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Abstract

Background Cross-frequency phase-amplitude coupling (PAC) of cortical oscillations is observed within and across
cortical regions during higher-order cognitive processes. Particularly, the PAC of alpha and gamma waves in the occip-
ital cortex is closely associated with visual perception. In theory, gamma oscillation is a neuronal representation of vis-
ual stimuli, which drives the duty cycle of visual perception together with alpha oscillation. Therefore, it is believed
that the timing of entrainment in alpha-gamma PAC may play a critical role in the performance of visual perception.
We hypothesized that transcranial alternating current stimulation (tACS) with gamma waves entrained at the troughs
of alpha waves would enhance the dynamic visual acuity (DVA).

Method We attempted to modulate the performance of DVA by using tACS. The waveforms of the tACS were tai-
lored to target PAC over the occipital cortex. The waveforms contained gamma (80 Hz) waves oscillating at either the
peaks or troughs of alpha (10 Hz) waves. Participants performed computerized DVA task before, immediately after,
and 10 min after each stimulation sessions. EEG and EOG were recorded during the DVA task to assess inter-trial phase
coherence (ITPC), the alpha-gamma PAC at occipital site and the eye movements.

Results tACS with gamma waves entrained at alpha troughs effectively enhanced DVA, while the tACS with gamma
waves entrained at alpha peaks did not affect DVA performance. Importantly, analyses of EEG and EOG showed

that the enhancement of DVA performance originated solely from the neuromodulatory effects, and was not related
to the modulation of saccadic eye movements. Consequently, DVA, one of the higher-order cognitive abilities,

was successfully modulated using tACS with a tailored waveform.

Conclusions Our experimental results demonstrated that DVA performances were enhanced when tACS

with gamma bursts entrained on alpha wave troughs were applied over the occipital cortex. Our findings suggest
that using tACS with tailored waveforms, modulation of complex neuronal features could effectively enhance higher-
order cognitive abilities such as DVA, which has never been modulated with conventional noninvasive brain stimula-
tion methods.
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Background

Theta (4-7 Hz), alpha (7-13 Hz), and gamma (>30 Hz)
band activities in the occipital area have been reported to
play a critical role in visual perception [1-5]. Specifically,
a characteristic commonly observed in previous studies
is phase-amplitude coupling (PAC) between slow (theta
or alpha) and fast oscillations (gamma). In particular,
alpha-gamma PAC is believed to be closely related to vis-
ual attention and cognition [1-4], whereas theta-gamma
PAC is more relevant to the capacity to store visual repre-
sentations [5, 6].

Gamma waves are believed to be responsible for inter-
regional communication and information encoding, and
alpha waves are known to rhythmically inhibit these pro-
cesses [7, 8]. It is quite interesting, however, that coupling
between the two waves with seemingly contradicting
function plays an important role in visual perception.
Theories suggest that rhythmical inhibition by alpha
oscillation limits and prioritizes neuronal processing, and
at the same time, a “duty cycle” is driven by gamma waves
[3]. The duty cycle refers to the timing when the gamma
oscillation is entrained on an oscillatory cycle of alpha
waves (e.g., peak or trough) when a certain neural pro-
cess occurs. Because the alpha waves serve as an inhibi-
tory rhythm, neuronal firing is generally inhibited at the
peaks of an alpha cycle, and the opposite is true at the
troughs of an alpha cycle. Therefore, gamma waves can-
not drive a duty cycle at the peaks of the alpha wave. In
contrast, gamma waves can initiate duty cycles as inhibi-
tory alpha waves enter their descending period. There-
fore, stronger gamma waves are observed at the troughs
of alpha waves [1, 7]. In summary, the entrainment tim-
ing of fast oscillating waves on slow waves is critical for
neural processing in the brain.

The importance of entrainment timing in the coupling
between fast and slow brain oscillations has been con-
firmed in a number of studies that examined information
processing within a cortical region and between multi-
ple cortical regions. For example, the performance of a
visual perception task was enhanced when visual stimuli
were presented over troughs of the occipital alpha [9],
which was also observed in the visual cortex of monkeys
[4]. Likewise, information transfer between the parietal
and frontal regions was enhanced when parietal gamma
waves were entrained at the troughs of the fronto-medial
theta waves [10]. This evidence stresses the importance
of the timing of coupling between fast and slow oscilla-
tions during higher-order cognitive processes.

