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ABSTRACT

Transcranial alternating current stimulation (tACS) is a noninvasive brain stimulation tool appro-
priate to modulate cortical oscillations and activity via the application of weak currents. The major
goal of this study was to investigate the effects of medial Prefrontal Cortex (mPFC) stimulation on
sustained attention task performance measured by Rapid Visual Information Processing (RVIP) task
and the brain networks assumed to be critical to sustained attention. mPFC has been shown to be
involved in sustained attention performance and as a main hub in default mode network (DMN).
mPFC activity modulation via theta tACS was implemented in this study. This was a single blind
study with 21 participants receiving active and sham stimulation with the electrodes on FPz and
the Inion. tACS was able to impact different RVIP measures (total hits, A’ (sensitivity to target), total
correct rejection, etc.). Relative power spectrum density (PSD) analysis yielded significant increases
in theta frequency mostly in the fronto-central regions after active tACS and current source density
(CSD) analysis yielded significant power modulations in theta frequency band in post-central gyrus.
Furthermore, phase locking value (PLV) analysis showed that there were significant changes in
cortical connections in the Dorsal Attention Network (DAN) in alpha frequency band. This study
showed that theta frequency tACS over mPFC, was able to produce significant modulations in an
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RVIP task and its associated brain networks in healthy participants.

1. Introduction

Human and animal studies have demonstrated the cru-
cial role of the mPFC in sustained attention (Geday &
Gjedde, 2009; Rossi et al., 2009; Sharpe & Killcross, 2018;
Williams et al., 1999); (Gill et al., 2000; Kahn et al., 2012;
Luchicchi et al, 2016; Miner et al., 1997). Damage to
mPFC in mice, for instance, disrupts sustained attention
(Kahn et al.,, 2012) and has been found to both disrupt
sustained attention processing and impair response inhi-
bition in rats (Broersen & Uylings, 1999).

Specific areas of the brain that affect, control, or
modulate sustained attention have been investigated
in human studies showing that activity of the DMN
diminishes, under goal-directed activity and increases
when one is wakeful and alert (i.e., in resting)(Raichle
et al., 2001). Association between this network and mind
wandering (Poerio et al., 2017), and also between mind
wandering and sustained attention deficit (SAD) have
been confirmed in other studies (Thomson et al., 2015).
mPFC is a considered as a main functional hub in the
DMN network and exhibits more activation during mind

wandering (Christoff et al., 2009) and functional connec-
tivity (FC) between mPFC and other brain regions, pre-
dicts sustained attention performance in patients with
psychiatric disorders (Bonnelle et al., 2011; Christakou
et al, 2013). For example, decreased resting state FC
between mPFC and left Superior Frontal Gyrus (SFG) is
significantly associated with SAD in obsessive compul-
sive disorder and decreased FC between left mPFC and
bilateral Anterior Cingulate Cortex (ACC) is associated
with sustained attention deficits in patients with schizo-
phrenia (Fan et al,, 2018). These findings may suggest
that interaction of mPFC with other regions of the brain
is necessary to achieve normal sustained attention
performance.

In the context of FC analysis, phase synchronization is
an appropriate index, which provides the opportunity to
examine neuronal plasticity and cognitive functions,
especially attention (Cavanagh et al., 2009; Engel et al,,
2001). Phase synchronization is a concept based on the
fact that in and out of phase oscillations are a means of
connection between neurons of different brain regions.
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In phase oscillations facilitate connectivity between
regions and thereby post-synaptic activity is promoted,
but out of phase oscillations diminish connectivity
(Clayton et al., 2015; Fell & Axmacher, 2011).

It is relatively established that theta frequency plays
a crucial role in cognitive control (Buzzell et al., 2019;
Cavanagh & Frank, 2014; Sauseng et al.,, 2019; Wang
et al,, 2016). It has been well documented that increased
theta phase synchronization between mPFC and subtha-
lamic nuclei, and also increased theta power in the pre-
frontal cortex are associated with response inhibition;
while increased theta power in subthalamic nuclei is
associated with response provision (Zavala et al., 2018).
Control over attention networks is believed to be
achieved through the connection between mPFC and
lateral prefrontal cortex (LPFC), which is facilitated
through theta phase synchronization (Duverne &
Koechlin, 2017; Ridderinkhof et al., 2004; Taren et al.,
2011) and theta oscillations in mPFC modulating
gamma power in the LPFC (Clayton et al., 2015).

