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Abstract: Background/Objectives. Mirror properties of the action observation network
(AON) can be modulated through Hebbian-like associative plasticity using paired associative
stimulation (PAS). We recently introduced a visuomotor protocol (mirror–PAS, m-PAS) that
pairs transcranial magnetic stimulation (TMS) over the primary motor cortex (M1) with
visual stimuli of ipsilateral (to TMS) movements, leading to atypical corticospinal excitability
(CSE) facilitation (i.e., motor resonance) during PAS-conditioned action observation. While
m-PAS aftereffects are robust, little is known about markers of associative plasticity during
its administration and their predictive value for subsequent motor resonance rewriting.
The present study aims to fill this gap by investigating CSE modulations during m-PAS and
their relationship with the protocol’s aftereffects. Methods. We analyzed CSE dynamics in
81 healthy participants undergoing the m-PAS before and after passively observing left- or
right-hand index finger movements. Here, typical and PAS-conditioned motor resonance
was assessed with TMS over the right M1. We examined CSE changes during the m-PAS
and used linear regression models to explore their relationship with motor resonance
modulations. Results. m-PAS transiently reshaped both typical and PAS-induced motor
resonance. Importantly, we found a gradual increase in CSE during m-PAS, which predicted
the loss of typical motor resonance but not the emergence of atypical responses after the
protocol’s administration. Conclusions. Our results suggest that the motor resonance
reshaping induced by the m-PAS is not entirely predictable by CSE online modulations.
Likely, this rewriting is the product of a large-scale reorganization of the AON rather than
a phenomenon restricted to the PAS-stimulated motor cortex. This study underlines that
monitoring CSE during non-invasive brain stimulation protocols could provide valuable
insight into some but not all plastic outcomes.

Keywords: motor resonance; action observation; paired associative stimulation; mirror
neuron system; associative plasticity; corticospinal excitability; TMS

1. Introduction
Associative sensorimotor learning plays a crucial role in shaping mirror properties of

the human brain [1–3]. Recent studies highlight the feasibility of modulating mirror neuron
responses using experimental paradigms leveraging this form of learning, e.g., [4–9] or the
induction of Hebbian-like associative plasticity through non-invasive brain stimulation
protocols [10–16].
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Considering the domain of action observation, visuomotor properties of human mirror
neurons can be studied non-invasively by exploiting the motor resonance phenomenon,
i.e., the corticospinal excitability (CSE) enhancement detectable during the observation of
biological movements [17–19]. This phenomenon is assessed by recording motor-evoked
potentials (MEPs) from the transcranial magnetic stimulation (TMS) of the primary motor
cortex (M1). It is thought to reflect the activation of mirror neuron populations located in
the ventral premotor cortex (PMv), a key hub of the action observation network AON [20],
which has a direct connection with M1, in turn influencing motor system excitability during
action observation, e.g., [13,21–26].

Motor resonance responses can be experimentally modulated with paired associative
stimulation (PAS), a class of non-invasive brain stimulation protocols repeatedly coupling
a peripheral and a cortical stimulation activating the same cortical area/circuit, in turn
inducing Hebbian associative plasticity in the target system; for reviews, see [27–29]. Our
research group introduced a visuomotor version of the PAS, targeting the AON, called the
mirror PAS, m-PAS [12], which reliably induces a reshaping of motor resonance responses
for simple movements by leveraging their hemispheric lateralization, i.e., an increase in
MEPs is detectable only when stimulation is applied to the M1 contralateral to the observed
movement, e.g., [30]. During the m-PAS, TMS pulses are repeatedly delivered over M1
in conjunction with visual stimuli showing finger movements performed by the hand
ipsilateral to the stimulation site, a condition that at baseline is unrelated to CSE facilitation.
Following its administration, an atypical motor resonance response (i.e., not present in
the baseline) emerges, as indexed by CSE facilitation in the ipsilateral hemisphere when
observing the PAS-conditioned movement [12]. Interestingly, this emergence occurred
at the cost of the typical response, significantly reduced after the protocol’s administra-
tion [16]. The m-PAS corticospinal effects are also accompanied by modulations of AON
activation behavioral markers, i.e., automatic imitation [15] and TMS-evoked M1 functional
connectivity in the alpha and beta bands during action observation [16]. Altogether, this
evidence suggested that the (transient) motor resonance rewriting brought about by the
protocol is the product of a large-scale reorganization of the AON not only limited to the
stimulated M1 [12,15,16].

Recently, a cortico-cortical PAS targeting PMv-to-M1 connectivity was also found
effective in modulating typical motor resonance and automatic imitation [13,14]. As said
before, CSE facilitation during action observation is thought to reflect excitatory connections
between ventral premotor regions of the AON and M1; for reviews, see [20,31], and this
explains why targeting such a cortico-cortical connection could influence AON activation
proxies [13,14]. In this vein, we can speculate that the m-PAS also recruits a premotor-
to-motor pathway, even if not directly stimulated with TMS [12,16]. Notably, using the
PMv-M1 cortico-cortical PAS, Turrini et al. (2022, 2023, 2024) found a gradual enhancement
of MEP amplitude during its administration, suggesting that, at least for this ccPAS version,
CSE could be used as a reliable online marker of Hebbian associative plasticity induction
within M1. Still, this enhancement was not investigated in relation to the aftereffects of
the protocol (i.e., whether CSE modulations during PAS are somehow predictive of the
protocol’s outcomes at the single-subject level) [14,32,33].

Hence, assuming a shared neurophysiological substrate between the PMv-M1 cortico-
cortical PAS and the m-PAS, CSE could also be modulated similarly during the latter
visuomotor protocol. This could reflect the (gradual) induction of associative plasticity
within the motor system and, likely, a plastic rewiring of the stimulated M1 inter-areal
communication, responsible for the (atypical) AON recruitment at the sight of the PAS-
conditioned movement after the protocol’s administration [16]. If CSE modulations during
the m-PAS reflect the induction of state-dependent associative plasticity within the AON,
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their magnitude may predict the reshaping of motor resonance patterns. Importantly,
research is still lacking on whether the online modulation of CSE can predict subsequent
m-PAS-induced plasticity. This investigation could provide valuable information on the
neurophysiological underpinnings of plastic modulations induced by the protocol and, in
a broader perspective, on how associative plasticity within the AON develops during a
visuomotor protocol based on (passive) action observation.

Given these premises, in the present work, we investigate possible CSE changes
during m-PAS administration and whether they predict the protocol’s aftereffects on typical
and experimentally induced motor resonance by aggregating data from previous studies
conducted by our research group [12,15,16]. Driven by previous evidence on cortico-cortical
PAS [14,32], we expected that an enhancement of M1 reactivity already occurred online
during the administration of the m-PAS. If this is the case, we further hypothesize that its
magnitude may be related to the motor resonance reshaping found after this visuomotor
version of the PAS [12,15,16]. From a broader perspective, our investigation aims to shed
better light on possible markers of sensorimotor associative plasticity induction during
the administration of the m-PAS, exploring whether they could predict the magnitude of
subsequent aftereffects.

