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ARTICLE INFO ABSTRACT
Keywords: Background: Transcranial Alternating Current Stimulation (tACS) is a non-invasive brain stimulation technique
Cerebellar tACS that modulates cortical oscillations and influences behavior.
Balance Objectives: This study aimed to explore the effects of cerebellar theta (5 Hz) and gamma (50 Hz) tACS on human
Gait initiation . . . .

. balance and gait through kinematic analysis.
Gait cycle

Materials and Methods: Nineteen right-handed healthy subjects participated in three randomized motor tasks:
postural standing (PS), gait initiation (GI), and gait cycle (GC). Participants underwent theta-, gamma-, or sham-
tACS over the cerebellum while kinematic data were collected using a force platform and an 8-camera opto-
electronic system.

Results: Theta-tACS significantly influenced motor behavior during PS and GC, but not GI. Specifically, it reduced
the Maximum Radius, Total Trace Length, Longitudinal Range, and Area during PS, and decreased Stride Width
during GC. In contrast, cerebellar gamma-tACS had no significant effect on any kinematic parameters across the
tasks.

Conclusions: Cerebellar theta-tACS may enhance postural stability and gait control in healthy individuals. We
hypothesize that theta-tACS may entrain theta-resonant neurons in the cerebellar cortex, affecting motor control
networks involved in balance and gait.

Significance: This study highlights tACS’s potential as a non-invasive treatment for balance and gait disorders
associated with cerebellar dysfunction.

Kinematic analysis

1. Introduction innovative, safe, and well-established non-invasive electrical brain
stimulation method. It entrains cortical oscillations by inducing
Transcranial Alternating Current Stimulation (tACS) is an coherent changes in the firing patterns and timing of neuronal

Abbreviations: tACS, transcranial alternating current stimulation; HS, healthy subjects; PC, Purkinje cells; PS, postural standing; GI, gait initiation; GC, gait cycle;
WFQ, Waterloo Footedness Questionnaire; APA, Anticipatory Postural Adjustments; SMA/PM, supplementary motor area/premotor cortex; M1, primary motor
cortex; FEM, Finite Element Method; GRF, ground-reaction force; CoP, centre of pressure; R, Radius; MaxR, Maximum Radius; MinR, Min Radius; TR, Transversal
Range; LR, Longitudinal Range; MV, Mean Velocity of Oscillations; TTL, Total Trace Length; MT,, Mean Total Time; MTs, Mean Time of the segment; MLy, Mean
Total Length; MLg, Mean Length of the segment; MV, Mean Total Velocity; MVs, Mean Velocity of the segment; MaxVs, Max Velocity of the segment; GST, Gait
Stride Time; StT, Stance Time; SWT, Swing Time; StP, Stance Percentage of the Gait Cycle; SwP, Swing Percentage of the Gait Cycle; SSP, Single Support Percentage;
DSP, Double Support Percentage; StrL, Stride Length; StL, Step Length; MV, Mean velocity; SW, Step Width.
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populations (Antal et al., 2017; Antal and Paulus, 2013; Manto et al.,
2021). The technique involves applying a sinusoidal current to syn-
chronize responsive neurons at the stimulation frequency, leveraging
the inherent oscillatory properties of the targeted brain region—an
occurrence recognized as the ’resonance principle’ (Frohlich and
McCormick, 2010; Herrmann et al., 2013).

Until now, tACS has been widely applied in both healthy individuals
and neurological patients, targeting diverse cortical regions including
the motor cortex, dorsolateral prefrontal cortex, parietal cortex, and
visual cortex (Alexander et al., 2019; Fabbrini et al., 2022a; Grover
et al., 2022; Guerra et al., 2020, 2022; Miyaguchi et al., 2020; Nowak
et al.,, 2009; Pahor and JausSovec, 2018; Pozdniakov et al., 2021).
Notably, several studies have incorporated objective behavioural mea-
surements alongside tACS interventions, enabling precise quantification
of tACS effects and enhancing our understanding of the specific role of
oscillatory activities in brain functions.

Recently, in-vivo animal studies have yielded insights into the in-
fluence of tACS on the cerebellum. These studies demonstrate its ca-
pacity to modulate the spike activity of Purkinje cells (PC) and entrain
them across a broad spectrum of frequencies, spanning both low and
high rhythms (Asan et al., 2020). Again, some studies focused on the
effects of cerebellar-tACS in humans. In line with animal studies indi-
cating that cerebellar neurons show intrinsic oscillatory properties at
theta and gamma frequency bands with a functional role in motor
control (Cheron et al., 2016; De Zeeuw et al., 2008a), cerebellar tACS
delivered at 5 Hz (theta) and 50 Hz (gamma) modulated human motor
behaviour (Giustiniani et al., 2021; Koganemaru et al., 2020; Miyaguchi
et al., 2020; Naro et al., 2017; Schreglmann et al., 2021; Spampinato
et al.,, 2021; Wessel et al., 2022). Particularly, cerebellar theta-tACS
decreased movement regularity during rhythmic finger tapping and
increased the duration of a reaching-to-point task in healthy subjects
(Guerra et al., 2024), and modulated tremor amplitude in essential
tremor patients (Schreglmann et al., 2021). Also, cerebellar gamma-
tACS improved the acceleration of voluntary movements during a
rapid learning task in healthy subjects (Naro et al., 2016). However,
studies investigating the potential effects of tACS at cerebellar-resonant
frequencies in humans remain limited. Furthermore, despite the estab-
lished role of the cerebellum in balance and gait (Takakusaki, 2017,
2013), no study has yet applied cerebellar tACS at theta and gamma
frequencies specifically to modulate these functions. The sole available
study on this topic applied tACS at the individual gait cycle frequency
over the left cerebellum in healthy subjects, revealing successful
entrainment of gait rhythm (Koganemaru et al., 2020).

In this randomized, double-blind, sham-controlled cross-over study,
we systematically investigated the effects of cerebellar-tACS adminis-
tered at cerebellar-resonant theta and gamma frequencies on Postural
Standing (PS), Gait Initiation (GI) and Gait Cycle (GC). We performed a
comprehensive kinematic analysis of various movement parameters
known to reflect the different physiological mechanisms of balance and
gait (Jahn et al.,, 2008; Kitatani et al., 2020; Mazzone et al., 2014;
Nakazono et al., 2022; Ouchi et al., 1999; Richard et al., 2017).

We compared the results obtained during real tACS with those
observed during sham tACS, ensuring the assessment of the specific ef-
fects attributed to the active tACS interventions. Through this study, we
sought to contribute to the growing body of knowledge on the impact of
cerebellar tACS on motor control.

2. Materials and methods
2.1. Participants

The sample size for this study was determined using the G*Power 3.1
(Heinrich Heine Universitat Diisseldorf, Germany) software, employing
a within-factors test — repeated measures ANOVA for a single group of
HS. The analysis included 12 distinct kinematic measurements (depen-
dent variables) with a significance level (a) of < 0.05, a desired power
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(1-p) greater than 0.80, a correlation among repeated measures set at
0.5, a non-sphericity correction (¢) of 1, and an assumed effect size (f) of
0.25. The total sample size was 19 subjects, resulting in an actual power
of 0.81, a critical F value of 1.84, and a non-centrality parameter (1) of
18.24 with 11 degrees of freedom.

Nineteen right-dominant lower limb HS participated in the study,7
Females; age: 28.84 + 3 (mean + SD) years; height: 178.2 + 8.8 (mean
+ SD) cm. Exclusion criteria included a history of neurological or psy-
chiatric disorders, current or past medication intake, orthopaedic or
rheumatological issues in the lower limbs, as well as lung or cardio-
vascular conditions that could potentially limit walking ability. Partic-
ipants were unaware of the study’s objective, and none reported
contraindications to non-invasive cerebellar stimulation techniques
(Matsumoto and Ugawa, 2017). Lower limb dominance was assessed
using the Waterloo Footedness Questionnaire (WFQ) (van Melick et al.,
2017).

