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Abstract

Motor adaptation is critical to update motor tasks in new or modified environmental conditions. While the cerebellum
supports error-based adaptations, its neural implementation is partially known. By controlling the frequency of cerebellar
transcranial alternating current stimulation (c-tACS), we can test the influence of neural oscillation from the cerebel-
lum for motor adaptation. Two independent experiments were conducted. In Experiment 1, 16 participants received four
c-tACS protocols (45 Hz, 50 Hz, 55 Hz, and sham) on four different days while they practiced a visuomotor adaptation
task (30 degrees CCW) with variable intensity (within-subject design). In Experiment 2, 45 participants separated into
three groups received the effect of 45 Hz, 55 Hz c-tACS, and sham, respectively (between-subject design), performing the
same visuomotor task with a fixed intensity (0.9 mA). In Experiment 1, 45 Hz and 50 Hz of c-tACS accelerated motor
adaptation when participants performed the task only for the first time, independent of the time interval between ses-
sions or the stimulation intensity. The effect of active c-tACS was ratified in Experiment 2, where 45 Hz c-tACS benefits
motor adaptation during the complete practice period. Reaction time, velocity, or duration of reaching are not affected by
c-tACS. Cerebellar alternating current stimulation is an effective strategy to potentiate visuomotor adaptations. Frequency-
dependent effects on the gamma band, especially for 45 Hz c-tACS, ratify the oscillatory profile of cerebellar processes
behind the motor adaptation. This can be exploited in future interventions to enhance motor learning.
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Introduction

Motor learning is an essential human capacity for achiev-
ing daily actions under different conditions. The capacity
to update the motor performance in new dynamic or kine-
matics conditions is called motor adaptation. For instance,
when we comb our hair in front of a new mirror, we must
adjust the motor commands to achieve the desired move-
ment of our hand. Motor adaptation involves mapping
motor acts and their sensory consequence, requiring updat-
ing such a relationship represented by internal models [1].
In particular, adapting motor command requires the assess-
ment of sensory error and predicting future consequences,
making the cerebellum a key structure of both processes
[2—4]. Previous research has described the effects of tran-
scranial direct current stimulation (tDCS) on the cerebellum
in motor adaptation paradigms. For example, Galea et al. [5]
and Hardwick and Celnik [6] have reported that cerebellar
tDCS reduces the error of movement direction when people
are exposed to external perturbations, facilitating the error-
based recalibration process. This effect is specific to stimu-
lation of the cerebellum, not the motor cortex [5].

Adaptation of motor commands requires the integra-
tion of neural computations distributed in both cortical
and subcortical regions [7], with synchronization of neural
oscillations being a proposed mechanism for transferring
information between distant areas of the nervous system
and implementing operations such as motor adaptation
[8—11]. However, the possibilities for testing this proposed
mechanism are limited.

Transcranial alternating current stimulation (tACS) has
been tested to entrain or potentiate neural activity in a par-
ticular oscillatory rhythm [12]. In particular, tACS on the
cerebellum (c-tACS) in the gamma band modifies the excit-
ability of the motor cortex, promoting the adjustment of a
finger tapping task [13], as well as modifying performance
in functional tasks of the Wolf test [14]. In parallel, theta
but not gamma c-tACS improves motor motor in finger
and reaching tasks [15]. Likewise, the effect of c-tACS, in
parallel to motor cortex stimulation, decreases error in a
visuomotor finger task only for participants with poor per-
formance in the basal condition [16]. Otherwise, c-tACS
do not influence the acquisition of grip strength tasks [17]
and show opposite effects in motor sequences learning
[18]. Thus, while the evidence suggests a positive impact
of c-tACS on motor performance, our knowledge about
their effect on motor learning is emerging. The optimal
brain stimulation parameters (e.g., stimulation frequency)
should be adjusted for the individual-specific activity. Thus,
the possibility of influencing ongoing oscillatory activity is
more significant if the stimulation frequency is close to the
endogenous frequency of each individual [12]. Although in
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the field of motor control, this idea has been barely tested, in
visual attention paradigms, it has been reported that perfor-
mance and neural activity are significantly enhanced if the
frequency of tACS is matched to the predominant frequency
of electroencephalographic activity, as compared to stimu-
lation at a single frequency for all participants [19, 20]. This
evidence suggests examining a range of frequencies, rather
than a single frequency, to characterize the effects of tACS
on motor learning.

