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ARTICLE INFO ABSTRACT

Keyword: Background: Connections between the cerebellum and the cortex play a critical role in learning and executing
Cerebellar TMS complex behaviours. Dual-coil transcranial magnetic stimulation (TMS) can be used non-invasively to probe
EEG connectivity changes between the lateral cerebellum and motor cortex (M1) using the motor evoked potential

TMS evoked potential
Visuomotor adaptation
Auditory evoked potential

as an outcome measure (cerebellar-brain inhibition, CBI). However, it gives no information about cerebellar
connections to other parts of cortex.

Objectives: We used electroencephalography (EEG) to investigate whether it was possible to detect activity evoked
in any areas of cortex by single-pulse TMS of the cerebellum (cerebellar TMS evoked potentials, cbTEPs). A second
experiment tested if these responses were influenced by the performance of a cerebellar-dependent motor learning
paradigm.

Methods: In the first series of experiments, TMS was applied over either the right or left cerebellar cortex, and
scalp EEG was recorded simultaneously. Control conditions that mimicked auditory and somatosensory inputs
associated with cerebellar TMS were included to identify responses due to non-cerebellar sensory stimulation.
We conducted a follow-up experiment that evaluated whether cbTEPs are behaviourally sensitive by assessing
individuals before and after learning a visuomotor reach adaptation task.

Results: A TMS pulse over the lateral cerebellum evoked EEG responses that could be distinguished from those
caused by auditory and sensory artefacts. Significant positive (P80) and negative peaks (N110) over the con-
tralateral frontal cerebral area were identified with a mirrored scalp distribution after left vs. right cerebellar
stimulation. The P80 and N110 peaks were replicated in the cerebellar motor learning experiment and changed
amplitude at different stages of learning. The change in amplitude of the P80 peak was associated with the de-
gree of learning that individuals retained following adaptation. Due to overlap with sensory responses, the N110
should be interpreted with caution.

Conclusions: Cerebral potentials evoked by TMS of the lateral cerebellum provide a neurophysiological probe of
cerebellar function that complements the existing CBI method. They may provide novel insight into mechanisms
of visuomotor adaptation and other cognitive processes.
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1. Introduction

The ability for humans to execute various daily actions smoothly re-
quires constant communication of the cerebellum with diverse areas of
the brain. Beyond the well-known role of the cerebellum in movement
preparation, movement kinematics and learning, it is also clear that this
structure is highly involved in non-motor behaviours, including cogni-
tion and emotion (Benagiano et al., 2018; Strata, 2015; Strick et al.,
2009). Therefore, knowledge of the interactions between the cerebellum
and cerebral cortex is necessary not only to understand how healthy in-
dividuals perform complex behaviours but also to give insights into the
pathophysiology of neurological and psychiatric diseases.

Over the past decades, a variety of human neuroimaging (e.g., struc-
tural and functional magnetic resonance imaging (MRI); magneto- and
electroencephalography (M/EEG)) and neurophysiological tools have
been used to investigate interactions between the cerebellum and cor-
tical areas (Allen et al., 2005; Du et al., 2018; Fernandez et al., 2021;
Hallett et al., 2017; Palesi et al., 2017, 2015; Sasaki et al., 2022). How-
ever, each method has its limitations. For instance, brain imaging ap-
proaches are associated with high costs and low temporal resolution
and cannot directly infer the directionality of changes in cerebellar ac-
tivity or cerebellar-cortical interactions. Scalp-recorded EEG and MEG
have a poor resolution of cerebellar electrical activity because it is lo-
cated far from the scalp surface. On the other hand, dual-site, paired-
pulse transcranial magnetic stimulation (TMS) can probe cerebellar-
cortical pathways at millisecond resolution by stimulating the cerebel-
lum with a TMS pulse and measuring the excitability of the motor cortex
(M1) with a second pulse, a protocol termed cerebellar brain inhibition
(CBI) (Spampinato et al., 2021; Ugawa et al., 1995). Such studies have
examined changes in cerebellar-M1 connectivity during movement as
well as before and after cerebellar-dependent motor learning. However,
the method is limited to cerebellum-M1 connectivity: alternative ap-
proaches are needed to probe connectivity to other non-motor areas of
the cortex. Indeed, the motor evoked potential (MEP), used to quantify
the excitability of M1, only samples a small fraction of cortical output
(the corticospinal tract) and may not represent a complete picture of
motor cortex responsiveness to cerebellar stimulation. We argue that
the cortical response evoked by cerebellar stimulation might be better
quantified using EEG.

Combining TMS with simultaneous EEG recording (TMS-EEG) has
increased in popularity as a method that combines high temporal (mil-
lisecond) resolution of cortical excitability with reasonable spatial res-
olution of its origin. TMS-evoked potentials (TEPs), which are the av-
erage EEG response to a phasic stimulus, provide a relatively simple
measure of cortical excitability and connectivity (Mancuso et al., 2021;
Tremblay et al., 2019).

Recently, a few reports have provided preliminary work integrat-
ing cerebellar TMS and EEG co-registration. These studies have shown
promising results that suggest it is feasible to record TEPs and oscilla-
tory activity following cerebellar stimulation, albeit with some differing
results due to the selection of control conditions and stimulation pa-
rameters (Fernandez et al., 2021; Gassmann et al., 2022). In particular,
Gassman and colleagues stimulated the cerebellum using a small figure-
of-eight coil (F8 coil) and compared their results with multiple control
conditions, including TMS of right occipital cortex, cerebellar TMS with
downward currents and a sham condition that combined supramaxi-
mal electrical stimulation with TMS of the right shoulder. Although
some of the results suggested that at least part of the EEG signals fol-
lowing cerebellar TMS reflect cerebellar input to the cortex, we argue
that this conclusion might be strengthened by coupling cerebellar TMS-
EEG with a visuomotor adaptation task known to modify the effective-
ness of cerebellar-cortical connections (Koch et al., 2020; Spampinato
and Celnik, 2021; Tzvi et al., 2021). It is also essential to note that
such a combination between electrophysiology and behaviour would
serve as a control for the sensory evoked potentials, which can easily
contaminate TEPs obtained by cerebellar TMS (Fernandez et al., 2021;
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Gassmann et al., 2022). Indeed, while it is plausible to hypothesize that
“true” cerebellar TEPs would be modulated by visuomotor adaptation,
there is no physiological basis for assuming that EEG responses to audi-
tory and somatosensory input by TMS would undergo similar changes.

We found that the main signature of cerebellar TEPs (cbTEPs) is a
positive component peaking around 80 ms in the prefrontal area con-
tralateral to the stimulated cerebellar hemisphere. This wave was side-
specific, was not elicited by sensory stimulation alone and the visuomo-
tor adaptation increased its amplitude. Overall, this evidence suggests
that it may be possible to probe cerebellar-cortical connections with
TMS-EEG.

2. Materials and methods
2.1. Participants

Thirty-two right-handed (Oldfield, 1971) (26.5 + 7.6 years old, 15
male and 17 female) individuals without any history of neurological
or psychiatric diseases, and who were not taking drugs active at the
central nervous system, participated in the study after providing written
informed consent. All experimental procedures were approved by the
University College London Ethics Committee, were in accordance with
the Declaration of Helsinki and followed international safety guidelines
for non-invasive brain stimulation (Rossi et al., 2009).

2.2. Experimental design

During the experimental sessions recorded at rest, participants were
seated in a comfortable chair in a quiet room, with their forearms rest-
ing on a pillow placed on their lap. For the experimental sessions that
involved the motor task, subjects sat on a comfortable chair of suitable
height and controlled a robot arm with their right arm. During TMS-
EEG recordings, participants were instructed to fixate on a white cross
displayed on a computer screen to prevent excessive eye movements.
To mask the TMS-induced noise and minimize possible auditory evoked
potentials (AEPs), participants wore earphones (MDR-EX110LP, Deep
Bass Earphones, Sony, Japan) that continuously played a masking noise
composed of white noise mixed with specific time-varying frequencies of
the TMS click (Biabani et al., 2019; Casula et al., 2018; Fernandez et al.,
2021; Massimini et al., 2005; Rocchi et al., 2018; ter Braack et al., 2015).
The volume of the masking noise was adjusted for each participant by
increasing the intensity until the TMS click could not be heard or to
the maximum tolerated level (always below 90 dB) (Casula et al., 2018;
Massimini et al., 2005; Rocchi et al., 2018).

