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Significance

Humans tend to automatically 
imitate others’ actions, a 
pervasive phenomenon linked to 
the activation of the cortical 
motor system. However, the 
precise contribution of distinct 
pathways from the premotor 
cortices to the primary motor 
cortex (M1) for imitation remains 
unclear. Using network-based 
transcranial magnetic stimulation, 
we investigated the functional 
role of two premotor-to-M1 
circuits, involving the ventral 
premotor cortex (PMv) and 
supplementary motor area (SMA), 
in automatic and voluntary 
imitation. Strengthening PMv-M1 
projections enhanced automatic 
imitation, whereas strengthening 
SMA-M1 projections hindered it, 
suggesting facilitatory and 
controlling roles for the two 
pathways, respectively. Our study 
provides causal evidence of the 
dissociable roles of ventral and 
medial premotor–motor 
pathways for automatic imitation, 
highlighting the malleability of 
these networks to associative 
plasticity.
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Humans tend to spontaneously imitate others’ behavior, even when detrimental to the 
task at hand. The action observation network (AON) is consistently recruited during 
imitative tasks. However, whether automatic imitation is mediated by cortico-cortical 
projections from AON regions to the primary motor cortex (M1) remains speculative. 
Similarly, the potentially dissociable role of AON-to-M1 pathways involving the ventral 
premotor cortex (PMv) or supplementary motor area (SMA) in automatic imitation is 
unclear. Here, we used cortico-cortical paired associative stimulation (ccPAS) to enhance 
or hinder effective connectivity in PMv-to-M1 and SMA-to-M1 pathways via Hebbian 
spike-timing-dependent plasticity (STDP) to test their functional relevance to automatic 
and voluntary motor imitation. ccPAS affected behavior under competition between 
task rules and prepotent visuomotor associations underpinning automatic imitation. 
Critically, we found dissociable effects of manipulating the strength of the two pathways. 
While strengthening PMv-to-M1 projections enhanced automatic imitation, weakening 
them hindered it. On the other hand, strengthening SMA-to-M1 projections reduced 
automatic imitation but also reduced interference from task-irrelevant cues during vol-
untary imitation. Our study demonstrates that driving Hebbian STDP in AON-to-M1 
projections induces opposite effects on automatic imitation that depend on the targeted 
pathway. Our results provide direct causal evidence of the functional role of PMv-to-M1 
projections for automatic imitation, seemingly involved in spontaneously mirroring 
observed actions and facilitating the tendency to imitate them. Moreover, our findings 
support the notion that SMA exerts an opposite gating function, controlling M1 to 
prevent overt motor behavior when inadequate to the context.

imitation | premotor cortex | Hebbian plasticity | transcranial magnetic stimulation

Humans tend to tune their behavior to that of other individuals (1, 2). The impulse to 
reproduce observed actions, even when irrelevant to the current task, is termed automatic 
imitation (2, 3) and can be captured in ecological situations (1, 4), as well as in experi-
mental settings, using controlled behavioral methods such as the imitation inhibition task 
(5). This task assesses automatic imitation through a stimulus–response (S–R) compati-
bility paradigm rooted in an established tradition of psychology research (3, 5): participants 
perform an arbitrary visuomotor mapping task requiring to respond to a symbolic target 
cue by lifting a finger while seeing congruent or incongruent task-irrelevant finger move-
ments on a screen. During congruent trials, the observed movement and the intended 
movement match, resulting in faster reaction times (RTs) and higher accuracy. Conversely, 
during incongruent trials, the observed movement differs from the intended movement, 
which creates a conflicting situation where the bottom–up automatic imitative tendency 
competes with the top–down goal-oriented behavior based on task rules, leading to lower 
speed and accuracy (3, 5, 6).

Automatic imitation is thought to rely on the bottom–up activation of motor nodes of 
the action observation network (AON) (2, 7–9), including the ventral premotor cortex (PMv), 
which in turn sends projections to the primary motor cortex (M1) (10). Thus, when seeing 
an action congruent with an intended act during congruent trials of the imitation inhibition 
task, AON bottom–up motor activations are thought to converge with the parallel activation 
of intentional S–R associations established for the purpose of the task, leading to faster RTs 
and higher accuracy (2, 3). Conversely, when seeing an action incongruent with the intended 
act during incongruent trials of the imitation inhibition task, a conflict arises between the 
bottom–up automatic imitative tendency and the top–down goal-oriented behavior based 
on task rules, leading to lower speed and accuracy (3, 5, 6). To solve this competition, D
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additional neural resources are engaged (11–15). Among areas of the 
AON active under these conflict conditions, a potential role in con-
trolling automatic imitation has been afforded to the supplementary 
motor area (SMA) (16). While the SMA is consistently found to be 
activated by both action observation and execution (8, 16, 17), inva-
sive registration studies in monkeys and humans indicate that its 
neurons modulate their firing based on whether action execution is 
contextually adequate (18, 19) and can exhibit state-dependent prop-
erties switching from excitation during action-execution to inhibi-
tion during action-observation (20). Additionally, it has been 
proposed that the SMA exerts a “gating” function in the context of 
a domain-general role of motor control, controlling M1 activity to 
prevent inadequate overt motor behavior (16–18, 21).

Two competing hypotheses propose alternative roles of PMv in 
imitation. One suggests that ventral frontal regions such as the 
PMv and the adjacent inferior frontal gyrus primarily facilitate 
automatic imitation by mapping observed actions and transmit-
ting excitatory signals to M1 (10, 22). Conversely, a competing 
hypothesis proposes that these regions may exert both inhibitory 
or facilitatory functions in controlling automatic imitation based 
on context and task features (23, 24) (see also ref. 25). Therefore, 
the functional roles of PMv-to-M1 and SMA-to-M1 interactions 
in mediating automatic imitation and their possible dissociable 
contributions remain unclear due to the challenges of disentan-
gling them using correlational imaging approaches.