The study was conducted between June 2022 and July 2023 at the
Movement and Gait Analysis Laboratory of Physical Medicine and
Rehabilitation Department at Sapienza University of Rome. The exper-
imental design received approval from the local ethics committee, and
all laboratory procedures adhered to the principles of the Declaration of
Helsinki. All participants provided written informed consent for their
involvement in the experimental procedures.

2.2. Cerebellar-tACS

The stimulation was delivered through 5x5 cm conductive rubber
electrodes enclosed in saline-soaked sponges using BrainSTIM (EMS,
Bologna, Italy) stimulators (dimension: 20x10,5x4 cm; weight: 0,5 kg).
Both the electrodes were secured using rubber strips around the head
and not moved until the end of the acquisition. One electrode was placed
on the scalp over the right cerebellar hemisphere (1 cm under the inion
and 3 cm on the right of this point) and the other electrode was posi-
tioned over the ipsilateral buccinator muscle, as outlined in previous
studies (Galea et al., 2009; Guerra et al., 2024; Rezaee and Dutta, 2019;
Sadeghihassanabadi et al., 2022; Spampinato et al., 2021). The set-up
was optimized to ensure that the impedance for stimulation, as
measured by the stimulation device, would be < 10 k Q and checked
before every task acquisition. If the impedance was > 10 k Q, then a
saline solution (0,9% NaCl) dampened the enclosed rubber electrodes.
Sine wave stimulation was delivered with no direct current offset and a
peak-to-peak amplitude of 1.5 mA and 3 s of ramp-up and ramp-down
periods. Stimulation frequency of 5 Hz and 50 Hz were used for theta-
tACS and gamma-tACS, respectively (Guerra et al., 2024; Spampinato
etal., 2021). Sham-tACS was used as a control, which consisted of ramp-
up and down periods and 1 s stimulation at 5 Hz.

Current density flows from one electrode to the other, with the
current direction flipping by 180° back and forth for every half-wave of
the stimulation (Manzo et al., 2020). Using SimNIBS4.0, we estimated
with Finite Element Method (FEM) calculations the maximum current
density (A/m?), the strength of the electric field (V/m), and the con-
ductivity field (S/m) (Fig. 1), using standard conductivity values, for the
cerebellar-tACS montage (Saturnino et al., 2019).

Cerebellar stimulation was carried out in accordance with current
safety guidelines (Antal et al., 2017).

2.3. Kinematic recordings and data processing

Three different motor tasks of different grades of demanded behav-
iour were recorded and analysed during cerebellar-tACS in order to
assess the magnitude of cerebellar effect on three different nodes of the
cerebellar-thalamo-cortical network: PS, as an example of low-
demanded behaviour and a bottom-up information processor (Ouchi
et al., 1999); GI, as an example of high-demanded behaviour, analysing
Anticipatory Postural Adjustments (APA) derived from cortical SMA/PM
areas to M1 cortex (a top-down neural network) (Richard et al., 2017);
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Fig. 1. Estimation with Finite Element Method calculations of the maximum current density (magn J — A/m?), the strength of the electric field (magnE — V/m) and
the conductivity field (S/m), using SimNIBS 4.0 for the cerebellar-tACS montage and intensity (electrode_currents — A) used. Standard conductivity values were used.

(https://simnibs.github.io/simnibs/build/html/documentation/conductivity.html).

GC, an example of medium-demanded behaviour, assessing automated
movements originated from the mesencephalic locomotor network and
directed to the spinal pattern generator into the spine (Jahn et al., 2008;
Takakusaki, 2013).

Kinematic recordings were performed using a 60x40 cm piezoelec-
tric platform (INFINI-T, BTS Engineering, Milan, Italy) located in the
centre of the laboratory and an 8-infrared-camera optoelectronic system
(Smart DX-400, BTS Engineering, Milan, Italy), both sampling at 250 Hz,
connected to a workstation (GAITLAB, BTS Engineering, Milan, Italy).
For the three different tasks, every sample was checked for consistency
with dedicated software (SMART Analyzer, BTS Engineering, Milan,
Italy). Before initiating each experimental session, we calibrated the gait
analysis system to prevent potential errors arising from camera posi-
tioning. The laboratory conditions were meticulously controlled,
maintaining a constant temperature of 25 °C using air conditioning
while humidity levels were regulated. All kinematic data have been
filtered using a fourth-order, zero-lag, low-pass Butterworth filter with a
cut-off frequency of 6 Hz. Anthropometric data have been collected prior
to the acquisition for each subject (knee and ankle joint diameters,
anterior superior iliac spine distance, and pelvic depth, all measured
with a caliper; body mass and body height; bilateral circumferences of
10 cm above and underneath knee articulation) and 22 retro-reflective
markers of negligible weight have been placed on specific landmarks
(Davis et al., 1991). Passive markers were placed in the spinous process
of C7, left and right acromion, in the spinous process of S1 (in the
midline of the two posterior superior iliac spine), left and right anterior

superior iliac spine, left and right great trochanter, left and right middle
diaphysis of the femur, left and right external condylar process of the
femur, left and right head of the fibula, left and right middle diaphysis of
the fibula, left and right external malleolar process, left and right lateral
aspect of the head of the V metatarsus, left and right heel. To ensure the
reproducibility of the measurements, a 5-second trial in the rest position
was captured. Anthropometric measurements, combined with three-
dimensional marker data from the static trial, provided positions of
the joint’s centre and defined anatomical axes of the body.

2.3.1. Postural standing

The piezoelectric platform was used to analyse body sway during the
PS task. Quantification of the ground-reaction force (GRF) and its point
of application, known as the centre of pressure (COP), were used as the
main kinematic features in this task (Bobbert and Schamhardt, 1990).
Subjects were asked to step up on the platform, standing upright for 60's,
with their arms along the trunk, their feet at a comfortable distance,
trying to feel equal weight on both feet and not to shift body weight on
one side passively (Quijoux et al., 2021). One PS task included a ran-
domized acquisition with eyes open (staring at a fixed point in the wall
in front of them) and with eyes closed. After checking for consistency
and reproducibility, dedicated software (Sway, BTS Engineering, Milan,
Italy) was used to calculate the following kinematic features: Radius (R),
Maximum Radius (MaxR), Minimum Radius (MinR), Transversal Range
(TR), Longitudinal Range (LR), Mean Velocity of Oscillations (MV),
Total Trace Length (TTL) and Area.
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2.3.2. Gait initiation

COP displacement was used as a principal kinematic feature for
assessing GI during movement initiation. Participants were asked to step
up the platform, maintaining a standing position with a comfortable
distance between their feet, and cameras were turned on and recording.
Subjects started the task voluntarily without any external trigger (like
voice or alarm) to avoid motor learning processes that could affect
anticipatory postural adjustments. Three randomized acquisitions per
side were recorded for each stimulation condition. COP displacement
was divided into three subphases: S1 (imbalance, from GI onset to heel-
off of the leading foot); S2 (unloading, from heel-off to toe-off of the
leading foot); S3 (propulsion, from toe-off of the leading foot to toe-off of
the trailing foot). The three subphases represent T0-T1, T1-T2 and T2-T3
segments (Hass et al., 2008; Mazzone et al., 2014). Furthermore, a self-
made protocol for determining gait initiation events (T0, T1, T2, and T3)
and spatial-temporal parameters were utilized. Derivatives of
displacement of planar coordinates (x- and z-axis) were calculated and a
5 Hz low-pass Butterworth filter was used. Then, the velocity modulus
was computed using this formula: |vel|:\/ A +ED). Plotting the signal,
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reproducible and genuine deflections of the modulus of COP velocity
could be seen (Fig. 2). TO was chosen as the first positive deflection of
the signal compared to the baseline, representing the initiation of the
movement. Afterwards, T1 and T2 were chosen as the 2 consecutive
minimum points after TO, accounting for change of direction. Finally, T3
was chosen as the last point of the signal of COP velocity in the platform,
corresponding to the moment when the foot stepped off the platform.
The following parameters were then considered for the kinematic
evaluation: Mean Total Time (MTy), Mean Time of the 3 segments
(MTs1, MTso, MTs3), Mean Total Length (ML), Mean Length of the 3
segments (MLg;, MLga, MLg3), Mean Total Velocity (MVy,), Mean Ve-
locity of the 3 segments (MVg;, MVgy, MVs3), Max Velocity of the 3
segments (MaxVg;, MaxVgy, MaxVgs).

