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a b s t r a c t

Background: Transcranial alternating current stimulation (tACS) has been widely used to alter ongoing
brain rhythms in a frequency-specific manner to modulate relevant cognitive functions, including visual
functions. Therefore, it is a useful tool for exploring the causal role of neural oscillations in cognition.
Visual functions can be improved substantially by training, which is called visual perceptual learning
(VPL). However, whether and how tACS can modulate VPL is still unclear.
Objective: This work aims to explore how tACS modulates VPL and the role of neural oscillations in VPL.
Methods: A between-subjects design was adopted. Subjects were assigned to six groups and undertook
five daily training sessions to execute an orientation discrimination task. During training, five groups
received occipital tACS stimulation at 6, 10, 20, 40, and sham 10 Hz respectively, and one group was
stimulated at the sensorimotor regions by 10 Hz tACS.
Results: Compared with the sham stimulation, occipital tACS at 10 Hz, but not at other frequencies,
accelerated perceptual learning and increased the performance improvement. However, these modula-
tory effects were absent when 10 Hz tACS was delivered to the sensorimotor areas. Moreover, the tACS-
induced performance improvement lasted at least two months after the end of training.
Conclusion: TACS can facilitate orientation discrimination learning in a frequency- and location-specific
manner. Our findings provide strong evidence for a pivotal role of alpha oscillations in boosting VPL and
shed new light on the design of effective neuromodulation protocols that can facilitate rehabilitation for
patients with neuro-ophthalmological disorders.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Repetitive visual experience or practice results in a dramatic and
long-lasting improvement in perceiving visual contents, which is
referred to as visual perceptual learning (VPL) [1]. VPL is usually
viewed as a manifestation of experience-dependent neural plas-
ticity in the human brain [2,3], and has been used as a rehabilitation
therapy for visually impaired people, such as patients with
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amblyopia [4], cortical blindness [5], and macular degeneration [6].
Numerous studies have been conducted to explore the neural
substrates of VPL, primarily focusing on the cortical sites of occur-
rence and manifestation of VPL [7e13].

Neural oscillations, characterized by rhythmic changes in neural
activity in a wide range of frequencies, play a critical role in various
cognitive functions [14]. Aberrant neural oscillations have been
shown to be associated with some neurological and psychiatric
disorders [15]. However, to date, the neural oscillatory mechanisms
of VPL have been explored by only sparse human magneto-/elec-
troencephalography (M/EEG) studies, and the results of these
studies are inconsistent. Neural oscillations in multiple frequency
bands were found to be associated with VPL. Alpha power in
parietal-occipital areas increased after training on visual tasks, such
as visual search [16,17], while training on an object identification
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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task could induce an increase in gamma power [18]. Theta and beta
oscillations were found to be involved in texture discrimination
learning [19] and motion discrimination learning [20], respectively.
In these studies, oscillatory neural activity was recorded before and
after training, but was notmanipulated during training tomodulate
VPL. Therefore, these studies could not reveal the causal link be-
tween neural oscillations and VPL.

Transcranial alternating current stimulation (tACS) is a neuro-
modulation technique that can non-invasively alter brain activity in
a frequency-specific manner by delivering weak alternating cur-
rents to the scalp [21e25]. It is a wide-used tool for establishing a
causal link between neural oscillations and cognition [26,27],
across a broad range of frequencies and tasks [23,28e31]. However,
tACS has not been applied to modulate VPL yet. In this exploratory
study, we stimulated human subjects’ visual cortex using tACS at a
given frequency (6, 10, 20, or 40 Hz) while they were practicing an
orientation discrimination task subserved by early visual cortex
[9,10]. Sensorimotor cortex was also stimulated as a control loca-
tion because it is minimally involved in VPL. We hypothesize that if
neural oscillations at a given frequency play a pivotal role in the
orientation discrimination learning, applying tACS at that fre-
quency to the visual cortex will modulate the learning process and
performance improvement.