Modulating the timing of gamma entrainment in slower
waves over certain cortical regions could further confirm
the importance of entrainment timing in neuronal pro-
cessing. Such modulation could be achieved by transcra-
nial alternating current stimulation (tACS), as tACS is
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known to directly influence neural activity by interacting
with endogenous oscillations [11, 12] and effect large-
scale cortical networks with unique resonance dynamics
[13]. That is, tACS can entrain brain oscillations to spe-
cific waveforms by injecting weak alternating currents
(AC) through electrodes attached over the scalp [14, 15].
Previously, only one study has focused on modulating the
entrainment timing using tACS [16]. While conventional
tACS employs sinusoidal AC with a single frequency [10,
17, 18], the previous study delivered a customized AC
with multiple frequencies, and reported successful mod-
ulation of brain connectivity [16]. In this study, an injec-
tion current with 40 Hz gamma waves entrained over
the peaks of theta waves enhanced the working memory
performance. However, the injection current with 40 Hz
gamma waves entrained over the troughs of theta waves
did not show any significant effect. This study reiterated
the role of PAC and proved that an elaborate stimulation
protocol could modulate sophisticated neuronal features
and eventually affect behavioral performance.

In the present study, we attempted to demonstrate that
adjustment of entrainment timing in occipital alpha-
gamma PAC using tACS with customized waveforms can
affect the dynamic visual acuity (DVA) performance of
individuals. To this end, two customized injection cur-
rent waveforms were evaluated—gamma waves (80 Hz)
entrained over the peaks of alpha waves (10 Hz) and
gamma waves entrained over the troughs of alpha waves
(hereafter referred to as the peak and trough conditions,
respectively). The effect of stimulation on DVA perfor-
mance was quantified by measuring DVA performance
before and after both conditional and sham stimulation
conditions. We hypothesized that the trough condition
would strengthen the information processing of visual
inputs in the occipital cortex, while the peak and sham
conditions would not lead to any significant performance
change. Because both image processing and visual track-
ing via saccadic movements are critical components
of DVA [19, 20], horizontal electrooculograms (EOG)
were also recorded and analyzed to observe any saccadic
movement during the task. Finally, to eliminate the pos-
sibility that DVA performance was affected by the coinci-
dental presentation of visual stimuli during certain times
of occipital alpha, an electroencephalogram (EEG) was
recorded from the occipital site.

Methods

Participants

Twenty young volunteers who had corrected to nor-
mal vision participated in the current study (ten males
and ten females; mean age: 22.94+2.24 vyears). Par-
ticipants went through initial screening by identifying a
gap direction of static Landolt’s C ring with gap size of
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3 minimum angle of resolutions (MARs), or the small-
est size of visual stimuli used in the behavioral task
employed for this study. All the participants successfully
identified gap directions of every static stimuli. Indi-
viduals with any identifiable neurological disorder, head
injury, or personal or family history of psychiatric illness
were excluded. The study protocol was approved by the
Institutional Review Board (IRB) of Hanyang University,
South Korea (IRB No. HYU-2020-010). The participants
gave their written informed contents before the experi-
ments. Subjects participated in three stimulation ses-
sions, with each session (peak, trough, and sham) at least
72 h apart. No participants reported adverse symptoms,
such as itchiness or phosphene.

TACS with tailored waveform

Single-channel tACS with customized current waveforms
and sham stimulation were applied to each participant on
three separate days, with the current waveforms applied
over the electrode at Oz. All the sessions were counter-
balanced and randomized. The peak and trough sessions
indicate the timing at which gamma (80 Hz) waves were
entrained over the alpha (10 Hz) waves in the stimula-
tion current waveform. The peak-to-peak amplitude of
the stimulation current was 3 mA, with three cycles of
1.2 mA, 80 Hz entrained over an interval 11/8, 31/8 (peak)
or interval 51/8, 71t/8 (trough) of 1.8 mA, 10 Hz AC. For
the sham condition, 10 Hz AC was ramped up to 3 mA
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and immediately ramped back to 0 mA once the current
reached the peak, with 30 s of ramping periods. All stim-
ulations were delivered using Starstim8 of Neuroelectrics
(Barcelona, Spain).

