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Compared motor learning effects
of motor cortical and cerebellar
repetitive transcranial magnetic
stimulation during a serial reaction
time task in older adults

Saeid Khanmohammadi?, Fatemeh Ehsani®®2*?, Rasool Bagheri? & Shapour Jaberzadeh?

Repeated transcranial magnetic stimulation (rTMS) is a technique used to enhance motor learning in
older adults. Some studies have shown that applying rTMS to the primary motor cortex (M1) and the
cerebellum enhances motor learning. This study investigates the effects of M1 rTMS and cerebellar
rTMS on motor learning in older adults. Seventy healthy older participants were randomly divided into
M1, cerebellar rTMS, and sham rTMS groups. Participants completed the Serial Reaction Time Task
(SRTT), while receiving 10 min of 10 Hz rTMS, with the sham group receiving inactive stimulation.
Reaction time (RT) and error rate (ER) were recorded before, immediately, and 48 h post-task. RT and
ER decreased immediately after the SRTT in all groups (P <0.001). Both intervention groups showed
greater online motor learning than the sham group (P <0.05). Additionally, both intervention groups
exhibited offline motor learning and learning consolidation with more significant changes in the
cerebellar-rTMS group during lasting time (P <0.03), whereas the sham rTMS group could not maintain
motor learning (P>0.05). The findings suggest that both M1 and cerebellar rTMS enhance motor
learning in healthy older adults, with cerebellar rTMS being more effective in consolidating motor
learning.

Keywords Aging, Motor learning, Repetitive transcranial magnetic stimulation, rTMS, Motor cortex,
Cerebellum

The growing population of older adults is a persistent global trend with significant implications across various
sectors, especially healthcare!"2. According to the World Population Prospects, the number of people over age
60 years is expected to more than double by 2050!. Therefore, the need for targeted interventions specifically
designed for older adults is becoming increasingly important’. Aging is associated with a range of changes
in motor function, voluntary movements, motor learning, and movement skills*, which can affect all daily
activities*. Motor skill relearning or the acquisition of new motor skills is a critical aspect of rehabilitation for
older adults, as it can significantly improve their quality of life. Therefore, improving motor learning during
rehabilitation is essential for maintaining functional independence in this population®.

Motor learning, as an adaptive and consistent change in motor behavior, is a complex process of the brain
in response to practice or experience’. The serial reaction time task (SRTT) is a widely used paradigm for
investigating motor learning, assessing the implicit learning of motor sequences®. Motor learning involves a
widespread brain network including the motor cortex, premotor cortex, basal ganglia, and cerebellum’. The
cerebellum and primary motor cortex (M1) are the key cortical areas in motor control, which undergo structural
and functional changes in older adults'®!!. The cerebellum is involved in fine-tuning motor commands, error
detection, and movement adaptation'?, while M1 is responsible for movement execution and consolidation of
motor skills during both online (during practice) and offline (between practice sessions) phases of motor learning
during SRTT". In other words, the cerebellum plays a key role in procedural learning and tasks like the SRTT
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by optimizing motor coordination, timing, and sequence learning!*!. It fine-tunes responses through error
correction and adaptation, enabling faster and more accurate reactions to repetitive patterns!*!>. Beyond motor
functions, the cerebellum contributes to implicit memory and detecting regularities, enabling subconscious
pattern recognition in SRTT!*!°. It works closely with the basal ganglia and motor cortex to integrate motor
learning and cognitive processes, making it essential for acquiring and improving repetitive skills'*!>. Some
studies indicate that both gray and white matter volumes in these regions decline significantly with aging,
resulting in deficits in motor learning deficits'®~'8. In the cerebellum, age-related degeneration impairs its ability
to integrate sensory feedback for error correction, which is essential for acquiring new motor skills'®. Similarly,
in M1, structural atrophy and reduced plasticity impair the brain’s ability to encode and refine motor patterns?.
The age-related neural changes in response to increased motor cognitive demands may impact the learning of
novel, complex motor skills in older adults?*-22, Therefore, it is important to develop an intervention that can
enhance motor learning in older adults®.

