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ARTICLE INFO ABSTRACT

Keywords: Cortico-cortical paired associative stimulation (ccPAS) is a powerful transcranial magnetic stimulation (TMS)
Transcranial magnetic stimulation protocol thought to rely on Hebbian plasticity and known to strengthen effective connectivity, mainly within
Sensorimotor

frontal lobe networks. Here, we expand on previous work by exploring the effects of ccPAS on the pathway
linking the medial posterior parietal area hV6A with the primary motor cortex (M1), whose plasticity mecha-
nisms remain largely unexplored. To assess the effective connectivity of the hV6A-M1 network, we measured
motor-evoked potentials (MEPs) in 30 right-handed volunteers at rest during dual-site, paired-pulse TMS.
Consistent with previous findings, we found that MEPs were inhibited when the conditioning stimulus over hV6A
preceded the test stimulus over M1 by 12 ms, highlighting inhibitory hV6A-M1 causal interactions. We then
manipulated the hV6A-M1 circuit via ccPAS using different inter-stimulus intervals (ISI) never tested before. Our
results revealed a time-dependent modulation. Specifically, only when the conditioning stimulus preceded the
test one by 12 ms did we find a gradual increase of MEP amplitude during ccPAS, and excitatory aftereffects. In
contrast, when ccPAS was applied with an ISI of 4 ms or 500 ms, no corticospinal excitability changes were
observed, suggesting that temporal specificity is a critical factor in modulating the hV6A-M1 network. These
results suggest that ccPAS can induce time-dependent Hebbian plasticity in the dorsomedial parieto-frontal
network at rest, offering novel insights into the network’s plasticity and temporal dynamics.

Hebbian plasticity
Dorsomedial parieto-frontal circuit

1. Introduction 2023a; 2023b, 2015; Fattori et al., 2017), as well as during spatial

attention processes that support action (Breveglieri et al., 2025).

The dorsomedial parieto-frontal pathway connects the medial pos-
terior parietal cortex (area hV6A) and the primary motor cortex (M1)
(Makris et al., 2005; Parlatini et al., 2017). Several studies suggest that
the connections hV6A-M1 are indirect, likely mediated by dorsal (PMd)
and ventral (PMv) premotor cortices and/or intraparietal regions
(Breveglieri et al., 2021; Gamberini et al., 2009; Strick and Kim, 1978;
Tosoni et al., 2015; Zarzecki and Strick, 1978). This pathway plays a
central role in visuomotor control. Specifically, monkey and human
studies showed that this network is active during the planning and
execution of reaching and grasping movements (Breveglieri et al.,

Dual-site transcranial magnetic stimulation (dsTMS) is a widely used
neurostimulation technique for studying the temporal dynamics of
causal interactions within brain networks (Cattaneo and Barchiesi,
2011; Chiappini et al., 2020; Civardi et al., 2001; Rothwell, 2011; Vesia
et al., 2017, 2013). This method involves applying temporally spaced
TMS pulses to two distinct cortical regions to assess how stimulation at
one site (conditioning pulse) influences neural activity at the other,
which is typically assessed through a test pulse over M1 that induces
motor-evoked potentials (MEPs) in peripheral muscles. In the case of the
hV6A-M1 pathway, dsTMS studies (Breveglieri et al., 2023a, 2021; Vesia
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et al.,, 2017, 2013) have revealed that a conditioning TMS pulse over
hV6A modulates M1 corticospinal excitability in a time-dependent and
state-dependent manner. At rest, an inter-pulse interval (or
inter-stimulus interval, ISI) of 12 ms induces inhibition (Breveglieri
et al., 2021), whereas during reach planning a similar inhibitory effect
emerges at a shorter ISI of 4 ms (Breveglieri et al., 2023a). During grasp
planning, ISIs of 4 ms or 6 ms instead facilitate corticospinal excitability
(Vesia et al., 2017, 2013). These findings suggest that 4- and 12-ms
delays capture critical temporal features of the hV6A-M1 functional
pathway.

