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Abstract

A large body of evidence suggests that repetitive transcranial magnetic stimulation (rTMS)
is clinically effective in treating neuropsychiatric disorders and multiple sessions are com-
monly used. However, it is unknown whether multiple sessions of rTMS improve cognitive
control, which is a function of the neural circuitry of the left dorsolateral prefrontal cortex
(DLPFC)-cingulate cortex in healthy individuals. In addition, it is still unclear which stages of
neural processing are altered by rTMS. In this study, we investigated the effects of high-fre-
quency rTMS on cognitive control and explored the time course changes of cognitive pro-
cessing after rTMS using event-related potentials (ERPs). For seven consecutive days, 25
young healthy participants underwent one 10-Hz rTMS session per day in which stimulation
was applied over the left DLPFC, and a homogeneous participant group of 25 individuals
received a sham rTMS treatment. A Stroop task was performed, and an electroencephalo-
gram (EEG) was recorded. The results revealed that multiple sessions of rTMS can
decrease reaction time (RTs) under both congruent and incongruent conditions and also
increased the amplitudes of both N2 and N450 compared with sham rTMS. The negative
correlations between the mean amplitudes of both N2 and N450 and the RTs were found,
however, the latter correlation were restricted to incongruent trials and the correlation was
enhanced significantly by rTMS. This observation supports the view that high-frequency
rTMS over the left DLPFC can not only recruit more neural resources from the prefrontal cor-
tex by inducing an electrophysiologically excitatory effect but also enhance efficiency of
resources to deploy for conflict resolution during multiple stages of cognitive control pro-
cessing in healthy young people.

Introduction

Repetitive transcranial magnetic stimulation (rTMS) has become a powerful and non-invasive
tool for improving the cognitive functions of the brain. The key feature of rTMS is its magnetic
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field, which induces an electric field that is sufficient to stimulate neurons within a short
period of time [1]. rTMS can elicit an excitatory or inhibitory effect on neural circuitry [2]not
only at the stimulation site beneath the coil but also in areas of the brain that are not directly
under the coil [3, 4]. rTMS has been utilized to study a variety of cerebral functions in patients
with various types of brain disorders, such as depression and dementia [5, 6] and multiple ses-
sions of rTMS are frequently used. rTMS is not only clinically effective in treating neuropsy-
chiatric disorders but also enable patients with these diseases to achieve better performance in
various cognitive tasks, such as word recall [6], verbal memory [7], association memory [8],
selective attention [9], language performance [10] and other executive functions [11]. Many
studies have demonstrated that these improvements in cognition were maintained for 8 weeks
to 3 months after several days of rTMS treatment [12].

In recent years, the effects of 'TMS on cognition in healthy individuals have garnered
increasing interest. For example, healthy young females who received one session of high-fre-
quency (10 Hz) rTMS over the left dorsolateral prefrontal cortex (DLPFC) performed better
in a Stroop task than those who received sham stimulation [13]. A similar improvement was
observed by Hwang [14] who found that healthy young males showed fewer commission
errors in a Conners’ continuous performance test after rTMS. However, Rounis E [15] found
that there was no improvement in attentional reorienting after one session of HF-rTMS
applied over the left DLPFC in healthy volunteers. Thus it can be seen that previous studies
included exclusively single-session stimulations and the results of rTMS on cognition are
inconsistent. Generally, it was believed that longer stimulation trains would induce more last-
ing effects [16]. Little is known as to whether multiple sessions of HF-rTMS (commonly used
in the treatment of neuropsychiatric disorders) would lead to similar improvements in heathy
participants. Researchers applied multiple sessions of HF-rTMS in older adults undergoing
normal aging and assessed cognition in a previous study [17]. However, there are no studies
that focus on the effects of multiple sessions of HF-rTMS on cognition in young healthy peo-
ple. Moreover, only males or females were included, a within-subject crossover design was
used in many previous studies and the long-term effects of rTMS were not taken into account.
Therefore, in the current study, we attempted to examine the effects of HF-rTMS over the left
DLPFC and its potential mechanisms on cognitive control in young healthy participants. To
avoid the limitations noted above, our study met the following requirements: 1) multiple ses-
sions of HF-rTMS were used; 2) both young healthy males and females were involved; and 3) a
randomized, sham rTMS controlled, between-groups design was adopted and possible carry-
over effects were excluded.