The stimulation current was delivered through saline
soaked, circular electrodes with an area of 25 cm? placed
over Cz and Oz of the 10-20 international EEG system.
The stimulation montage was validated using computer
simulation based on finite element method (FEM). The
finite element head model was constructed from a sam-
ple MRI data (Fig. 1B), and the electric fields were com-
puted using solver embedded in COMETS 2 [21]. The
maximum electric field delivered by our setup was 0.32
V/m, which was sufficient to modulate neuronal activi-
ties [22, 23]. The electric field distribution over the cor-
tex is illustrated in Fig. 1C. The stimulation lasted 20 min,
excluding the ramping times. The ramping times were 60
s, with a ramp-up and ramp-down of 30 s each. The par-
ticipants underwent three DVA task sessions: pre, post0,
and post10. Pre, post0, and post10 sessions denoted the
task sessions performed prior to the stimulation, imme-
diately after the stimulation, and 10 min after the stim-
ulation, respectively. Three participants were excluded
from the analyses because they could not participate in
all three stimulation (2 participants) sessions or was acci-
dentally informed of stimulation condition (1 partici-
pant). Additionally, one participant was excluded for the
analysis of 3 MARs trials since the size-specific accuracy
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Fig. 1 The stimulation parameters: A The injection current pattern, at the Oz electrode, of the peak (left) and trough (right) stimulation conditions
(created using Matlab 2019b), B constructed finite element head model for the calculation of electric field (created using tetview), and C
the electrode montage and electric field distribution over the cortex at phase of 0° under the stimulation setup (created using tecplot10)
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of a participant did not reach the chance level (25%) in all
the task sessions under a stimulation condition.

Behavioral task

A computerized DVA task was constructed using C#
and Unity based on a previous study [20]. During the
task, participants were asked to indicate the direction of
the gap of a Landolt’s C-ring moving at a constant speed
by using the arrow keys of the keyboard. For each trial,
the stimulus presented was random in speed (from 200
to 700 degrees/s, with a step of 100 degrees/s), move-
ment direction (left to right or vice versa), gap direction
(up, down, left, and right), and size (gap size of 3, 4, and
5 MARs). All possible combinations of random factors
were 144, which was the number of trials in one ses-
sion. When no stimuli were presented, a fixation cross
appeared on the screen. The ISI was also random, rang-
ing from 1500 to 2500 ms. The movement of the visual
stimuli covered the visual angle ranging from -10° to 10°.
This range of visual angles failed to induce ocular sac-
cades during DVA performance [20]. To maintain the
visual angle, the stimuli were kept constant, and the dis-
tance between the subjects and the center of the moni-
tor was fixed at 70 cm. To display the stimuli as fluently
as possible, a 240 Hz monitor was used. A flowchart of
the task session is illustrated in Fig. 2. Participants per-
formed three sessions of computerized DVA tasks under
each stimulation condition: prior to the stimulation (pre),
immediately after the stimulation session (post0), and 10
min after the stimulation session (post10).

A

C—>or C
C «—¢C

Task(pre) + EEG
(~5 min)

Stimulation
(20 min)

cC — C
C «—2C

Task (post0) + EEG
(~5 min)
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Initially, the participants underwent a screening test,
wherein they were asked to identify the direction of the
gap of ten 3 MARs stimuli in a static state. During the
main sessions, both overall accuracy and accuracy, spe-
cific to the stimulus size, were evaluated. The experimen-
tal protocol and the schedule of tasks are illustrated in
Fig. 2.

EEG recording and analysis

During all task sessions, EEG was recorded. Of the
17 participants who completed the experiment, data
from one subject were excluded from the analysis due
to recording errors. The EEG data were recorded over
the Oz position (the electrode at Oz site was replaced
as necessary, i.e., from EEG electrode to the stimulation
electrode after the pre session) according to the Inter-
national 10-20 EEG system with reference attached
over the right mastoid, at a sampling rate of 2,048 Hz.
The recorded data were high pass filtered at 1 Hz, and
60 Hz components were notch filtered to remove power
noises. In all the analyses, trials with an EEG ampli-
tude higher than 100 pV were excluded (maximum of
14 trials were removed, from one subject in post0 ses-
sion of peak stimulation condition) from the analysis to
eliminate trials contaminated with noise. For trials that
were not contaminated, the inter-trial phase coherence
(ITPC) and power spectrum was computed and aver-
aged across trials for each participant. The ITPC was
computed using newtimf function of EEGLAB in MAT-
LAB version 2019b [24], with frequency range of 1 to
100 Hz with a step size of 1 Hz. The power spectrum