Numerous studies have investigated the role of theta
phase synchronization in cognitive functions (Mizuhara
& Yamaguchi, 2007; Nyhus & Curran, 2010; Schack et al.,
2005), but so far few studies focused on its causal role in
cognitive control and performance (Polania et al., 2012).
Noninvasive brain stimulation techniques have become
very popular to investigate the causal relationships
between cognitive functions and specific brain areas
(Parkin et al., 2015). Among them, tES is the most widely
used technique for examining brain regions involved in
cognitive functions. Several studies have examined the
impacts of transcranial direct current stimulation (tDCS)
on sustained attention (Borducchi et al., 2016; Borragan
et al., 2018; Miller et al., 2015; Naka et al., 2018; Nelson
etal, 2014; Plewnia et al., 2013; Sakai et al., 2014; Sarasso
et al,, 2019). However, there is only one tDCS study on
the role of frontal midline theta (FM6) rhythm in sus-
tained attention (Miller et al., 2015) in which tDCS was
used for anodal stimulation of mPFC and the results
showed no changes in the Go/No-go task, but there
were changes in FMB amplitude, as well as the delta
and alpha frequency bands.

Due to its potential to modulate endogenous cortical
oscillations in the brain, tACS has attracted much atten-
tion. Many studies show that tACS is capable of chan-
ging the power of specific frequency bands (Neuling
et al.,, 2012; Ruhnau et al., 2016; Zaehle et al., 2010) and
is also capable of affecting the phase of cortical oscilla-
tions, besides the amplitude and frequency (Fiene et al.,
2019; Schwab et al., 2019). tACS is able to change phase
synchronization and applying tACS in and out of phase
can potentially lead to synchronization and desynchro-
nization, respectively (Alekseichuk et al., 2016; Polania

et al, 2012; Violante et al., 2017). Inducing frontoparietal
theta phase synchronization via tACS in synchronized
conditions (0-degree phase) improved visual reaction
time (VRT), compared to the placebo group(s); while
frontoparietal theta phase desynchronization in desyn-
chronized conditions (180-degree phase) worsened per-
formance (Polania et al., 2012).

Based on the above findings, we hypothesized that
theta frequency tACS over mPFC has the potential to
change theta phase synchronization and improve sus-
tained attention performance measured by the RVIP
task, which is widely used in the literature and has
been shown to be a reliable measure of sustained
attention.

2. Materials and methods
2.1. Participants

Twenty-one healthy volunteers participated in the study
(11 females and 10 males, mean+SD age 32.48 + 11.2).
The tests were conducted at Atieh Clinical Neuroscience
Center, Tehran, Iran. The inclusion criteria were being
above 18 years old, no report of any psychiatric disor-
ders, and average intelligence in Raven Progressive
Matrices Test. None of the participants reported any
history of head injury or trauma. Additional investigation
was made by asking each participant whether they had
been using specific drugs, and if they or their family
members had been or were diagnosed with chronic
clinical, psychological, or neurological disorders. Finally,
all the participants were evaluated using the Symptom
Checklist-90 (SCL-90) and no significant disorders were
diagnosed in any of them. Due to technical errors in the
recording procedure, 13 participants were considered in
the behavioral data analysis. The participants were all
offered 500,000 IRR as compensation.

This study was confirmed by University of Tehran's
Ethics Committee and all the participants were informed
about the duration and stages of the tests. All the parti-
cipants signed informed consent forms before the
experimental procedure began.

2.2. Experimental procedure

All the participants were instructed to rest well and
not smoke or consume caffeine on the day of testing.
Upon finishing the SCL-90 and the Raven Test, every
participant went through eyes closed and eyes open
EEG recordings in an acoustically and electromagne-
tically shielded EEG room. RVIP task from the
Cambridge Neuropsychological Test Automated
Battery (CANTAB) was administered next and then



tACS was applied. After tACS administration another
resting state EEG recording and RVIP test was con-
ducted. Previous studies have shown that tACS after-
effects could be traced after 70 minutes (Kasten et al.,
2016) and 30 minutes (Neuling et al., 2013) so it was
potentially feasible to trace the effects of stimulation
in our experimental procedure. This experiment was
single-blinded. Active and sham stimulation were
delivered in exactly the same experimental steps in
separate sessions 1 week apart. All the participants
received the sham stimulation in the first session and
active in the second. The overall design of the experi-
ment is illustrated in Figure 1.