2.3.3. Gait cycle

Subjects were instructed to walk at 80-100 % of their maximal gait
speed (as an example of a high-demanded task) along a level surface of 5
m in length, staring at a fixed point in the wall in front of them to
calculate the gait cycle. The following parameters were considered for

Anterior-Posterior direction <

Medial-lateral direction X

Fig. 2. A. derivative of displacement of planar coordinates (x- and z-axis) were calculated. Modulus of velocity was computed using the formula: |vel|:\/ A +(2).
Plotting the signal, reproducible and genuine deflections of the modulus of COP velocity could be seen in the figure. TO was chosen as the first positive deflection of
the signal compared to the baseline, representing initiation of the movement. Afterwards, T1 and T2 were chosen as the 2 consecutive minimum points after TO,
accounting for change of direction. T3 was chosen as the last point of the signal of COP velocity in the platform, corresponding to the moment when the foot step off
the platform. b. COP displacement was divided into 3 segments: S1 (imbalance, from GI onset to heel-off of the leading foot) between TO-T1 points; S2 (unloading,
from heel-off to toe-off of the leading foot), between T1-T2 points; S3 (propulsion, from toe-off of the leading foot to toe-off of the trailing foot) between T2-T3 points.
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the kinematic evaluation: Gait Stride Time (GST), Stance Time (StT),
Swing Time (SwT), Stance Percentage of the Gait Cycle (StP), Swing
Percentage of the Gait Cycle (SwP), Single Support Percentage (SSP),
Double Support Percentage (DSP), Stride Length (StrL), Step Length
(StL), for each of those measurements were analysed respectively right
and left lower limb, Mean velocity (MV), Cadence (steps/min), Step
Width (SW). Mean velocity (m/s) was assessed to ensure that any ki-
nematic differences between subjects were not due to differences in gait
speed (Jordan et al., 2007). Three randomized acquisitions were
recorded for each stimulation condition. The software made auto-
tracking of passive markers to reconstruct the body using 3D spatial
coordinates of each marker, related to laboratory coordinates. More-
over, a well-established and clinically validated protocol was launched
in the software, and 4 events (left and right Heel Strike and Toe Off)
were collected on each acquisition during the gait cycle, plotting the
vertical displacement of 4 passive markers (respectively left and right
heel marker and V metatarsus) (O’Connor et al., 2007). Then, the initial
and final steps were rejected due to progression and decrement of ve-
locity, respectively. Three in-between and steady-state trials were ac-
quired for each subject and each stimulation condition (9 total acquired
samples per subject) (Breniere and Do, 1986). Finally, a report of spatio-
temporal parameters was issued and saved in the workstation for each
acquisition.

Postural Standing

Sham Sham x 3
Theta Op Thetax 3
Gamma s Ayt

Low-demanded Behavior

Cortex —

Brainstem/Medulla —

Peripheral Nervous
System
Bottom-Up

Gait Initiation

Gammax3 '
i
High-demanded

Top-Down
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2.4. Experimental design

Consistent measurement conditions were maintained across experi-
ments, with assessments conducted at the same time of day (in the af-
ternoon between 3 pm and 5 pm) across participants. A pouch was
clipped at the back of the subject waist (approximately on the spinous
process of the first lumbar vertebra) and contained the stimulator. The
three motor tasks (PS, GI and GC) have been performed in a random
order. Moreover, cerebellar-tACS stimulation was randomly adminis-
tered at theta, gamma or sham frequency in each task. A total of 33
acquisition has been recorded: 6 PS (1 with eyes opened and 1 with eyes
closed for the 3 different stimulation conditions), 18 GI (3 starting with
dominant leg and 3 with non-dominant leg for the 3 different stimula-
tion condition) and 9 GC (3 for each stimulation condition). As stated
elsewhere, this study tested possible online effects (Spampinato et al.,
2021). tACS was switched on &7 s before starting the motor task and
switched off immediately after the task ended. Importantly, to avoid
possible aftereffects, tACS was kept off for more than twice the duration
of each motor task. Specifically, we waited 3 min before switching on
tACS for a new PS trial (60 s duration) and 1 min for GI or GC trials (GI
acquisition duration: 6 + 0.8 s; GC acquisition duration: 10 + 1.1 s).

Subjects were blinded to the specific tACS method used during the
experimental sessions to ensure unbiased results. A designated

Gait Cycle

Right Sham x 3
+ * Thetax 3
Left Gamma x3

@
«— >

Medium-demanded

No cortical Processing

Fig. 3. Panel a. Experimental Design. Three randomized motor tasks have been performed for three different conditions (sham-tACS; theta-tACS; gamma-tACS): 1)
Postural Standing (PS) with eyes opened and eyes closed; 2) Gait Initiation (GI) starting with the right or left leg, recording Center of Pressure with a force platform
for both motor tasks; 3) Gait Cycle (GC) during a 5-Meter-Walking Test (SMWT). A total of 33 acquisition has been recorded (6 PS; 18 GI; 9 GC). tACS montage: right
cerebellar hemisphere (red box), ipsilateral buccinator muscle (blue box). Panel b. Correlations between anatomo-physiological nodes of ascending (sensitive/
afferent) and descending (motor/efferent) information in neural pathways of different grades of demanded behaviour, and relative mechanism of information
processing. PS has a low-demanded behaviour request and a bottom-up information processing; GI has a high-demanded behaviour request and a top-down in-
formation processing; GC during SMWT has a medium-demanded behaviour without cortical processing, it has only brainstem/medulla regulation of the periphery.
In this framework, cerebellum acts as a regulator of motor and cognitive behaviour in the cerebellar-thalamocortical network. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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researcher, aware of the stimulation parameters (real or sham),
configured the stimulator before each session. Meanwhile, another
researcher, unaware of these parameters, conducted the experiment.
Finally, the kinematic analysis was carried out by another researcher,
who remained blind to the specific montages and frequencies employed
(Fig. 3).