C —ZC
or + or
C «—¢C

Task (post10) + EEG
(~5 min)

Intervention
(5~ min)

Fixation

(1.5 ~ 2.5 sec) Stimulus

Fixation Stirnuius

(1.5 ~ 2.5 sec)

Fig. 2 AThe experimental protoco. The experimental protocol. Participants remained in eyes opened, resting state during intervention period,
and B Description of a computerized DVA task session. One trial consisted of a fixation lasting 1.5-2.5 s and a Landolt’s C-ring with random gap
direction (left, right, top, bottom) moving across the screen (left or right) followed by the fixation



Park et al. Behavioral and Brain Functions (2023) 19:13

was computed based on fft function in MATLAB.
Finally, the PAC was computed using a MATLAB tool-
box available at https://data.mrc.ox.ac.uk; the PAC was
computed for phase frequency of 4 Hz to 20 Hz with a
step size of 1 Hz and amplitude frequency of 30 Hz to
100 Hz with a step size of 5 Hz. All the features were
computed for the time window spanning -1000 ms to
0 ms, where 0 ms was the stimulus onset.

Statistical analysis

All the statistical analyses were conducted using Mat-
lab 2019b. For the behavioral data, both the qq-plot and
data distribution indicated that the data did not fol-
low normal distribution, as confirmed by the Shapiro—
Wilk test (see Supplementary information for details).
Therefore, a nonparametric analysis was employed. For
behavioral performance data, Friedman’s test for within
factor ‘session’ was performed to examine the overall
and size-specific accuracy under each stimulation con-
dition. Additionally, Friedman’s test was performed for
within factor ‘Stimulation condition’ to assess the over-
all and size-specific accuracy of pre sessions to evaluate
whether there was any difference between the baseline
conditions for each day. Then, a post-hoc analysis of
Wilcoxon’s signed-rank test was performed if neces-
sary. Finally, multiple corrections of p-values were
made using false discovery rate (FDR).

For EEG data, statistical analyses were conducted
for the ITPC, 10 Hz power, 80 Hz power, and PAC.
For every feature, Friedman’s test was performed for
within factor ‘session, and subsequent Wilcoxon’s
signed rank test was performed if necessary. All the
p-values acquired from the Wilcoxon’s signed rank test
was corrected using FDR. Because stimulation param-
eters targeted alpha (10 Hz) and high gamma (80 Hz),
appropriate windows of interests were selected for each
analysis.

For ITPC, six windows of interests for the statistical
analyses were selected: all possible combinations between
two frequency windows of 7—13 Hz and 70— 90 Hz and
200 ms time windows starting from — 600 ms, — 400 ms,
and — 200 ms. The time windows were chosen to repre-
sent time windows prior to the visual stimuli onset, as
phase alignment during visual perception is reported to
occur prior to the stimulus onset. For PAC, the statisti-
cal analyses were conducted for a phase frequency bin
of 7—13 Hz and amplitude frequency bin of 70 —90 Hz.
The mean PAC value for the window of interest was com-
puted for each session under the stimulation conditions,
and Friedman’s test was performed. Since Friedman’s test
did not yield any significance, no post-hoc analysis was
conducted.
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Results

Computer simulation

The simulation results revealed that the maximum elec-
tric field amplitude induced over the cortex was 0.32 V/m
when 1.5 mA was applied over the Oz electrode (Fig. 1C),
which is strong enough to entrain neuronal activi-
ties [25-27]. Note that the simulation was conducted
assuming that maximal current was applied over the Oz
electrode.

