0.116
Individual differences X trial type X group F(1,76)<1
Individual differences X test session X group F((1,76)<1
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Fig.4 Mean reaction times (ms) for low-IC participants, and high-IC participants in the experimental and control groups in the pre-test and the

post-test sessions

the main effect of individual differences was not found to
be significant, F (1, 76) < 1. Furthermore, the main effect
of test session was significant, F (1, 76)=30.16, p <0.001,
11[2,: 0.284, suggesting that participants were faster in the
post-test session (M =521 ms, SD=85 ms) as compared to
the pre-test session (M =570 ms, SD=92 ms). The main
effect of trial type was also significant, F (1, 76)=45.47,
p<0.001, ;1]2)=0.374, indicating that the responses were
slower in incongruent (M =552 ms, SD=89 ms) as com-
pared to congruent trials (M =539 ms, SD=94 ms).
Moreover, the interaction between group and test session
was significant, F (1, 76)=16.11, p<0.001, 1112,=0.175.
A paired-samples ¢ test showed that for the experimental
group, reaction times in the post-test session were signifi-
cantly shorter than those in the pre-test session, ¢ (39)=6.02,
p <0.001, while the same was not true for the control
group, ¢ (39) =1.25, p=0.220. Furthermore, the interaction
between individual differences and trial type was significant,
F (1, 76)=47.09, p<0.001, ng =0.383. A paired-samples
t test showed that for the low-IC group, the reaction times
in the incongruent condition were significantly longer than
those in the congruent condition, ¢ (39)=9.38, p<0.001,
while the same was not true for the high-IC group, # (39) < 1.
In addition, the interaction between group and individual

differences, F (1, 76) < 1, between individual differences and
test session, F (1, 76) < 1, between group and trial type, F (1,
76) <1, and between trial type and test session, F (1, 76) <1,
were all not significant.

The three-way interaction among group, trial type and
test session was significant, ' (1, 76)=9.05, p=0.004,
n§=0.106. Accordingly, the two-way ANOVA was per-
formed for both test sessions. In the pre-test session, the
main effect of trial type was significant, F' (1, 38)=259.97,
p<0.001, ;112,=0.870. In contrast, the main effect of group
was not significant, F (1, 38) < 1, indicating an absence of
significant difference between the two groups in the pre-test
session. The interaction between group and trial type was
not significant, F (1, 38)=3.78, p=0.059, 11[2,=0.O90. In
the post-test session, all main effects were significant (trial
type: F (1, 38)=18.21, p<0.001, 7712,=0.324; Group: F (1,
38)=17.25, p<0.001, n§=0.312), suggesting that the par-
ticipants in the experimental group responded faster than
those in the control group in the post-test session. However,
the interaction between group and trial type was not signifi-
cant, F (1, 38)< 1.

Similarly, the three-way interaction among individual
differences, trial type, and test session was significant,
F (1, 76)=9.98, p=0.002, 115 =0.116. Accordingly,

@ Springer



2364

Brain Structure and Function (2019) 224:2357-2371

two-way ANOVAs were performed for both high-IC and
low-IC groups. With regard to the low-IC group, the
main effect of test session and trial type were signifi-
cant (test session: F (1,39)=17.61, p<0.001, 7712, =0.311;
trial type: F (1, 39)=88.03, p <0.001, 17[2,:0.693.). The
interaction between trial type and test session was also
significant, F (1, 39)=7.33, p=0.010, nﬁ =0.158. The
paired-samples ¢ test showed that the reaction times in
the incongruent condition were significantly longer than
those in the congruent condition (pre-test sessions: ¢
(39)=15.58, p<0.001; post-test sessions: ¢ (39)=4.29,
p <0.001). Considering the high-IC group instead, only
the main effect of test session was significant, F (1,
39)=9.77, p=0.003, ;15=0.200, as both the main effect
of trial type, F' (1, 39) <1 and the interaction between
trial type and test session, F (1, 39)=2.41, p=0.129,
715: 0.058, were not significant.

In addition, the three-way interaction among individual
differences, trial type, and group was not significant, F (1,
76) < 1. Both the three-way interaction among individual
differences, test session, and group, F (1, 76) < 1, and the
four-way interaction among group, individual differences,
test session and trial type, F (1, 76) < 1, were not significant.