2. Materials and Methods
2.1. Participants

We took datasets of the present work from 93 subjects who participated in a series
of previous m-PAS studies conducted by our research group [12,15,16]. None of these
studies had explored the possible modulation of CSE during the m-PAS protocol. For the
present work, we considered only data from sessions where the m-PAS administered to
the participant had the parameters found effective in all our studies (i.e., with an inter-
stimulus interval—ISI—between paired stimulations of 25 ms, depicting right-hand index
finger movements, and with TMS delivered over right M1). We excluded from our initial
dataset participants whose MEPs were not recorded during the m-PAS protocol due to
technical issues (n = 8). Four participants took part in more than one experiment; hence,
we considered data only from the first experiment in which they participated. All this
considered, the final sample included 81 right-handed healthy participants (35 males, mean
age ± standard deviation—SD: 23.7 ± 2.9 years; mean education ± SD: 15.6 ± 1.9 years;
mean Edinburgh handedness inventory score ± SD: 74 ± 15.9%). To assess whether this
number of participants is sufficient to obtain reliable results from linear regression analyses,
we ran an a priori power analysis with the software G*Power 3.1 [34]. The power analysis
(f 2 = 0.15—corresponding to a medium desired effect size [35], alpha error level: p = 0.05;
statistical power = 0.9, actual power = 0.9) suggested at least 73 participants to achieve
enough statistical power. All the original experiments were performed following the ethical
standards of the Declaration of Helsinki. Before taking part in the study, participants
gave their written informed consent. The present work obtained the approval of the
Ethical Committee of the University of Milano-Bicocca on 24 July 2024 (protocol number
881-24). The study’s dataset and analysis are publicly available at Open Science Framework
[OSF—https://osf.io/7gsut/ (accessed on 25 February 2025)].

2.2. m-PAS and Action Observation Task

The m-PAS is a visuomotor version of the PAS protocol, where a TMS pulse over the
right M1 is repeatedly coupled with a moving right hand (hence ipsilateral to stimulation) to
promote the induction of atypical motor resonance responses [12,29]. The m-PAS consisted
of 180 paired stimulations delivered at a rate of 0.2 Hz (total duration: 15 min). Each trial
started with a frame depicting a right hand in an egocentric perspective at rest. After 4250 ms,

https://osf.io/7gsut/


Brain Sci. 2025, 15, 257 4 of 17

a second frame depicting the same hand performing an abduction movement with the
index finger appeared for 750 ms, giving rise to apparent motion. We delivered a TMS pulse
over the right M1 at a 120% individual resting motor threshold (rMT) after 25 ms from the
onset of this second frame (Figure 1a). The correct timing of the frames was verified using
a photodiode.
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Figure 1. Mirror-paired associative stimulation (m-PAS) protocol (a) and action observation task
(b) used in the datasets considered for the present work. In the action observation tasks, the timing of
the frames slightly varied according to the study from where motor-evoked potentials (MEP) data
were taken (see: [12,15,16] for further details). m-PAS parameters were the same in every study.

In all our datasets, we assessed motor resonance before and after m-PAS administration
during a standard passive action observation task where participants had to observe, in
separate blocks, a left or a right hand performing index finger abduction movements [12,15,16].
As for the m-PAS, the rapid succession of two frames—one depicting the hand at rest (static
frame) and the other depicting it performing the movement (action frame)—gave the
illusion of apparent motion. Regardless of the block (i.e., depicting left or right hands),
TMS was always delivered over the right M1 at 120% rMT. During static trials, TMS was
delivered while participants observed the hand at rest. During movement trials, TMS was
delivered 250 ms from the onset of the action frame, depicting the abduction movements of
the index finger (Figure 1b). Half of the trials in each block depicted static hands and half
moving ones. We instructed participants to keep their hands relaxed and out of view and
carefully observe these visual stimuli and, as an attentive task similar to the control where
participants were looking at the computer screen, to respond when a red dot appeared on
the depicted hand (10% of total task trial, which we excluded from following analysis).
Trial duration and the total number of stimuli in each block slightly varied across studies,



Brain Sci. 2025, 15, 257 5 of 17

and we referred the reader to the original works for more details [12,15,16]; each block
lasted about 5 min.

m-PAS and action observation tasks were under computer control, running on E-Prime
software (E-Prime 2.0, Psychology Software Tool, Inc., Sharpsburg, PA, USA).

2.3. TMS

We delivered TMS pulses with a biphasic figure-of-eight coil (diameter = 70 mm)
connected to a Magstim Rapid 2 (Magstim, Whitland, UK) or a Nexstim Eximia stimulator
(Nexstim, Helsinki, Finland). We found the motor hotspot of the left FDI muscle by moving
the coil in 5 mm steps around the presumed right hemisphere motor hand area by using a
slightly supra-threshold stimulus and recording MEPs. Based on the specific experiment,
the individual rMT was determined either as the lowest TMS intensity (expressed as a
percentage of the maximum stimulator output) that could evoke an MEP of at least 50 µV
in the FDI muscle in 5 out of 10 trials [36] or using the parameter estimation by the
sequential testing method [37]. On average, the mean rMT of our sample was (mean ± SD)
44.4 ± 10.8% (with no statistically significant difference concerning the procedure adopted,
t = 0.231, p > 0.673). The stable TMS coil placement and position were constantly monitored
during the experimental sessions through neuronavigation software, i.e., SofTaxic Optic
2 (EMS, Bologna, Italy) for data collected with the Magstim Rapid 2 stimulator [12] and
the integrated navigated brain stimulation system (Nexstim, Helsinki, Finland) for data
collected with the Nexstim Eximia stimulator [15,16]. The coil was consistently positioned
tangential to the scalp and angled at 45◦ to the midline, perpendicular to the targeted
hand-knob area. This orientation generated brain currents in the stimulated gyrus in the
anterior-to-posterior (first phase)/posterior-to-anterior (second phase) direction.

2.4. Electromyographic (EMG) Recording and Preprocessing

In all our datasets, we recorded MEPs from FDI (target muscle, implicated in the
index finger movements observed by participants) and ADM muscles (control muscle, not
implicated in the movements observed) of the left hand with Signal software (version 3.13,
Cambridge Electronic Devices, Cambridge, UK). The EMG signal was sampled at 5000 Hz
using a Digitimer D360 amplifier (Digitmer Ltd., Welwyn Garden City, UK) connected
to a CED micro1401 A/D converter (Cambridge Electronic Devices, Cambridge, UK).
Active electrodes were placed over the muscle bellies; reference ones were placed over
the metacarpophalangeal joint of the index and little finger (for FDI and ADM recording,
respectively). The ground electrode was positioned over the right ulnar head. The EMG
signal was amplified, had a band-pass (10–1000 Hz), notch-filtered, and stored for offline
analysis. Data were collected from 100 ms before to 200 ms after the TMS pulse (time
window: 300 ms). We analyzed MEPs offline using Signal software (version 3.13). MEP
peak-to-peak amplitude was calculated in each trial of the m-PAS and the action observation
task between 5 ms and 60 ms from the TMS pulse. Trials presenting artifacts greater than
100 µV in the 100 ms before the TMS pulse and trials in which the MEP amplitude was
smaller than 50 µV were excluded from the analysis.