Behavioral performance

Because the data did not follow normal distribution, non-
parametric methods were used for all statistical analyses.
Exemplary quantile—quantile plot and distribution of the
data are illustrated in Supplementary information (Addi-
tional file 1: Fig. S1). More detailed information about the
task is described in the Methods section and Fig. 2. Fried-
man’s tests with within-factor ‘sessions’ revealed signifi-
cant differences in all size-specific and overall accuracies
under trough conditions (3 MARs: x*=10.32, p<0.01; 4
MARs: x*=7.85, p=0.02; 5 MARs: x>*=8.39, p=0.015;
overall: x¥*=13, p<0.01) and the accuracy of 5 MARs
stimuli under the sham condition (x*=6.64, p=0.04).
Additionally, the post-hoc analysis revealed significant
differences between the accuracies of pre-postO and pre-
post10 only under the trough condition for all the meas-
ures (between pre-post0: p<0.01 for 3 MARs, 4 MARs,
and the overall accuracy, and p=0.026 for 5 MARs;
between pre-postl0: p<0.01 for 3 MARs, 4 MARs, and
the overall accuracy, and p=0.011 for 5 MARs). How-
ever, no significant difference was observed between the
accuracies of 5 MARs under the sham session (p >0.14).
In addition, there were no significant differences between
the accuracies of the different pre-sessions (3 MARs:
X’=1.66, p=0.44; 4 MARs: x*=3.31, p=0.19; 5 MARs:
x*=1.61, p=0.45; overall: Y*=2.38, p=0.3). These results
indicate that there was no difference in the participants’
baseline performance, regardless of the stimulation con-
ditions. All p-values presented were corrected using the
FDR. The behavioral results are shown in Fig. 3.

EEG analysis

EEG was recorded during each task session. EEG was
recorded at Oz, with the reference attached over right
mastoid. To examine whether the changes in behavioral
performance was due to the previously reported pre-
stimulus phase realignment, ITPC was computed (Fig. 4).
For the windows of interest, no significant difference was
observed for post0 and post10 sessions compared to pre
session, regardless of the stimulation conditions (x* <
5.38, p > 0.068 for each comparison, per Friedman’s test,
where the complete statistics are displayed in Table. 1).
The windows of interests covered time windows prior to
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the stimulus onset, as significant phase alignment is usu-
ally observed prior to the stimulus onset during visual
perception [28]. This implies that the behavioral changes
were not caused by coincidental alignment of pre-stim-
ulus phase. Furthermore, the ITPC was computed sepa-
rately for correct and missed trials, as the significant
phase alignment was better observed in correct trials [9].
However, significant increase in phase alignment due to
different stimulation conditions were not observed for
both correct trials and missed trials (depicted in Addi-
tional file 1: Fig. S2).

To further test the effect of stimulation conditions, the
additional features during the task was observed: i) the
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power spectrum of 10 Hz and 80 Hz and ii) the PAC were
computed. Firstly, the spectral power of 10 Hz signifi-
cantly increased only after the trough stimulation condi-
tion, in both post0 and post10 sessions compared to the
pre session (Fig. 5A-B). For clarity of display, error bars
were omitted; the power spectrum with standard error
shaded is illustrated in (Additional file 1: Fig. S3). While
Friedman test for within factor ‘session’ showed signifi-
cant difference between sessions for each of stimulation
conditions (sham: x> = 6, p = 0.05; peak: x> = 6.5, p =
0.039; trough: x> = 12.13, p < 0.01), subsequent post-hoc
analysis of Wilcoxon’s signed rank test with multiple cor-
rection using FDR showed significance only under the
trough stimulation condition (between pre-post0 and
pre-postl0, respectively, sham: p = 0.2 and p = 0.17,
peak: p = 0.21 and p = 0.08, and trough: p < 0.01 and p
= 0.011). No significance was found between post0 and
postl0 sessions, regardless of stimulation conditions (p
> 0.19). All the p-values reported are corrected using
FDR. Additionally, no significance was found for 80 Hz in
Friedman test, albeit marginal significance was observed
for the trough condition (sham: sham: x2 =0.38, p =0.83;
peak: x> = 2, p = 0.37; trough: x> = 4.88, p = 0.09).