2.5. Statistical analysis

Data were analysed using SPSS Statistics® v.27 (IBM, Armonk, NYC,
USA) software. Descriptive statistics were used to determine the baseline
characteristics of the group. Normal distribution of the analysed vari-
ables was performed using the Shapiro-Wilk test. Separate two-way
rmANOVAs using EYES (2 levels: opened, closed) and STIMULATION
CONDITION (3 levels: theta, gamma, sham) as within-subject factors
were used to evaluate the effects of cerebellar-tACS on PS kinematic
features. Furthermore, separate two-way rmANOVAs were carried out
using SIDE (2 levels: right start, left start) and STIMULATION CONDI-
TION for evaluating GI kinematic parameters. Lastly, to evaluate
possible cerebellar-tACS effects on kinematic features of left and right
lower limbs during GC, we performed separate two-way rmANOVAs
using SIDE (2 levels: right, left) and STIMULATION CONDITION as
within-subject factors. Instead, only the factor STIMULATION CONDI-
TION was used in the analysis of kinematic features that are not side-
dependent (such as velocity, cadence, and step width) in GC. To deter-
mine whether repeated motor practice could have influenced the results,
we conducted separate rmANOVAs using TRIALS (9 levels: from the 1st
to the 9th trial) as within-subject factors for GC and for GI kinematic
features. No motor learning effect has been evaluated for PS kinematic
features because standing is a non-voluntary, long-lasting motor-
sensitive task taught during growing in the human being and
employed in everyday life. Spearman correlation coefficient was used to
test the possible relationship between kinematic variables. The
Greenhouse-Geisser method was used to correct for non-sphericity, if
necessary. Post-hoc paired t-tests (adjusted for multiple comparisons
using the Tukey HSD) were used to investigate significant main effects
and interactions. Moreover, to address the issue of multiplicity arising
from multiple comparisons, we applied the False Discovery Rate (FDR)
method with a threshold of 0.05, calculating the respective critical sig-
nificance level d* (Curran-Everett, 2000; Lindquist and Mejia, 2015).

All the results are shown as mean values + standard deviation of the
mean (SD). The significance level was set at P < 0.05 in all the tests.

3. Results

All the subjects were right-sided dominant lower limbs, as evaluated
with the Waterloo Footedness Questionnaire (WFQ). Participants stated
no adverse side effects during the examinations, and all the subjects
accomplished the different tasks. Only 4 subjects experienced unpleas-
ant sensation (1 female with mild visual sensations at 50 Hz and 3 males
with mild skin discomfort experienced as a sensation of “touching” or
“electrical flow” underneath the buccinator electrode, both only at the
beginning of 5 Hz stimulation). No practice-related effects have influ-
enced the results in GC and GI during the 3 different conditions of
stimulation (all the kinematic features evaluated were not statistically
significant, p > 0.05; shown in SUPPL MATERIAL). Approximation of
current density (magn J, expressed in A/m?), the strength of the electric
field (magn E, expressed in V/m), and the conductivity field during
cerebellar-tACS are shown in Fig. 1.

3.1. Effects of cerebellar-tACS

3.1.1. Effects on PS

Several kinematic measures recorded during PS differed between the
eyes open and eyes closed conditions, as suggested by the significant
factor EYES in the various rmANOVAs. As expected, the Maximum
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Radius (Fy,18 = 6.65, p = 0.019, n% = 0.27), Longitudinal Range (F,15 =
8.41, p = 0.010, ng = 0.32), Total Trace Length (F1 18 = 64.33, p <
0.001, 0% = 0.78), Area (F1,15 = 62.64, p < 0.001, 3 = 0.78) and Mean
Velocity of oscillation (Fq,18 = 23.22, p < 0.001, n; = 0.56) increased
when the task was performed with the eyes closed than eyes open
(Table 1).

More importantly, cerebellar-tACS modulated some of those pa-
rameters in a frequency-dependent manner, as demonstrated by the
significant factor STIMULATION CONDITION in the rmANOVAs. In

Table 1

Raw data and statistical effects of cerebellar-tACS on kinematic features
during the Postural Standing task. EYES, factor EYES (2 levels: opened eyes,
closed eyes); STIM COND, factor STIMULATION CONDITION (3 levels: sham,
theta, gamma); STIM CONDXEYES, interaction between the main factors of the
analysis. Statistically significant effects are shown in bold.

Parameter Task condition rmANOVA
Eyes Open Eyes
Closed
Radius Sham- 5.173 + 5.290 + STIM COND: Fj 36 =
tACS 1.581 1.751 3.246; p = 0.070
Theta- 4.743 £ 4.850 + EYES: Fy 18 = 0.319;
tACS 1.642 1.157 p =0.579
Gamma- 5.204 + 5.338 + STIM CONDxXEYES:
tACS 1.605 1.522 Fa36 = 0.01;p =
0.991
Max Radius Sham- 15.055 + 17.126 + STIM COND: Fj 36 =
tACS 3.801 4.947 4.86; p = 0.014
Theta- 13.487 + 15.096 + EYES: Fy 18 = 6.65;
tACS 4.250 4.361 p = 0.019
Gamma- 15.453 + 16.691 + STIM CONDxXEYES:
tACS 4571 4.758 Faz6 = 0.184; p =
0.761
Min Radius Sham- 0.296 + 0.256 + STIM COND: Fj 36 =
tACS 0.173 0.275 0.419; p = 0.661
Theta- 0.251 + 0.267 + EYES: Fy 18 = 0.09; p
tACS 0.180 0.191 = 0.927
Gamma- 0.240 + 0.251 + STIM CONDxXEYES:
tACS 0.126 0.115 Fa36 = 0.276; p =
0.760
Transversal Sham- 14.264 + 14.969 + STIM COND: Fj 36 =
Range tACS 5.482 5.905 0.565; p = 0.573
Theta- 13.543 + 15.069 + EYES: Fy 15 = 0.804;
tACS 3.478 5.652 p = 0.382
Gamma- 15.229 + 15.134 + STIM CONDxXEYES:
tACS 5.592 4.746 Fa36 = 0.502; p =
0.610
Longitudinal Sham- 22.254 + 29.501 + STIM COND: F3 36 =
Range tACS 7.298 11.351 5.06; p = 0.012
Theta- 22.254 + 24.924 + EYES: Fy 15 = 8.41;
tACS 7.298 8.171 p =0.010
Gamma- 26.207 + 27.271 + STIM CONDxXEYES:
tACS 8.709 8.065 Fo36 = 1.88;p =
0.167
Oscillation Sham- 8.437 + 10.470 + STIM COND: F3 3¢ =
Velocity tACS 1.747 2.845 0.461; p = 0.634
Theta- 8.610 + 9.846 + EYES: Fy 15 = 23.22;
tACS 2.372 2.397 p < 0.001
Gamma- 8.830 + 10.038 + STIM CONDXEYES:
tACS 2.489 1.965 Fa36 = 0.783; p =
0.465
Total Trace Sham- 3946.08 + 513.732 + STIM COND: F3 36 =
Length tACS 65.972 87.495 3.32; p = 0.047
Theta- 357.375 + 488.155 + EYES: Fy 15 = 64.33;
tACS 55.853 85.064 p < 0.001
Gamma- 384.823 + 484.386 + STIM CONDXEYES:
tACS 77.727 81.093 Fa36 = 0.713;p =
0.497
Area Sham- 479.492 + 621.128 + STIM COND: F3 36 =
tACS 92.606 94.547 4.68; p = 0.016
Theta- 433.798 + 564.273 + EYES: Fy 15 = 62.64;
tACS 88.989 95.646 p < 0.001
Gamma- 463.892 + 593.609 + STIM CONDXEYES:
tACS 93.401 94.440 Fo36 = 0.139; p =
0.871
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particular, during PS there was a change in the Maximum Radius (F2 36
=4.86,p = 0.014, ng = 0.21) and Longitudinal Range (F2 36 = 5.06, p =
0.012, ng = 0.22), with lower values during theta-tACS than sham-tACS
(Maximum Radius: p = 0.027; Longitudinal Range: p = 0.028) and
gamma-tACS (Maximum Radius: p = 0.029; Longitudinal Range: p =
0.021). Moreover, cerebellar-tACS modified the Total Trace Length
(Fo,36 = 3.32, p = 0.047, '1121 =0.16) and Area (Fy 36 = 4.68, p = 0.016, ng
= 0.21), with lower values during theta-tACS than sham-tACS (Total
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Trace Length: p = 0.039; Area: p = 0.012) (Table 1 and Fig. 4). Notably,
Maximum Radius (p = 0.999), Longitudinal Range (p = 0.991), Total
Trace Length (p = 0.263) and Area (p = 0.415) were similar between
gamma-tACS and sham-tACS conditions.