2.5. Statistical Analyses

For action observation tasks, we computed a motor resonance index [16,38] as the ratio
in MEP amplitude between movement and rest trials:

motor resonance index (%) =
MEP amplitude in movement trials

MEP amplitude in rest trials
− 1
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Namely, for every participant and condition, the mean MEP amplitude in trials depict-
ing the movement was divided for MEP amplitude from rest trials of the same condition,
which served as a baseline for CSE. The value ‘1’ was subtracted from the ratio to express
the percentage relative to the resting condition. As a result, positive values indicated
increased CSE due to action observation, reflecting the presence of motor resonance.

MEP data recorded during the m-PAS were normalized using z-point transformation,
divided into 6 bins of 30 trials each (i.e., bin 1 = trials 1–30; bin 2 = trials 31–60; bin 3 = trials
61–90; bin 4 = trials 91–120; bin 5 = trials 121–150; and bin 6 = trials 151–180), and the mean
peak-to-peak amplitude in each bin was calculated to explore the temporal evolution of
CSE during the protocol. Raw MEP values for each muscle are reported in Supplementary
Tables S1 and S2 for the action observation task’s conditions and m-PAS bins, respectively.

First, as a quality check to assess and replicate the effect of the m-PAS on motor
resonance [12,15,16], we ran a repeated-measures analysis of variance (rmANOVA) on the
motor resonance index values with factors ‘viewed Hand’ (left-hand, right-hand), ‘Time’
(pre-PAS, post-PAS), and ‘Muscle’ (FDI, ADM). Then, we assessed whether CSE changed
during m-PAS administration with a ‘Bin’ (1, 2, 3, 4, 5, 6) X ‘Muscle’ (FDI, ADM) rmANOVA
on normalized MEP amplitude. Finally, given the significant patterns found (see Results),
we performed a series of linear regression analyses for each muscle, separated for left- and
right-hand observation conditions, aiming to explore whether changing in CSE during the
m-PAS predicted the protocol’s aftereffects on typical and atypical motor resonance. Here,
we considered the difference between motor resonance index values after and before m-PAS
administration (i.e., motor resonance gain) as the dependent variable and the difference
between normalized MEP amplitude in the final and first bin of the m-PAS (i.e., m-PAS
CSE gain) as the predictor.

All statistical analyses were performed using the software Jamovi 2.6 [39]. Statistical
significance was defined as p < 0.05. We verified the normality of all variables using the
Shapiro–Wilk test and Q-Q plot assessments. For repeated-measures ANOVAs, we used
Mauchly’s test to assess data sphericity. When sphericity was violated, the Greenhouse–
Geisser correction was applied. Significant effects were further explored with Tukey HSD-
corrected post hoc comparisons. We calculated the partial eta-squared (ηp

2), Cohen’s d, and
the coefficient of determination (R2) in every rmANOVA, t-test, and regression, respectively,
and reported as effect size (i.e., ηp

2, d) and goodness-of-fit (i.e., R2) values. As a rule-of-
thumb for interpreting the reported effect size values, ηp

2 and d greater than 0.01/0.06/0.14
and 0.2/0.5/0.8 are considered small/moderate/large effects, respectively [40,41]. R2

indicates the percentage of variance in the dependent variable explained by the predic-
tor [42]. The standardized regression coefficient (β) was also reported for linear regressions.
Section 3 reports mean ± standard error for each variable.

3. Results
3.1. Motor Resonance Patterns Before and After m-PAS Administration

Results from the rmANOVA on the motor resonance index to check CSE patterns after
m-PAS administration showed a significant ‘viewed Hand’ X ‘Time’ X ‘Muscle’ interaction
(F1,80 = 15.57, p < 0.001, ηp

2 = 0.16), as well as main effect of the factor ‘Muscle’ (F1,80 = 5.23,
p = 0.025, ηp

2 = 0.06) and interaction ‘viewed Hand’ X ‘Time’ (F1,80 = 21.29, p < 0.001,
ηp

2 = 0.21). No other significant effect was found (all Fs < 2.17, all ps > 0.144). As previously
performed in all our works [12,15,16], we further explored motor resonance patterns with
two separate rmANOVAs, one for each muscle.

For the FDI muscle, this analysis showed only a significant main effect of the ‘viewed
Hand’ X ‘Time’ interaction (F1,80 = 52.93, p < 0.001, ηp

2 = 0.4). No other significant effect was
found (all Fs < 0.46, all ps > 0.507). Post hoc comparisons showed that, as expected, motor
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resonance at baseline is present only for left-hand conditions (mean motor resonance index
± standard error: 12.78 ± 1.73%). Motor resonance was not found for right-hand conditions
(0.69 ± 1.36%; vs. pre-PAS left-hand motor resonance index: t80 = 5.57; p < 0.001, d = 0.62).
Following the m-PAS, atypical motor resonance for right-hand movements, conditioned
during the PAS, emerged (12.83% ± 1.48%; vs. pre-PAS right-hand motor resonance index:
t24 = 6.63, p < 0.001, d = 0.74), accompanied with a rewriting of the typical phenomenon.
Indeed, after the m-PAS, the motor resonance index for left-hand conditions (4.83 ± 1.16%)
was significantly lower than at baseline (t24 = −3.86, p = 0.001, d = −0.43) and from the one
obtained for right-hand stimuli (t24 = −4.57, p < 0.001, d = −0.51; Figure 2a).
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Figure 2. Motor resonance index before (green boxplot) and after (yellow boxplot) m-PAS adminis-
tration for first dorsal interosseus (FDI, (a)) and abductor digiti minimi (ADM, (b)) muscles. In the
box-and-whisker plots, red dots indicate the means of the distributions. Their median values are
reported by the center line. Black-and-white dots show single-subject scores. The box contains the
25th to 75th percentiles of the dataset. Whiskers extend to the largest observation falling within the
1.5 * inter-quartile range from the first/third quartile. Significant Tukey-corrected post hoc compar-
isons are reported (** = p < 0.01; *** = p < 0.001).

For the ADM muscle—not involved in the observed index finger movement, hence
acting as a control for the muscle-specificity of motor resonance patterns [12,17]—the
rmANOVA showed no significant effects of the factors ‘viewed Hand’ (F1,80 = 0.14, p = 0.714,
ηp

2 < 0.01), ‘Time’ (F1,80 = 1.03, p = 0.314, ηp
2 = 0.01), and their interaction (F1,80 = 0.78,

p = 0.38, ηp
2 = 0.01) (Figure 2b).
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3.2. CSE During m-PAS Protocol

rmANOVA on (z-transformed) MEPs recorded during the m-PAS showed a significant
effect of the main factor ‘Bin’ (F3.1,255.3 = 13.48, p < 0.001, ηp

2 = 0.14) but not of ‘Muscle’
(F1,80 = 2.83, p = 0.096, ηp

2 = 0.03) or ‘Bin’ X ‘Muscle’ interaction (F3.5,279.6 = 1.78, p = 0.142,
ηp

2 = 0.02). Namely, CSE changed during m-PAS administration but with patterns that
are not muscle-specific. Post hoc comparisons showed that MEPs recorded during the last
30 trials of the m-PAS protocol (i.e., Bin 6) were significantly higher for all the other bins
(vs. Bin 1: t80 = 5.36; p < 0.001, d = 0.6; vs. Bin 2: t80 = 5.08; p < 0.001, d = 0.56; vs. Bin 3:
t80 = 3.86; p = 0.003, d = 0.43; vs. Bin 4: t80 = 4.74; p < 0.001, d = 0.53; vs. Bin 5: t80 = 3.01;
p = 0.039, d = 0.34). Furthermore, MEPs in Bin 5 significantly differed from the ones in the
first (t80 = 3.97; p = 0.002, d = 0.44) and the second bin (t80 = 3.53; p = 0.009, d = 0.39). This
pattern suggested a progressive increase in CSE during the m-PAS for both FDI and ADM
muscles (Figure 3).