Whole-brain results

For the pre-test session, a two (trial type: congruent/incon-
gruent) by two (group: experimental group/control group)
repeated measures ANOVA revealed a significant main
effect of trial type in the left middle frontal gyrus, supple-
mentary motor area, bilateral superior parietal lobule, left
inferior parietal lobule, left precuneus, bilateral thalamus
and bilateral cerebellum (see Table 3; Fig. 5). However, the

main effect of group and the interaction between group and
trial type were not significant.

In addition, for experimental group, the significant inter-
action between individual differences and test session,
within the mask of brain regions for the Simon effect in
the pre-test, was shown in the supplementary motor area
and bilateral thalamus (see Table 4; Fig. 6). Specifically,
the main effects were not significant (individual differences:
F (1, 38)=3.03, p=0.09, 17’%=0.074; test session: F (1,
38) < 1) for the SMA. The interaction between test session
and individual differences was significant, F (1, 38) =10.50,
p=0.002, nﬁ =0.216. Further, paired-samples ¢ test showed
the beta values decreased significantly in the post-test ses-
sion when compared to the pre-test session for the low-IC
group, t (19)=3.65, p=0.017, and no significant changes
between test sessions for the high-IC group, # (19)=—1.93,
p=0.069. For the left thalamus, the main effect of test ses-
sion was significant, F (1, 38)=5.1, p=0.030, nﬁ =0.118.
The main effect of individual differences was not signifi-
cant, F' (1, 38) < 1. The interaction between test session and
individual differences was significant, F' (1, 38)=12.31,
p=0.001, 7712, =0.245. Further paired-samples 7 test showed
the beta values decreased significantly in the post-test ses-
sion when compared to the pre-test session for the low-IC
group, t (19)=3.79, p=0.001, and no significant changes
between test sessions for the high-IC group, ¢ (19)< 1.
For the right thalamus, the main effect of test session was
significant, F (1, 38)=4.43, p=0.042, ;7,2,:0.104. The
main effect of individual differences was not significant,
F (1, 38) < 1. The interaction between test session and
individual differences was significant, F' (1, 38)=14.24,
p=0.001, ;7; =0.273. Further, paired-samples ¢ test showed
the beta values decrease significantly in the post-test ses-
sion when compared to the pre-test session for the low-1C
group, f (19)=3.65, p=0.002, and no significant changes

Table 3 The brain areas with

N e Brain regions Cluster size BA MNI coordinates (x, y, z) F value

significant activation for

the main effect of trial type Frontal_Mid_L 148 6 -24 0 60 44.65

revealed by the 2 (trial type: Frontal_Sup_L —24 -6 51 44.34

congruent/incongruent) by 2

(group: experimental group/ Parietal_Sup_L 670 7 -15 —66 54 59.20

control group) repeated Parietal_Inf_L -33 —-48 45 51.55

measures ANOVA (voxel-wise Parietal_Sup_R 1539 7 21 -69 54 81.47

P(EWE)<0.05, k> 10) Frontal_Sup_R 27 0 57 80.97
Parietal_Inf R 36 —45 48 61.14
Supp_Motor_Area_L 129 8 -3 15 51 41.60
Temporal_Inf R 17 20 54 -57 -15 32.93
Thalamus_L 55 -12 -24 9 40.92
Thalamus_R 86 12 —18 0 47.93
Cerebelum_8_L 41 =30 -51 =57 40.73
Cerebelum_8_R 39 27 -57 =51 36.27

BA Brodmann area, L left, R right
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The main effect of Trial type (Incongruent > Congruent)

Fig.5 Activation maps for the main effect of trial type (incongruent >congruent) in the pre-test session (p <0.05, FWE corrected at the voxel
level, k> 10). Coordinates are reported in Montreal Neurological Institute (MNI) space

Table 4 The brain areas with significant activation for the interaction between individual difference and test session revealed by the 2 (individual
differences: high-IC/low-IC) by 2 (test session: pre-test/post-test) repeated measures ANOVA (p <0.005, k> 10)

Brain regions Cluster size BA MNI coordinates (x, y, z) F value
Supp_Motor_Area_L 28 6 0 6 48 14.70
Thalamus_L 18 -18 —-24 12 13.99
Thalamus_R 15 12 -15 6 14.74

BA Brodmann area, L left, R right

between test sessions for the high-IC group, ¢ (19)=—1.41,
p=0.347. Furthermore, individual differences in IC ability
before training positively correlated with activation changes
between two test sessions (SMA: r=0.569, p <0.001; left
thalamus: r=0.595, p <0.001; left thalamus: r=0.711,
p<0.001).