Most c-tACS studies have tested 50 Hz as the effective
stimulation frequency to modulate cerebellar functions [21].
This is related to the basal activity of the cerebellar cortex
[22], attempting to modulate the cerebellum region clos-
est to the stimulation electrodes. However, in light of the
evidence presented above, examining a wide range of fre-
quencies around 50 Hz seems necessary to investigate their
effects on motor learning. In this investigation, we aim to
evaluate the effect of c-tACS for a range of 45 to 55 Hz
during a visuomotor adaptation task. We hypothesized that
c-tACS is an effective method to accelerate motor adapta-
tion for frequencies around 50 Hz.

Materials and Methods
Experimental Design

The study was experimental, longitudinal, randomized, and
double-blinded.

Ethics Statement and Consent to Participate

This study followed all the guidelines of the Helsinki Decla-
ration and was approved by the ethical review committee of
the University of Santiago de Chile. All participants signed
the informed consent N° 313/2022 arranged to execute the
DIUMCE 20-2022-FGI project.

Participants

61 young people (27 females and 34 males with a mean
age of 21.8 years) with a right-handed manual preference
(confirmed by the Edinburgh laterality questionnaire) were
included in the study. Inclusion criteria were: (a) adults
between 18 and 40 years; (b) less than 5 h per week of video
game experience during the last six months; and (c) report-
ing a night’s rest of at least 7 h the night before testing. In
addition, we excluded participants if they had: (a) medical
contraindications for the application of tACS such as pace-
makers, defibrillators, invasive brain stimulators, metal-
lic implants in the craniocervical area, and skin alterations
at the electrode placement sites; (b) medical diagnosis of
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epilepsy and (c) consumption of drugs with effects on the
central nervous system.

Procedures

Two independent and consecutive experiments were con-
ducted. In Experiment 1 (16 participants), each participant
attended four experimental sessions on different days, with
an interval of at least two days between sessions. Partici-
pants sat 1 meter away from a 23” monitor (1920 % 1080
pixels resolution), holding a joystick (Hotas Wartog, Truth-
master, France) with their right hand, intending to position
the elbow at a 90° angle. The joystick controlled a cursor
on the screen. The visuomotor task consisted of moving the
cursor from the center of the screen to a target that changed
its location at each trial. The instruction for the task was:
“Move the cursor with the joystick as fast and straight as
possible to the target”. Each trial consisted of the follow-
ing consecutive events: (1) a central point was displayed on
the screen, indicating the onset of the trial (500 ms of dura-
tion); (2) the cursor was displayed in green in the center
of the screen, together with a circular target that appeared
in one of four excentric positions distributed equally in the
upper half of the screen (position 22°, 67°, 112 and 157°
regarding a 360° plane, 400 pixels radially distant). At this
time, the cursor was allowed to move to the target (for 1000
ms maximum) (3). The target and the cursor were displayed

statically, independently of the joystick state (at 1000 ms)
(4). A black screen was displayed (500 ms).

Each session (280 trials) was divided into three stages
involving 80, 120, and 80 trials, respectively. In stage 2, a
30° counterclockwise (CCW) distortion of the cursor trajec-
tory feedback was imposed (Fig. 1-a and b). The c-tACS
(45 Hz, 50 Hz, 55 Hz, or Sham) was applied 5 min before
stage 2 and lapsed until the end of the stage.