2. Materials and methods

2.1. Subjects

A total of 121 healthy subjects (82 females, 21.58 ± 3.51 years)
participated in the present study. Subjects were assigned to one of
six groups (Table 1): Groups 1e4 received occipital tACS at 6 Hz (the
6 Hz occipital stimulation group), 10 Hz (the 10 Hz occipital stim-
ulation group), 20 Hz (the 20 Hz occipital stimulation group), and
40 Hz (the 40 Hz occipital stimulation group), respectively. Group 5
received occipital sham stimulation (the sham occipital stimulation
group); Group 6 received bilateral sensorimotor tACS at 10 Hz (the
10 Hz sensorimotor stimulation group). The group sizes were
determined by a power analysis (a¼ 0.05, two-tailed, power¼ 80%)
based on our pilot study. A screening questionnaire was adminis-
trated before starting the study for each subject. Subjects were
included if theymet the following criteria: 1) right-handed, 2) aged
18e40 years, 3) normal or corrected-to-normal vision. Subjects
were excluded if they met the following criteria: 1) a history of
neural surgery or epileptic seizures or any psychiatric or neuro-
logical disorders, 2) sleep disorders or a total sleep time less than
8 h per night over the last two weeks, 3) during ovulation phase of
the menstrual cycle or pregnancy [32,33]. The present study was
approved by the Ethics Committee of School of Psychological and
Cognitive Sciences, Peking University. Written consent was ob-
tained from each subject prior to the study.

2.1.1. Apparatus and stimulation protocol
Visual stimuli were generated and controlled using MATLAB

(R2015a, MathWorks, Natick, MA) and Psychotoolbox-3 extensions
Table 1
Demographic information of subjects.

Group Sample size Female/Male Mean age (SD) Age range

Group 1 20 15/5 22.05 (3.33) 18e30
Group 2 21 15/6 21.81 (4.92) 18e37
Group 3 20 13/7 21.50 (3.90) 18e34
Group 4 20 13/7 20.25 (2.05) 18e24
Group 5 20 13/7 21.15 (3.05) 18e28
Group 6 20 13/7 21.70 (3.16) 18e30
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[34] and were presented on a 19-inch Sony Trinitron color monitor
(spatial resolution¼ 1600� 1200 pixels, frame rate¼ 85 Hz) with a
grey background (mean luminance ¼ 47.59 cd/m2). The monitor
was the only source of light in the room. A chin-and-head rest was
used to stabilize the head at a viewing distance of 65 cm. Subjects’
eye movements were monitored by an Eyelink1000 plus eye-
tracking system (SR Research Ltd., Ontario, Canada) throughout
the whole experiment. Their eye positions were stable, well within
1 � from the fixation point. There was no significant difference in
the eye position distribution across the six groups.

Electrical stimulation was delivered using the DC-STIMULATOR
MC (neuroConn GmbH, Ilmenau, Germany) through a pair of rub-
ber electrodes of 5 � 5 cm2. The electrodes inserted in two soaked
sponges (0.9% saline solution) were attached to the subjects’ scalp
using elastic bandages. A sinusoidal current with a peak-to-peak
intensity of 1.5 mA was administrated when subjects performed
the training task. Both the DC offset and the phase difference be-
tween the two stimulation electrodes were set at zero. The
impedance was constantly lower than 8 K U during all stimulation
sessions.

2.1.2. Visual stimulus and task
Oriented Gabor patches (diameter ¼ 1.25 �; spatial

frequency ¼ 3.0 cycle/�; Michelson contrast ¼ 0.5; standard devi-
ation of Gaussian envelope ¼ 0.42�; random spatial phase) were
located 5 � from fixation in the lower left quadrant of the visual
field. Here, 25% of the pixels in the Gabor patch were replaced with
random noise. In each trial, a small fixation point was displayed for
500ms firstly, and then two Gabor patches with orientations of 26 �

and 26 � þ qwere presented successively for 100 ms each and were
separated by a 500 ms blank interval (Fig. 1(A)). These two Gabor
patches were presented in random order. Subjects were instructed
to make a two-alternative forced-choice (2AFC) judgment of the
orientation of the second Gabor patch relative to the first one
(clockwise or counter-clockwise) by pressing a key. The q varied
trial by trial and was adaptively controlled by a QUEST staircase to
estimate subjects’ discrimination threshold with 75% accuracy [35].
Subjects were asked to have a rest after each staircase. Feedback
was not provided in all test and training sessions.

