:' frontiers ‘ Frontiers in Human Neuroscience

‘ @ Check for updates

OPEN ACCESS

Huiguang He,
Institute of Automation (CAS), China

Ying Gao,

Institute of Automation (CAS), China
Weibo Yi,

Beijing Machine and Equipment
Institute, China

Xiaogang Chen
chenxg@bme.cams.cn

This article was submitted to
Brain Imaging and Stimulation,

a section of the journal

Frontiers in Human Neuroscience

02 May 2022
28 June 2022
17 August 2022

Wang Y, Hou P, Li W, Zhang M,

Zheng H and Chen X (2022) The
influence of different current-intensity
transcranial alternating current
stimulation on the eyes-open

and eyes-closed resting-state
electroencephalography.

Front. Hum. Neurosci. 16:934382.

doi: 10.3389/fnhum.2022.934382

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

Frontiers in Human Neuroscience

Original Research
17 August 2022
10.3389/fnhum.2022.934382

The influence of different
current-intensity transcranial
alternating current stimulation
on the eyes-open and
eyes-closed resting-state
electroencephalography

Yao Wang?!?, Peiyun Hou?, Wenjing Lit, Mingxing Zhang?,
Hongliang Zheng! and Xiaogang Chen3*

'School of Life Sciences, Tiangong University, Tianjin, China, 2School of Precision Instruments
and Optoelectronics Engineering, Tianjin University, Tianjin, China, *Institute of Biomedical
Engineering, Chinese Academy of Medical Sciences and Peking Union Medical College,
Tianjin, China

Transcranial alternating current stimulation (tACS) applies a sinusoidal
oscillating current to modulate intrinsic oscillatory activity. Relevant studies
of tACS have indicated that tACS can increase spontaneous brain activity
in the occipital area. However, few studies have compared the effects
of tACS with different current intensities on spontaneous brain activity
in the occipital region. In this study, 10-Hz tACS was delivered to the
occipital region at different current intensities (i.e, 1 and 2 mA). We
investigated the effect of the tACS on both eyes-open and eyes-closed
resting-state electroencephalography (EEG). A total of 20 subjects and fifteen
subjects were recruited to participate in the 1-mA tACS experiment and
the 2-mA tACS experiment, respectively. Ten subjects participated in both
experiments. The experimental results demonstrated that both 1-mA tACS
and 2-mA tACS could increase occipital resting-state EEG activities. For
the eyes-open condition, alpha activity elicited by 2-mA tACS increased
significantly greater than that elicited by 1-mA tACS, while 1-mA tACS
could produce greater alpha activity compared to 2 mA for the eyes-closed
condition. These results suggested that the optimal current intensity might
be different for the eyes-open and eyes-closed resting-state conditions,
laying a foundation for the subsequent study of occipital tACS on task-state
EEG activities.

transcranial alternating current stimulation, electroencephalography, resting state,
alpha oscillation, visual cortex
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Introduction

Due to the excellent plasticity of the visual cortex
(Levelt and Hiibener, 2012), numerous studies have been
conducted to explore the brain oscillation activity in the visual
cortex. However, the visual excitability was lower in some
subjects due to individual variability. To improve the brain
oscillatory excitability in the visual cortex, the investigators
used transcranial alternating current stimulation (tACS) as a
treatment approach to improve neural response in the visual
cortex (Schuhmann et al., 2019; Ronconi et al., 2020). tACS is
an important method that can be used to mimic the alternating
nature of brain oscillations and regulate intrinsic oscillatory
activity through sinusoidal oscillatory currents (Klink et al.,
2020). Due to its non-invasive characteristics (Yavari et al.,
2018), tACS has been widely applied to study various topics
in neuroscience (Kasten et al., 2019), such as working memory
(Nikolin et al., 2018; Abellaneda-Pérez et al., 2019) and visual
attention (Hopfinger et al., 2017; de Graaf et al., 2020). Thus,
tACS can be used as an important means of cognitive regulation.

