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ABSTRACT
Reactive inhibition is crucial for preventing inappropriate actions, and impairments in this ability are common in various
disorders, with the underlying neural mechanisms poorly understood. To explore the neural dynamics of such an ability, we
used a novel transcranial magnetic stimulation (TMS) protocol, cortico–cortical paired associative stimulation (ccPAS), to induce
Hebbian spike-timing-dependent plasticity (STDP). Our goal was to investigate the functional relevance of key brain regions
in the action inhibition network (AIN). Healthy participants underwent ccPAS targeting functional connectivity between AIN
regions: pre/supplementary motor area (preSMA/SMA) to the left motor cortex (lM1), right inferior frontal gyrus (rIFG) to lM1,
or right M1 (rM1) to lM1. Participants completed a stop signal task (SST) before and after ccPAS stimulation. Motor evoked
potentials (MEP) were recorded during ccPAS to assess network plasticity, and resting motor threshold (rMT) was measured for
global motor excitability. Reactive inhibition improved selectively in the preSMA/SMA-lM1 group, with MEPs increasing after
preSMA/SMA-lM1 and rM1-lM1 stimulation, suggesting facilitatory modulations. rMT correlated with behavioral improvement
in the preSMA/SMA group. These findings demonstrate that ccPAS improved reactive inhibition, enhancing plasticity between
preSMA/SMA and lM1, providing insights into the AIN’s functional mechanism.

1 Introduction

Successful action inhibition represents a crucial ability in a
complex environment. Such ability is supported by a series of
brain regions, part of the so-called action inhibition network
(AIN; see [1] for a meta-analysis and [2] for an updated activation

likelihood estimation [ALE] meta-analysis). However, the exact
role of each area of the AIN network and how each area interacts
with the primary motor cortex (M1) to suppress an ongoing
action is still obscure. Transcranial magnetic stimulation (TMS)
studies started to investigate the neural bases of action inhibition
almost 20 years ago (for a review on the topic, see [3]) and,
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although sometimes controversial, results suggest that both the
presupplementarymotor cortex (preSMA) and the inferior frontal
gyrus (IFG; especially the right) may play a crucial role in
action inhibition. In our recent TMS study [4], we moved a step
forward by investigating whether specific neural circuits engaged
by action suppression are differently modulated when emotional
signals are used as stop signals relative to neutral ones. Successful
inhibitory control involves both reactive and proactive control
mechanisms [5–7]: reactive inhibition involves stopping an action
that is already in progress, while proactive inhibition involves
preventing an action before it begins.

Here, to investigate reactive inhibition, we used the stop signal
task (SST), which requires participants to initiate a response to
a go stimulus and subsequently swiftly withhold their ongoing
response when they encounter a stop signal [8]. The stop signal
reaction time (SSRT) serves as an estimation of reactive inhibition
performance [8], with lower SSRT corresponding to better action
suppression. Participants performed an SST before and after the
administration of one session of repetitive TMS (rTMS) over
the preSMA/SMA, the rIFG, and the left (lM1). Results showed
that rTMS over the preSMA/SMA improved the ability to inhibit
prepotent action (i.e., better reactive inhibition) when emotional
stimuli were presented. In contrast, reactive action suppression
when neutral stimuli were presented was fostered by rTMS over
the rIFG. No changes were observed after lM1 stimulation. These
findings shed new light on the existence of partially separate
neural pathways devoted to reactive inhibition in neutral or
emotional contexts. However, the neural dynamics within the
AIN and how these regions communicate to generate appropriate
action inhibition are still unknown. Aron’s original hypothesis
proposed that the rIFG exerted influence on the right subthalamic
nucleus (STN),with the preSMAbeing part of the same circuit [9].

In particular, during reactive inhibition, the rIFG and the preSMA
engage thehyperdirect pathway of the basal ganglia (BG) [10]. The
hyperdirect pathway consists of white matter tracts connecting
the rIFG, the preSMA, and the STN and is involved in reactive
response inhibition since it provides a rapid, global suppression
of motor output [11–16]. This causes inhibitory feedback over
the motor cortices, which then cancels the initial go command
[17–21]. Thus, it is reasonable to suppose that the connectivity
between the rIFG, the preSMA/SMA, and M1 is crucial for action
inhibition rather than activating a single node. However, previous
studies used a correlational or a causal [3] approach that does
not address the functional connectivity within the AIN. One way
to define the interplay between these regions would be to assess
which connections are causally involved in reactive inhibition
andwhether strengthening such connectivity (e.g., via exogenous
brain manipulation) would lead to an enhancement in reactive
inhibition. Our goal with the present work is to directly address
this issue by employing a protocol called cortico–cortical paired
associative stimulation (ccPAS; see [22, 23] for comprehensive
reviews on the topic). This protocol consists of repeated paired
stimulation of two interconnected brain areas with the aim of
mimicking patterns of neuronal stimulation shown to induce
spike-timing–dependent plasticity (STDP)—a form of synaptic
plasticity meeting the Hebbian principle that synapses are poten-
tiated if the presynaptic neuron fires immediately before the
postsynaptic neuron coherently and repeatedly [24, 25]. The
ability of the ccPAS to potentiate premotor–motor connectivity