2.1.3. Design
A single-blind, sham-controlled, between-subject design was

adopted to explore the role of tACS in modulating orientation
discrimination learning. Subjects underwent five daily training
sessions of the orientation discrimination task, which was pre-
ceded by a pre-training test (Pre) and was followed by two post-
training tests. One of the post-training tests was completed
immediately after training (Post1), and the other one (Post2) was
conducted at least two months after Post1 (Fig. 1(B)). Each partic-
ipant completed six QUEST staircases of 50 trials at Pre, Post1, and
Post2, and nine QUEST staircases during each training session. Each
staircase lasted about 3 min.

First, to investigate which stimulation frequency is able to
modulate orientation discrimination learning, we recruited four
groups of subjects to take part in this study, i.e., the 6, 10, 20, and
40 Hz occipital stimulation groups. The choice of stimulation fre-
quency of tACS was based on the controversy of underlying neural
oscillatory mechanisms of VPL. Also, 6, 10, 20, and 40 Hz are
representative frequencies of theta band (4e8 Hz), alpha band
(8e12 Hz), beta band (13e30 Hz), and gamma band (above 30 Hz),
respectively. In line with previous tACS studies (e.g., Ref. [36]), two
electrodes were placed over subjects’ visual cortex and the vertex
(i.e., O2 and Cz in the international 10e20 EEG system), respectively
(Fig. 1(C)). The stimulated hemisphere was contralateral to the vi-
sual field where the Gabor patches were presented. Subjects



Fig. 1. Stimuli, experimental protocol, and electrical stimulation protocol. (A) Schematic description of a 2AFC trial in a QUEST staircase for measuring orientation discrimination
thresholds. Subjects were instructed to make a judgment of the orientation in the second interval relative to that in the first interval (clockwise or counter-clockwise), while gazing
at the central fixation point. There was no feedback after each trial. (B) Experimental protocol. Subject underwent one pre-training test, five daily training sessions, and two post-
training tests. The pre-training test (Pre) and post-training test 1 (Post1) and test 2 (Post2) took place on the days before, immediately after, and two months after training. TACS was
concurrently administrated during each training session. (C) Electrical stimulation protocol and montage. TACS at different frequencies (6 Hz, 10 Hz, 20 Hz, and 40 Hz) were applied
over different cortical regions. For occipital stimulation groups, stimulation electrodes were positioned over the occipital cortex (O2) and the vertex (Cz), while for the sensorimotor
stimulation group, stimulation electrodes were positioned over the sensorimotor regions of both hemispheres. The electrode positions were identified by the international 10e20
EEG system. These heads were generated by FaceGen Modeller (version 3.4).
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received electrical stimulation at a given frequency concurrent with
training with a ramp-up of 30 s at the beginning of each training
session. The electric field simulation of 10 Hz tACS using ROAST [37]
is shown in Fig. S2 (see Supplemental Material).

Second, we asked whether the observed modulatory effects by
10 Hz tACS (see Results) were due to potential indirect effects, such
as placebo effect. To this end, a fifth group of subjects were
recruited, i.e., the sham occipital stimulation group. The electrical
stimulation parameters were the same as those in the 10 Hz oc-
cipital stimulation group, except that subjects in the sham occipital
stimulation group received 10 Hz tACS for 15 s with a ramp up/
down of 30 s at the beginning of each training session.

Finally, to examine whether 10 Hz tACS modulated orientation
discrimination learning in a stimulation location-specific manner, a
sixth group of subjects were recruited, i.e., the 10 Hz sensorimotor
stimulation group. The electrical stimulation parameters were the
same as those in the 10 Hz occipital stimulation group, except that
two electrodes were positioned over the bilateral sensorimotor
cortical regions, i.e., C1 and C2 [38].
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2.1.4. Statistical analysis
For each test or training session, the estimated threshold was

defined as the geometric mean of thresholds from all QUEST
staircases. Percent improvement, which describes changes in per-
formance after training, was calculated as (pre-training threshold �
post-training threshold)/pre-training threshold � 100%. To illustrate
the threshold dynamics during the training course, a power func-
tion was used to fit the learning curves of orientation discrimina-
tion across all test and training sessions:

ThðtÞ ¼ l�ðtÞ�rþa

where Th is the predicted orientation discrimination threshold, t is
the number of training sessions, l is the initial threshold, r is the
learning rate, and a denotes the minimum threshold achieved after
training. A nonlinear least-square method, implemented in MAT-
LAB, was used to minimize the sum of squared differences between
model predictions and observed values.