In Experiment 2, we set up three groups (15 participants
each) to receive 45 Hz, 55 Hz, or sham c-tACS in a sin-
gle session. The session involved 400 trials, divided into
three stages of 120, 160, and 120 trials, respectively. As in
Experiment 1, c-tACS was applied before the onset of stage
2 (5 min) and lapsed until the end of this stage. The same
visuomotor task and distortion on feedback trajectory dur-
ing stage 2 were employed (Fig. 1-c).

Transcranial alternating current stimulation was deliv-
ered by the DC-STIMULATOR PLUS device (neuroConn,
Ilmenau, Germany) in each session and according to the
stimulation protocol. A 15-second ramp up and down was
also considered.

For Experiment 1, the stimulation lasted~16 min (120
trials). In each session, one of the following frequencies
was applied: 45 Hz, 50 Hz, 55 Hz, or sham. The order of
the tACS protocol was pseudo-randomly scheduled to
ensure that 4 participants were stimulated with 1 of the four
options in the first session. The following sessions involved
the remaining options randomly. For sham stimulation (30 s
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Fig. 1 Visuomotor task and learning protocol. a - On the left, we illus-
trate cursor movement without distortion. The movement observed on
the screen is the same as on the joystick (red and green arrows). On
the right, we illustrate cursor movement with distortion. The move-
ment observed on the screen (in green) resulted from a 30° CCW dis-
tortion of visual feedback of joystick trajectory (in red). b- Protocol

Stage 3
120 trials

Stage 1
120 trials

Stage 2
160 trials

for Experiment (1) The X-axis denotes the three stages of a session.
The Y axis indicates distortion. Cerebellar tACS (c-tACS) was applied
5 min before stage 2 (light-grey box). Each participant took part in four
tACS sessions. ¢- Protocol for Experiment (2) In this case, each stage
increased in 40 trials. Participants took part in one session only
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plus 15 s of ramp up and down), the frequency used was
pseudo-randomly assigned, assuring that the three frequency
options were employed equally in the sample. Active and
sham stimulation was applied with a subthreshold intensity
calculated by subtracting 0.1 mA from the intensity value at
which the participant reported feeling any cutaneous sensa-
tion (tingling, burning, or itching) or phosphenes.

For Experiment 2, the stimulation lasted~20 min (160
trials) for 45-Hz, 55-Hz or sham c-tACS. The intensity was
set at 0.9 mA (average subthreshold intensity recorder from
Experiment 1). All other parameters and procedures were
similar to Experiment 1.

In both experiments, we used sponge electrodes measur-
ing 5X5 cm wetted with saline and attached with rubber
straps to 2 sites: 3 cm to the right of the inion and over the
right jaw angle. This configuration was chosen to obtain
a focalized current density over the right cerebellar hemi-
sphere [21]. The impedance for each c-tACS delivery was
kept below 15 KQ. At the end of each stimulation session,
a side-effect survey was conducted. Also, each participant
was asked whether they received real or sham stimulation.

Data Processing

Motor behavior was assessed using a custom code devel-
oped in Matlab software (version R2022a, Mathworks,
Massachusetts, USA). For this purpose, we used the raw
data from the instantaneous position of the cursor on the
screen in pixel coordinates. First, we obtained a time series
of instantaneous velocity that was filtered (low pass FIR fil-
ter, 15 Hz). After that, we determined the movement period
as the continuous velocity period greater than 5% of the
peak velocity. To determine the direction of movement, we
calculated the angle subtended between the onset and cur-
sor positions for the peak acceleration during the movement
period.

The error in the reaching direction measured motor adap-
tation. This metric was calculated as the difference between
the movement direction and the ideal direction to reach the
target (the angle regarding the x-axis subtended by the rect
between the target and the center of the screen). Motor per-
formance was also characterized by reaction time, velocity,
and movement duration. Complementarily, the stimulation
intensity was also analyzed for each frequency.