3.3. CSE Changes During m-PAS and Their Relation with Motor Resonance Modulations

Linear regressions run to explore whether changes in FDI CSE during the m-PAS
(m-PAS CSE gain, i.e., mean normalized MEP amplitude in the first bin subtracted from
the one in the last bin) predicted the motor resonance gain during the observation of left-
or right-hand movements (i.e., motor resonance index before the m-PAS subtracted from
values found after its administration) showed a statistically significant relation only for
left-hand motor resonance (β = −0.33; F1,79 = 9.84; p = 0.002; R2 = 0.11) but not for the
right-hand one (β = 0.11; F1,79 = 1.01; p = 0.318; R2 = 0.01; Figure 4a). Namely, the difference
between the first and last MEP bin recorded during the m-PAS significantly predicted the
loss of typical motor resonance (motor resonance gain = −0.08 + −0.087 ∗ m-PAS CSE
gain). At variance, the emergence of atypical motor resonance is not associated with CSE
modulation during the m-PAS.
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Figure 3. Corticospinal excitability (CSE) temporal profile during the m-PAS for FDI (upper panel)
and ADM (middle panel) muscles according to the 6 bins of 30 trials in which we divided the
180 trials of the m-PAS protocol. (Lower panel): mean MEP amplitude at the single-trial level for FDI
(blue circles) and ADM (light orange squares). In the box-and-whisker plots, red dots indicate the
means of the distributions. Their median values are reported by the center line. Black-and-white dots
show single-subject scores. The box contains the 25th to 75th percentiles of the dataset. Whiskers
extend to the largest observation falling within the 1.5 * inter-quartile range from the first/third
quartile. Significant Tukey-corrected post hoc comparisons for the main effect ‘Bin’ are reported
(* = p < 0.05; ** = p < 0.01; *** = p < 0.001).
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Figure 4. Scatterplots between m-PAS CSE gain (i.e., mean normalized MEP amplitude in m-PAS
bin 1 subtracted to the one in bin 6) and motor resonance gain (i.e., motor resonance index before
the m-PAS subtracted from values found after its administration) for FDI (a) and ADM (b) muscles.
Dashed lines indicate the linear regression’s fitted line (in red, the significant one found between
m-PAS CSE gain and left-hand motor resonance gain for FDI MEPs).

Given the significant modulation of CSE during m-PAS found for this muscle, we ran
the same regressions for ADM gain indexes. For this muscle, we found that the m-PAS CSE
gain did not predict motor resonance gain either during the observation of left- (β = −0.15;
F1,79 = 1.93; p = 0.169; R2 = 0.02) or right-hand index finger movements (β = 0.03; F1,79 = 0.06;
p = 0.803; R2 < 0.01; Figure 4b), highlighting the muscle-specificity of the relation previously
found.

4. Discussion
Our study investigates whether changes in CSE during a visuomotor version of the

PAS, the m-PAS [12], predict the protocol’s aftereffects on typical and PAS-induced motor
resonance. We found a gradual enhancement of CSE during m-PAS administration, whose



Brain Sci. 2025, 15, 257 11 of 17

magnitude predicts modulation patterns on typical motor resonance (i.e., loss of CSE facili-
tation during contralateral movement observation) but not on the atypical PAS-conditioned
phenomenon (i.e., emergence of CSE facilitation during the observation of ipsilateral move-
ments). Overall, these results provide valuable information on how Hebbian associative
plasticity within the AON is built up during the protocol, shedding better light on the
possible neurophysiological substrates grounding the m-PAS effectiveness.

4.1. Motor Resonance Responses Are Reshaped After the m-PAS

By aggregating data taken from our previous works with the m-PAS [12,15,16], the
first novel result is that m-PAS induces not only the emergence of atypical muscle-specific
motor resonance for the movement conditioned during the protocol, but also disrupts the
typical visuomotor association, reducing the magnitude of motor resonance brought about
by observing movements performed with the contralateral hand. That is, the m-PAS not
only drives the emergence of motor resonance for actions performed with limbs ipsilateral
to the stimulated motor cortex, but it also concurrently inhibits motor resonance for actions
performed with contralateral limbs. This pattern was just documented in our more recent
work [16]. At the same time, in our previous studies [12,15], only trends for this double
aftereffect were seen, likely due to the need for a greater sample size to achieve statistical
significance.

As already argued [16], acquiring new motor and visuomotor responses can come
at the expense of already established ones, e.g., [8,25,43–46]. Similarly, following m-PAS
administration, a new motor resonance response emerged during the observation of the
conditioned movement. However, this atypical reorganization temporarily disrupted pre-
existing visuomotor responses within the AON [16]. This evidence points out that the
m-PAS, through associative plasticity induction within the AON, transiently induces a
complex reorganization of hemispheric-lateralized motor resonance for simple movements,
extending beyond the visual stimulus conditioned during the protocol.

4.2. Gradual Online Enhancement of CSE During the m-PAS

The second key finding is that CSE is significantly modulated during the m-PAS.
Notably, this enhancement is detectable from both FDI and ADM muscles, indicating
a general increase in motor cortex excitability during m-PAS. This cortical excitability
enhancement occurs specifically during the protocol’s administration. In fact, the analysis
of raw MEP amplitude collected during the action observation task did not show any
modulation of CSE after m-PAS. Still, m-PAS effects were detected only at the level of motor
resonance (see Supplementary Analysis S1). This evidence means that the online CSE
enhancement induced by m-PAS dissociates from its offline effects on motor resonance.

The increase in CSE during the m-PAS aligns well with previous studies using cortico-
cortical PAS targeting PMv-M1 connectivity and showing a gradual enhancement of M1
excitability during this protocol [32,33], accompanied by the modulation of AON activation
proxies after its administration [13,14]. As stated in Section 1, the PMv-M1 pathway is
the neurophysiological underpinning binding AON and M1 activations and grounding
the motor resonance phenomenon [20]. Besides studies with the cortico-cortical PAS,
different works using repetitive and paired-pulse TMS showed that the perturbation of
PMv impacts MEP facilitation during action observation, e.g., [21,24–26]. Hence, assuming
its involvement during the m-PAS is reasonable, even if not directly stimulated [12]. In this
framework, the increased CSE during the protocol could be interpreted as evidence that
the PMv-M1 pathway is salient for associative plasticity induction during the m-PAS.