To address this outstanding issue, we adopted a network-based 
brain stimulation approach. Rather than focusing on the role of 
isolated brain regions, we sought to establish the causal role and 
malleability of cortico-cortical projections from the AON to M1 
in facilitating or controlling automatic imitation. Specifically, we 
tested whether driving Hebbian associative spike-timing-dependent 
plasticity (STDP) through cortico-cortical Paired Associative 
Stimulation (ccPAS) (25–30) of PMv-to-M1 or SMA-to-M1 con-
nections affects performance in the imitation inhibition task.

Previous studies proved that the ccPAS protocol can strengthen 
or weaken directional cortico-cortical connectivity of the PMv-to-M1 
(25, 28, 31, 32) and SMA-to-M1 neural pathways (33, 34), by 
modulating synaptic efficacy of premotor–motor projections. For 
example, administration of a ccPASPMv→M1 protocol, involving 
repeated and sequential TMS-activation of PMv followed by M1, 
increased the influence of the former over the latter, due to an 
increase in the synaptic efficacy of PMv-to-M1 cortico-cortical pro-
jections (25). Similar results were also obtained by applying ccPAS 
to the SMA-to-M1 circuit (33). Building on these advancements, 
the present study sought to test the competing theories about PMv 
and SMA involvement in the tendency to imitate others’ actions. 
Eighty healthy participants were divided into four groups according 
to the administered ccPAS protocol (SI Appendix, Table S1). Tasks 
were performed before (Pre), immediately after (T0), and 30 min 
after (T30) ccPAS (Fig. 1A). Two protocols aimed at strengthening 
PMv-to-M1 (ccPASPMv→M1 group) or SMA-to-M1 (ccPASSMA→M1 
group) directional connectivity. A ccPASM1→PMv group controlled for 
the protocol’s directionality (25), and a sham ccPAS served as a con-
trol for unspecific effects (ccPASSham group).

Participants completed two tasks before and after the ccPAS 
intervention. The two tasks were selected to tap into automatic 
and voluntary imitation. To assess automatic imitation, we asked 
participants to perform an established imitation inhibition task 
that uses numbers as symbolic cues dictating task rules, and finger 
movements as task-irrelevant cues—i.e., the Number Task (5, 35) 
(Fig. 1C). To control for functional specificity, participants also 
performed a voluntary imitation task (Finger Task), where they 
were required to imitate the observed finger movements and ignore 
symbolic cues (i.e., numbers).

According to an established line of research, interference in the 
Number Task is due to competition between short-term (weaker) 
number-to-action associations established for the purpose of the 
task and long-term (stronger) finger-to-action associations (2, 3). 
In contrast, facilitatory effects are based on the convergence of 
goal-oriented (i.e., following the task rules) and automatic behav-
ior (2, 3). We hypothesized that enhancing PMv-to-M1 connec-
tivity (i.e., ccPASPMv→M1) would enhance the propensity to 
automatically imitate task-irrelevant observed actions, clarifying 
the function of the PMv-M1 pathway within the AON, and that 
strengthening SMA-to-M1 connectivity (ccPASSMA→M1) would 
reduce automatic imitation, providing causal evidence for SMA’s gat-
ing function of imitation. Based on previous studies showing no net 
effect of premotor-M1 ccPAS on simple visuomotor tasks (26, 31, 
34), we expected that ccPAS would exert little or no effect on trials 
that imply no competition between task-relevant and irrelevant stim-
uli (i.e., in neutral trials of both the Number and Finger tasks; see 
Fig. 1). Conversely, we expected that manipulation of PMv-to-M1 
and SMA-to-M1 connectivity via STDP would affect automatic imi-
tation, particularly the interference effect measured during incongru-
ent trials that are associated with increased task demands (11–15).

To assess the build-up of associative plasticity in the targeted 
networks, we continuously monitored motor excitability via 
motor-evoked potentials (MEPs) during the ccPAS administration 
and expected their gradual increase during ccPASPMv→M1 and 
ccPASSMA→M1, underpinning the establishment of long-term 
potentiation (LTP) like effects (25, 26, 33, 36).

Results

Evidence of Automatic Imitation before ccPAS. We first evaluated 
behavioral performance before ccPAS. In the Number Task, we 
observed clear facilitatory and interference effects indicative of 
automatic imitation: Participants exhibited quicker RTs and 
higher accuracy in trials where the number (i.e., the task-relevant 
stimulus) was presented alongside a finger movement (i.e., the 
task-irrelevant stimulus) congruent with the number; conversely, 
they displayed slower and less accurate responses in trials featuring 
incongruent finger movements (SI Appendix, Fig. S1). Moreover, 
in the Finger Task, where participants were instructed to replicate 
observed finger movements, we observed interference effects from 
incongruent numbers, resulting in slower RTs and diminished 
accuracy (SI  Appendix, Fig.  S1). These effects were consistent 
across all groups prior to ccPAS administration.

No Effect of ccPAS on Voluntary Imitation or Arbitrary 
Visuomotor Mapping. To examine the impact of ccPAS on 
performance, we integrated both RTs and Accuracy metrics into 
the Inverse Efficacy (IE) index by calculating the ratio between RTs 
and % accuracy for each trial type (37). This approach allowed us 
to assess ccPAS effects independently from speed/accuracy trade-
off confounds. We first focused on neutral trials, i.e., trials in 
which participants performed voluntary imitation (Finger Task) 
or followed arbitrary visuomotor mapping (Number Task) in the 
absence of task-irrelevant stimulus influence. The analysis revealed 
improved performance over time and across all groups, including 
ccPASSham, likely reflecting practice effects (SI Appendix, Fig. S2) 
and suggesting no effect of ccPAS on goal-directed behavior across 
the two tasks.