As for control group, no brain region showed significant
interactions between test session and individual differences
within the mask for the Simon effect in the pre-test session,
so no further analysis was conducted.

ROl analysis results

The beta values of the Simon effect were extracted within
the left ACC and the rIFG for further ROI analyses.

As shown in Fig. 7, for the left ACC, the main effects
were not significant (group: F (1, 76) < 1; test session: F
(1,76)=2.42, p=0.248, 171% =0.031; individual differences:

F (1, 76) < 1). Moreover, the interaction between test ses-
sion and individual differences, F (1, 76)=3.89, p=0.104,
;1§=0.049, between test session and group, F (1, 76) <1,
and between group and individual differences, F (1, 76) <1,
were not significant. Instead, the three-way interaction was
significant, F (1, 76)=7.81, p=0.014, nﬁ =0.093. For both
the experimental and the control groups, two-way ANOVAs
between test session and individual differences were further
performed to examine the training effects in terms of dif-
ferent IC abilities. With regard to the experimental group,
the main effect of test session and individual differences
was not significant, F's (1, 38) < 1, whereas the interaction
between test session and individual differences was signifi-
cant, F (1, 38)=10.51, p=0.008. Further paired-samples ¢
test showed the beta values to decrease significantly in the
post-test session when compared to the pre-test session for
the low-IC group, ¢ (19)=3.11, p=0.012, suggesting that
training decreased the activation levels in the left ACC for
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Fig.6 Results for the experimental group. a Active regions for the
interaction between test session and individual differences within
mask for the Simon effect in the pre-test. b The beta values of each
region. ¢ The correlation results between Simon scores before train-

the low-IC group. Considering the high-IC group instead,
the beta values in the post-test session did not vary from
those in the pre-test session, ¢ (19)=—1.68, p=0.44. In con-
trast, in the control group, none of the main effects were sig-
nificant (test session: F (1, 38)=2.68, p=0.440, 1712, =0.066;
individual differences: F (1, 38) < 1), while neither the inter-
action between test session and individual differences was
significant, F (1,38) < 1.

For the right IFG, although the main effect of both
group and individual differences were not significant, F
(1,76) < 1, the main effect of test sessions was significant,
F(1,76)=6.95, p=0.020, 772 =0.084, suggesting that acti-
vation of the right IFG in the post-test session was reduced
significantly relatively to the pre-test session. In contrast,
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Simon scores in the pre-test

ing and changes in beta values of each region. SMA supplementary
motor area. Coordinates are reported in Montreal Neurological Insti-
tute (MNI) space

the interaction between test session and individual differ-
ences, F (1,76)=3.37, p=0.140, ;112, =0.042, between test
session and group, F (1, 76) < 1, and between group and
individual differences, F (1, 76) < 1, were all not signifi-
cant. The three-way interaction was also not significant, F
(1,76)< 1.

Furthermore, correlational analyses between activa-
tion level changes of the left ACC and rIFG (between
pre-test and post-test session) and individual differ-
ences were conducted separately for the experimental
and the control group. For the experimental group (see
Fig. 8), activation level changes in the ACC were posi-
tively correlated with individuals’ Simon scores in the
pre-test (r=0.527, p <0.001). In contrast, there was not
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Fig.7 The beta values of the left ACC and the rIFG for the low-IC and the high-IC individuals in the experimental and control groups, respec-
tively. ACC anterior cingulate cortex, r/FG right inferior frontal gyrus

Fig.8 Correlation results
between Simon scores before
training and changes in beta val-
ues of the left ACC (experimen-
tal group: r=0.527, p<0.001;
control group: r=-0.092, n.s.)
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a significant correlation in the control group (r=—10.092,
p=1). In addition, for the right IFG, no significant
correlation between activation level changes and

Simon scores in the pre-test

individual differences was found for the experimental
group (r=0.334, p=0.07) or the control group (r=0.164,

p=0.622).
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Discussion

The present study examined both the effects of short-term
training on the neural correlates of IC and, of particular
interest, the interaction between training effect and indi-
vidual differences in IC ability on the neural plasticity of
the IC system.