The task was dissected in blocks of 10 trials, counting 28
blocks in the case of Experiment 1 and 40 blocks for Experi-
ment 2. We set specific block comparisons to analyze the
effect of feedback distortion, and c-tACS applied in stage
2. These were the first block of stage 2 versus the last block
of stage 1 (period of initial feedback distortion), the block
progression on stage 2 (adaptation), the first block of stage
3 versus the last block of stage 2 (initial re-adaptation), and
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the block progression on stage 3 (re-adaptation). To account
for differences between subjects in their initial performance,
the variables analyzed were referenced concerning each
variable’s average in the last four blocks of stage 1, using
arithmetic subtraction of this value.

Statistical Analysis

Descriptive and inferential statistical analyses were per-
formed in R and Rstudio (R Core Team. (2023). R: A
language and environment for statistical computing (R
studio Version 2023.06.24561) https://www.R-project.
org/). Mean and standard deviation, analysis of variance
(ANOVA) for one (c-tACS protocol) or two factors (c-tACS
protocol and blocks), and linear regression were used. The
p-value was 0.05 for all effects. All data sets subjected to
any test complied with their statistical assumptions. Also,
post-hoc through multiple Student or Wilcoxon tests and
correction by the Holm method was applied when needed.
For survey analysis, we used the Chi-squared test. Effect
sizes were calculated by Partial eta squared (n? ) in the case
of ANOVA and D’ Cohen (d) for pair comparisons.

In Experiment 1, the statistical analysis was performed
for two datasets. The first included all sessions for 15 par-
ticipants (one participant was discarded because it did not
decrease the error in line with expected learning) in the
within-subject design. The second dataset considered only
the first session of each participant. Therefore, in a between-
subject design, the sample size was reduced to 4 participants
for each group, except for the sham group with 3 partici-
pants. In Experiment 2, a between-subject design was used.

Results
Experiment 1
Motor Performance

Angular error To determine the effect of c-tACS frequency
on motor adaptation, first, we compared the complete dataset
(Figs. 2 and 3 sessions for 15 participants). Our results indi-
cate no significant differences in the angular error between
c-tACS protocols for the four periods analyzed: (1) initial
block of stage 2 (F(3,42)=1.72, p=0.175), (2) all blocks of
stage 2 (F(3,42)=1.54, p=0.217), (3) initial block of stage
3 (F(3,42)=1.48, p=0.231), and (4) all blocks of stage 3
(F(3,42)=0.87, p=0.46). Concerning progress in angular
error over time, both stage 2 (F(1, 14)=61.25, p<0.0001)
and 3 (F(1, 14)=78.92, p<0.0001) showed a significant
decrease, indicating adaptation and re-adaptation to distor-
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Fig.2 Angular error for blocks of practice. Error during each tACS session is represented by a dotted line and shadow (mean + standard deviation).
During stage 2, c-tACS and distortion were applied. Error time series were corrected by the subtraction of the mean error for blocks 5 to 8 (stage 1)
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Fig.3 Exploratory comparisons for error during the initial block of stage 2. Boxplots of errors for a subset of sessions (first c-tACS session), where
participants were stimulated with 45 Hz (n=4), 50 Hz (n=4), 55 Hz (n=4), and sham (n=3) c-tACS. * means p <0.05, ** means p <0.001
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tion, respectively. No interaction between c-tACS protocols
and block factors was detected during stages 2 or 3.

Motivated by inspecting the effect of tACS in a single
session, we performed an exploratory analysis for the first
session of each participant. Thus, we included 4 partici-
pants for sessions with 45 Hz, 50 Hz, or 55 Hz c-tACS and
3 participants who received sham stimulation. Confront-
ing c-tACS frequencies for the same task periods, we only
obtained significant differences in error during the initial
block of stage 2 (Fig. 4, F(3, 11)=9.59, p=0.002). Thus,
the error was lower for 45 Hz vs. 55 Hz (p=0.015) and
sham (p=0.013), as well as for 50 Hz vs. 55 Hz (p =0.0079)
and sham (p=0.0063).

