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ABSTRACT
Background: The primary motor (M1) and somatosensory (S1) cortices play a key role in motor learning (ML), but the

physiological mechanisms underlying learning in these regions remain unclear. This study aimed to evaluate the effect of

high-frequency repetitive transcranial magnetic stimulation (rTMS) applied over S1 or M1 to enhance use-dependent and

reinforcement-like ML in healthy participants.

Methods: A single-blind, randomized controlled trial (RCT) was conducted with 60 healthy participants, randomly assigned to

receive rTMS over M1, S1, or sham. Participants underwent a 10-day motor training protocol involving an arbitrary visuomotor

association (AVMA) task to promote reinforcement learning and the Purdue Pegboard Test (PPT) to promote use-dependent

learning, always after rTMS. The primary outcome measure was the number of pegs placed in the PPT, and the secondary

outcome was the response accuracy during a forced response (FR) version of the AVMA. Assessments were conducted at baseline,

mid-intervention (t1), postintervention (t2), and at 1-month follow-up (t3).

Results: For use-dependent learning on the PPT, S1 stimulation outperformed sham at t1 (right hand), t2 (both hands), and t3

(both hands). M1 stimulation showed no significant differences versus sham. For reinforcement learning on the forced response-

AVMA (FR-AVMA), no active group differed from sham; however, S1 and M1 showed opposite numerical tendencies at t3 (S1

trending better, M1 worse), yielding a significant S1–M1 contrast.

Conclusion: These findings suggest that rTMS over S1 may enhance use-dependent ML, while the divergent S1 and M1

tendencies in reinforcement-like learning warrant further, adequately powered investigation, with implications for future

research in both healthy and clinical populations.
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1 | Introduction

Motor learning (ML) is defined as “relatively permanent changes
in the ability to perform specific activities or behaviors, resulting
from practice or experience, measured through retention tasks”
[1]. The acquisition of motor skills depends on two relatively
separate neural networks: the associative/premotor (AP) net-
work and the sensorimotor (SM) network [2].

The AP network includes the dorsolateral prefrontal cortex, pre-
motor areas, supplementary motor area, inferior parietal cortex,
cerebellum, and rostral basal ganglia, while the SM network
comprises the primary somatosensory cortex (S1), primary motor
cortex (M1), caudal basal ganglia, and cerebellum [2–5]. During
ML, there is typically initially greater activity in the AP network,
followed by increased activity in the SM network [5]. Previous
meta-analyses [6] have identified common areas involved in ML
across different tasks, which were labeled as the “core” network
of ML. The left dorsal premotor cortex, bilateral supplementary
motor area, M1, S1, and thalamus were key structures heavily
involved in ML.

The neural circuits involved in ML are not only time-dependent
but also vary depending on the type of motor task being learned
and therefore the primary physiological mechanism(s) underly-
ing improvements in that skill. To date, four processes have been
described as potential mechanisms mediating ML: error-based,
use-dependent, reinforcement, and strategy-based learning [7].
Our study focuses on determining the relative contribution of
S1 and M1 to two of these processes: use-dependent and rein-
forcement learning, with the important caveat that the task
employed likely recruits multiple, partially overlapping mechan-
isms rather than isolating a single learning process.

Use-dependent learning is a simple and goal-independent process
that forms motor memories by changing movements to become
more like the previous movement [8]. It has been consistently
linked to changes in activity within M1 and S1 [9–11] and the
premotor cortices. In contrast, reinforcement learning is the pro-
cess whereby actions are chosen and repeated based on reward
feedback, with successful actions being reinforced through reward
maximization. It has been traditionally linked to activity in the
basal ganglia (i.e., the “reward system”), although there is ample
evidence that M1 also processes reward signals and plays an
important role in reinforcement learning by integrating dopami-
nergic inputs andmodulating plasticity in response to reward, thus
actively connecting action execution and reward processing within
cortical motor networks [12, 13]. Similarly, S1 also encodes
rewards in mice and therefore may play a role in mediating rein-
forcement learning [14, 15].

Outputs generated inM1 are responsible for voluntary movements
using the corticospinal tract [16]. M1 is organized as a relatively
somatotopic map containing multiple motor synergies related to
different functional movements, thus playing a crucial role in both
storing and executing movement patterns and forming nodes that
link motor and cognitive processes that are shaped by repetition
and learning [17, 18]. In parallel, S1 has been traditionally consid-
ered as an area receiving somatosensory information from the
periphery, organized similarly in relatively somatotopic maps.
However, S1 also seems particularly important in ML. First, ani-
mal studies have demonstrated that damage to S1 hampers motor
task learning [19]. Additionally, noninvasive brain stimulation

applied to this area has been demonstrated to influence ML in
healthy individuals [10]. Furthermore, a relationship has been
observed between changes in short-latency afferent inhibition
and ML [20]. This type of inhibition is associated with somatosen-
sory cortex excitability, and it is hypothesized that it reflects
increased connectivity between S1 and M1 due to improved
somatosensory information processing in S1 [20, 21]. However,
the relative contribution of these two areas to different forms of
learning remains uncertain.

Repetitive transcranial magnetic stimulation (rTMS) is a thera-
peutic tool currently used to enhance upper limb motor function
after brain injury and to reduce the severity and frequency of
chronic pain [22, 23]. It involves applying a magnetic current
through two copper coils, generating an electric current in the
brain, which can modulate local neuronal excitability in a region-
specific manner [24]. Thus, rTMS can be used to prove causal
relationships between brain areas and behavioral phenomena.
There are two primary rTMS approaches: high-frequency rTMS
(>5Hz), which aims to increase neuronal excitability, and low-
frequency rTMS (1Hz), intended to inhibit target neuron activ-
ity [25].