An alternative yet complementary hypothesis considers the possible contribution of
predictive mechanisms [3,47] during m-PAS administration. Action observation stimuli
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presented during the m-PAS are highly predictable, considering that participants observed
the same visual stimulus of movement always presented every 5 s for 15 min. As the
protocol progresses, the AON can likely be engaged in advance, even before the actual
observation of the depicted actions. This is corroborated by previous AON studies, with
humans and primates showing action anticipation phenomena driven by the presentation of
sufficient contextual cues about the movement to be seen, e.g., [48–52]. Furthermore, similar
anticipatory mechanisms have been shown to be recruited during a cross-modal version
of the PAS, pairing the sight of touch with somatosensory cortical stimulation [10,11].
In this view, the gradual enhancement of CSE could underlie, besides the induction of
state-dependent associative plasticity within the motor system likely mediated by the
PMv-M1 pathway, an anticipatory M1 engagement by action observation with the protocol
progression.

This evidence stresses that the m-PAS acts at a network level [16] rather than influenc-
ing a single AON pathway (e.g., cortico-cortical PAS targeting PMv-M1 connectivity [53]).
From this perspective, our findings suggest that the gradual enhancement of CSE during
m-PAS administration would reflect greater M1 reactivity, with associative plasticity being
progressively promoted within the entire AON. If this is true, a dynamic reshaping of
AON properties could already occur during the protocol, opening up the chance that CSE
modulations detected online could inform the protocol’s aftereffects.

4.3. CSE Increase During m-PAS Predicts Only the Rewriting of Typical Motor Resonance

The latter hypothesis is confirmed by the third significant result of our study, namely
that the magnitude of CSE increase during the m-PAS predicts muscle-specific aftereffects
on typical motor resonance, involving its reduction when viewing actions performed with
the contralateral hand. This relation is specific for FDI, i.e., the muscle involved in the
observed index finger movement. Hence, even if CSE patterns during the m-PAS are not
muscle-specific, reflecting a gradual enhancement of motor system excitability unrelated
to the features of the conditioned visual stimulus, their relation with motor resonance
modulations follows the typical muscle-specific feature of this phenomenon [17,19]. On
the contrary, the emergence of the experimentally induced novel motor resonance effect is
unrelated to the online CSE enhancement.

Altogether, these results (i.e., online CSE change predicts the disruption of ‘in place’
visuomotor associations but not the building up of new ones) suggest that the rewriting of
typical motor resonance already occurs during the m-PAS in the targeted motor system,
while the induction of new visuomotor association likely took place later, i.e., once the
protocol ended. It follows that the CSE enhancement is a successful predictor of some but
not all the complex modulations of AON activity induced by the m-PAS, likely reflecting
Hebbian associative plasticity induction. In this regard, TMS-induced plasticity could also
take place in the unstimulated M1. For instance, different clinical studies showed a func-
tional reorganization of inter-hemispheric M1-M1 communication following rehabilitative
training based on action observation treatments or mirror therapies, e.g., [54–58]. Thus, it
is reasonable to speculate the bilateral recruitment of the AON by the m-PAS, resulting
in modulation of the contralateral (here the left) M1 excitability that might explain the
protocol’s aftereffects on the experimentally induced motor resonance.

4.4. Limitations and Future Directions

The present work has some limitations that need to be highlighted. Firstly, we did
not have a control condition that could disambiguate if the online CSE enhancement is
specific for this version of the m-PAS. Future studies could investigate whether alternative
or ineffective m-PAS protocols lead to similar online CSE enhancement. Secondly, our
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speculations on the neurophysiological underpinning of this enhancement are based on
a peripheral measure of cortical reactivity (i.e., MEPs). Future works can likely integrate
neuroimaging techniques (e.g., electroencephalography, functional magnetic resonance
imaging) during m-PAS administration to better track the cortical signatures of associative
plasticity induction.

All this considered, the results of the present work open up to intriguing and thought-
provoking future directions. For instance, studies could introduce hybrid, cortico-cortical
versions of the m-PAS where single-pulse TMS over M1 is replaced with paired-pulse
targeting specific AON nodes to disentangle better the contribution of specific pathways
in the effects found on CSE and motor resonance during and after m-PAS. At the same
time, the contribution of specific AON nodes and pathways could be further explored by
varying the features of the visual stimulus of movement conditioned, e.g., replacing the
intransitive, simple movement with more ecological and goal-directed actions, which are
known to recruit the AON to a greater extent [59,60]. Similarly, less foreseeable versions of
the m-PAS could be tested, assessing the influence of the protocol’s predictability on online
and offline markers of associative plasticity induction.

These findings suggest the potential for adapting m-PAS protocols for clinical use,
with parameters customized to each patient’s clinical profile. For example, the protocol
could include the observation of specific movements or gestures requiring rehabilitation,
fostering adaptive plasticity in the motor system through AON recruitment. Additionally,
m-PAS parameters—such as protocol duration, the number of visual stimuli, and their
frequency—could be optimized to match the patient’s attentional capacity. In this vein, a
recent proof-of-principle study on stroke survivors suggests that PAS protocols acting on
visuomotor mirroring can induce associative plasticity within a damaged motor system [61].

5. Conclusions
In conclusion, our findings corroborate the evidence that m-PAS effects on motor

resonance responses are the product of a network-wide reorganization of AON functioning,
impacting a vast range of cortical regions with modulations at the CSE level already
trackable during the protocol administration. Crucially, the online CSE enhancement can
be used to predict just a part of m-PAS aftereffects, particularly solely modulations more
strictly related to the typical, hemispheric-specific motor cortex recruitment during action
observation. This evidence aligns well with the results of our recent work integrating
m-PAS and neuroimaging, which showed a complex, brain-wide, and frequency-specific
reorganization of right M1 functional connectivity during action observation after m-PAS
administration, suggesting that typical and experimentally induced motor resonance are
not superimposable phenomena, relying on distinct oscillatory dynamics and connectivity
patterns [16].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci15030257/s1, Supplementary Table S1. Raw MEP am-
plitude (mean ± standard error) for FDI and ADM muscles in the four trial typologies of the action
observation task before and after m-PAS administration. Supplementary Table S2. Raw MEP am-
plitude (mean ± standard error) for FDI and ADM muscles in the 6 bins in which we divided the
180 trials of the m-PAS. Supplementary Analysis S1. rmANOVA on raw MEP amplitude recorded
during the action observation tasks.
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MEP Motor-evoked potential
PAS Paired associative stimulation
PMv Ventral premotor cortex
rmANOVA Repeated measures analysis of variance
rMT Resting motor threshold
SD Standard deviation
TMS Transcranial magnetic stimulation

References
1. Heyes, C.; Catmur, C. What Happened to Mirror Neurons? Perspect. Psychol. Sci. 2022, 17, 153–168. [CrossRef]
2. Cook, R.; Bird, G.; Catmur, C.; Press, C.; Heyes, C. Mirror Neurons: From Origin to Function. Behav. Brain Sci. 2014, 37, 177–192.

[CrossRef] [PubMed]
3. Keysers, C.; Gazzola, V. Hebbian Learning and Predictive Mirror Neurons for Actions, Sensations and Emotions. Philos. Trans. R.

