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� Cerebellar theta (h)-tACS reduced movement regularity in a tapping task and prolonged the movement duration of a pointing task.
� Cerebellar h-tACS enhanced the effectiveness of CBI and the effect of h-tACS on movement rhythm was correlated with changes in CBI.
� tACS effects potentially involve the modulation of cerebellar neurons resonating with h rhythm.
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Objective: To evaluate the effects of cerebellar transcranial alternating current stimulation (tACS) deliv-
ered at cerebellar-resonant frequencies, i.e., theta (h) and gamma (c), on upper limb motor performance
and cerebellum-primary motor cortex (M1) connectivity, as assessed by cerebellar-brain inhibition (CBI),
in healthy subjects.
Methods: Participants underwent cerebellar-tACS while performing three cerebellar-dependent motor
tasks: (i) rhythmic finger-tapping, (ii) arm reaching-to-grasp (‘grasping’) and (iii) arm reaching-to-
point (‘pointing’) an object. Also, we evaluated possible changes in CBI during cerebellar-tACS.
Results: h-tACS decreased movement regularity during the tapping task and increased the duration of the
pointing task compared to sham- and c-tACS. Additionally, h-tACS increased the CBI effectiveness
(greater inhibition). The effect of h-tACS on movement rhythm correlated with CBI changes and less tap-
ping regularity corresponded to greater CBI.
Conclusions: Cerebellar-tACS delivered at the h frequency modulates cerebellar-related motor behavior
and this effect is, at least in part, mediated by changes in the cerebellar inhibitory output onto M1.
The effects of h-tACS may be due to the modulation of cerebellar neurons that resonate to the h rhythm.
Significance: These findings contribute to a better understanding of the physiological mechanisms of
motor control and provide new evidence on cerebellar non-invasive brain stimulation.
� 2023 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction at the frequency of stimulation (Ali et al., 2013; Johnson et al.,
Transcranial alternating current stimulation (tACS) is a non-
invasive neuromodulation technique that entrains the firing activ-
ity of specific neurons and transiently enhances brain oscillations
2020; Krause et al., 2019). Importantly, tACS provides an opportu-
nity to experimentally investigate the functional role of specific
cortical areas and rhythms. For instance, when tACS is delivered
over the primary motor cortex (M1) at the beta (b) and gamma
(c) frequencies, it has been shown to modulate the force, velocity
and amplitude of hand movements (Guerra et al., 2022, 2018;
Joundi et al., 2012; Pogosyan et al., 2009). Similarly, when tACS is
applied to the somatosensory cortex at the mu (l) rhythm, it
enhances the somatosensory processing (Fabbrini et al., 2022;
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Gundlach et al., 2016; Saito et al., 2021). Additionally, low-c tACS
over the prefrontal cortex and precuneus improved various cogni-
tive functions (Benussi et al., 2022; Santarnecchi et al., 2016). tACS
studies, however, have primarily focused on evaluating the effects
of stimulation on the cerebral cortex. There has been limited inves-
tigation into whether tACS delivered at the cerebellar-resonant fre-
quencies can modulate cerebellar-related motor behavior. In
animal models, intrinsic oscillations within the theta (h, 4–7 Hz)
and c (30–80 Hz) frequency bands have been observed in the cere-
bellum. These oscillations are believed to have significant implica-
tions for sensorimotor processing and motor control (D’Angelo
et al., 2001; De Zeeuw et al., 2008; Manto et al., 2022; Middleton
et al., 2008). Also, a recent study on rodents demonstrated that
cerebellar tACS modulated the spiking activity of Purkinje cells
and entrained neural oscillations across various frequency bands,
including h and c (Asan et al., 2020). In humans, it has been
demonstrated that tACS delivered at 5 Hz (h-tACS) or 50 Hz (c-
tACS) over the cerebellum has the effect of modulating
cerebellar-brain inhibition (CBI) (Naro et al., 2017, 2016;
Spampinato et al., 2021), which is a transcranial magnetic stimula-
tion (TMS) measure of cerebellum-M1 connectivity (Ugawa et al.,
1995). The present finding, however, was not always confirmed
by other authors (Herzog et al., 2022; Spampinato et al., 2021).
Moreover, cerebellar c-tACS has been shown to improve hand-
motor task performances in healthy individuals (Miyaguchi et al.,
2022; Naro et al., 2017, 2016). In summary, the evidence on the
effects of cerebellar h- and c-tACS in humans is currently limited
and, to some extent, conflicting.

In this double-blind, randomized, sham-controlled study, we
objectively assessed upper limb motor performance through kine-
matic analysis during cerebellar h- and c-tACS in healthy subjects.
Sham-tACS was a control condition for potential placebo effects or
non-specific stimulation-related factors. All subjects underwent
the assessment of three distinct cerebellar-dependent motor tasks,
encompassing rhythmic finger tapping (Del Olmo et al., 2007) as
well as two arm-reaching movements with differing levels of com-
plexity: reaching-to-grasp (‘grasping’) and reaching-to-point
(‘pointing’) an object (Li Voti et al., 2014). Moreover, we assessed
CBI during the three different stimulation conditions to investigate
whether any observed behavioral effects of tACS were associated
with neurophysiological changes in the cerebellum-M1 connectiv-
ity. Investigating these issues can provide valuable insights into
cerebellar physiology.
2. Materials and methods