Although applying rTMS to M1 in individuals with neurological
conditions has long been shown to be effective in improving
motor recovery [23], results in healthy people are more variable.
While physiological changes like increased corticospinal excit-
ability are well documented, these do not always translate into
better performance on tests that measure ML in healthy indivi-
duals [26–29]. The effects of rTMS applied to S1 in healthy indi-
viduals show similar results. A body of evidence supports its
neurophysiological effects, which is significant considering S1’s
role in ML. However, there is ongoing debate about its potential
effects over ML in healthy people [10, 30–32]. This might be
because M1 and S1 contribute differently to ML, promoting it
via relatively different mechanisms and/or at different stages of
skill acquisition.

Our study evaluates whether rTMS applied to M1 or S1 enhances
ML, thereby highlighting their role in skill acquisition. Since
previous rTMS studies targeting M1 in healthy adults have
shown mixed results, we will compare stimulation sites using
identical outcome tasks to eliminate task-dependent confounds.
We hypothesized that S1 stimulation would enhance use-depen-
dent learning more than M1 stimulation and sham and that M1
stimulation would enhance reinforcement-based learning more
than S1 stimulation and sham.

2 | Materials and Methods

2.1 | Study Design and Setting

A single-blind randomized controlled trial (RCT) was carried out
at the Neuron Clinic inMadrid, Spain, and reported following the
CONSORT 2025 criteria [33]. This trial took place between Jan-
uary 2024 and July 2025.

2.2 | Participants and Eligibility Criteria

The participants were healthy individuals recruited through
snowball sampling. The inclusion criteria were as follows:
(1) age between 18 and 65 years, (2) right-hand dominance,
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and (3) no neurological or medical conditions. The exclusion
criteria were as follows: (1) presence of any neurological disorder,
(2) experiencing pain during the study period, (3) history of epi-
leptic seizures, (4) metallic implants in the skull, (5) having elec-
tronic devices implanted, and (6) current treatment with
antiepileptic or antidepressant medications. All participants pro-
vided written informed consent before participating in the study.
The research adhered to the ethical standards for medical
research involving human participants, as outlined in the Decla-
ration of Helsinki. The study was approved by the “Regional
Drug Research Ethics Committee of the Community of Madrid”
(internal number: A003). We measured the laterality quotient
from the Edinburgh Handedness Inventory [34] and assessed
physical activity using the International Physical Activity Ques-
tionnaire (IPAQ) [35] as baseline variables.

2.3 | Randomization

Randomization was conducted utilizing a computer-generated
random sequence table with a balanced three-block design using
randomizer.org [36]. An independent researcher created the ran-
domization list, and a teammember uninvolved in the assessment
or intervention procedures was responsible for overseeing the ran-
domization process and safeguarding the list. Participants were
randomly allocated to one of the three groups using concealed,
sealed envelopes, thereby ensuring allocation concealment.

2.4 | Blinding

Different researchers performed the assessments and interven-
tions. The evaluator was blinded to the participant’s allocation
during the measurements and data recording. Participants were
instructed not to disclose to the researcher conducting the

measurements the details or feelings about their stimulation.
Therefore, the evaluator did not know at any time which inter-
vention each participant received during the assessment. How-
ever, the researcher who performed the treatment knew which
treatment was assigned to each participant, as this was required
to appropriately position the TMS coil at the targeted brain
region.

2.5 | General Procedure

After randomization and signing informed consent, the researcher
recorded the participant’s baseline variables and sociodemo-
graphic data. The study was conducted over 10 workdays, with
2 days’ rest during the weekend after the first 5 days, followed by a
4-week follow-up. On the first day, participants completed a base-
line assessment with the two outcome measures (t0), and immedi-
ately afterwards, they received the first rTMS intervention
according to their group and began behavioral training (see below
Figure 1).

The training was performed daily, and reassessments were con-
ducted on days 5 (t1) and 10 (t2) after the training sessions.
Finally, a reassessment session (t3) was carried out 4 weeks after
completing the treatment protocol as a retention test (Figure 1a).

2.6 | Interventions

2.6.1 | Behavioral Training

All participants in each group received the same behavioral inter-
vention that consisted of two different motor tasks that were
always completed in the same order. This intervention was
always practiced after the participants received their assigned
rTMS protocol.

1 2 3 4 5 96 87 10

Baseline
(t0) 

Re-assessment
(t2) 

Re-assessment
(t1) 

Stimulus

PT

Response

30 s

4 weeks
Follow-up
assessment

(t3) 

rTMS + behavioral training

1 5 10

rTMS + behavioral training

Week
endSession

(a)

(b) (c) (d)

FIGURE 1 | Experiment overview. (a) General procedure scheme. “Behavioral training” includes an arbitrary visuomotor association (AVMA) task

and the Purdue Pegboard Test (PPT). (b) Experimental setup for the AVMA and the forced response-AVMA (FR-AVMA). Participants had to associate

each symbol on the screen with a specific corresponding key (“J,” “K,” and “L”) using the index, middle, and ring fingers of the right hand. (c) To assess

performance before and after training, a FR-AVMA procedure was used. Participants were instructed to respond synchronously with the final tone in a

sequence of three equally spaced tones. (d) Experimental setup for the PPT. Participants had to place as many pegs as possible in 30 s. The PPT was

always performed first with his/her right hand, then with the left hand, and finally with both hands at the same time.
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First, they completed a gamified task, the arbitrary visuomotor
association (AVMA) task [37], which consisted of five blocks of
100 reaction-time trials (500 trials/session). In each trial, an arbi-
trary visual stimulus (one of three letters from the Phoenician
alphabet) appeared at the center of the screen, and participants
were required to respond using the corresponding key (“J,” “K,”
or “L” with their right index, middle, and ring fingers). Correct
responses produced a pleasant tone, and after a 300ms delay, the
next trial began. Incorrect responses triggered a buzzer sound,
followed by a mandatory 1000ms delay, after which the same
stimulus was presented again until the correct response was pro-
vided. At the end of each block, participants received feedback
regarding their completion time and its comparison to their per-
sonal best of that session. They were instructed to improve their
performance by attempting to surpass their previous best time in
each subsequent block (Figure 1b).