2.3. Transcranial alternating current stimulation
(tACS)

tACS was administered for twenty minutes through
a battery-driven stimulator (NeuroConn, IImenau,
Germany). Considering that mPFC was the target of
stimulation, in reference to a previous study with similar
conditions (Hdmmerer et al.,, 2016), the stimulating elec-
trode was placed on Fpz and the reference electrode
was placed under the inion according to the
International 10-20 System.

tACS was applied via two electrodes (5x7 cm?) in
saline-soaked sponges (0.9%-NaCl) which were
attached to the scalp using rubber bands.
Impedance was always kept below 10 kQ. The stimu-
lation protocol was set as the following: Frequency of
6 Hz, 20 minutes (7200 cycles), 10 seconds fade in/
out, zero-degree phase, and 1 mA peak-to-peak
amplitude. In the sham group, all parameters were
similar except for the current amplitude, which was
only applied for the first 30s of the session and was
then cut off.
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2.4. EEG recording

EEG was recorded by a 19-channel Mitsar amplifier
(Mitsar, St. Petersburg, Russia) using a 19-channel
Electro-Cap (ElectroCap, Inc, OH). Electrodes were placed
on the cap in accordance with the International 10-20
System. A1 + A2 electrodes were used as reference.
Impedances of all electrodes were kept below 5 kQ.
EEG signals were recorded with a high-pass filter of
0.3 Hz and a low-pass filter of 50 Hz and a sampling
rate of 500 Hz. Prior to the analysis, artifacts were
removed using independent component analysis (ICA)
technique in EEGLAB toolbox in MATLAB (MathWorks,
Inc., Natick, Massachusetts, United States). The criteria to
select the continuous 60 second EEG epochs was to
consider the interval between 30 s and 180 s of the
whole EEG record. Making the selection of EEG epochs
a process of finding 60 second clean data after the first
30 seconds. This was to allow the subjects to stabilize
and get used to a relaxed state of sitting and not moving
(the first 30 seconds) and to avoid subjects’ lowering of
consciousness and possible movements of head or body
(after 180 seconds). In case no such continuous clean
epoch was found in the interval between 30 and 180 sec-
onds, we extended the interval up to the end of the
recording.

2.5. Rapid visual information processing (RVIP)
task

Modified and simplified from the CANTAB Battery
(Cambridge Cognition Ltd., UK), RVIP is a visual task
specifically designed to assess the capacity of sustained
attention. Participants are asked to look fixedly at the
monitor screen. Single digits from 2 to 9 appear in the
center of the screen with a speed of 100 digits
per minute. Among the train of numbers, certain pre-

INION

. Active/Sham
Resting-Stat Resting-
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Figure 1. Experimental procedure for the study. The same steps were exactly repeated in active and sham sessions (separated by one

week).
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defined target sequence of numbers is shown, for exam-
ple, “3-5-7,” “2-4-8," or “4-6-8." Participants are required
to watch out for these sequences, and press a button as
soon as they spot the last number in thesequence. Each
number stimulus subtended a visual angle of 1.3 0. In
this study, a 5-min practice run was administered, fol-
lowed by the main task lasting about 7 minutes.

The goal was to measure and analyze the probability
of signal detection by the participants using the decision
theory; therefore, the following variables were extracted
from the RVIP test results:

(1) A”: according to the Signal Detection Theory, this
variable indicates sensitivity to target while con-
trolling for the participant’s propensity to
respond, calculated by the following formula
(Sahgal, 1987), in which h represents correct and
f represents incorrect responses,

Eq.1)

(1) B":This variable reflects the response tendency of
the participant and is calculated by formula 2
(Sahgal, 1987):

Eq.2)

(1) Mean latency: how long it takes the participant
to respond (Reaction Time) to a stimulus correctly

(2) Probability of hits (h): ratio of total hits to total
hits plus total misses.

(3) Total correct rejections: number of times when
the participant is required not to respond, and
does not.

(4) Total hits: number of correct responses given by
the participant.

(5) Total misses: number of times when the partici-
pant does not respond when they are required to.

(6) Total false alarms: number of times when the
participant responds to non-target stimuli

2.6. EEG analysis

2.6.1. EEG seeds

To select the electrodes for the sensor-level analysis of
the DAN, a study by Rojas et al. (2018) was considered in
which the seven networks in the brain determined by
Thomas Yeo et al. (2011) by studying the brain scans of
1000 healthy individuals, were matched with the 10-20
international system (Rojas et al, 2018; Thomas Yeo
et al, 2011). Results of their functional connectivity ana-
lysis revealed five EEG seeds including C3 (BA 3, Post-
central Gyrus), C4 (BA 3, Post-central Gyrus), T5 (BA 19,

Table 1. MNI coordinates of the EEG seeds.