2.1. Participants

We enrolled 15 healthy subjects (five females, age mean ± SD:
27.1 ± 3.5 years) from the Department of Human Neurosciences,
Sapienza University of Rome. All participants (except three) were
right-handed, as determined by the Edinburgh Handedness Inven-
tory (Oldfield, 1971). No participant included in the study had neu-
ropsychiatric disorders or were taking medications known to alter
cortical excitability (Ziemann et al., 2015). The experimental pro-
cedures conformed to the Declaration of Helsinki, adhered to inter-
national safety guidelines (Antal et al., 2017; Rossi et al., 2021), and
were approved by the local institutional review board. Written
informed consent was obtained from all participants before they
participated in the study.
2.2. tACS

tACS was delivered through a BrainSTIM (E.M.S.) connected to
two 5 � 5 cm electrodes enclosed in saline solution-soaked
160
sponges. Like previous cerebellar tACS studies, one electrode was
centered over the cerebellar hemisphere ipsilateral to the domi-
nant hand (�1 cm below and 3 cm lateral to the inion) and the
other over the ipsilateral buccinator muscle (Naro et al., 2017,
2016; Spampinato et al., 2021). We used a peak-to-peak amplitude
of 1.5 mA, 3-s ramp-up and down periods, and stimulation fre-
quency of 5 Hz and 50 Hz for h- and c-tACS, respectively
(Spampinato et al., 2021). Sham-tACS consisted of ramp-up and
down periods and 1-s stimulation only at 5 Hz. At the end of the
experiment, we asked to rate from 0 to 10 the strength and uncom-
fortableness of stimulation-induced visual and skin sensations. A
questionnaire form was used, which was administered by the
researcher. No participant reported any sensation during stimula-
tion (0/10), except one subject who referred a mild visual flickering
during c-tACS (strength 3/10, uncomfortableness 2/10). Conse-
quently, the participants were unable to differentiate between
the various stimulation conditions.

2.3. TMS

TMS was performed using a Magstim Bistim2 connected to a
figure-of-eight coil (Magstim Company) with the handle pointing
posterolaterally. The first dorsal interosseous (FDI) muscle hotspot,
resting motor threshold (RMT) and the intensity eliciting motor
evoked potentials (MEP) of �1 mV amplitude (MT1mV) were iden-
tified following international guidelines (Rossini et al., 2015). For
the CBI assessment during tACS, we adopted the same methodol-
ogy and stimulation parameters used in (Spampinato et al.,
2021). A Magstim double-cone coil was placed over the cerebellar
hemisphere ipsilateral to the dominant hand with an upward cur-
rent induced to the brain (Ugawa et al., 1995). The first condition-
ing stimulus (CS) was delivered over the cerebellum 5 ms before
the test stimulus (TS) was delivered over the contralateral M1. TS
intensity was set at MT1mV and CS intensity at 60% of maximum
stimulator output, as this value does not active the brainstem
and is easily tolerated by participants (Galea et al., 2009;
Spampinato et al., 2021, 2020). We recorded 15 MEP elicited by
the TS alone and 15 conditioned MEP (CS + TS) for each CBI assess-
ment. The interstimulus interval was 4.5–5.5 s. The electromyo-
graphic activity recorded from the dominant FDI was amplified
(Digitimer D360, Digitimer), digitized (CED 1401, Cambridge Elec-
tronic Design), and stored on a computer for offline analyses. Peak-
to-peak MEP amplitude was measured and averaged for each con-
dition. CBI was expressed as the ratio between the peak-to-peak
amplitude of conditioned and unconditioned (TS alone) MEP.

2.4. Kinematic recordings

We used an optoelectronic system consisting of infrared cam-
eras, which followed the displacement of 5 reflective markers
taped to the participant’s dominant hand (SMART motion system,
BTS Engineering) (Bologna et al., 2018; Guerra et al., 2022). Sub-
jects were seated on an armchair. The rhythmic tapping task con-
sisted in repetitively opening and closing the index finger and
thumb for 30 s at 2 Hz. In the first 15 s, the participants were
instructed to synchronize their tapping rhythm with a metronome
beating at 2 Hz (synchronization phase), while in the last 15 s the
metronome was switched off and they had to continue tapping at
the same pace (continuation phase) (Del Olmo et al., 2007). We
chose a task duration of 30 s because preliminary observations
showed fatigue with longer durations. We measured the finger-
tapping frequency and the movement amplitude (degrees) and
velocity (degrees/sec) using linear regression techniques (Bologna
et al., 2020, 2018; Guerra et al., 2023). Movement rhythm was
measured by the coefficient of variation (CV) of the inter-tap
intervals (with higher values representing a lower movement
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regularity) (Bologna et al., 2020, 2018; Guerra et al., 2023). These
parameters were calculated for both the synchronization and con-
tinuation phase of the task.

In the grasping task, the subjects were instructed to reach pre-
cisely and grasp as fast as possible a cylindrical body using their
thumb and index finger. The cylindrical body (�4 cm in diameter)
was placed on the table at sternal height and two-thirds arm’s
length from the body midline (Li Voti et al., 2014). The pointing
task required a more complex and accurate movement. A thin plas-
tic cylinder with a diameter of 1 mmwas attached to the index fin-
ger. The subjects were instructed to reach and accurately insert the
plastic cylinder into a small target (a 2 mm in diameter bull’s-eye)
positioned over the cylindrical body, aiming for precision and
speed (Li Voti et al., 2014). The endpoint marker was placed on
the second carpometacarpal joint. Both grasping and pointing tasks
consisted of 10 consecutive movements. We measured various
parameters reflecting movement performance (i.e., velocity, accel-
eration and deceleration peaks, duration of the entire movement
and the phases of acceleration, deceleration and approach-to-the-
target) (Bologna et al., 2015; Li Voti et al., 2014). To estimate the
movement quality, we calculated the curvature index (CI - ratio
of the curved path length to the straight-line distance between
the initial and a determined position) and movement units (MU
– number of peaks in the endpoint velocity curve), which reflect
the trajectory straightness and smoothness, respectively (Bologna
et al., 2015; Deuschl et al., 2000; Li Voti et al., 2014). CI was mea-
sured for the entire movement and the acceleration, deceleration
and approach-to-the-target movement phases.
2.5. Experimental design