Transcranial alternating current stimulation can regulate
electrical signals from the visual cortex by changing the
parameters such as frequency, current intensity, phase (Fiene
et al., 2020), and stimulation duration (Vosskuhl et al., 2018).
It can also modulate the rhythmic activity of the brain regions of
interest in a frequency-dependent manner (Zachle et al., 2010).
For example, D’Atri et al. (2019) studied the effects of 5-Hz
tACS on resting-state EEG signals and found that 5-Hz tACS
increased frontotemporal signals during both wakefulness and
sleepiness. Helfrich et al. (2014) used 10-Hz tACS to increase
alpha activity in the parietal-occipital visual cortex. Other
studies have also demonstrated that the modulation frequency
of the visual area by tACS was mainly concentrated in the alpha
band (Iemi et al., 2017; Klink et al., 2020). Therefore, we chose
10 Hz in the alpha band with the strongest response in the visual
region as the frequency of tACS.

In previous studies, researchers also have used different
current intensities to explore the effect of tACS on visual
cortex responses. For example, Duan and Zhang studied
the effect of tACS (1 mA) on improving brain-computer
interface performance based on steady-state visual evoked
potential (SSVEP) (Duan and Zhang, 2016). They found that
I-mA tACS had a positive effect on SSVEP and increased
the brain electrical activity in the occipital region. Dowsett
et al. (2020) used tACS with different current intensities
(peak-to-peak value: 0.2, 1, and 2 mA) and frequencies
(10, 8.5, and 12.5 Hz) to study the effects on illusory self-
movement induced by large optical current stimulation. They
analyzed the reliable influence of tACS on frequency-matching
SSVEP. Their results showed that tACS with 2-mA intensity
enhanced the visual evoked response of the occipital region
more effectively than a lower stimulation intensity. Therefore,
the previous studies have proved that both 1- and 2-mA
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tACS can enhance the occipital visual cortex signals in a
task state.

Research on resting-state cortical signals can also provide
valuable insights into the study of neuroscience and diseases
(Newson and Thiagarajan, 2018; Clarke et al., 2020). Zarubin
et al. (2020) studied the modulation of the brain electrical
activity in the resting visual system using 1-mA short-term
tACS. The results showed that the alpha oscillation after tACS
increased in both the eyes-open and eyes-closed states, although
the alpha oscillation was generally higher in the eyes-closed
state. Similarly, Neuling et al. (2015) and Fusca et al. (2018) used
the magnetoencephalogram to study the modulation effects of
tACS on the alpha oscillation of the visual cortex by functional
network changes and amplitude changes, respectively. They
both applied tACS with two stimulus intensities (strong tACS:
as low as 0.1 mA and as high as 1.5 mA; weak tACS: 0.05 mA)
to the occipital region in the eyes-open and eyes-closed states.
Their results showed that the spontaneous brain activity in
the occipital region increased in the two stimulus conditions.
Furthermore, stronger tACS produces greater spontaneous
brain activity in the eyes-open and eyes-closed resting states.
These studies verified the enhancement effect of tACS on
spontaneous brain activity in the resting occipital visual cortex.
However, they did not study in detail whether the state-
dependent effect of tACS will change with the current intensities.
The state-dependent effect refers to the different modulation
effects of tACS on EEG signals in two resting states of eyes
open and eyes closed. Therefore, this study aimed to investigate
the effects of 1- and 2-mA tACS on the resting EEG signals
during eyes-open and eyes-closed states with the visual cortex
as the target area. We used 1- and 2-mA tACS which have been
shown to effectively modulate the spontaneous brain activity in
the occipital region (Hosseinian et al., 2021). This study was
used to explore the stimulation parameters that could further
enhance the spontaneous brain activity of resting EEG signals in
the visual cortex.

Materials and methods

Participants

A total of 25 healthy subjects who had normal vision or
normal vision after correction took part in this study. Among
them, 20 subjects (age: 23 £ 3 years, 6 males) participated
in the low stimulus intensity (1 mA) experiment and 15
subjects (age: 23.5 £ 3.5 years, 7 males) participated in the
high stimulus intensity (2 mA) experiment. Furthermore, 10
subjects participated in both low and high stimulus intensity
experiments. All subjects provided written informed consent
and received financial compensation for their participation.
This study was approved by the Institution Review Board of
Tsinghua University.

frontiersin.org


https://doi.org/10.3389/fnhum.2022.934382
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/

Wang et al.