MNI
Coordinates
Seed X Y Z Lobe (Hemisphere) Region BA
(3 —-48 -18 52 Parietal Lobe (L) Post-central Gyrus 3
c4 52 —14 48 Parietal Lobe (R) Post-central Gyrus 3

T5 -52 —-64 0 Temporal Lobe (L) Inferior Temporal Gyrus 19
T6 54 —60 -2 Temporal Lobe (R) Inferior Temporal Gyrus 19
Pz 4 —64 58 Parietal Lobe (R) Precuneus 7

Inferior Temporal Gyrus), T6 (BA 19, Inferior Temporal
Gyrus), and Pz (BA 7, Precuneus). These seeds were the
basis for the EEG analysis in this study (Table 1).

2.6.2. Power analysis

Five frequency bands were defined for frequency
domain analysis, namely delta (2-4 Hz), theta (4-8 Hz),
alpha (8-13 Hz), beta (13-30 Hz) and gamma (30-45 Hz).
Power spectral density (PSD) analysis was computed
using EEGLAB toolbox (Delorme & Makeig, 2004)
together with custom scripts in MATLAB. EEG time-
series of every channel were windowed by a Hamming
window of full time length followed by filtering of each
frequency band and computation of PSD using Welch'’s
averaged and modified periodogram (Welch, 1967).
Relative power was computed by dividing the averaged
PSD of each frequency band over the averaged PSD of
the full band (2-45 Hz) and is therefore unit-free.
Statistical analysis was consequently applied on the rela-
tive power matrices in each frequency band and across
the experimental conditions. In order to evaluate the
tACS-induced cortical modulations, mean spectral
amplitude within the frequency range of each individual
band was calculated. Paired-samples t-test (two-tailed)
was used to compare post- and pre-stimulation values of
interest. P-values of <0.05 were considered statistically
significant after FDR corrections for all the 19 channels.

2.6.3. EEG source localization
Artifact-free EEG segments were used to calculate the
intracranial spectral density by eLORETA with a 1 Hz
resolution from 2 to 45 Hz. eLORETA functional images
of spectral density were calculated for the following 5
frequency bands: Delta (2 to 4 Hz), Theta (4-8 Hz), Alpha
(8-13 Hz), Beta (13 — 30 Hz) and gamma (30 — 45 Hz).
eLORETA takes advantage of a non-parametric map-
ping method (SnPM) for current source density analysis
(Holmes et al., 1996). Localization differences of cortical
sources between groups were evaluated by voxel-by-
voxel independent F-ratio based on eLORETA log-



transformed current source density power, in each fre-
quency band. As a result of the three dimensional map-
ping, cortical voxels with a significant difference were
determined by a non-parametric randomization method
(based on Fischer's method, with a 5% threshold).
Source power means were compared in each voxel.
eLORETA uses 5000 randomized data to determine the
threshold for critical probability values for corrected log
F-ratio values for multiple comparisons in all the voxels
and frequency bands (Anderer et al., 1998; Pascual-
Marqui et al., 1999).

Global subject-wise scaling (normalization) was used
in order to eliminate the non-physiological sources of
variability in EEG. In this process, a normalization factor is
defined as the mean spectral power in all the voxels
(6239) and frequency bands for each participant and
condition (Friston et al., 1991; Petersson et al., 1999).
The significance level in all the comparisons in this
study was considered at 0.05.

2.6.4. Phase analysis

In order to measure EEG phase changes,
Neurophysiological Biomarker Toolbox (NBT) (http://
www.nbtwiki.net) was utilized to compute the phase-
locking value (PLV). Each channel was FIR-filtered in
each frequency band, followed by computation of
instantaneous phase using the analytic representation
(equation 1). In equation (1), x(t) represents the filtered
data for each channel in time t and H(x)(t) its Hilbert
transform.

Eq.3)

Xa(t) = x(t) + iH(x)(t)

The instantaneous phase was subsequently obtained by
equation (2).
Eq.4)

¢, (t) = arctan (HE:Z)@)

Finally, PLV was obtained by the following equation,
where x(t) and y(t) contain every two channel time
series, ¢, and ¢, being their corresponding instanta-
neous phase and T the full-time length.

Eq.5)

PLVy(t)y() =

.
3 el ba—t0)
t=1

The PLV matrix of every subject in each band was
obtained as a square matrix, which was then statisti-
cally analyzed by paired-samples t-test (two-tailed) to
determine significance for every channel across the
conditions. P-values of <0.05 were considered to be
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statistically significant, after the FDR correction for the
5 channels. It is worth noting that PLV is an indepen-
dent measure from PSD values, although both methods
initially compute a representation of a new space (fre-
quency in periodogram or analytic representation), PSD
only considers the amplitude, while PLV is a result of
using signal phase changes in its respective equation.
Consequently, since amplitude and phase of a signal in
frequency space are independent, results of PSD and
PLV analysis can be interpreted in light of the indepen-
dence and thus there will be no concern regarding the
potential effects of one on another.