PMv-to-M1 and SMA-to-M1 ccPAS Exert Opposite Influences 
on Interference Indices of Automatic Imitation. To control 
for the unspecific practice-induced changes in IE, we computed 
facilitatory (congruent—neutral trials IE) and interference D
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(incongruent—neutral trials IE) behavioral indices of automatic 
imitation. We first focused on automatic imitation by analyzing 
performance in the Number Task through a ccPAS group 
(ccPASPMv→M1, ccPASM1→PMv, ccPASSMA→M1; ccPASSham) × 
Time (Pre, T0, T30) × Index (Facilitatory IE, Interference IE) 
ANOVA. The analysis showed the higher-order ccPAS × Time × 
Index interaction (F6,152 = 3.92, P = 0.001; ηp

2 = 0.13). Post hoc 
comparisons showed no between-group differences before ccPAS 
for either the facilitatory or the interference index (all P ≥ 0.06). 

Moreover, while the facilitatory index remained stable over time 
(all P ≥ 0.19; SI Appendix, Fig. S3), the interference index varied 
as a function of ccPAS and Time (Fig. 2A).

In the ccPASPMv→M1 group, the interference index increased 
from Pre to T0 (P = 0.016, Cohen’s d = 0.56) and showed a more 
substantial increase at T30 (T30 vs. Pre: P < 0.001, Cohen’s d = 0.59; 
T30 vs. T0: P = 0.012, Cohen’s d = 0.36), reflecting enhanced 
automatic imitation. On the contrary, in the ccPASSMA→M1 group, 
the interference index decreased at T30 (P = 0.032, Cohen’s d  
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Fig. 1.   (A) General experimental procedure. (B) Individual targeted brain sites reconstructed on a standard template using BrainNet after conversion to MNI 
space using Brett’s algorithm. (C) Schematic depiction of the Finger Task with finger movements as the relevant dimension, tapping into overt imitation, and the 
numbers as the task-irrelevant feature; (D) schematic depiction of the Number Task with symbolic cues (numbers), as the relevant dimension and the finger 
movements as the task-irrelevant feature, tapping into automatic imitation. Hand images were displayed in vertical orientation to avoid spatial compatibility 
effects. Finger movements were associated with number 1 for the index finger and number 2 for the middle finger. In the congruent conditions, the number 
associated with the moving finger appeared, while the incongruent condition consisted of nonmatched number and finger. Congruent and incongruent trials 
(rows 1 and 3 of panels C and D) were identical for both tasks and differed only for the instruction given: In the Finger Task (panel C), participants were explicitly 
asked to imitate the finger movements they saw while ignoring the numbers, while in the Number Task (panel D), they were asked to lift the finger associated 
with the shown number while ignoring the movements of the fingers. Neutral conditions (middle row of panels C and D) were different for the two tasks: In the 
Finger Task, only the moving hand was shown with no numbers presented; in the Number Task, the hand was displayed at rest while numbers, which are the 
relevant dimension in this task, appeared in the usual position.
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= 0.60) compared to Pre. In the ccPASM1→PMv group, interference 
was comparable at Pre and T0 (P = 0.56), but it declined at T30 
relative to both Pre (P = 0.012, Cohen’s d = 0.47) and T0 time-
points (P = 0.002, Cohen’s d = 0.50). In the ccPASSham group, 
interference did not change between timepoints (all P ≥ 0.11). 
Comparing the four ccPAS groups, at T30, the ccPASPMv→M1 group 
showed greater interference when compared with all other groups 
(all P ≤ 0.011, all Cohen’s d ≥ 0.51), and the ccPASM1→PMv group 
showed reduced interference compared with the ccPASPMv→M1 
group (P < 0.001, Cohen’s d = 1.03) and the ccPASSham group  
(P = 0.036, Cohen’s d = 0.51), but not the ccPASSMA→M1 group  
(P = 0.52). These patterns of changes in IE values were consistently 
mirrored by corresponding changes in RTs, with coherent trends 
also observed for accuracy (SI Appendix, Table S2).

To explore whether ccPAS drove similar effects on voluntary 
imitation, we also included the Finger Task in the analysis. The 
ccPAS group × Task × Time × Index ANOVA showed a significant 
quadruple interaction (F6,152 = 3.77, P = 0.002; ηp

2 = 0.13), sug-
gesting a different impact of ccPAS on automatic (i.e., Number 
Task) as opposed to voluntary (i.e., Finger Task) imitation.

SMA-to-M1 ccPAS Attenuates Interference from Arbitrary S–R 
Associations during Voluntary Imitation. A similar ccPAS × Time ×  
Index ANOVA was conducted on Finger Task performance indices 
to study the effect of ccPAS on arbitrary S–R (number-to-finger) 
associations during voluntary imitation: The analysis revealed a 
significant main effect of Index (F1,76 = 28.07, P < 0.001; ηp

2 = 
0.27), qualified by an Index × Time interaction (F2,152 = 3.12,  

P = 0.047; ηp
2 = 0.04, SI Appendix, Fig. S4), showing that while 

the facilitatory index remained stable across timepoints (all P ≥ 
0.25), the interference index decreased over time (Pre vs. T0: P = 
0.03, Cohen’s d = 0.20; Pre vs. T30: P = 0.02, Cohen’s d = 0.22).