Electroencephalography recording

In this study, EEG signals were collected using a 64-channel
Neuroscan SynAmps 2 system. All electrodes were placed
according to the international 10-20 system. The reference and
ground electrodes were mounted on the vertex and between
FPz and Fz, respectively. The sampling frequency of EEG was
1,000 Hz, and the band-pass filtering range was from 0.15
to 200 Hz. The system filtered out the 50 Hz power-line
interference online. The impedance of all electrodes was kept
below 10 kQ.

Transcranial alternating current
stimulation

Transcranial alternating current stimulation was applied
using a NeuroConn DC-STIMULATOR. The subjects were
electrically stimulated by a pair of saline-soaked sponge
electrodes (5 cm x 7 cm). The two sponge electrodes were
placed at the Cz and Oz electrodes (Figure 1A); the positions
of the two electrodes could obtain the maximum stimulation
intensity in the occipital region (Neuling et al., 2012). There
were three stimulation conditions with a frequency of 10 Hz
(Figure 1B): (1) sham stimulation that the current lasted only
for 1 s after being raised to 1 or 2 mA; (2) tACS with 1-mA
current intensity; and (3) tACS with 2-mA current intensity.
For each condition, stimulation lasted for 20 min, with 10-s
ramping up and down at the beginning and the end of the
stimulation period.

Experimental design

Two experiments were performed, namely, (1) low
stimulation intensity experiment and (2) high stimulation
intensity experiment. The interval between the two experiments
was at least 1 month. Both the low stimulation intensity
experiment and the high stimulation intensity experiment
involved two experimental groups, namely, tACS and sham
stimulation (1 or 2 mA). For both experiments, the two
conditions (tACS and sham) were separated by at least 1 week.

Subjects sat in a comfortable position and were told to
keep quiet during the experiments. The entire experiments
were carried out in an electromagnetically shielded room. Each
experiment included a pre-stimulation EEG recording part, a
stimulation part, and a post-stimulation EEG recording part
(Figure 1C). There were three blocks both in pre- and post-
stimulation EEG recording parts. One block included 18 eyes-
open and 18 eyes-closed tasks. The subjects changed the eyes-
open and eyes-closed states according to the voice prompts
and each resting-state EEG data lasted for 10 s. In this study,
the stimulus program was developed under MATLAB using
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the Psychophysics Toolbox Version 3. A white fixation cross
(80 x 80 pixels) was presented at the center of the screen
during the eyes-open resting recording. In this study, subjects
were asked to focus attention on the white fixation cross during
the eyes-open resting recording, which was similar to the
experimental design of Zaehle et al’s (2010) study. This task
might help keep subjects in a similar state for easy comparison.
In addition, the subjects kept awake during the eyes-closed state.
The total time for each block was 6 min. Between the adjacent
blocks, subjects took a 1-2 min break. During the stimulation
part, the subjects were exposed to tACS or sham stimulation
with an intensity of 1 or 2 mA for 20 min. The sequence of tACS
and sham stimulation was randomly determined. All subjects
were blinded to the stimulation design.

Data analysis

The collected EEG signals were referenced averagely to
reduce the influence of noise and improve the signal-to-
noise ratio (SNR). Subsequently, the re-referenced data were
filtered with a band-pass filter of 0.5-49 Hz to remove
unwanted low- and high-frequency signal interference. The
data were divided into 10-s data segments for both the eyes-
open and eyes-closed states. The 200-ms data before the
stimulation were used as the baseline for baseline correction.
In addition, further independent component analysis (ICA)
was used to remove EEG artifacts. Subsequently, the data
were divided into 4-s epochs that overlapped by 50% for
both eyes-open and eyes-closed states (Dong et al., 2020).
Fast Fourier transform (FFT) spectra were computed and
averaged for all epochs.