Secondly, as in Fig. 6, relatively strong PAC between
alpha and high gamma was observed throughout the
behavioral performance. However, Friedman’s test for
factor ‘session’ showed no significant difference between
PAC of alpha (7~13 Hz) and high gamma (70~90 Hz)
during postO and postl0 sessions compared to the pre
sessions (sham: x?=4.63, p=0.1; peak: x’=0.13, p=0.94;
trough: x*=5.38, p=0.07). The PAC results indicate that
while alpha-high gamma coupling is related to behavio-
ral performance, stimulations did not alter alpha-high
gamma PAC at the occipital site. This result is in line with
that of spectral power analysis, as amplitudes of gamma
were not affected by stimulation.

Discussion

In this study, we sought to improve DVA performance
using tACS with customized AC waveforms and found
that the modulation of spatiotemporal features of alpha-
gamma PAC at the occipital site could successfully
enhance DVA performance. It is widely believed that
visual perception is controlled by the inhibitory cycle of
occipital alpha waves [29-32]. Specifically, visual inputs
are most efficiently processed during the descend-
ing period, or troughs, of alpha waves [1, 7]. It could
be argued that to assess such behavioral performance
related to visual perception, the employment of static
visual stimuli might be sufficient rather than presenting
a dynamic visual stimulus; however, improving the iden-
tification of static visual stimuli would be related more to
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Table 1 Friedman’s test for ITPC for each window of interest
under stimulation conditions

Sham Peak Trough
- 600 x>=088,p=064 ¥*=088,p=064 x'=488 p=009
to — 400 ms,
7to13Hz
- 400 X’=263,p=027 x*=163,p=044 x*=4.88p=009
to— 200 ms,
7t013Hz
—200to0ms,  ¥°=088,p=064 x*=238p=031 ¥’=0.13,p=094
7t013Hz
- 600 X’=35p=017 ¥*=463,p=01 ¥'=163,p=044
to — 400 ms,
70to 90 Hz
- 400 X’'=463,p=0.1 x’=163,p=044 x’=144,p=0.14
to — 200 ms,
70to 90 Hz
—200to0ms,  x°=038,p=083 ¥x*=538, X>=163,p=044
70 to 90 Hz p=0.068

vision itself than to visual processing mechanisms related
to occipital cortex.

The main finding of our stimulation study was in agree-
ment with previous studies, as DVA performance was
enhanced only when gamma oscillations were entrained
on the troughs of the alpha waves. For the trough con-
dition, 80 Hz gamma waves were entrained over the
[17m/16, 31m/16] period of the 10 Hz alpha phase,
whereas the gamma waves were entrained over the [11/16,
15m/16] period for the peak condition. We chose 10 Hz
and 80 Hz as the stimulation parameters because 10 Hz
is a widely used frequency when targeting alpha oscilla-
tions [33, 34] and it is reported that high gamma (> 50
Hz) being coupled with alpha at the posterior cortex
is critical during visual tasks [35]. It could be debated
whether weak AC delivered transcranially can modulate
such intricate cortical rhythms [36]. However, an ephap-
tic coupling hypothesis [37] and many other reports
[15, 38—40] underpin the feasibility of such modulation.
Therefore, we believe that the improvement in DVA
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performance in our study originated from the modula-
tion of entrainment timing in the alpha-gamma PAC at
the occipital site.

Since previous studies reported prestimulus oscilla-
tory phase affecting visual perceptions, we set the inter-
stimulus interval (ISI) as a random value between 1.5
and 2.5 s in an effort to randomize the prestimulus oscil-
latory phases. Furthermore, we recorded EEG signals at
Oz during the task sessions and analyzed the ITPC from
— 1000ms to 0 ms from stimulus onset. ITPC were not
affected by stimulation, as evidenced by the lack of a sig-
nificant difference between sessions after and prior to
each stimulation. Therefore, it was confirmed that the
visual stimuli of the DVA task was not presented at spe-
cific oscillatory phases. This further supports that the
observed enhancement of DVA performance was not a
product of coincidental alignment of the visual stimuli to
a certain phase of the occipital alpha.