Although the main effect of, or interactions with the factor 
ccPAS did not reach significance (all P ≥ 0.17), we performed 
planned comparisons to directly test whether reinforcing the 
SMA-to-M1 pathway would improve the ability to prevent inter-
ference in incongruent trials of the Finger Task too, which would 
support a general gating role of SMA. Four Bonferroni-corrected 
planned comparisons, one for each group, were computed com-
paring the interference index between Pre and T0-T30. We found 
that ccPASSMA→M1 reduced the interference index (P = 0.037, 
Fig. 3B). In contrast, no impact of ccPASPMv→M1, ccPASSham, or 
ccPASM1→PMv was observed (all P ≥ 0.19).

ccPAS Drives Direction-Dependent Opposite Changes in 
Cortico-Spinal Motor Excitability. While administering TMS 
pulses in the active ccPAS protocols, we induced motor-
evoked potentials (MEPs) by suprathreshold stimulation of 
M1. This allowed us to monitor changes in motor excitability 
throughout the ccPAS procedure. The ccPAS (ccPASPMv→M1, 
ccPASM1→PMv and ccPAS SMA→M1) × Epoch (1 to 6) ANOVA on 
MEP amplitudes (Fig. 4) recorded during the protocol (90 MEPs 
divided into 6 Epochs of 15 MEPs each) revealed a significant 
ccPAS × Epoch interaction (F10,285 = 7.37, P < 0.001, ηp

2 = 0.21): 
MEPs gradually increased during ccPAS PMv→M1 and ccPASSMA→M1, 
while a reduction was observed during ccPASM1→PMv (see Fig. 4 
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for P-values of all comparisons). Relative to the first epoch, at 
Epoch 6 the ccPASPMv→M1 group showed an average MEP increase 
of +0.39 mV (Cohen’s d = 1.32), the ccPASSMA→M1 group showed 
an increase of 0.30 mV (Cohen’s d = 0.67), and the ccPASM1→PMv 
group a mean reduction of −0.33 mV (Cohen’s d = 1.31).

Discussion

The AON is a highly plastic system tuned to sensorimotor expe-
rience (38–41), and theoretical models have proposed Hebbian 
associative plasticity as a key mechanism for shaping the network’s 
properties during development and learning (9, 42, 43). Prior 
noninvasive brain stimulation studies have suggested that frontal 
regions of the AON are relevant for automatic imitation, as tar-
geting these regions attenuates/eliminates performance differ-
ences between congruent and incongruent trials in the imitation 
inhibition task (11, 23, 24, 42). However, none of these studies 
investigated the causal role of specific AON-to-M1 cortico-
cortical pathways in automatic imitation, and causal evidence 
that the AON influences M1 to support automatic imitation 
remains elusive.

Using ccPAS to manipulate the strength of projections from 
the PMv and SMA to M1 through Hebbian STDP has advanced 
our understanding of the neural pathways that causally support 
and control automatic imitation and has clarified the distinct roles 
of PMv-to-M1 and SMA-to-M1 projections in modulating auto-
matic motor imitation. Enhancing connectivity from PMv to M1 
(ccPASPMv→M1) boosted automatic imitation while weakening it 
(ccPASM1→PMv) led to its reduction. In contrast, reinforcing 
SMA-to-M1 projections (ccPASSMA→M1) decreased automatic imi-
tation. It should be noted that all active ccPAS protocols involved 
identical PMv, SMA, and M1 stimulations in terms of number 
of pulses and intensity and, hence, had similar impacts on the 
component elements of the respective circuits. Thus, behavioral 
effects cannot be attributed to modifications confined to PMv, 
SMA, or M1, but to the manipulation of the connectivity 
between them. Thus, our findings offer causal evidence of a dou-
ble dissociation within AON-to-M1 projections, highlighting 
their plastic malleability and functional relevance to automatic 
imitation.

Automatic Imitation before ccPAS. In the Pre session, 
participants displayed the hallmarks of automatic imitation: In 
incongruent trials of the Number Task—a modified version of 
Brass et al.’ imitation inhibition task (5, 35)—the competition 

between short-term (weaker) number-to-movement associations 
established for the purpose of the task and long-term (stronger) 
finger-to-movement automatic imitation associations led to strong 
interference effects, with longer RTs and lower accuracy, reflecting 
a consistent influence of the automatic imitative association 
between perceived and executed actions (2, 3, 5, 44). Conversely, 
observed actions in congruent trials facilitated performance, with 
shorter RTs and higher accuracy.

It is assumed that automatic imitative S–R associations hold 
greater strength compared to the S–R number-to-movement asso-
ciations established for the purpose of the Number Task (3). 
Indeed, we observed lower overall performance and more consist-
ent facilitatory and interference effects of task-irrelevant stimuli 
in the Number Task compared to the Finger Task. Yet, a slight 
interference effect due to the competition between imitative 
responses and number-to-movement learned associations was also 
detected in incongruent trials of the Finger Task.

ccPAS over PMv-to-M1 Projections Selectively Modulates 
Automatic Imitation. We found ccPASPMv→M1 to enhance the 
interferential effect of automatic imitation; hence, our results 
speak against the hypothesis that the PMv and the inferior frontal 
cortex control imitative responses to comply with task rules and 
contextual information (23, 24). Instead, our findings support 
the hypothesis that PMv-to-M1 connections are spontaneously 
activated by observed actions (10, 22) and, through its copious 
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projections to M1 (45, 46), facilitate the tendency to imitate 
them. Indeed, strengthening PMv-to-M1 connectivity through 
ccPAS did not lead to an improved ability to dampen the 
interferential effect induced by the observation of task-irrelevant 
actions, as would be expected under the assumption that the 
PMv-to-M1 pathway plays a control role. Interestingly, reversing 
the stimulation order of the PMv and M1 nodes (ccPASM1→PMv) 
led to the opposite outcome and hindered automatic imitation, 
further supporting the causal role of the PMv-M1 pathway in this 
behavior. These bidirectional effects of ccPAS are consistent with 
previous studies, which found that the application of ccPASPMv→M1, 
designed to induce long-term potentiation (LTP) via Hebbian 
STDP enhanced the strength of the PMv-to-M1 pathway, while 
ccPASM1→PMv weakened it (20, 25, 31, 32, 34, 36).