Lastly, participants completed a second task—the Purdue Pegboard
Test (PPT)—where they aimed to place as many pegs as possible
within 30 s [38]. The task was performed in the following sequence:
first with the right hand, then with the left hand, followed by both
hands simultaneously, and this pattern was repeated until they
completed four trials of each type (right hand, left hand, and
both hands) in each training session (Figure 1d).

2.6.2 | rTMS Intervention

Two experimental groups and a sham group were designed to eval-
uate the effectiveness of rTMS on ML when applied over M1 and
S1. Stimulation was delivered using the STM 9000, ATES MEDICA
Device (EBNeuro SpA, Firenze, Italy), with a 70mm air-cooled, flat,
figure-of-eight coil. The participants sat in a chair with back support
in a relaxed posture throughout the TMS procedure.

For M1 stimulation, the target area was identified as the motor
hotspot of the first dorsal interosseous (FDI) muscle of the domi-
nant hand. The hotspot was identified by positioning the coil over
the head area that produced the maximum response in FDI,
placing the coil tangentially to the scalp ~3 cm lateral to the
midline and the coil handle oriented with 45° rotation; however,
the exact position was adjusted individually [39]. Then, the rest-
ing motor threshold (RMT) was determined individually, defined
as the lowest intensity (expressed as % of maximal stimulator
output) that produced a visible contraction of the FDI muscle
in at least five of 10 consecutive trials [40]. This measurement
was performed daily prior to stimulation. Repetitive stimulation
was administered at 90% of the RMT. Each session consisted of
880 pulses delivered at 10Hz in 22 trains of 4 s, with 10-s inter-
train intervals [27].

For S1 stimulation, the same protocol was used, with the coil
placed 2 cm posterior to the M1 hotspot. To ensure correct posi-
tioning, 10 single pulses at 110% of the RMT were applied, con-
firming the absence of motor responses, as described in previous
studies [41, 42].

Finally, participants in the control group received sham rTMS
stimulation. Identification of the motor hotspot and RMT record-
ing was conducted daily, just like in the intervention groups, but
the coil was placed perpendicular to the skull, on the motor hot-
spot, during the repetitive stimulation protocol, which drastically
reduces the electric field induced in the cortex and thus prevents

neuronal activation [43]. This is a previously validated setup that
reproduces the noise and vibration characteristic of stimulation
but does not produce effective cortical stimulation, thus acting as
a placebo condition.

2.7 | Outcome Measures

The primary outcome measure was the average number of pegs
placed on the PPT, calculated separately as the mean across three
trials per hand condition (right, left, and both hands) at each
assessment timepoint. Separate scores for the right hand, left
hand, and both hands simultaneously (always acquired in this
order) were computed [44]. The PPT predominantly taps into
practice‑related, use‑dependent improvements in manual dexter-
ity, although additional processes such as procedural learning
and strategy use may also contribute [45].

As a secondary outcome measure, accuracy during a forced
response (FR) version of the AVMA (FR-AVMA) was used. As
opposed to “free” reaction time paradigms, in FR paradigms, the
time allowed to process the stimulus is systematically manipu-
lated trial-to-trial, therefore allowing to include it as an indepen-
dent variable (time used to prepare a response or preparation
time). As such, FR paradigms measure accuracy as a function
of response time, effectively capturing the speed-accuracy trade-
off (SAT) for a task and involving reinforcement-like learning
while still incorporating other components such as error-based
correction and habit formation.

The protocol was similar to Hardwick et al. [46]. Before complet-
ing the main task, participants first learned the timing of their
responses in a familiarization section, as this is a critical require-
ment in FR protocols. Relative to a series of three auditory tones,
each separated by 400ms, they were instructed to synchronize
their response (pressing a randomly assigned key: “J,” “K,” or
“L”) with the onset of the third tone (Figure 1c). The visual
stimulus was presented at a randomly determined time (uniform
distribution from 40 to 800ms in steps of 10ms) within the tone
sequence, and participants received feedback on whether their
response was “too early” or “too late,” defined as more than 100
ms before or after the third tone.

After four blocks of 15 practice trials, participants learned to
associate specific visual stimuli—symbols representing letters
from the Phoenician alphabet—with corresponding responses
(keys “J,” “K,” or “L”), i.e., the AVMA. Each symbol-key mapping
was practiced until the participant achieved five consecutive cor-
rect responses per symbol.

In the FR-AVMA procedure, participants completed four blocks
of 100 trials each, using the same timing paradigm as in the
familiarization section but now responding according to the sym-
bol-key associations. The stimulus was again presented at a ran-
domly distributed time within the tone sequence. When the
stimulus appeared very shortly (less than ~200ms) before the
third tone, participants had insufficient time to process it and
were effectively forced to guess, yielding an expected accuracy
of one-third. Each trial therefore provided a measure of the par-
ticipant’s accuracy (correct or incorrect) at a given preparation
time (the time between the appearance of the stimulus and the
participant’s response). Combining data across multiple trials
therefore allowed us to measure a SAT for performance.