Recent advances in neuromodulation, particularly cortico-cortical
paired associative stimulation (ccPAS), have enabled researchers to
investigate Hebbian plasticity, a key mechanism underlying synaptic
strengthening within brain circuits (Buch et al., 2011; Casarotto et al.,
2023; Di Luzio et al., 2024; Goldenkoff et al., 2024; Hernandez-Pavon
et al., 2023; Rizzo et al., 2009; Romei et al., 2016b; Turrini and Ave-
nanti, 2023; Veniero et al., 2013). ccPAS protocol is a distinctive dsTMS
protocol involving the repeated pairing of pulses to two interconnected
cortical regions using an optimal IS, such that the first pulse delivered to
the first region (containing “pre-synaptic neurons,” according to the
Hebbian principle (Hebb, 1949)) elicits neural activity that reaches the
second region (containing “post-synaptic neurons”) just before or
simultaneously with the delivery of a pulse to that site (Rizzo et al.,
2009; Di Luzio et al., 2024). This pre- and post-synaptic coupling mimics
patterns of neural stimulation required for spike-timing-dependent
plasticity (STDP) (Caporale and Dan, 2008), allowing the modulation
of synaptic efficacy through long-term potentiation (LTP) and long-term
depression (LTD)-like mechanisms.

Previous ccPAS studies have targeted parieto-M1 pathways, partic-
ularly focusing on lateral sectors of the posterior parietal cortex (PPC).
Building on initial evidence that the lateral PPC exerts an excitatory
influence on M1 at rest (Koch et al., 2007), subsequent work showed that
ccPAS can reverse this influence, leading to LTD-like suppression of
corticospinal excitability (Koch et al., 2013; Di Lorenzo et al., 2016;
Ribolsi et al., 2017). These findings suggest that ccPAS can induce po-
larity changes in parieto-M1 interactions. To date, however, no studies
have investigated whether ccPAS can modulate the connectivity be-
tween the medial parietal area hV6A and M1, a crucial circuit for
visuomotor control (Galletti et al., 2003). Given the functional relevance
of this dorsal parieto-frontal pathway, exploring its plasticity mecha-
nisms may yield new insights into the dynamic regulation of long-range
parieto-frontal connectivity, as well as potential therapeutic avenues for
neurological conditions affecting motor planning and execution.

To address this gap, in this study we delivered ccPAS over the left
hV6A-M1 network while human participants were at rest, aiming to
assess both the immediate and lasting effects of stimulation on M1
corticospinal excitability. Specifically, we investigated whether the
impact of ccPAS depends on the precise timing of stimulation by testing
two different key ISIs: 4 ms and 12 ms. These ccPAS ISIs were informed
by prior dsTMS findings, which revealed that a 12-ms ISI inhibits motor
excitability at rest (Breveglieri et al., 2021), whereas a 4-ms ISI is
effective when the hV6A-M1 network is functionally active during reach
planning (Breveglieri et al., 2023a). The choice of these ISIs also reflects
the known anatomical connectivity between hV6A and M1, which is
indirect and likely involves polysynaptic transmission (Breveglieri et al.,
2021; Gamberini et al., 2009; Strick and Kim, 1978; Tosoni et al., 2015;
Zarzecki and Strick, 1978). Specifically, hV6A projects to M1 through
the PMd, with at least two intervening synapses (Gamberini et al., 2009;
Tosoni et al., 2015), making a 4-ms ccPAS ISI plausible. However, a
longer pathway may be engaged, through intraparietal areas and PMv,
before reaching M1 (Gamberini et al., 2009; Tosoni et al., 2015), which
could justify the use of a 12-ms ccPAS ISI. In addition, we included a
500-ms ISI condition as a control, outside the temporal window for
STDP, and therefore not expected to induce plasticity (Goldenkoff et al.,
2024; Johnen et al., 2015).

Based on prior evidence that ccPAS can reverse the polarity of
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parieto-M1 interactions (Di Lorenzo et al., 2016; Koch et al., 2013;
Ribolsi et al., 2017), we hypothesized that hV6A-M1 ccPAS at rest with a
12-ms ISI—corresponding to the optimal ISI for exploring inhibitory
hV6A-M1 interactions at rest—would shift the influence of hV6A on M1
toward facilitation, leading to LTP-like effects. In contrast, ccPAS at 4
ms—effective primarily when the hV6A-M1 network is functionally
active—was not expected to induce plastic changes in a resting state.