In this study, we characterized EEG responses by cerebellar TMS ob-
tained with a double-cone (DC) coil, which is the only one that can
reliably produce CBI in healthy individuals (Fernandez et al., 2018;
Hardwick et al., 2014; Spampinato et al., 2020a). We used several con-
trol conditions to investigate rigorously the impact of potential sources
of sensory activation produced by TMS (Rocchi et al., 2021). Lastly, we
investigated changes in cerebellar TEPs after a visuomotor adaptation
task. A total of four different experiments were performed in this study.
Experiments 1, 2, and 3 involved resting state recordings of cbTEPs.
These were designed to investigate the effects of cerebellar stimulation
on EEG signals recorded from the whole scalp and to isolate the contri-
bution of direct cerebellar stimulation from that of auditory stimulation
(experiment 2) and somatosensory stimulation mimicked by electrical
stimulation (experiment 3) generated in the context of a cerebellar TMS
pulse. Experiment 4 assessed changes in cbTEPs prior to and follow-
ing different stages of a visuomotor learning task known to depend on
cerebellar function (Spampinato and Celnik, 2021; Spampinato et al.,
2017).

In experiment 1 (25 subjects, 27.4 + 6.5 years old, 12 female and
13 male), we assessed EEG responses over the whole scalp after TMS
was administered either to the left (LCS) or right (RCS) cerebellar hemi-
sphere, in two separate recording blocks. In each block, CBI was also
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Visuomotor learning task

Adaptation
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Fig. 1. Protocol of cerebellar visuomotor adaptation. The
figure illustrates the sequence of reaching trial blocks and
the timing of cerebellar TMS (red arrow) in experiment 4.
See text for details (For interpretation of the references to

’3\0 color in this figure legend, the reader is referred to the web
g version of this article.)
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measured from the first dorsal interosseous muscle (FDI) to calibrate the
TMS intensity to effectively activate cerebello-cortical projections (see
details in supplementary material 1). To minimize subjects’ discomfort
and coil overheating, each block was separated into three parts, as pre-
viously done by (Sasaki et al., 2022).

Experiments 2 and 3 were designed to control for auditory and so-
matosensory input, respectively, in the context of cerebellar TMS-EEG.
Because previous studies offer evidence that evoked responses due to au-
ditory and somatosensory input of TMS summate linearly (Gordon et al.,
2021; Rocchi et al., 2021), we kept the two sensory stimulations deliv-
ered separately instead of combined in a realistic sham. We did this to
thoroughly investigate possible EEG responses to different input modal-
ities in cerebellar TMS, which were not previously investigated.

In experiment 2, auditory stimulation was tested (14 subjects from
experiment 1, 27.7 + 7.7 years old, 9 female and 5 male) by holding the
DC coil over a 5 cm rigid spacer that provided both air-conducted and
bone-conducted auditory input without directly stimulating the scalp
(Conde et al., 2019; Rocchi et al., 2021). Experiment 3 was designed
to mimic the broad muscle contraction induced by right cerebellar TMS
(20 subjects from Experiment 1, 28.1 + 6.7 years old, 9 female and 11
male); this was done by administering electrical stimulation simultane-
ously over the right masseter and trapezius muscles with two sets of
electrical stimulators, as in previous work (Gordon et al., 2021).

A total of 14 subjects (25.6 + 8.7 years old, 8 female and 6 male)
were enrolled in experiment 4. First, we found a stimulation intensity to
elicit reliable CBI (see details in supplementary material 1). We then de-
livered RCS at 3 different stages of a visuomotor learning task: prior to
baseline training (PreBase), after baseline training (PostBase) and after
adaptation (PostAd) (Fig. 1). In all the experiments above, each condi-
tion consisted of 100 TMS pulses, delivered at an ITI of 5 s + 10%.

At the end of the experiments, subjects were asked to quantify loud-
ness of the TMS click after RCS (in experiments 1 and 4) and auditory
stimulation (in experiment 2), intensity of muscle twitch after RCS (in
experiments 1 and 4) and somatosensory stimulation (in experiment 3),
and discomfort by RCS (experiment 1 and 4) by means of a visual analog
scale (VAS) with values ranging from 0 to 10 (absent to maximal per-
ception). Of note, 14 subjects from experiment 1 were recruited in ex-
periment 2 (auditory stimulation); since, in this condition, only auditory
stimulation was delivered, only VAS scores for loudness were recorded.
20 subjects from experiment 1 participated in experiment 3 (somatosen-
sory stimulation), where only somatosensory input was provided; There-
fore, only VAS scores for twitch were recorded in experiment 3. VAS for
discomfort were recorded to investigate the RCS session’s tolerability;
therefore, values were not used for statistical comparisons.

2.3. Cerebellar transcranial magnetic stimulation and auditory stimulation

Cerebellar stimulation was performed with a 110 mm DC coil
(Rocchi et al., 2019; Spampinato et al., 2020a; Ugawa et al., 1995)

(Magstim, Whitland, Dyfed, UK), located 3 cm lateral to the inion (Di Bi-
asio et al., 2015; Monaco et al., 2018; Werhahn et al., 1996), such that
current was induced upwards in the neural tissue. The choice of coil
type and stimulation focus has been demonstrated to be more effective
compared to F8 coils and sites above the inion (Fernandez et al., 2018;
Hardwick et al., 2014; Spampinato et al., 2020a; Ugawa et al., 1995).
Stimulation intensity was based on brainstem active motor threshold
(AMTgg) (Ugawa et al., 1995), defined as the minimum intensity able
to elicit a MEP of at least 50 pV amplitude in the right preactivated
the FDI muscle (i.e., during 10% of maximal voluntary contraction),
with pulses given over the inion (Galea et al., 2009; Spampinato et al.,
2020a). The intensity used for cerebellar stimulation was AMTgg minus
5% of the maximal stimulator output (MSO) (AMTgg-5%) (Schlerf et al.,
2015; Ugawa et al., 1995). Twelve participants had measurable AMTjgg
(37.5% of all participants, averaged AMTgg: 66.7 + 6.5%MSO, similar
to the AMTpg in previous studies (Matsumoto et al., 2008; Spampinato
et al., 2020b) (see details in supplementary material 2); in those in which
AMTgg could not be obtained, we used the maximum tolerable intensity
for cerebellar TMS - 5% MSO (maximum 80%). Table 1 lists the average
stimulation intensities in each experiment.

Auditory stimulation was performed by using the same DC coil used
for cerebellar stimulation, with the same cerebellar intensity in experi-
ment 1. A5 x 5 x 15 cm wooden rigid cuboid was placed between the
DC coil and scalp to create 5 cm gap.

2.4. Somatosensory stimulation

To mimic the contraction and somatosensory input of neck and jaw
muscles induced by RCS, electrical stimulation was simultaneously ap-
plied over the right masseter and trapezius muscles. For each muscle,
stimulation was delivered over the middle of the muscle belly in a bipo-

Table 1

For each recording condition, intensities for TMS and somatosensory stim-
ulation are provided. Values are expressed as MSO and mA for TMS and
somatosensory stimulation, respectively. ES indicates electrical stimulation
in somatosensory stimulation.

Stimulation Average intensity Standard deviation

Experiment 1

RCS, LCS 66.0% MSO 7.8% MSO
Experiment 2

RCS 68.2% MSO 6.7% MSO

Auditory stimulation 68.2% MSO 6.7% MSO
Experiment 3

RCS 66.3% MSO 8.1% MSO
ES: right masseter muscle 15.1 mA 5.7 mA
ES: right trapezius muscle 18.8 mA 11.9 mA
Experiment 4

RCS 63.6% MSO 7.4% MSO
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lar fashion using Ag/AgCL cup electrodes. Electrodes were connected
to a constant-current stimulator (DS7A, Digitimer Ltd, Welwyn Garden
City, UK); monophasic square wave pulses of 200 us duration were used.
Stimulation intensities were set to produce a muscle twitch which par-
ticipants subjectively judged to be matched to that generated by RCS,
as in previous work (Conde et al., 2019).