Soc. B 2014, 369, 20130175. [CrossRef] [PubMed]
4. Bardi, L.; Bundt, C.; Notebaert, W.; Brass, M. Eliminating Mirror Responses by Instructions. Cortex 2015, 70, 128–136. [CrossRef]
5. Brunsdon, V.E.A.; Bradford, E.E.F.; Smith, L.; Ferguson, H.J. Short-Term Physical Training Enhances Mirror System Activation to

Action Observation. Soc. Neurosci. 2020, 15, 98–107. [CrossRef]
6. De Klerk, C.C.J.M.; Johnson, M.H.; Heyes, C.M.; Southgate, V. Baby Steps: Investigating the Development of Perceptual-Motor

Couplings in Infancy. Dev. Sci. 2015, 18, 270–280. [CrossRef]
7. Fitzgibbon, B.M.; Kirkovski, M.; Fornito, A.; Paton, B.; Fitzgerald, P.B.; Enticott, P.G. Emotion Processing Fails to Modulate

Putative Mirror Neuron Response to Trained Visuomotor Associations. Neuropsychologia 2016, 84, 7–13. [CrossRef]
8. Catmur, C.; Walsh, V.; Heyes, C. Sensorimotor Learning Configures the Human Mirror System. Curr. Biol. 2007, 17, 1527–1531.

[CrossRef]
9. Catmur, C.; Heyes, C. Mirroring ‘Meaningful’ Actions: Sensorimotor Learning Modulates Imitation of Goal-Directed Actions. Q.

J. Exp. Psychol. 2019, 72, 322–334. [CrossRef]
10. Zazio, A.; Guidali, G.; Maddaluno, O.; Miniussi, C.; Bolognini, N. Hebbian Associative Plasticity in the Visuo-Tactile Domain: A

Cross-Modal Paired Associative Stimulation Protocol. Neuroimage 2019, 201, 116025. [CrossRef]
11. Maddaluno, O.; Guidali, G.; Zazio, A.; Miniussi, C.; Bolognini, N. Touch Anticipation Mediates Cross-Modal Hebbian Plasticity

in the Primary Somatosensory Cortex. Cortex 2020, 126, 173–181. [CrossRef] [PubMed]

https://osf.io/7gsut/
https://doi.org/10.1177/1745691621990638
https://doi.org/10.1017/S0140525X13000903
https://www.ncbi.nlm.nih.gov/pubmed/24775147
https://doi.org/10.1098/rstb.2013.0175
https://www.ncbi.nlm.nih.gov/pubmed/24778372
https://doi.org/10.1016/j.cortex.2015.04.018
https://doi.org/10.1080/17470919.2019.1660708
https://doi.org/10.1111/desc.12226
https://doi.org/10.1016/j.neuropsychologia.2016.01.033
https://doi.org/10.1016/j.cub.2007.08.006
https://doi.org/10.1080/17470218.2017.1344257
https://doi.org/10.1016/j.neuroimage.2019.116025
https://doi.org/10.1016/j.cortex.2020.01.008
https://www.ncbi.nlm.nih.gov/pubmed/32085998


Brain Sci. 2025, 15, 257 15 of 17

12. Guidali, G.; Carneiro, M.I.S.; Bolognini, N. Paired Associative Stimulation Drives the Emergence of Motor Resonance. Brain
Stimul. 2020, 13, 627–636. [CrossRef] [PubMed]

13. Chiappini, E.; Turrini, S.; Zanon, M.; Marangon, M.; Borgomaneri, S.; Avenanti, A. Driving Hebbian Plasticity over Ventral
Premotor-Motor Projections Transiently Enhances Motor Resonance. Brain Stimul. 2024, 17, 211–220. [CrossRef]

14. Turrini, S.; Fiori, F.; Bevacqua, N.; Saracini, C.; Lucero, B.; Candidi, M.; Avenanti, A. Spike-Timing-Dependent Plasticity Induction
Reveals Dissociable Supplementary- and Premotor-Motor Pathways to Automatic Imitation. Proc. Natl. Acad. Sci. USA 2024,
121, e2404925121. [CrossRef] [PubMed]

15. Guidali, G.; Picardi, M.; Gramegna, C.; Bolognini, N. Modulating Motor Resonance with Paired Associative Stimulation:
Neurophysiological and Behavioral Outcomes. Cortex 2023, 163, 139–153. [CrossRef] [PubMed]

16. Guidali, G.; Arrigoni, E.; Bolognini, N.; Pisoni, A. M1 Large-Scale Network Dynamics Support Human Motor Resonance and Its
Plastic Reshaping. Neuroimage 2025, 308, 121082. [CrossRef]

17. Craighero, L. Motor Resonance: Neurophysiological Origin, Functional Role, and Contribution of the Motivational, Moral,
and Social Aspects of Action. In The Routledge Handbook of Embodied Cognition; Routledge: London, UK, 2024; pp. 442–451,
ISBN 9781003322511.

18. Fadiga, L.; Fogassi, L.; Pavesi, G.; Rizzolatti, G. Motor Facilitation During Action Observation: A Magnetic Stimulation Study. J.
Neurophysiol. 1995, 73, 2608–2611. [CrossRef]

19. Naish, K.R.; Houston-Price, C.; Bremner, A.J.; Holmes, N.P. Effects of Action Observation on Corticospinal Excitability: Muscle
Specificity, Direction, and Timing of the Mirror Response. Neuropsychologia 2014, 64, 331–348. [CrossRef]

20. Rizzolatti, G.; Cattaneo, L.; Fabbri-Destro, M.; Rozzi, S. Cortical Mechanisms Underlying the Organization of Goal-Directed
Actions and Mirror Neuron-Based Action Understanding. Physiol. Rev. 2014, 94, 655–706. [CrossRef]

21. De Beukelaar, T.T.; Alaerts, K.; Swinnen, S.P.; Wenderoth, N. Motor Facilitation during Action Observation: The Role of M1 and
PMv in Grasp Predictions. Cortex 2016, 75, 180–192. [CrossRef]

22. Koch, G.; Versace, V.; Bonnì, S.; Lupo, F.; Gerfo, E.L.; Oliveri, M.; Caltagirone, C. Resonance of Cortico-Cortical Connections of the
Motor System with the Observation of Goal Directed Grasping Movements. Neuropsychologia 2010, 48, 3513–3520. [CrossRef]
[PubMed]

23. Lago, A.; Koch, G.; Cheeran, B.; Márquez, G.; Sánchez, J.A.; Ezquerro, M.; Giraldez, M.; Fernández-del-Olmo, M. Ventral Premotor
to Primary Motor Cortical Interactions during Noxious and Naturalistic Action Observation. Neuropsychologia 2010, 48, 1802–1806.
[CrossRef] [PubMed]

24. Avenanti, A.; Bolognini, N.; Maravita, A.; Aglioti, S.M. Somatic and Motor Components of Action Simulation. Curr. Biol. 2007, 17,
2129–2135. [CrossRef]

25. Catmur, C.; Mars, R.B.; Rushworth, M.F.; Heyes, C. Making Mirrors: Premotor Cortex Stimulation Enhances Mirror and
Counter-Mirror Motor Facilitation. J. Cogn. Neurosci. 2011, 23, 2352–2362. [CrossRef] [PubMed]

26. Cantarero, G.; Galea, J.M.; Ajagbe, L.; Salas, R.; Willis, J.; Celnik, P. Disrupting the Ventral Premotor Cortex Interferes with the
Contribution of Action Observation to Use-Dependent Plasticity. J. Cogn. Neurosci. 2011, 23, 3757–3766. [CrossRef]