has been demonstrated in several previous studies [26–40],
which successfully demonstrated that it is possible to induce
neurophysiological changes both online (i.e., during the ccPAS
administration) and offline (i.e., after the ccPAS administration
for ∼60 min), as well as behavioral improvements known to
depend on the efficacy of the premotor–motor connectivity [29,
34, 39, 41]. Other ccPAS studies have successfully manipulated
the connectivity between SMA and M1 [40, 42], demonstrating
lasting (∼30 min) changes in corticospinal excitability (CSE)
after the ccPAS administration. However, only a few ccPAS
experiments investigated online changes in CSE [33–35, 38–40],
or the influence of individual differences in motor excitability
on the ccPAS effect [29]. Finally, only one ccPAS study aimed
to ameliorate action inhibition through ccPAS administration
within the AIN [43], resulting in a lack of improved performance
in young individuals, an effect that was replicated by [44]. These
studies boosted the connectivity between IFG and SMA, without
taking into account their connectivity with M1, which is the area
directly involved in suppressing the initial go command [17–21].
Here, we aimed to fill these gaps in the literature by boosting
the connectivity between different nodes of the AIN with M1
(i.e., rIFG-lM1, preSMA/SMA-lM1, and rM1-lM1) and by assessing
online changes in CSE as well as behavioral improvements
in a complex behavioral task such as the SST. Based on our
previous TMS findings [4], which demonstrated the crucial role
of the preSMA/SMA and rIFG in reactive inhibition, here we
expected that enhancing their connectivity with M1 would result
in a better inhibitory performance (i.e., shorter SSRT) in young
healthy participants. Moreover, previous studies using the SST
have shown mixed results regarding the influence of emotions
on action inhibition—some reporting enhanced or diminished
inhibition in response to emotional stimuli, while others found
no significant effect [45]. To further investigate this issue, we
employed negative and neutral stimuli as stop signals to examine
whether emotionally salient cues preferentially engage distinct
neural connections. Therefore, based on our prior findings [4], we
hypothesized that the connection from the preSMA/SMA to M1
would be specifically involved in processing emotional stimuli.
Moreover, in line with previous ccPAS studies that stimulated the
SMA-M1 connectivity [34, 40, 42], we expected an increment in
MEPs amplitude following preSMA/SMA-M1 stimulation.

2 Materials andMethods

2.1 Participants

A total of 52 healthy young adults were involved in the study. Par-
ticipants (37 females and 15males; 23.9± 2.3 years)were randomly
assigned to one of three ccPAS conditions (preSMA/SMA-lM1,
rIFG-lM1, rM1-lM1). Specifically, 18 participants (12 females and
six males; 24.7 ± 2.4 years) were randomly assigned to the
preSMA/SMA-lM1 group (one participant was then discarded
because SST assumptions were violated, but her neurophysiolog-
ical data were analyzed), 17 to the rIFG-lM1 group (13 females
and four males; 23.6 ± 2.0 years), and 17 to the rM1-lM1 group
(12 females and five males; 23.6 ± 2.3 years, see Table 1 for further
demographic data). The number of participants was determined
based on a power analysis, which indicated that a sample size
of 15 participants is necessary to achieve a statistical power
(1 − β) of 0.95 (two-tailed α = 0.05; effect size f = 0.45 [46];
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TABLE 1 Demographic data for each experimental group.

preSMA/SMA-lM1 rIFG-lM1 rM1-lM1

Age 24.7 ± 2.4 23.6 ± 2.0 23.6 ± 2.3
Gender F = 12; M = 6 F = 13; M = 4 F = 12; M = 5
rMT 48.2 ± 9.3 46.2 ± 9.9 49.2 ± 7.2
STAI-Y2 49.4 ± 5.6 47.3 ± 9.9 46.6 ± 6.6
BIS-11 65.4 ± 5.7 64.3 ± 7 64.1 ± 6.2

Note: Age expressed as mean and standard deviation in years, resting motor threshold expressed as mean and standard deviation in % of maximum stimulator
output. Gender is reported as the number of female and male participants. STAI-Y2 and BIS-11 are reported as mean standard deviation.
Abbreviations: BIS-11, Barratt Impulsiveness Scale-11; F, female; lM1, left motor cortex; M, male; preSMA/SMA, pre/supplementary motor cortex; rIFG, right
inferior frontal gyrus; rM1, right motor cortex; rMT, resting motor threshold; STAI-Y2, State-Trait Anxiety Inventory.

TABLE 2 Demographic data of the MEP recording subsample.

preSMA/SMA-lM1 rIFG-lM1 rM1-lM1

Age 25.1 ± 2.7 23.3 ± 2.1 24.2 ± 2.2
Gender F = 10; M = 3 F = 10; M = 3 F = 10; M = 3
rMT 46.8 ± 9.4 47.3 ± 10 47.7 ± 5.9
STAI-Y2 49.4 ± 6 48.1 ± 10.9 48.4 ± 6.3
BIS-11 64.4 ± 5.4 63.9 ± 7.8 63.6 ± 6.9

Note: Age expressed as mean and standard deviation in years, resting motor threshold expressed as mean and standard deviation in % of maximum stimulator
output. Gender is reported as the number of female and male participants. STAI-Y2 and BIS-11 are reported as mean and standard deviation.
Abbreviations: BIS-11, Barratt Impulsiveness Scale-11; F, female; lM1, left motor cortex; M, male; preSMA/SMA, pre/supplementary motor cortex; rIFG, right
inferior frontal gyrus; rM1, right motor cortex; rMT, resting motor threshold; STAI-Y2, State-Trait Anxiety Inventory.

number of measurements = 4; correlation = 0.5). In each group
of participants, MEPs were recorded during the ccPAS protocol
in a subsample of 13 participants for each group (10 females and
three males; 25.1 ± 2.7 years) for the preSMA/SMA-lM1 group,
(10 females and three males; 23.3 ± 2.1 years) for the rIFG-lM1
group, and (10 females and three males; 24.2 ± 2.2 years) for
the rM1-lM1 group (See Table 2). Another power analysis was
conducted, determining that a sample size of 12 participants is
required to attain a statistical power (1 − β) of 0.99 (α = 0.05;
effect size f = 0.86 [35, 47, 48]; number of measurements = 2;
correlation = 0.5). All analyses were performed with G∗Power
software [49]. Finally, groups were matched for age (F(2,49)
= 1.52; p = 0.22; ηp2 = 0.06), and gender (χ2 (2, N = 52) =
0.41; p = 0.81). All participants were right-handed according
to the Edinburgh Handedness Inventory [50], had normal or
corrected-to-normal visual acuity in both eyes, and were naive
as to the purposes of the experiment. None had neurological,
psychiatric, or medical problems or any contraindication to
TMS [51]. Participants provided written informed consent. The
procedures were approved by the Bioethics Committee at the
University of Bologna andwere carried out in accordancewith the
ethical standards of the Declaration of Helsinki. No discomfort
or adverse effects of TMS were reported or noticed during the
experimental sessions. Furthermore, different personality states
of the participants were investigated, as previous studies have
shown that reactive inhibition may be influenced by personality
traits commonly associatedwith psychological/psychiatric condi-
tions (i.e., anxiety and impulsivity [45, 46, 52]). Subjective levels of