To test these predictions, we examined the modulation of MEPs
during and after ccPAS, assessing whether the stimulation could reshape
the functional state of this network. As expected, ccPAS applied with a
12-ms ISI resulted in a gradual increase in corticospinal excitability,
suggesting a reversal from inhibition to facilitation. No significant
modulation was observed following ccPAS with 4-ms or 500-ms ISIs.
These results indicate that plasticity in the hV6A-M1 network critically
depends on the timing of stimulation and can be selectively modulated
by ccPAS, offering novel insights into the mechanisms of Hebbian
plasticity in dorsomedial parieto-frontal circuits.

2. Materials and methods
2.1. Participants

We tested 30 young adult volunteers (mean age: 25.77 y, standard
deviation: 3.88, range: 19-32; 11 males and 19 females), divided into
three groups (N = 10 each) in which we administered different ccPAS
protocols over the hV6A-M1 circuit: ccPASpyga—nv1 With 12 ms as inter-
stimulus interval (ccPAS ISI) (25.58 years + 4.03; 2 males and 8 fe-
males), ccPASpyea—v1 With 4 ms ccPAS ISI (25.3 years + 4.15; 4 males
and 6 females), and ccPAShyea_m1 With 500 ms ccPAS ISI (control
condition, 27.00 years + 2.86; 5 males and 5 females). The number of
participants was determined a priori using a power analysis performed
with G*Power software (Faul et al., 2007), which indicated that a
sample size of 10 participants per group would be sufficient to achieve a
statistical power of 0.80 (1 — f), with a two-tailed « of 0.05 and an ex-
pected effect size of f = 0.25. This sample size is also consistent with
previous studies employing similar methodologies (e.g.(Koch et al.,
2013)). All participants were right-handed according to the Edinburgh
Handedness Inventory (Oldfield, 1971), had normal or
corrected-to-normal eyesight, were unaware of the goal of the experi-
ment, and had no contraindications to TMS (Rossi et al., 2021). All
experimental procedures were carried out in accordance with the 1964
World Medical Association Declaration of Helsinki (2013) and were
approved by the University of Bologna’s Bioethics Committee (Prot. n.
57,635, March 11th, 2021). There were no adverse responses or
TMS-related discomfort reported by participants or observed by
experimenters.

2.2. TMS protocols and electromyographic recordings

TMS pulses were administered via two T-shaped 50-mm butterfly
coils, each of which was connected to a DuoMAG MP-Dual TMS System
monophasic transcranial stimulator (DEYMED, Hronov, Czech
Republic).

MEPs induced by stimulation of the left M1 were recorded from the
right first dorsal interosseous (FDI) muscle. Surface electromyograms
(EMG) were recorded with 9-mm diameter, Ag-AgCl surface-cup elec-
trodes and by means of a Digitimer D440-4 system (Digitimer, Welwyn
Garden City, UK), amplified 1000x, band-pass filtered between 30 Hz
and 1 kHz with a sample rate of 5 KHz, recorded using a Micro1401 data
acquisition interface controlled by Signal software v7 (Cambridge
Electronic Design Ltd, Cambridge, UK) and then stored on a computer
for off-line analysis. Participants sat on a comfortable chair in a dark-
ened room and their head was kept stable using a head/chin rest. They
were asked to keep both hands relaxed while testing, with the aim of
obtaining a stable EMG signal.
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2.2.1. ccPAS protocol

The ccPAS protocol consisted of 90 pairs of pulses (~15 min, inter-
trial interval of 10 s) administered over the left medial PPC (specif-
ically the hV6A (Pitzalis et al., 2013), the human homolog of monkey
area V6A (Galletti et al., 1999)), and the left M1, with a ccPAS ISI of 12
ms or 4 ms to modulate longer- and shorter-latency connections between
the two areas (Breveglieri et al., 2021). To ensure that the changes in
functional connectivity we observed may be attributed to plasticity in-
duction, we performed a control experiment of ccPAS over the same
cortical regions stimulating with the same number of pulses at the same
frequency but with a ccPAS ISI which precluded spike timing-dependent
plasticity (ccPAS ISI: 500 ms), as performed in other studies (Goldenkoff
et al., 2024; Johnen et al., 2015). In all the groups, the pulse over hV6A
preceded the one over M1.