In particular, repeated transcranial magnetic stimulation (rTMS) over M1 has been shown to enhance
motor learning by increasing cortical excitability, which facilitates the encoding of motor memories®. Likewise,
stimulation of the cerebellum has been shown to improve motor learning by modulating cerebellar-cortical
pathways, thereby enhancing movement coordination and error correction?. A key factor in the efficacy of
rTMS is the frequency of stimulation®®. High-frequency rTMS (e.g., 10 Hz) has been demonstrated to enhance
neural excitability and promote long-term potentiation (LTP)-like plasticity?*. Then, it appears that 10 Hz rTMS
is the effective frequency for both M1 and cerebellum for enhancing motor learning.

Generally, rTMS is safe, effective, and non-invasive with minimal side effects or adverse effects?®. Some
studies have reported the therapeutic benefits of rTMS over M1 on motor learning in older adults?”?, and other
studies have indicated the improvement of motor learning following cerebellar rTMS?*?°. However, it is unclear
which brain areas targeted by rTMS produce a greater and more lasting effect on motor learning. With this
background in mind, this study aims to compare how rTMS over the M1 and cerebellum prime motor learning
during the execution of the SRTT in healthy older adults.

Accordingly, it was hypothesized that:

o Both M1 and cerebellar rTMS will improve motor learning during (online) and after (offline) the SRTT in
healthy older adults, as indicated by significant reductions in Reaction time (RT) and error rate (ER) com-
pared to the sham rTMS group.

« One of these approaches may be more effective than the other in reducing RT and ER in healthy older adults.

Materials and methods

Design

This study utilized a parallel, double-blind, randomized controlled trial design and received approval
from the Human Ethics Committee at Semnan University of Medical Sciences in Semnan, Iran (IR.
SEMUMS.REC.1401.137). The study was registered in the Iranian Registry of Clinical Trials (www.irct.ir;
IRCT20151228025732N73;2022/10/10). Recruitment and follow-up took place from January 2023 to June 2023.
Data collection occurred at the Neuromuscular Rehabilitation Research Center of Semnan University of Medical
Sciences following the declaration of Helsinki. All participants provided informed consent before participating
in the study.

Participants

Seventy-five healthy older adults were assessed based on the study’s inclusion and exclusion criteria. These
participants were randomly assigned to three groups using a block randomization method: M, rTMS (n=23),
cerebellar rTMS (n=24), and sham rTMS (n=23). Ultimately, 70 participants with a mean age of 64.85+4.32
years completed the study. The sample size was calculated using Cohen’s table, based on the effect size determined
from the first 15 participants. This allowed for the detection of the effect of rTMS with 95% confidence and a
statistical power of 85%.

The inclusion criteria for this study were as follows: older adults aged 60-75 years, right-handed, and willing
to participate. Participants with abnormal neurological or psychological conditions such as Parkinson’s disease,
Alzheimer’s disease, schizophrenia, and dyslexia!®; psychiatric health problems!; a history or presence of
epilepsy®’; metal implants or pacemakers in their body>’; exposure to any brain stimulation affecting the central
nervous system in the last three months'®; use of any sedative drugs in the last two weeks'?; any symptoms
of forgetfulness and depression'’; uncorrected vision and hearing disorders; severe perceptual and memory
problems (scores of less than 21, on the Mini-Mental Status Examination (MMSE))'; suffering from any
musculoskeletal or rheumatoid condition affecting the range of motion in the right upper extremity'’; and any
contraindications for TMS, such as intracranial metal implantation!® were excluded. The included participants
were then randomly assigned to three groups using a computerized random number generator: (1) M1 rTMS
concurrent with SRTT, (2) Cerebellar rTMS concurrent with SRTT, (3) Sham cerebellar or M1 rTMS concurrent
with SRTT. Finally, all 70 participants completed the entire program and were analyzed. Figure 1 illustrates the
flowchart of the eligibility assessment process throughout the study.

rTMS protocol

r'TMS was performed using a magnetic stimulator with a figure-of-eight coil (70 mm in diameter) (MagSurve,
MedinaTeb, Iran)?%. The coil was positioned tangentially to the scalp, with the handle pointing superiorly in both
conditions of M1 and cerebellar stimulation?. In this study, rTMS was applied at a frequency of 10 Hz for 10 min
(6000 stimuli) at an intensity of 90% of the resting motor threshold (MT)?. The resting MT was determined by
producing a peak-to-peak motor-evoked potential (MEP) of at least 50V in the relaxed right abductor pollicis
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Fig. 1. Flow diagram of participants eligibility assessment.