anxiety were measured through the State-Trait Anxiety Inventory
(STAI; Trait-Scale-Y2) [53], and subjective levels of impulsivity
weremeasured by the Barratt Impulsiveness Scale 11 (BIS-11) [54].
The three groups did not show any significant difference in terms
of anxiety (STAI-Y2: F(2,49) = 0.54, p = 0.58, ηp2 = 0.02) and
impulsivity scores (BIS-11: F(2,49) = 0.22, p = 0.80, ηp2 < 0.01;
see Table 1 for further details).

2.2 Experimental Procedure

The experiments were programmed using MATLAB (version
R2018b; TheMathWorks, Inc.) software to trigger TMS pulses,
control stimulus presentation, and acquire behavioral responses.
In each experiment, participants were randomly assigned to
different groups according to the ccPAS protocol they would
undergo. Themain experiment involved three consecutive phases
for each participant. Participants were seated in a quiet room
ensuring that their position was centered relative to the screen
and maintaining a viewing distance of 50 cm from the screen.
At this point, the experimenter provided participants with an
overview of the SST. This initial phase aimed to establish a
baseline performance (i.e., pre-ccPAS session), assessing the
response inhibition ability of each participant. Subsequently,
before the neurostimulation phase, the rMT was determined for
each participant, followed by precise localization of the stimu-
lation target on the scalp using a neuronavigation system with
stereotaxic coordinates (see TMS paragraphs below for detailed
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FIGURE 1 Visual stimuli used as stop signal stimuli. For all groups,
stimuli consisted of two different body pictures with emotional and
neutral body expressions that have been previously used and validated
(see [58, 59]).

procedures) and, finally, ccPAS was performed. Immediately
afterward, in the final phase of the experiment (i.e., post-ccPAS
session), the same SST task was readministered to evaluate
the effect of neurostimulation on response inhibition ability.
Lastly, participants were asked to complete the personality traits
questionnaires.

2.3 Stop Signal Task

The SST comprises both go trials and stop trials [8, 55–57]. Go
stimuli consisted of a black arrow pointing left or right, while
stop stimuli could be one of two colored images of dynamic body
postures [4, 58, 59]: a fearful emotional body posture acted as
an emotional stop stimulus, while an image of a dynamic (i.e.,
running) neutral body posture was used as a control neutral
stop stimulus (see Figure 1). The use of a neutral dynamic
body stimulus matched for the conveyed implied motion is
fundamental to prevent factors other than the emotional content
from influencing our findings.

Importantly, the two different body pictures (i.e., fearful and
neutral expressions) were previously validated by Borgomaneri
and colleagues in several studies [48, 60–64] or used by other
research groups [65–70] and, importantly, have also been used as
stop signals in other studies [4, 58, 59]. Participants started the
SST by performing a short practice block (approximately 3min, 32
trials) to familiarize themselves with the task. Immediately after-
ward, they performed four experimental blocks that constituted
the main task. Each block was composed of a total of 128 trials,
consisting of 96 go trials (75%) and 32 stop trials (25%). Therefore,
during the whole task, each participant was presented with a
total of 384 go trials and 128 stop trials. Each trial began with a
black dot centered on a blank white screen for 400 ms (serving
as a fixation point) and ended with an empty white screen for a

randomly determined interval between 1000 and 2000 ms, which
acted as the intertrial interval. During go trials, participants were
required to press the left key as quickly as possible when a black
arrow pointing to the left appeared, and the right key when
the arrow pointed to the right, using their right hand. If no
response was made, the stimulus remained on the screen for a
maximum of 750 ms. Stop-signal trials started as go trials but
included an additional stop signal, which was a picture stimulus
presented for 100 ms after a variable stop signal delay (SSD)
from the onset of the go stimulus (i.e., the arrow). This signal
instructed participants to suppress their imminent response. The
initial SSD value was set to 250 ms and was adjusted individually
and dynamically throughout the experiment, using a staircase
procedure. If participants successfully inhibited their response,
the SSD increased by 50 ms for the next stop trial; if they failed,
the SSD decreased by 50ms [46, 52, 57, 71, 72]. In any case, the SSD
remainedwithin a range fromaminimumof 50ms to amaximum
of 750 ms. This staircase adjustment ensured approximately 50%
successful inhibition, calculated independently for each stop
signal and participant [57, 73, 74]. Participants were instructed
to respond as quickly and accurately as possible to the arrows
and to attempt to inhibit their response when the stop signal
appeared after the initial go stimulus. They were informed that
it might not always be possible to inhibit their response and
that they should continue the task even if they made an error
[46, 57]. Additionally, participants were advised not to hesitate or
slow down to increase their chances of stopping. The task design
followed the recommendations of Verbruggen and colleagues [57]
(see Figure 2).

