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A B S T R A C T

Motor inhibition is the ability to suppress inappropriate motor responses. Dual-site transcranial magnetic 
stimulation studies suggest that the right inferior frontal gyrus (rIFG) can inhibit the primary motor cortex (M1), 
but it remains unclear whether inducing plasticity along this pathway affects motor inhibition. To address this 
issue, we used cortico-cortical paired associative stimulation (ccPAS) in healthy participants and assessed 
behavioral and electrophysiological markers of inhibition. In two sessions, we administered a ccPAS protocol to 
boost rIFG-M1 connections via Hebbian-like plasticity (ccPAS-rIFG-M1) and a reverse-order protocol (ccPAS-M1- 
rIFG) as a control. Consistent with well-documented inter-individual variability in response to brain stimulation, 
we divided participants into higher- and lower-sensitivity groups based on the progressive increase in motor 
excitability during ccPAS-rIFG-M1. Behavioral performance in the Go-NoGo task did not change as a function of 
ccPAS. However, independently of the ccPAS protocol, higher-sensitivity participants maintained an efficient 
proactive inhibitory strategy over time, whereas lower-sensitivity participants displayed increased response 
readiness at the expense of inhibitory control, suggesting stable individual differences rather than direct effects of 
stimulation. Furthermore, electrophysiological findings revealed that, following ccPAS-rIFG-M1, higher-sensi
tivity individuals showed a state-dependent increase of rIFG inhibitory influence over M1 only when viewing 
NoGo-cues. No comparable modulation was found for Go-cues, in lower-sensitivity individuals, or after ccPAS- 
M1-rIFG. These findings indicate that ccPAS-rIFG-M1 selectively modulates rIFG-M1 inhibitory interactions in 
a state- and sensitivity-specific manner, supporting a specific involvement of the targeted circuit in motor in
hibition and linking individual plasticity capacity to stable differences in proactive inhibitory control.

1. Introduction

Motor inhibition refers to the ability to suppress, stop, or withhold 
inappropriate or prepotent motor responses in accordance with current 
goals and contextual demands (Ridderinkhof et al., 2004; Bari and 
Robbins, 2013; Aron et al., 2014). In motor tasks, two modes are 
commonly distinguished: reactive inhibition, the capacity to suppress a 

potential or prepotent response tendency in response to a stop signal, 
and proactive inhibition, a preparatory control process that biases 
response tendencies in advance according to goals and task demands 
(van den Wildenberg et al., 2022; Mirabella, 2023). Research on 
inhibitory control has identified a widespread network of cortical and 
subcortical areas (Borgomaneri et al., 2020; He et al., 2024), organized 
into a fronto-basal ganglia circuit responsible for response inhibition. An 
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extensive body of evidence has documented the involvement of the 
motor system during action stopping, as demonstrated by invasive 
single-unit recordings in non-human primates (Mirabella et al., 2011) 
and by human evidence from functional neuroimaging (i.e., Hamzei 
et al., 2002), electrocorticography (Mattia et al., 2012), and transcranial 
magnetic stimulation (TMS) (Arlati, Però et al., 2026). An influential 
model proposes that the primary motor cortex (M1) is modulated via a 
cortical-subcortical circuit, in which the right inferior frontal gyrus 
(rIFG) inhibits M1 via the right subthalamic nucleus (Aron, 2011). On 
the other hand, dual-site TMS (dsTMS) studies have provided evidence 
for a cortical-cortical pathway linking rIFG with the left M1 (Buch et al., 
2010; Neubert et al., 2010; van Campen et al., 2013; Picazio et al., 
2014). However, the functional role of such rIFG-to-M1 pathway in 
motor inhibition remains debated. The majority of the dsTMS experi
ments report that the rIFG exerts an inhibitory effect over the left M1 
during action stopping or reprogramming (Buch et al., 2010; Neubert 
et al., 2010; Picazio et al., 2014). In contrast, van Campen and col
leagues showed that the influence of the rIFG on M1 is strongly 
context-dependent: rIFG suppressed left M1 excitability during frequent 
NoGo trials, but not during infrequent NoGo trials, and facilitated left 
M1 excitability during all infrequent trials regardless of whether 
response inhibition was required (van Campen et al., 2013). This result 
aligns with accounts proposing that rIFG primarily supports attentional 
processes rather than acting as a purely inhibitory region (Hampshire 
et al., 2010; Sebastian et al., 2016).

More recently, Sel and colleagues (2021) employed cortico-cortical 
paired associative stimulation (ccPAS), a dsTMS protocol designed to 
induce Hebbian-like spike-timing-dependent plasticity (STDP) by 
repeatedly pairing stimulation of two interconnected areas (Rizzo et al., 
2009; Hernandez-Pavon et al., 2023; Di Luzio et al., 2024). During a 
Go-NoGo task, strengthening rIFG-to-M1 connectivity increased fron
tocentral beta power during Go trials and theta power during NoGo 
trials, whereas weakening the rIFG-M1 pathway produced the opposite 
pattern (Sel et al., 2021). Effects induced by ccPAS were limited to 
physiological activity during the Go-NoGo task and did not impact 
performance. However, the functional meaning of the No-Go-related 
theta modulation remains ambiguous: theta oscillations have been 
linked not only to action inhibition (Prochnow et al., 2022) but also to 
attentional and cognitive control processes (Fiebelkorn and Kastner, 
2019). As a consequence, these findings do not conclusively settle 
whether the rIFG primarily subserves motor inhibition or supports 
broader attentional functions. Crucially, these oscillatory effects did not 
directly establish the direction, sign, or causal influence of rIFG over M1 
output.

To address these unresolved issues, here we combined dsTMS with a 
Go-NoGo task to investigate how directional effective connectivity from 
rIFG to the left M1 is modulated in a state-dependent manner during the 
observation of Go and NoGo cues. Using dsTMS, we probed in vivo the 
direction and sign of rIFG-to-M1 interactions while participants viewed 
stimuli signaling movement execution (Go) or withholding (NoGo). 
dsTMS provides a well-established method to assess effective cortico- 
cortical connectivity by comparing conditioned motor-evoked poten
tials (dsTMS-MEPs), elicited when a test TMS pulse over M1 is preceded 
by a conditioning TMS pulse over a connected cortical site, with non- 
conditioned responses elicited by single-pulse TMS over M1 alone 
(spTMS-MEPs) (Koch, 2020; Van Malderen et al., 2023). In the present 
study, the conditioning pulse was delivered over rIFG, such that effec
tive connectivity was specifically assessed in the rIFG-to-M1 direction, 
allowing us to quantify the inhibitory and facilitatory causal influences 
exerted by rIFG over the left M1.

Crucially, beyond measuring state-dependent changes in rIFG-M1 
connectivity, we also manipulated this circuit using ccPAS. By 
inducing Hebbian-like plasticity along the rIFG-M1 pathway, we tested 
whether strengthening rIFG-to-M1 connectivity selectively alters (i) 
rIFG influence on the left M1, indexed by dsTMS-MEPs, and (ii) 
behavioral motor inhibition during the Go-NoGo task. This allowed us to 

assess the functional relevance of rIFG-M1 connectivity at the neural 
level, while also exploring whether such modulation translates into 
measurable behavioral changes. This combined approach provides a 
direct test of the functional contribution of the rIFG-M1 pathway to 
motor inhibition, thereby helping to disentangle inhibitory from atten
tional accounts of IFG function.