2.5. Behavioural task

The behavioural task was performed on a three-degree of freedom
manipulandum (3DOM) robotic interface (Klein et al., 2014). Partici-
pants sat on a chair with their forehead supported on a headrest. Their
semi-pronated right hand gripped a manipulandum located underneath
a horizontally suspended mirror. The mirror prevented direct vision of
the hand but showed a reflection of a computer monitor mounted above
that appeared to be in the same plane as the hand. Visual display of
the hand was translated as an on-screen white circle cursor (0.5 cm in
diameter) representing the hand, as well as a small white square tar-
get (0.7 cm x 0.7 cm) and a white home square (1.0 cm x 1.0 cm). In
each trial, participants were instructed to control the cursor to make a
fast-shooting movement through the presented target, thus preventing
any online corrections. When the cursor passed through the invisible
boundary circle (invisible circle centered on the starting position with
an 8 cm radius), the cursor was hidden and participants were instructed
to move back to the home square. Both the hit angle and target angle
were recorded in each trial, and the angular error was calculated by the
hit angle subtracting the target angle. Targets were displayed pseudo-
randomly in one of eight positions located at 25, 65, 115, 155, 205, 245,
295 and 335° around the white home square.

In experiment 4, the task consisted of 5 blocks of 96 trials each. In
the first two blocks (baseline training), participants were provided with
online visual and end-point error feedback relative to the target posi-
tion. In the following two blocks, a 30-degree anticlockwise rotation
was imposed on the visual cursor that required participants to adapt
their movements to hit the target accurately (adaptation). In the fifth
block, the visual manipulation and visual cursor were removed to de-
termine if individuals had learned the rotation (no vision) (Fig. 1).

2.6. Electroencephalography recording and pre-processing

EEG was recorded with a set of 63 low-profile active electrodes (Act-
iCap Slim, Easycap GmbH, Worthsee, Germany) linked to a DC-coupled
TMS compatible amplifier (Actichamp, Brain Products GmbH, Gilching,
Germany); this technical solution has been shown to allow the recording
of reliable TMS-EEG signals (Mancuso et al., 2021; Rawji et al., 2021;
Rocchi et al., 2021). The scalp of each subject was prepared for EEG
recording using an abrasive/conductive gel (V17 Abralyt 2000, Easycap,
Herrsching, Germany). Electrode locations were based on the 10-10 in-
ternational EEG system and included Fp1, Fz, F3, F7, FT9, FC5, FC1, C3,
T7, TP9, CP5, CP1, Pz, P3, P7, O1, FCz, 02, P4, P8, TP10, CP6, CP2, Cz,
C4, T8, FT10, FC6, FC2, F4, F8, Fp2, AF7, AF3, AFz, F1, F5, FT7, FC3,
Cl1, C5, TP7, CP3, P1, P5, PO7, PO3, POz, PO4, POS, P6, P2, CPz, CP4,
TP8, C6, C2, FC4, FT8, F6, AF8, AF4, F2. The ground electrode was lo-
cated at Fpz and the online reference was at FCz. Impedances were kept
lower than 5KQ during the whole experiment, and the sampling rate
was 5000 Hz. As mentioned above, a masking noise was played during
all blocks (Rocchi et al., 2021; ter Braack et al., 2015).

The EEG was pre-processed offline with analysis procedures
from several open-source programs, such as EEGLab version 14.1
(Delorme and Makeig, 2004) and TMS-EEG signal analyser (TESA) tool-
box (Rogasch et al., 2017), all running in MATLAB environment (Version
2015b, MathWorks, Inc., Natick, MA, United States). The raw EEG sig-
nal was first epoched from —1.3 to +1.3 s with respect to the TMS pulse,
using a baseline correction from —1000 to —10 ms. The TMS artefact
was removed from —5 ms to +12 ms around the TMS trigger. An inde-
pendent component analysis (ICA) was then performed using a fastICA
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algorithm. Only the 15 components explaining the largest variance were
inspected in a time window ranging from —200 to 500 ms. According
to parameters such as amplitude, frequency content and scalp distribu-
tion (Rogasch et al., 2013, 2014), we removed the components which
reflected EMG activity from cranial muscle and possible voltage de-
cay. Later, the previously removed data points around the TMS artefact
were interpolated with a cubic function, and the signal was downsam-
pled (1000 Hz) and filtered with a band-pass (1-100 Hz) and band-stop
(48-52 Hz) zero-phase, fourth order Butterworth filters. Epochs were
restricted (from —1 to +1 s) to reduce possible edge artefacts caused by
filtering, and a second round of fastICA was applied, this time focusing
on residual, non-TMS-locked artefacts (e.g., continuous muscle activ-
ity, eyeblinks, lateral eye movements). At this stage, there was usually
a dominant vertex N100/P200 complex, reflecting insufficient masking
of auditory input (Rocchi et al., 2021). This was retained in one set of
pre-processed data (i.e., RecbTEP_AEP (TEP by RCS) and LcbTEP_AEP
(TEP by LCS)) and removed it in a second set (i.e., RecbTEP and LcbTEP)
(see details in EEG data below). The result of auditory stimulation was
named AEP and the result of somatosensory stimulation was named SEP.
As a last step before the analysis, TMS-EEG signals were re-referenced
to the common average reference.

2.7. Data processing and statistics

For all of the non-EEG data in this study, normality of distribu-
tion was checked by Kolmogorov-Smirnov test, and the assumption of
sphericity in analysis of variance (ANOVA) was checked by Mauchly‘s
test. Bonferroni’s method was used to correct for multiple comparisons
in post-hoc tests. In case of non-normal distributions, Wilcoxon signed-
rank tests were used. All analyses for non-EEG data were done with SPSS
version 22 (IBM, USA). P values < 0.05 were considered significant.

2.7.1. Analysis of VAS scores related to loudness of the TMS click,
intensity of muscle twitch and discomfort

The average and standard deviation of VAS was calculated. A violin
plot of VAS in each condition was computed and graphed by a custom
script in MATLAB environment (Version 2015b, MathWorks, Inc., Nat-
ick, MA, United States) (Bastian, 2016). Two paired tests were arranged
to compare the loudness score between RCS and auditory stimulation in
14 subjects and the muscle twitching between RCS and somatosensory
stimulation in 20 subjects.

2.7.2. Calculation of CBI

Peak-to-peak MEP amplitudes were measured offline. Like previous
studies (Fong et al., 2021; Spampinato et al., 2021; van den Hurk et al.,
2007; van Elswijk et al., 2008; Wessel et al., 2019), trials containing
EMG activity > 50 uV in the 100 ms preceding the TMS pulse were
excluded (4.17% of all trials). CBI was calculated as the ratio of condi-
tioned to test MEP amplitudes.

2.7.3. EEG data

2.7.3.1. Calculation of global mean field potential (GMFP) and determina-
tion of time windows of interest (Tol). After EEG pre-processing, global
mean field potential (GMFP) was calculated from 13 to 250 ms after the
TMS pulse and averaged across subjects, according to the formula:

J [Zf (I/I(t) - Vmean(t))z]
GMFP(t) = = 0

where, t is time (ms), K indicates the number of channels, V; is the volt-
age in channel i, and V,,,,, is the averaged voltage from all channels
(Casula et al., 2018; Lehmann and Skrandies, 1980; Rocchi et al., 2021).
Time regions of interest (Tols) for following statistical analyses were de-
termined from the peaks in GMFP waveforms, separately for each com-
parison), as outlined in Fig. 2 and Table 2.
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Fig. 2. GMFP. GMFPs for each analysis are plotted. Tols boundaries are indi-
cated with black dotted lines. The red dashed line is the time point of TMS
pulse. The black panel around the TMS pulse is the time window which was cut
to remove the TMS pulse artefact where the TMS pulse artefact (-5 to 12 ms).
The blue areas are the 95% confidence interval of each GMFP curve. Average
GMFP of RcbTEP_AEP and LcbTEP_AEP conditions (25 subjects)(A). Average
GMFP of RcbTEP_AEP and AEP conditions (14 subjects)(B). Average GMFP of
RcbTEP_AEP and SEP conditions (20 subjects)(C). Average GMFP of RcbTEP
and LcbTEP conditions (25 subjects)(D). Average GMFP of RcbTEP_AEP and
RcbTEP conditions (25 subjects)(E). Average GMFP of LcbTEP_AEP and LcbTEP
conditions (25 subjects)(F). Average GMFP of RcbTEP and AEP conditions (14
subjects)(G). Average GMFP of RcbTEP and SEP conditions (20 subjects)(H).
Average GMFP of the three recording blocks of experiment 4 (14 subjects)(I)
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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2.7.3.2. Cerebellar TMS evoked potentials (cbTEPs) at rest. To character-
ize EEG responses evoked by cerebellar TMS, several paired comparisons
were performed: (1) RcbTEP_AEP vs. LcbTEP_AEP, to investigate possi-
ble lateralized cortical activation after cerebellar TMS; (2) RcbTEP_AEP
vs. AEP and (3) RcbTEP_AEP vs. SEP, to disentangle cbTEPs of cerebellar
origin from sensory responses.