2.4 ccPAS Protocol

TMS was administered using two 50-mm butterfly shaped iron-
branding coils. In all groups, we administered 90 pairs of TMS
pulses at a rate of 0.1 Hz for 15 min [22]. Each participant’s rMT
was assessed using the established procedure as the minimum
stimulator output intensity able to induceMEPs> 0.05mV in five
out of 10 consecutive trials. In all participants, rMT was assessed
immediately before the ccPAS protocol. A one-way ANOVA on
rMT on the entire sample revealed no significant effects of
group (F(2,49) = 0.51; p = 0.60; ηp2 = 0.02; preSMA/SMA-lM1:
mean ± SD 48.78 ± 9.90; rIFG-lM1: 46.23 ± 9.85; rM1-lM1: 49.23
± 7.16; see Table 1). For the subsample utilized for the MEP
analysis, another one-way ANOVA on rMT intensity showed
no significant effect of group (F(2,36) = 0.03; p = 0.96; ηp2 <

0.01; preSMA/SMA-lM1: 46.84 ± 9.39; rIFG-lM1: 47.30 ± 9.99;
rM1-lM1: 47.69 ± 5.86; see Table 1). In the preSMA/SMA-lM1
group, a first pulse was administered over the preSMA/SMA
and the second pulse was administered over the left M1 with an
interstimulation interval (ISI) of 6 ms, so to activate short-latency
preSMA/SMA-to-lM1 connections [42, 75–78]. In the rIFG-lM1
group, the first pulse was delivered over the rIFG 6 ms before
the second pulse, which was administered over the lM1 [78, 79].
Finally, in the rM1-lM1, the first pulse was delivered over the
rM1 8 ms before the second pulse, which was delivered over
the left M1, which is the optimal ISI to induce interhemispheric
inhibition [80–82]. In preSMA/SMA-lM1 and rIFG-lM1 groups,
the first pulse intensity was set to 90% of the individual’s rMT,
while the M1 stimulation was adjusted to evoke ∼1 mV MEPs,
in line with several ccPAS studies that have demonstrated the
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FIGURE 2 Sequence of trials in the stop signal task (SST). The experimental task includes both go and stop trials. In go trials, participants respond
to the go stimulus (i.e., the direction of the arrow that appears on the screen) by pressing the corresponding arrow key on the keyboard. In stop trials,
the arrow is followed by a stop signal after a variable stop signal delay (SSD) instructing participants to suppress the imminent go response. The initial
value of the SSDwas set to 250ms and adjusted individually and dynamically throughout the experiment (i.e., staircase procedure), so that if participants
successfully inhibited their response on a stop trial, the SSDwas increased by 50ms in a subsequent stop trial, while if they failed to withhold their motor
response, the SSD was reduced by 50 ms in a subsequent stop trial. This image was adapted from [59]. Fix, fixation duration; ITI, intertrial interval.

effectiveness of subthreshold conditioning [29, 83, 84]. In the
rM1-lM1 group, both pluses were delivered with a suprathreshold
intensity [80]. Importantly, all M1 stimulations during the ccPAS
were performed using suprathreshold TMS intensity, specifically
with an intensity able to evoke ∼1 mV MEPs, so that on each
paired-stimulationwe induced aMEP recorded throughAg/AgCl
surface electrodes placed in a belly-tendon montage over the
relaxed right first dorsal interosseous (FDI), allowing to track the
emergence of a gradual enhancement of corticomotor excitability
during ccPAS. Electromyography (EMG) signals were acquired
using a Biopac MP-35 (Biopac, USA) electromyograph, band-
pass filtered between 30 and 500 Hz and sampled at 10 kHz.
TMS pulses were remotely administered using a MATLAB script
(version R2022b; TheMathWorks, Inc.).

2.5 Neuronavigation

Brain target areas were identified using the EMS SofTaxic Naviga-
tor system [85, 86], which estimates Talairach coordinates from a
stereotaxic template constructed viamagnetic resonance imaging
(MRI). Skull landmarks and approximately 80 points providing
a uniform scalp representation were digitized using a North-
ern Digital Polaris Vicra digitizer [4, 87–90]. Each participant’s
individual MRI was estimated through a 3D warping procedure
that fits a high-resolution MRI template to the participant’s scalp
model and craniometric points, ensuring a global localization
accuracy of around 5 mm [87]. The preSMA/SMA and the rIFG
were targeted using the following Talairach coordinates: x = 9,
y = 6, z = 49 for preSMA/SMA [91, 92] and x = 51, y = 15, z =
1 for rIFG [91]. The lM1 and rM1 were defined as the location
where stimulation consistently elicited the largest motor-evoked

potentials (MEPs) in the contralateral FDI muscle [51]. The
SofTaxic Navigator systemwas used to verify the projection of the
targeted scalp positions onto the brain surface, confirming correct
coil placement at all sites (see Figure 3 for the computational
estimation of theTMSpulse propagation on the stimulation sites).
The Talairach coordinates for the lM1 and rM1 (the optimal scalp
position for both right and left FDI) were as follows (mean± SD):
x = −31.8 ± 8.9, y = −20.1 ± 20.7, z = 55.4 ± 9.9 for lM1 and x
= 35.4 ± 8.5, y = −20.8 ± 18.2, z = 52.2 ± 7.4 for rM1. For the
preSMA/SMA, the coordinates were as follows: x = 13.1 ± 12.1,
y = 9.8 ± 7.7, z = 56.6 ± 9.0. For the rIFG, the coordinates were as
follows: x = 47.3 ± 8.3, y = 10.9 ± 6.5, z = 3.5 ± 6.6.

2.6 Behavioral and Neurophysiological Data
Processing

To assess participants’ performance on the SST, the SSRT, an
index of reactive inhibition, was estimated following Logan’s
race-model concept [8]. SSRT is the overall latency of a chain
of processes involved in stopping a response, including the
detection of the stop signal. However, prior to analyzing SSRT,
the reliability of the overall performance of the participants in the
task was verified by calculating the inhibition rate, which must
be around 50% [93]. Furthermore, we made sure that reaction
times (RTs) for unsuccessful stop trials were shorter than go trial
RTs [57]. Subsequently, data collected in this experiment were
processed to estimate SSRTs [93]. Accordingly, datawere analyzed
by adopting the integration method with the replacement of go
omissions. In particular, the point at which the stop process
ends is estimated by integrating the RT distribution and finding
the point at which the integral is equal to p(respond|signal).
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FIGURE 3 Computational simulations of the estimated electric field distribution transcranial magnetic stimulation (TMS) targeting the brain.
The volumetric spread of magnetic field simulation was created using SimNIBS v4.0.1. Conductivities for different tissue compartments were set as
follows: 0.465 S/m (skin), 0.01 S/m (skull), 0.5 S/m (eyeballs), 1.654 S/m (cerebrospinal fluid), 0.275 S/m (gray matter), and 0.126 S/m (white matter).
The coils were placed according to the mean coordinates of each area. The estimated computational simulation showed an estimated propagation of the
TMS stimulation over the chosen sites, hence supporting the TMS setup used. preSMA/SMA, presupplementary/supplementary motor area; rIFG, right
inferior frontal gyrus; r/lM1, right or left primary motor cortex.