Participants underwent a single experimental session, encom-
passing kinematic and TMS evaluations. First, we recorded the
three behavioral tasks during: i) h-tACS; ii) c-tACS; iii) sham-
Fig. 1. Experimental design. Participants underwent a single experimental session, enco
session duration: �2.5 h). Three behavioral tasks, including rhythmic finger tapping, r
techniques during i) theta (h)-transcranial alternating current stimulation (tACS); ii)
kinematic trial to avoid fatigue. After that, TMS was used to assess cerebellar brain inhib
pulses per condition). The sequence of tACS stimulation conditions for both kinematic a
blinded to stimulation conditions. To exclude any long-term after-effects following cere
stimulation after each assessment, i.e., we waited 3 min after each kinematic trial and 6

161
tACS. The assessment of rhythmic tapping consisted of three trials
(30-s duration each) per stimulation condition (nine trials in total),
while the assessment of the grasping and pointing consisted of one
trial (ten movements) per stimulation condition (three trials in
total per task). A 3-minute rest period was ensured after each kine-
matic trial to avoid fatigue. Then, we assessed CBI during h-, c- and
sham-tACS (15 TS and 15 CS + TS per condition, resulting in 2.5 min
of stimulation). Importantly, the order of stimulation conditions
for both kinematic and TMS assessments was randomized and
counterbalanced across participants. tACS was always switched-
on �10 s before the beginning of the recording and switched-off
immediately after it ended. Participants and the researchers con-
ducting the recordings were blinded to stimulation conditions.
Only the additional researcher responsible for setting up tACS
knew the stimulation conditions, but (s)he did not actively partic-
ipate in data collection and analysis (double-blind study design).
Finally, although a recent study showed no long-term after-
effects following cerebellar h- and c-tACS (Spampinato et al.,
2021), we decided to wait more than twice the duration of stimu-
lation after each kinematic and TMS assessment (i.e., 3 min after
each kinematic trial and 6 min after each CBI assessment)
(Fig. 1). The experimental design of our study, involving a single
session for testing multiple tACS conditions in a random order,
with appropriate wash-out periods, is similar to methodologies
employed in other studies (Fabbrini et al., 2022; Feurra et al.,
2011; Guerra et al., 2023, 2022, 2018; Manzo et al., 2020).
2.6. Statistical analysis

The sample size was computed using the G*Power software
(Faul et al., 2007). We set a desired power of 0.80 and alpha error
of 0.05, assuming a 20% change in kinematic and CBI measures
between sham (mean and standard deviation (SD) values for tap-
ping and arm reaching kinematic parameters based on (Guerra
mpassing kinematic and transcranial magnetic stimulation (TMS) evaluations (total
eaching to grasp, and reaching to point tasks were first recorded using kinematic
gamma (c)-tACS; iii) sham-tACS. A 3-minute rest period was ensured after each
ition (CBI) during h-, c- and sham-tACS (15 single TMS pulses - TS - and 15 paired
nd TMS assessments was randomized, and both participants and researchers were
bellar h- and c-tACS, we allowed a waiting period more than twice the duration of
min after each CBI assessment.
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et al., 2018) and (Li Voti et al., 2014), respectively; mean and SD
values for CBI based on (Spampinato et al., 2021)) and real tACS
conditions. A sample size of 15 participants was determined to
be the minimum required to detect a significant difference
between conditions.

Separate repeated-measures analysis of variance (rmANOVA)
using the within-group factor ‘stimulation condition’ (three levels:
h, c, sham) were adopted to test for possible tACS effects on each
kinematic and TMS variable. The within-group factor ‘task phase’
(two levels: synchronization, continuation) or ‘task type’ (two
levels: grasping, pointing) was added to all the rmANOVAs when
analyzing the rhythmic tapping or reaching tasks, respectively. In
case of significant interactions, a rmANOVA with ‘stimulation con-
dition’ as a factor was applied for each task phase or type. Post-hoc
analyses were performed using the Tukey’s test. To verify whether
the CBI protocol produced a significant corticospinal inhibition, we
used a paired t-test to compare the peak-to-peak amplitude of MEP
evoked by TS alone and the amplitude of MEP evoked by CS + TS in
the sham-tACS condition. Pearson’s correlation test was adopted to
evaluate the possible relationship between kinematic measures
and CBI. For this purpose, we quantified tACS effects by computing
the ratio between the values obtained during real stimulations (h-
and c-tACS) and those recorded during sham-tACS (e.g., velocity h-
tACS/sham-tACS). Lastly, to ensure that repeated motor tasks did
not alter motor performance per se, irrespective of the stimulation
condition, we conducted a one-way rmANOVA with the factor ’trial
number.’ For the rhythmic finger tapping task, there were nine
levels (trials 1–9), while for grasping and pointing tasks, there were
three levels (trials 1–3). We assessed various kinematic parame-
ters, including movement velocity and amplitude for the rhythmic
tapping task, and velocity peak, acceleration peak, and movement
duration for the reaching task. The level of significance was set at
p � 0.05. Statistical analyses were performed using Statistica
(TIBCO Software).
3. Results

All participants completed the experimental session without
any reported discomfort or adverse effects.
3.1. Effects of tACS on cerebellar-related movements