In the present experimental setting, suppression of the AEPs was dif-
ficult to obtain, because of the loud click associated with the DC coil, and
the fact that the latter hindered the use of ear defenders. However, pre-
vious work has demonstrated the feasibility of offline removal of AEPs
using ICA (Rogasch et al., 2014; Ross et al., 2022). Independent compo-
nents reflecting AEPs were identified based on time (N100/P200 peaks)
and scalp distribution (symmetrical, vertex-centered) (Rogasch et al.,
2014; Ross et al., 2022); these were highly similar to signals obtained in
the auditory stimulation condition (Figs. 6C and H, and S1) (Ross et al.,
2022). In addition, a previous study demonstrated that auditory input
is responsible for most of the N100/P200 vertex potential (Rocchi et al.,
2021). It is important to note that removal of the AEP component with
ICA was not expected to remove all sensory inputs, such as the SEP, that
might also contribute to the N100/P200. Understanding these requires
further control studies such as in experiments 2 and 3. After attenu-
ation of N100/P200 from RcbTEP_AEP and LcbTEP_AEP (which were
then named RcbTEP and LcbTEP, respectively), the second set of anal-
yses was performed, as follows: (1) RcbTEP_AEP vs. RcbTEP and (2)
LcbTEP_AEP vs. LebTEP, to check the effect of attenuating N100/P200
and any significant impact in the signals in ToI1-Tol4; (3) RcbTEP vs.
LcbTEP, similar to the analysis performed previously to explore possi-
ble lateralized cortical activation, but this time without the confounding
presence of AEPs; (4) RcbTEP vs. AEP and (5) RcbTEP vs. SEP, as previ-
ously, to disentangle possible cbTEPs of cerebellar origin from sensory
responses, without the confounding presence of the AEP.

2.7.3.3. cbTEPs in visuomotor learning. Analysis of cbTEPs in motor
learning consisted of three pairwise comparisons: (1) PreBase vs. Post-
Base, to test possible changes on RcbTEPs due to motor practice, without
changes in task parameters; (2) PostBase vs. PostAd, to investigate the
effects of visuomotor adaptation on RcbTEPs; (3) PreBase vs. PostAad,
to test net RcbTEP changes after the entire learning process.

2.7.3.4. Statistics for cbTEPs and sensory input conditions. The pairwise
comparisons indicated above were performed at the scalp level by the
built-in “Study” function in EEGlab (Delorme et al., 2011). Monte Carlo
permutation statistics were applied and the empirical distributions for
each comparison were built by permuting conditions with 1000 itera-
tions (Maris and Oostenveld, 2007; Pernet et al., 2015). The permuta-
tions were performed in the spatio-temporal domain, including all elec-
trodes and time points in each Tol (Opie et al., 2017; Rocchi et al.,
2021; Rogasch et al., 2014). Cluster correction as implemented in Field-
trip toolbox was used to control for type I errors (Maris and Oosten-
veld, 2007; Oostenveld et al., 2011). The minimal number of neighbor-
ing electrodes was two. For significant clusters (p-value < 0.05), related
t statistics and exact corrected p values (two tailed) at the electrode level
were extracted.

2.7.3.5. N110 in cbTEP and N100 in AEP. A lateralized, negative peak
around 110 ms (N110) was identified in the RCS and LCS conditions
(see Result and Fig. 7J). Despite topographical differences, the compar-
ison between RcbTEP and AEP using the Tol approach did not result in
statistically significant differences (see Result and Fig. 7L), since a ver-
tex negativity around 100 ms was recorded in the condition of auditory
stimulation as well (N100). This result seems at odds with the removal
of the components related to the AEPs performed to obtain RcbTEP
and might indicate that the ICA failed to attenuate the N100 from AEP
effectively or the nature of the two waves was different. For the for-
mer, the effectivity of reduce N100 by removing the AEP component
in ICA would be examined by RecbTEP_AEP vs RcbTEP and LcbTEP_AEP
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Table 2
Tols for each comparison (see text and Fig. 2 for details).

Fig\Tol ~ Tol 1 Tol 2 Tol 3 Tol 4 Tol 5 Tol 6

Fig. 2A 14-20 ms 20-37 ms 37-66 ms 66-91 ms 91-132 ms 132-247 ms

Fig. 2B 14-21 ms 21-35 ms 35-60 ms 60-91 ms 91-130 ms 130-246 ms

Fig. 2C 13-25 ms 25-36 ms 36-64 ms 64-92 ms 92-131 ms 131-247 ms

Fig. 2D 13-20 ms 20-36 ms 36-64 ms 64-93 ms 93-135 ms 135-240 ms

Fig. 2E 15-21 ms 21-37 ms 37-61 ms 61-92 ms 92-132 ms 132-250 ms

Fig. 2F 13-20 ms 20-36 ms 36-69 ms 69-91 ms 91-135 ms 135-242 ms

Fig. 2G 13-21 ms 21-35 ms 35-61 ms 61-91 ms 91-133 ms 133-237 ms

Fig. 2H 13-21 ms 21-35 ms 35-60 ms 60-92 ms 92-133 ms 133-240 ms

Fig. 21 15-22 ms 22-36 ms 36-61 ms 61-93 ms 93-140 ms 140-239 ms
vs LcbTEP. For the latter, we applied one paired comparison to test the 1 _ :
latencies of the peak in each condition, and another procedure used All subjects
previously to investigate similarity between signals of interest, with the L
assumption that physiologically distinct components would not show r
any intra-subject agreement (Rocchi et al., 2021). First, in the test for B 5 *
latencies, to further investigate differences between the two negative
components peaking around 100 ms, we extracted the latency from the = —
electrode having the maximal negative amplitude in each condition in L = ——
ToI5. Thus, the electrodes chosen were F1 in RcbTEP and FCz in AEP. A °
paired comparison was performed to compare their latency. Second, we oy moe

calculated the concordance correlation coefficient (CCC) to investigate
possible similarities between the N110 of RcbTEP and N100 of AEP in
experiment 2 (Mancuso et al., 2021; Rocchi et al., 2021), it is a form
of intraclass correlation coefficient optimized to examine agreement be-
tween the distribution of two variables. It was calculated by the formula
below:

201,

CCC = 2)

o2+ 02+ (uy - o)’

Here o), indicates the covariance between two distributions, ¢? is
the variance of distribution x, and u, is the average of distribution
x (Kerwin et al., 2018; King et al., 2007; Lin, 1989). First, we calcu-
lated the z value of each signal (AEP and RcbTEP) in Tol5 (91-133 ms)
and in a baseline window (—950 to —100 ms before TMS) separately.
Next, in each electrode and in each subject, CCC was calculated be-
tween baseline and Tol5 from the two sessions, resulting in CCC be-
tween baseline (CCCygeline) from AEP and RcbTEP and CCC between
Tol5 (CCCry5) from AEP and RebTEP. Finally, CCCr,i5 was compared to
CCCpgseline With dependent samples t-test. Correction for multiple com-
parisons was performed by false discovery rate (FDR) (Benjamini and
Hochberg, 1995). The critical value (p-value) of 0.05 or less was con-
sidered as significant in all the above statistical analyses.