Based on the hypothesis that rIFG plays a primary role in motor in
hibition, we predicted that strengthening its connectivity with the left 
M1 (through ccPASrIFG-M1) would modulate inhibitory processing, pri
marily reflected at the level of effective connectivity, and potentially at 
the behavioral level. Specifically, we expected a state-dependent mod
ulation of effective connectivity as reflected by dsTMS-MEPs: during 
NoGo trials, we anticipated a strengthened inhibitory influence of rIFG 
over the left M1. In contrast, during Go trials, we expected either no 
modulation or a relative release from inhibition. A selective increase of 
inhibition during NoGo trials would support the hypothesis that rIFG 
directly contributes to motor inhibition through its influence on M1, 
whereas a bidirectional modulation of rIFG-M1 interactions (inhibition 
during NoGo and facilitation during Go) would be more consistent with 
accounts proposing that rIFG primarily supports attentional or contex
tual control processes. In addition, based on previous evidence showing 
either null or small effects in the opposite direction when ccPAS is 
applied in the reverse order (Di Luzio et al., 2024), we did not expect 
reliable changes after the control stimulation (ccPASM1-rIFG).

Finally, in line with a growing body of evidence documenting sub
stantial interindividual variability in responses to brain stimulation 
(Hamada et al., 2013; López-Alonso et al., 2014; Vallence et al., 2015; 
Valchev et al., 2017; Paracampo et al., 2018), including ccPAS targeting 
of IFG/ventral premotor cortex and M1 (Turrini et al., 2023a), and the 
possibility to assess ccPAS physiological effects in real time (Turrini 
et al., 2022, 2025; Bevacqua et al., 2024), we explicitly took individual 
differences in online physiological responsiveness to ccPASrIFG-M1 into 
account. Rather than treating this variability as mere noise, we lever
aged differences in ccPASrIFG-M1 responsiveness to stratify participants 
into higher- and lower-sensitivity groups. Importantly, interindividual 
variability served two complementary purposes. First, it allowed us to 
test whether any causal effects of ccPASrIFG-M1 on state-dependent 
rIFG-M1 effective connectivity during Go and NoGo cue processing, as 
well as on behavioral performance in the Go-NoGo task, were more 
evident in higher-sensitivity individuals. Second, it allowed us to char
acterize trait-like differences between individuals by examining whether 
higher- and lower-sensitivity participants also differed in their overall 
inhibitory performance, independently of stimulation effects. In this 
way, ccPAS-induced physiological modulation was used as a putative 
marker of the capacity of the rIFG-M1 pathway to express Hebbian-like 
plasticity. If greater plasticity reflects, at least in part, greater functional 
engagement of the pathway (Freitas et al., 2013; Stampanoni Bassi et al., 
2019), and if that pathway supports motor inhibition, then interindi
vidual differences in ccPAS sensitivity may be associated with differ
ences in neural reactivity to Go and NoGo cues and, potentially, in task 
performance (Turrini et al., 2023a).

2. Materials and Methods

2.1. Participants

30 healthy volunteers were recruited for this study at the Center for 
studies and research in Cognitive Neuroscience, University of Bologna, 
Cesena Campus; two dropped out before completing the two experi
mental sessions, resulting in a sample of 28 Italian undergraduate stu
dents (mean age: 23.79 ± SD: 2.81; 17 females). We chose this sample 
size coherently with the other studies that used ccPAS (Di Luzio et al., 
2024). All participants were right-handed, based on the Edinburgh 
Handedness Inventory (Oldfield, 1971) and had a normal or 
corrected-to-normal vision. Before beginning the experiment, all vol
unteers gave informed consent and were screened to avoid adverse 
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reactions to TMS (Rossi et al., 2022). All the experimental procedures 
were performed following the 1964 Declaration of Helsinki and later 
amendments (WMA, 2013) and approved by the local Bioethics Com
mittee of the University of Bologna (Protocol number 284747). No 
adverse reactions or discomfort related to the TMS were reported by 
participants or noticed by the experimenters.

2.2. General experimental design

The experiment had a within-subjects design consisting of two ses
sions with the same structure (Fig. 1A), separated by at least one week. 
In one session, participants underwent rIFG-to-M1 ccPAS (ccPASrIFG-M1), 
designed to transiently enhance rIFG-to-M1 effective connectivity by 
repeatedly stimulating the input cortical site (rIFG) just before the 
output cortical site (left M1), consistent with spike-timing-dependent 
(Hebbian-like) plasticity mechanisms (Bi and Poo, 2001). In the other 
session, participants underwent M1-to-rIFG ccPAS (ccPASM1-rIFG), in 
which the stimulation order was reversed while all other stimulation 
parameters remained constant, thereby serving as a control condition for 
the temporal-order specificity of ccPAS effects. The order of the two 
sessions was counterbalanced across participants. Each session started 
with an electrophysiological preparation consisting of the electromyo
graphic (EMG) electrodes montage, motor hot spot, resting motor 
threshold (rMT) detection, and the identification of the TMS intensity 
required to reliably elicit MEPs of approximately 1 mV amplitude in the 
target muscle (SI1 mV; see TMS and EMG recording paragraph). At 
baseline, before any behavioral task session or ccPAS intervention, we 
assessed the neurophysiological response of the motor system to the 
visual cues later used as Go and NoGo stimuli in the behavioral task. This 
evaluation included measuring corticospinal excitability through 
single-pulse TMS (spTMS) MEPs and assessing cortico-cortical effective 
connectivity via dsTMS over the IFG-M1 pathway (see TMS Block 

Procedure section). Following these assessments, participants 
completed the baseline block of the Go-NoGo task (see Go-NoGo Task 
section). Subsequently, we administered a 15-minute ccPAS protocol 
over right IFG and left M1 (either ccPASrIFG-M1 or ccPASM1-rIFG) to 
repeatedly activate the neural pathway connecting these regions and 
modulate its functional strength (Di Luzio et al., 2024). Participants 
were asked to perform the Go-NoGo task immediately after (T-0) and 30 
min after (T-30) the end of ccPAS, consistent with the timing of the 
ccPAS stimulation effect (Di Luzio et al., 2024). Finally, the experiment 
ended with a final TMS block where the corticospinal excitability 
(spTMS-MEPs) and cortico-cortical connectivity (dsTMS-MEPs) in 
response to the Go and NoGo visual cues were assessed again. These 
measurements were taken approximately 40 min after the end of the 
ccPAS (T-40), aligning with previous studies which reported a pro
gressive build-up of ccPAS-driven plastic effects in the motor system 
(Arai et al., 2011; Lu et al., 2012; Chao et al., 2015; Fiori et al., 2018; 
Turrini et al., 2023b).