During the rhythmic tapping, tACS modulated the movement
rhythm depending on the task phase and the stimulation condi-
tion, as demonstrated by the significant ‘stimulation condition’ x
‘task phase’ interaction (F2,28 = 3.63, p = 0.04). More specifically,
movement rhythmwas similar between conditions in the synchro-
nization phase of the task (‘stimulation condition’: F2,28 = 0.13,
p = 0.88), while it changed during the continuation phase according
to the stimulation frequency (‘stimulation condition’: F2,28 = 7.29,
p < 0.01). Post-hoc analysis demonstrated less rhythmic movement
(higher CV) during h-tACS than both sham- (p = 0.02) and c-tACS
(p < 0.01), while movement rhythm was comparable between
sham- and c-tACS conditions (p = 0.77) (Fig. 2). The factor ‘task
phase’ was also significant in the main rmANOVA, indicating, as
expected, a greater movement regularity (lower CV) after the sub-
jects effectively synchronized their tapping rhythm to the metro-
nome (F1,14 = 10.22, p < 0.01). The movement frequency, velocity,
and amplitude were found to be unaffected by both the task phase
and the stimulation condition, as revealed by the lack of significant
effects of the factors ‘stimulation condition’ and ‘task phase’, and
no ‘stimulation condition’ x ‘task phase’ interaction in the rmANO-
VAs (see Table 1 for details).

During the reaching tasks, tACS exerted a frequency-
dependent modulation on both the duration of the entire move-
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ment and the duration of the approach-to-the-target phase. Also,
the modulation was task-specific, as demonstrated by the signif-
icant ‘stimulation condition’ x ‘task type’ (duration of the entire
movement: F2,28 = 5.77, p < 0.01; duration of the approach-to-
the-target phase: F2,28 = 4.89, p = 0.01). These parameters did
not change during the grasping task in any stimulation condition
(‘stimulation condition’, duration of the entire movement:
F2,28 = 2.14, p = 0.14; duration of the approach-to-the-target
phase: F2,28 = 1.16, p = 0.33). Conversely, the duration of the
entire movement and the approach-to-the-target phase were
modified by tACS during the pointing task (‘stimulation condi-
tion’, duration of the entire movement: F2,28 = 4.46, p = 0.02;
duration of the approach-to-the-target phase: F2,28 = 5.46,
p < 0.01), with longer durations recorded during h-tACS than both
sham- (duration of the entire movement: p = 0.02; duration of the
approach-to-the-target phase: p = 0.01) and c-tACS (duration of
the entire movement: p = 0.05; duration of the approach-to-
the-target phase: p = 0.04) (Fig. 2). No other kinematic parameter
was influenced by the stimulation condition, as revealed by the
lack of significant effects of the factors ‘stimulation condition’
and no ‘stimulation condition’ x ‘task type’ interaction in the var-
ious rmANOVAs (Table 2). Finally, there was a significant ‘task
type’ factor in the rmANOVAs assessing various kinematic param-
eters, including peak velocity, acceleration, deceleration, CI of the
acceleration phase and MU, which confirmed the higher complex-
ity of the pointing compared to the grasping task (see Table 2 for
details).

The rmANOVA conducted to examine the potential impact of
repeating the motor tasks on motor performances (‘order effect’)
revealed no significant effect of the factor ‘trial number’ on any
of the tested kinematic parameters (p > 0.05 in all cases).
3.2. Effects of tACS on CBI

The participants’ RMT and MT1mV were 44.8 ± 10.8% and 55.4
± 14.8%, respectively. During sham-tACS, the amplitude of MEP eli-
cited by paired-pulse TMS (i.e., CBI) was lower than that elicited by
single TMS pulses (t = 5.39, p < 0.001). Importantly, tACS did not
modify the amplitude of MEP elicited by single TMS pulses, as indi-
cated by the non-significant factor ‘stimulation condition’ in the
rmANOVA (F2,28 = 2.57, p = 0.10). In contrast, the modulation of
CBI by tACS was found to be frequency-specific (‘stimulation con-
dition’: F2,28 = 15.89, p < 0.001). Post-hoc analysis showed that CBI
was more effective (i.e., greater inhibition) during h-tACS than
sham- and c-tACS (p < 0.001 for both comparisons). Conversely,
CBI did not differ between sham-tACS and c-tACS conditions
(p = 0.81) (Fig. 3).
3.3. Correlation analysis

We found a significant correlation between the effect of h-tACS
on movement rhythm in the finger-tapping task (CV continuation
phase h-tACS/sham-tACS) and on CBI (CBI h-tACS/sham-tACS)
(r = �0.58, p = 0.02). That is, the greater the movement rhythm
deterioration (higher CV values), the greater the CBI strengthening
(lower values) during h-tACS. Conversely, no relationship was pre-
sent between the effect of h-tACS on movement duration during
the reaching-to-point task and on CBI (duration of the entire move-
ment h-tACS/sham-tACS vs. CBI h-tACS/sham-tACS: r = 0.02,
p = 0.93; duration of the approach-to-the-target phase h-tACS/
sham-tACS vs. CBI h-tACS/sham-tACS: r = �0.14, p = 0.61)
(Fig. 3). Finally, there was a strong link between the effect of h-
tACS on the duration of the approach-to-the-target phase and the
entire movement during the reaching-to-point task (r = 0.93,
p < 0.001).