brevis (APB), which was measured by surface electromyography (EMG)?!. To stimulate the left M1, rTMS was
applied at the left M1 (C,), following the international 10-20 EEG system. In the cerebellar rTMS group, rTMS
was applied over the right cerebellum (1 cm below the inion of the occiput bone and 1 cm on the inner side of the
mastoid transversely in the back of the head). In the sham rTMS group, rTMS was randomly applied over the M1
or cerebellum. In the sham rTMS group, stimulation was turned off 1 min after starting, while the coils remained
in place for 10 min and a sound similar to real rTMS was played. All groups received a single 10-minute rTMS
session concurrently with the SRTT (Fig. 2).

Electromyography

The portable ME6000 surface EMG with MegaWin PC software was used to record the MEPs for determining the
resting M T of the M1. After properly cleaning the skin, two surface electrodes were attached to the motor point of
the right APB muscle (Ag-AgCl, 4-mm diameter, placed at the midpoint between the first metacarpophalangeal
joint and carpometacarpal joint)**32. A reference electrode was placed on the styloid process of the ulna®2.
Participants were seated in a comfortable chair in a semi-incumbent position®®. The hands were in a resting
pronated position’’. We used single-pulse TMS to record resting motor thresholds (RMTs). The intensity of the
M1 TMS was gradually increased until the 50uV MEP of the APB muscle was recorded on the monitor screen of
the EMG to determine the MT?!. 90% of this MT was considered as the intensity of rTMS during intervention
for each participant. Each testing condition was recorded three times, and the average value was calculated for
analysis®**2 Before the current study, the rTMS user intra- and inter-session reliability of rTMS-induced MEPs
was assessed in a test-retest trial of 10 participants.

Serial reaction time task (SRTT)

In this study, the Color Matching Test (CMT), a custom-designed software program, was used to induce and
assess motor learning with the SRTT. SRTT is a common method for assessing implicit motor learning that
combines motor and cognitive components (Nissen & Bullemer, 1987)33. In the CMT software, colored squares
repeatedly appeared in the center of a computer screen, with four possible colors: yellow, green, red, and blue.
Each color was associated with a specific key on the computer keyboard (yellow- right shift key, red- C, green-
M, blue- left shift key). Participants were instructed to keep their right index finger on the buttons and press
the corresponding key as quickly and accurately as possible when a colored square appeared on the screen.
The target-colored square would only disappear, when the correct key was pressed. To standardize the test
conditions, participants were asked to return their index finger to the starting point on the keyboard, which was
equidistant from all the relevant keys after pressing each key?!. The participants completed two pre-test blocks,
8 blocks as the main training task, and finally two blocks 48 h after the completion of the main training, serving
as a retention test. The second block of the pre-test was considered as the baseline data. Except for blocks 7 and
8, which were shown randomly, all other blocks followed a predetermined sequence. Each predetermined block
consisted of 10 trials, with each trial containing 8 color cues in a specific sequence (e.g., Yellow-Red-Green-
Yellow-Blue-Green-Yellow-Green.).

The RT and ER of performing each sequence in all three groups were recorded in the initial test before
applying rTMS, in the main test when receiving rTMS, and in the retention test 48 h after applying this current.
A decrease in RT and/or ER during the primary test (Block 10, referred to as Training Block 10) compared to
Block 3 (referred to as Training Block 3), as well as during retests (Block 12, denoted as Post 12) compared to
Block 2 (referred to as Pre 2), was used as a benchmark for assessing enhancements in online and offline motor
learning, respectively. Moreover, the consolidation effect of learning was evaluated based on the persistence of
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Fig. 2. Flow chart of the study design.

RT or ER in Block 12 (referred to as Post 12) compared to Block 10 (referred to as Training Block 10). Participants
were not given prior knowledge of the sequence order, so learning occurred implicitly across all test conditions.

Each participant completed all tests at a designated time early in the day and in the same environment. This
approach was implemented to minimize the impact of fatigue and other potential confounding variables on
motor learning.

Two physiotherapists were involved in performing the interventions. One of the physiotherapists, who was
an expert in applying rTMS, carried out the interventions for all three groups. The other therapist, who was
blinded to group assignments, assessed the outcome measures. The participants in all groups were also blinded
to the experimental conditions.