2.7.4. Behavioural task

Angular error was the primary outcome measure and was calculated
by measuring the angular difference between the center of the target
and the line connecting the starting position to the endpoint hand po-
sition. Epochs of angular error were created by binning 8 consecutive
trials. For each block, the initial mean error (error;,) was determined
by averaging over the second to sixth consecutive epochs, as in previ-
ous papers, in order to sample the fast learning phase observed during
adaptation (Galea et al., 2011; Krakauer et al., 2005). Large angular er-
rors (over 60 degress) were considered outliers and rejected (1.6% of all
trials) (Galea et al., 2015; Schlerf et al., 2015). To assess motor learn-
ing, a one-way repeated measure ANOVA (RM-ANOVA) was arranged
to compare error;,, across baseline training (errorygeline training)> 2dap-
tation (error,daptation)> and no vision (errory, vision)-

Spearman’s correlation coefficient were employed to measure the re-
lationship between the change in RcbTEP amplitudes and the change
in learning (de Winter et al., 2016). To calculate the change in
RcbTEPs relative to different stages of the task, we measured the
amplitude changes of each channel between PostBase and PreBase

Scores in VAS
O =~ N WP, OWVWo N oo

Loudness Twitch Discomfort
Condition

Fig. 3. All participants‘ VAS for RCS. Three violin plots represent the VAS for
loudness (blue), twitch intensity (orange) and discomfort (yellow) by real cere-
bellar TMS from all 32 participants in experiment 1 and 4 (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

(i.e., RebTEPpygspase-prebase)» and between PostAd and PostBase (i.e.,
RCbTEPpstad-postbase). 1O quantify the amount of fast phase learning
and initial retention relative to baseline, we calculated the change of
error between baseline training and adaptation (i.e., €rTOr¢pange1) and
between baseline training and no vision (i.e., eIT0rpange2), respectively
(Spampinato et al., 2017). The time windows for the above correlations
were the Tols with isolated RcbTEPs in experiment 4. In each pair, the
rho value of Spearman‘s correlation in each channel at every ms in the
Tols were calculated by using the Fieldtrip toolbox in MATLAB. Monte
Carlo permutation statistics was applied for these the spatio-temporal
distribution of rho values during each Tol (channel x time) for spatial
clusters and time clusters. The minimal number of neighboring elec-
trodes for cluster-based multiple comparison was one. Other details in
permutation statistics are the same as the method of statistics for cbTEPs
and sensory input conditions (see above).

3. Results
3.1. Safety and discomfort

All participants tolerated the experiments and there were no
dropouts nor adverse events.
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Fig. 4. VAS in each comparison. In the left panel with two violine plots, ‘RCS;,’
indicates the VAS of 14 subjects‘ loudness scores in RCS in experiment 1 (purple).
‘Auditory’ indicates is the loudness scores in auditory stimulation of experiment
2 (green). There is no difference on VAS of loudness between RCS and auditory
stimulation(A). In the right panel with two plots, ‘RCS,,’ indicates 20 subjects
muscle twitching scores in RCS in experiment 1 (cyan). ‘Somatosensory’ refers
to the scores of muscle twitching in somatosensory stimulation of experiment
3 (carmine). There is no difference on muscle twitching between RCS and so-
matosensory stimulation(B). Small dots indicate the individual‘s score. The hor-
izontal line in each plot means the mean of the score in each condition. The
gray dot is the median of the score in each condition (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

3.2. Analysis of VAS

As an indication of the overall 32 participants‘ experience in experi-
ments 1 and 4, the VAS for loudness was 5.03 + 1.45, for twitch intensity
it was 5.58 + 1.55, and for discomfort it was 5.33 + 1.70 after real cere-
bellar TMS (Fig. 3). The average discomfort VAS in the present study is
higher than reported by Fernandez et al. (4.45 + 1.42) (Fernandez et al.,
2021), possibly because of our higher stimulus intensity. The highest
discomfort score was 8.5 (only one participant with 75% MSO for RCS).

The comparisons of VAS for loudness and twitch are plotted in
Fig. 4. There was no significant difference in the perception of loud-
ness between real RCS and auditory stimulation (14 subjects: t=1.963,
df=13, p=0.071) nor between RCS and somatosensory stimulation (mus-
cle twitch) (20 subjects: t=1.648, df=19, p=0.116).

3.3. Data processing

Details of the number of removed trials, channels and components
during EEG pre-processing are listed in Table 3.

Table 3

For each recording condition, the table lists the number of trials removed
(“Trials”), the number of electrodes interpolated (“Electrodes”) and the num-
ber of independent components removed in each round of ICA (“ICA1” and
“ICA2” for the first and second round, respectively). Values are expressed
as mean + standard deviation. “Auditory” indicates auditory stimulation.
“Somatosensory” refers to somatosensory stimulation.

Conditions Trials Electrodes ICA1 ICA2
Experiments 1-3

RCS 12.6 + 9.1 0.5+ 0.7 7.0+2.8 35.6 £ 5.6
LCS 10.6 +10.8 0.6 + 0.8 7.8+24 345+5.1
Auditory 42+53 0.1 +0.3 27 +1.3 30.8 £ 6.0
Somatosensory 7.2+9.8 0.1 +0.3 43+23 371 +5.2
Experiment 4

PreBase 10.4 +£9.9 0.4 +£0.7 81x21 30971
PostBase 3.4+34 0.1 +0.3 6.9 + 3.4 34.6 £ 7.2
PostAd 6.3 +5.9 0.4 +0.5 8.0 +£3.0 29.8 + 6.6
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3.4. CBI measurement on MEP

In experiment 1, the intensity of LM1-TS was 71.7 + 13.3% MSO and
the intensity of RM1-TS was 71.9 + 12.5% MSO. In experiment 4, the
intensity of LM1-TS was 65.7 + 10.6% MSO. All cerebellar intensities
have been listed in Table 1. MEPs were suppressed in all CBI condi-
tions (Fig. 5A-C). This was true in experiment 1 for both LM1-TS vs
L-CBI (1.28 + 0.51 mV vs. 1.10 + 0.50 mV, z = —3.889, p < 0.001) and
RM1-TS vs R-CBI (1.53 + 0.64 vs. 1.42 + 0.60 mV, z = -3.527, p <
0.001). The CBI ratio of L-CBI was 0.86 + 0.14 and for R-CBI was 0.93
+ 0.08. A similar inhibition occurred in experiment 4 when comparing
LM1-TS and L-CBI (1.42 + 0.45 mV vs. 1.14 + 0.42 mV, t= —-3.920,
df=13, p = 0.002). These results indicate that the intensity and scalp
location of cerebellar stimulation could generate adequate output to the
cerebral cortex. Fig. 5D illustrates the CBI ratio and the corresponding
intensity of cerebellar stimulation for each participant in experiment 1
(both sides) and experiment 4 LCBI only). Intensities above 70% MSO
provide stable inhibition.

3.5. Characterisation of cbTEPs evoked by single-pulse cerebellar
stimulation

Fig. 2 illustrates the Tols used in each set of experiments. These
were estimated from the GMFP averages, which are also summarized
in Table 2. Moreover, Table 4 summarises all statistical values obtained
in cbTEP pairwise comparisons.

3.6. Resting TMS-EEG responses without removal of AEP components

Because of the strong auditory and somatosensory input produced by
cerebellar stimulation, signals generated in RcbTEP_AEP, LcbTEP_AEP
and AEP conditions share obvious similarities in Tols 5 and 6, where
their topography is dominated by a vertex N100 and P200 (Fig. 6A-C).
Similar potentials around the vertex are also presented in the somatosen-
sory stimulation condition, albeit with a smaller amplitude (Fig. 6D).
However, there appear to be differences in earlier Tols, as confirmed by
pairwise comparisons. Both RecbTEP_AEP and LcbTEP_AEP elicited two
contralateral frontal waves, one positive (P80) in Tol4 and one negative
(N110) in Tol5; due to this lateralization, pairwise comparisons led to
statistically significant differences between them (Fig. 6G). The differ-
ences were bilateral over Tol5, as expected from a symmetrical mirrored
N110. However, statistical differences only occurred in the left hemi-
sphere in Tol4, suggesting that the P80 might have been smaller after
LCS. This will be discussed further in later sections. Cerebellar stimu-
lation also elicited an earlier ipsilateral parietal negative wave in Toll,
again leading to a statistically significant bilateral difference between
RcbTEP_AEP and LcbTEP_AEP (Fig. 6G).

The P80 in Tol4 in RcbTEP_AEP was absent in both the AEP and
SEP conditions, replaced by central negativity (Fig. 6H-K). Additional
differences between RcbTEP_AEP and SEP were present in Toll due to
the ipsilateral parietal negative component induced by RecbTEP_AEP and
in Tol5, where the lateralized RcbTEP_AEP N110 and the SEP vertex
N100 appeared (Fig. 6K).

3.7. Resting TMS-EEG responses after removal of AEP components by
means of ICA

After ICA processing, the prominent central N100/P200 waves in
ToI5 and Tol6 of RebTEP_AEP and LcbTEP_AEP conditions were, as ex-
pected, reduced (Fig. 7A-D). The pairwise comparisons in Fig. 7E-H
indicate where processing had the greatest effects on the potential dis-
tributions in the topoplots. In addition, they also demonstrate that the
ICA processing did not significantly affect the signals in ToI1-Tol4.