The ending time of the stop process corresponds to the nth RT,
where n is the number of RTs in the RT distribution of go trials
multiplied by p(respond|signal). Also, to determine the nth RT,
all go trials with a response were considered, including go trials
with a choice error and go trials with a premature response. It is
important to highlight that these omissions (i.e., go trials inwhich
participants did not respond before the end of the trial) were
assigned themaximumRT to compensate for the lack of response.
Moreover, premature responses in unsuccessful stop trials (i.e.,
responses executed before the stop signal is presented) were
included in calculating p(respond|signal) and mean SSD. This
version of the integration method yields the most reliable and
unbiased SSRT estimation (for further details and an extensive
review, see [57]). Furthermore, we verified that the assumptions
of the independent race model were respected [74, 93]. SST data
collected in both sessions do not violate any assumption of the
independent race model (see Table 3 for descriptive SST data).
Thus, it was possible to reliably estimate the SSRT values.

To characterize changes in inhibitory control resulting from
neurostimulation for each specific network, we created an
inhibitory performance index of SSRT (ΔSSRT). Specifically,
ΔSSRT was calculated for each participant by considering SSRT
collected after neurostimulation minus the SSRT collected before
neurostimulation (i.e., post-ccPAS − pre-ccPAS, mean of the
emotional and neutral stop signals). This approach allows us
to have a direct assessment of changes in inhibitory capacity
associated with the precise cortical network targeted by the
ccPAS. MEPs were assessed by measuring peak-to-peak EMG
amplitude (in mV). Then, we analyzed peak-to-peak MEP ampli-
tudes induced by lM1 stimulation in the FDI muscle during the
ccPAS session automatically extracted from EMG signals using
a custom MATLAB script (MathWorks, USA) and measured in

mV. Trials showing EMG activity 100 ms prior to TMS were
discarded from further analysis (4.4%) as well as MEPs due
to environmental noise interference (0.2%). Additionally, MEPs
with a peak-to-peak amplitude less than 0.05 mV were also
excluded (4.4%). Lastly, a MEP modulation index was computed
as the difference between the last and the first 10 MEPs [39].
Data were analyzed offline using custom-made MATLAB scripts
(version R2022b; TheMathWorks, Inc.).

2.7 Statistical Analysis

Mixed-design ANOVAs were used to investigate differences
within and between groups. All the post hoc analyses were
conducted with the Duncan test, and the significance threshold
was set at p < 0.05.

Additionally, to investigate whether neurophysiological indices
of Hebbian plasticity were correlated to the magnitudes of
behavioral changes following ccPAS in the preSMA/SMA-lM1
group, we computed a Pearson correlation coefficient with the
MEP modulation index and the ΔSSRT. Finally, to test whether
interindividual differences in the behavioral effect of ccPAS
(i.e., reduction in the SSRT in the post relative to the pre-
ccPAS session) correlatedwith global indices ofmotor excitability
(i.e., the rMT), an additional Pearson correlation coefficient was
computed. Finally, a multiple linear regression was conducted
to examine whether interindividual differences in the behavioral
effect of ccPAS can be ascribed to interindividual differences in
personality traits. All statistical analyses were performed with
STATISTICA (StatSoft STATISTICA 13).
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3 Results

3.1 Verification of the SST Assumptions

We assessed the differences between the mean RT on unsuccess-
ful stop trials (i.e., trials in which the participants failed to inhibit
their responses) for both stop trials with the emotional stimulus
and the neutral one as stop signals and the mean RT registered
during go trials. We performed a 3 × 2 × 3 ANOVA on RT with
Trial type (go RT/unsuccessful emotional/unsuccessful neutral)
and Session (pre-ccPAS/post-ccPAS) as within-subject factors
and Group (preSMA/SMA-lM1/rIFG-lM1/rM1-lM1) as between-
subject factor. The results showed a significant effect of Trial
type (F(2,96) = 0.70, p < 0.01, ηp2 = 0.82). Post hoc analysis
revealed that RT in go trials were significantly longer than both
unsuccessful emotional (F(2,48) = 2.54, p < 0.01, d = 0.66) and
unsuccessful neutral RT during stop trials (F(2,48) = 2.54, p <

0.01, d = 0.64). Then, we verified the successful implementation
of the staircase procedure, responsible for maintaining the inhi-
bition rate (i.e., percentage of successful inhibitions during stop
trails) at an approximate value of 50%. We conducted a 2 × 2 × 3
ANOVA on the percentage of successful stop trials with Stop
type (emotional/neutral) and Session (pre-ccPAS/post-ccPAS)
as within-subject factors and Group (preSMA/SMA-lM1/rIFG-
lM1/rM1-lM1) as a between-subject factor. The analysis revealed
no significant differences between Groups (F(2,48) = 0.36, p
= 0.69, ηp2 = 0.01), Session (F(2,48) = 0.46, p = 0.50, ηp2 =
0.01), and Stop type (F(2,48) = 0.20, p = 0.66, ηp2 < 0.01).
Furthermore, no interactions were found significant (all F(2,48)
≤ 1.17, all p ≥ 0.32, all ηp2 ≤ 0.04). Lastly, we conducted a 2 × 3
ANOVA on the percentage of correct responses during go trials
with Sessions (pre-ccPAS/post-ccPAS) as a within-subject factor
andGroup (preSMA/SMA-lM1/rIFG-lM1/rM1-lM1) as a between-
subject factor. A significant main effect of Session was found
(F(2,48) = 9.55, p < 0.01, ηp2 < 0.01). Post hoc analysis revealed
that the percentage of correct go trials increased in the post-ccPAS
session (F(1,49)= 1.17, p< 0.01, d = 0.30), due to a learning effect.
In conclusion, SST data collected in both sessions do not violate
any assumption of the independent race model (see Table 3 for
descriptive SST data). Thus, it is possible to reliably estimate the
SSRT values [57].