Assessment of side effects or adverse effects of rTMS
Any side effects or adverse effects of rTMS were monitored using TMSens-Q, a questionnaire designed to report
the unintended effects of rTMS at the end of each session*.

Statistical analysis
The collected data in the current study were analyzed using SPSS Version 24. The Shapiro-Wilk test was used to
assess the normal distribution of the data, and the results indicated that all data were normally distributed. One-
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Mean+SD
Variables | Cerebellar-rTMS (n=24) | M1-rTMS (n=23) | Sham rTMS (n=23) | p-value
Age (years) | 64.79+3.74 64.04+4.32 65.73+4.92 0.42
MMSE test | 26.34+2.10 26.48+1.88 26.09+1.75 0.73
RT2 201.37+£73.27 185.78+73.93 201.86+70.80 0.69
RT3 161.62+£59.41 163.21+£87.19 161.82+£80.17 0.99
ER2 10.41+6.02 8.47+6.01 10.10£5.99 0.51
ER3 2.33+4.62 6.04+2.68 5.65+2.51 0.14

Table 1. Baseline characteristics of the study participants. MMSE Mini mental status examination, RT reaction
time, ER error number.

Variables Effect DF | F P value
Group 2 6.29 | 0.003*
Main
Reaction time Time 3 46.92 | *<0.001
Interaction | Group*time | 6 3.74 | *<0.001
Group 2 4.69 |0.12
Main
Error number Time 3 30.34 | ¥<0.001
Interaction | Group*time | 6 6.82 | *<0.001

Table 2. ANOVA results for the effects main and interaction effects of the group and different times on
reaction time and error number.

way ANOVA was used to assess differences in the baseline values among the groups. This test was carried out to
rule out any carry-over effects. Furthermore, a general linear mixed model (GLM) repeated measures ANOVA
was performed to assess the main effects of group (i.e., M1 r'TMS, cerebellar rTMS, and sham rTMS) and time
(i.e., before, immediately, and 48 h post-intervention), as well as their interaction effects on motor learning.
Moreover, changes in RT and ER were analyzed within groups using pairwise comparison tests. Post-hoc tests
with Bonferroni correction will be performed where indicated. The Type I error (a) was set at 0.05.

Results

Demographic characteristics

The demographic and baseline data of the participants in each group are presented in Table 1. There were no
significant differences among the groups in terms of age, MMSE, baseline RT, and ER (P> 0.05). Moreover, the
results indicated high intra-session and inter-session reliability of EMG for measuring the MT in the test and
retest sessions. The intra-session ICCs of the test session ranged from 0.89 to 0.92, the ICC:s of the retest session
ranged from 0.90 to 0.92, and the inter-session ICCs ranged from 0.89 to 0.91. Additionally, the SEM and MDC
were 0.06 and 0.12, respectively.

Comparing the effects of M1 and cerebellar rTMS to sham rTMS on RT and ER
The results of the GLM repeated measures ANOVA analysis are shown in Table 2. The findings indicated that
the main effect of the group was significant for RT (P=0.003). Furthermore, the main effect of “Time” was
significant for all variables (P<0.001). The groupxtime interaction effects were also significant for all variables
(P<0.001) (Table 2).

Post hoc analysis using Bonferroni correction showed a significant reduction in RT and ER between block
3 and block 10 and between Pre 2 and block 12 in the intervention groups (P<0.05). This indicates online and
offline learning (Fig. 3, a, b, d, ). In the sham rTMS group, there was a significant reduction in RT between block
3 and block 10, indicating online learning. However, there was no significant reduction in RT and ER between
block 2 and block 12, indicating a lack of offline learning in the sham rTMS group (p >0.05, Fig. 3¢, f).

Comparing effects of M1 and cerebellar rTMS on RT and ER
There were significant differences in online and offline learning and consolidation effect of learning (RT and ER
reduction) among groups, with more learning in the intervention groups (P<0.05, Table 3; Fig. 4). Additionally,
a consolidation effect of learning was shown in the intervention groups. The results showed a reduction in RT
and ER, which lasted and even showed a trend toward more reduction, between block 10 and block 12 in the
intervention groups (Fig. 3a, b, d, and e). However, more significant online and offline RT reduction and also
consolidation effects of learning were shown in the cerebellar rTMS compared to the M1 rTMS group (p=0.03,
Fig. 4). On the other hand, the sham rTMS group did not show any consolidation effect (comparison between
block 10 and block 12, Fig. 3¢, f).