2.3. TMS block procedure

Participants were seated comfortably on a chair and instructed to 
maintain their right hand relaxed while looking at a computer screen 
positioned approximately 80 cm away, where blue or red squares 
(200×200 pixels; corresponding to ~3.34◦×3.34◦ of visual angle) 
appeared in random order. The TMS block consisted of 16 spTMS and 16 
dsTMS trials for each visual cue type, presented in a fully randomized 
order. In dsTMS trials, stimulation of M1 was preceded by a conditioning 
TMS pulse over the IFG, 8 ms before the test pulse on M1 (Buch et al., 
2010). To maintain attentional engagement, 4 catch trials were inter
spersed throughout each block. During these trials, a number was briefly 
displayed instead of a colored square, and participants were instructed 
to read it aloud (total number of trials: 68). Each trial started with a 

Fig. 1. A. General Experimental Design. B. Outline of TMS block trials. C. Outline of one Go-NoGo task trial. D. Stimulation spot for each participant, in purple for the 
ccPASrIFG-M1 session and in orange for the ccPASM1-rIFG session; all participants took part in two sessions and received both stimulations in counterbalanced order (at 
least 1-week apart). Abbreviations: spTMS: single-pulse TMS; dsTMS: dual-site TMS.
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black screen (random duration ranging between 3000–5000 ms) fol
lowed by a grey screen (1000 ms duration), the colored visual cue (500 
ms) and a grey screen again (2000 ms). The TMS pulses were adminis
tered while the colored square was displayed, either 250 or 320 ms after 
their appearance. Therefore, TMS pulses were separated by a random 
time ranging from 6500 to 8500 ms (Fig. 1B).

2.4. Go-NoGo Task

The Go-NoGo task consisted of 400 trials, with a short break halfway 
through. Trials were presented on a computer screen ~80 cm away from 
the participant. Each trial began with a black screen (250–700 ms), 
followed by a white screen with a black fixation cross (250–700 ms). 
Subsequently, a red or a blue square (200×200 pixels) was displayed for 
68 ms, then the screen returned to white. Participants were instructed to 
respond by pressing the space bar with their right index finger within 
370 ms when the Go cue was presented, and refrain from responding 
when the NoGo cue was presented. To induce a prepotent tendency to 
respond, the rate of the Go trial was set at 80 % of the total trials (Wessel, 
2018; Young et al., 2018). The visual cues assigned to Go and NoGo 
commands were counterbalanced across participants. If the trial was 
correctly completed (i.e., response within 370 ms for Go trials and no 
response in NoGo trials), participants received positive audio feedback. 
In the event of a failed trial (i.e., omission error or commission error), 
participants did not receive the feedback (Fig. 1C). Reaction times (RTs) 
in correct trials and omission error rate (i.e., failures to press the button 
in Go trials) were recorded as a measure of response readiness, and 
commission error rate was recorded as a measure of reactive motor in
hibition (Ren et al., 2023).

2.5. ccPAS Procedure

The ccPAS consisted of 15 min of dsTMS delivered over the selected 
IFG and M1 sites at 0.1 Hz frequency (i.e., 90 pairs of pulses), with an 
interstimulus interval of 8 ms (Sel et al., 2021; Lazari et al., 2022), to 
activate short latency connections between the two areas (Buch et al., 
2010; Turrini et al., 2023c; Chiappini et al., 2025). During the protocol, 
we stimulated the IFG region with a subthreshold intensity (90 % of the 
rMT), while applying a suprathreshold intensity to the M1 hotspot at an 
intensity sufficient to produce 1 mV MEPs. This enabled the recording of 
90 MEPs, one for each paired stimulation (Turrini et al., 2022, 2023b; 
Bevacqua et al., 2024).

2.6. TMS and EMG recording

TMS was performed using two 50-mm figure-of-eight iron branding 
coils, with the handles perpendicular to the plane of the wings, con
nected to two separate Magstim 2002 monophasic stimulators (The 
Magstim Company, UK). The experiment started with the electrode 
montage setup, detection of optimal scalp position, and determination of 
TMS intensity. Ag/AgCl surface electrodes were placed over the right 
first dorsal interosseus (FDI) muscle using a belly-tendon montage, with 
ground electrodes placed on the right wrist. EMG signals were recorded 
using a Biopac MP-35 (Biopac, U.S.A.) electromyograph, band-pass 
filtered between 30 and 500 Hz, sampled at 10 kHz, digitized, and 
stored for offline analysis. The left M1 coil was held tangentially to the 
scalp at an angle of 45◦ from the midline to induce a posterior-to- 
anterior current in the brain (Kammer et al., 2001; Di Lazzaro et al., 
2004). The optimal M1 scalp position, defined as the site eliciting the 
largest MEPs in the right FDI, was identified and marked on a swim cap 
to ensure consistent coil placement throughout the experiment. Resting 
motor threshold (rMT) was defined as the minimum intensity of the 
stimulator output eliciting MEPs with an amplitude of at least 50 µV in 5 
out of 10 consecutive trials (Rossini et al., 2015). Stimulation intensity 
was then adjusted to evoke MEPs with an average peak-to-peak ampli
tude of ~1 mV (SI1mV) (for mean rMT and SI1mV values across sessions 

see Table 1).
For both the TMS Blocks and ccPAS protocols, the M1 site was 

located functionally as described above and stimulated at SI1mV (Buch 
et al., 2011; Johnen et al., 2015; Fiori et al., 2018; Turrini et al., 2022). 
The rIFG site, corresponding to the caudal portion of the pars oper
cularis, was identified through a neuronavigation system (see next 
paragraph). The rIFG coil was placed tangentially to the scalp, inducing 
a posterior-to-anterior and lateral-to-medial current flow, in the direc
tion of M1. The intensity of rIFG stimulation was adjusted to 90 % of 
each participant’s rMT (Turrini et al., 2022, 2024, 2025; Bevacqua et al., 
2024; Chiappini et al., 2024). The effectiveness of subthreshold condi
tioning is supported by ccPAS studies (Di Luzio et al., 2024) and dsTMS 
studies testing ventral premotor cortex (PMv)/IFG-to-M1 interactions 
(Davare et al., 2008, 2009, 2010; Bäumer et al., 2009; Fiori et al., 2016, 
2017; Chiappini et al., 2025; Bevacqua et al., 2026). Pulses were 
remotely triggered by a MATLAB script (MathWorks, Natick, USA). To 
minimize potential discomfort, participants received 4–5 test pulses of 
increasing intensity over the rIFG before the experiment.

2.7. Neuronavigation

The rIFG site was identified using the SofTaxic Navigator System 
(Electro Medical System, Bologna, IT). Skull landmarks (2 preauricular 
points, nasion and inion) and ~80 points were digitized using a Polaris 
Vicra digitizer (Northern Digital). We obtained an estimated MRI via a 
3D warping procedure that fit a high-resolution MRI template to each 
participant’s scalp and craniometric points. To target the rIFG, we used 
the following Talairach coordinates: x = 53; y = 10; z = 19, consistent 
with previous studies (Buch et al., 2011; Picazio et al., 2014; Sel et al., 
2021; Trajkovic et al., 2023). For each participant, the Talairach co
ordinates corresponding to the projections of the rIFG and M1 scalp sites 
onto the brain surface were estimated by the SofTaxic Navigator from 
the MRI-constructed stereotaxic template. The resulting projected co
ordinates are consistent with the area 44/pars opercularis for the rIFG 
site and with M1 for the motor target (Tomaiuolo et al., 1999; Mayka 
et al., 2006) (see Table 2 and Fig. 1D).