4 of 14 Neural Plasticity, 2026
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2.8 | Sample Size Calculation

A sample size calculation was performed based on statistical pre-
cision to detect a difference in means between two groups for the
PPT. No similar studies have been conducted that use noninvasive
stimulation as the primary variable. The “ss.aipe.c.ancova” func-
tion from the MBESS package in R (version 4.5) was used [47].
Using the study by Pixa et al. [48] as reference, a standard devia-
tion similar to that observed for the PPT was considered (experi-
mental groups: 6 points; control group: 4 points). The correlation
between the baseline and postintervention scores was set at r= 0.5,
as no previous studies exist, but a moderate correlation is expected
for repeated measures in the same subject within a period of less
than 2 years [49]. The precision range for the difference in means
was set atÆ3 points, with an expected power (1-beta) of 0.8, as the
previous study had observed these differences between groups
along with significant changes. The confidence interval was set
at 0.95, and an expected attrition rate of 10%was included. Accord-
ing to these parameters, the total sample size needed for the study,
accounting for participant loss, was 20 participants per group.

2.9 | Data Analysis

All analyses were performed in R version 4.5.0 [50]. Scripts and
data are freely available at zenodo.org (https://doi.org/10.5281/ze
nodo.17871901).

As a manipulation check, we confirmed that the behavioral train-
ing protocols showed an effect on both PPT’s number of pegs and
reaction times and errors in the “free reaction time” AVMA task
across groups. This only took into consideration the data col-
lected during the training sessions and not during the formal
assessments (t1, t2, and t3). For that, we ran generalized linear
mixed models (GLMMs) whose details are provided in Support-
ing Information.

For the PPT, various GLMMs were compared with different link
functions (including a linear model, a gamma model, and a beta-
regression model) and the baseline measure as the covariate
(ANCOVA model). The model with the lowest Akaike’s Informa-
tion Criterion was selected. This resulted in the beta-regression
model being the final choice. The model included the participant
as a random intercept and considered the within-subject effects of
time (t1, t2, and t3), type of PPT (right, left, or both hands), and the
between-subject effect of group (S1, M1, or Sham) and their inter-
action by the formula: PPT~Baseline+Time ∗Type ∗Group+ (1|
Participant). Post hoc a priori analysis was performed comparing
the groups pairwise for each level of time and type, obtaining as
evidence for treatment effects the odds ratios, 95% confidence
intervals (95%CIs), and Bonferroni-corrected p-values. Statistically
significant differences were considered when p <0:05.

In the analysis of the FR-AVMA task, we first excluded partici-
pants who provided less than 50% of their responses in the pre-
specified valid time window (+/−100ms from last tone),
therefore not adhering to the timing instruction. This resulted
in excluding two participants from t1, one participant from t2,
and zero participants from t3. The data were trimmed to exclude
trials where implausible preparation times were recorded (e.g.,
negative times, suggesting the response was provided before the
stimulus appeared or preparation times >1000ms, indicative of a
technical error) or no response was provided. The final datasets

of the postintervention assessments were analyzed using gener-
alized additive mixed models (GAMMs) as they allow modeling
of nonlinear relationships between predictors and response via
smooth functions [51]. A separate model was built for each ses-
sion, each with the same structure: trial-level accuracy (outcome)
was modeled with a binomial distribution (0–1 binary: correct/
incorrect), with predictors: preparation time as a continuous
smooth covariate and its interaction with treatment allocation,
coded as a categorical predictor (S1, M1, and sham groups). Mod-
els were built with parameter k= 20 (number of smooth bases), as
previous work indicates that this provides enough flexibility to
capture data from similar FR procedures [52]. Thin-plate regres-
sion splines were used, with 2nd derivative penalization to con-
trol overfitting, using restricted maximum likelihood estimation
[53]. The participants were included as a random effect (random
intercept). Goodness-of-fit was assessed via the k-index (values>
0.95 were considered appropriate) and comparing the effective
degrees of freedom (edf ) to the allowed degrees of freedom [54].
Model-derived predictions were computed and illustrated via
SATs, with the probability of a correct response (proportion cor-
rect) plotted against preparation time and uncertainty as 95%CIs
derived from 1000 bootstrapped replicates. Differences in proba-
bilities between the groups were computed and statistically com-
pared via z-tests, correcting for multiple comparisons by the false
discovery rate (FDR) procedure.

3 | Results

A total of 60 participants were included and randomly assigned
to three groups of 20 participants each. All participants received
the interventions as intended and attended the assessment ses-
sions, without dropouts or missing data (Figure 2). No adverse
events were reported in any group. Table 1 shows the baseline
variables for each group.

3.1 | Manipulation Check

For the PPT training analysis, the effect of training session
showed a significant increase in the number of pegs for the right
hand (slope= 0.28 [0.25, 0.31], t(7178)= 18.82, p¼ 3:41× 10−77;
Figure S1), left hand (slope= 0.28 [0.25, 0.31], t(7178)= 18.82,
p¼ 3:63× 10−77; Figure S1), and both hands (slope= 0.25 [0.22,
0.28], t(7178)= 16.38, p¼ 3:03× 10−59; Figure S1). For the “free
reaction time” AVMA, the effect of training session showed a
significant reduction in reaction time (slope=−7.86ms [−8.85,
−6.87], t(309462)=−15.5, p¼ 3:53× 10−54; Figure S2) and the prob-
ability of an error (for each block of 100 trials; slope= -0.14%
[−0.08, −0.2], z= 4.57, p¼ 4:9× 10−6; Figure S2).