Although the stimulation parameters included both
alpha (10 Hz) and gamma (80 Hz) components, the
power spectrum showed that only the power of 10 Hz
was enhanced when trough stimulation was applied,
while the 80 Hz component was not significantly
affected by stimulations. Therefore, it could be argued
that only applying 10 Hz stimulation might be sufficient
to target causal oscillatory features for DVA perfor-
mance. However, we firmly believe that this argument
is not true based on the following two reasons: Firstly,
the peak stimulation condition did not enhance either
DVA performance or 10 Hz power, although the peak
stimulation parameter also included 10 Hz. Secondly,
the previous literature that employed a similar tACS

waveform yielded similar behavioral and EEG results to
ours, where behavioral performances were dependent
on the frequency of the higher frequency component
in the stimulation waveform while EEG functional con-
nectivity for the low frequency component over cortical
regions was increased only when the stimulation was
effective [16]. Note that our stimulation amplitude ratio
between the phase and amplitude frequencies (10 Hz
and 80 Hz, respectively) was replicated from the study.

To the best of our knowledge, no previous study has
explored the causality between the different amplitudes
of the phase and amplitude frequencies and cognitive
measures. Although, given that the brain oscillations
naturally exhibit higher power in the low frequen-
cies (i.e., alpha range, 7-13 Hz) than high frequencies
(i.e., gamma range, 30—100 Hz), it seems feasible that
the low frequency component (10 Hz) in our stimu-
lation waveform has higher amplitude than the high
frequency component (80 Hz). Granted, the optimal
ratio or amplitude of each frequency component when
designing stimulation waveform likely depends on
individual responsiveness to stimulations. Such indi-
vidualization of stimulation amplitude is extremely
challenging to achieve in most experimental designs,
including the current study. Furthermore, we aimed to
modulate frequency coupling in a single cortical region
by manipulating temporal dynamics of the tACS wave-
forms. Combined, while the amplitudes of each fre-
quency component constituting the customized tACS
waveform might be important, a focus should be placed
on the temporal characteristics and amplitude of the
entire waveform when evaluating the waveform.
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In an effort to examine whether the increase in alpha
power truly affected behavioral performance, we also com-
puted event-related spectral perturbation (ERSP) during
the task. The results indicated that the trough stimulation
condition significantly increased ERSP at the alpha band
prior to the onset of visual stimuli, further underpinning
the trough stimulation condition only affected alpha band
(see Additional file 1: Fig. S4 for details).

There are two key components of the DVA: visual
information processing and visual search through sac-
cadic movements. Several previous studies that compared

DVA performance between normal people and athletes
reported that faster saccadic movements generally result
in better DVA performance [19, 20]. To further validate
whether the tACS with a tailored waveform was the only
factor involved in the enhancement of DVA performance,
we observed saccadic movements from EOG signals
recorded during the entire task. Since we recorded EOG
only during the task, we were unable to statistically claim
that there was no eye movement. However, saccadic move-
ments are rapid and thus could be easily detected by visual
inspection. In this light, no significant saccadic movement
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was observed during any task sessions (Additional file 1:
Fig. S5), indicating that the DVA performance was unaf-
fected by saccadic movement changes.

The causal role of brain oscillations in cognitive per-
formance has been widely studied [41-43]. Specifically,
our results are in agreement with those of previous stud-
ies that emphasized the close relationship between the
entrainment timing of cross-frequency PAC and behavio-
ral performance [4, 9, 10]. In the present study, we dem-
onstrated that modulation of the entrainment timing of
alpha-gamma PAC using tACS with a tailored waveform
could successfully alter visual processing performance,
particularly the DVA performance. Nevertheless, we did
not conduct any neuroimaging study that might quanti-
tatively evaluate the brain network dynamics, especially
the fronto-occipital network [44], altered by tACS. Fur-
ther exploration of the causality between brain network
dynamics and the modulation of entrainment timing in
PAC should be performed using neuroimaging methods.

Conclusion

This study attempted to modulate the entrainment tim-
ing of gamma oscillations at alpha oscillations using
tACS with tailored waveforms. Our experimental results
demonstrated that tACS over the occipital cortex with
gamma bursts entrained on alpha wave troughs could
effectively enhance DVA. Our findings suggest that using
tACS with tailored waveforms, modulation of complex
neuronal features could effectively enhance higher-order
cognitive abilities such as DVA, which has never been
modulated with conventional noninvasive brain stimula-
tion methods. It is expected that our findings may pro-
vide useful insights for developing new interventions
based on noninvasive brain stimulation.

Abbreviations

PAC Phase amplitude coupling
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