Orientation discrimination thresholds were analyzed using a
mixed-design analysis of variance (ANOVA) with a between-
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subjects factor Group (occipital 6 Hz, 10 Hz, 20 Hz, 40 Hz, sham, and
sensorimotor 10 Hz) and a within-subjects factor Test (Pre, Post1,
and Post2). Learning rates and percent improvements were
analyzed using ANOVAwith a between-subjects factor of Group. For
multiple comparisons, Benjamini-Hochberg method (BH) was used
to control false discovery rate (FDR). h2p and Cohen's d were
computed as a measurement of effect size for ANOVAs and t-tests,
respectively. Statistical analyses were conducted using R [39].
3. Results

3.1. Occipital tACS modulated orientation discrimination learning in
a frequency-specific manner

First, subjects stimulated by occipital tACS at 6, 10, 20, and 40 Hz
started with comparable performance at Pre (F(3, 77) ¼ 0.41,
p¼ 0.75). As shown in Fig. 2(A), subjects' orientation discrimination
thresholds declined with training for all the training groups. For
each subject, the orientation discrimination thresholds across all
test and training sessions were fitted with a power function. A one-
way ANOVAwith Group (6,10, 20, and 40 Hz) as a between-subjects
factor revealed that there were significant group differences in
learning rate, i.e., the estimated r-value of the power function (F(3,
77)¼ 10.49, p < 0.001, h2p ¼ 0.29). Post-hoc analysis showed that the
learning rate of the 10 Hz occipital stimulation group was signifi-
cantly greater than those of the other stimulation groups (10 Hz vs.
6 Hz: t(39) ¼ 3.02, padj < 0.001, Cohen's d ¼ 0.92; 10 Hz vs. 20 Hz:
Fig. 2. Results of the main experiment in which visual cortex was stimulated using tACS a
subjects at different test and training days, and lines represent fitted learning curves using a
Post1. (D) Percent improvements in orientation discrimination performance at Post1, relative
the mean) across subjects.
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t(39) ¼ 3.06, padj < 0.001, Cohen's d ¼ 0.96; 10 Hz vs. 40 Hz:
t(39) ¼ 3.01, padj < 0.001, Cohen's d ¼ 0.94), and there was no
significant difference in learning rate among other stimulation
groups (all ps > 0.70) (Fig. 2(B)). These results demonstrated that,
relative to theta, beta, and gamma frequencies, tACS at alpha fre-
quency accelerated the learning process.

Then subjects' orientation discrimination thresholds were sub-
mitted to a mixed-design ANOVA with Test (Pre and Post1) as a
within-subjects factor and Group (6, 10, 20, and 40 Hz) as a
between-subjects factor to examine differences in performance.
We found a significant main effect of Test (F(1, 77) ¼ 98.81,
p < 0.001, h2p ¼ 0.56), and a significant interaction between Test and

Group (F(3, 77)¼ 4.70, p¼ 0.005, h2p ¼ 0.16), but no significant main
effect of Group (F(3, 77) ¼ 0.68, p ¼ 0.57). Further analysis showed
that the thresholds at Post1 were lower than those at Pre for all
groups (6 Hz: t(19) ¼ 4.21, padj < 0.001, Cohen's d ¼ 0.81; 10 Hz:
t(20) ¼ 6.88, padj < 0.001; Cohen's d ¼ 1.70; 20 Hz: t(19) ¼ 3.85,
padj < 0.001, Cohen's d ¼ 0.82; 40 Hz: t(19) ¼ 4.93, padj < 0.001,
Cohen's d ¼ 0.93). At Post1, the threshold in the 10 Hz occipital
stimulation group was significantly lower than those in other
stimulation groups (10 Hz vs. 6 Hz: t(39) ¼ �3.42, padj < 0.05,
Cohen's d¼ 1.07; 10 Hz vs. 20 Hz: t(39)¼�2.94, padj < 0.05, Cohen's
d ¼ 0.92; 10 Hz vs. 40 Hz: t(39) ¼ �3.64, padj < 0.05, Cohen's
d ¼ 1.14). The threshold difference among other stimulation groups
was not significant (all ps > 0.62) (Fig. 2(C)).