Fig. 2. Kinematic results. The top graphs represent individual kinematic values of finger tapping movement rhythm, expressed by the coefficient of variation (CV), of the
participants during sham transcranial alternating current stimulation (sham-tACS) (black circles), theta (h)-tACS (white circles) and gamma (c)-tACS (grey circles). Data
collected during the synchronization phase of the finger tapping (FT Sync) task are shown on the left, while data collected during the continuation (FT Cont) phase are shown
on the right. The middle graphs represent the duration (Dur mov) of the entire reaching to grasp (R-T-G) (on the left) and reaching to point (R-T-P) (on the right) movement
during sham-, h- and c-tACS. Finally, the bottom graphs represent the duration of the approach-to-the-target phase (Dur target) of the R-T-G (on the left) and R-T-P (on the
right) movement during sham-, h- and c-tACS. Diamonds indicate mean values. Asterisks indicate significant differences between conditions.
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Table 1
Kinematic data and statistics for the rhythmic finger tapping task.

Raw data rmANOVA

Sync Phase Cont Phase

Frequency
(Hz)

Sham 2.00 ± 0.01 2.03 ± 0.05 STIM COND: F2,28 = 1.54, P = 0.23

h 1.99 ± 0.01 2.02 ± 0.07 PHASE: F1,14 = 3.35, P = 0.09
c 2.00 ± 0.01 2.03 ± 0.06 STIM COND x PHASE: F2,28 = 0.04, P = 0.96

Amplitude
(degrees)

Sham 51.5 ± 12.8 52.3 ± 13.3 STIM COND: F2,28 = 0.56, P = 0.58

h 52.3 ± 14.0 52.3 ± 14.0 PHASE: F1,14 = 0.87, P = 0.37
c 51.1 ± 13.1 52.1 ± 13.5 STIM COND x PHASE: F2,28 = 2.67, P = 0.09

Velocity
(degrees/sec)

Sham 928 ± 298 894 ± 328 STIM COND: F2,28 = 1.51, P = 0.24

h 961 ± 309 908 ± 327 PHASE: F1,14 = 3.36, P = 0.09
c 942 ± 312 920 ± 345 STIM COND x PHASE: F2,28 = 1.61, P = 0.22

Rhythm
(CV)

Sham 0.092 ± 0.047 0.070 ± 0.037 STIM COND: F2,28 = 2.36, P = 0.11

h 0.094 ± 0.043 0.085 ± 0.045 PHASE: F1,14 = 10.22, P < 0.01
c 0.095 ± 0.053 0.066 ± 0.034 STIM COND x PHASE: F2,28 = 3.63, P = 0.04

Sync Phase: synchronization phase; Cont Phase: continuation phase; Sham: sham-tACS; h: theta-tACS; c: gamma-tACS; CV: coefficient of variation; STIM COND: factor
‘Stimulation condition’; PHASE: factor ‘Task phase’; rmANOVA: repeated-measures analysis of variance; sec: seconds; STIM COND x PHASE: ‘Stimulation condition’ x ‘Task
phase’ interaction. Data reflect mean values ± 1 standard deviation. Significant factors and interactions are in bold.

Table 2
Kinematic data and statistics for the reaching tasks.

Raw data rmANOVA

R-T-G R-T-P

Peak vel Sham 1.10 ± 0.22 0.57 ± 0.17 STIM COND: F2,28 = 1.58, P = 0.22
h 1.13 ± 0.24 0.59 ± 0.19 TASK: F1,14 = 84.35, P < 0.001
c 1.10 ± 0.23 0.58 ± 0.19 STIM COND x TASK: F2,28 = 0.41, P = 0.67

Peak accel Sham 9.84 ± 2.52 3.49 ± 1.23 STIM COND: F2,28 = 1.24, P = 0.30
h 10.92 ± 3.28 3.63 ± 1.42 TASK: F1,14 = 140.67, P < 0.001
c 10.27 ± 3.06 3.56 ± 1.25 STIM COND x TASK: F2,28 = 0.68, P = 0.51

Peak decel Sham �8.49 ± 3.85 �2.55 ± 0.75 STIM COND: F2,28 = 1.02, P = 0.37
h �7.67 ± 3.33 �2.74 ± 0.94 TASK: F1,14 = 68.92, P < 0.001
c �6.95 ± 2.21 �2.72 ± 0.92 STIM COND x TASK: F2,28 = 1.89, P = 0.17

Dur mov Sham 0.73 ± 0.26 1.03 ± 0.25 STIM COND: F2,28 = 0.69, P = 0.51
h 0.64 ± 0.14 1.17 ± 0.34 TASK: F1,14 = 35.42, P < 0.001
c 0.69 ± 0.21 1.05 ± 0.25 STIM COND x TASK: F2,28 = 5.77, P < 0.01

Dur accel Sham 0.04 ± 0.02 0.05 ± 0.04 STIM COND: F2,28 = 0.50, P = 0.61
h 0.04 ± 0.02 0.05 ± 0.04 TASK: F1,14 = 1.06, P = 0.32
c 0.04 ± 0.03 0.05 ± 0.04 STIM COND x TASK: F2,28 = 0.19, P = 0.82

Dur decel Sham 0.27 ± 0.06 0.27 ± 0.06 STIM COND: F2,28 = 1.92, P = 0.17
h 0.24 ± 0.07 0.27 ± 0.05 TASK: F1,14 = 0.65, P = 0.43
c 0.26 ± 0.04 0.26 ± 0.06 STIM COND x TASK: F2,28 = 2.18, P = 0.13

Dur target Sham 0.45 ± 0.25 0.71 ± 0.24 STIM COND: F2,28 = 1.26, P = 0.30
h 0.37 ± 0.13 0.86 ± 0.33 TASK: F1,14 = 30.12, P < 0.001
c 0.41 ± 0.19 0.74 ± 0.24 STIM COND x TASK: F2,28 = 4.89, P = 0.01