All significant findings (p < 0.05) were confirmed after the FDR test
(p < d*), except for Total Trace Length (Supplementary Table S1).
Consequently, this outcome should be considered as a trend in the data
rather than a definitive result.
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Fig. 4. Main kinematic results. Max Radius, Longitudinal Range and Step width decreased during cerebellar theta-tACS (white) compared to sham-tACS (black)
and gamma-tACS (grey). Total Trace Length and Area decreased during theta-tACS compared to sham-tACS. Circles indicate individual data, while diamonds indicate
mean values. Asterisks indicate significant differences between stimulation conditions at post-hoc analysis.
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The effects of theta-tACS were independent of whether subjects had
their eyes open or closed during the task, as evidenced by the lack of a
STIMULATION CONDITION x EYES interaction (Maximum Radius: F5 36
= 0.184, p = 0.761; Longitudinal Range: F5 36 = 1.88, p = 0.167; Total
Trace Length: Fp 36 = 0713, p = 0.497; Area: F5 3¢ = 0.139, p = 0.871).
The other kinematic parameters did not differ between conditions (p
always > 0.05, Table 1).

3.1.2. Effects on GI

Cerebellar-tACS did not elicit statistical changes in the three different
stimulation conditions in all the kinematic features during GI (p always
> 0.05, Table 2).

3.1.3. Effects on GC

Cerebellar-tACS elicited a significant modulation of Step Width, as
indicated by the significant factor STIMULATION CONDITION in the
rmANOVA (Fg36 = 7.43, p = 0.002, nﬁ = 0.29). Post-hoc analysis
revealed that Step Width decreased during theta-tACS (0.104 + 0.06
mm) compared to both sham-tACS (0.112 + 0.07 mm, p < 0.01) and
gamma-tACS (0.11 + 0.07 mm, p = 0.014) (Table 3 and Fig. 4). The
significant p-value was lower than the calculated d*, allowing for the
rejection of the null hypothesis and confirming that the result passed the
FDR test, as showed in Supplementary Table S1.

3.2. Correlations between kinematic variables during cerebellar-tACS

The correlation analysis disclosed no significant relationship be-
tween the statistically significant results of cerebellar theta-tACS during
the three tasks (PS vs. GC, p ranging from —0.95 to 0.206, p ranging from
0.324 to 0.711).

4. Discussion

In this study, we aimed to evaluate the potential effects of cerebellar-
tACS delivered at theta and gamma frequencies on balance and gait
control in healthy subjects. The main finding is that cerebellar-tACS
provided at the theta frequency elicited immediate motor-behavioural
changes in balance and in the gait cycle (but not during gait initia-
tion), as evaluated through kinematic techniques. Specifically, during
the PS task, theta-tACS decreased the Max Radius and Longitudinal
Range (antero-posterior oscillation) compared to gamma-tACS and
sham-tACS, and reduced the Total Trace Length (COP sweep) and Area
compared to sham-tACS. These effects were present both in the eyes
closed and eyes opened conditions. In addition, during the GC task,
cerebellar theta-tACS decreased the Stride Width compared to gamma-
tACS and sham-tACS. Overall, our findings offer novel insights into
the role of cerebellar-thalamo-cortical-spinal network related to motor
control.

The first novel result of the study is that cerebellar theta-tACS
decreased Max Radius and Longitudinal Range compared to sham- and
gamma-tACS during the PS task. Furthermore, cerebellar theta-tACS
reduced both Total Trace Length and Area compared to the sham-tACS
condition. Max Radius is the maximum COP distance from the bar-
ycentre while Longitudinal Range reflects oscillations in the sagittal
plane along the latero-lateral axis. Notably, the weight of the head and
sagittal back curves contribute to a destabilizing force momentum for
the COM (Paulson et al., 2023). Total Trace Length and Area parameters
are directly correlated. In fact, Total Trace Length reflects the COP
sweep while Area represents 95 % of the COP calculated surface during
the recording period in a PS task (Quijoux et al., 2021). Overall,
considering the specific changes in the kinematic features we observed
in PS task, we suggest that theta-tACS delivered over the cerebellum
enhanced stability and improved balance ability in humans. An alter-
native mechanism that may explain reduced Max Radius and Longitu-
dinal Range during stimulation is increased rigidity, as showed in
chronic lumbar back pain (LBP) studies analysing superficial
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Table 2

Raw data and statistical effects of cerebellar-tACS on kinematic features
during the Gait Initiation task. SIDE, factor SIDE (2 levels: right lower limb,
left lower limb); STIM COND, factor STIMULATION CONDITION (3 levels:
sham, theta, gamma); STIM CONDxSIDE, interaction between the main factors
of the analysis; MTtot, Mean Total Time; MTS1, MTS2, MTS3, Mean Time of S1,
S2, and S3 segments; MLtot, Mean Total Length; MLS1, MLS2, MLS3, Mean
Length of S1, S2 and S3 segments; MVtot, Mean Total Velocity; MVS1, MVS2,
MVS3, Mean Velocity of S1, S2 and S3 segments; MaxVS1, MaxVS2, MaxVS3,
Max Velocity of S1, S2 and S3 segments. Statistically significant effects are
shown in bold.

Parameter Lower limb side rmANOVA
Right Left

MTor Sham- 1.123 + 1.121 + STIM COND: Fp 36 = 0.679; p
tACS 0.086 0.103 =0.514
Theta- 1.121 + 1.121 + SIDE: Fy 18 = 0.753; p =
tACS 0.098 0.092 0.397
Gamma- 1.097 + 1.123 + STIM CONDXSIDE: Fy 56 =
tACS 0.082 0.088 1.649; p = 0.207

MTs; Sham- 0.356 + 0.340 + STIM COND: Fy 36 = 0.105; p
tACS 0.075 0.067 = 0.901
Theta- 0.346 + 0.352 + SIDE: Fy ;3 = 0.083; p =
tACS 0.076 0.070 0.777
Gamma- 0.344 + 0.344 + STIM CONDXSIDE: Fy 36 =
tACS 0.062 0.071 0.870; p = 0.427

MTso Sham- 0.285 + 0.287 + STIM COND: Fy 36 = 0.317; p
tACS 0.051 0.041 =0.730
Theta- 0.287 + 0.291 + SIDE: Fy ;8 = 0.784; p =
tACS 0.039 0.049 0.388
Gamma- 0.285 + 0.297 + STIM CONDXSIDE: F5 36 =
tACS 0.045 0.061 0.422; p = 0.603

MTs3 Sham- 0.470 + 0.488 + STIM COND: Fy 36 = 1.197; p
tACS 0.049 0.044 = 0.627
Theta- 0.481 + 0.479 + SIDE: Fy ;3 = 0.245; p =
tACS 0.054 0.046 0.627
Gamma- 0.474 + 0.470 + STIM CONDXSIDE: F; 36 =
tACS 0.041 0.052 1.752; p = 0.188

MLiot Sham- 0.478 + 0.460 + STIM COND: Fp 36 = 0.268; p
tACS 0.104 0.068 = 0.767
Theta- 0.474 + 0.458 + SIDE: Fy 15 = 1.344; p =
tACS 0.079 0.052 0.261
Gamma- 0.475 £ 0.452 + STIM CONDXSIDE: F; 36 =
tACS 0.082 0.078 0.083; p = 0.921