Pairwise comparisons between stimulation conditions yielded re-
sults similar to those obtained prior to the removal of AEP components
(Fig. 7), but with some small differences. While the differences remained
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Fig. 5. Cerebellar-brain inhibition assessed by

5 MEPs. The upper panel displays the change of
amplitude of MEPs in each block (A-C). The
35 \ bottom panel shows all CBI values in this study,
2.5 s ’ including both sides CBI in experiment 1 and
< % < 3 < 2 left CBI in experiment 4 (D).
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at Toll and ToI5 in the comparison of RebTEP and LcbTEP, removal of
the AEP now showed that the comparison of P80 in Tol4 was signifi-
cant bilaterally, rather than solely on the left (Fig. 7J compare Fig 6G).
The comparison between RcbTEP and AEP confirmed the difference in
Tol4, but there was also a significant negative cluster at the vertex site in
Tol6, due to the attenuation of P200 (Fig. 7L). The differences between
RcbTEP and SEP observed in Tols1, 4 and 5 (Fig. 6K), were maintained
(Fig. 7N), but there was no difference in Tol6 even after attenuating the
P200.

The lateralisation of the N110 after cerebellar stimulation is con-
sistent with the side of cerebellar stimulation, so it was surprising
that there was no statistical difference in ToI5 between RcbTEP (or
RcbTEP_AEP) and AEP (Figs. 61 and 7L). We suspected this was due
to the close spatial overlap of a cerebellar N110 and a sensory N100.
Indeed, there was a significant difference in latency of the N110 after
RCS and the N100 after auditory stimulation (108.2 + 6.9 ms vs 91.9 +
10.4 ms, z=—3.173, p=0.002) (Fig. 8A). The CCC analysis performed to
investigate possible similarities between RcbTEP N110 and AEP N100
did not yield significant results (Fig. 8B), consistent with, although not

proof of the idea that they may represent different cortical evoked po-
tentials.

In sum, these data suggest that, although much of the evoked EEG
activity produced by TMS over the lateral cerebellum is due to sensory
input, a significant frontal positive/negative potential in Tol4/ToI5 may
result from activity in cerebello-cortical projections (a cbTEP). In the
second half of the paper, we probed this hypothesis by asking if the
amplitude of the cbTEP would be sensitive to state-dependent changes in
cerebellar activation that occur during visuomotor adaptation in an arm-
reaching task. The analysis of EEG signals is confined to ICA-processed
data to remove the AEP.

3.8. Analysis of angular error during visuomotor adaptation

In the baseline training, the mean angular error was —1.9 + 1.55°.
Following introduction of the visual rotation, the mean angular error
increased to —9.6 + 2.9°. After removing both visual rotation and the
visual cursor, participants had a clockwise mean angular error of 13.6
+ 2.9°(Fig. 9). There was a significant difference in learning over the
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Table 4
Summary of statistically significant differences obtained in pairwise comparisons of TEPs (see text for details).

Comparisons Figure  Cluster TOI1 TOI4 TOIS TOI6

Rest state (Experiment 1-3)

RcbTEP_AEP vs LcbTEP_AEP Fig.6G  Positive p=0.018 p=0.023 p=0.026 -
Negative p=0.005 - p=0.022 -

RcbTEP_AEP vs AEP Fig. 61 Positive - p<0.001 - -
Negative - p<0.001 - -

RcbTEP_AEP vs SEP Fig. 6K  Positive p=0.006 p<0.001 - -
Negative p=0.004 p<0.001 p=0.024 -

RcbTEP_AEP vs RcbTEP Fig.7F  Positive - - - p=0.002
Negative - - p=0.003 p=0.025

LcbTEP_AEP vs LebTEP Fig.7H  Positive - - - p=0.013
Negative - - p=0.030 p=0.004

RcbTEP vs LecbTEP Fig.7J  Positive p=0.008  p=0.022 p=0.013 -
Negative p=0.027 p=0.005 p=0.030 -

RcbTEP vs AEP Fig. 7L Positive - p<0.001 - p=0.015
Negative - p<0.001 - p=0.002

RcbTEP vs SEP Fig.7N  Positive p=0.026 p<0.001 - -
Negative p=0.035 p<0.001 p=0.042 -

Visuomotor adaptation (Experiment 4)

PreBase vs PostBase Fig. 10G Positive - p<0.001 p=0.014 -
Negative - - p=0.003 -

PostBase vs PostAd Fig. 10H Positive - - - -
Negative - p=0.004 - -

PreBase vs PostAd Fig.10I  Positive - - p=0.004 -
Negative - - p=0.002 -

Spearman‘s correlation Fig.10J Positive p=0.037 (66-93 ms) -

Negative

p=0.030 (62-80 ms)

three blocks (F;6=224.143, p<0.001). Post hoc significant compar-
isons were: €ITOIhaseline training VS €ITO0Tadaptation (p<0'001); €ITOT 3 daptation
VS €ITOI, vision (p<0-001); €ITOIhaseline training VS €IT0I g vision (P<0-001)-

3.9. Cerebellar TMS-EEG responses during visuomotor adaptation

The averaged topographies of PreBase RcbTEPs in experiment 4 were
similar to those RcbTEPs in experiment 1 (Fig. 10A and D). The compari-
son between PreBase and PostBase RcbTEPs revealed that, after baseline
training, the left frontal positive peak at ToI4 (P80) was significantly
suppressed (Fig. 10G, note that positive t value is PreBase - PostBase);
the amplitude of this positive cluster was restored to baseline levels after
the adaptation block (Fig. 10H and I). Changes in the negative deflec-
tion (N110) in ToI5 had a different time course: while it was suppressed
at PostBase (Fig. 10G), it remained suppressed for the whole duration
of the task (Fig. 10H and I).

We also explored potential relationships between motor learning and
changes in amplitude of RcbTEPs. There was a significant positive cor-
relation (Spearman non-parametric) between the amount of retention
(erTor changen) and REbTEPpggiad.postvase Of @ large frontal-parietal net-
work at P80 (Fig. 10J): the greater the retention, the more significant the
change in amplitude of the P80 (Fig. 11). But there was no correlation
between N110 and errorcpanger OF €ITOTchangen-

4, Discussion

Our results demonstrate that interactions between the cerebellum
and cortex can be evaluated using TMS-EEG and that these change dur-
ing motor learning. We argue that these results provide a neurophysi-
ological read-out of cerebellar inputs that are processed by the cortex
and are related to visuomotor learning.

4.1. Cerebellar TMS evoked potential (cbTEP) can be recorded with
TMS-EEG

The goal of experiments 1-3, performed in resting state, was to de-
termine whether it was possible to identify a cortical EEG response that

was due to activity in cerebellar-cortical connections and that was sepa-
rate from potentials evoked by auditory and somatosensory stimulation
caused by discharge of the TMS coil. Separate control conditions were
used to identify activity produced by auditory and somatosensory input
since previous work has shown that the EEG produced by each sum-
mates linearly and, therefore, it is not necessary to devise a single con-
trol condition that combines both sensations (Rocchi et al., 2021). We
argue that comparing across all conditions (RcbTEP_AEP, LcbTEP_AEP,
AEP, and SEP; Fig. 6) provides sufficient evidence to disentangle sen-
sory “EEG activity” from responses due to input from the cerebellum. Of
note, all conditions have large potentials in ToI5 and Tol6 (see butterfly
plots, approximately around 90-130 ms and 130-250 ms) that corre-
spond to sensory-induced vertex N100 and P200 peaks (see topographic
plots) (Mouraux and Iannetti, 2009), a result that has been previously
described in TMS-EEG studies (Gordon et al., 2021; Rogasch et al.,
2014). The auditory stimulation and somatosensory stimulation condi-
tions, which activate auditory and somatosensory pathways, addition-
ally showed a negative vertex potential at ToI4 (around 60-90 ms) sim-
ilar to that described by others using a multisensory control condition
(Fernandez et al., 2021; Sasaki et al., 2022), which was not seen when
stimulation was given to the cerebellum.