The intensity of the pulse on hV6A was set at 90 % of the individual’s
resting motor threshold (rfMT), defined as the minimum stimulator
output intensity necessary to induce MEPs of ~50 pV in 5 out of 10
consecutive trials (Rossini et al., 2015) in the relaxed FDI muscle. As in
other ccPAS studies (Borgomaneri et al., 2023; Koch et al., 2013; Romei
et al., 2016a), we adopted a between-subjects design. This choice was
necessitated by the extended duration of the experimental sessions and
the lack of monetary compensation, which limited our ability to recruit
the same participants across all three stimulation conditions. Never-
theless, the three groups were well matched: their mean rMTs (& SD) did
not statistically differ across conditions (ccPAS ISI 4 ms, 47.3 % + 6.24;

Pre-ccPAS
s-pulse, p-pulse4, p-pulse10, p-pulse12

ccPAS
90 pulses every 10s

ISI 12 ms
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ccPAS ISI 12 ms, 46.2 % =+ 7.35; ccPAS ISI 500 ms, 50 % =+ 8.77; 1-way
ANOVA with factor Group, Fy 13 = 0.58, p = 0.56, partial nz =0.06). The
intensity of the pulse on M1 was individually adjusted to elicit MEPs
with an amplitude of ~1 mV (Breveglieri et al., 2023a, 2021; Buch et al.,
2010; Turrini et al., 2023c). Importantly, the stimulation intensities
required to achieve ~1 mV MEPs did not differ significantly across the
three experimental groups (ccPAS ISI 4 ms, 56.9 % + 6.69; ccPAS ISI 12
ms, 53.8 % + 8.52; ccPAS ISI 500 ms, 54.0 % + 9.09; 1-way ANOVA
with factor Group, Fo 13 = 0.43, p = 0.66, partial n2 = 0.05). Since M1
stimulation during ccPAS was set at a suprathreshold intensity, we were
able to record a MEP elicited by each of the 90 paired stimulations, thus
allowing us to monitor online changes in corticospinal excitability
(Bevacqua et al., 2024; Fiori et al., 2018; Turrini et al., 2024; S. 2023b,
2022).

2.2.2. Functional connectivity TMS protocol

Before the ccPAS protocol (pre-ccPAS), immediately after it (post-
ccPAS, occurring 45 min after the beginning of the experimental ses-
sion), and 30 min later (post-ccPAS, occurring 75 min after the experi-
mental session’s onset, i.e., 30 min after the end of ccPAS stimulation;
see Fig. 1), we tested the functional connectivity of left hV6A-left M1 at
rest. To this aim, we used a dsTMS paradigm with two coils. We
administered TMS as a test stimulus (TS) over M1, both alone (single-
pulse) and coupled with a preceding conditioning stimulus (CS) over
hV6A (paired-pulse), using with 3 different ISIs (4, 10, 12 ms). These ISIs

Post-ccPAS
s-pulse, p-pulse4, p-pulse10, p-pulse12

Group 1
| | | >
0 30 min 45 min 75 min
Post-ccPASO Post-ccPAS30

ccPAS Post-ccPAS

ISI 4 ms
[ I | >
0 30 min 45 min 75 min

ccPAS

IS1 500 ms

|
0 30 min

| |
45 min 75 min

Fig. 1. Experimental design. MEP amplitude was assessed before, immediately after the ccPAS protocol, and 30 min after its completion. This was done in three
groups of participants. In each group, a different ccPAS ISI was used. We tested different ccPAS ISIs: a shorter one (4 ms) and a longer one (12 ms) to probe the
indirect functional connectivity between hV6A and M1, potentially involving the hV6A-PMd-M1 pathway or the longer hV6A-intraparietal areas-PMv-M1 circuit
(Breveglieri et al., 2021). A control condition with ccPAS ISI =500 ms was also included.
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were chosen to test the indirect functional connectivity between hV6A
and M1, likely involving either the hV6A-PMd-M1 pathway or the longer
hV6A-intraparietal areas-PMv-M1 circuit (Breveglieri et al., 2021).

We randomly interleaved trials with TS alone (single-pulse, s-pulse in
Figs. 3-5) or coupled with the CS (paired-pulse, p-pulse in Figs. 3-5).
Each session consisted of 100 trials (40 TS trials, 20 CS-TS at each ISI)
with a fixed inter-trial interval of 10 s.