27. Suppa, A.; Quartarone, A.; Siebner, H.; Chen, R.; Di Lazzaro, V.; Del Giudice, P.; Paulus, W.; Rothwell, J.C.; Ziemann, U.; Classen,
J. The Associative Brain at Work: Evidence from Paired Associative Stimulation Studies in Humans. Clin. Neurophysiol. 2017, 128,
2140–2164. [CrossRef]

28. Guidali, G.; Roncoroni, C.; Bolognini, N. Modulating Frontal Networks’ Timing-Dependent-Like Plasticity With Paired Associative
Stimulation Protocols: Recent Advances and Future Perspectives. Front Hum Neurosci 2021, 15, 658723. [CrossRef]

29. Guidali, G.; Roncoroni, C.; Bolognini, N. Paired Associative Stimulations: Novel Tools for Interacting with Sensory and Motor
Cortical Plasticity. Behav. Brain Res. 2021, 414, 113484. [CrossRef]

30. Aziz-Zadeh, L.; Maeda, F.; Zaidel, E.; Mazziotta, J.; Iacoboni, M. Lateralization in Motor Facilitation during Action Observation:
A TMS Study. Exp. Brain Res. 2002, 144, 127–131. [CrossRef]

31. Fadiga, L.; Craighero, L.; Olivier, E. Human Motor Cortex Excitability during the Perception of Others’ Action. Curr. Opin.
Neurobiol. 2005, 15, 213–218. [CrossRef]

32. Turrini, S.; Fiori, F.; Chiappini, E.; Santarnecchi, E.; Romei, V.; Avenanti, A. Gradual Enhancement of Corticomotor Excitability
during Cortico-Cortical Paired Associative Stimulation. Sci. Rep. 2022, 12, 14670. [CrossRef] [PubMed]

33. Turrini, S.; Fiori, F.; Chiappini, E.; Lucero, B.; Santarnecchi, E.; Avenanti, A. Cortico-Cortical Paired Associative Stimulation
(CcPAS) over Premotor-Motor Areas Affects Local Circuitries in the Human Motor Cortex via Hebbian Plasticity. Neuroimage
2023, 271, 120027. [CrossRef] [PubMed]

34. Faul, F.; Erdfelder, E.; Buchner, A.; Lang, A.G. Statistical Power Analyses Using G*Power 3.1: Tests for Correlation and Regression
Analyses. Behav. Res. Methods 2009, 41, 1149–1160. [CrossRef] [PubMed]

35. Cohen Applied Multiple Regression/Correlation Analysis for the Behavioral Sciences; Routledge: New York, NY, USA, 2013;
ISBN 9780203774441.

https://doi.org/10.1016/j.brs.2020.01.017
https://www.ncbi.nlm.nih.gov/pubmed/32289688
https://doi.org/10.1016/j.brs.2024.02.011
https://doi.org/10.1073/pnas.2404925121
https://www.ncbi.nlm.nih.gov/pubmed/38917006
https://doi.org/10.1016/j.cortex.2023.03.006
https://www.ncbi.nlm.nih.gov/pubmed/37104888
https://doi.org/10.1016/j.neuroimage.2025.121082
https://doi.org/10.1152/jn.1995.73.6.2608
https://doi.org/10.1016/j.neuropsychologia.2014.09.034
https://doi.org/10.1152/physrev.00009.2013
https://doi.org/10.1016/j.cortex.2015.11.009
https://doi.org/10.1016/j.neuropsychologia.2010.07.037
https://www.ncbi.nlm.nih.gov/pubmed/20691198
https://doi.org/10.1016/j.neuropsychologia.2010.02.030
https://www.ncbi.nlm.nih.gov/pubmed/20223253
https://doi.org/10.1016/j.cub.2007.11.045
https://doi.org/10.1162/jocn.2010.21590
https://www.ncbi.nlm.nih.gov/pubmed/20946056
https://doi.org/10.1162/jocn_a_00051
https://doi.org/10.1016/j.clinph.2017.08.003
https://doi.org/10.3389/fnhum.2021.658723
https://doi.org/10.1016/j.bbr.2021.113484
https://doi.org/10.1007/s00221-002-1037-5
https://doi.org/10.1016/j.conb.2005.03.013
https://doi.org/10.1038/s41598-022-18774-9
https://www.ncbi.nlm.nih.gov/pubmed/36038605
https://doi.org/10.1016/j.neuroimage.2023.120027
https://www.ncbi.nlm.nih.gov/pubmed/36925088
https://doi.org/10.3758/BRM.41.4.1149
https://www.ncbi.nlm.nih.gov/pubmed/19897823


Brain Sci. 2025, 15, 257 16 of 17

36. Rossi, S.; Hallett, M.; Rossini, P.M.; Pascual-Leone, A. Safety, Ethical Considerations, and Application Guidelines for the Use
of Transcranial Magnetic Stimulation in Clinical Practice and Research. Clin. Neurophysiol. 2009, 120, 2008–2039. [CrossRef]
[PubMed]

37. Awiszus, F. TMS and Threshold Hunting. Suppl. Clin. Neurophysiol. 2003, 56, 13–23. [CrossRef]
38. Guidali, G.; Picardi, M.; Franca, M.; Caronni, A.; Bolognini, N. The Social Relevance and the Temporal Constraints of Motor

Resonance in Humans. Sci. Rep. 2023, 13, 15933. [CrossRef]
39. The Jamovi Project. Jamovi. Version 2.6. The Jamovi Project: Sydney, Australia, 2025. Available online: https://www.jamovi.org

(accessed on 25 February 2025).
40. Sullivan, G.M.; Feinn, R. Using Effect Size—Or Why the P Value Is Not Enough. J. Grad. Med. Educ. 2012, 4, 279–282. [CrossRef]
41. Richardson, J.T.E. Eta Squared and Partial Eta Squared as Measures of Effect Size in Educational Research. Educ. Res. Rev. 2011, 6,

135–147. [CrossRef]
42. George, D.; Mallery, P. IBM SPSS Statistics 26 Step by Step: A Simple Guide and Reference; Routledge: New York, NY, USA, 2019;

ISBN 9780134320250.
43. Kobayashi, M.; Théoret, H.; Pascual-Leone, A. Suppression of Ipsilateral Motor Cortex Facilitates Motor Skill Learning. Eur. J.

Neurosci. 2009, 29, 833–836. [CrossRef]
44. Hamel, R.; Waltzing, B.M.; Hinder, M.R.; McAllister, C.J.; Jenkinson, N.; Galea, J.M. Bilateral Intracortical Inhibition during

Unilateral Motor Preparation and Sequence Learning. Brain Stimul. 2024, 17, 349–361. [CrossRef]
45. Takeuchi, N.; Oouchida, Y.; Izumi, S.I. Motor Control and Neural Plasticity through Interhemispheric Interactions. Neural Plast.

2012, 2012, 823285. [CrossRef] [PubMed]
46. Cavallo, A.; Heyes, C.; Becchio, C.; Bird, G.; Catmur, C. Timecourse of Mirror and Counter-Mirror Effects Measured with

Transcranial Magnetic Stimulation. Soc. Cogn. Affect Neurosci. 2014, 9, 1082–1088. [CrossRef] [PubMed]
47. Kilner, J.; Friston, K.J.; Frith, C.D. Predictive Coding: An Account of the Mirror Neuron System. Cogn. Process 2007, 8, 159–166.