In Tol4, RcbTEP_AEP and LcbTEP_AEP conditions were charac-
terised by a contralateral positive peak (P80) over frontal cortex consis-
tent with activation of cerebellar-cortical connections (Middleton and
Strick, 2001; Strick et al., 2009; Watson et al., 2014), together with an
occipital negativity, which could mask the early central negative po-
tential from SEP and AEP. Lateralized activity is also seen at ToIl and
Tol5 (Fig. 6E-G). While speculative, the differences at Tol1 (around 13-
20 ms) are likely due to initial artefacts caused by the TMS coil acti-
vation (Fig. 61) ipsilateral to the side of stimulation. It is more chal-
lenging to make a definite conclusion about the cause of the lateralised
N110 produced by RebTEP_AEP at Tol5 since it overlaps with the audi-
tory vertex negativity that occurs at a similar timing (see comparison of
RcbTEP_AEP with AEP in Fig. 6I).

Similar conclusions were reached after ICA processing, which atten-
uated the N100 and P200 significantly (Fig. 7E-H) without affecting
earlier components. There was a clear contralateral frontal positivity at
Tol4 and a contralateral negativity at ToI5 (Fig. 7B, D and J), the latter
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Fig. 6. Descriptive summary and statistics of cbTEPs keeping AEP and sham controls from resting state experiments. Left panels illustrates the grand average butterfly
plots of 25 subjects’ RecbTEP_AEP (A), 25 subjects’ LcbTEP_AEP (B), 14 subjects* AEP (C) and 20 subjects‘ SEP (D) conditions. The red dashed line is the time point of
TMS pulse. The black panel around the TMS pulse is the time window which was cut to remove the TMS pulse artefact where the TMS pulse artefact (-5 to 12 ms).
The right panels show scalp topographies and t value maps for each paired comparison, referring to the same conditions of left panels: 25 subjects‘ RcbTEP_AEP
topographies (E), 25 subjects’ LcbTEP_AEP topographies (F), t values map of RcbTEP_AEP vs. LcbTEP_AEP (G), 14 subjects‘ topographies of brain response to AEP
(H), t values map of RcbTEP_AEP vs. AEP (I), 20 subjects‘ topographies of brain activity evoked by SEP (J), and t values map of RcbTEP_AEP vs. SEP (K). In the t
value maps, black dots indicate significant electrodes by cluster based permutation test (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

being more difficult to interpret. Some pieces of evidence seem indicate
the existence of a N110 produced by cerebellar stimulation. These are
the significant difference between RcbTEP and SEP in Tol5 (Fig. 7N), the
difference in latency (Fig. 8A) and lack of similarity (Fig. 8B) between
the N110 and AEP N100, and the significant lateralisation (Fig. 7J)
and modulation of the N110 by the behavioural task (Fig. 10G and I).
However, even after AEP suppression by ICA, the comparison between
cbTEP and AEP failed to show a difference in Tol5, indicating that the
spatiotemporal distribution of the lateralised N110 could not be sepa-
rated from the AEP N100 (Fig. 7L). Additionally, despite the observed
changes, there was no correlation between the angular error and the
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N110 amplitude. Based on this evidence, it is possible that the N110
represents a mixed signal generated by both cerebellar and auditory
stimulation.

Regarding the residual P200 that persists after ICA processing, al-
though RcbTEP and AEP differ in Tol 6 (Fig. 7L), there is no differ-
ence between RcbTEP and SEP in the same Tol (Fig. 7N). In addi-
tion, this residual P200 is not modulated by the visuomotor learning
(Fig. 10), suggesting that it could at least partly reflect a vertex po-
tential. Thus we cannot exclude the possibility that it results from an
incomplete suppression of the sensory P200, as in a previous study
(Ross et al., 2022).
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Fig. 7. Descriptive summary and statistics of cbTEPs from resting state experiments. Grand average butterfly plot (A) and topographies (B) of 25 subjects’ RcbTEP.
Grand average butterfly plot (C) and topographies (D) of 25 subjects’ LcbTEP. From third row below, left panels show the overlapped butterfly plots for each
comparison, and the right panels indicate the t value maps for each comparison. In the left panels, the gray butterfly plot is always RcbTEP, and the blue one is
always LcbTEP. When comparing RcbTEP_AEP vs. RcbTEP, a clear vertex N100 and P200 peaks are present in the green butterfly plot of RecbTEP_AEP (E) and in the
t value maps of Tol5 and Tol6 (F). LcbTEP_AEP vs. LcbTEP comparison showed similar results (G, H). The comparison between RCS and LCS conditions (I) showed
significant clusters in Tol1, ToI4 and Tol5, consistent with contralateral cortical activation following cerebellar stimulation (J). In the RcbTEP vs. AEP comparison
(K, L), the larger vertex P200 of the latter resulted in a central significant negative cluster in Tol6, while a lateralized frontal P80 in the RCS condition resulted in
a significant positive cluster in Tol4, but a peak of RcbTEP in middle latency has higher amplitude than AEP (K). In the last row, RcbTEP vs. SEP comparison (M,
N) demonstrates a very early peak in Toll, another high peak in Tol4 and the other clear negative peak in ToI5 in butterfly plot of RcbTEP (M), referring to the
significance in t value maps (N). The red dashed line is the time point of TMS pulse. The black panel around the TMS pulse is the time window which was cut to
remove the TMS pulse artefact where the TMS pulse artefact (=5 to 12 ms). In the t value maps, black dots indicate significant electrodes by cluster based permutation
test (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. The learning curve of behavior tasks. The learning curve of experiment
4 is represented. Blue shaded area indicates the 95% confidence interval of an-
gular error (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

4.2. cbTEPs are modulated by visuomotor learning

As visuomotor learning is well-known to engage cerebellar inter-
actions with both motor and cognitive cortical areas (Galea et al.,
2015, 2011; Halsband and Lange, 2006; Spampinato and Celnik, 2021;
Spampinato et al., 2017; Taylor and Ivry, 2014), we expected changes in
the cbTEP to appear throughout frontal-motor areas following learning.
We did not expect changes surrounding the occipital lobe, as previous
work has shown that this area does not involve this area during cerebel-
lar visuomotor adaptation (Boukrina and Chen, 2021; Haar et al., 2015;
Striemer et al., 2019). Our data demonstrated that the frontal P80 was
sensitive to different stages of training (Fig. 10). A decrease in this peak
was found following task familiarization, which subsequently increased
following adaptation. Interestingly, we found that changes in the P80
peak correlated to the amount of motor retention, indicating that this

12

Neurolmage 275 (2023) 120188

peak is an important marker for learning. While we additionally found
that the N110 peak was modulated following baseline performance, we
found no behavioural correlations associated with this peak, hinting that
P80 and N110 provide information about different processes that may be
more or less directly related to motor learning and retention (Fig. 10J).

The fact that cbTEP changes were concentrated over prefrontal areas
might not be surprising as the most likely cerebellar zones stimulated
with TMS are ones associated with cognition (i.e., lobules VI to Crus I/1I)
(Bernard and Seidler, 2013; Krienen and Buckner, 2009; Strick et al.,
2009). Additionally, adaptation to visuomotor rotations requires differ-
ent forms of learning that are associated with distinct neural substrates,
such as learning via sensory prediction errors that are calculated by the
cerebellum and cognitive strategies (i.e., aiming) that involve frontal
areas (Taylor and Ivry, 2014; Tzvi et al., 2020). As the P80 changes
were concentrated in contralateral prefrontal areas following cerebellar
visuomotor adaptation, they may reflect long-term depression of Purk-
inje cells and increased activity across the cerebellar-prefrontal network
(Shadmehr and Holcomb, 1997) as, collectively, these regions play an
important role in learning and consolidating new sensorimotor trans-
formations (Caligiore et al., 2019; Tzvi et al., 2020). This is supported
by evidence that the strength of connectivity in the cerebellar-cortical
network updates dynamically after learning is completed, during con-
solidation and automatization (Doyon et al., 2009) and also during pro-
cesses involving motor memory formation (Bedard and Sanes, 2011). In
line with this, the P80 may reflect the overall state of the cerebellar-
prefrontal pathway at different stages of visuomotor adaptation rather
than a cerebellar state or prefrontal state alone.