The biological mechanisms underlying the effects of rTMS on neuropsychiatric disorders
and cognition are very complicated and remain largely unclear. Previous studies have sug-
gested that blood flow [18] and metabolic changes [19] at the stimulation site, brain-derived
neurotrophic factor upregulation [20], improvements in synaptic plasticity [21] and changes
in the activity of the neural circuitry of the DLPFC-cingulate cortex, including both the
DLPFC and the anterior cingulate cortex (ACC) [22-24], are involved. Event-related poten-
tials (ERPs) are useful for the examination of cognitive processing variations because this
method provides millisecond-level temporal resolution of neural activity. ERPs have been
applied in many rTMS-related studies and have aided the investigation of rTMS effects on the
time course of cognitive processing. For example, the latencies of target discrimination-related
P3 were significantly shortened by high-frequency rTMS (20 Hz) over the left prefrontal cortex
in a visual oddball paradigm [25] and a dual-task paradigm [26]. However, it is unclear at
which stages during the time course of neural processing that cognitive control is affected, and
how these stages are altered by rTMS.
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Cognitive control, a key aspect of executive functioning, is closely related to mental health
and consists of a series of multiple cognitive stages of perceptual processing, attention capture,
conflict monitoring and conflict interference resolution among others[27]. The neural cir-
cuitry of the left DLPFC-cingulate cortex is the functional basis of cognitive control [28]
according to the cognitive control theory which posits that the ACC detects a conflict in per-
formance or the environment and, subsequently, signals the DLPFC to recruit control
resources [29]. The Stroop task, stop-signal task, Eriksen flanker task and Go/NoGo task are
among the tasks that are commonly used to evaluate cognitive control. From an electrophysio-
logical standpoint, N2 and N450, which belong to the ACC-mediated conflict-monitoring
family of ERPs [30], are two important components for the evaluation of cognitive control.

The N2 component has an anterior scalp distribution and peaks between 200 ms and 350
ms after stimulus onset. This component is generally interpreted as an index of conflict moni-
toring [31] or as a sign of a general control process that occurs in many situations, such as
tasks that involve competing responses [32, 33]. According to the conflict monitoring theory,
N2 amplitudes are more negative for incongruent trials relative to congruent trials [33].
According to other reports in the literature, however, rather than the amplitude of N2 reflect-
ing the degree of conflict of a stimulus, N2 may represent the strategic deployment of cognitive
control [34, 35]. The view that N2 represents the strategic deployment of cognitive control is
supported by the findings obtained by Bartholow [36], who found that the N2 amplitude is
sensitive to the probability of congruent and incongruent trials (and is largest for highly proba-
ble stimuli) but not with incongruent stimuli. Previous studies have suggested that control-
related N2 is one of the indices of ACC activation [37]. N450 is a well-characterized negativity
that peaks within the range of 350-550 ms during the color naming of incongruent color
words compared with congruent color-word stimuli in the Stroop color-word task [38, 39].
Dipole source analysis suggests that this negative component is also generated in the ACC [38]
and is most likely related to the processing of conflict monitoring as well as sensitive to incon-
gruency [30].

rTMS is a promising tool for the enhancement of cognitive control. The results of previous
studies have suggested that a single session of rTMS decreases reaction time (RT) in the Stroop
task of healthy participants [13, 14]. ERP data have indicated that the amplitudes of the error-
related negativity (ERN) and subsequent error-positivity (Pe) components were also altered in
a typical Eriksen flanker task after rTMS [40]. However, other studies did not find any signifi-
cant changes in either behavioral measures or ERP data associated with the Stroop task after
r'TMS [41, 42]. These discrepant results for the effects of rTMS on cognitive control may be
due to the different rTMS parameters that were used in these studies, such as the stimulation
type, location, frequency, and intensity or treatment duration. It is generally believed that low-
frequency (<1 Hz) rTMS is likely to inhibit neuronal firing in a localized area, whereas high-
frequency (>1 Hz) rTMS leads to neuronal depolarization, causing an excitatory effect under
the stimulating coil [2], and is more likely to result in a significant neural enhancement and/or
cognitive improvement. According to the previous literature [43], healthy participants tend to
exhibit smaller improvements than patients after rTMS treatment. As mentioned above, longer
stimulation trains would induce more lasting effects [16]. In other words, more pulses, higher
intensity and longer treatment durations mean better effects to some extent with the control of
safety and adverse effects of rTMS. Therefore, multiple sessions of HF-rTMS were used in our
study.

In summary, the present study aimed to investigate the effects of multiple sessions of high-
frequency rTMS over the left DLPFC on cognitive control and changes in the time course of
the dynamic processing of cognitive control in healthy participants using ERP measurements.
High-frequency rTMS (10 Hz) was applied one session a day for seven consecutive days, and a
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classical Stroop color-word task was utilized before and after the rTMS treatment. Based on
the excitatory effect of high-frequency rTMS, we expected that performance on the Stroop
task would be improved and that the amplitudes of N2 and N450 would be larger in the rTMS
group compared with the sham rTMS group.