3.2 Improved SSRT Performance in the
PreSMA/SMA-lM1 Group

To verify the main hypothesis of the present study, SSRT
data were analyzed using a 2 × 2 × 3 ANOVA with Stop
type (emotional/neutral) and Session (pre-ccPAS/post-ccPAS)
as within-subject factors, and Group (preSMA/SMA-lM1/rIFG-
lM1/rM1-lM1) as between-subject factor. The analysis revealed a
significant Group × Stop type interaction (F(2,48) = 4.29, p =
0.02, ηp2 = 0.15).More interestingly, a significant Group× Session
interaction was found (F(2,48) = 3.98, p = 0.03, ηp2 = 0.14). The
post hoc analysis showed a significant difference between the
pre (229.29 ± 29.81) and the post-ccPAS session (219.49 ± 27.67)
selectively in the preSMA/SMA-lM1 group (p = 0.05, d = 0.34),
while the same contrast was not found to be significant in either
of the other groups (all p > 0.21; see Figure 4). No other main
effects or interactions resulted significant (all F < 2.63; all p >

0.08). To further investigate the effect of neurostimulation on the

SSRT data mean of the two stop signals, we compared ΔSSRT
with 0 (indicating no variation between Sessions, pre-ccPAS vs.
post-ccPAS) using one-sample t-tests. These tests revealed that
the preSMA/SMA-lM1 group showed significantly reduced SSRT
(t(16) = −2.64, p = 0.01, d = 0.64). On the contrary, the same
analysis revealed no changes in the SSRT in the other two groups
(all p > 0.14).

3.3 Increment in MEPs Amplitude in the
preSMA/SMA and rM1-lM1 Groups

MEPs recorded during the ccPAS protocol were clustered into
nine bins, each containing 10 MEPs (0–90). This division was
made to capture the temporal dynamics ofMEP changes through-
out the experiment, allowing us to observe potential trends across
different phases. The progression of MEPs across these bins was
analyzed separately for each stimulation group: preSMA/SMA-
lM1, rM1-lM1, and rIFG-lM1. As can be seen in Figure 5, in
the preSMA/SMA-lM1 and rM1-lM1 groups, smoothed MEPs
distribution showed a gradual enhancement that accurately fit a
linear distribution [preSMA/SMA-lM1: f(x)= 0.0026× x+ 1.0466;
R2 = 0.41; rM1-lM1: f(x)= 0.0027× x+ 0.9996; R2 = 0.90], whereas
no consistent change was observed in the rIFG-lM1 group [f(x) =
−0.0004 × x + 1.3668; R2 = 0.02]. A Bin (0–10 and 81–90) ×Group
ANOVA showed a marginally significant main effect of the factor
Bin (F(1,36)= 3.84, p= 0.06, ηp2 = 0.10). More interestingly, a Bin
× Group interaction was found (F(2,36) = 4.06, p = 0.03, ηp2 =
0.18). Post hoc analysis showed higher MEPs in the last 10 MEPs
compared to the first 10 MEPs in both the preSMA/SMA-lM1 and
the rM1-lM1 groups (all p ≤ 0.05), whereas no difference between
MEPs at the end and the beginning of the protocol was observed
in the rIFG-lM1 group (p = 0.27; Figure 5).

3.4 Variability in the Behavioral Effect of ccPAS
and Its Relation to Motor Excitability

To test for a relation between the neurophysiological and behav-
ioral data, we computed a Pearson correlation between the
MEP index and the ΔSSRT. We found that the MEP index was
marginally significantly correlated with the behavioral effect
found in the preSMA/SMA-lM1 group (r = −0.54, p = 0.07;
Figure 6), with MEPs increase associated with better reactive
inhibition following the preSMA/SMA-lM1 ccPAS protocol. The
same analysis conducted on the rM1-lM1 group (which also
showed MEPs increase following the ccPAS administration) was
not significant (r = −0.06, p = 0.86). These findings suggest the
existence of a link between Hebbian plasticity we have induced
stimulating the preSMA/SMA and M1 connectivity and behav-
ioral advantages in action suppression. Building on previous
studies [29], we also tested whether individual’s rMT predicted
behavioral differences after the preSMA/SMA-lM1 ccPAS. We
found that rMT significantly predicted the ΔSSRT (r = 0.60; p =
0.04; Figure 6), indicating that individuals in the preSMA/SMA-
lM1 group with more excitable motor systems tended to show
greater SSRT improvements following preSMA/SMA-lM1 ccPAS
administration.

8 Annals of the New York Academy of Sciences, 2025
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FIGURE 4 Graph representing the Group × Session interaction. The half-violin plots and associated box plots represent the visual distribution
of the data pre- and post-ccPAS. In light and dark blue, the preSMA/SMA-lM1 group showed a significant improvement in behavioral inhibition (i.e.,
shorter SSRT), while the rIFG-lM1 and rM1-lM1 groups, represented by light and dark green and light and dark violet, respectively, did not. The black
dots represent the mean value of each distribution, while the whiskers extend to the most extreme values within 1.5 times the interquartile range
(IQR) beyond the quartiles. Asterisks indicate significant comparisons (p < 0.05). ccPAS, cortico-cortical paired associative stimulation; preSMA/SMA,
presupplementary/supplementary motor area; rIFG, right inferior frontal gyrus; r/lM1, right or left primary motor cortex; SSRT, stop signal reaction
time.

FIGURE 5 Time course of motor evoked potential (MEP) amplitudes collected during the ccPAS protocol. MEPs were divided into nine epochs,
each consisting of 10 MEPs. Dots represent the distribution of MEP amplitudes for each epoch, color-coded by group, while lines show the time course
of average MEP amplitudes across epochs for each group. Each point on the lines corresponds to the average amplitude of a given epoch. On the sides,
half-violin and box plots illustrate the MEP distributions of the first and last epochs. The horizontal line in the boxplot represents the median of the
distribution, while the whiskers extend to themost extreme values within 1.5 times the interquartile range (IQR) beyond the quartiles. The graph shows a
significant increase inMEP amplitude during the last epoch for the rM1-lM1 and preSMA/SMA-lM1 groups comparedwith the first epoch, with asterisks
marking significant differences (p < 0.05). preSMA/SMA, presupplementary/supplementary motor area; rIFG, right inferior frontal gyrus; r/lM1, right
or left primary motor cortex.