3.2 | PPT

Table 2 and Figure 3 reflect detailed results for PPT, which showed
effect sizes ranging from small to moderate. The predefined post
hoc analysis revealed several effects in favor of S1 over sham
stimulation, with significant differences between the groups for
the right hand at t1 (OR= 1.77, 95%CI [1.05–2.96], p¼ 0:025), both
hands at t2 (OR= 1.96, 95%CI [1.17–3.29], p¼ 0:006), and both
hands at t3 (OR= 1.71, 95%CI [1.02 – 2.87], p¼ 0:039). The rest
of the comparisons revealed no significant differences between
groups (OR= 0.68–1.66, p >0:05).
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3.3 | FR AVMA (FR-AVMA) Task

In the AVMA task, 97.46%Æ 1.77, 96.84%Æ 2.38%, and 97.49%Æ
1.87 trials were available for the FR analysis at t1, t2, and t3,
respectively. We first confirmed nonlinearity of preparation
time in each GAMM (t1: edf= 9.23, p <2× 10−16; t2: edf= 7.36,
p <2× 10−16; t3: edf= 9.0; p <2× 10−16). Overall, all groups
showed a proportion of correct responses above chance level

(33%) at around ~200–240ms and reached 95% accuracy at
around ~450–500ms (Figure 4).

No differences between groups were found at t0 (Figure S3). At
t1, differences in favor of S1 stimulation were found between S1
and M1 groups in the period 360–800ms (peak=−0.07 [−0.11,
−0.02], z=−2.66, and pFDR= 0.017; Figure 4, upper panel). No
differences between S1 and sham (peak=−0.04 [−0.10, 0.02],

Enrollment Assessed for eligibility (n = 64)

Randomised (n = 60)

Allocated to intervention A (n = 20)
      Received allocated intervention (n = 20)
      Did not receive allocated intervention
      (n = 0)

Discontinued intervention (n = 0)
      Lost to follow-up for primary outcome
      (n = 0)

Analysed for primary outcome (n = 20)

Excluded from analysis (n = 0)

Analysed for primary outcome (n = 20)

Excluded from analysis (n = 0)

Analysed for primary outcome (n = 20)

Excluded from analysis (n = 0)

Discontinued intervention (n = 0)
      Lost to follow-up for primary outcome
      (n = 0)

Discontinued intervention (n = 0)
      Lost to follow-up for primary outcome
      (n = 0)

Allocated to intervention B (n = 20)
      Received allocated intervention (n = 20)
      Did not receive allocated intervention
      (n = 0)

Allocated to intervention C (sham) (n = 20)
      Received allocated intervention (n = 20)
      Did not receive allocated intervention
      (n = 0)

Excluded (n = 4)
      Not meeting inclusion criteria (n = 2)
      Declined to participate (n = 2)

Allocation

Follow-up

Analysis

FIGURE 2 | Flowchart diagram of the participants in the study.

TABLE 1 | Participant characteristics at baseline.

Characteristic
M1

(N= 20)
S1

(N= 20)
Sham

(N= 20)
Overall
(N= 60)

Agea 28.15 (10.76) 27.00 (8.99) 32.50 (12.15) 29.22 (10.80)

Sexb

Female 10 (50%) 13 (65%) 10 (50%) 33 (55%)

Male 10 (50%) 7 (35%) 10 (50%) 27 (45%)

IPAQa 4659.25 (4273.99) 3920.43 (2825.16) 3186.58 (2154.51) 3922.08 (3211.75)

PPT (right hand)c 14.73 (1.31) 15.71 (1.50) 15.25 (1.19) 15.23 (1.38)

PPT (left hand)c 13.50 (1.80) 14.15 (1.50) 14.23 (1.52) 13.96 (1.62)

PPT (both hands)c 11.13 (1.20) 11.63 (1.50) 11.47 (1.19) 11.41 (1.30)

Abbreviations: IPAQ, International Physical Activity Questionnaire; PPT, Purdue Pegboard Test.
aMean (SD).
bn (%).
cNumber of pegs inserted in 30 s (average of 3 attempts).
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TABLE 2 | Pairwise group contrasts for PPT performance by timepoint and hand.

Time Type Contrast Odds ratio (SE) 95%CI Z p-Value

t1 Right S1/M1 0.73 (0.16) [1.23–0.43] −1.44 0.449

M1/sham 1.29 (0.28) [2.16–0.77] 1.19 0.698

S1/sham 1.77 (0.38) [2.96–1.05] 2.64 0.025

Left S1/M1 0.80 (0.17) [1.35–0.48] −1.01 0.931

M1/sham 1.33 (0.29) [2.23–0.79] 1.31 0.573

S1/sham 1.66 (0.36) [2.79–0.98] 2.32 0.061

Both S1/M1 0.82 (0.18) [1.38–0.49] −0.90 1.000

M1/sham 1.28 (0.27) [2.13–0.76] 1.14 0.763

S1/sham 1.55 (0.34) [2.60–0.93] 2.03 0.126

t2 Right S1/M1 0.79 (0.17) [1.33–0.47] −1.06 0.867

M1/sham 1.26 (0.27) [2.11–0.76] 1.09 0.831

S1/sham 1.59 (0.34) [2.66–0.95] 2.15 0.095

Left S1/M1 0.77 (0.17) [1.30–0.46] −1.17 0.721

M1/sham 1.14 (0.25) [1.92–0.68] 0.60 1.000

S1/sham 1.47 (0.32) [2.47–0.87] 1.78 0.226

Both S1/M1 0.68 (0.15) [1.13–0.40] −1.82 0.208

M1/sham 1.32 (0.28) [2.21–0.79] 1.31 0.570

S1/sham 1.96 (0.42) [3.29–1.17] 3.12 0.005

t3 Right S1/M1 0.92 (0.20) [1.56–0.55] −0.36 1.000

M1/sham 1.48 (0.32) [2.47–0.88] 1.81 0.209

S1/sham 1.60 (0.34) [2.68–0.95] 2.16 0.091

Left S1/M1 0.74 (0.16) [1.25–0.44] −1.38 0.501

M1/sham 1.05 (0.23) [1.76–0.62] 0.22 1.000

S1/sham 1.42 (0.31) [2.38–0.84] 1.60 0.326

Both S1/M1 0.91 (0.20) [1.52–0.54] −0.45 1.000

M1/sham 1.55 (0.33) [2.60–0.93] 2.05 0.120

S1/sham 1.71 (0.37) [2.87–1.02] 2.49 0.038

Note: Bold values indicate statiatical significance at p<0.05.