3. Statistical analyses

3.1. Preliminary analyses

Neurophysiological data were processed offline. MEP peak-to-peak 
amplitudes were extracted in a time window of 60 ms, starting 15 ms 
after the TS through custom MATLAB code (Turrini, 2023). Since 
background EMG affects motor excitability (Devanne et al., 1997), MEPs 
preceded by background EMG activity deviating from the individual 
mean of the block by >2 SD were discarded from the analysis. Moreover, 
MEPs deviating from the mean amplitude of their test block by >3 SD 
were discarded (6 % of MEPs excluded in total). spTMS MEPs and the 
dsTMS MEPs were expressed in mV, while %dsTMS MEPs were calcu
lated as the ratio of the mean of dsTMS MEPs over the mean of spTMS 
MEPs amplitude for each stimulus, as typically done to index facili
tatory/inhibitory effects due to inter-areal effective connectivity tested 
through dsTMS over spTMS (Davare et al., 2008, 2009; Buch et al., 2010, 
2011; Chiappini et al., 2020, 2024). To ensure that there were no 

Table 1 
Mean TMS intensity parameters (± SD) across the two sessions. rMT = resting 
motor threshold; SI1mV = stimulation intensity required to elicit MEPs of ~1 mV; 
values are expressed as % of maximum stimulator output. No significant 
between-session differences were found for either rMT or SI1mV.

rMT SI1mV

ccPASrIFG-M1 46.6 ± 7.6 58.6 ± 10.1
ccPASM1-rIFG 42.8 ± 13.4 53.5 ± 17.2
Statistical Analysis F1,27 = .02; p = .88 F1,27 = .67; p = .42
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differences in motor excitability across the two sessions, t-tests were 
performed on rMT and SI1mV values (Table 1).

As accuracy measures, we collected and analyzed the commission 
error rate (i.e., the percentage of NoGo trials in which the subject 
pressed the space bar although they should not) and the omission error 
rate (i.e., the percentage of Go trials in which the subject did not press 
the space bar within 370 ms). For response speed, we analyzed the RTs 
in correct trials after discarding all trials that deviated >3 SD from the 
mean of the block, which were considered as outliers.

3.2. Analysis of online effects of ccPAS

To test the online effect of the ccPAS on motor excitability, we 
analyzed the 90 MEPs collected during the stimulation phase. MEPs 
were divided into 9 consecutive epochs of 10 MEPs each. A two-way 
repeated measures ANOVA was conducted with the within-subjects 
factors ccPAS protocol (2 levels: ccPASrIFG-M1; ccPASM1-rIFG) and Epoch 
(9 levels). As shown in the Results section, this analysis revealed a sig
nificant interaction between the two factors, showing a progressive in
crease in the motor excitability across epochs during ccPASrIFG-M1, 
reflecting the growing influence of rIFG on M1 and interpreted as a 
proxy of the protocol’s efficacy in inducing cortico-cortical plasticity 
(Turrini et al., 2023a,b; Bevacqua et al., 2024). Given the observed 
interindividual variability in the magnitude of this effect, we further 
categorized participants according to the slope of their MEP amplitude 
change across the 9 epochs during ccPASrIFG-M1, distinguishing between 
a “higher-sensitivity” group (slopes above the median; median = .04) 
and a “lower-sensitivity” group (slopes below the median). The 
higher-sensitivity and lower-sensitivity groups did not differ in terms of 
age, rMT, and M1 coordinates (all F ≤ .58; all p ≥ .45; Table 3). Finally, 
to explore the role of individual physiological responsiveness to ccPAS 
in modulating ccPAS effects, we ran a further ANOVA including the 
between-subjects factor ccPAS-sensitivity (2 levels: Higher, Lower). This 
analysis revealed the higher-order interaction, which was explored by 
running two separate Epoch x ccPAS-sensitivity ANOVAs, one for each 
ccPAS protocol.

3.3. Behavioral analyses

Behavioral data (commission error rate, omission error rate, RTs) 
were normally distributed, thus each measure was submitted to a 
separate two-way ANOVA, with the within-subjects factors ccPAS pro
tocol (2 levels: ccPASrIFG-M1, ccPASM1-rIFG) and Time (3 levels: Baseline, 

T-0, T-30), which showed changes in performance at T-30 across groups. 
To test the influence of individual ccPAS-responsiveness, we also 
repeated the analysis including the between-subject factor ccPAS- 
sensitivity (2 levels: Higher, Lower; see paragraph #3.2), focusing on 
MEPs changes between Baseline and T-30.

3.4. Corticospinal excitability (spTMS MEPs) analysis

Inspection of the data revealed that spTMS MEP amplitudes were not 
normally distributed. Consequently, data were analyzed through non- 
parametric tests. Friedman tests were used to compare MEPs recorded 
during the vision of Go and NoGo cues at Baseline and T-40 timepoints, 
separately for higher-sensitivity and lower-sensitivity subgroups. 
Kruskal-Wallis tests were used to compare the two subgroups across the 
different conditions.

3.5. Effective rIFG-M1 connectivity (%dsTMS MEPs) analysis

%dsTMS MEPs data were normally distributed and were analyzed by 
means of a four-way repeated measures ANOVA with the within-subjects 
factors ccPAS protocol (2 levels: ccPASrIFG-M1, ccPASM1-rIFG), Stimulus (2 
levels: Go, NoGo), and Time (2 levels: Baseline, T-40), and the between- 
subjects factor ccPAS-sensitivity (2 levels: Higher, Lower). The ANOVA 
revealed the higher-order interaction, explored through two separate 
three-way ANOVAs, one for each ccPAS protocol, with within-subjects 
factors Stimulus (2 levels: Go, NoGo) and Time (2 levels: Baseline, T- 
40), and between-subjects factor ccPAS-sensitivity (2 levels: Higher, 
Lower). Finally, to better characterize the inhibitory conditioning effect 
of the IFG on the M1 when viewing NoGo visual cues following 
ccPASrIFG-M1 at T-40, we conducted a paired-samples t-test comparing 
spTMS MEPs and dsTMS MEPs (expressed in millivolts rather than as a 
percentage) in higher-sensitivity participants.

3.6. Follow-up analyses and measures of effect size

All significant interactions in the ANOVAs were explored through 
trend analyses and planned comparisons. The trend analysis was con
ducted on MEPs and behavioral performance metrics to evaluate 
changes over time. For physiological modulation, we examined differ
ences between Baseline and T-40 for both visual cues, while behavioral 
performance at Baseline was compared with that at T-30.