Previous MRI studies have pointed out that the cerebellum and pre-
frontal cortex are engaged throughout visuomotor adaptation learning.
Activation of both areas are seen at the initial stages of adaptation
(Shadmehr and Holcomb, 1997; Tzvi et al., 2020), while the right ante-
rior cerebellar and left premotor activity persist for several hours after
individuals have adapted their movements during a consolidation pe-
riod (Shadmehr and Holcomb, 1997). This may explain why the change
in P80 outlasts the period of learning and is related to a specific aspect
of visuomotor learning. Indeed, the modulation of the P80 peak follow-
ing adaptation was strongly correlated with the amount of displacement
observed in no vision trials. These trials, where no rotation or vision of
the cursor was administered, were used to assess how much of the new
reaching pattern has been stored following adaptation. Here, individuals
who displayed more errors (an indicator of more retention) during these
trials also had significantly larger changes in P80 peaks with respect to
baseline (Figs. 10J and 11) .

One question here is, why do the amplitudes of P80 and N110 fluc-
tuate after baseline training as well as adaptation? We speculate that
these data might reflect some aspects of initial learning that are driven
by cognitive processes, such as aiming and tool learning (Nezafat et al.,
2001). Indeed, participants initially showed a bias in their goal-directed
reaches, which were found to reduce with repetitive training as they
learned to use the manipulandum. Future work may consider probing
changes in the cbTEP before and after simple reaching movement alone
(i.e., without manipulandum), which avoids any learning effects.

4.3. Comparison with previous studies of cbTEPs

As noted in the introduction, results are not consistent across stud-
ies and there are substantial differences in the methodology used (e.g.
TMS coil type, intensity, and stimulation site). However, it is interest-
ing to note that the study by Sasaki et al. which used a DC coil as in the
present experiment, yielded a contralateral frontal positivity at 80 ms
similar to that described here. However, the authors did not do a paired
comparison with sham control, so the conclusion is based only on an in-
spection of their data (Sasaki et al., 2022). In contrast, two studies that
used F8 coils do not comment on any activity specific to cerebellar stim-
ulation around 80 ms and reported conflicting results. Using a 50 mm
F8 coil, Gassmann and colleagues reported a diffuse negative contralat-
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eral potential at around 45 ms (Gassmann et al, 2022), which was not
replicated by another study using a 70 mm F8 coil (Fernandez et al.,
2021). It is plausible that coil type, stimulation intensity and site may
account for discrepancies in results across different studies. For instance,
DC coils are more effective than F8 coils in activating cerebellar pro-
jections to the cortex (Fernandez et al., 2018; Hardwick et al., 2014;
Spampinato et al., 2020a). We also carefully calibrated cerebellar TMS

intensity based on CBI, a procedure not performed in the paper by Fer-
nandez and coworkers, who used a fixed intensity. It is also clear that
changing the intensity of cerebellar stimulation can result in differences
in CBI (Galea et al., 2009; Hardwick et al., 2014; Spampinato et al.,
2020a; Ugawa et al., 1995). The stimulus intensities for the F8 coil used
by Fernandez et al. (90%MSO) and Gassmann et al. (75% MSO) are
quite different and thus may partially explain differences between their
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results. In addition, various stimulation sites across studies may also
be responsible for the diverging results: whereas we stimulated 3 cm
lateral to the inion, as in other studies where CBI was successfully ob-
tained (Daskalakis et al., 2004; Fernandez et al., 2021; Fong et al., 2021;
Hardwick et al., 2014; Pinto and Chen, 2001; Spampinato et al., 2021,
2020a, 2020b), Gassmann and co-workers chose a site corresponding
to PO10, a site more lateral and previously reported to not suitable for
eliciting CBI (Ugawa et al., 1995).

Measurement of the electrical field (E-field) induced by TMS pro-
vides a useful estimation of the effectiveness of cerebellar TMS. A study
by Can and coworkers (Can et al., 2018) suggested that (1) lateral (i.e.,
PO9) and medial (i.e., I1) stimulation sites induce significantly differ-
ent distribution of E-field and that (2) 110 mm DC coils provide deeper
stimulation compared to F8 coils, whose stimulation is more focal but
limited to the cerebellar cortex. This is important since, according to
previous literature, cerebellar motor areas are located deep in lobules V
and VIII, about 3-3.5 cm from the scalp (Hardwick et al., 2014). These
findings agree with our E-field measurements (summarized in supple-
mentary material 3 and Fig. S2). Overall, we conclude that a consis-
tent method for stimulating the cerebellum should be adopted in the
future and that putative cerebellar evoked potentials are shown to be
behaviourally sensitive.

4.4. EEG recording reveals more details of the neurophysiology of
single-pulse subthreshold cerebellum TMS with a DC coil

Cerebellar Purkinje cells are thought to be activated by TMS, which
inhibits the dentate nucleus neurons that project to the cortex via
the thalamus (Battaglia et al., 2006; Reis et al., 2008; Rossini et al.,
2015). Given the large and non-focal stimulation applied with the DC
coil, it is likely that cerebellar projections to the motor and cogni-
tive areas are activated. Interestingly, the area of the cerebellar cor-
tex closest to the scalp is the Crus I/II (~ 13-15 mm) (Benjamini and
Hochberg, 1995; Galea et al., 2011), which connects to prefrontal
cerebral areas (Benagiano et al., 2018; Middleton and Strick, 2001;
Strick et al., 2009; Watson et al., 2014). In other words, the bulk of single
pulse cerebellar TMS likely activates Purkinje cells in Crus I/1I, which
would suppress background firing in the dentate nucleus and transiently
suppress the excitatory thalamic-frontal relay, similar to CBI. This sug-
gests that our observed prefrontal potential (P80 and possibly part of the
N110) is not due to direct activation of dentato-thalamo-cortical projec-
tions, as these would be inhibited by cerebellar stimulation, but would
rather represent an excitatory rebound phenomenon of stimulating the
highly active inhibitory Purkinje cells. This response is likely to be sen-
sitive to visuomotor learning because it is clear that plastic changes are
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expected in both the cerebellum and prefrontal lobe, given their impor-
tant contributions to learning this task (Galea et al., 2015; Halsband and
Lange, 2006; Taylor and Ivry, 2014).

5. Limitations

The high intensity and DC coil used to evoke cerebellar output
present a challenge, as this may lead to large evoked auditory evoked
potentials. In addition, slightly vary coil position, different coil types
and stimulation intensities we might be able to stimulate different pro-
jections and hence get different cbTEPs. Thus, depending on how well
this aspect is controlled for, these potentials could potentially drive vari-
able results among future cerebellar TMS-EEG studies. Moreover, studies
have used different intensities of stimulation to activate the cerebellum,
a problem compounded by the fact that AMTgg cannot be measured in
some participants. Nevertheless, we can compare the present range of
intensities to the previous work of Gassmann and coworkers. They il-
lustrated the homogeneity of their data by showing that 82.6% (38 of
46 measurements) of participants’ CBI ratios fell within 1 standard de-
viation of the mean (Gassmann et al., 2022). In the present data, 78.1%
(50 of 64 measurements) of participants’ CBI ratios fell within the same
range. Furthermore, the use of ICA as a method of EEG pre-processing is
another potential issue because signals generated by direct brain stimu-
lation and activation by sensory input might not be independent. How-
ever, the spatial and temporal profile of EEG responses generated by
sensory input of TMS has been well characterized (Rogasch et al., 2014;
Ross et al., 2022), which makes their identification and removal easier.
It is also important to note that several review papers by experts on the
topic exist (Hernandez-Pavon et al., 2023; Tremblay et al., 2019), and no
definite recommendations on pre-processing options are provided. Nev-
ertheless, it is important to note that, even after ICA, residual vertex ac-
tivity partly remains, as reported also by Ross and colleagues (Ross et al.,
2022), and may contribute to the mentioned issues in N110 and P200
interpretation. Finally, the stimulus produces a large artifact in early
EEG components that cannot be filtered. Thus, it is difficult to see the
earliest response known to influence M1 activity since the rebound of
excitability of dentato-thalamo-cortical tract occurs within 10 ms, as
demonstrated in CBI studies using EMG (Ugawa et al., 1995).

6. Conclusion

Using the DC coil and enough stimulus intensity, together with care-
ful EEG pre-processing, the results demonstrate that a cortical response
to cerebellar TMS (P80 and, at least partly, N110) can be isolated and
is reproducible across different groups of subjects. Visuomotor learning
influenced the amplitude of cbTEP (P80) consistent with its origin in the
cerebellum. However, because of the large sensory inputs produced by
cerebellar TMS, which interfere with identification of later parts of the
cbTEP, further investigation of the N110 is still needed.
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