CI mov Sham 1.06 ± 0.04 1.04 ± 0.02 STIM COND: F2,28 = 1.38, P = 0.27
h 1.06 ± 0.03 1.05 ± 0.02 TASK: F1,14 = 1.38, P = 0.26
c 1.06 ± 0.03 1.05 ± 0.03 STIM COND x TASK: F2,28 = 1.57, P = 0.22

CI accel Sham 0.76 ± 0.23 0.90 ± 0.10 STIM COND: F2,28 = 0.85, P = 0.44
h 0.79 ± 0.15 0.94 ± 0.10 TASK: F1,14 = 8.96, P < 0.01
c 0.80 ± 0.16 0.93 ± 0.07 STIM COND x TASK: F2,28 = 0.11, P = 0.90

CI decel Sham 1.00 ± 0.04 0.98 ± 0.05 STIM COND: F2,28 = 0.79, P = 0.46
h 0.99 ± 0.04 0.97 ± 0.07 TASK: F1,14 = 0.99, P = 0.37
c 0.99 ± 0.04 0.96 ± 0.11 STIM COND x TASK: F2,28 = 0.37, P = 0.69

CI target Sham 1.10 ± 0.10 1.07 ± 0.07 STIM COND: F2,28 = 1.49, P = 0.24
h 1.16 ± 0.27 1.10 ± 0.07 TASK: F1,14 = 1.20, P = 0.29
c 1.09 ± 0.08 1.08 ± 0.06 STIM COND x TASK: F2,28 = 0.44, P = 0.65

MU Sham 2.13 ± 0.83 5.89 ± 3.33 STIM COND: F2,28 = 1.13, P = 0.34
h 1.99 ± 0.98 5.36 ± 2.49 TASK: F1,14 = 48.87, P < 0.001
c 2.07 ± 1.18 5.43 ± 2.23 STIM COND x TASK: F2,28 = 0.30, P = 0.74

CI mov: curvature index of the entire movement; CI accel: curvature index of the acceleration phase; CI decel: curvature index of the deceleration phase; CI target: curvature
index of the approach-to-target phase; Dur accel: duration of the acceleration phase; Dur decel: duration of the deceleration phase; Dur mov: duration of the entire
movement; Dur target: duration of the approach-to-target phase; MU: movement units; Peak accel: acceleration peak; Peak decel: deceleration peak; Peak vel: velocity peak;
R-T-G: reaching-to-grasp task; R-T-P: reaching-to-point task; rmANOVA: repeated-measures analysis of variance; Sham: sham-tACS; h: theta-tACS; c: gamma-tACS; STIM
COND: factor ‘Stimulation condition’; TASK: factor ‘Task type’; STIM COND x TASK: ‘Stimulation condition’ x ‘Task type’ interaction. Data reflect mean values ± 1 standard
deviation. Significant factors and interactions are in bold.
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Fig. 3. TMS results and correlation. The top graph on the left side represents individual values of the peak-to-peak amplitude of motor evoked potentials (MEP) elicited by
single TMS pulses (TS), expressed in mV, during sham transcranial alternating current stimulation (sham-tACS) (black circles), theta (h)-tACS (white circles) and gamma (c)-
tACS (grey circles). The top graph on the right side represents individual values of cerebellar-brain inhibition (CBI), expressed as the ratio between the amplitude of
conditioned and unconditioned MEP (TS alone) during sham-, h- and c-tACS. Diamonds indicate mean values. Asterisks indicate significant differences between conditions.
The bottom graphs show correlation analysis results. The y-axes represent the ratio between the CBI during h-tACS and during sham-tACS. The x-axes indicate the ratio
between the coefficient of variation (CV) values (continuation phase of the finger tapping task), obtained during h-tACS and during sham-tACS (left-side graph); the ratio
between the duration of the entire movement (Dur mov - middle graph) and of the approach-to-the-target phase (Dur target - right-side graph) of the reaching to point task
obtained during h-tACS and during sham-tACS. Note that the greater the movement rhythm deterioration (higher CV values), the greater the CBI strengthening (lower values)
during h-tACS.
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4. Discussion

In this study, we aimed to assess the possible effects of cerebel-
lar tACS delivered at h and c frequencies on different motor tasks.
Also, we investigated whether the behavioral effects of tACS were
associated with neurophysiological changes in cerebellum-M1
connectivity, as assessed by CBI. We found that tACS delivered at
the h frequency had a detrimental effect on movement regularity,
i.e., it decreased movement regularity of rhythmic tapping and
increased the movement duration of a pointing task, particularly
the approach-to-the-target phase duration. Furthermore, we found
that h-tACS increased the effectiveness of CBI (more M1 inhibition)
and the effect correlated with changes in tapping regularity
induced by the stimulation. In contrast, we did not observe any
change in movement kinematic parameters or CBI during the
application of c-tACS.