To determine the frequency bands where brain activity was
most active, the number of electrodes which had a significant
effect on the amplitude between pre- and post-stimulation was
calculated under both tACS and sham stimulation in each
frequency band. The modulation area of tACS was determined
by comparing the amplitude maps and the topographic
maps. The paired t-test was conducted between pre- and
post-stimulation in both eyes-open and eyes-closed states to
investigate the effect of different current intensities of tACS
and sham stimulation. We performed a repeated-measures
ANOVA including two factors, i.e., stimulation types (tACS
and sham stimulation) and stimulation times (pre-stimulation
and post-stimulation) in order to demonstrate a difference
between tACS and sham stimulation. In this study, a total of
10 subjects participated in the experiment under two current
strengths. In order to analyze the effect of different current
intensities of tACS on endogenous alpha oscillations during the
eyes-open and eyes-closed states, we used repeated-measures
ANOVA including two factors, i.e., resting states (eyes open
and eyes closed) and current intensities (1-mA tACS and 2-
mA tACS).
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FIGURE 1

Experimental design. (A) The positions of the stimulating electrodes. (B) Experimental stimulation. (C) Experimental paradigm. EO, during the

eyes-open state; EC, during the eyes-closed state.

Results

The available frequency spectrum was first divided as
follows: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-12 Hz),
beta (12-30 Hz), and gamma (30-49 Hz). In each experimental
condition, there were a maximum number of electrodes in
the alpha band (Figure 2). It indicated that the brain cortical
response was strongest in the alpha band. Therefore, follow-up
analysis was focused on alpha-band data. As shown in Figure 3,
the main response of the visual cortex in the alpha frequency
band was in the occipital region, and the main changes after
stimulation were within the six electrodes of the occipital region,
namely, O1, Oz, 02, PO3, POz, and PO4. Moreover, the alpha
endogenous activity in the occipital region after 1- and 2-mA
tACS was enhanced in topographic maps.

In the eyes-closed state, the amplitude in the alpha band
was increased both after tACS and sham stimulation with an
intensity of 1 mA. Among them, the amplitude after 1-mA
tACS was increased the most (Figure 4A). A paired t-test
indicated that the amplitude was different significantly between
post- and pre-stimulation for both 1-mA tACS and sham
conditions (Figure 5A, tACS: p < 0.001; sham: p = 0.04). To
verify the effect of tACS compared to the sham stimulation,
we compared the amplitude between the tACS and sham
conditions. The repeated-measures ANOVA results revealed
that the alpha amplitude between the tACS group and the
sham group had a significant difference with 1-mA stimulation
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[F(1,38) =9.136, p = 0.003]. For the intensity of 2 mA, the paired
t-test results revealed that sham stimulation had no significant
effect on the amplitude in the alpha band (Figures 4C, 5A,
p = 0.131). However, tACS increased alpha band amplitude
significantly post-tACS compared to the pre-tACS (Figures 4C,
5A, p=0.012). The repeated-measures ANOVA results revealed
that the alpha amplitude between the tACS group and the sham
group had a significantly different effect on the alpha amplitude
with 2-mA stimulation [F(1,28) = 3.248, p < 0.001].

In the eyes-open state, amplitude in the alpha band after
1-mA stimulations shows a similar trend as in the eyes-
closed state. Both tACS and sham stimulation increased the
amplitude slightly, and the amplitude after tACS increased more
(Figure 4B). The paired t-test results indicated that there was
a significant difference in amplitudes between post- and pre-
stimulation for both tACS and sham stimulation (Figure 5B,
sham: p = 0.033; tACS: p < 0.001). The repeated-measures
ANOVA results revealed that the alpha amplitude between
the tACS group and the sham group had a significantly
different effect on the alpha amplitude with 1-mA stimulation
[F(1,38) = 12.570, p < 0.001]. For the intensity of 2 maA,
although the alpha amplitude increased slightly after sham
stimulation (Figure 4D), the paired t-test results revealed
that sham stimulation had no significant effect (Figure 5B,
p = 0.056). However, tACS increased alpha band amplitude
significantly post-tACS compared to the pre-tACS (Figure 5B,
p < 0.001). The repeated-measures ANOVA results revealed

frontiersin.org


https://doi.org/10.3389/fnhum.2022.934382
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/