For all ANOVAs, the partial eta squared (ηp
2) was computed as an 

effect size metric for all significant effects; ηp
2 effect sizes of ~.01, ~.06, 

and ~.14 are conventionally considered small, medium, and large. For 
significant planned comparisons, we reported the F value, p value, and 
the ηp

2. For non-parametric analyses, Kendall’s W was used as the effect 
size measure for Friedman tests. W values of approximately .10, .30, and 
.50 were interpreted as small, moderate, and large, respectively. In 
addition, eta squared based on the Kruskal-Wallis H statistic (ηH

2 ) was 
used for between-group comparisons, following recommendations for 
reporting effect sizes with non-parametric tests (Tomczak and Tomczak, 
2014). All the analyses were performed with STATISTICA version 12.

4. Results

4.1. Corticomotor excitability during ccPAS

The ANOVA on spMEPs during ccPAS revealed a significant ccPAS 
protocol x Epoch interaction with medium/large effect size (F8,216 =

2.65; p = .009; ηp
2 = .09; Fig.2A). The trend analysis showed that MEPs 

significantly increased during the ccPASrIFG-M1 (F1,27 = 10.32; p = .003; 
ηp

2 = .28). A linear fit of the epoch means showed a positive slope (slope 
= .086; R2 = .89). No linear trend emerged during the ccPASM1-rIFG (F1,27 
= .21; p = .65; ηp

2 = .01), and the fitted slope was close to zero (slope =
.009; R2 = .06). Yet, since the response to ccPASrIFG-M1 was variable 
across individuals, we divided our sample into higher-sensitivity and 

Table 2 
Mean (±SD) Talairach coordinates (mm) of targeted sites in the two experi
mental sessions.

M1 IFG

x y z x y z

ccPASrIFG-M1 − 32 ±
8

− 14 ±
12

56 ±
6

54 ±
3

10 ±
2

20 ±
9

ccPASM1-rIFG − 32 ±
8

− 16 ±
10

57 ±
6

54 ±
2

10 ±
2

18 ±
3

Statistical 
Analysis

all F ≤ 2.13, all p ≥ .16

Table 3 
Mean ± SD of age (years), rMT (% of maximal stimulator output), and M1 
Talairach coordinates (mm) in the two groups of participants.

Age rMT M1 coordinates

x y z

Higher-sensitivity 
group

24 ± 2 47 ± 9 − 31 ± 8 − 13 ± 12 56 ± 5

Lower-sensitivity group 24 ± 4 45 ± 5 − 33 ± 9 − 16 ± 10 56 ± 6
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lower-sensitivity subgroups (see Statistical Analyses) and conducted an 
ANOVA incorporating the factor Sensitivity, which revealed a signifi
cant three-way interaction ccPAS protocol x Epoch x ccPAS-sensitivity 
(F8,208 = 2.86; p = .005; ηp

2 = .09). The ANOVA on ccPASrIFG-M1 MEPs 
revealed a significant main effect of Epoch (F8,208 = 4.94; p < .001; ηp

2 =

.16), qualified by the Epoch x ccPAS-sensitivity interaction (F8,208 =

4.35; p < .001; ηp
2 = .14; Fig.2B). A trend analysis showed that in higher- 

sensitivity participants MEPs increased during the ccPASrIFG-M1 (F1,26 =

28.20; p < .001; ηp
2 = .52), fitting a linear distribution (slope = .17; R2 =

.93); in contrast, lower-sensitivity participants did not show changes of 
the MEPs during the ccPAS protocol (F1,26 = .03; p = .87, ηp

2 = .001), and 
the fitted slope was close to zero (slope = .005; R2 = .02). Moreover, 
although the two groups did not differ in the first epoch (F1,26 < .001; p 
= .98; ηp

2 < .001), a significant difference was observed in the final epoch 
(F1,26 = 7.03; p = .01; ηp

2 = .21). No significant results emerged from the 
ANOVA on MEPs recorded during ccPASM1-rIFG (all F ≤ 3.97; all p ≥ .06; 
all ηp

2 ≤ .13).

4.2. Behavioral effects of ccPAS

ANOVAs on correct RTs, commission, and omission error rates 
revealed a large effect of Time. Over time, participants made more 
commission errors (Baseline: 34% ± 14%; T-30: 40% ± 18%; F2,54 =

10.19; p < .001; ηp
2 = .16; Fig. 3A), fewer omission errors (Baseline: 5% 

± 2%; T-30: 3% ± 2%; F2,54 = 13.06; p < .001; ηp
2 = .19; Fig. 3B), and 

became faster (Baseline: 256 ± 17 ms; T-30: 246 ± 20 ms; F2,54 = 14.53; 
p < .001; ηp

2 = .21; Fig. 3C). Critically, these effects were similar across 
the two ccPAS conditions, as the ccPAS protocol did not interact with the 
other factors in the ANOVA (all F ≤ .92; all p ≥ .41; all ηp

2 ≤ .03).
In the analyses including the factor ccPAS-sensitivity, the ANOVAs 

on RTs and omission error rates again confirmed a strong effect of Time 
(all F ≥ 17.06; all p < .001; all ηp

2 ≥ .40), but did not reveal an influence 
of ccPAS-sensitivity (all F ≤ 1.17; all p ≥ .17; all ηp

2 ≤ .07; Fig. 3E–F). In 
contrast, a significant Time x ccPAS-sensitivity interaction with large 
effect size emerged for commission error rates (F1,26 = 4.57; p = .04; ηp

2 

= .15; Fig. 3D), indicating that the change over time differed between 
the two groups. While commission errors markedly increased in lower- 
sensitivity participants from Baseline (38 % ± 15 %) to T-30 (48 % ± 19 
%; F1,26 = 19.84; p < .001; ηp

2 = .43), they did not change in the higher- 
sensitivity group (Baseline: 30 % ± 15 %; T-30: 33 % ± 13 %; F1,26 =

2.05; p = .16; ηp
2 = .07); moreover, while the two groups did not differ at 

baseline (F1,26 = 2.45; p = .13; ηp
2 = .09), at T-30 lower-sensitivity 

participants made more commission errors compared to higher- 

sensitivity participants (F1,26 = 5.78; p = .02; ηp
2 = .18). This pattern 

suggests that response readiness increased over time in both groups, as 
reflected by faster responses and fewer omission errors. However, only 
lower-sensitivity participants showed a speed-accuracy trade-off, with 
increased response readiness occurring at the expense of inhibitory 
control. In contrast, higher-sensitivity participants showed a genuine 
performance improvement, with enhanced response readiness accom
panied by preserved inhibitory control, suggesting better proactive 
control over response tendencies. These effects were observed following 
both ccPAS protocols (ccPASrIFG-M1, ccPASM1-rIFG) as suggested by the 
non-significant Responsiveness x Time x ccPAS protocol interaction 
(F1,26 = .02; p = .88; ηp

2 < .001).

4.3. Effects of ccPAS on corticospinal response to Go and NoGo visual 
cues

At Baseline, spTMS-MEPs recorded during the observation of Go and 
NoGo cues did not differ between higher- and lower-sensitivity partici
pants, either in the ccPASrIFG-M1 session (all H ≤ 2.03; all p ≥ .15; all ηH

2 ≤

.04) or in the ccPASM1-rIFG session (all H ≤ 2.30; all p ≥ .13; all ηH
2 ≤ .05). 