2.7. Statistical analysis

Baseline characteristics were reported using descriptive
statistics. For describing the data, meanz standard
deviations were reported for RVIP scores (Table 2).
Marginal models with generalized estimating equations
(GEE), with identity link function for RVIP scores were
used to assess the effect of tACS on sustained attention
scores and compare the differences between active and
sham tACS conditions.

Generalized Estimating Equation model (GEE) is
a relatively robust statistical tool compared to the stan-
dard general linear model (GLM) due to the availability
of more types of distributions and covariance structures
of the repeated-measures data (Fitzmaurice et al., 2012).
In addition, normal distribution is not an absolute neces-
sity for a GEE analysis, and it provides acceptable out-
come with lower sample sizes relative to many other
statistical methods.

In our model, post-stimulation active or sham scores
were compared with pre-stimulation scores in each con-
dition separately. SPSS software version 19.0 (SPSS Inc.
Chicago, IL, USA) was utilized for data analysis,
and p< 0.05 were considered statistically significant.

3. Result

Results of the behavioral (RVIP) and electrophysiological
data analysis are presented below. It should be noted that
none of the participants reported any side effects other
than a mild sensation of tingling because of the
stimulation.

3.1. Behavioral data (RVIP)

The study started with 21 participants (age; Mean +
Standard Deviation: 3248 * 11.2). Eight participants
were then excluded from the final analysis of the beha-
vioral data, due to technical issues. The mean + SD age of
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Table 2. Results of Generalized Estimating Equations (GEE) analysis regarding the effects of tACS on RVIP scores.

Mean SD Median  f3;(Adj. coefficient) OR SE Wald Chi-Square  P-value
A Active Post 0.97 0.03 0.97 0.01 1.01 0.01 7.05 0.008
Pre 0.95 0.02 0.95
Sham Post 0.95 0.03 0.95 0.01 1.01 0.01 2.03 0.154
Pre 0.94 0.03 0.94
B” Active Post 0.93 0.11 1 -0.01 0.99 0.04 0.08 0.771
Pre 0.95 0.06 0.96
Sham Post 0.92 0.06 0.92 —-0.04 0.96 0.02 4.86 0.027
Pre 0.96 0.05 0.97
Mean Latency Active Post 366.49 59.94 337.96 —40.07 0.00 14.54 7.59 0.006
Pre 406.56 63.44 402.25
Sham Post 391.76 90.84 367.66 -21.47 0.00 22.1 0.94 0.331
Pre 413.23 75.97 391.54
Probability of hits (h) Active Post 0.87 0.1 0.89 0.05 1.05 0.02 5.08 0.024
Pre 0.82 0.07 0.81
Sham Post 0.81 0.12 0.81 0.11 1.12 0.07 247 0.116
Pre 0.7 0.24 0.7
Total Correct Rejections Active Post 265.38 5.75 266 4.46 86.49 14 10.16  0.001
Pre 260.92 4.75 260
Sham Post 260 7.55 261 1.92 6.82 1.52 1.6 0.206
Pre 258.08 6.92 256
Total False Alarms Active Post 0.54 0.78 0 —-0.31 0.73 0.27 1.25 0.263
Pre 0.85 0.9 1
Sham Post 1.54 1.27 1 -0.69 0.50 1.26 0.9 0.582
Pre 2.23 5.39 1
Total Hits Active Post 23.62 2.81 24 1.38 3.97 0.6 53 0.021
Pre 22.23 1.96 22
Sham Post 22 3.29 22 1.15 3.16 0.7 2.69 0.101
Pre 20.85 3.29 20
Total Misses Active Post 3.38 2.81 3 -1.38 0.25 0.6 53 0.021
Pre 4.77 1.96 5
Sham Post 5 3.29 5 -1.15 0.32 0.7 2.69 0.101
Pre 6.15 3.29 7

participants was 25.37 + 2.9, among them 6 females
(23.9 + 2.19) and 7 males (24.89 + 3.89).

In our statistical model, the aim was to find out if
there were any significant differences between pre and
post-stimulation in RVIP scores, in active and sham con-
ditions so post-stimulation scores were compared with
pre-stimulation scores in each condition. The model can
be represented by the following equation: Eq.6)

RVIPscores = By + B1Time + €

Where Time is O for pre and 1 for post.