Wang et al. 10.3389/fnhum.2022.934382

Ay _ 5 B s

. 55- (]
; o
D 2 o] ]
£ 451 . . g 45 N
ﬁ 404 | E 40 B I:lﬁ
g 359 5 357 Y
5 301 2 30
£ 251 & 25,
g 20 5 201

- et -
515 2 13
E 107 —’_‘ E 107
Z 5 ] W ﬂ Z 5 | _‘

0 r T ’/ T T T 0 Ll o D T T

closed-sham closed-tACS open-sham open-tACS closed-sham closed-tACS open-sham open-tACS

FIGURE 2

The number of electrodes has a significant difference between pre-and post-stimulation within different frequency bands under each
experimental condition. (A) The stimulation intensity was 1 mA. (B) The stimulation intensity was 2 mA. The number of significantly different
electrodes at the blank position is zero. Closed-sham, under the sham stimulation in the eyes-closed state; closed-tACS, under the tACS in the
eyes-closed state; open-sham, under the sham stimulation in the eyes-open state; open-tACS, under the tACS in the eyes-open state.
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FIGURE 3

Brain electrical activity mappings in the alpha frequency band under different stimulation conditions. (A) Topographic map of 1-mA current
intensity with the eyes-closed condition. (B) Topographic map of 1-mA current intensity with the eyes-open condition. (C) Topographic map of
2-mA current intensity with the eyes-closed condition. (D) Topographic map of 2-mA current intensity with the eyes-open condition.
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amplitude map of 1-mA stimulation in the eyes-open state. (C) The amplitude map of 2-mA stimulation in the eyes-closed state. (D) The

amplitude map of 2-mA stimulation in the eyes-open state.

that the alpha amplitude between the tACS group and
the sham group had a significantly different effect on the
alpha amplitude with 2-mA stimulation [F(1,28) = 4.324,
p=0.039].

Both 1- and 2-mA tACS increased the alpha band
amplitude within 10 subjects who participated in the two
current intensities experiments under eyes-open and eyes-
closed conditions (Figure 6). For the tACS part, the alpha
amplitude after 1-mA tACS (0.303 + 0.361, mean + standard
deviation) increased more than 2-mA tACS (0.223 + 0.551;
Figure 7) in the eyes-closed state, while in the eyes-open
state, the alpha amplitude after 2-mA tACS (0.200 % 0.292)
increased more than 1-mA tACS (0.079 =+ 0.131; Figure 7). The
repeated-measures ANOVA results revealed that both current
intensities and resting states had a significant effect on the
alpha amplitude differences between the pre- and post-tACS
[current intensities: F(1,18) = 4.159, p = 0.044; resting states:
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F(1,18) = 7.463, p = 0.007]. In addition, there was no statistically
significant interaction between current intensities and resting
states [F(1,18) = 0.204, p = 0.652].

Discussion

This study aimed to elucidate the effect of different
intensities of tACS on spontaneous brain activity in the visual
cortex. The results revealed that both 1- and 2-mA tACS
enhanced the occipital visual cortex response in the eyes-open
and eyes-closed states. The response was strongest in the alpha
frequency band. Moreover, these results also found that the
1-mA tACS enhanced the alpha endogenous activity in the
occipital region more than the 2-mA tACS in the eyes-closed
state. However, in the eyes-open state, the enhanced occipital
response trend at 2 mA was more significant than that at 1 mA.
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This study demonstrated that both 1- and 2-mA tACS
enhanced spontaneous brain activity in the occipital visual
cortex, especially in the alpha band amplitude. In contrast
to previous studies, our results are consistent with the past
results that tACS enhances the resting-state alpha oscillation
(Zaehle et al., 2010; Ruhnau et al., 2016). Nakazono et al.
(2020) studied that alpha tACS was effective for visual
functions. The tACS in the alpha band was more able to
enhance alpha oscillations in spontaneous brain activity (Ghiani
et al, 2021). Therefore, the main area of the alpha tACS
effect was the visual cortex area in the resting states. In
previous studies, 1.5 mA was the highest current intensity
of tACS shown to enhance the resting-state signal in the
visual cortex (Neuling et al., 2013). However, this study
demonstrated that the highest current intensity of tACS which
enhanced the effect on the resting-state response of the visual
cortex can reach 2 mA.