Our behavioral results showed that there was no signifi-
cant difference in the Simon task between both the experi-
mental and the control groups in the pre-test, indicating
that both groups were well matched before the training.
Another main finding was the reduction in global reaction
times in the experimental group, despite the individual
differences seen in the post-test when compared to the
pre-test. However, the training sessions did not affect the
Simon effect (i.e., difference in reaction times between
congruent and incongruent trials) in the experimental
group. The training effects on the Simon task performance
are two-fold: (1) strengthening of top—down controlled
inhibitory processes (e.g., Spierer et al. 2013) and (2)
enhancement of task familiarity (Biirki et al. 2014). The
strengthening of the top—down control mainly improved
performance in the incongruent trials, which require inter-
ference suppression. In contrast, the familiarity effect
improved performance in both incongruent and congruent
trials. The overall improvement in the Simon task follow-
ing training suggests that individuals with both high- and
low-IC abilities in the experimental group further ben-
efited from the training effect on task familiarity rather
than on the top—down control.

With regard to the fMRI results for the pre-test ses-
sion, the whole-brain analysis revealed that, compared to
congruent trials, incongruent trials increased activation
levels in the frontal and parietal brain regions, extending
to subcortical areas including the thalamus and cerebel-
lum. These findings are consistent with previous studies
on the Simon effect (e.g., Liu et al. 2004; Rubia et al.
2006; Sebastian et al. 2013), suggesting that the classic
fronto-parietal neural network for inhibitory control was
involved in performing the Simon task in the current study.
Furthermore, when considering the experimental and the
control group separately, there was not a significant dif-
ference in neural activation associated with the Simon
effect between the two groups at the pre-test session. This
finding suggests that the neural mechanisms underlying
IC performance were also comparable between the two
groups before training.

However, further analyses revealed that the activation
level of the SMA and bilateral thalamus was reduced by
training for the low-IC individuals in the experimental
group. These brain areas are critical nodes in the frontal
cortical-basal ganglia neural network supporting inhibitory
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control (Haber and Calzavara 2009; Hikosaka and Isoda
2010; Hung et al. 2018). Specifically, the SMA is associ-
ated with outright inhibition independent from attentional
capture of unexpected events (Sharp et al. 2010) and strat-
egies (Sebastian et al. 2017) during the inhibitory control
process. Neuropathological studies have shown that the
thalamus is instrumental for interference suppression in
schizophrenia and attention-deficit hyperactivity disor-
der (Minzenberg et al. 2009; Rubia et al. 2011). The tha-
lamic response varies as a function of task (Peterson et al.
2002), age (Rubia et al. 2006), and learning outcomes (de
Bourbon-Teles et al. 2014). Our results further confirm
the essential roles of both the SMA and the thalamus in
inhibitory control and indicate that the neural plasticity
of the two regions is more manifest for individuals with
low-IC performance. This finding is mirrored by the posi-
tive correlations between individual differences in IC abil-
ity before training and neural activation changes between
before and after training, and reveals that individual dif-
ferences modulate the neural plasticity of IC.

Moreover, the ROI analyses revealed an interaction
between groups, individual variance in IC abilities, and test
sessions in the activation levels of the ACC. Specifically,
the training sessions decreased the activation level of the
ACC in the low-IC participants of the experimental group,
although the same was not observed in the high-IC partici-
pants. In addition, this pattern was not shown in the control
group.