Methods
Participants

Fifty healthy postgraduate students (24 males and 26 females) from the Hebei Medical Univer-
sity in China were involved in the present study from March to November 2016. The age
range of the sample was 24-30 years (mean 26.8+1.43 years). Participants who met the follow-
ing criteria were enrolled in the study: 1) scores on the two mood scales (24-item HAMD [44]
and HAMA [45]) that were each less than seven and scores on the Mini Mental State Examina-
tion (MMSE) [46]and Montreal Cognitive Assessment (MoCA) [47], which are widely used to
screen for mild cognitive impairment, that were each greater than 27; 2) no previous exposure
to r'TMS; 3) no contraindications to rTMS exposure (e.g., epilepsy); 4) no metal implants in
any part of the body, e.g., cardiac pacemaker, metal implants in the head or neck region, fixa-
tion elements and artificial joints; 5) no tattoos on any part of the body; 6) no history of neuro-
logic or psychiatric disease or other health problems; 7) right-handedness (based on self-
report); 8) normal or corrected-to-normal vision and normal color vision as assessed by basic
vision tests; 9) no major self-reported life events during the study period; and 10) no alcohol
use throughout the procedure.

The participants were randomly assigned to the rTMS group (25 participants with a mean
age of 26.6£1.15 years) or the sham rTMS group (25 participants with a mean age of 26.9+1.68
years) after ensuring that age and gender were matched across the two groups. Each group
had 12 males and 13 females. The composition of the groups (rTMS or sham rTMS) was not
revealed until the experiment was completed. We managed the data of participants by serial
number, name, and age to prevent confusion.

The study was performed in accordance with ethical guidelines and received ethical
approval from the Medical Ethics Committee of the First Hospital of Hebei Medical Univer-
sity. All participants provided written informed consent and were awarded with ¥150 follow-
ing completion of the experiment.

General procedures

This study reports the results obtained from a larger study that addressed the effects of rTMS
on cognition. Initial data were obtained under three experimental paradigms: the classical
Stroop color-word paradigm, Go/NoGo paradigm, and visual oddball paradigm. Only data
from the first paradigm are presented in this study.

First, the participants were required to complete a set of questionnaires (described above)
and several basic color tests. Following the successful completion of these qualifying proce-
dures, the participants were fitted with 64 -scalp electrodes and seated in a comfortable chair
in a dimly lit and electrically isolated room. The classical Stroop color-word task was adminis-
tered, and the behavioral and electroencephalogram (EEG) data were collected prior to rTMS
or sham rTMS administration. All of the initial data were collected 24 hours prior to the first
administration of rTMS or sham rTMS. The Experimental Design Flow Chart is presented in
Fig 1.

The participants received one daily session of rTMS or sham rTMS for seven consecutive
days. After one week, the participants were immediately re-evaluated using the Stroop task
and EEG recordings.
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Fig 1. The Experimental Design Flow Chart of the study.
https://doi.org/10.1371/journal.pone.0179430.9001

rTMS procedure

r'TMS was applied according to safety guidelines based on available safety studies of rTMS[48,
49]. Both real and sham rTMS were applied over the left DLPFC with a figure-eight-shaped
coil, which induces a maximum electrical field that peaks beneath the intersection of the two
windings [50]. All stimulations were performed with a MAGSTIM -high-speed stimulator
(Magstim Company Limited, Wales, UK). The left DLPFC stimulation site was defined as
being 5 cm anterior from the area of the optimal site for the primary motor cortex of the left
hemisphere (the method of Pascual-Leone). This method has been reported to be accurate in
targeting the DLPFC area [51]. The motor threshold (MT) was determined individually before
the real and sham stimulations. The stimulation intensity was 110% of the motor threshold of
the right abductor pollicis brevis muscle, and the stimulation frequency was 10 Hz. The other
stimulation parameters were as follows: 45 trains of 3 s in duration were divided into 3 blocks,
and the intertrain interval was 10s in each block. The interblock interval was 20 s, resulting in
1350 pulses per session for approximately 10.5 min per day. The real and sham rTMSs proce-
dures were performed at the same location on the skull; however, for the sham stimulation,
the figure-eight-shaped coil was held at a 90° angle, resting on the scalp with only one edge.
Each individual received stimulation at the same time of day for all sessions (sessions were per-
formed from either 08:00-09:00 or 14:00-15:00).
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Stimuli

Stimuli were shown on a 17-inch computer screen with a black background. Chinese color
words were presented with Song Ti 96, which was viewed from a distance of approximately 70
cm. These characters appeared in the center of the screen and subtended a visual angle of
approximately 2.39° horizontally and 2.99° vertically.

Stroop color-word task

Each participant completed a computerized classical Stroop color-word task in Chinese char-
acters. The stimuli consisted of congruent and incongruent stimuli, and the probability of
either stimulus being presented was 50%. The congruent stimuli consisted of four color words
in Chinese characters (red, yellow, green, blue) written in the same color in which the stimulus
was presented (e.g., the word “red” in a Chinese character was written in red ink), with a prob-
ability of 12.5% of each word appearing at any time. The incongruent stimuli consisted of the
same four words, but the display color did not match the word (e.g., the word “green” was
written in red ink). Incongruent stimuli appeared at equal frequencies.