Right hand Left hand Both hands

t0 t1 t2 t3 t0 t1 t2 t3 t0 t1 t2 t3

12.5

15.0

17.5

20.0

Assessment

N
um

be
r o

f p
eg

s

M1
S1

Sham

FIGURE 3 | Group comparison for PPT performance by timepoint and hand.
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z=−1.29, pFDR= 0.522; Figure 4, upper panel) or between M1
and sham (peak= 0.03 [−0.01, 0.073], z= 1.6, pFDR= 0.217;
Figure 4, upper panel) were found. At t2, no differences were
found between any of the groups (differences< 0.05, z< 2.02,
p >0:107; Figure 4, middle panel). Finally, at t3, again, differ-
ences in favor of S1 stimulation were found when comparing
between S1 and M1 in the period 176–598ms (peak=−0.12
[−0.21, −0.04], z=−2.87, pFDR= 0.029; Figure 4, lower panel)
but not between S1 and sham (peak=−0.05 [−0.14, 0.04],
z=−1.05, pFDR= 0.999; Figure 4, lower panel) or M1 and sham
(peak= 0.08 [0.00, 0.16], z= 1.96, pFDR= 0.106; Figure 4, lower
panel).

4 | Discussion

This study aimed to compare different brain stimulation sites (S1
and M1) to ascertain the role of these brain regions in different
aspects of ML in healthy individuals. The executive, use-depen-
dent process was assessed through the PPT (focused on dexter-
ity), which we primarily interpret as reflecting use-dependent

improvements, even though other forms of learning undoubtedly
contribute to performance. We found limited evidence of
improvement after S1 stimulation compared to sham but no dif-
ferences between S1 and M1 stimulation or M1 stimulation
against sham. The FR‑AVMA procedure was used to examine
reinforcement‑like learning under time pressure and reward
feedback while recognizing that it also involves broader proce-
dural and error‑based learning mechanisms. These FR-AVMA
analyses were exploratory and may have been underpowered
relative to the primary endpoint. We did not find convincing
evidence that either rTMS protocol was able to generate signifi-
cant effects compared to the sham.

4.1 | PPT

PPT is usually used for measuring dexterity, which is a more
executive aspect of ML [55]. Certain studies have identified a
correlation between dexterity, as measured with PPT, and the
ability to acquire skills [56, 57]. For example, Sun et al. [57] found
differences between musicians and nonmusicians in PPT scores
and in various surgical tasks that participants were required to
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FIGURE 4 | FR-AVMA accuracy across preparation time by group and session, with model-based pairwise contrasts.
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learn. In our study, we identified certain effects of S1 stimulation;
we observed an early improvement at t1 only in the right (domi-
nant) hand for the S1 group, which corresponds to the stimulated
(left) hemisphere. However, no significant differences were
found between groups at t2 or t3, likely due to a ceiling effect
in the test. This phenomenon has also been reported in previous
studies, where performance tended to plateau after approxi-
mately 2 weeks of training [58]. This aligns with our findings
and may explain why only the most complex PPT subtest, which
requires the coordinated use of both hands and imposes higher
motor demands, continued to show between-group differences,
as the performance ceiling was not yet reached for this task.

However, considering the likelihood of the relatively small abso-
lute changes observed, these results should be interpreted as
indicating modest performance advantages rather than a strong,
generalized improvement of dexterity-related ML in healthy
individuals.

Although there is indirect evidence that suggests improvements in
ML after applying rTMS over S1 in healthy participants [10, 59,
60], few studies have examined the effectiveness of enhancing the
neural excitability of this region through any form of brain stimu-
lation. Similar to our approach, Platz et al. [30] investigated the
effectiveness of intermittent theta-burst stimulation applied over
S1, M1, and a sham condition on ML tasks after 5 days of training.
Their results showed statistically significant differences between
the experimental and sham groups but not between the two exper-
imental conditions. However, interpreting these findings in rela-
tion to our results is challenging because the authors did not
present the outcomes separately for each stimulation site (M1
and S1), which limits our ability to determine whether S1 stimu-
lation produced effects comparable to those observed in our study.
Moreover, the outcome measures used in that study, the arm abil-
ity task and the nine-hole peg test, are validated tools for assessing
upper limb function in clinical populations. Nonetheless, both
tests are prone to ceiling effects, particularly in participants with
mild impairment or after repeated practice. This methodological
aspect might have constrained the sensitivity to detect further
improvements, potentially contributing to the small effect size
reported (~2% improvement in the arm ability task).