2.3. Localization of brain sites

Before each experimental session, the positions of the coils were
identified on each participant’s scalp. The coil position to target the left
M1 was identified functionally as the hotspot to induce MEPs of maximal
amplitude in the relaxed right FDI. To identify area hV6A in the left
hemisphere, we used frameless stereotaxic neuronavigation before each
experimental session using the Cortexplore Neuronavigator (Cortex-
plore, Linz, Austria)(Breveglieri et al., 2025; Klink et al., 2021). The
Talairach coordinates of hV6A we used were x = —10, y = -78, z = 40.
These coordinates were selected based on prior TMS studies on hV6A,
where stimulation consistently elicited functional effects indicative of
hV6A disruption or remote effects on M1 indicative of effective
hV6A-M1 connectivity (Breveglieri et al., 2023a; 2023b, 2021).

The left M1 coil was positioned tangentially to the scalp and at a 45-
degree angle to the midline, resulting in a posterior-anterior current
flow, optimal for M1 stimulation (Kammer et al., 2001). In line with
previous dsTMS investigations (Breveglieri et al., 2023a, 2021), the left
hV6A coil was positioned tangentially to the scalp, causing a current
flow in the brain directed toward the M1 coil, with the handle pointing
downward.

2.4. Data analysis

The mean peak-to-peak MEP amplitude (defined as the absolute
voltage difference between the largest positive and negative deflections
of the MEP waveform within the EMG trace) was computed for the
single-pulse condition, for each paired-pulse condition, and for MEPs
recorded during the ccPAS protocol. Data were processed using Signal
software v7 (Cambridge Electronic Design Ltd, Cambridge, UK) and
exported to MATLAB (Mathworks, Natick, MA, USA, RRID:SCR_001622)
for further analysis. We excluded any trials showing EMG activity in the
100 ms preceding the TMS pulses, as well as MEPs whose amplitudes
deviated by >2.5 standard deviations from the condition mean (result-
ing in the exclusion of 6 % of MEPs in total). Statistical analyses were
conducted using parametric or non-parametric tests as appropriate,
based on data normality assessed by the Kolmogorov Smirnov test and
visual inspection of distribution. The threshold for significance was set
at p = 0.05 for all comparisons.

To test whether corticospinal excitability changed during the ccPAS
depending on the ccPAS ISI, MEPs recorded during stimulation were first
averaged within 10 consecutive epochs, each consisting of 9 pairs of
pulses (epoch duration: 1.5 min). Mean MEP amplitudes were then
analyzed using Linear Mixed-Effects (LME) models (Decroix et al., 2020;
Spaccasassi et al., 2022). Specifically, we investigated how MEP
amplitude evolved over time (Epoch), across ISI conditions (ccPAS ISI),
and whether these factors interacted—while also accounting for
inter-individual variability in baseline MEPs and in how MEPs changed
across epochs. Accordingly, we first included in the model the interac-
tion between Epoch (10 levels, epoch 1-10) and ccPAS ISI (3 levels, 4, 12
and 500 ms) with a MATLAB formula:

MEP amplitude ~ 1 + Epoch + ccPAS ISI + Epoch*ccPAS ISI + (Epoch |
Participant).

In this MATLAB syntax, the MEP amplitude is the dependent vari-
able, 1 denotes the intercept, Epoch and ccPAS ISI are the fixed-effect
predictors, and Epoch*ccPAS ISI specifies the interaction between
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them. The term (Epoch | Participant) specified a random effect structure,
indicating that the model accounts for inter-individual variability by
allowing each participant to have their own baseline MEP amplitude
(random intercept) as well as their own trajectory of change across
epochs (random slope for Epoch).

Then, as the interaction term was significant, we ran the model once
for each epoch with the formula:

MEP amplitude ~ 1 + ¢cPAS ISI + (1 | Participant))

Changes in MEP amplitude during ccPAS were further explored by
extracting a MEP modulation index (Turrini et al., 2023), computed as
the difference between mean MEP amplitude collected during the first
and the last 5 pulses of ccPAS, and comparing that index between the
three groups (Fig. 2B) with a repeated measures analysis of variance
(ANOVA) with factor ccPAS ISIL. Post-hoc comparisons were performed
with Dunnett’s test with MEPs collected during ccPAS ISI = 500 ms as
the control group.