At the beginning of each trial, a fixation cross was presented for 500 ms, followed by the
color word, which remained on the screen for 3000 ms or until the participant provided a
response. The participants were asked to respond as fast and accurately as possible and to
identify the printed color while ignoring the semantic meaning of each word. Four keys on a
standard keyboard were used to enter their responses, i.e., using the keys “Z” (red color, left
middle finger), “X” (yellow color, left index finger), “N” (blue color, right middle finger), and
“M” (green color, right index finger). The response keys were counterbalanced between partic-
ipants. The trials concluded with a variable inter-trial interval that lasted between 1000 and
1200 ms. The Stroop task included three blocks that each consisted of 72 trials (for a total of
216 trials). Before the formal task, participants completed one practice block, which consisted
of 48 trials (50% congruent, 50% incongruent) that were similar to those used in the experi-
mental blocks. Accuracy and RT feedback were provided following the completion of each
trial in the practice block. There was no feedback during the experimental blocks.

EEG/ERP recording and data processing

The EEG data were recorded at 64 scalp sites according to the 10-20 international placement
system, with Ag/AgCl electrodes mounted in an elastic cap and a NeuroScan 4.5 EEG/ERP
recording system (amplifier type: SynAmps 2). The left mastoid was used as the online refer-
ence. To monitor eye movements and blinks, horizontal and vertical electrooculograms
(EOGs) were recorded with an additional four electrodes; two electrodes were placed above
and below the left eye, and two electrodes were placed 1 cm lateral to the external canthus.
The sampling rate was 1000 Hz, and an on-line band-pass filter of 0.01-100 Hz was used. The
impedance of all electrodes was maintained below 5 kQ.

The EEG data were processed offline with NeuroScan 4.5 software. The EEG data for all 64
electrodes were re-referenced to the average of the left and right mastoids. Ocular artifacts
(blinks and eye movements) were removed from the EEG signal using a regression procedure
implemented with the NeuroScan 4.5 software [52]. Epochs with artifacts that exceeded
+100 uV were excluded from further analysis. The averaged epochs for the ERP totaled 1000
ms, including 200 ms pre-stimuli as a baseline and 800 ms post-stimuli. The trials with correct
responses were averaged in each condition.

The mean amplitudes of N2 and N450 were calculated at the negative waveform, which
included time windows with ranges of 190-330 ms and 380-480 ms, respectively. The Fz, FCz,
and Cz electrode points were chosen for the statistical analysis of both components. These
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time windows and sites were chosen to be consistent with previous reports in the literature
[28], and a visual inspection of the grand-average waveforms.

Data analysis

We used a 2 x 2 x 2 repeated-measures analyses of variance (ANOVA) with group (real rTMS
and sham rTMS) X time (T1, at baseline, before stimulation; T2, immediately after 7 days of
r'TMS or sham rTMS;) x congruency (congruent stimuli or incongruent stimuli) factors for
RTs and response accuracy. To analyze the Stroop interference effect (RT for incongruent
stimuli minus RT for congruent stimuli), the ANOVA factors were group x time (2 x 2).

Only the main effects of group, time, congruency, and the interactions related to group were
reported because we focused on the effect of rTMS compared with sham rTMS. To analyze the
mean amplitudes of the N2 and N450 components, the ANOVA factors were group, time, con-
gruency, and electrode site (Fz, FCz, Cz; 2 x 2 x 2 x 3). The Greenhouse-Geisser correction
was used to adjust for sphericity violations, and a post hoc comparison was applied to evaluate
the significance of the interaction obtained in the ANOVA.

To clarify the behavioral significance of the N2 and N450 amplitudes, we performed a Pear-
son’s correlation analysis to explore the relationship between behavioral performances and the
N2 and N450 amplitudes averaged across the three measurement sites both before and after
stimulation in two conditions of the two groups respectively.

Results
Side effects of high-frequency rTMS

All participants completed the entire procedure for the present study. The participants were
monitored during treatment for symptoms of discomfort or seizure. Throughout the study,
the participants could stop participating in the study at any time and were encouraged to
report if they experienced any discomfort associated with stimulation. Overall, rTMS was safe
and well tolerated. One participant in the sham rTMS group noted minor scalp discomfort,
and one participant in the rTMS group experienced a minor headache. No seizures or other
adverse effects were observed.

Behavioral data for the Stroop task

The RT data are presented in Table 1. In the RT analysis, no main group effect [F(1, 48) =
0.436, p = 0.512,n,> = 0.009] was found. However, a significant main effect regarding time
[F(1, 48) = 17.340, p<0.001, npz =0.265] was found. The mean RT's decreased significantly at
the second time point (T2, immediately after 7 days of rTMS or sham rTMS) compared with
the first time point (T1, at baseline, before stimulation) (665.07ms vs. 708.87 ms, p<0.001).
Additionally, a congruency effect was found [F(1, 48) = 134.138, p<0.001, 11,> = 0.736]. The
mean RTs for the congruent stimuli were faster than those for the incongruent stimuli (616.4
ms vs. 756.8 ms, p<0.001). An interaction effect of time x group [F(1, 48) = 6.022, p = 0.018,
N, = 0.211] was found. Further analysis revealed that the mean RT in the rTMS group was
shorter than that in the sham rTMS group at T2 (p = 0.043), whereas there was no significant
difference with respect to this parameter at T1 (p = 0.672). There were no significant
congruency x group [F(1, 48) = 0.000, p = 0.999, n,” = 0.000] or group x time x congruency
[F(1, 48) = 0.063, p = 0.803, nP2 =0.001] interactions.