Previous neuroimaging evidence demonstrated that the
ACC forms an important part of the neural substrate of the
IC system, supporting various mental activities, including
conflict monitoring and conflict resolution (e.g., Botvinick
et al. 2001; Crottaz-Herbette and Menon 2006; Egner and
Hirsch 2005; Kerns et al. 2005). When participants were
asked to suppress irrelevant information that interfered
with their goal-directed behaviors (e.g., performing the
Simon task, the Flanker task, or the Stroop task), the ACC
was increasingly activated in the incongruent, as opposed
to the congruent, condition, indicating its involvement in
interference suppression (e.g., Adleman et al. 2002; Fan
et al. 2003; Kerns et al. 2004; Liu et al. 2004). In the
present study, we found that training reduced the activa-
tion level of the ACC in low-IC participants. This find-
ing is consistent with that of several previous IC-training
studies, in which the training procedure reduced neural
activation (e.g., Chavan et al. 2015, 2017). In addition,
it has been suggested that a lower level of activation in a
neural system indicates a higher level of efficiency (Pol-
drack 2000). Therefore, the finding of reduced activation
in the left ACC might suggest that training in interfer-
ence suppression enhanced the neural efficiency of IC in
individuals with a low-IC ability. Specifically, the training
sessions might have strengthened participants’ IC ability
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through the improvement of their conflict monitoring and
interference suppression, since the training task used in
the present study required monitoring potential conflicts
and withholding proponents, inappropriate responses
(e.g., pressing the button on the same side to where the
arrow points). Therefore, the reduced activation of the left
ACC might indicate that individuals in the low-IC group
engaged fewer neural resources to perform the Simon task
in the post-test session. In contrast, individuals with high-
IC abilities might be able to efficiently harness generic
attentional resources to address interference conflict,
resulting in a lower possibility of neuroplasticity when
compared to low-IC individuals.

The effect of individual differences in inhibitory control
on the neural plasticity of the left ACC was also confirmed
by the correlational analysis. Specifically, we found that
there was significant positive correlation between partici-
pants’ IC abilities prior to training and changes (i.e., reduc-
tions) in the activation levels in the ACC after training. In
other words, participants in the experimental group with
lower IC abilities exhibited more training-induced reduction
in the ACC as compared to those with higher IC abilities.
This result confirms the finding observed in the SMA and
bilateral thalamus, and is also consistent with studies on
older adults (Paxton et al. 2006) and schizophrenia patients
(Edwards et al. 2010), indicating that individuals with poor
baseline performance benefit better from cognitive control
training.

More interestingly, when compared to the pre-test, activa-
tion of the rIFG was found to decrease in the post-test in both
the experimental and the control groups. This observation
is consistent with that in some previous studies (Hartmann
et al. 2016; Manuel et al. 2013), in which participants per-
formed either a go/no-go task or a stop-signal task for about
an hour. They found better behavioral performances and
reduced activity of rIFG at the end of the task, as opposed to
its beginning. Moreover, these results revealed the sensitiv-
ity of rIFG activity to adaption and also suggested that short
practice was able to improve the efficiency of the neural
activity associated with response inhibition (Hartmann et al.
2016; Manuel et al. 2013). Therefore, the present finding
further indicates that task repetition may induce adaptive
changes in response inhibition. In addition, when compared
to both the go/no-go and the signal-stop tasks, the Simon
task employed in our study is more demanding with regards
to monitoring both conflict and interference (Nee et al. 2007)
when compared to response inhibition (Aron et al. 2014). It
is reasonable that we did not find any specific change in rIFG
associated with training in inference suppression, but our
finding that neural correlates associated with response inhi-
bition is likely to be enhanced by brief practice may suggest
that the Simon task also involves the process of response
inhibition to some extent.

In summary, the present study examined both the effects
of short-term training on IC and the neuroplasticity of the
underlying mechanism. Our findings described training-
induced functional neuroplastic changes in the SMA, left
ACC, and bilateral thalamus, areas associated with IC
performance. Moreover, individual differences in IC abili-
ties prior to training modulated the neural change in these
areas such that short-term training of IC enhanced neural
efficiency in individuals with low IC. Overall, our results
highlight the role of prior IC abilities when studying the
effects of IC training, indicating another individual differ-
ences, along with age (Bunge et al. 2002), sex (Garavan
et al. 2006; Li et al. 2006; Liu et al. 2015), and pre-existing
experience (Chavan et al. 2017), which can play a role in
constraining IC-training outcomes. For this reason, future
studies on IC training should take individual variance in
prior IC abilities into consideration.
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