Our study was performed using a randomized experimental
design, which ensured no influence of the stimulation condition
order on the obtained results. Importantly, no participant
reported any relevant visual or skin sensation during tACS, so it
was impossible to distinguish between real and sham stimulation
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conditions. In addition, the researchers involved in data collection
and analysis were unaware of the tACS conditions. These factors
guarantee a proper double-blind study design. The three motor
tasks we tested were not particularly long or tiring, and a 3-
min rest period was ensured after each kinematic trial to avoid
fatigue. The overall corticospinal excitability, as reflected by sin-
gle pulse MEP amplitude, was similar between h-, c- and sham-
tACS, which allowed us to exclude that possible changes in corti-
cospinal excitability during stimulation influenced our findings.
Again, a recent study using the same TMS-tACS setup and stimu-
lation parameters as in our study demonstrated that changes in
cerebellar-M1 connectivity induced by cerebellar-tACS occur dur-
ing stimulation only (Spampinato et al., 2021). Therefore, it is
unlikely that any potential aftereffects could have influenced
our data. Finally, the detrimental effect on finger tapping move-
ments rhythm observed during h-tACS cannot be considered sec-
ondary to nonspecific changes in other kinematic parameters,
including modifications of the duration of the single tapping
movement or changes in movement velocity, being the tapping
frequency and speed the same during all the different stimulation
conditions.
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The most innovative finding of our study concerns the effect of
cerebellar-tACS on motor behavior. We objectively analyzed three
specific upper limb tasks related to the cerebellar activity, i.e., the
rhythmic tapping and two arm-reaching movements that differed
in complexity (grasping and pointing) (Bologna et al., 2016,
2015; Del Olmo et al., 2007; Deuschl et al., 2000; Li Voti et al.,
2014). We provided the first evidence that cerebellar-tACS can
interfere with cerebellar-related behavior during stimulation. First,
tACS decreases the movement regularity during repetitive finger
movements. This effect was particularly evident when participants
were asked to perform tapping at the predefined rate of 2 Hz with-
out the auditory cue (Rao et al., 1997). Performing a rhythmic
movement without auditory cues, which is a more challenging
task, requires significant involvement of the cerebellum and poten-
tially involves short-term learning processes (Cheron et al., 2016).
Consequently, executing rhythmic movements without auditory
cues may be more susceptible to the detrimental effects of non-
invasive brain stimulation. Also, previous evidence showed that
tACS can modulate learning mechanisms both at the cortical
(Bologna et al., 2019; Giustiniani et al., 2019; Pollok et al., 2015;
Sugata et al., 2018) and cerebellar level (Giustiniani et al., 2021;
Miyaguchi et al., 2020; Wessel et al., 2020).

Further demonstrating the detrimental effect of cerebellar tACS
on motor execution, we found that stimulation increased the dura-
tion of arm-reaching movements. Importantly, this effect
depended on the complexity of the reaching task and was related
to the specific phase of movement considered. We found that dur-
ing tACS movement duration increased in the pointing but not in
the grasping task, which is a less complex reaching movement
(Li Voti et al., 2014). The lower complexity of the grasping task is
supported by our data, which indicates higher peak velocity and
amplitude, as well as a shorter movement duration in this task
compared to the reaching-to-point task. Also, we found that the
increased movement duration in the reaching-to-point task mainly
affected the approach-to-the-target phase. The correlation we
found between tACS-induced modulation of the entire movement
duration and the approach-to-the-target phase supports the idea
that there is a link between these two effects, i.e., the lengthening
of the approach-to-the-target phase likely results in the increase of
the entire movement duration. The specificity of tACS effects
observed in the reaching-to-point task, particularly during the
approach-to-target phase, prompts the hypothesis that
cerebellar-tACS may predominantly modulate high-demand move-
ments, characterized by increased complexity and precision
requirements. Importantly, the level of cerebellar activation is
known to correlate with the complexity of motor performance
(Manto et al., 2012). Additionally, the approach-to-target phase,
requiring substantial movement adjustments, is closely associated
with heightened cerebellar activation (Becker and Person, 2019).
Thus, we hypothesize that cerebellar-tACS may exhibit enhanced
effectiveness when the level of cerebellar activation is higher. A
relevant aspect of our results is that tACS effects were frequency-
specific, being present only when the stimulation was delivered
at the h frequency. Indeed, repetitive finger movement had a
decreased movement regularity during h-tACS than during sham-
and c-tACS, while comparable values were observed between
sham- and c-tACS. Similarly, in the pointing task, the movement
duration increased during h-tACS compared to both sham- and c-
tACS, while it was similar between the other conditions. The mech-
anism of action of tACS involves the modulation of the firing rate
and timing discharge of susceptible neurons, as well as the entrain-
ment of their oscillatory activity to the stimulation frequency
(Johnson et al., 2020; Krause et al., 2019; Reato et al., 2013). Impor-
tantly, tACS effectiveness depends on the degree to which the stim-
ulation frequency matches the natural frequency of the targeted
neuronal populations (Ali et al., 2013; Fabbrini et al., 2022; Ozen
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et al., 2010; Witkowski et al., 2016). Both animal and computa-
tional studies have provided evidence that cerebellar granule and
Golgi cells express a preferential response frequency in the h band
(Courtemanche et al., 2013; De Zeeuw et al., 2008; Dieudonné and
Dumoulin, 2000; Dugué et al., 2009; Hoffmann and Berry, 2009;
Medina and Mauk, 2000). It has been hypothesized that h fre-
quency bursting and resonance in granule cells play a significant
role in synchronization, rhythmicity, and learning processes in
the cerebellum (D’Angelo et al., 2013, 2001; Koziol et al., 2014).
Hence, it is reasonable to speculate that these neurons also possess
inherent oscillatory properties at the h frequency in humans. tACS
could specifically target h resonant neurons within the cerebellum,
and their modulation could account for the observed effects during
stimulation. The significance of h oscillations in the human cerebel-
lum is underscored by a recent study revealing notable changes in
h activity during visuomotor adaptation (Tzvi et al., 2022). Regard-
ing cerebellar physiology, there is also evidence that cerebellar
Purkinje cells express oscillatory properties at the c frequency
(De Zeeuw et al., 2008; Middleton et al., 2008; Ruigrok, 2011;
Shin et al., 2007). However, we found no effect of c-tACS on
cerebellar-related motor tasks, possibly due to a higher threshold
of Purkinje cells to be activated by c-tACS or, alternatively, to unre-
sponsiveness of these neurons to be entrained for neuroanatomical
reasons, i.e., the layer location and specific orientation of dendrites
and axons. Another plausible explanation is that c oscillations in
the cerebellum may not be involved in the specific motor tasks
we tested.