The above results suggested that the performance improvement
in the 10 Hz occipital stimulation group was greater than those in
t different frequencies. (A) Learning curves. Dots represent averaged thresholds across
power function. (B) Learning rates. (C) Orientation discrimination thresholds at Pre and
to Pre. *p < 0.05; **p < 0.01; ***p < 0.001. Error bars denote 1 SEM (standard error of
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other groups. To confirm this, a one-way ANOVA on percent
improvement was performed. The statistical results showed that
the differences in percent improvement among the four stimula-
tion groups were significant (F(3, 77) ¼ 7.55, p < 0.001, h2p ¼ 0.23).
Post-hoc analysis revealed that the percent improvement in the
10 Hz occipital stimulation group was higher than those in the
other stimulation groups (10 Hz vs. 6 Hz: t(39) ¼ 5.26, padj < 0.01,
Cohen's d ¼ 1.64; 10 Hz vs. 20 Hz: t(39) ¼ 3.51, padj < 0.01, Cohen's
d¼ 1.10; 10 Hz vs. 40 Hz: t(39)¼ 4.09, padj < 0.01, Cohen's d¼ 1.28),
and the difference among other occipital stimulation groups was
not significant (all ps > 0.73) (Fig. 2(D)). These results demonstrated
that, relative to theta, beta, and gamma frequencies, tACS at alpha
frequency enabled subjects to acquire a greater improvement in the
learning task.

To examine whether the observed modulatory effects from
10 Hz tACS were due to possible indirect effects (e.g., placebo ef-
fect), one more group of subjects received the sham occipital
stimulation. Notably, the learning effect in the sham occipital
stimulation group is presumably equivalent to the learning effect
without electrical stimulation. Compared with the sham occipital
stimulation group, only the 10 Hz occipital stimulation group
showed a faster learning rate (t(39) ¼ 2.65, padj < 0.01, Cohen's
d ¼ 0.83), a lower threshold at Post1 (t(39) ¼ �3.52, padj < 0.05,
Cohen's d ¼ 1.10), and a greater improvement (t(39) ¼ 3.92,
padj < 0.01, Cohen's d ¼ 1.22), and these beneficial effects were
absent in the 6, 20, and 40 Hz occipital stimulation groups (all
ps > 0.58).

To examine whether the facilitatory effect on the orientation
discrimination learning by 10 Hz tACS is long-lasting, most subjects
in the 10 Hz occipital stimulation group (N ¼ 17) and the sham
occipital stimulation group (N ¼ 17) were retested at least two
months after Post1, i.e., Post2. For subjects in the 10 Hz occipital
stimulation group, their thresholds at Post2 were not significantly
different from those at Post1 (t(16) ¼ �0.37, p ¼ 0.72). Similarly,
there was no significant difference in threshold between Post1 and
Post2 in the sham occipital stimulation group (t(16) ¼ �0.005,
p ¼ 0.99) (Fig. 3(A)). Additionally, some subjects (N ¼ 9 and N ¼ 12
in the 10 Hz occipital stimulation group and the sham occipital
stimulation group, respectively) were retested at least 14 months
after training, i.e., Post3. There was no significant difference in
threshold between Post1 and Post3 (10 Hz: t(8) ¼ 1.51, p ¼ 0.17;
Fig. 3. Retention of the learning effect. (A) Retest results two months after training for subjec
Retest results 14 months after training for part of the subject cohort. Each red dot and blac
occipital stimulation group, respectively. The insets depict the mean thresholds for the 10
group (black and grey bars). Error bars denote 1 SEM across QUEST staircases or subjects. (Fo
the Web version of this article.)
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sham: t(11) ¼ 0.76, p ¼ 0.47) (Fig. 3(B)). Therefore, the modulatory
effect of 10 Hz tACS on the orientation discrimination learning was
remarkably long-lasting.
3.2. 10 Hz tACS modulated orientation discrimination learning in a
location-specific manner