Critically, spTMS MEP amplitudes for both visual cues did not vary 
across timepoints and ccPAS sessions in both the higher- (χ2 = 9.93; p =
.19; W = .10) and lower-sensitivity (χ2 = 2.33; p = .94; W = .02) groups 
(Table 4).

4.4. Effects of ccPAS on effective IFG-M1 connectivity during Go and 
NoGo visual cues

The ANOVA on %dsTMS-MEPs revealed a significant 4-way ccPAS 
protocol x Stimulus x Time x ccPAS-sensitivity interaction (F1,26 = 4.55; 
p = .04; ηp

2 = .15). The Stimulus x Time x ccPAS-sensitivity ANOVA on 
the ccPASrIFG-M1 showed a significant 3-way interaction with large effect 
size (F1,26 = 4.54; p = .04; ηp

2 = .15; Fig.4A). At Baseline, %dsTMS-MEPs 
did not differ between groups, nor between Go and NoGo visual cues 
within each group (all F ≤ 1.67; all p ≥ .39). Importantly, in higher- 
sensitivity participants, %dsTMS-MEPs were modulated in a state- 
dependent way: %dsTMS-MEPs displayed an amplitude decrease when 
viewing NoGo visual cues at T40 (86 % ± 26 %) relative to Baseline (111 
% ± 49 %; F1,26 = 4.16; p = .05; ηp

2 = .14); in contrast, %dsTMS-MEPs 
during Go visual cues did not show differences between Baseline (101 % 
± 30 %) and T40 (116 % ± 40 %; F1,26 = 1.67; p = .20; ηp

2 = .06), 
however, at T40, %dsTMS-MEPs were lower when viewing NoGo rela
tive to Go visual cues (F1,26 = 5.66; p = .02; ηp

2 = .18). In addition, a 

Fig. 2. A. MEPs during ccPASrIFG-M1 (purple line) and ccPASM1-rIFG (orange line). B. On the right MEPs during ccPASrIFG-M1 in higher-sensitivity (continuous line) and 
lower-sensitivity participants (dashed line). The half violins represent the data distribution. Error bars represent 1 SEM. The straight lines represent the linear fitting 
of the MEPs modulation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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series of paired-sample t-tests comparing spTMS-MEPs and dsTMS-MEPs 
associated with the NoGo visual cue further confirmed that dsTMS-MEP 
amplitudes were significantly lower than spTMS-MEP amplitudes at T- 
40 (spTMS MEPs: 1.76 ± 1.12 mV, dsTMS-MEPs: 1.49 ± 1.06 mV; t13 =

2.34; p = .03; ηp
2 = .30; Fig. 5), whereas no significant difference 

emerged between spTMS-MEPs and dsTMS-MEP amplitudes at Baseline 
(spTMS MEPs: 1.28 ± .53 mV, dsTMS-MEPs: 1.34 ± .62 mV; t13 =

− 0.62; p = .54; ηp
2 = .03). Thus, the selective reduction of %dsTMS-MEPs 

during NoGo trials indicates a state-dependent increase in the inhibitory 
influence of rIFG over the left M1 corticospinal excitability in higher- 
sensitivity participants. In contrast, no modulation of %dsTMS-MEPs 
was observed in lower-sensitivity participants (all F ≤ .35; all p ≥ .57; all 
ηp

2 ≤ .01; Fig.4B), or following ccPASM1-rIFG (all F ≤ 2.57: all p ≥ .12; all 
ηp

2 ≤ .09; Fig.4C-D).

5. Discussion

Correlational evidence from neuroimaging studies shows increased 
activity of the frontal cortices, such as rIFG and supplementary motor 
areas, during the suppression or reprogramming of motor acts (Stinear 
et al., 2009; Swann et al., 2012). Moreover, single-unit recordings in 

Fig. 3. Commission error rate (A), omission error rate (B), and RTs (C) over time across all participants. Commission error rate (D), Omission error rate (E), and RTs 
(F) over time in higher-sensitivity participants (continuous line) and lower-sensitivity participants (dashed line). Box plots represent the mean, first and third 
quartiles, and the 95 % confidence interval of individual data points. Half-violins represent data distribution. Asterisks indicate significant post-hoc comparison: * = p 
≤ .05, *** = p ≤ .001.

Table 4 
Mean MEP amplitudes (±SD) induced by spTMS at baseline in the two groups of 
participants.

Higher-sensitivity Lower-sensitivity

ccPASrIFG-M1 Go stimulus Baseline 1.43 ± .62 mV 1.20 ± .75 mV
Go stimulus T40 1.45 ± 1.03 mV 1.35 ± .98 mV
NoGo stimulus Baseline 1.28 ± .53 mV 1.22 ± .63 mV
NoGo stimulus T40 1.76 ± 1.12 mV 1.31 ± .99 mV

ccPASM1-rIFG Go stimulus Baseline 1.36 ± 1.12 mV .90 ± .24 mV
Go stimulus T40 1.49 ± 1.02 mV 1.18 ± .57 mV
NoGo stimulus Baseline 1.70 ± 1.35 mV .95 ± .33 mV
NoGo stimulus T40 1.63 ± 1.14 mV 1.13 ± .64 mV

N. Bevacqua et al.                                                                                                                                                                                                                              NeuroImage 333 (2026) 121933 

7 



monkeys (Mirabella et al., 2011) and human electrocorticographic 

studies (Mattia et al., 2012) have demonstrated that motor cortical ac
tivity is suppressed during motor inhibitory tasks. Prior dsTMS studies 
suggest that this suppression reflects the inhibitory effect of rIFG on M1 
during action control, stopping, and reprogramming (Buch et al., 2010; 
Neubert et al., 2010; van Campen et al., 2013; Picazio et al., 2014). Here, 
we investigate whether transiently enhancing Hebbian-like associative 
plasticity along the rIFG-to-M1 pathway with ccPAS would alter neural 
responses and behavior during a Go-NoGo task.

5.1. Direction-specific changes in motor excitability during ccPAS

The analysis of conditioned MEPs recorded during the administra
tion of the ccPAS protocol revealed an effect of stimulation direction
ality over time (Arai et al., 2011; Turrini et al., 2022, 2024; Bevacqua 
et al., 2024). Following the Hebbian principle (Hebb, 1949; Caporale 
and Dan, 2008), during the ccPASrIFG-M1, in which the input cortical site 
(rIFG) was repeatedly stimulated before the output cortical site (M1), we 
observed a progressive increase in the conditioned MEP amplitudes. 
This is consistent with previous work reporting progressive facilitation 
during ccPAS over premotor-M1 pathways (Arai et al., 2011; Turrini 
et al., 2022, 2023a, 2023b, 2024; Bevacqua et al., 2024), which can also 
persist after the end of the protocol (Lazari et al., 2022; Turrini et al., 
2023). In contrast, we did not observe any significant differences in 
conditioned MEPs during ccPAS when we reversed the stimulation order 
(ccPASM1-rIFG). This result indicates that only ccPASrIFG-M1 was effective 
in inducing Hebbian STDP-like plasticity, consistent with a long-term 

Fig. 4. Changes in %dsTMS-MEP amplitudes following ccPASrIFG− M1 in higher-sensitivity (A) and lower-sensitivity participants (B). Changes in %dsTMS-MEP 
amplitudes following ccPASM1-rIFG in higher-sensitivity (C) and lower-sensitivity participants (D). Box plots represent the mean, first and third quartiles, and the 95 % 
confidence interval of individual data points. Half violins represent data distribution. Asterisks indicate significant post-hoc comparison: * = p ≤ .05.