MLg; Sham- 0.087 + 0.086 + STIM COND: Fp 36 = 1.240; p
tACS 0.027 0.029 = 0.301
Theta- 0.083 + 0.083 + SIDE: Fy 18 = 0.299; p =
tACS 0.022 0.020 0.591
Gamma- 0.090 + 0.084 + STIM CONDXSIDE: F3 36 =
tACS 0.021 0.023 0.825; p = 0.447

MLg, Sham- 0.167 + 0.146 + STIM COND: Fy 36 = 0.790; p
tACS 0.060 0.025 = 0.461
Theta- 0.163 + 0.143 + SIDE: Fy 15 = 3.787; p =
tACS 0.046 0.025 0.067
Gamma- 0.162 + 0.142 + STIM CONDXSIDE: Fy 36 =
tACS 0.050 0.029 0.013, p = 0.987

MLg3 Sham- 0.224 + 0.228 + STIM COND: Fy 36 = 1.551; p
tACS 0.035 0.036 =0.226
Theta- 0.229 + 0.232 + SIDE: F; 15 = 0.226; p =
tACS 0.026 0.033 0.640
Gamma- 0.224 + 0.226 + STIM CONDXSIDE: F5 36 =
tACS 0.028 0.037 0.024; p = 0.976

MV, Sham- 1.148 + 1.116 + STIM COND: F 36 = 0.026; p
tACS 0.227 0.215 =0.975
Theta- 1.132 + 1.132 + SIDE: Fy ;3 = 0.694; p =
tACS 0.213 0.176 0.416
Gamma- 1.148 + 1.109 + STIM CONDXSIDE: F5 36 =
tACS 0.200 0.184 1.053; p = 0.359

MVg; Sham- 0.228 + 0.235 + STIM COND: Fp 36 = 0.379; p
tACS 0.071 0.062 = 0.687
Theta- 0.232 + 0.234 + SIDE: Fy 15 = 0.042; p =
tACS 0.073 0.060 0.840
Gamma- 0.244 + 0.230 + STIM CONDXSIDE: F; 36 =
tACS 0.066 0.062 3.197; p = 0.053

MVs, Sham- 0.468 + 0.458 + STIM COND: Fp 36 = 0.609; p
tACS 0.150 0.119 = 0.549

(continued on next page)
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Table 2 (continued)
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Table 3

Raw data and statistical effects of cerebellar-tACS on kinematic features
during the Gait Cycle task. SIDE, factor SIDE (2 levels: right lower limb, left
lower limb); STIM COND, factor STIMULATION CONDITION (3 levels: sham,
theta, gamma); STIM CONDxSIDE, interaction between the main factors of the
analysis; GST, Gait Stride Time; StT, Stance Time; SwT, Swing Time; StP, Stance
Percentage of the Gait Cycle; SWP, Swing Percentage of the Gait Cycle; SSP,
Single Support Percentage; DSP, Double Support Percentage; StrL, Stride Length;
StL, Step Length; MV, Mean velocity; SW, Step Width. Statistically significant
effects are shown in bold.

Parameter Lower limb side rmANOVA
Right Left

Theta- 0.456 + 0.460 + SIDE: Fy 33 = 0.250; p =
tACS 0.113 0.096 0.623
Gamma- 0.461 + 0.444 + STIM CONDXSIDE: F3 36 =
tACS 0.122 0.110 0.685; p = 0.510

MVg3 Sham- 0.451 + 0.423 + STIM COND: F, 36 = 0.108; p
tACS 0.065 0.080 = 0.898
Theta- 0.444 + 0.438 + SIDE: Fy 15 = 1.547; p =
tACS 0.075 0.075 0.230
Gamma- 0.443 + 0.436 + STIM CONDXSIDE: Fy 36 =
tACS 0.066 0.065 1.047; p = 0.362

MaxVg;  Sham- 0.405 + 0.437 + STIM COND: Fy 36 = 0.049; p
tACS 0.144 0.140 = 0.952
Theta- 0.412 + 0.422 + SIDE: Fy 15 = 1.07; p = 0.315
tACS 0.144 0.121
Gamma- 0.416 + 0.425 + STIM CONDXSIDE: Fj 36 =
tACS 0.128 0.130 0.770; p = 0.471

MaxVs,  Sham- 0.986 + 0.929 + STIM COND: F; 36 = 0.245; p
tACS 0.323 0.190 =0.784
Theta- 0.938 + 0.976 + SIDE: Fy ;3 = 0.094; p =
tACS 0.260 0.245 0.763
Gamma- 0.953 + 0.942 + STIM CONDXSIDE: F; 36 =
tACS 0.277 0.260 2.374; p = 0.108

MaxVs3 Sham- 1.213 + 1.192 + STIM COND: F3 3¢ = 0.80; p
tACS 0.893 0.968 = 0.386
Theta- 1.013 £ 0.977 £ SIDE: Fy 18 = 0.312; p =
tACS 0.391 0.197 0.583
Gamma- 1.036 += 0.994 + STIM CONDXSIDE: F3 36 =
tACS 0.262 0.188 0.087; p = 0.917

electromyography (sEMG) activation patterns of trunk and lower limb
muscles (Ayhan et al., 2016; Henry et al., 2006; Jacobs et al., 2016,
2011, 2009; Mok et al.,, 2011). However, while subjects with LBP
demonstrated gait cycle alterations due to lumbar segment stiffness (Lee
and Sung, 2021; Rahimi et al., 2020; Smith et al., 2013), we did not
observe similar kinematic changes in our subjects, suggesting that the
mechanisms underlying cerebellar-tACS effects may differ from those
associated with LBP in multisegmental spinal muscle activation.
Importantly, tACS effects were frequency specific, i.e. significant
changes were present only when tACS was delivered at the theta fre-
quency. In contrast, kinematic parameters did not differ between
gamma-tACS and sham-tACS. tACS operates by modulating the firing
rate and timing discharge of susceptible neurons, which, in turn, de-
termines the entrainment of their activity to the stimulation frequency
(Johnson et al., 2020; Krause et al., 2019; Reato et al., 2013). Since tACS
efficacy require that the stimulation frequency matches the natural
oscillatory activity of the targeted neurons (Ali et al., 2013; Fabbrini
et al., 2022b; Ozen et al., 2010; Witkowski et al., 2016), we hypothesize
that some neuronal population within the cerebellar cortex should
resonate to the theta frequency applied. In this regard, there is evidence
that cerebellar granule cells have natural oscillatory properties in the
theta band (Courtemanche et al., 2013; De Zeeuw et al., 2008b; Die-
udonné and Dumoulin, 2000; Dugué et al., 2009a; Hoffmann and Berry,
2009a; Medina and Mauk, 2000). Moreover, it has been demonstrated
that alternating electrical currents elicit a preferential response in the
theta frequency range in these cells (Casula et al., 2016; Dugué et al.,
2009; Hoffmann and Berry, 2009). Accordingly, the effects of cerebellar
theta-tACS on PS task parameters, i.e. enhancement of postural stability
and improvement of balance ability, may be explained by the entrain-
ment produced by the stimulation on granule cells within the cerebellum
(Guerra et al., 2024; Manto et al., 2021; Spampinato et al., 2021). Theta-
tACS-induced activation of granule cells would have boosted the Pur-
kinje cells’ inhibitory drive on deep cerebellar nuclei and, in turn,
reduced the excitatory output to the spinal cord (Gandolfi et al., 2013).
Putative macroscale networks modulated by cerebellar theta-tACS may
include cerebellar-brainstem-spinal pathways underlying vestibulocer-
ebellum and spinocerebellum systems (Manto et al., 2021; Takakusaki,