Reaction Time, Velocity, and Duration of Reaching Move-
ment All variables were analyzed during the initial block
of stage 2 and the complete stage 2. For reaction time, no
significant differences were observed between c-tACS fre-
quencies in both periods (F(3,42)=0.09, p=0.961 for block
9; F (3,42)=0.941, p=0.43 for stage 2). Similarly, move-
ment velocity was not affected by s-tACS frequency of stim-
ulation (F(3.42)=0.416, p=0.742) or the complete stage 2
(F(3.42)=0.977, p=0.413). Finally, movement duration
showed also no effect of c-tACS frequency (F(3,42)=0.239,
p=0.868 for block 9; F(3,42)=1.03, p=0.389 for stage 2).

Effect of Task Repetition

Given that in experiment 1 we used a within-subject design,
reiteration of the task in successive sessions may improve
performance. To evaluate this situation, we analyzed the
effect of the execution order and the time interval between
sessions, independent of the frequency of c-tACS. By linear
regression of stage 2 initial error, no significant effects were
detected for session 2 (f=-3.59, p=0.19), session 3 (f=-
2.79, p=0.32), or session 4 (B=0.98, p=0.72), considering
session 1 as reference. In the same line, the time interval
(5.9+6.2 days) between session 1 and sessions 2, 3, and 4
does not regress significantly the difference in initial error
on stage 2 (f=-0.02, p=0.796).

Stimulation Intensity

Because we set the intensity parameter of c-tACS as sub-
threshold, measured just before each session, the intensity
differed for each session and participant. The average inten-
sity was 0.91 +- 0.3 mA for 45-Hz tACS sessions, 0.94 +-
0.3 for 50-Hz tACS sessions, 0.91 +- 0.32 mA for 55-Hz
tACS sessions, and 0.81 +- 0.33 mA for sham sessions. Such
intensity differences between sessions were not significant
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(F(3,60)=0.516, p=0.673). To explore if the intensity
could explain the initial error in stage 2, we first grouped
the sessions in two groups according to intensity delivered
below or above 0.9 mA. We compared the effect on error
without significant differences for high (F(2, 22)=0.625,
p=0.545) or low intensities (F(2, 17)=2.145, p=0.148).

Experiment 2
Motor Performance

45-Hz and 50-Hz c-tACS seem to favor the motor adap-
tation for a subset of the data in Experiment 1. To verify
this preliminary result, we formed three independent groups
(with 45 Hz, 55 Hz, and sham c-tACS, 0.9 mA), so we dis-
carded any effect of task repetition or stimulation intensity.
We did not include the 50 Hz c-tACS group to simplify the
design since this frequency exhibited the same result as
45 Hz in Experiment 1. For the complete stage 2, the results
show an overall favorable effect of c-tACS on motor error
(F(2,42)=3.46, p=0.041, n2=0.14), as well as for blocks
(F(15,630)=138.9, p<0.0001, n2=0.76) and the inter-
action of factors (F(30,630)=2.3, p=0.0001, n2=0.09,
Fig. 3a). When looking at the initial block of stage 2 (initial
distortion, block 13), there is a significant effect of c-tACS
(F(2,42)=5.39, p=0.008, n2=0.2), where both 45 Hz
(»p=0.021, d=1.04) and 55 Hz (p=0.014, d=1.15) show
lower error compared to sham, without differences between
active c-tACS conditions (p=0.76). To explore the effect
of c-tACS at the initial adaptation period, we analyzed the
period of fastest error decay (blocks 13 to 16, Fig. 3b).
In this subset, both 45 Hz (p=0.032, d=0.35) and 55 Hz
c-tACS (p=0.047, d=0.31) showed a positive effect on
sham, again without differences between them (p=0.75).
On the other hand, when we analyzed the late adaptation
period (Fig. 3¢), corresponding to the average error between
blocks 21 to 28, only 45 Hz c-tACS led to a lower error
concerning sham (p=0.030, d=0.51), as well as regarding
55 Hz c-tACS (p=0.037, d=0.60). There were no differ-
ences between sham and 55 Hz (p=0.77).