In this study, the resting-state response in the visual
cortex with the eyes-closed condition was more sensitive
to a current intensity of 1 mA. This result is consistent
with previous studies (Neuling et al., 2015; Zarubin et al.,
2020). However, Neuling et al. (2013) showed that alpha
amplitude did not differ significantly between post- and pre-
stimulation for tACS with an initial intensity of 1.5 mA. Nunez
et al. (2001) reported that the endogenous alpha spontaneous
brain activity was not further enhanced after reaching the
maximum value, indicating a ceiling effect. Therefore, the
alpha amplitude of spontaneous brain activity in the eyes-
closed state may have been enhanced to its maximum value,
ie, 1-mA tACS. However, higher intensity tACS no longer
enhanced the alpha endogenous oscillation of the occipital
region.

We further found that 2-mA tACS enhanced the alpha
endogenous oscillation of the resting-state occipital area in the
eyes-open condition. Most previous studies have indicated that
1- or 1.5-mA tACS increased the alpha endogenous oscillation
in the eyes-open state (Zachle et al.,, 2010; Kasten et al., 2016).
The eyes-open state, which has low endogenous oscillation, was
more sensitive to changes in tACS current intensity (Barry et al.,
2007). Therefore, we speculate that the enhancement of the
tACS current intensity within the range from 1 to 2 mA may
lead to the enhancement of the alpha endogenous oscillation in
the eyes-open state. Thus, when studying the effect of tACS on
task-state EEG activities, researchers could enhance the highest
current intensity of tACS with 2 mA to improve SSVEP.

Overall, there were differences in the enhancement effect
of 1- and 2-mA tACS on the resting-state occipital region
alpha response between the eyes-open and eyes-closed states.
Barry et al. (2007) found that the eyes-closed and eyes-
open conditions provided different topographical maps and
brain activity measurements at different power levels in the
resting state. The influence of tACS on the amplitude of
EEG would change at different brain states (Fusca et al., 2018).
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FIGURE 7

The two-way ANOVA results in alpha band amplitude under
tACS condition within 10 subjects who participated in both

1- and 2-mA stimulation. Closed post-pre tACS, the alpha
amplitude differences between the pre- and post-tACS in the
eyes-closed state; open post-pre tACS, the alpha amplitude
differences between the pre- and post-tACS in the eyes-open
state; *p < 0.05, ***p < 0.001.

Ruhnau et al’s (2016) study demonstrated that tACS with
individual alpha frequency entrained brain activity in visual
cortices. This effect is state-dependent and is clearly observed
with eyes open but only to a lesser extent with eyes
closed. The eye-closed resting state has high endogenous
oscillations, and the eye-open resting state has low endogenous
oscillations. Compared with high endogenous oscillations,
low endogenous oscillations are more likely to enhance
alpha oscillations in the occipital region under high current-
intensity tACS. Therefore, the effect of tACS with different
current intensities may differ under the different resting
states.

One limitation of our study is that we only examined the
effects of tACS on the resting visual cortex. Subsequent research
could apply the optimal parameters of tACS identified here
to study the effect of tACS on the brain-computer interface
(BCI) of SSVEP. Another limitation concerns that tACS was
applied to identical current intensity for all subjects at each
stimulation intensity condition. Due to individual differences
(Kasten et al., 2019), the standard stimulation paradigm does
not fit all subjects well. The effect of 2-mA tACS on resting
visual cortical responses may vary across individual subjects.
Therefore, future studies could find the optimal current strength
for the individual subject in the 1-2 mA range.

Conclusion
In this study, we investigated the effect of the tACS on both

eyes-open and eyes-closed resting-state EEG. Results obtained
from 25 healthy subjects revealed that the resting-state response
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in the visual cortex with the eyes-closed condition was more
sensitive to a current intensity of 1 mA. Furthermore, for the
eyes-open state, alpha activity elicited by 2-mA tACS increased
significantly greater than that elicited by 1-mA tACS. These
results suggest that the effect of different current intensities
differs between the eyes-open and eyes-closed states. This study
presents evidence for the subsequent study of occipital tACS on
task-state EEG activities.
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