For the Stroop interference effect, no main group effect [F(1, 48) = 0.094, p = 0.760, 1, =
0.002] or group x time interactions[F(1, 48) = 0.063, p = 0.803, npz =0.001] was found. The
data of the Stroop interference effect are presented in Table 2.
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Table 1. The mean RTs and standard deviations of the Stroop task at two time points in the rTMS and sham rTMS groups.

Group RTs of the Stroop Task (ms)
Congruent Incongruent
T1 T2 T1 T2
rTMS group 634.35+85.928 565.19+105.199 2 794.41£132.17 724.35+112.029 @
Sham rTMS group 621.38+64.331 607.82+83.158 785.38+137.598 762.90+141.004

T1, at baseline, before stimulation; T2, immediately after 7 days of rTMS or sham rTMS.
& rTMS vs. sham rTMS: p<0.05.

https://doi.org/10.1371/journal.pone.0179430.t001

The accuracy data are presented in Table 3. There was a significant main congruency effect
[F(1, 48) = 103.002 p<0.001, nP2 = 0.682]. The accuracy of the response with the congruent
stimuli was higher than that with the incongruent stimuli (98.47% vs. 94.09%, p<0.001). No
other significant main effects or interactions were found.

ERP data

N2 component. About 8% of the trials were rejected after offline processing with NeuroS-
can 4.5 software. The grand-average N2 waveforms and their scalp distributions under two
conditions (congruent, incongruent) at two time points (T1, T2) in the rTMS group and sham
rTMS group are presented in Fig 2A and 2B. The results revealed a significant main effect of
time [F(1, 48) = 76.191, p<0.001, nP2 = 0.613], i.e., the mean amplitude of the N2 component
at T2 was more negative than that at T1. An interaction effect of time x group [F(1, 48) =
22.147, p<0.001, n,” = 0.316] was found. Further analysis revealed that the mean amplitude of
N2 in the rTMS group was larger than that in the sham rTMS group at T2 (p = 0.010), whereas
there was no significant difference with respect to this parameter at T1 (p = 0.957). No signifi-
cant main effects for congruency [F(1, 48) = 1.245, p = 0.270, npz =0.025], group [F(1, 48) =
2.135,p = 0.150, n,”> = 0.043] or other interactions were found.

N450 component. The grand-average N450 waveforms and their scalp distributions
under all conditions are presented in Fig 2A and 2C. A significant main congruency effect
[F(1, 48) = 43.300, p<0.001, npz = 0.474] was found, i.e., the mean amplitude of the N450 com-
ponent was more negative in response to incongruent stimuli than congruent stimuli. Addi-
tionally, a congruency x group interaction [F(1, 48) = 3.966, p = 0.050, n,> = 0.076] was noted.
Further analysis revealed that the mean amplitude of N450 in the rTMS group was larger than
that in the sham rTMS group under the incongruent condition (p = 0.002) but not under the
congruent condition (p = 0.965). Meanwhile, a significant main time effect [F(1, 48) = 8.041,

p =0.007, np2 = 0.143] was found. The interaction effect of time x group [F(1, 48) = 4.575,

p = 0.038,m,” = 0.107] was significant. Further analysis revealed that the mean N450 amplitude
in the rTMS group was larger than that in the sham rTMS group at T2 (p = 0.004) but not at
T1 (p = 0.867). There were no main effects for group [F(1, 48) = 0.679, p = 0.414, npz =0.014].
No other significant interaction effects were found.

Table 2. The Stroop interference effect at two time points in the rTMS and sham rTMS groups.

Group The Stroop interference effect of the Stroop Task (ms)
T1 T2
rTMS group 160.06+135.150 159.164+61.585
Sham rTMS group 164.05+151.803 155.08+76.198

TH1, at baseline, before stimulation; T2, immediately after 7 days of rTMS or sham rTMS.

https://doi.org/10.1371/journal.pone.0179430.t002
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Table 3. The mean accuracies and standard deviations of the Stroop task at two time points in the rTMS and sham rTMS groups.

Group Accuracies of the Stroop Task (%)
Congruent Incongruent
T1 T2 T1 T2
rTMS group 98.51+2.450 © 98.33+1.559 © 93.44+4.140 94.25+3.937
Sham rTMS group 98.70+1.535° 98.07+3.105 ° 94.85+4.089 93.78+5.926

T1, at baseline, before stimulation; T2, immediately after 7 days of rTMS or sham rTMS.