There were significant differences between pre and
post-active stimulation with an increasing trend in
A’'(OR = 1.01, P = 0.008), Total correct rejections
(OR = 86.49, P = 0.001), Probability of hits (OR = 1.05,
P = 0.024), and Total hits (OR = 3.97, P = 0.021), and
a decreasing trend in Mean Latency (OR<0.0001,
P = 0.006) and Total misses (OR = 0.25, P = 0.021),
after active stimulation (Table 2).

3.2 Electrophysiological data

3.2.1. Sensor-level analysis

3.2.1.1. Power spectrum density (PSD). Relative PSD
showed significant changes after active tACS in theta
frequency band in right frontal (F4, t = 3.35), left frontal

(F3, t = 2.24), right central (C4, t = 2.39), and midline (Fz,
t = 2.79) of the brain (Figure 2.b2).

There were no such significant relations in the sham
condition in theta frequency band and in any of the other
four frequency bands in the sham or active conditions

3.2.1.2. Phase locking value (PLV). In order to inves-
tigate the interregional connections in the brain, PLV
analysis was used. After active tACS there were signifi-
cant changes in cortical connections among the majority
of brain regions in alpha frequency band (Figure 3).
A significant increase in PLV was observed between T5-
C3 (t = 3.4), T5-C4 (t = 2.7), T5-Pz (t = 3.1), and C4-T6
(t = 2.9), in the alpha frequency band in the active
condition. There was no significant difference between
pre-stimulation average PLVs in any of the five channels.
Also, there were no significant post-versus pre relations
in the sham group in alpha frequency and in sham or
active conditions in any of the other 4 frequency bands.
The abovementioned changes were all incremental.
There were no significant changes after sham stimula-
tion in all theta and alpha frequency bands.

3.2.2. Source-level analysis
3.2.2.1. Current density analysis. Current source den-
sity (CSD) analysis conducted in eLORETA yielded



COGNITIVE NEUROSCIENCE (&) 7

Theta

Band Mean-relative power; Pre | Mean-relative power; Post t-value; Differences
an

Sham

Active

Figure 2. The first two columns represent relative power in theta frequency band before and after active and sham stimulation. There
is no significant difference between active and sham conditions before stimulation. In the third column, z-values of the differences
between pre and post-stimulation in active and sham conditions are presented. Significance was calculated after FDR corrections for
all the 19 channels. C4(t = 2.39), Fz(t = 2.79), F4(t = 3.35), and F3(t = 2.24) channels (shown in white) showed significant differences
between pre and post-stimulation, in active condition. There were no such relations in the sham condition in theta frequency band
and in any of the other four frequency bands in the sham or active conditions. Significance level is considered at 0.05.

Alpha

Band Mean-PLV; Pre Mean-PLV; Post t-value; differences

Sham

Active

Figure 3. The first two columns represent average PLV values before and after stimulation in the sham and active conditions. z-values of pre-
and post-differences are presented in the third column. Average adjacency matrices for PLV before and after active and sham tACS in alpha
frequency band after FDR correction for all the 5 electrodes are presented. A significant increase in PLV was observed between T5-C3 (t = 3.4),
T5-C4 (t = 2.7), T5-Pz (t = 3.1), and C4-T6 (t = 2.9), in the alpha frequency band in the active condition. There was no significant difference
between pre-stimulation average PLVs in any of the five channels. Also, there were no significant post- versus pre-relations in the sham
group in alpha frequency and in sham or active conditions in any of the other 4 frequency bands. The blue and red spectrum represent
decreasing and increasing trends between electrode pairs, respectively, and significance level is considered at 0.05.
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Figure 4. eLORETA current source density analysis yielded significantly increased activity in Post-central Gyrus (Maximally in BA 3, MNI
coordinates: x = 30, y = —35, z = 65), (threshold: t = 3.89, p < 0.05) in theta frequency band, in a post- vs. pre-comparison in the active
condition. *The colorful parts represent the voxels with significant differences in current source density in the theta tACS.

Table 3. Number and names of voxels, Brodmann areas and anatomical regions with significant differences. Results of the
comparisons with the baseline values via eLORETA.