3.5 Absence of a Relationship Between Changes
in Reactive Inhibition and Personality Traits

A multiple linear regression analysis was conducted to assess
whether STAI-Y2 and BIS-11 scores significantly predicted the
improvement in inhibitory control in the preSMA/SMA-lM1

group (i.e., ΔSSRT). The overall model was not statistically
significant, accounting for only 2.3% of the variance in the
outcome variable (R2 = 0.02; adjusted R2 = −0.18). None of
the predictors significantly contributed to the model (all p
> 0.61), a result in line with previous literature suggesting
that the correlation between questionnaire-based impulsivity
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FIGURE 6 Correlation between physiological indices and stop signal reaction time (SSRT). Correlation plot between the ΔSSRT (on the y-axis)
and individual physiological indices (on the x-axis) in the preSMA/SMA-lM1 group. ΔSSRT is calculated by subtracting the mean SSRT in the pre-ccPAS
session from the mean SSRT in the post-ccPAS session. On the left, the correlation between ΔSSRT and MEP index (r = −0.54, p = 0.07), calculated by
subtracting the mean of the first 10 MEPs from the mean of the last 10 MEPs recorded during the ccPAS. On the right, the correlation between ΔSSRT
and rMT (r= 0.60, p= 0.04), assessed before the stimulation. On top of both graphs, Pearson’s r and p values are indicated. ccPAS, cortico-cortical paired
associative stimulation; MEP, motor evoked potential; rMT, restingmotor threshold; MSO, maximum stimulator output; SSRT, stop signal reaction time.

and performance-based measures tends to be poor or null [94,
95].

4 Discussion

Halting inappropriate actions is pivotal to producing adequate
behavioral responses. Despite the importance of such complex
cognitive function, the neural dynamics subtending such ability
are still unknown. Although previous studies have successfully
demonstrated the crucial role of preSMA/SMA and the rIFG
in reactive inhibition (see [45] for a review on the topic), how
these regions interact with M1 to ultimately interrupt an ongoing
action and whether reactive inhibition can be ameliorated by
boosting the AIN connectivity is still obscure. To address this
question, using the ccPAS protocol, we targeted the connections
between preSMA/SMA and M1 and between the rIFG and M1 to
investigate whether such connections are functionally malleable
and crucial for action suppression. We expected the increment
in connectivity through the ccPAS to induce an increased MEP
amplitude as well as a behavioral improvement in reactive
inhibition, measured using the SST after the ccPAS stimulation.
Our results revealed that the ccPAS protocol can induce STDP
in both the rM1-lM1 as well as the pre-SMA/SMA-lM1 groups,
suggesting a progressive enhancement of excitatory (rather than
inhibitory) preSMA/SMA-to-M1 and rM1-to-lM1 interactions, due
to the gradually increasing efficacy of excitatory synaptic input
to lM1 neurons. The increased CSE after ccPAS between the
two motor cortices may be explained by the reduction of the
interhemispheric inhibitory (IHI) mechanisms caused by the
long-term potentiation (LTP) effects of the stimulation [80–82,
96], while the increased CSE after the preSMA/SMA-to-M1 ccPAS
is in line with previous paired-pulse TMS studies investigating
such functional connectivity both at rest [89, 97–99] and during
action reprogramming [75], demonstrating the existence of a

preSMA/SMA toM1 excitatory connectivity as well as with ccPAS
studies demonstrating its functional malleability [40, 42]. Such
findings follow results obtained in nonhuman primates, in which
electrical stimulation delivered to the SMA evokes excitatory
responses in M1 [100] and with pharmacological studies indicat-
ing that the excitatory response of M1 following SMA electrical
stimulation is mediated by glutamatergic interactions [101–103].
Interestingly, only the preSMA/SMA-to-M1 connectivity appears
to be specifically involved in reactive inhibition, as behavioral
improvements in task performance (i.e., reduced SSRT) have been
observed selectively following the potentiation of this pathway.
Furthermore, we found a marginally significant relationship
between behavioral and physiological changes: greater ccPAS-
induced MEP facilitation predicted enhanced action control fol-
lowing preSMA/SMA-to-M1 ccPAS. Therefore, this finding aligns
with previous studies demonstrating a link between physiological
modulation and behavioral outcomes [29, 38, 40]. Overall, our
findings highlight the causal role of the preSMA/SMA to M1
connectivity in mediating action inhibition. It is important to
mention that although a basal ganglia/subthalamic route might
mediate important aspects of action inhibition [104], even the
most direct path through this route is associated with neu-
ronal latencies above the 6 ms preSMA/SMA/M1 latency [105].
PreSMA/SMA was already demonstrated to be important in
situations involving direct competition [106], updating [107],
reprogramming [108], and stopping actions reactively (for a
systematic review see [3]) as well as proactively [109–114]. Indeed,
the specific involvement of the preSMA in an SST has been
demonstrated by [115], in which authors used the SSRT as an
index of action suppression, and they found that higher activation
in the preSMA was associated with shorter SSRTs (i.e., more effi-
cient performance). In addition, human patient studies revealed
that damage to the preSMA/SMA region elongated subjects’ SSRT
[116] (for a review see [117]). All these findings corroborated
the role of preSMA/SMA in action inhibition without clarifying

10 Annals of the New York Academy of Sciences, 2025
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its influence on M1. Previous work has shown that rTMS over
preSMA/SMA during response conflict results in greater activa-
tion in M1 controlling the competing response [118], and a recent
study has shown latency- and volume-dependent influences
of SMA onto M1 [99], indicating that the SMA can influence
M1. Indeed, preSMA/SMA activity was found to correlate with
CSE reductions suggesting top-down influences of preSMA over
response channels during proactive action stopping [119]. Thus,
here we replicated previous findings indicating the existence
of functionally malleable and excitatory connections between
preSMA/SMA and M1, and we additionally demonstrated that
these connections are crucial for reactive inhibition. Interestingly,
a recent ALE meta-analysis [2] focusing on the brain activations
related to go/nogo and SST revealed a convergence cluster for
standard SST and go/nogo tasks, which lay anterior to the
posterior preSMA/SMA region, providing further evidence for
a functional gradient along the rostro-caudal axis, with more
anterior regions being involved in cognitively more demanding
control processes for selecting the correct response alternative
relative to the more posterior portions, suggesting the crucial role
of our selected region in the SST.