® Congruent vs. Incongruent: p<0.001.

https://doi.org/10.1371/journal.pone.0179430.t003

Correlation analysis

For the N2 component, the correlations under two conditions at two time points in the rTMS
and sham rTMS groups are presented in Table 4. The mean amplitudes of N2 were negatively
correlated with the RTs for the congruent stimuli and incongruent stimuli at two time points

A Before stimulation Immediately after 7 days of stimulation
Congruent Incongruent Congruent Incongruent
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Fig 2. The grand-average N2 and N450 waveforms and their scalp distributions in the two groups. A:
The grand-average N2 and N450 waveforms under two conditions (congruent, incongruent) at two time points
(T1, T2) in the rTMS group and sham rTMS group. The gray areas represent the time windows of the
measured mean amplitudes of N2 (190-330 ms) and N450 (380—480 ms). B: The scalp distributions of N2. C:
The scalp distributions of N450.

https://doi.org/10.1371/journal.pone.0179430.9002
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Table 4. The correlations between N2 amplitudes and RTs under two conditions at two time points in the rTMS and sham rTMS groups.

Group Correlations between N2 amplitudes and RTs (correlation coefficient, r value)
Congruent Incongruent
T1 T2 T1 T2
rTMS group -0.334° -0.370°¢ -0.331°¢ -0.416°
Sham rTMS group -0.302 ¢ -0.313°¢ -0.370°¢ -0.307 ¢

T1, at baseline, before stimulation; T2, immediately after 7 days of rTMS or sham rTMS.
° Pearson’s correlation analysis: p<0.05; r value: +0.3-+0.5: low correlation; +0.5-+0.8: moderate correlation;+0.8-+1: high correlation.

https://doi.org/10.1371/journal.pone.0179430.t004

Table 5. The correlations between N450 amplitudes and RTs under two conditions at two time points in the rTMS and sham rTMS groups.

Group Correlations between N450 and RTs (correlation coefficient, r value)
Congruent Incongruent
T1 T2 T1 T2
rTMS group -0.089 -0.090 -0.381¢ -0.616¢
Sham rTMS group -0.103 -0.077 -0.365 ¢ -0.302¢

T1, at baseline, before stimulation; T2, immediately after 7 days of rTMS or sham rTMS.
9 Pearson’s correlation analysis: p<0.05; r value: +0.3-+0.5: low correlation; +0.5-+0.8: moderate correlation; >+0.8-+1: high correlation.

https://doi.org/10.1371/journal.pone.0179430.t005

in two groups (p<0.05), indicating that the larger the N2 amplitude, the shorter the RT for
both types of stimuli. However, the correlation was not enhanced or diminished by rTMS. The
mean amplitude of N2 was not significantly correlated with accuracy for the congruent stimuli
or the incongruent stimuli at two time points in the rTMS and sham rTMS groups (p>0.05).

For the N450 component, the correlations under two conditions at two time points in the
r'TMS and sham rTMS groups are presented in Table 5. The mean amplitudes of N450 were
negatively correlated with the RT's for the incongruent stimuli at two time points in two groups
(p<0.05). Furthermore, the correlation was enhanced significantly by rTMS (r value: -0.616 vs
-0.381) rather than sham rTMS. However, the mean amplitude of N450 was not correlated
with RTs for the congruent stimuli and accuracy for the congruent stimuli or incongruent sti-
muli (p>0.05).

Discussion

The present study first focused on the effects of multiple sessions of high-frequency rTMS (10
Hz) applied over the left DLPFC on cognitive control in healthy young participants. The main
results can be summarized as follows. As expected, there were significant behavioral improve-
ments of the Stroop task in the rTMS group, i.e., the RT's on both the incongruent and congru-
ent trials decreased significantly after real rTMS. The frontocentral N2 and N450 amplitudes
in the rTMS group were larger than those in the sham rTMS group at T2, whereas there was
no significant difference at T1. In addition, the amplitudes of N450 were larger in the rTMS
group than in the sham rTMS group for incongruent stimuli but not congruent stimuli. The
negative correlations between the mean amplitudes of both N2 and N450 and the RT's were
found in the current study, however, the latter correlations were restricted to incongruent
trials.

Behaviorally, the classical Stroop interference effect was successfully obtained in the present
study, in which longer RTs and decreased accuracies occurred in the incongruent trials
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compared with the congruent trials. This result suggested that the Stroop paradigm that was
applied in our study was very reliable. We found that rTMS over the left DLPFC decreased the
RTs of both congruent and incongruent trials in the Stroop task. Our result was consistent
with that of a previous study[13]. Vanderhasselt MA [13] found that the high-frequency (10
Hz) rTMS over the left DLPFC decreased the RTs of both congruent and incongruent trials in
a Stroop task in healthy females. Evidence from PET and fMRI studies has shown that the neu-
ral circuitry of the left DLPFC-cingulate cortex is the anatomical basis of cognitive control in a
Stroop task in healthy subjects [53, 54]. It was worth noting that there was no Stroop interfer-
ence effect of rTMS. That is, there was no differential effect of 'TMS on RTs for incongruent
vs. congruent trials. Consequently, an alternative explanation is a “floor effect” [55] such that
rTMS is unable to produce an additional reduction in the RTs for incongruent trials when the
RTs for incongruent trials have been dramatically reduced in the rTMS group. Our results that
HEF-rTMS over the left DLPFC decreased the RTs of both congruent and incongruent trials in
the Stroop task suggested that HF-rTMS enhance psychomotor speed in healthy participants.
Previous clinical studies showed a positive impact of HF-rTMS treatment on psychomotor
symptoms by targeting the left DLPFC in patients with major depression [56, 57]. We first
revealed that multiple sessions of high frequency rTMS over the left DLPFC had a positive
effect on Stroop task in young healthy participants. This result encourages us to perform fur-
ther research on the impact of rTMS on various cognitive functions of healthy people. That is,
high-frequency rTMS may be a promising and potential technique to enable healthy people to
achieve better performance in various cognitive tasks.