Maximum t-sta-

Al L C R BA Lobe Structure tistic (x, y, 2)

265 75 23 167 4 Frontal Inferior Frontal Gyrus, Medial Frontal Gyrus, Middle Frontal Gyrus, Paracentral Lobule, Postcentral ~ 3.83 (25, —30,60)
Lobe Gyrus, Precentral Gyrus, Rectal Gyrus, Subcallosal Gyrus, Sub-Gyral, Superior Frontal Gyrus

195 62 26 107 24  Limbic Anterior Cingulate, Cingulate Gyrus, Paracentral Lobule, Parahippocampal Gyrus, Uncus 3.76 (10, —15,45)
Lobe

115 56 1 58 3  Parietal Postcentral Gyrus, Precentral Gyrus, Precuneus, Sub-Gyral, Superior Parietal Lobule 3.89 (30, —35,65)
Lobe

6 0 0 6 13 Sub-lobar Insula 3.09 (35,5,15)

6 0 0 6 38 Temporal Superior Temporal Gyrus 3.21 (25,10, —25)
Lobe

Positive t-values indicate increased activity in post vs. pre in active theta tACS. Number of all significant voxels (separately for the left and right hemispheres and
central regions) are presented for every affected Brodmann area. L, left; R, right; C, Canter; x, y, z = MNI coordinates.

significant power modulations in theta frequency band in recruiting tDCS (Ball et al., 2013; Roe et al., 2016) and
post-central gyrus (Figure 4). There were 587 significant tACS (Hopfinger et al, 2017) to enhance attention,

voxels overlapping with medial frontal gyrus, precentral although there are reports of no significant change in
gyrus, post-central gyrus and cingulate gyrus in a des- RT too (Li et al., 2015). Considering the fact that different
cending order (Table 3). montages and stimulation parameters were used in

these studies, reaching a conclusion about RT modula-
tions is still not completely viable.

Our results showed that maximum power modula-
Results of the current study showed that 6 Hz tACS could tions were in F4, F3, and Fz regions. Studies about fron-
increase frontal-midline theta, modulate activity in DAN,  tal-midline theta have shown that it tends to increase in
and lead to significant changes in RVIP scores. EEG  F4 (Griesmayr et al., 2010) and especially Fz (Inouye et al.,
power analysis showed that 6 Hz tACS resulted in 1994; Shinomiya et al., 1994) while performing cognitive
changes in theta relative PSD in frontal, central, and tasks. Other studies report increased theta power in
temporal regions mostly in the right hemisphere.  frontal areas (F3, F4) (Gértner et al., 2015) and central
Furthermore, Phase synchronization analysis showed regions (Enriquez-Geppert et al.,, 2014), in addition to Fz.
extensive modulations in alpha frequency band in DAN CSD analysis was conducted in order to find out if
as a result of active tACS administration. mPFC activity is affected by the 6 Hz tACS and the results

Fast reaction time (RT) for correct responses can be  yielded 587 significant voxels in theta frequency band,
considered a performance index in RVIP (Lawrence et al., mostly involving cingulate gyrus, post-central gyrus, pre-
2003). RT significantly decreased in the active tACS central gyrus and medial frontal gyrus. Previous M/EEG
group in our study which accords with other studies  source localization studies showed that ACC and mPFC

4. Discussion



are possible sources of frontal-midline theta (Asada
et al, 1999; Ishii et al, 2014; Onton et al., 2005).
Therefore, according to the results of the source and
sensor analysis, it is possible to conclude that 6 Hz
tACS resulted in an increase in frontal-midline theta
and that the modulation in phase synchronization in
DAN is a result of the increased frontal-midline theta.

Phase synchronization increased in our seeds of choice
and in all the regions of the brain in alpha frequency band.
Due to the low number of EEG channels (19) in this study,
source-level functional connectivity analysis has not been
conducted and the electrodes that best represent the
DAN were chosen based on a study by Rojas et al.,
(2018) for a sensor-level analysis. Significant changes
were observed in DAN. There were no significant changes
in phase synchronization after sham tACS.

Results of the PLV analysis yielded an increase in alpha
phase synchronization between temporal (T5/T6, inferior
temporal lobe) and parietal (C3/C4, post-central lobe)
regions of the brain. Alpha oscillations have been shown
to be related to inhibitions of regions of the brain asso-
ciated with task-irrelevant sensory processing. For
instance, alpha power in visual and auditory cortex has
been reported to be negatively correlated with perfor-
mance in visual oddball task performance (Bollimunta
et al, 2008) and positively correlated with initiation of
auditory attention (Mazaheri et al., 2014), respectively.
Studies on functional connectivity have shown that
alpha phase synchronization between inter-areal regions
correlate with attention task performance (Palva & Palva,
2011). Furthermore, alpha activity in inferior temporal
regions are negatively related to performance in atten-
tion-related tasks (Bollimunta et al., 2008) and is more
pronounced in visual rather than auditory tasks (Mo
et al,, 2011). Altogether, considering the fact that alpha
phase synchronization has increased in task-irrelevant
regions after tACS administrations, it can be concluded
that the observed improvement in attention scores may
be a result of the modulations of the activity in the afore-
mentioned regions of the brain.