In stage 3, there was only a significant decrease in error
(F(11,462)=113.2, p<0.0001, n2=0.73), without differ-
ences between c-tACS protocols (F(2,42)=1.88, p=0.164)
neither interaction (F(22,462)=0.69, p=0.844).

Success of the Blinding (mask) Procedure

Participants were not informed about the c-tACS protocols
applied in each session. When we examine the results from
a survey that asked if the participants thought they received
active or sham stimulation, we conclude that blinding was
effective in experiments 1 and 2 (X*>=0.17, p=0.67).
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were applied. The mean error for blocks 5 to 8 (stage 1) was subtracted

from the error time series to improve error comparisons. Significant
differences were observed during stage 2. b - Boxplot of errors for the
first blocks of stage 2 (13 to 16). * means p <0.05. ¢ - Boxplot of errors
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Discussion

The present work aimed to determine the effects of c-tACS
at the gamma range on motor adaptation phenomenon. The
results indicated a significant impact of cerebellar tACS
stimulation at 45 Hz and 55 Hz on motor adaptation, extend-
ing over the entire stimulation period only in the case of
45 Hz. No effects in motor control parameters of reaching
movement were detected, confirming the specific role of the
cerebellum in motor learning and the possibility of being
optimized by tACS.

As seen through the angular error, motor adaptation is
supported by the cerebellum as a critical node responsible
for acquiring, maintaining, and updating internal models [7,
24]. Thus, when the cerebellum updates these models dur-
ing an adaptive motor task, fewer errors occur in the execu-
tion of motor commands [3]. Our results ratify this critical
learning process, as cerebellar alternating stimulation sig-
nificantly decays motor errors. At the same time, it does not
significantly affect the other parameters, such as reaction
times, duration, and movement velocity. This evidence sug-
gests that c-tACS potentiates cerebellar processes related to
neural operations like internal models. In this sense, c-tACS
is potentially an effective strategy to enhance human perfor-
mance based on motor adaptations.

There is consistent evidence showing positive effects of
gamma c-tACS on connectivity between the cerebellum
and the primary motor cortex during sensorimotor hand
synchronization tasks [16], performance in motor sequence
learning tasks [27], and corticospinal excitability [25].
However, studies also show null effects of c-tACS specifi-
cally for 50 Hz in motor learning tasks [17] and repetitive
movements with the upper limb [15]. These mixed findings
seek an explanation at the neurophysiological level in Pur-
kinje cells (PCs), which have been proposed as the target of
c-tACS [35]. The natural oscillatory activity of PCs is in the
gamma band. Some studies have shown that the oscillatory
frequency during upper extremity tasks tends to be in higher
gamma frequencies [28]. However, in animal models, it has
been observed that stimulation at 50 Hz shows promising
results in regulating the discharge frequencies of the PCs
[29], which is coherent with the behavioral effect reported
for previous studies in humans [13, 14, 18]. In our case,
we obtained positive effects for frequencies around 50 Hz,
being more prolonged for 45 Hz c-tACS, which confirms
that oscillatory processes in the gamma band are implicated
in different modalities of motor learning, probably mediated
by PC activity. Thus, our results expand the range of effec-
tive cerebellar stimulation described until now, which could
motivate new studies to characterize the c-tACS effects for
frequencies and stimulation periods.
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The differential effects showed in experiment 2 for
45 Hz, and 55 Hz suggest that optimal frequency stimula-
tion could be below 50 Hz (the most tested gamma-range
c-tACS frequency). In this regard, examining endogenous
oscillatory activity on the cerebellum could guide an indi-
vidualized c-tACS approach, where both frequency and
intensity are determinant parameters of the effectiveness of
non-invasive techniques under the “Arnold Tongue” [33,
34] phenomenon. Future research that combines electro or
magnetoencephalography with tACS can unveil the feasi-
bility and effectiveness of a personalized tACS approach for
motor learning.