To explore whether 10 Hz tACS could modulate the orientation
discrimination learning in a location-specific manner, one more
group of subjects (i.e., the 10 Hz sensorimotor stimulation group)
were trained on the orientation discrimination task while their
bilateral sensorimotor regions were stimulated by 10 Hz tACS. For
the three groups of subjects (the 10 Hz occipital stimulation group,
the 10 Hz sensorimotor stimulation group, and the sham occipital
stimulation group), their thresholds at Pre were roughly the same
(F(2, 58) ¼ 0.03, p ¼ 0.97). Extensive training reduced subjects'
orientation discrimination thresholds gradually for all groups
(Fig. 4(A)). Again, there were significant differences in learning rate
among the three groups (F(2, 58) ¼ 8.83, p < 0.001, h2p ¼ 0.23). The
learning rate of the 10 Hz occipital stimulation group was greater
than that of the 10 Hz sensorimotor stimulation group (t(39)¼ 3.63,
padj < 0.001, Cohen's d ¼ 1.13), but the difference in learning rate
between the 10 Hz sensorimotor stimulation group and the sham
occipital stimulation group was not significant (t(38) ¼ �0.20,
p ¼ 0.84) (Fig. 4(B)). These results on learning rate demonstrated
that the orientation discrimination learning efficiency was not
modulated by 10 Hz tACS applied at sensorimotor areas.

Regarding orientation discrimination thresholds, a 2 � 3 mixed-
design ANOVA with a within-subjects factor of Test (Pre and Post1)
and a between-subjects factor of Group (occipital, sensorimotor,
and sham) showed that the main effect of Test (F(1, 58) ¼ 75.31,
p < 0.001, h2p ¼ 0.57) and the interaction between Test and Group

(F(2, 58) ¼ 3.69, p ¼ 0.03, h2p ¼ 0.11) were significant, but the main
effect of Group (F(2, 58) ¼ 1.33, p ¼ 0.27) was not. Paired t-test
showed that the thresholds at Post1 were lower than those at Pre
for all the three groups (all ts � �3.61, all padjs � 0.002, and all
Cohen's ds � 0.74). A simple main effect analysis revealed that, at
Post1, the threshold in the 10 Hz occipital stimulation group was
lower than that in the 10 Hz sensorimotor stimulation group
(t(39) ¼ �3.88, padj < 0.01, Cohen's d ¼ 1.21), but the threshold
ts in the 10 Hz occipital stimulation group and the sham occipital stimulation group. (B)
k dot represent a single subject in the 10 Hz occipital stimulation group and the sham
Hz occipital stimulation group (red and pink bars) and the sham occipital stimulation
r interpretation of the references to color in this figure legend, the reader is referred to



Fig. 4. Results of the control experiment in which 10 Hz tACS was applied to bilateral sensorimotor areas. (A) Learning curves. Dots represent averaged thresholds across subjects at
different test and training days, and lines represent fitted learning curves using a power function. (B) Learning rates. (C) Orientation discrimination thresholds at Pre and Post1. (D)
Percent improvements in orientation discrimination performance at Post1, relative to Pre. *p < 0.05; **p < 0.01; ***p < 0.001. Error bars denote 1 SEM across subjects.
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difference between the 10 Hz sensorimotor stimulation group and
the sham occipital stimulation group was not significant
(t(38) ¼ 0.58, p ¼ 0.56) (Fig. 4(C)). Accordingly, there were signif-
icant differences in percent improvement among the three groups
(F(2, 58) ¼ 10.16, p < 0.001, h2p ¼ 0.26). Post-hoc analysis showed
that the percent improvement in the 10 Hz occipital stimulation
group was higher than that in the 10 Hz sensorimotor stimulation
group (t(39) ¼ 4.45, padj < 0.01, Cohen's d ¼ 1.39), while there was
no significant difference between the 10 Hz sensorimotor stimu-
lation group and the sham occipital stimulation group (t(39)¼ 0.31,
p ¼ 0.76) (Fig. 4(D)). These results demonstrated that 10 Hz tACS
delivered over sensorimotor areas did not result in more perfor-
mance improvement in the orientation discrimination learning
than sham stimulation.

4. Discussion

We found that, relative to sham stimulation, 10 Hz tACS applied
to visual cortex accelerated learning and led to greater improve-
ment in the orientation discrimination performance. The facilita-
tory effects were absent when visual cortex was stimulated by tACS
at other frequencies (6, 20, and 40 Hz) or when other cortical areas
(e.g., sensorimotor cortical areas) were stimulated by 10 Hz tACS,
indicating that tACS modulated VPL in a frequency- and location-
specific manner. To the best of our knowledge, this is the first
systematic study demonstrating the modulatory effects of tACS on
VPL. Our results suggest that occipital alpha oscillations play a key
role in VPL, expanding the understanding of the role of alpha os-
cillations in neural plasticity. Moreover, it is the first reported study
551
that the enhanced performance by combining perceptual training
with non-invasive brain stimulation could last for at least one year
after training, providing a promising and feasible approach for
clinical applications.