All participants in this study completed the interventions with minimal side effects. Headache was a common
side effect of cerebellar rTMS and M1 rTMS (cerebellar rTMS: 1.80+0.59; M1 rTMS: 1.08 +0.33). However, the
patients did not report any generalized seizures during or after stimulation.
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Fig. 3. Reaction time of blocks during SRTT in M1-rTMS group, (b) reaction time of blocks during SRTT in
cerebellar-rTMS group, (c) reaction time of blocks during SRTT in sham rTMS group, (d) errors number of
blocks during SRTT in M1-rTMS group, (e) errors number of blocks during SRTT in cerebellar-rTMS group,
(f) errors number of blocks during SRTT in sham rTMS group.

Group (Mean +SD)
Variables Cerebellar-rTMS | M1-rTMS Sham rTMS | P value
Online learning | 75.29+57.68 62+92.35 73.93+1541 | 0.249

Reaction time

Offline learning | 102.54+78.69 70.69+77.69 | 24.95+58.43 | 0.002*

Online learning | 3.33+2.88 5.13+3.20 0.56+7.74 0.012%
Offline learning | 9.54+5.92 8.08+6.09 0.86+11.68 | 0.001*

Error rate

Table 3. Online and offline response time and error number (Mean + SD), MEP, and ANOVA results in each
group during SRTT. SD standard deviation, RT reaction time, ER error number, SD standard deviation, T1
before the intervention, T2 immediately after the intervention, T3 48 h after the intervention.

Discussion

This study, for the first time, compares the effects of rTMS over the M1 and cerebellum on motor learning in
older adults. The results showed that both M1 and cerebellar rTMS enhanced online motor learning during
training and significantly improved offline learning and motor learning consolidation. Cerebellar rTMS was
more effective than M1 rTMS, while the sham group was unable to maintain offline learning or consolidation,
emphasizing the targeted efficacy of active rTMS.

One of the hypotheses of the current study was that both M1 and cerebellar rTMS improve motor learning
during (online) and after (offline) the SRTT in healthy older adults, as compared to the sham rTMS group. The
findings of the current study support this hypothesis and indicate the positive effects of both M1 and cerebellar
rTMS groups as follows:
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the groups; significant differences in RT and ER reduction among groups (online and offline learning and
consolidation effect of learning), with more learning in the M1 rTMS and cerebellar rTMS groups (P <0.05)
and not any offline and consolidation effect of learning in sham group (P> 0.05).

The effects of cerebellar rTMS on motor learning during (online) and after (offline) the SRTT
The findings of this study indicate that cerebellar rTMS significantly enhances both online and oftline motor
learning, as well as consolidating motor learning compared to the sham cerebellar rTMS in older adults.
Although there have been no previous studies investigating the effects of cerebellar rTMS in conjunction with
SRTT on motor learning in older adults, a previous study supports the findings of this study*»*. Koch et al.
(2020) evaluated the effects of theta burst rTMS on modulating visuomotor adaptation in young healthy adults®.
The results of the study showed that cerebellar rTMS had a strong bidirectional modulation on visuomotor
adaptation task performance and improved motor learning®. Similar to the results of the current study, Koch
et al. (2020) indicated that cerebellar rTMS accelerated visuomotor adaptation by reducing ER in response to a
novel perturbation and maintained this improvement during a subsequent phase of re-adaptation®. The study
by Celnik et al. (2015) also showed that rTMS can modulate connectivity between the cerebellum and the motor
cortex®®. This intervention has been found to impact motor, cognitive, and emotional processing and behaviors®.