Our results support previous studies that successfully reported
behavioral improvement after ccPAS both stimulating the
motor/premotor areas as well as the visual system (for a recent
review, see [22]). However, here we demonstrated the possibility
of ameliorating a complex executive function such as action
inhibition, which represents a crucial cognitive function, widely
impacted in clinical and psychiatric populations (see [45] for a
comprehensive review on the topic). Based on our previous find-
ings [4] and in line with a paired-pulse TMS study [120], which
demonstrated increased CSE stimulating the preSMA/SMA-M1
connectivity, selectively observing negative stimuli, we expected
an emotion-specific effect (i.e., reduced SSRT selectively for
fearful-related stop signals). However, our findings demonstrated
a general increase in action inhibition unrelated to the presented
stop stimulus.

However, it is worth noting that inhibiting an area via rTMS is
largely different from increasing the connectivity of the same area
with another. The increased connectivity between preSMA/SMA
and M1 may have increased the descendent inputs on the
STN. Structural and functional neuroimaging studies, as well
as deep brain stimulation and neuropharmacological studies,
pointed out STN as a fundamental area involved in integrating
cognitive, motor, and emotional components of complex behav-
ioral responses [121–128]. Thus, preSMA/SMA-M1 incremented
connectivity may result in a more efficient top-down error moni-
toring [123, 129–131], reducing the effect of emotional components
of the stimulus over STN and the hyperdirect pathway. To further
investigate this lack of an emotion-specific effect, future studies
should investigate whether changing the role of the emotional
stimulus (e.g., presented as stop signal, go signal, or presented
before the go signal as a prime), but also the relevance of the
emotional stimulus (i.e., task-relevant, see [132–134] or task-
irrelevant, see [46, 72, 135]), would induce any emotion-specific
effect after the ccPAS stimulation. Moreover, future studies
should employ a positive stimulus or an additional negative
control stimulus (e.g., an angry body posture) to assess potential
effects related to valence or arousal. However, previous findings

[58, 59] indicate no significant difference between positive and
negative stimuli in modulating the SSRT when used as stop
signals.

Finally, as expected, individual differences in the global measure
of motor excitability (i.e., rMT) predict sensitivity to associative
plasticity [29]. Our findings show that individuals with more
excitable motor systems display better behavioral performances
[136, 137] as well as larger behavioral improvements following
ccPAS, confirming and expanding previous work showing that
inter-individual differences in rMT predict the magnitude of LTP
effects in the motor system [138] and TMS-induced behavioral
effects [29]. Interestingly, the same ISI between rIFG and M1 did
not produce any behavioral improvement or effect onMEP ampli-
tude. The lack of behavioral effects is in line with several studies
that have proposed that the rIFG is not exclusively involved in
inhibitory control, but rather forms part of a broader frontopari-
etal network that supports general cognitive control processes
[139–141]. Furthermore, a recent study found that excitatory
rTMS applied to the rIFG did not influence reactive inhibition
[142], which may suggest the need for a revision of the original
hypothesis proposed by Aron and colleagues [9, 143, 144]. Indeed,
our absence of effect may be explained by the functional interplay
between preSMA/SMA, rIFG, and M1. According to a previous
study [145], preSMA activity precedes rIFG during response
inhibition and mediates rIFG-to-M1 connections, suggesting the
preSMA area covers a gating function over M1 [146, 147]. Notably,
a study using diffusion MRI tractography suggested that rIFG
may be responsible for increasing the excitatory influence of
preSMA/SMA over the STN [148], resulting in an increment in
behavioral performance (i.e., shorter SSRT) in participants with
greater preSMA/SMA–STN connectivity and rIFG modulatory
activity over preSMA/SMA. Thus, rIFG may be only indirectly
connected with M1 and may play a crucial role in modulating
preSMA/SMA connectivity. Thus, it is possible to speculate that,
relative to the ccPAS study from [43], boosting rIFG to preSMA,
our preSMA/SMA to M1 ccPAS protocol can be more efficient
in stimulating a more selective connection in action inhibition.
Indeed, our previous data [4] demonstrated the crucial role
of the rIFG in reactive inhibition, thus, we now question its
functional connectivity with M1, not its relevance within the
AIN. Importantly, the lack of results in our rIFG-lM1 group can
be ascribed to the ISI employed (i.e., 6 ms). Although our ISI
was based on the previous studies, which demonstrated effective
connectivity between rIFG and lM1 at this ISI [31, 78], other
findings suggested 8 ms to be the ideal ISI for stimulating rIFG–
lM1 connectivity [26]. It is important to mention that Picazio and
colleagues tested such connectivity during a go/no go task [78],
while Lazari and coworkers observed increased CSE selectively
24 h after the ccPAS administration [31]. Thus, more studies
are required to investigate further this connection at 8 ms. In
conclusion, we successfully demonstrated the efficacy of this
ccPAS protocol in improving behavioral inhibition, paving the
way for potential clinical application. Indeed, action inhibition
impairments are common in clinical and neurodevelopmental
conditions such as Parkinsonʼs disease [149–154], obsessive–
compulsive disorder [155], attention deficit hyperactivity disorder
[156–160], and autism [161]. Future studies should verify the
feasibility and application of this stimulation protocol on these
populations.
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