Our findings not only align with but also significantly expand 
upon existing evidence. For example, previous research on action 
observation has demonstrated that ccPASPMv→M1 can enhance 
motor resonance in M1, as evidenced by increased MEP ampli-
tudes in muscles involved in the observed actions (47). Notably, 
our study extends these physiological insights by clearly demon-
strating a significant behavioral impact of ccPASPMv→M1 on auto-
matic imitation, thus bridging physiological processes with 
measurable behavioral effects. Furthermore, earlier noninvasive 
brain stimulation studies have explored the role of the human 
frontal cortex in imitation using both electrical and magnetic 
stimulation through online and offline approaches (11, 23, 24, 
42). This body of work has suggested that the inferior frontal 
cortex, overlapping with the rostral PMv site targeted in our study, 
is critical for automatic imitation. In contrast, our study adopts a 
novel multisite methodology, showcasing the potential to enhance 
or impede automatic imitation by strengthening or weakening the 
connection between PMv and M1. Given our findings, which 
underscore the significance of PMv-M1 connectivity, one might 
speculate that prior studies focusing on the role of the inferior 
frontal cortex could have impacted the PMv-to-M1 pathway. This 
potential influence may have contributed to the effects on auto-
matic imitation observed in these studies.

Critically, ccPAS-induced changes concerned only incongruent 
trials, i.e., trials entailing conflict between task rules and 
task-irrelevant stimuli. Indeed, although performance in 
conflict-free neutral trials improved over time in both tasks 
(SI Appendix, Fig. S2), likely due to practice, the ccPAS protocols 
had no differential impact. This is consistent with other studies 
showing no impact of premotor-to-M1 ccPAS on goal-oriented 
performance on simple visuomotor tasks (26, 31, 48).

These findings support the specificity of PMv-to-M1 projec-
tions in affecting long-term finger-to-action associations under-
lying automatic imitation—supporting the domain specificity of 
PMv-M1 connectivity (49, 50). In contrast, ccPASPMv→M1 did not 
modulate the ability to carry out arbitrary number-to-movement 
associations established for the task, suggesting a separate route 
might be involved (51).

SMA-to-M1 Projections Are Critical for Goal-Directed Behavior 
in Conflict Conditions. Manipulating the SMA-M1 pathway 
with ccPAS noticeably reduced automatic imitation, as indexed 
by improved performance on incongruent Number Task trials. 
Although the activation of the SMA during both action observation 
and execution is frequently reported (8, 20), its specific role within 
the AON remains poorly understood. SMA motor neurons exhibit 
state-dependent activation patterns based on contexts and task 
demands (17–19). Enhanced SMA activity during incongruent 
trials of the imitation inhibition task (21) has led scholars to 
propose that such activation during action observation serves a 

gating function, inhibiting motor output to prevent inadequate 
imitative responses (16, 20). Our results provide causal evidence 
supporting this notion, showing that strengthening SMA-to-M1 
connectivity improves control over interference in incongruent 
trials of the Number Task and increases cortico-spinal excitability.

More broadly, SMA is part of the multiple-demand network, 
activated under cognitively demanding and conflicting conditions 
to sustain performance (14, 17). This led us to hypothesize that 
strengthening connectivity between the SMA and M1 should, in 
principle, improve performance in incongruent trials of the Finger 
Task, too: Although less pronounced than in the Number Task, 
these trials also entail some level of conflict between the arbitrary 
number-to-action S–R associations (learned for the Number Task) 
and the imitative response to be produced. Our results confirmed 
this hypothesis, indicating that following ccPASSMA→M1 partici-
pants improved their ability to suppress interference from 
task-irrelevant stimuli, supporting a broader cognitive control role 
of the SMA-to-M1 pathway.

ccPAS Affects Only the Interferential Component of Automatic 
Imitation. Prior brain stimulation studies on automatic imitation 
have commonly quantified the phenomenon as the performance 
difference between congruent and incongruent trials of the 
imitation inhibition task (15, 23, 24, 42), which makes it 
impossible to qualify whether brain stimulation has acted on the 
facilitatory or interference components of automatic imitation, or 
both. This is a relevant issue as the two effects may involve partially 
distinct neural mechanisms (11–15). To address this outstanding 
issue, we included a neutral condition in the imitation inhibition 
task to quantify both facilitatory and interference effects. As we 
anticipated, we observed modulations only in the interferential 
component of automatic imitation. While we do not rule out 
the possibility that facilitatory effects could also be mediated by 
AON projections to M1, the convergence of goal-oriented (i.e., 
task-based) and automatic components of behavior may render 
these responses less amenable to TMS-induced plastic changes—
particularly in the current study where general performance 
increase (SI Appendix, Fig. S2) could lead to ceiling effects.

Conversely, interference occurs in conditions of competition 
(2, 3): In incongruent trials, rule-based responses based on 
short-term (weaker) number-to-movement associations estab-
lished for the purpose of the task compete with long-term 
(stronger) finger-to-movement associations. Our study provides 
causal evidence that in such conflicting conditions, driving asso-
ciative plasticity between key nodes of the AON and the ipsilateral 
M1 can bias the competition between rule-based or automatic 
behavior, with distinct effects based on the manipulated pathway, 
so that enhancing PMv-to-M1 connectivity via ccPASPMv→M1 rein-
forces automatic behavior, while enhancing SMA-to-M1 connec-
tivity via ccPASSMA→M1 improves control over it. Thus, these 
findings offer causal evidence of the neural mechanisms that 
underlie and control automatic imitation in conflict conditions 
mediated by cortico-cortical AON-to-M1 projections.