Our study demonstrated that tACS effectively boosted VPL,
extending our knowledge of available tES techniques that can
modulate VPL. Previous studies found that tDCS and tRNS could
modulate VPL [32,38,40e44]. However, the working mechanisms
of tDCS and tRNS are not well understood. Neither of them can alter
brain oscillations in a frequency-specific manner, which limits our
understanding of the neural oscillatory mechanisms of VPL. In
contrast, tACS applied over the scalp of non-human primates and
humans can produce changes in intracerebral electric fields in
Refs. [21,22,25,27,45,46], thereby modifying ongoing neural oscil-
lations in the targeted brain region [24,30,47]. TACS effects usually
manifest as increased neural spectral power and/or phase syn-
chronization [27,30,46], which is confirmed by our EEG experiment
(see Supplementary Material). In this experiment, we found that
subjects’ resting-state alpha power in parieto-occipital areas after
the tACS stimulation was significantly higher than that before the
stimulation. Significantly, in our study, tACS at alpha frequency
modulated VPL in a location-specific manner. Moreover, consistent
with previous studies (e.g., Ref. [32]), no evident phosphene
perceptionwas reported by subjects when they were executing the
training task. Thus, possible indirect effects, such as retinal stimu-
lation, transcutaneous stimulation of peripheral nerves, and pla-
cebo effects [22,48,49], are unlikely to induce the facilitatory effect.
Our results suggest that occipital tACS at 10 Hz entrained endoge-
nous alpha oscillations in visual cortex and thereby facilitated VPL.
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Our finding on the key role of occipital alpha oscillations in VPL
is consistent with previous human EEG studies on different visual
learning tasks [16,17,50,51], and with studies on tactile perceptual
learning [52,53]. These EEG learning studies suggested that the
alpha power enhancement in parietal-occipital regions is a mani-
festation of the neural mechanisms of perceptual learning.
Furthermore, both the resting-state alpha power before learning
[17,51,53] and the learning-induced alpha power change during
task execution [52] correlated with individual's learning outcome,
demonstrating a close association between alpha oscillations and
perceptual learning. We also noticed that several human M/EEG
studies found that training induced increase in neural oscillations
in other frequency bands [18e20,54,55]. This discrepancy may be
due to the different stimuli and tasks that engaged distinctive
processing mechanisms in these learning studies.

Alpha oscillations function to gate ongoing sensory information
processing [56], rather than simply reflect an idle state of the brain
[57]. According to a dominant view about the function of alpha
oscillations (i.e., the inhibition hypothesis), alpha oscillations are
assumed to suppress the processing of irrelevant sensory infor-
mation actively, and therefore direct computational neural re-
sources to task-relevant events of higher priority [58]. Specifically,
alpha power was correlatedwith neural excitability negatively [59],
and higher alpha power was predictive of decreased visual detec-
tion and discrimination performance [60,61]. Since many studies
have demonstrated that alpha tACS increases ongoing alpha power
[24,30,47,62], the inhibition hypothesis cannot explain our finding
here. Notably, alpha oscillations also reflect cortical feedback
mechanisms in visual cortex [63e65]. For example, researchers
found that neural activity in primary visual area V1 was driven by
feedback signals in the alpha band from visual area V4 [63,64].
Recently, several studies proposed that VPL could be, at least
partially, modulated by cortical feedback that propagated neural
signals from higher to lower areas [66e68]. Under this framework,
entrained alpha oscillations by 10 Hz tACS may boost VPL by
strengthening cortico-cortical feedback connections, which should
be investigated in the future.

Additionally, our findings offer a valuable guide for future clin-
ical intervention to rehabilitate impaired visual functions. In clin-
ical practice, efficacy/effectiveness, efficiency, and persistence are
three of the major factors that constrain the application of
perceptual enhancement methods or techniques [43]. Here, we
found that applying tACS at 10 Hz over the visual cortex can help
observers obtain more benefits within a shorter time. What is
more, the modulatory effect of occipital 10 Hz tACS on visual per-
formance was able to last for a very long period. Therefore, our
training and stimulation protocol can be used as a potential treat-
ment for visual impairment, such as neuro-ophthalmological dis-
orders [69].
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