Parameter Lower limb side rmANOVA
Right Left

GST Sham- 0.986 + 0.992 + STIM COND: Fy 36 = 1.267;
tACS 0.074 0.063 p = 0.289
Theta- 0.980 + 0.987 + SIDE: Fy 153 = 1.062; p =
tACS 0.061 0.058 0.316
Gamma- 0.977 + 0.981 + STIM CONDXSIDE: F3 36 =
tACS 0.058 0.055 0.098; p = 0.821

StT Sham- 0.562 + 0.567 + STIM COND: Fy 36 = 0.711;
tACS 0.041 0.038 p = 0.498
Theta- 0.564 + 0.568 + SIDE: Fy 15 = 1.934; p =
tACS 0.042 0.041 0.181
Gamma- 0.561 + 0.564 + STIM CONDXSIDE: F3 36 =
tACS 0.041 0.043 0.325; p = 0.724

SWT Sham- 0.426 + 0.418 + STIM COND: Fy 36 = 1.179;
tACS 0.024 0.018 p = 0.319
Theta- 0.424 + 0.418 + SIDE: Fy 15 = 4.368; p =
tACS 0.020 0.017 0.061
Gamma- 0.421 + 0.416 + STIM CONDXSIDE: F; 36 =
tACS 0.019 0.015 0.743; p = 0.483

StP Sham- 56.916 + 57.679 + STIM COND: Fy 36 = 1.343;
tACS 1.743 1.753 p=0.272
Theta- 57.319 + 57.724 + SIDE: Fy 13 = 4.667; p =
tACS 1.107 1.324 0.054
Gamma- 57.347 + 58.048 + STIM CONDXSIDE: F3 36 =
tACS 1.561 1.675 0.253; p = 0.717

SwP Sham- 43.260 + 43.041 + STIM COND: Fy 36 = 0.932;
tACS 1.367 1.510 p = 0.403
Theta- 43.067 + 42.653 + SIDE: Fy 15 = 2.496; p =
tACS 1.409 1.509 0.132
Gamma- 43.158 + 42.627 + STIM CONDXSIDE: F3 36 =
tACS 1.562 1.286 0.210; p = 0.812

SSP Sham- 42.542 + 43.644 + STIM COND: F, 36 = 0.750;
tACS 1.996 2.228 p = 0.480
Theta- 42.722 + 42971 + SIDE: Fy 15 = 4.135; p =
tACS 1.514 1.242 0.057
Gamma- 42.578 + 43.095 + STIM CONDXSIDE: Fp 36 =
tACS 1.524 1.505 0.854; p = 0.434

DSP Sham- 7.161 + 7.477 £ STIM COND: F; 36 = 0.064;
tACS 1.315 0.946 p =0.938
Theta- 7.372 + 7.181 + SIDE: Fy 15 = 0.585; p =
tACS 0.901 1.022 0.454
Gamma- 7.212 + 7.384 + STIM CONDXSIDE: F3 36 =
tACS 1.370 1.169 2.312; p =0.114

StrL Sham- 1.588 + 1.605 + STIM COND: F; 36 = 1.730;
tACS 0.134 0.145 p = 0.192
Theta- 1.585 + 1.588 + SIDE: Fy 13 = 0.702; p =
tACS 0.130 0.135 0.413
Gamma- 1.606 + 1.600 + STIM CONDXSIDE: F; 36 =
tACS 0.139 0.130 1.212; p = 0.310

StL Sham- 0.795 + 0.797 + STIM COND: Fy 36 = 0.798;
tACS 0.069 0.071 p = 0.458
Theta- 0.794 + 0.789 + SIDE: Fy ;3 = 0.235; p =
tACS 0.065 0.065 0.634
Gamma- 0.801 + 0.795 + STIM CONDXSIDE: F3 36 =
tACS 0.068 0.066 1.076; p = 0.352

MV Sham- 1.628 + 0.181 STIM COND: Fy 36 = 3.142;
tACS p = 0.065
Theta- 1.611 + 0.175
tACS
Gamma- 1.650 + 0.179
tACS

Cadence  Sham- 122.233 + 7.863 STIM COND: Fy 36 = 1.327;
tACS p=0.177
Theta- 122.478 + 7.579
tACS

(continued on next page)
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Table 3 (continued)

Parameter Lower limb side rmANOVA
Right Left

Gamma- 123.133 +£7.274
tACS

SW Sham- 0.112 + 0.031 STIM COND: Fy 36 =
tACS 7.432; p = 0.002
Theta- 0.104 + 0.026
tACS
Gamma- 0.112 + 0.030
tACS

2017).

In the general context of cerebellar-thalamo-cortical network neu-
romodulation, further insight to interpret our results can be drawn from
DBS studies. Apparently in contrast with our findings showing beneficial
effects of cerebellar-thalamo-cortical non-invasive modulation, some
reports of DBS targeting the ventralis intermedius (VIM) nucleus of the
thalamus suggested possible detrimental effects of the stimulation on
gait and balance (Earhart et al., 2009; Hwynn et al., 2011; Pahwa et al.,
2006). In contrast, DBS of the dentate nucleus improved ataxia in a
patient with a cerebellar stroke (Cury et al., 2019). These data suggest
that the overall outcome of cerebellar-thalamo-cortical neuro-
modulation on gait and balance may depend on the specific node of the
network targeted (i.e., thalamus or cerebellum).

As expected, several kinematic features, including Max Radius,
Longitudinal Range, Total Trace Length and Area, differed between the
eyes closed and eyes open condition during the PS task. A physiological
difference exists in the normal human being, as closed eyes condition,
compared to open eyes condition, is more destabilizing for COP because
visual information stabilizes COP during body sway (Schieppati et al.,
1999). As our data indicate no influence of the eyes (closed vs. open)
condition on the effect of theta-tACS during the PS task, we believe that
the observed effect likely stems from pure cerebellar modulation
induced by tACS rather than peripheral factors.

Another novel study result is that cerebellar theta-tACS modified a
simple gait motor task by reducing the Step Width in the Gait Cycle
compared to sham- and gamma-tACS. This finding is in line with those
we observed during the PS task, i.e. cerebellar theta-tACS ameliorates
stability and balance in humans. Indeed, an increased step width is a
well-known kinematic feature of gait disturbances in ataxia and multiple
sclerosis (Buckley et al., 2018; Comber et al., 2017; Manto et al., 2023)
and the step width reduction is a positive indicator of gait and balance
recovery in patients with cerebellar diseases and stroke (Koch et al.,
2019; Nardone et al., 2014). So far, only a few studies have tested
cerebellar-tACS effects on gait. Kogenamaru and colleagues found a
significant entrainment of gait rhythm during stimulation at ~ 1 Hz
frequency, which was close to that of the normal gait cycle. However, no
information was given about changes in kinematic gait features,
including the step width. Naro and co-workers, instead, did not find
motor behaviour modifications in gait parameters when stimulating the
cerebellum with tACS delivered at 10 Hz, 50 Hz, or 300 Hz. Importantly,
theta was not among the frequencies tested in the study. Moreover, gait
parameters were recorded off-line (i.e., after cerebellar-tACS), while
recent studies suggested that cerebellar-tACS modulates cerebellar
excitability during stimulation only (Spampinato et al., 2021; Guerra
etal., 2024). Interestingly, a reduction of step width during gait has been
reported in post-stroke patients using cerebellar intermittent theta-burst
stimulation (iTBS), a transcranial magnetic stimulation (TMS) protocol
which induces long-term potentiation-like effects (Koch et al., 2019).
The simulation pattern of iTBS implies delivering bursts of 3 pulses with
an inter-burst frequency of 5 Hz (Huang et al., 2005). Accordingly,
cerebellar-iTBS and cerebellar theta (5 Hz)-tACS we employed share the
same stimulation frequency, supporting our hypothesis of selective
entrainment of neurons resonant to theta oscillations within the
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cerebellar cortex (Guerra et al., 2024).