It should be noted that neutral stimuli (i.e., semantically meaningless stimuli) were not
used in the Stroop task in our study. According to previous literatures, the common finding of
Stroop effect is that RT to an incongruent color word is slower than to a neutral stimulus [58,
59]. And RT to a congruent color word is faster than or similar to the RT for the neutral condi-
tion [60] in the Stroop task which neutral stimuli were involved. Whereas the interference
effect (The RTs for the incongruent stimuli minus the RTs for the neutral stimuli) is large and
robust, the facilitation effect (difference between the RTs for the neutral stimuli and the RTs
for the congruent stimuli) is small and fragile. That is, with respect to the informational con-
flict, the neutral condition is more conflicting than the congruent condition. It means also the
information produced by the congruent stimuli is more compatible than that produced by any
kind of neutral stimuli[61]. In addition, consulting the previous literatures about effects of
r'TMS, or other intervention, on the Stroop task, we found that classical Stroop color-word
task (neutral stimuli were not involved) was usually adopted and the outcomes have been
robust [13, 17, 62]. These results suggest that the classical color-word Stroop task is a very reli-
able paradigm. Therefore, we chose the classical color-word Stroop task (neutral stimuli were
not involved) in our study. We will try to use other Stroop tasks (e.g., neutral stimuli were
involved or modified Stroop tasks) to reveal more relevant psychological mechanism of rTMS
effects in the future study.

The data indicated that the frontocentral N2 amplitudes were greater under both congru-
ent and incongruent conditions for participants who received 7 days of rTMS treatment over
the left DLPFC compared with those who received the sham rTMS treatment; there was no
difference in this parameter before treatment. According to previous studies, N2 may repre-
sent the strategic deployment of cognitive control [34, 35] during a given task. N2 amplitudes
are sensitive to manipulations of stimuli probability and are largest for highly probable sti-
muli but not with incongruent stimuli[36]. In the current paradigm, in which there was an
equal probability of congruent and incongruent trials, the N2 amplitudes were similar
between the incongruent and congruent stimuli. Our results regarding the N2 amplitudes
suggest that 7 days of rTMS treatment over the left DLPFC can significantly increase neural
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activity at the strategic deployment of cognitive control stage in a task that involves compet-
ing responses.

For the frontocentral N450 component, which is clearly distinct from and later than the
frontocentral N2, our results demonstrated that the amplitudes were greater in the rTMS
group compared with the sham rTMS group. Previous studies have suggested that N450 repre-
sents a mechanism for conflict monitoring that is sensitive to incongruent compared with con-
gruent stimuli in tasks that involve cognitive control[30]. Our results suggest that 7 days of
r'TMS over the left DLPFC may significantly increase neural activity at the conflict-monitoring
stage of cognitive control processing during the Stroop task. We also found that the N450
amplitudes were enhanced by rTMS under the incongruent condition during the Stroop task
but not under the congruent condition. In both the current study and previous studies, the
N450 component demonstrated enhanced amplitudes in response to incongruent stimuli [63,
64], which requires a greater recruitment of cognitive resources [28, 65] from the ACC (a con-
flict evaluator) and DLPFC (a cognitive control implementer) [30]. Our results suggest that
r'TMS had a greater effect on the neural circuitry of the left DLPFC-cingulate cortex in situa-
tions during which additional cognitive resources are required (e.g., incongruent stimuli) than
situations in which fewer cognitive resources are necessary.

The current findings indicate that the amplitudes of both the N2 and N450 components
were significantly increased by 7 days of rTMS over the left DLPFC. These two components
reflect different stages of cognitive control processing. However, the interactions and distinc-
tions between N2 and N450 remain subtle because these two components are rarely compared
within the same paradigm. Based on previous reports in the literature, we supposed that the
N2 component reflects the strategic deployment of cognitive control [33, 34], whereas N450
reflects conflict-monitoring processing of cognitive control and is sensitive to higher conflict-
interference conditions [30]. Larson [30] proposed that larger N2 and N450 amplitudes are
related to an improved cognitive control function and greater ACC activity, which recruits
more neural resources from the prefrontal cortex, especially the DLPFC, during a given task
[30]. Previous studies have suggested that applying rTMS over the prefrontal cortex can affect
target discrimination-related P3 [25] and error monitoring related ERN [40]. Our results
extended these previous results by suggesting that high-frequency rTMS application could
have positive effects on multiple stages of cognitive control processing from the point of
electrophysiology and decreased RTs in both congruent and incongruent conditions of the
Stroop task behaviorally in young healthy participants.