[CrossRef]
48. Aglioti, S.M.; Cesari, P.; Romani, M.; Urgesi, C. Action Anticipation and Motor Resonance in Elite Basketball Players. Nat.

Neurosci. 2008, 11, 1109–1116. [CrossRef]
49. Urgesi, C.; Maieron, M.; Avenanti, A.; Tidoni, E.; Fabbro, F.; Aglioti, S.M. Simulating the Future of Actions in the Human

Corticospinal System. Cereb. Cortex 2010, 20, 2511–2521. [CrossRef]
50. Qin, C.; Michon, F.; Onuki, Y.; Ishishita, Y.; Otani, K.; Kawai, K.; Fries, P.; Gazzola, V.; Keysers, C. Predictability Alters Information

Flow during Action Observation in Human Electrocorticographic Activity. Cell Rep. 2023, 42, 113432. [CrossRef]
51. Maranesi, M.; Livi, A.; Fogassi, L.; Rizzolatti, G.; Bonini, L. Mirror Neuron Activation Prior to Action Observation in a Predictable

Context. J. Neurosci. 2014, 34, 14827–14832. [CrossRef]
52. Southgate, V.; Johnson, M.H.; Osborne, T.; Csibra, G. Predictive Motor Activation during Action Observation in Human Infants.

Biol. Lett. 2009, 5, 769–772. [CrossRef]
53. Hernandez-Pavon, J.C.; San Agustín, A.; Wang, M.C.; Veniero, D.; Pons, J.L. Can We Manipulate Brain Connectivity? A Systematic

Review of Cortico-Cortical Paired Associative Stimulation Effects. Clin. Neurophysiol. 2023, 154, 169–193. [CrossRef]
54. Michielsen, M.E.; Selles, R.W.; Van Der Geest, J.N.; Eckhardt, M.; Yavuzer, G.; Stam, H.J.; Smits, M.; Ribbers, G.M.; Bussmann, J.B.J.

Motor Recovery and Cortical Reorganization after Mirror Therapy in Chronic Stroke Patients: A Phase II Randomized Controlled
Trial. Neurorehabil Neural Repair 2011, 25, 223–233. [CrossRef]

55. Novaes, M.M.; Palhano-Fontes, F.; Peres, A.; Mazzetto-Betti, K.; Pelicioni, M.; Andrade, K.C.; Dos Santos, A.; Pontes-Neto, O.;
Araujo, D. Neurofunctional Changes after a Single Mirror Therapy Intervention in Chronic Ischemic Stroke. Int. J. Neurosci. 2018,
128, 966–974. [CrossRef] [PubMed]

56. Mekbib, D.B.; Zhao, Z.; Wang, J.; Xu, B.; Zhang, L.; Cheng, R.; Fang, S.; Shao, Y.; Yang, W.; Han, J.; et al. Proactive Motor
Functional Recovery Following Immersive Virtual Reality–Based Limb Mirroring Therapy in Patients with Subacute Stroke.
Neurotherapeutics 2020, 17, 1919–1930. [CrossRef] [PubMed]

57. Zhang, K.; Ding, L.; Wang, X.; Zhuang, J.; Tong, S.; Jia, J.; Guo, X. Evidence of Mirror Therapy for Recruitment of Ipsilateral Motor
Pathways in Stroke Recovery: A Resting FMRI Study. Neurotherapeutics 2024, 21, e00320. [CrossRef] [PubMed]

58. Rizzolatti, G.; Fabbri-Destro, M.; Nuara, A.; Gatti, R.; Avanzini, P. The Role of Mirror Mechanism in the Recovery, Maintenance,
and Acquisition of Motor Abilities. Neurosci. Biobehav. Rev. 2021, 127, 404–423. [CrossRef]

59. Aziz-Zadeh, L.; Koski, L.; Zaidel, E.; Mazziotta, J.; Iacoboni, M. Lateralization of the Human Mirror Neuron System. J. Neurosci.
2006, 26, 2964–2970. [CrossRef]

https://doi.org/10.1016/j.clinph.2009.08.016
https://www.ncbi.nlm.nih.gov/pubmed/19833552
https://doi.org/10.1016/S1567-424X(09)70205-3
https://doi.org/10.1038/s41598-023-43227-2
https://www.jamovi.org
https://doi.org/10.4300/JGME-D-12-00156.1
https://doi.org/10.1016/j.edurev.2010.12.001
https://doi.org/10.1111/j.1460-9568.2009.06628.x
https://doi.org/10.1016/j.brs.2024.03.009
https://doi.org/10.1155/2012/823285
https://www.ncbi.nlm.nih.gov/pubmed/23326685
https://doi.org/10.1093/scan/nst085
https://www.ncbi.nlm.nih.gov/pubmed/23709352
https://doi.org/10.1007/s10339-007-0170-2
https://doi.org/10.1038/nn.2182
https://doi.org/10.1093/cercor/bhp292
https://doi.org/10.1016/j.celrep.2023.113432
https://doi.org/10.1523/JNEUROSCI.2705-14.2014
https://doi.org/10.1098/rsbl.2009.0474
https://doi.org/10.1016/j.clinph.2023.06.016
https://doi.org/10.1177/1545968310385127
https://doi.org/10.1080/00207454.2018.1447571
https://www.ncbi.nlm.nih.gov/pubmed/29490535
https://doi.org/10.1007/s13311-020-00882-x
https://www.ncbi.nlm.nih.gov/pubmed/32671578
https://doi.org/10.1016/j.neurot.2024.e00320
https://www.ncbi.nlm.nih.gov/pubmed/38262102
https://doi.org/10.1016/j.neubiorev.2021.04.024
https://doi.org/10.1523/JNEUROSCI.2921-05.2006


Brain Sci. 2025, 15, 257 17 of 17

60. Molenberghs, P.; Cunnington, R.; Mattingley, J.B. Brain Regions with Mirror Properties: A Meta-Analysis of 125 Human FMRI
Studies. Neurosci. Biobehav. Rev. 2012, 36, 341–349. [CrossRef]

61. Picardi, M.; Guidali, G.; Caronni, A.; Rota, V.; Corbo, M.; Bolognini, N. Visuomotor Paired Associative Stimulation for Post-Stroke
Hand Motor Impairments. medRxiv 2024. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.neubiorev.2011.07.004
https://doi.org/10.1101/2024.08.27.24312576

	Introduction 
	Materials and Methods 
	Participants 
	m-PAS and Action Observation Task 
	TMS 
	Electromyographic (EMG) Recording and Preprocessing 
	Statistical Analyses 

	Results 
	Motor Resonance Patterns Before and After m-PAS Administration 
	CSE During m-PAS Protocol 
	CSE Changes During m-PAS and Their Relation with Motor Resonance Modulations 

	Discussion 
	Motor Resonance Responses Are Reshaped After the m-PAS 
	Gradual Online Enhancement of CSE During the m-PAS 
	CSE Increase During m-PAS Predicts Only the Rewriting of Typical Motor Resonance 
	Limitations and Future Directions 

	Conclusions 
	References