Temporal Dynamics of Physiological and Behavioral Changes 
Following ccPAS. Taking advantage of recent evidence on the 
bidirectional manipulation of associative plasticity in the PMv-to-M1 
pathway (25, 26, 28, 30–32, 34, 47), the present study compared 
the aftereffects of ccPASPMv→M1 and ccPASM1→PMv. These protocols 
displayed symmetrical opposite effects, with the former increasing 
and the latter decreasing automatic imitation. This diverging effect 
was anticipated by neurophysiological indices of connectivity 
manipulation observed during the protocol: ccPASPMv→M1 induced 
a gradual increase and ccPASM1→PMv induced a gradual decrease D
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in MEP amplitude during the protocol’s administration, indexing 
rapid growing of facilitation/inhibition of motor excitability as a 
function of the repeated activation of the PMv-M1 circuit in the 
two opposite directions (34, 36).

During ccPASPMv→M1, in each TMS pair, the cortico-cortical volley 
elicited by PMv stimulation (first pulse) would reach M1 slightly 
before the exogenous M1 stimulation (second pulse), resulting in a 
convergent activation of M1 optimal for the establishment of STDP 
(52, 53), reflected in an LTP-like effect (Fig. 4). On the contrary, 
reversing the pattern and stimulating M1 before PMv (ccPASM1→PMv) 
would exogenously reproduce patterns of synaptic activity where the 
post-synaptic area is activated before the presynaptic one, known to 
produce long-term depression (LTD) (54). This repeated paired 
stimulation would thus weaken the PMv input to M1, leading to 
reduced motor excitability (Fig. 4). It should be noted that these 
opposite influences of reversing the paired stimulation during ccPAS 
are specific to the PMv-to-M1 pathway (25, 36), whereas reversing 
the order of the pulses in ccPAS protocols applied to the SMA-to-M1 
pathway do not result in opposite modulation of motor excitability 
due to an asymmetry in the SMA-to-M1 and M1-to-SMA 
cortico-cortical interactions (34). Therefore, it remains to be deter-
mined whether ccPAS protocols adept at weakening SMA-to-M1 
projections have an impact on automatic imitation. Nonetheless, 
the emergence of physiological and behavioral expression of plasticity 
during and following stimulation is consistent with prior ccPAS 
studies (25, 26, 29, 47) and, in general, with the time course of 
Hebbian plasticity (51) and LTP/LTD-like effects in the human 
motor system (55, 56).

Materials and Methods

Participants. Eighty healthy, naive right-handed participants (31 males, mean 
age 22.5 ± 2.2 y, age range: 19 to 30) with normal or corrected-to-normal visual 
acuity took part in the study. All participants gave written informed consent, and 
none reported contraindications or adverse reactions to TMS (57). The experimen-
tal procedures were in accordance with the 1964 Declaration of Helsinki (58) and 
approved by the Bioethical Committee of the University of Bologna.

The sample size was determined using G*Power 3.1.9.4 for a mixed-design 
ANOVA with within-between factors, covering 4 groups and 6 measurements 
(3 blocks × 2 tasks). We aimed to achieve a statistical power (1−β) of 0.95 and 
set the significance level (α) at 0.05. Although current ccPAS research typically 
reports moderate-to-large effect sizes, we conservatively anticipated a small-to-
moderate effect size (f) of 0.18 in our study. The power analysis indicated that at 
least 76 participants were necessary to adequately power the study. To mitigate 
the risk of data loss due to technical issues or other unforeseen circumstances, we 
enrolled 80 participants. All participants were tested in a single ccPAS group. Three 
participants initially assigned to the ccPASSMA→M1 protocol were excluded during 
a preliminary phase because proper placement of the two coils was unfeasible 
due to head size constraints, preventing ccPAS administration. These participants 
were replaced, ensuring that a total of 80 participants successfully completed the 
experiment, with 20 participants maintained in each group.

General Experimental Design and Procedures. To test whether the exoge-
nous manipulation of PMv-to-M1 or SMA-to-M1 connectivity affects automatic 
imitation, we repeatedly targeted PMv/SMA and M1 using ccPAS (25, 26, 28, 
30, 34). We measured the peak-to-peak amplitude of MEPs induced by TMS 
pulses during the ccPAS protocol to assess its neurophysiological correlates (34, 
36). To test the behavioral effects of ccPAS, we asked participants to perform a 
voluntary imitation task (i.e., the Finger Task) and an imitation inhibition task 
(i.e., the Number Task), specifically assessing automatic imitation (5). Participants 
familiarized with the behavioral tasks for ~2 min (training phase), and then, 
their performance was recorded in three experimental timepoints, i.e., before 
the ccPAS (Pre), immediately after (T0), and at 30 min after the end of the ccPAS 
(T30). Each timepoint lasted about ~10 min (Fig. 1A). The entire experiment lasted 
approximately 2.5 h. Participants were randomly assigned to one of four groups, 
according to the administered ccPAS protocol they underwent (see SI Appendix, 

Table S1 for demographic details). A preliminary version of the present study was 
reported in the Ph.D. thesis of the first author (59).