Similar to us, Choi et al. [61] applied excitatory rTMS over S1 and
found improvements in ML using a paradigm based on synchro-
nizing the activation of two muscles at the same time. Further-
more, Brodie et al. [62] applied rTMS over S1 in stroke patients,
observing differences in favor to the experimental group compared
with sham stimulation in a ML task based on a serial tracking
paradigm but not in motor function. However, their study did not
assess changes in activity, which could be more similar to our
dexterity paradigm. On the other hand, several studies have
reported that high-frequency rTMS over M1 increases corticosp-
inal excitability and shortens reaction times [28, 63–67]. However,
the study carried out byWeiler et al. [68], which assessedML using
dexterity-based outcomes, did not find statistically significant dif-
ferences compared with the sham group after M1 stimulation,
which aligns with our findings. Importantly, their protocol differed
from ours because they applied low-frequency rTMS to the behav-
iorally trained M1. Opposite to these results, the study by Platz
et al. [30] found statistically significant differences in the arm
ability task for both M1 and S1 stimulations compared with
sham. However, as previously mentioned, it is difficult to

determine the effects of each type of stimulation. In contrast to
us, Pixa et al. [48] observed significant differences between the
experimental and control groups after 3 days of anodal transcra-
nial direct-current stimulation. Given that this type of electrical
stimulation is less spatially selective than rTMS, these improve-
ments may reflect nonspecific modulation beyondM1 due to more
diffuse stimulation of adjacent, functionally related regions such as
premotor cortex or S1 [69–72].

Our research suggests positive effects of rTMS applied over S1 in
favoring ML during a dexterity task at intervals of 5 days (t1, right
hand), 10 days (t2, both hands), and 4 weeks subsequent to treat-
ment (t3, both hands). Dexterity, or skill acquisition, compre-
hends three stages, starting with cognition (understanding the
task), followed by integration (motor skills are applied to increase
efficiency), and automation (no longer needs external cues) [73].
In this context, plastic changes in S1 have been shown to predict
ML in this type of tasks and disrupting them with continuous
theta-burst stimulation blocks motor memory consolidation [59,
60]. Indeed, S1 seems to play a key role in consolidating newly
learned movements, which is consistent with the improvements
observed in our study for the PPT [74]. Considering this, our
results suggest that the behavioral impact of excitatory S1 stimu-
lation under the current protocol is limited in scope and should
be interpreted as representing minor changes in performance
rather than a robust enhancement of ML. In fact, S1 probably
functions as part of a larger, distributed network, and future
studies with larger sample sizes and outcome measures less
affected by ceiling effects will be necessary to better understand
the extent and reliability of these effects.

Although current evidence supports that cognitive and motor
processes operate through a distributed network of intercon-
nected brain regions [18], M1 does not appear to be the main
driver of ML according to our results. The present findings do not
suggest that M1 is unrelated to ML, and its involvement is well
established in the literature [11, 75], but rather that excitatory
stimulation of M1 does not necessarily enhance ML outcomes in
healthy individuals. M1 is highly interconnected with regions
such as the cerebellum and S1, both crucial for ML [76, 77];
however, being part of this network does not imply having a
dominant causal influence on learning. In line with this, Psurek
et al. [78] applied inhibitory rTMS over M1, similar to Vidoni
et al. [10], who did so over S1, and found that inhibition of M1 did
not impair ML, further supporting the idea that modulating M1
alone may be insufficient to alter the learning process.

4.2 | FR-AVMA

This is the first study to assess the effects of rTMS using the FR-
AVMA, which limits the ability to compare its results to others in
the literature. Our training paradigm was similar to previous stud-
ies [37] and can be interpreted in the context of habit formation
and reinforcement learning. These physiological processes rely on
partially overlapping neural systems that integrate sensory, motor,
and reward-related information to optimize behavior. While the
basal ganglia, particularly the dorsal striatum, have been crucially
linked to this process by encoding stimulus–response associations,
dopaminergic projections from the midbrain convey reward pre-
diction error signals that reinforce successful actions and guide
plasticity within cortico-striatal loops [8, 79]. As behavior
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transitions from goal-directed to habitual, activity shifts from ven-
tromedial prefrontal and dorsomedial striatal regions toward SM
cortical areas and the dorsolateral striatum, reflecting a redistribu-
tion of control from deliberate to automatic processes [8].

Recent evidence suggests that M1 and S1 cortices are not merely
passive executors of movement but active components in rein-
forcement-driven plasticity and habit consolidation [9, 10, 75].
Studies in animals and humans have shown that M1 encodes
both reward-related and error-based signals, integrating dopami-
nergic inputs from midbrain structures such as the ventral teg-
mental area to reinforce successful motor outputs [75, 80]. This
dopaminergic modulation promotes long-term potentiation of
specific motor representations, strengthening stimulus–response
associations that underlie habitual performance [81–83]. Simi-
larly, S1 contributes to SM prediction and feedback evaluation,
providing precise sensory error signals that interact with reward-
based reinforcement to refine motor commands [84]. Over
repeated practice, these cortices may act as local hubs of experi-
ence-dependent plasticity, where the convergence of sensory and
reward information facilitates the automatization of motor beha-
viors and the stabilization of learned habits [85]. These neural
dynamics provide a mechanistic framework for interpreting ML
paradigms such as FR-AVMA within the broader context of rein-
forcement-driven plasticity.

However, based on our findings, it cannot be inferred that high-
frequency rTMS over M1 or S1 influences ML as assessed through
the FR-AVMA paradigm in healthy individuals. Although our
results show a tendency for S1 stimulation to enhance ML and
even a slowdown with M1 stimulation (in particular at t3, the
retention measure), no statistically significant differences were
found between any active group and the control group. This null
result may reflect a genuine lack of effect, insufficient statistical
power for an effect size smaller than expected, or limitations in
the sensitivity of the FR-AVMA measure. However, because S1
stimulation tended to improve performance and M1 stimulation
did not show this effect, we did find differences between S1 and
M1 stimulation. Previous studies employing similar behavioral
paradigms such as the serial reaction time task to assess ML have
reported mixed results [64–67, 86]. Some studies show statisti-
cally significant improvements in the stimulation group, includ-
ing fewer errors and faster reaction times in the serial task [65, 66,
86], while others report no differences between the groups [64,
67]. The discrepancies in the literature may be attributed to sev-
eral factors, including small sample sizes (typically fewer than 20
participants per group), short durations of the behavioral inter-
ventions, and variations in the protocols employed. Notably, no
studies have assessed the effectiveness of rTMS applied over M1
for more than 2 days. While Wessel et al. [64] and Rumpf et al.
[67] employed three or 10 stimulations, respectively, they applied
all stimulations on the same day.