Fig. 5. spTMS- and dsTMS-MEP amplitudes (in mV) recorded during the vision 
of NoGo visual cues in high-sensitivity participants before (Baseline) and 
following (T40) ccPASrIFG− M1. Box plots represent the mean, first and third 
quartiles, and the 95 % confidence interval of individual data points. Half- 
violins represent data distribution. Asterisks indicate significant post-hoc 
comparison: * = p ≤ .05.
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potentiation-like effect (Bi and Poo, 2001). However, the magnitude of 
this effect was highly variable across participants. Considering the 
growing evidence of interindividual variability in responses to 
non-invasive brain stimulation techniques (Hamada et al., 2013; 
López-Alonso et al., 2014), we chose to take into account the effec
tiveness of the ccPAS protocol, classifying our participants into higher- 
and lower-sensitivity groups based on the magnitude of the physiolog
ical modulation of the conditioned MEPs during ccPASrIFG-M1. We 
therefore selected the increase in MEP amplitude during ccPASrIFG-M1 as 
an index of sensitivity, as prior ccPAS and PAS literature has identified 
this index as a proxy for the effectiveness of the protocol (Turrini et al., 
2023a,b; Guidali and Bolognini, 2025).

5.2. Direction-specific, state-dependent modulation of effective 
connectivity in higher-sensitivity individuals

Our main neurophysiological finding is a state-dependent modula
tion of effective connectivity following ccPASrIFG-M1, expressed only in 
higher-sensitivity participants: at T-40, dsTMS-MEPs were reduced 
when viewing NoGo cues relative to baseline, with no reliable change 
for Go cues. Importantly, spTMS-MEPs did not differ across timepoints, 
suggesting that the observed effect reflects changes in cortico-cortical 
influence (rIFG conditioning over left M1) rather than nonspecific 
shifts in corticospinal excitability. A direct comparison of spTMS and 
dsTMS MEPs at T-40 during NoGo cue presentation indicated lower 
dsTMS-MEP amplitudes than spTMS-MEPs in the higher-sensitivity 
group, consistent with strengthened inhibitory impact from IFG to M1 
when contextual cues signal that an action should be withheld, even in 
the absence of any overt motor task. This pattern suggests that ccPASrIFG- 

M1 did not induce a global increase in excitability, but rather biased the 
functional influence of rIFG over M1 in a state-dependent manner.

In this framework, the progressive increase in conditioned MEPs 
observed during ccPASrIFG-M1 and the subsequent reduction in dsTMS- 
MEPs during NoGo cue processing can be interpreted as reflecting two 
complementary aspects of the same plasticity process. During ccPASrIFG- 

M1, stimulation was delivered at rest, and the gradual increase in 
conditioned MEP amplitudes provides an online index of the build-up of 
Hebbian STDP-like plasticity within the targeted pathway (Turrini et al., 
2022). Importantly, only the subgroup of participants showing this on
line physiological evidence of pathway plasticity (i.e., higher-sensitivity 
participants) subsequently exhibited a state-dependent change in 
effective connectivity following ccPASrIFG-M1. In this context, changes in 
dsTMS-MEPs reflect the context-dependent expression of this plasticity, 
such that rIFG exerts a stronger inhibitory influence over M1 when 
processing visual cues associated with action withholding. Thus, 
ccPAS-induced plasticity does not translate into a uniform change in 
cortical excitability, but rather into a context-dependent reweighting of 
rIFG-M1 interactions. This interpretation aligns with previous dsTMS 
studies showing that the influence of premotor and prefrontal regions on 
M1 dynamically shifts depending on behavioral context (Davare et al., 
2009; Buch et al., 2010; Neubert et al., 2010; Picazio et al., 2014).

No comparable modulation emerged after ccPASM1-rIFG or in lower- 
sensitivity participants, suggesting that the observed physiological 
changes were selective both in terms of pathway directionality and 
participant subgroup. The fact that the effect was present only after 
ccPASrIFG-M1, and not after the reversed ccPASM1-rIFG protocol, is 
consistent with the idea that the rIFG-to-M1 pathway is the relevant 
route for this inhibitory modulation under the present behavioral 
context and stimulation parameters. Likewise, its restriction to higher- 
sensitivity participants indicates that only individuals showing 
measurable plasticity during the ccPAS session subsequently expressed 
this NoGo-specific change in effective connectivity. The absence of 
modulation in lower-sensitivity participants implies that, in these in
dividuals, the stimulation did not produce sufficient strengthening of the 
pathway to alter its state-dependent influence, at least within the tem
poral window and task context tested here.

Our findings suggest that rIFG projections to left M1 are more 
involved in action inhibition than in attentional allocation, as the rIFG- 
to-M1 pathway showed an inhibitory dsTMS MEP modulation only 
when processing NoGo stimuli associated with the suppression of pre
potent motor responses. This suggests that the influence of rIFG over left 
M1 was dynamically adjusted in a state-dependent manner, enhancing 
inhibition specifically when seeing stimuli associated with action 
withholding. In contrast, our data do not reveal any significant differ
ence in dsTMS-MEPs during the observation of the Go stimulus, 
implying that, in our experimental framework, the rIFG-to-M1 pathway 
does not appear to have a generalized role in motor control. Instead, its 
function may be more specifically related to action suppression rather 
than overall motor regulation. These results reinforce the model of rIFG 
as a top-down controller of motor output, rather than a mere salience or 
attentional hub, and provide a framework for future interventions aimed 
at improving inhibitory control.

From a mechanistic perspective, the physiological effect we observed 
– a NoGo-specific reduction in dsTMS-MEPs observed only in higher- 
sensitivity individuals – may indicate that in some participants, the 
rIFG-to-M1 pathway can be biased toward greater inhibitory control 
when environmental cues signal the need to withhold action. This aligns 
with models of context-dependent inhibitory gating in which prefrontal- 
motor projections adjust their influence in anticipation of specific action 
requirements (Duque et al., 2017; Wessel and Aron, 2017). It should be 
noted that, in our design, this modulation was measured during passive 
cue observation in the dsTMS blocks, rather than during active NoGo 
performance. Thus, it may reflect stimulus-triggered inhibitory priming 
rather than the execution of an overt inhibitory command.

A further point to consider is that these neurophysiological changes 
were assessed at T40, after three intervening Go-NoGo task blocks per
formed since baseline. Hence, any physiological effect measured at this 
stage must be interpreted in light of repeated task execution. Never
theless, the observed pattern is unlikely to reflect a simple practice- 
related effect, as such effects typically consist of an increase in cortico
spinal excitability (e.g., Bütefisch et al., 2000; Lee et al., 2010), whereas 
in our study spTMS-MEPs remained unchanged. Moreover, the observed 
MEP modulations were present only after ccPASrIFG-M1 and only in 
higher-sensitivity participants, with no comparable effects after 
ccPASM1-rIFG or in lower-sensitivity participants, despite identical task 
exposure across sessions and groups. More generally, unlike classical 
use-dependent paradigms based on continuous repetition of the same 
motor output, response execution in our task occurred under sustained 
competition with response inhibition, making a pure use-dependent 
facilitation account unlikely.