Behavioral Tasks. Two tasks were performed at each timepoint, in counterbal-
anced order between subjects: the Finger Task (voluntary imitation task) and the 
Number Task (automatic imitation task) (5). Participants were seated ~80 cm 
from the screen, and the images on the monitor covered a visual angle of ~10° 
vertically and ~6.5° horizontally. Both tasks included congruent, neutral, and 
incongruent trials (Fig. 1 C and D). Pictures depicting resting/moving hands and 
symbolic cues (numbers “1” or “2”) were presented in various combinations. 
The crucial difference between the Finger and the Number Task consisted of the 
experimental instructions, reflecting the relevant dimension of the task. In the 
Finger Task (Fig. 1C), participants were asked to imitate the finger movements 
displayed on the screen irrespective of the number shown; in the Number Task 
(Fig. 1D), participants were given a number-to-finger association (lift the index 
finger when presented with number “1,” lift the middle finger when presented 
with number “2”) and asked to follow it ignoring the observed movement. 
In both tasks, trials were classified as congruent when the number and the 
lifting finger matched (e.g., “1” and lifting of the index finger were displayed) 
or incongruent when they did not match (e.g., “1” and lifting of the middle 
finger). Neutral trials served as a control/baseline condition depicting only 
the task-relevant dimension: In the Finger Task, neutral trials showed only the 
finger movement (Fig. 1C); in the Number Task, neutral trials showed only the 
number (Fig. 1D).

Each trial started with a picture showing a resting hand (500 ms), followed by 
the trial-relevant screen (68 ms). Then, the same initial resting hand was shown 
again (560 ms) (5), and finally, an intertrial fixation cross was displayed for a 
random interval (2 to 3 s). During the tasks, participants were asked to contin-
uously press two keys labeled “1” and “2” with their right index and middle 
fingers, respectively. They were instructed to lift the appropriate finger, releasing 
the key, as soon as they saw the task-relevant dimension in the second picture 
and subsequently replace the finger on the same key.

The training phase consisted of 24 trials. Each testing block consisted of 
120 trials per task (40 congruent, 40 neutral, and 40 incongruent). To avoid the 
confound of spatial compatibility (60), hand stimuli were rotated 90° counter-
clockwise to obtain a pure assessment of automatic imitation (3, 35, 47, 61, 62).

ccPAS Protocol. The ccPAS was delivered using two 50-mm figure-of-eight 
iron-branding coils, each connected to a Magstim 2002 monophasic stimulator 
(The Magstim Company). In the ccPASPMv→M1, ccPASM1→PMv and ccPASSham groups, 
one coil was placed over the left PMv and the other over the left M1; in the 
ccPASSMA→M1 group, one coil was placed over the left SMA and the other over the 
left M1. Ninety pairs of TMS pulses were delivered continuously at a rate of 0.1 
Hz for ~15 min (25, 26, 30, 34, 47). In each pair, the interstimulus interval (ISI) 
between PMv, SMA, and M1 was 8 ms. This ISI was selected according to prior 
dual-coil TMS evidence that PMv or SMA conditioning influences MEPs induced 
by a test pulse over M1 administered after 8 ms (63–65). Thus, on each pair of the 
ccPASPMv→M1 and ccPASSMA→M1 protocols, the corticocortical volley elicited by PMv/
SMA stimulation reached M1 immediately before its direct stimulation, resulting 
in convergent activation of pre- and postsynaptic neurons, instrumental to the 
establishment of STDP (25, 28, 31). Of note, this specific ISI has been employed to 
successfully modulate the PMv-M1 and SMA-M1 circuits using ccPAS (30, 34, 47).

The ccPASPMv→M1 group received a protocol with the pulse over PMv always 
delivered before the one administered over M1; the ccPASM1→PMv group received a 
protocol with the pulse pairs in the reversed order; the ccPASSMA→M1 group received a 
ccPAS protocol with the pulse over SMA always delivered before the one administered 
over M1; the ccPASSham group received sham stimulations. A custom-made MATLAB 
script (MathWorks) controlled both stimulators triggering the pulses.

In the ccPASPMv→M1, ccPASM1→PMv, and ccPASSham groups, the coil stimulating 
PMv was placed tangentially to the scalp and oriented to induce an anterior-
to-posterior and lateral-to-medial current flow in the brain (30, 31, 47); in the 
ccPASSMA→M1 the coil stimulating SMA was oriented to induce an anterior-to-
posterior current in the brain (66). In all groups, the coil over M1 was held tangen-
tially to the scalp, at ~45° angle to the midline, inducing a posterior-to-anterior 
current flow in the brain.

During the ccPAS protocol, participants kept their eyes open and hand muscles 
relaxed; thus, the ccPAS was administered in a resting-state condition. To assess D
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changes in motor excitability, MEPs induced by stimulation of the left M1 were 
recorded from the right first dorsal interosseous (FDI) muscle using disposable Ag/
AgCl surface electrodes placed in a belly-tendon montage, with the ground electrode 
placed on the right wrist. EMG signals were acquired using a Biopac MP-35 (Biopac) 
electromyograph, band-pass filtered (30 to 500 Hz), digitized at a sampling rate of 10 
kHz, and stored for offline analysis. Peak-to-peak MEP amplitudes were measured in 
mV. MEPs were grouped into 6 epochs of 15 MEPs each (Epoch 1: MEP 1 to 15; Epoch 
2: MEP 16 to 30; Epoch 3: MEP 31 to 45; Epoch 4: MEP 46 to 60; Epoch 5: MEP 61 
to 75; and Epoch 6: MEP 76 to 90), averaged, and analyzed.