The effectiveness of rTMS relies on plasticity-driven changes that
are enhanced over consecutive days of stimulation [87–89].
Therefore, our study is the first to explore the effectiveness of
rTMS applied over multiple days on the formation of habits/
reinforcement learning. Our results showed no differences
between the active groups and the sham group, suggesting that
rTMS over S1 or M1 may not be effective in improving reinforce-
ment ML as assessed through the FR paradigm, although both
groups showed opposite tendencies (in particular at retention).

This may be explained by the fact that the FR protocol in the
present study provided was not precise enough for a between-
group comparison with our sample sizes. As our protocol was
already fatiguing for the participants due to the inclusion of
several tasks, we decided to collect the minimum number of trials
required to obtain reliable measures. However, the high variabil-
ity in performance across trials, due to the complexity of the task,
may have made the interpretation of the results challenging.
Thus, increasing the number of trials and/or participants could
strengthen the robustness of our findings. Furthermore, all three
groups attained nearly ceiling levels of accuracy (~95%–97%) at
preparation times exceeding roughly 450–500ms. This signifi-
cantly narrows the range within which the detection of stimula-
tion-related enhancements is possible. Differences between
groups are most likely to manifest within the transition zone
(~200–400ms), where performance escalates sharply from the
chance level to nearly perfect accuracy.

5 | Strengths and Limitations

This study has several limitations that should be considered
when interpreting the findings. First, the sample size was based
on the PPT and may therefore have been underpowered to detect
modest between-group effects in the AVMA, especially after mul-
tiple-comparison adjustments and when modeling effects across
the preparation time. Furthermore, the signal-to-noise ratio of
the FR-AVMA task used here may have been limited. Between-
group contrasts tend to concentrate within relatively narrow tem-
poral windows, which reduces effective power. Increasing the
number of trials per session, using adaptive sampling around
the transition region (~200–500ms), and/or estimating individ-
ual psychometric parameters could improve the signal-to-noise
ratio and the stability of estimates.

On the other hand, the rTMS intervention duration (10 sessions)
may have been insufficient to induce robust and sustained neural
changes that could be detected behaviorally, particularly for pro-
cesses that rely on consolidation or habit formation. It is plausi-
ble that longer or higher-dose protocols (more sessions or booster
sessions during follow-up) would yield larger effects; therefore,
the present results should be viewed as conservative.

Regarding accurate localization, we relied on the 2 cm rule to
stimulate over S1, as we did not have access to neuronavigated
localizers. This rule, as other similar ones like Beam-F3 to local-
ize the DLPFC, assumes similar head dimensions across indivi-
duals and has been challenged [90]. Furthermore, the sham
condition likely reproduced some sound and sensory experi-
ences, but it may not have fully matched the perceptual effects
of active stimulation. Therefore, some limitation in blinding can-
not be excluded.

Additionally, the study was conducted in healthy participants,
which limits clinical generalizability; potential ceiling/floor
effects in some measures (e.g., PPT) may influence the detection
of subtle changes. Finally, we did not include any neurophysio-
logical measurements, which could have shed light on the subtle
changes observed behaviorally.

Finally, a further limitation concerns the mapping between
behavioral tasks and specific learning mechanisms. In line with
previous work [56, 57], we treated PPT performance as a proxy
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for use‑dependent learning and FR‑AVMA performance as a
proxy for reinforcement‑like learning; however, neither task iso-
lates a single process. Both likely involve overlapping contribu-
tions from procedural learning, error‑based learning, and SM
adaptation, among others, and our inferences about “use‑depen-
dent” and “reinforcement‑like” learning should therefore be
regarded as approximate, task‑based interpretations rather than
process‑pure measures.

6 | Conclusions

High-frequency rTMS over S1 produced selective, time-limited
improvements in manual dexterity, whereas M1 stimulation
did not differ significantly from either S1 or sham. These findings
suggest that S1 may contribute to use-dependent learning under
excitatory rTMS, although the effects were modest and limited to
selected measures. On a task assessing reinforcement-like learn-
ing, neither rTMS protocol differed significantly from sham; how-
ever, S1 and M1 displayed opposite numerical tendencies at
retention, with S1 trending toward improved and M1 toward
reduced accuracy, yielding a significant S1–M1 contrast. Future
studies should examine dose–response relationships, neural
mechanisms via neuroimaging, and potential translation to clin-
ical populations with motor impairments.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Information. The Supporting Materials
file includes additional methodological details and supporting results
related to the manipulation checks conducted in this study. Figure S1:
presents the results of the training analysis for the Purdue Pegboard Test
(PPT) across all training sessions. Results show that all three outcome
measures (left hand, right hand, and both hands) improved progressively
with training, regardless of the rTMS protocol received. Figure S2: presents
the results of the training analysis for the rapid response arbitrary visuo-
motor association (AVMA) task. Panel a displays reaction time, and panel b
displays the number of errors across training sessions, both showing
improvement over time. Figure S3: presents the results of the forced
response arbitrary visuomotor association (FR-AVMA) task at baseline
(t0). Panel a shows the model-based speed-accuracy trade-off function for
each group, while panels b–d display between-group differences in the
proportion of correct responses. No statistically significant between-group
differences were found at baseline after correcting for multiple comparisons
using the false discovery rate, confirming group equivalence prior to the
intervention.
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