A particular finding of our study was the differential
effect of c-tACS depending, in part, on the protocol design.
Previous studies with a between-subject design have shown
the benefits of c-tACS in motor performance [13, 14] and
tasks involving reaction times [18]. On the other hand,
in a within-subject design, null effects on motor learning
have been reported [16, 17, 25]. This raises the possibility
that the c-tACS effect during experiment 1 (within-design)
could be masked by the repetition of motor protocol, a pos-
sibility controlled in experiment 2 (between-design). Motor
adaptation paradigms suffer from the saving effect [26],
where repeated exposure to visual distortions generates a
carry-over effect that enhances performance upon re-expo-
sure. Although the order of stimulation was randomized in
experiment 1, this saving effect could obscure the benefits
of one frequency over another. In this way, determining pos-
sible carry-over phenomena can expand our knowledge of
the cumulative effects of tACS.

Beyond motor adaptation, the null effect of different
c-tACS frequencies on reaction time, movement speed, and
movement duration was expected, as the control of these
parameters does not lie primarily in the cerebellum but in
areas related to movement execution like the primary motor
cortex, as well as neuromechanical factors [30, 31].

Intensity has been proposed as a critical parameter of
stimulation protocols. In this sense, the amount used with
our participants was similar to what is generally employed
in c-tACS, with values ranging around 1 mA [16, 25] and
2 mA [13, 14, 17, 18]. Such parameter did not yield sta-
tistically significant differences when analyzing the results
of motor error for low intensity (<0.9 mA) versus high
intensity (>0.9 mA and < 1.8 mA), which is in line with
the results of Miyaguchi and Cols, that showed a similar
effectiveness of c-tACS stimulation at gamma frequency,
independent of stimulation intensity [32]. So, a subthresh-
old intensity for sensory effect seems enough to potentiate
cerebellar processing during motor adaptation. Although a
personalized stimulation design that considers individual
intensity thresholds confers the advantage of adjusting the
stimulation dose to each participant, its effectiveness must
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be explored through studies with larger sample sizes than
those usually used, which imposes a challenge to the field
of neurostimulation.

We must acknowledge some limitations in our study. The
first experiment was conceived with a within-subject design
to control variability from an individual origin. However,
this design imposes the challenge that all participants must
perform every session in a specific time interval, which was
impossible to achieve because of issues beyond our control.
Even the time interval between sessions did not explain the
participants’ performance, this issue might explain some of
the variance. Additionally, the reduced sample size when
we compare only the first session between c-tACS frequen-
cies limited the conclusions that could be drawn from these
results. These limitations were addressed in the second
experiment, where we adopted a between-subjects design,
increased the sample size, and focused on specific stimula-
tion frequencies (45 Hz, 55 Hz, and a sham condition as
control). Such changes allowed us to compare different
stimulation conditions more robustly and delve deeper into
our initial findings.

Conclusions

This study provides significant evidence of the effects of
cerebellar transcranial alternating current stimulation on
motor adaptation. The results from two complementary
experiments demonstrate that c-tACS has an enhancing
impact on motor adaptation tasks, and this effect depends
on the stimulation frequency used. The findings suggest
that 45 Hz and 55 Hz frequencies are particularly effective,
with 45 Hz showing greater consistency and broader effects
on the adaptation period. These results open new avenues
for future research and underscore the importance of care-
ful parameter selection in applying c-tACS. The study
encourages future investigations and clinical applications of
c-tACS in the context of motor adaptation, with potential
implications for the improvement of motor performance.
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