Another significant finding of our study pertains to the effect of
tACS on CBI and its correlation with the modulation of motor
behavior. Confirming previous results (Spampinato et al., 2021),
we found a more effective CBI during h-tACS than sham- and c-
tACS, indicating a greater inhibitory drive from the cerebellum to
M1 during stimulation. As discussed above and previously hypoth-
esized by others (Spampinato et al., 2021), cerebellar h-tACS may
induce a stronger CBI by increasing the recruitment of granule cell
activity, which in turn would boost Purkinje cells’ inhibitory drive.
Interestingly, we demonstrated a significant correlation between
the effect of h-tACS on CBI and movement rhythm in the finger-
tapping task. That is, the greater the CBI (increased inhibition),
the less rhythmic the finger-tapping during stimulation. In healthy
humans, CBI decreases (reduced inhibition) in active muscles dur-
ing voluntary movements. This mechanism is believed to con-
tribute to the physiological activation of movements (Kassavetis
et al., 2011; Panyakaew et al., 2016). The neuroanatomical sub-
strate of rhythmic finger tapping encompasses a network that
includes the cerebellum, sensorimotor and supplementary motor
areas, along with subcortical regions (Del Olmo et al., 2007; Rao
et al., 1997). Notably, recent data propose that the cerebellum reg-
ulates neuronal activity in the cerebral cortex, influencing move-
ment timing and predicting the timing of rhythmic events
(Tanaka et al., 2021). Our findings indicate that the h-tACS-
induced impairment in movement regularity is associated with
alterations in cerebellum-M1 connectivity. In particular, we
hypothesize that enhancing the inhibitory output from the cerebel-
lum to M1 during stimulation could alter the balance between
inhibition and excitation within the cortex. This disruption may
lead to dysregulated M1 activity, thereby affecting the ability to
maintain a constant and regular rhythm during repetitive move-
ments. The lack of correlation between the effect of h-tACS on
CBI and movement duration in the reaching-to-point task may
reflect a secondary role of cerebellum-M1 connectivity in this
motor function, which could be instead codified by intrinsic cere-
bellar mechanisms or alternative cerebellar circuits not projecting
to M1.

This study has some limitations to mention. First, we have
interpreted our results as due to the activation of a cerebellar
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subpopulation of neurons resonant to the h rhythm; however, we
did not provide a direct biological demonstration supporting this
hypothesis. Also, since h and c oscillatory activities are those more
consistently reported in the cerebellum (D’Angelo et al., 2001; De
Zeeuw et al., 2008; Manto et al., 2022; Middleton et al., 2008),
we focused on testing the possible effects of h- and c-tACS. Impor-
tantly, other rhythms have been recorded in the cerebellum in ani-
mals, like b and high-frequency oscillations (Cheron and Cheron,
2018; Dalal et al., 2013; Herrojo Ruiz et al., 2017; Middleton
et al., 2008). However, there is currently no consistent data con-
necting these activities to cerebellar-related measures or functions
in humans. Investigating the effects of cerebellar-tACS delivered at
frequencies other than h and gamma c would be an intriguing
objective for future studies. For example, it remains uncertain
whether tACS delivered at b and very high frequencies may also
induce behavioral effects. Also, we tested rhythmic tapping and
arm-reaching movements as reflecting cerebellar-related behav-
ioral measures. The assessment of different tasks or other body dis-
tricts (e.g., lower limb, gait, posture, etc.) was beyond the aim of
our study and could be tested in future research. Lastly, the sample
size in our study was determined to be the minimum required for
detecting any potential effects of tACS on cerebellar-related behav-
ioral and neurophysiological measures. We acknowledge that test-
ing small sample sizes may lead to an overestimation of effects,
and enhancing reproducibility in neuroscience is a pertinent con-
cern (Button et al., 2013). Future studies with larger sample sizes
are needed to validate the reliability of cerebellar h-tACS effects
on motor behavior.

5. Conclusions

We here provide evidence that tACS delivered at the h fre-
quency over the cerebellum modulates motor performance in var-
ious cerebellar-dependent upper limb tasks. This effect relies, at
least in part, on the strengthening of inhibitory cerebellar drive
to M1 and could be due to the activation of cerebellar granule cells
which project on Purkinje cells. Notably, cerebellar-tACS modu-
lated specific kinematic parameters, i.e., movement rhythm for
the finger-tapping task and movement duration for the reaching-
to-point task, while all the other measures did not change. These
results support the idea that different movement parameters
(e.g., velocity, rhythm, timing, trajectory smoothness, etc.) do not
necessarily reflect the activity of the same areas/similar neuro-
physiological mechanisms in humans. Rather, they could be codi-
fied by distinct networks and different neural processes. Overall,
the relevance of our findings improve the understanding of specific
neurophysiological mechanisms underlying human motor control,
i.e., the role of cerebellar oscillations in cerebellar-related func-
tions. Importantly, our results serve as a proof-of-principle for
the development of innovative methods to modulate cerebellar
functions through non-invasive brain stimulation, especially in
movement disorders (Manto et al., 2022). For instance, h-tACS
could be explored in conditions such as Parkinson’s disease and
dystonia, which are characterized by impaired cerebellum-M1
inhibition (Ni et al., 2010; Sondergaard et al., 2023).
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