By stimulating the cerebellum at the frequency of 10 Hz, neural activity in the deep cerebellar nuclei (DCN)
is enhanced, partly through modulating the inhibitory output of Purkinje neurons, which project to the DCN¥’.
This leads to a stronger and more precise output from the cerebellum to the ventral thalamus and subsequently
to the M1 via the cerebello-thalamocortical pathway?”. This enhanced communication improves the integration
of sensory and motor information, facilitating the detection and correction of movement errors, which is critical
for motor learning®’. Additionally, 10 Hz rTMS induces synaptic plasticity within the cerebellum and associated
pathways, supporting the refinement and retention of motor skills*®. This process is likely especially important
in the older population, where age-related declines in motor control and learning are associated with reduced
neural plasticity®. The results of this study suggest that cerebellar rTMS, compared to the sham rTMS, may
counteract the effects of aging, facilitating motor learning even in older adults.

The effects of M1 rTMS on motor learning during (online) and after (offline) the SRTT

The findings of the current study indicated that M1 rTMS can improve both online and offline motor learning
and consolidate learning in older adults. Previous studies have also confirmed these findings and reported
significant improvements in motor learning with M1 rTMS***!. Hussain et al. (2021) found that compared to
sham rTMS, M1 rTMS induced offline skill motor learning during mu peak and trough phases in healthy young
adults*’. Nojima et al. (2019) investigated the effects of static TMS over the right M1 and dorsolateral prefrontal
cortex (DLPFC) during an implicit motor task on online and offline motor learning in healthy adults*!. They
observed a reduction in RT immediately and 24 h after static TMS over M1, with significantly faster RTs in the
M1 TMS group compared to the DLPFC TMS or Sham stimulation groups?!. Rumpf et al. (2022) demonstrated
that 10-Hz rTMS over the M1 significantly influences motor learning, particularly in terms of post-training
offline consolidation*>. While their study focused on the effects of 10-Hz rTMS on explicit motor learning
in young adults, which differs from the population of the current study, it nonetheless confirms the positive
and lasting impact of 10-Hz rTMS over M1 on motor learning. Kim et al. (2006) also indicated enhancement
of motor learning performance and effective plastic changes with increasing motor performance accuracy
following 10 Hz rTMS over M1 during SRTT in patients with stroke*>. It seems that M1 plays a central role
in movement execution and the modulation of motor performance and motor learning*®. Studies have shown
that M1 stimulation can enhance neural excitability and promote synaptic strengthening, which is essential for
learning new motor tasks*>*>,

Overall, rTMS over both M1 and cerebellum with frequencies above 1 Hz may suppress the inhibitory system
by decreasing the activity of the gamma-aminobutyric acid (GABA)-ergic system***>. This generally affects the
motor system and improves offline motor learning?*%>. Additionally, it seems that rTMS over both M1 and the
cerebellum increases the firing rate of neurons and strengthens the newly formed associations among neurons,
which can affect neural networks and the consolidation of sequence learning tasks***>. Therefore, the application
of one session of M1 and cerebellar rTMS can engrave new firing patterns in memory and facilitate offline motor
learning processing as indicated in the current study***.
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The second hypothesis of the current study was that one of these approaches may be more effective than
the other in reducing RT and ER in healthy older adults. According to the findings of the current study, this
hypothesis is confirmed as follows:

Comparing the effects of M1 and cerebellar rTMS on motor learning

The current study found that cerebellar rTMS was more effective than M1 rTMS in offline motor learning and
consolidation of learning. While no studies have directly compared the effects of cerebellar and M1 rTMS on
motor learning, some studies have compared cerebellar and M1 tDCS on motor learning and motor performance
in healthy adults*. Ehsani et al. (2016) compared the effects of M1 and cerebellar a-tDCS on online and offline
motor learning in healthy individuals*>. They found that both M1 and cerebellar a-tDCS could enhance online
and offline motor learning, but cerebellar a-tDCS had greater effects on offline learning and consolidation in
healthy individuals®. These findings align with the results of the present study, as cerebellar rTMS significantly
induced offline motor learning and consolidation of learning more than M1 rTMS in healthy elderly adults.
Although a-tDCS and high-frequency rTMS have distinct neurophysiological mechanisms, they ultimately
appear to produce similar neuroplasticity and motor learning effects.