Chander et al. (2016) studied the role of frontal midline
theta activity in working memory, using tACS with electro-
des on FPz and Pz and stimulation frequency adjusted
based on each individual's theta frequency. tACS phase-
locked FMT mapping showed that tACS phase locking
increased in FMT generating regions, mPFC, and ACC
(Chander et al,, 2016). The study by Miller et al. (2015)
being the only study using tDCS to stimulate mPFC, inves-
tigated the role of frontal-midline theta activity in sustained
attention. Here, anode was placed on AFz and cathode on
the chin and a total stimulation duration of 15 minutes and
an intensity of 1 mA was selected. The results showed that
resting state frontal midline theta; ACC, and RDLPFC
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activation increased after stimulation. No significant
changes were observed in EEG while performing the tasks
so the authors concluded that the go/no-go paradigm had
a weak task demand or the stimulation intensity (1 mA) was
low because the cathode was not placed on the scalp
(Miller et al., 2015).

To the best our knowledge, there are two relatively
comparable studies on the effects of tACS on attention to
date (Cui et al., 2018; Van Schouwenburg et al., 2019) and in
both studies stimulation frequency and montage of choice
may have contributed in the disparity of the results. There
was a recent study with a large sample size about the
effects of tDCS and tACS over mPFC on vigilant attention
and the results show no significant difference in anodal and
cathodal stimulation between active and sham stimulation.
One of the explanations provided by the authors is their
failure to modulate mPFC activity due to an inefficient
montage. In the same study, 4 Hz tACS resulted in dimin-
ished performance in the attention task in the experimental
group and 10 Hz tACS in the control group enhanced the
participants’ performance. The authors concluded that wor-
sening of performance in vigilant attention was due to
a mismatch between the stimulation frequency and indivi-
dual theta frequency. In a simulation study, Himmerer et al.
(2016) proposed FPz and inion as proper sites for effective
stimulation of mPFC and our study showed that this mon-
tage results in current density increase mainly in MFG. This
may be considered as one reason for the failure of the
aforementioned study to observe significant results when
comparing active and sham stimulations (Hdmmerer et al,,
2016), but a lack of imaging methods, makes it difficult to
explain the exact mechanisms through which the effects
were produced. However, the main explanations could be
based on the inefficient choice of montage and region of
stimulation putting electrodes on FCz, Cz and the cheek
(Van Schouwenburg et al.,, 2019).

In another study about the effects of tACS on vigilant
attention (Cui et al., 2018), 6 Hz stimulation was applied
over Fz and F3 and yielded a significant reduction in psy-
chomotor vigilant task in addition to theta phase synchro-
nization after stimulation. The montage and stimulation
frequencies in the two studies by Cui et al., and Van
Schouwenburg et al. (2019) were different and both of
these parameters may be potentially influencing the out-
comes. The majority of studies that investigated the effects
of tACS on cognitive performance have used 6 Hz stimula-
tion frequency (Antonenko et al, 2016; Jausovec &
Jaudovec, 2014). In van Schouwenburg’s study, the choice
of 4 Hz could be the reason for not observing the expected
outcome because it has been shown that if individual alpha
peak is not considered for an accurate selection of stimula-
tion frequency, 6 Hz is relatively a more efficient choice
(Jausovec & Jausovec, 2014).
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Taking advantage of the state of the art imaging
methods and possibly combining it with on/offline sti-
mulation in future research could add invaluable
insights into the mechanism through which the stimula-
tion is influencing the behavioral and electrophysiologi-
cal outcomes, and provide the opportunity for more
reliable interpretation.

5. Limitations

Considering the fact that EEG is prone to temporal varia-
tions across sessions, one of the main limitations of the
current study is the fact that the authors did not take
advantage of a counterbalanced design in order to mini-
mize the potential effects of the order of sham/active tACS
administrations, thus the results should be interpreted cau-
tiously and conclusion drawn carefully with that in mind.
Furthermore, although tES is relatively more potent in
blinding the subjects regarding the type of stimulation
(active or sham) they receive, another limitation in our
study is the lack of a systematic investigation of the
sensations of tACS administration on subjects and how
the sensations across active and sham sessions would or
would not potentially affect the behavioral and electro-
physiological outcomes. This consideration could add
valuable results on the relationship between sensations
of stimulation and actual modulations of brain activity.

6. Conclusion

This study showed that theta tACS over mPFC as a main
hub in DMN results in significant performance enhance-
ment in an attention task in healthy participants and this
shows its potential as an intervention to enhance sus-
tained attention in various psychiatric disorders.
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