5.3. Behavioral findings and trait-like differences in proactive inhibitory 
control

Remarkably, we found no evidence that ccPAS directly influenced 
behavioral performance in the Go-NoGo task. Across sessions, partici
pants showed faster RTs and improved Go-trial accuracy (fewer omis
sion errors), indicating enhanced response readiness. However, this was 
accompanied by more commission errors on NoGo trials, reflecting a 
shift toward a more impulsive response style in which responses became 
faster at the expense of inhibitory control, consistent with a speed- 
accuracy trade-off (Forstmann et al., 2008; Bogacz et al., 2010). In the 
context of Go-NoGo paradigms, such a pattern typically reflects reduced 
efficiency in proactive motor inhibition (Aron, 2011; Wessel and Aron, 
2017), where participants become less able to implement a preparatory 
strategy that facilitates response suppression when a NoGo cue is pre
sented. This trade-off became particularly informative when partici
pants were stratified by ccPAS sensitivity: higher-sensitivity participants 
maintained a more effective proactive strategy, preserving commission 
error rates despite becoming faster. In contrast, lower-sensitivity par
ticipants failed to adopt an adaptive proactive strategy, showing 
increased response speed accompanied by a deterioration in reactive 
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inhibition accuracy, as reflected by the increase in commission errors.
Critically, however, ccPAS did not produce a direct group-level 

change in any behavioral measure. The behavioral difference between 
higher- and lower-sensitivity participants emerged after both ccPASM1- 

rIFG and ccPASrIFG-M1, making it unlikely to result from the ccPAS- 
targeted intervention. Instead, it more plausibly reflects a trait-like 
predisposition, whereby individuals capable of expressing greater 
ccPAS-induced Hebbian-like plasticity in the rIFG-to-M1 pathway also 
tend to maintain a more favorable speed-accuracy balance during 
practice. The preservation of proactive inhibitory control in the higher- 
sensitivity group nonetheless parallels our physiological finding of 
NoGo-specific modulation of IFG-to-M1 connectivity in the same sub
group following ccPASrIFG-M1, suggesting that both effects may reflect a 
common underlying property of this pathway rather than a direct 
consequence of stimulation.

Thus, while our findings do not demonstrate a causal effect of ccPAS 
on behavior, they highlight an association between individual plasticity 
capacity and behavioral profile. Importantly, the present data do not 
allow us to determine whether such variability reflects a general pro
pensity for plasticity across different stimulation protocols or a more 
specific property of the rIFG-M1 pathway targeted here. The pattern of 
results is more directly consistent with the latter interpretation, as both 
the physiological and behavioral differences selectively involved this 
circuit. Accordingly, we interpret ccPAS sensitivity as a putative marker 
of the capacity of the rIFG-M1 pathway to express Hebbian-like plas
ticity, which may be functionally related to individual differences in 
proactive inhibitory control. More in general, our results are consistent 
with prior evidence that interindividual variability in responsiveness to 
neuromodulation can track stable differences in cognitive-motor per
formance (Turrini et al., 2023a), and with proposals that network 
plasticity may reflect more efficient functional engagement of the un
derlying circuitry (Freitas et al., 2013; Stampanoni Bassi et al., 2019; Di 
Luzio et al., 2024). Individuals with greater plastic potential in the 
rIFG-to-M1 pathway may be better able to maintain effective proactive 
inhibitory control over time while improving response efficiency. This is 
also consistent with prior work suggesting that individual variability in 
ccPAS-induced plasticity predicts behavioral outcomes such as changes 
in motor accuracy or learning (Turrini et al., 2023a, 2023b; Bevacqua 
et al., 2024).

Variability in responsiveness to TMS interventions is influenced by 
several factors, such as individual characteristics, stimulation parame
ters, and ongoing brain activity (Cheeran et al., 2008; Antal et al., 2010; 
Conde et al., 2012; Lee et al., 2018; Corp et al., 2021). We can speculate 
that in our experiment, the application of a fixed interstimulus interval 
during ccPAS or standardized stimulation coordinates across all partic
ipants may have limited the efficacy of the ccPAS protocol in some in
dividuals (Karabanov et al., 2013; Corp et al., 2021). Emerging evidence 
suggests that more tailored approaches could improve response consis
tency and specificity (Chiappini et al., 2018; Goldenkoff et al., 2024; 
Turrini et al., 2025). Future work using tailored ccPAS approaches, for 
example, aligning stimulation with task-relevant oscillatory activity 
implicated in motor inhibition (Schmidt et al., 2019; Wessel and 
Anderson, 2024) may improve the reliability and specificity of 
IFG-to-M1 neuromodulatory interventions (Zrenner and Ziemann, 
2024).

5.4. Limitations and concluding remarks

Our study has limitations. Firstly, we did not use a sham stimulation 
as a control condition, which precluded us from characterizing partici
pants’ behavior with no active ccPAS. Additionally, we focused exclu
sively on rIFG. Although the prevailing functional model of motor 
inhibition emphasizes right-hemisphere dominance (Aron, 2011), more 
recent evidence suggests that successful action inhibition also requires 
engagement of the left hemisphere (Swick et al., 2008; Mirabella et al., 
2017; Di Caprio et al., 2020). Future research should further explore the 

functional role of the connections between the left IFG and left/right M1 
in motor inhibition, to better understand the contribution of 
left-hemispheric circuits to inhibitory control mechanisms. A further 
limitation concerns the interpretation of interindividual differences in 
ccPAS responsiveness. The present design does not allow us to fully 
disentangle whether higher sensitivity reflects a general propensity for 
plasticity, a pathway-specific property of the rIFG–M1 circuit, or a 
sensitivity to the ccPAS protocol itself. This issue cannot be resolved in 
the absence of additional control conditions targeting different networks 
or involving different stimulation protocols.

The current results support the view that rIFG can exert inhibitory 
control over the left M1 via a cortico-cortical pathway. Selective mod
ulation of the pathway connecting rIFG to M1 via Hebbian-like plasticity 
produced a NoGo-specific reduction in effective connectivity in higher- 
sensitivity participants, consistent with enhanced top-down inhibition 
in contexts associated with action withholding. Although ccPAS did not 
elicit a direct, group-level change in Go-NoGo performance, individual 
differences in physiological sensitivity to ccPASrIFG-M1 were associated 
with different behavioral profiles during task execution: individuals 
expressing greater plasticity during ccPAS maintained a good inhibitory 
accuracy while responding faster, showing a better proactive strategy. 
The marked heterogeneity in ccPAS responsiveness highlights the 
importance of identifying factors that shape individual sensitivity to 
neuromodulation. Accounting for such factors may improve the reli
ability and specificity of ccPAS-based interventions and inform future 
applications targeting disorders characterized by deficits in inhibitory 
control.
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