One possible explanation for the greater efficacy of cerebellar rTMS compared to M1 rTMS is the distinct
role of the cerebellum in motor learning. While both the cerebellum and M1 are crucial for motor learning, the
cerebellum is particularly involved in error detection, adaptive control, and movement refinement®®. Previous
studies have shown that rTMS over the cerebellum activates Purkinje cells, induces long-term depression
(LTD), modulates motor networks, and facilitates pathways to M13¢. During the SRTT, participants learn to
respond as quickly as possible to sequentially presented visual stimuli*®. Functional magnetic resonance imaging
(fMRI) studies have demonstrated that the cerebellum plays an essential role in adapting to visuomotor tasks*.
Cerebellar rTMS induces significant functional changes in the cerebellum-motor network, enhancing motor
learning during early trials and contributing to consolidation®. Although M1 activity is critical for movement
execution during motor learning®’, the cerebellum plays a key role in retaining learned movements through
repeated performance®®. The stronger effects of cerebellar rTMS compared to M1 rTMS may be attributed to
the cerebellum’s ability to integrate and process multimodal sensory inputs (vestibular, somatosensory, visual,
and auditory) to refine motor planning®. This aligns with the findings of the current study, suggesting that the
cerebellum may play a more prominent role than M1 in certain aspects of motor learning®. Additionally, Pauly
et al. (2021) confirmed the clinically relevant benefits of cerebellar rTMS in enhancing motor thresholds in
healthy individuals®. Although no study has directly compared the effects of cerebellar and M1 rTMS on motor
learning, Kim et al. (2014) investigated the effects of rTMS over M1 and the supplementary motor area (SMA)*!.
Their findings indicated that while reaction time (RT) significantly decreased following rTMS over both the SMA
and M1, the reduction in RT was significantly greater after SMA rTMS compared to M1 rTMS (p <0.05) during
implicit learning®!. Similarly, the findings of the present study suggest that M1 rTMS has less long-term efficacy
than cerebellar rTMS in reducing RT in older adults. The cerebellum and SMA share functional similarities, as
both contribute to higher-order motor processes such as motor sequence learning, movement coordination, and
error prediction. Both structures are involved in integrating information necessary for refining motor actions
and optimizing performance. However, unlike the SMA, which is primarily engaged in movement planning
and preparation, the cerebellum plays a more critical role in real-time error correction, sensory integration,
and motor memory consolidation. In contrast to M1, which is essential for motor execution, the cerebellum’s
influence extends beyond direct movement initiation. The cerebellum facilitates adaptive learning and offline
consolidation, processes that enhance motor performance over time. The stronger effects of cerebellar rTMS in
the present study suggest that its role in long-term motor learning may be more pronounced than that of MI,
particularly in aging populations where motor retention deficits are more prevalent®.

The results of the current study suggest that rTMS over both the M1 and cerebellum may help counteract
age-related change by enhancing neuroplasticity. The greater effectiveness of cerebellar rTMS compared to M1
r'TMS on offline motor learning may reflect the key role of the cerebellum in adapting motor strategies over time
to compensate age-related declines during motor retention and motor learning.

Limitations and suggestions for future studies

There were some limitations to the current study. At first, it assessed the effects of one session of rTMS on motor
learning in elderly adults. Therefore, future studies should consider multiple sessions of rTMS applications, as
they may be more effective for motor learning in this population. Secondly, due to time constraints, a 48-hour
follow-up period was used in this study. It is recommended that future studies investigate the long-term effects
of rTMS with longer follow-ups in older adults. Moreover, further studies are suggested to compare the lasting
effects of rTMS on motor learning between young and older adults. Due to the neurophysiological differences
between female and male older adults, the effects of rTMS on motor learning may vary between these groups.
Therefore, investigating gender effects is crucial and requires further attention. Furthermore, it is suggested to
compare the effectiveness of rTMS and tDCS over the M1 and cerebellum in future studies. Finally, the lack of
neurophysiological measures such as fMRI is another limitation of this study. These assessments would be useful
in understanding the possible mechanisms behind these observations and should be conducted in future studies.

Clinical implications
These findings may have significant clinical implications for motor learning, with a potential impact of cerebellar
and M1 rTMS, especially cerebellar rTMS on rehabilitative procedures such as physiotherapy for older adults.
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Conclusion

The findings of the current study indicated that both M1 and cerebellar rTMS significantly improve online and
offline motor learning as well as the consolidation of learning in healthy older adults. The long-term effectiveness
of cerebellar rTMS on motor learning was significantly higher than M1 rTMS, suggesting that cerebellar rTMS
is more effective for motor learning consolidation in healthy older adults.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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