Unlike the well-established pro-kinetic effects observed with tACS
targeting the primary motor cortex (M1) (Bologna et al., 2019; Guerra
et al., 2022, 2019; Hu et al., 2022; Miyaguchi et al., 2019; Moisa et al.,
2016; Santarnecchi et al., 2017), our study found that cerebellar-tACS
delivered at the gamma frequency range did not enhance the various
motor tasks we tested. Possible reasons why cerebellar stimulation does
not elicit pro-kinetic changes may be linked to differences in the net-
works, neurotransmitters, and receptors involved in the two neural
pathways, resulting in significantly different motor outputs. Using
gamma-tACS to activate gamma-resonant circuits within the cerebellum
is reasonable because Purkinje cells have a basal firing pattern in the
range of gamma band (Cheron and Cheron, 2018; Lindeman et al., 2021;
Raman and Bean, 1999). Moreover, our results contrast with some
previous findings. For instance, Naro and colleagues demonstrated that
gamma-tACS applied to the right cerebellar hemisphere facilitated
adaptation to frequency shifts in a finger opposition motor task (Naro
et al., 2016). Similarly, in another investigation by the same group, it
was shown that cerebellar gamma-tACS improved the execution time in
upper limb movements (Naro et al., 2017). However, none of these prior
studies evaluated the effects of cerebellar gamma-tACS on lower limb
motor tasks. The discrepancy between previous data on gamma-tACS
effects on upper limb performance and our results showing no influ-
ence on kinematic parameters of the lower limbs might be attributed to
the distinct neural pathways involved in lower limb motor control.
These pathways may incorporate additional subcortical areas and sen-
sory inputs to modulate motor output signals (Delval et al., 2020;
MacKinnon, 2018; Takakusaki, 2013). A simpler explanation is that
gamma oscillatory activity within the cerebellum does not contribute to
the specific tasks we tested. Another possibility is that the intensity of
gamma-tACS used in our study did not sufficiently entrain the neurons
and circuits involved in lower limb motor tasks. Further investigations
are warranted to explore optimal stimulation parameters and to delin-
eate the differential effects of cerebellar-tACS on upper and lower limb
motor functions.

In contrast to what observed in PS and GC tasks, gait initiation did
not exhibit significant changes during cerebellar-tACS. This discrepancy
in outcomes may be attributed to the distinct information processing
involved in sensorimotor integration for GI compared to PS and GC
(Takakusaki, 2017). Cerebellar contribution in GI is marginal compared
to other motor tasks assessed in this study. In GI, voluntary movements
are derived from intentionally-elicited motor commands arising from
the cerebral cortex to the brainstem and spinal cord, destabilizing the
homeostatic balance in the sensorimotor integration pattern
(Takakusaki, 2017). In this neurophysiological framework, it is plau-
sible that cerebellar tACS influences the PS and GC nodes within their
respective neural pathways but does not alter the GI one. Accordingly,
GI would be less susceptible to the modulatory effects of cerebellar tACS
compared to PS and GC tasks.

This study has several methodological limitations that must be
carefully considered when interpreting the results. First, the short
duration of cerebellar tACS stimulation, applied only during specific
motor tasks, represents a significant constraint. As highlighted in pre-
vious studies, cerebellar tACS appears to exert primarily online effects,
meaning its influence is limited to the period of stimulation without
significant carry-over effects. This contrasts with DBS, which relies on
chronic, continuous stimulation to produce clinically meaningful im-
provements in posture and gait. The transient nature of tACS raises
questions about its ability to induce sustained or comparable effects,
particularly given the lack of a long-term follow-up or carry-over
assessment in our study. Future studies should investigate whether
prolonged or repeated tACS sessions can achieve benefits similar to
those observed with chronic DBS. Second, the absence of neurophysio-
logical measures (e.g., EEG, fMRI, or MEG) to directly assess changes in
brain activity represents a critical methodological gap. Without such
data, the mechanisms underlying the observed behavioural effects
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remain speculative. For instance, while we hypothesize that tACS
modulates cerebellar oscillations, we cannot confirm whether these
changes occur or how they influence motor networks. Incorporating
neuroimaging or electrophysiological measures in future studies is
essential to establish a causal link between tACS and neural modulation.
However, cerebellar oscillations are very challenging to record
(Samuelsson et al., 2020). Importantly, as stated before, we interpreted
our results based on the principle that tACS effects are present during
stimulation only. This remains a topic of debate, but recent in vivo an-
imal studies have confirmed that tACS effects are limited to the stimu-
lation period, with no relevant aftereffects (Johnson et al., 2020; Krause
et al., 2019). Similarly, studies in humans focusing on motor and so-
matosensory areas and the cerebellum have specifically investigated this
issue through dedicated experiments and demonstrated that both
neurophysiological and behavioural tACS-related effects fade away
immediately after the end of stimulation (Bologna et al., 2019; Fabbrini
et al., 2022a; Guerra et al., 2019; Pozdniakov et al., 2021; Spampinato
et al., 2021). Consequently, we chose to concentrate solely on the on-
line effects of tACS at different frequencies during various motor
tasks, without conducting pre- and post-stimulation evaluations.
Another constraint is that we only tested two stimulation frequencies,
whereas the cerebellum’s oscillatory activity spans various other fre-
quency bands (Dalal et al., 2013; De Zeeuw et al., 2008a). In this regard,
a study design including beta-band tACS was originally considered due
to its potential impact on cerebellar physiology (Kaethler et al., 2023).
However, beta-tACS has a higher propensity to elicit unpleasant visual
sensations (Moliadze et al., 2021; Wischnewski et al., 2020), which may
have impacted the performance in motor tasks. Additionally, the study
design may have been susceptible to placebo effects or unblinding,
despite our efforts to implement rigorous blinding protocols. The sub-
jective nature of motor performance tasks and the potential for partic-
ipants to detect subtle differences between active and sham stimulation
could have influenced the results. Including additional control condi-
tions, such as active stimulation of non-target brain regions, would help
mitigate this issue in future research. Moreover, the relatively small
sample size and the focus on healthy young subjects limit the general-
izability of our findings. While studying healthy participants provides
valuable insights into the basic mechanisms of cerebellar tACS, the
translational relevance of these findings to clinical populations remains
unclear. Future studies should explore these effects in individuals with
motor impairments to determine the therapeutic potential of cerebellar
tACS. Lastly, it would have been useful to combine kinematic data
derived from motor behaviour with neuroimaging or TMS measures, to
verify whether motor performance modulation was associated to
cerebellum-cortical connectivity changes (Guerra et al., 2024). Future
multimodal studies are warranted to address this specific issue, incor-
porating longer stimulation protocols, neurophysiological measures,
and clinical validation to fully elucidate the potential of cerebellar tACS.

5. Conclusions

This study provides novel information on the effects of cerebellar
tACS, delivered at functionally relevant cerebellar frequencies, on motor
behaviour in healthy subjects. Our findings point to a physiological role
of cerebellar theta-resonant circuits in controlling balance and gait cycle
parameters. Further studies are needed to clarify the possible thera-
peutic effects of cerebellar theta-tACS in patients with neurological
disorders such as cerebellar ataxias and movement disorders. Also,
future studies are needed to validate these findings in real-life situations,
overcoming technical limitations due to the recording methods through
the use of inertial sensors.
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