However, it is debatable whether enhanced N2 and N450 amplitudes reflect an increased
resource recruitment of cognitive control or an increased effeciency of resources to deploy
for conflict resolution. According to previous studies, there is already growing evidence that
better behavioral performance in attentional and executive control tasks is associated with
more pronounced ERP components [66]. For example, larger N2 and N450 [67, 68] and bet-
ter behavioral performance were obtained in young compared to old participants. Long-term
physical activity will enhance the amplitudes of the frontocentral N2 and N450 components
in a Stroop task in aging people [66]. The results suggest that long-term physical activity may
generally enhance activity in the frontal cortex which recruits more efficient resources. In
addition, a large number of neuropsychiatric disorders that exhibit deficient cognitive con-
trol functions elicited reduced N2 and N450 amplitudes. Compared to healthy controls,
Major Depressive Disorder (MDD)[69], attention-deficit-hyperactivity disorder (AHDH)
[70] and schizophrenia [71] patients showed reduced N2 amplitudes and attenuated N450
amplitudes. Evidence from neuroimaging studies indicates that depressive symptomatology
is associated with the inefficient recruitment of prefrontal brain regions while performing
Stroop tasks [72] Overall, N2 and N450 showed decreased amplitudes in aging people and
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patients with a number of neuropsychiatric disorders who had deficits in cognitive control.
However, effective interventions and treatment of these people can improve behavioral
performance and increase the amplitudes of N2 and N450. In general, the ERP amplitude
reflects the amount of resources employed in a given task, thus providing information about
differing amounts of mental effort required for various stimuli. Hence, increased amplitudes
of N2 and N450 accompanied with better behavioral performance are associated with the
recruitment of more neural resources in the prefrontal brain regions. Furthermore, the nega-
tive correlations between the mean amplitudes of both N2 and N450 and the RTs in the cur-
rent study, i.e., the larger the amplitudes of N2 and N450, the shorter the RTs, also support
the view that the enhanced amplitudes of N2 and N450 are associated with better task perfor-
mance. We also found that the correlation between N450 amplitudes and RTs for incongru-
ent stimuli was enhanced by rTMS significantly. This indicates that rTMS can enhance
efficiency of resources to deploy for conflict resolution. That is, the ERP data provide a basis
for commenting about whether rTMS can enhance availability or efficiency of cognitive
resource allocation. In our study, we found that multiple sessions of HF-rTMS can decrease
the RTs and increase the amplitudes of both N2 and N450 compared with sham rTMS. And
the correlation between N450 amplitudes and RTs for incongruent stimuli was enhanced sig-
nificantly by rTMS. Therefore, we suggested that high-frequency rTMS over the left DLPFC
not only recruits more neural resources from the prefrontal cortex by inducing an electro-
physiologically excitatory effect but also enhances efficiency of resources to deploy for con-
flict resolution in healthy young people.

The current study has certain limitations that must be addressed. First, we found that rTMS
over the left DLPFEC elicited larger frontocentral N2 and N450 amplitudes; however, the effects
of r'TMS on local blood flow and metabolic changes remain unclear. The combination of
r'TMS with other neuroimaging methods, such as functional magnetic resonance imaging
(fMRI), magnetic resonance spectroscopy (MRS) or positron emission tomography (PET),
could provide fruitful avenues for research. Second, the generalizability of the current findings
may also be limited by our utilization of a relatively small sample of young adults. Therefore,
additional studies with larger samples are warranted. Third, in our study, the conventional “5
cm rule” (the method of Pascual-Leone) was applied to target the left DLPFC. This conven-
tional method is not entirely accurate compared with MRI-guided neuronavigation, which can
target a desired cortical region directly [73]. However, many previous studies have used this
technique and the outcomes have been robust and reproducible [74]. Fourth, there was no sig-
nificant difference in Stroop interference effects between the two groups, further studies and
different Stroop paradigms (e.g., the involvement of neutral stimuli or a different probability
of congruent and incongruent trials) are needed to clarify the mechanism of HF-rTMS. Fifth,
our study focused on the cumulative effects of rTMS; however, the long-term effects and the
duration of the positive effects of rTMS are unclear.

Conclusions

In conclusion, the results of the current study suggest that multiple sessions of high-frequency
r'TMS over the left DLPFC can decrease RTs under both congruent and incongruent condi-
tions, increase neural activity in the prefrontal areas by inducing an electrophysiologically
excitatory effect and enhance efficiency of resources to deploy for conflict resolution during
multiple stages of cognitive control processing in healthy young people. Further research is
required to expand rTMS applications by involving more diverse groups of participants and
investigating the long-term effects of rTMS.
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