In the active ccPAS groups (ccPASPMv→M1, ccPASM1→PMv, and ccPASSMA→M1), the 
conditioning intensity (PMv or SMA) corresponded to 90% of the individual’s rest-
ing motor threshold (rMT), defined as the minimum stimulator output intensity 
that induced a MEP with a peak-to-peak amplitude ≥50 µV in 5 out of 10 consec-
utive trials. M1 stimulation was adjusted to evoke MEPs of about 1 mV amplitude 
(26, 30, 36, 47). We implemented a double-blind procedure: Participants were 
blinded to group allocation, and the experimenters who collected behavioral data 
were also unaware of the ccPAS conditions. The experimenters who administered 
the ccPAS were not blinded to group allocation, as they needed to set the TMS 
parameters (i.e., order of pulses, ISI, and orientation of the coils).

Neuronavigation. The left M1 site was identified functionally as the FDI motor 
hotspot, whereas the left PMv and SMA were identified using the SofTaxic Navigator 
System (Electro Medical System). A uniform representation of the scalp was recon-
structed by recording the position of four skull landmarks (nasion, inion, and the 
two preauricular points) and ~80 points over the scalp using a Polaris Vicra infrared 
camera (Northern Digital) and an individual estimated MRI was constructed through 
a 3D warping procedure fitting a high-resolution template to the participants’ scalp 
model and craniometric points. To target the PMv, the coil was placed at the border 
between the anterior sector of the ventral premotor cortex and the posterior sector 
of the inferior frontal gyrus, corresponding to the following Talairach coordinates:  
x = −54, y = 10, z = 24, previously used to modulate AON functioning (49, 67), 
and closely corresponding to brain imaging meta-analysis of action imitation (8, 
68) and brain stimulation studies testing automatic imitation (11, 42). The SMA was 
stimulated approximately 4 cm anterior to the vertex on the sagittal midline (69), 
corresponding to the following Talairach coordinates: x = −2, y = −7, z = 55 (70). 
Using the Softaxic Neuronavigator, we automatically estimated the Talairach coor-
dinates corresponding to the projections of the left PMv, SMA, and M1 on the brain 
surface of the MRI-constructed stereotaxic template (Fig. 1B).

Statistical Analysis. ANOVAs and nonparametric tests (χ2) were performed to 
compare the four groups by gender and motor excitability (SI Appendix, Table S1). 
Mean reaction times (RTs) and accuracy (% of correct responses; %Corr) were 
recorded for each session. Trials with RTs below 80 ms or above 800 ms, as well 
as trials with both keys released and anticipations, were classified as errors and 
excluded from the analysis (5) (2.9% of the total). In a preliminary analysis, we 
assessed task performance before any ccPAS manipulation: RTs were assessed in 
the Presession using a mixed-factors ANOVA with ccPAS (ccPASSham, ccPASPMv→M1, 
ccPASM1→PMv, ccPASSMA→M1) as the between-subjects factor and Task (Finger, 
Number) and Trial (Congruent, Neutral, Incongruent) as the within-subjects fac-
tors. Due to the extreme skewness of %Corr data (Lilliefors P < 0.001), nonpara-
metric analyses were conducted using Friedman ANOVAs, Kruskal–Wallis ANOVAs, 
and Wilcoxon paired tests to compare accuracy between trial types and groups.

To assess the impact of ccPAS manipulation on behavioral outcomes, we inte-
grated measures of performance speed and accuracy through the computation 
of a unified metric known as the Inverse Efficacy (IE) index, calculated as the ratio 
between RTs and the proportion of correct responses for each trial type in both 

tasks (37, 71). This was employed to ensure that changes in behavior were not 
driven by a strategic adjustment of criteria or a mere prioritization of speed over 
accuracy, and vice versa, thus providing a robust metric to discern genuine effects 
of ccPAS manipulation on performance.

We first tested whether ccPAS impacted voluntary imitation by analyzing neu-
tral trials of the Finger Task using a mixed-factors ccPAS (ccPASSham, ccPASPMv→M1, 
ccPASM1→PMv, ccPASSMA→M1) x Time (Pre, T0, T30) ANOVA. Then, this analysis was 
extended to neutral trials of the Number Task to test the effect of ccPAS on goal-
oriented behavior (SI Appendix, Fig. S2). In the main analysis, neutral trials were 
used as a baseline to compute indices of facilitation for congruent trials (IE congru-
ent–IE neutral) and interference for incongruent trials (IE incongruent–IE neutral) 
(5). These indices were analyzed using a mixed-factors ANOVA with ccPAS group as 
a between-subjects factor and Task (Finger, Number), Time, and Index (Facilitatory, 
Inhibitory) as within-subject factors.

Peak-to-peak MEP amplitudes induced by active ccPAS protocols were auto-
matically extracted using a custom-made MATLAB script, grouped into 6 epochs of 
15 MEPs each, and averaged. Because background EMG affects motor excitability, 
MEPs preceded by background EMG activity that deviated by more than 2 SD 
from the individual mean were excluded from the analysis (≤3.1%). Mean MEP 
amplitudes were analyzed using a two-way ANOVA with ccPAS (ccPASPMv→M1, 
ccPASM1→PMv, and ccPASSMA→M1) as the between-subjects factor and Epoch (1 to 
6) as the within-subjects factor.

In all the ANOVAs, when appropriate, post hoc analyses were conducted using 
Duncan’s post hoc test to correct for multiple comparisons, whereas in nonpara-
metric analyses, P-levels were adjusted using the Bonferroni correction. Partial 
eta squared (ηp

2) was computed as a measure of effect size for significant main 
effects and interactions in the ANOVA; Cohen’s d indices were computed as a 
measure of effect size for post hoc comparisons. For nonparametric Wilcoxon 
comparisons on %Corr, effect sizes were estimated by approximating z-scores to 
r-values. All analyses were conducted using STATISTICA v. 12.

Data, Materials, and Software Availability. All data have been deposited 
in OSF (https://osf.io/htwjv) (72). All other data are included in the manuscript 
and/or SI Appendix.
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