To test whether ccPAS induced changes in corticospinal excitability
over time (ccPAS aftereffects), we analyzed individual MEPs with LME
by including in the model the interaction between ccPAS ISI (4, 12, and
500 ms), dsTMS ISI (s-pulse, p-pulse4, p-pulsel0, p-pulsel2), and time
session (pre-ccPAS, post0 and post30), with the formula:

MEP amplitude ~ 1 + time session + ISI + ccPAS ISI + time session * ISI
* ccPAS ISI + (time session * ISI | Participant).

As the interaction term was significant, we ran the LME on individual
MEPs recorded in each ccPAS ISI with the formula:

MEP amplitude ~ 1 + time session + ISI + time session * ISI + (time
session * ISI | Participant).

Post-hoc analysis was carried out using the Wilcoxon Rank Sum test
with p corrected with Benjamini-Hochberg procedure for multiple
comparisons.

3. Results

3.1. Enhancement of MEPs during ccPAS administration when ccPAS ISI
is 12 ms

During ccPAS administration, we observed time-dependent changes
in MEP amplitude that were affected by the ISI used in the protocol
(ccPAS ISI). When the ccPAS ISI was the longest (12 ms), there was an
increase in MEP amplitude compared to the MEP amplitude for other
ccPAS ISIs, which became significant in the final phases of the admin-
istration (Fig. 2A). This effect was supported by a significant interaction
between ccPAS ISI and Epoch (fp = —9.44e-5; t = —2.85; p = 0.005), with
no main effect of ccPAS ISI (f = —3.40e-5; t = —0.16; p = 0.87), and a
significant main effect of Epoch (p = 0.03, t = 2.29, p = 0.02). Fig. 2A
shows the significant effect of ccPAS ISI in epochs 3, 7-10 (# in Fig. 2; B
= —5.56e-4, —7.33e-4, —8.37e-4, —9.86e-4, —9.03e-4; t = —2.48,
—2.13, —2.14, —2.79, —2.39; p = 0.02, 0.04, 0.04, 0.01, 0.02, respec-
tively; all other p > 0.16). Post-hoc analysis revealed that MEPs ampli-
tude was higher when ccPAS ISI was 12 ms in epoch 3 (12 ms vs 4 ms,
and vs 500 ms, both p = 0.02; 4 ms vs 500 ms, p = 0.52) and in the last
epoch (12 ms vs 4 ms, p = 0.05; 12 ms vs 500 ms, p = 0.04; 4 ms vs 500
ms, p = 0.16). This result was further supported by the significant
changes of the modulation index depending on the ccPAS ISI (Fy 18 =
6.13, p = 0.009, partial eta squared = 0.41, Fig. 2B), an effect supported
by the higher modulation index for ccPAS ISI of 12 ms compared to the
control group (ccPAS ISI = 500 ms, p = 0.005). When the ccPAS ISI was
shorter (4 ms), no significant changes in MEP amplitude were found
compared with the control group (p = 0.20).
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EPOCH ccPAS ISI

* Wilcoxon post hoc test (Benjamini Hochberg corrected) p<0.05

# LME p<0.05

§=Dunnett’s post hoc test p<0.05

Fig. 2. MEP amplitudes collected during ccPAS. A) Average MEP amplitude collected during the ccPAS protocol with different ccPAS ISIs (black solid line, ccPAS ISI
= 12 ms; grey solid line, ccPAS ISI = 4 ms; black dashed line, ccPAS ISI = 500 ms) in the different epochs. Asterisks represent a significant Wicoxon post-hoc test,
hashtags represent epochs when the LME was significant. B) Distribution of MEP modulation index, computed as the difference between mean MEP amplitude
collected during the first and the last 5 pulses of ccPAS in the three ccPAS ISI groups. Circles represent individual participants’ data. The § symbol indicates significant
comparisons (Dunnett’s post-hoc test). Bars represent the standard error of the mean (SEM).

3.2. The ccPAS aftereffects on the parieto-frontal network are seen when
CCcPAS ISI is 12 ms

When participants were at rest, the hV6A-M1 network was shown to
be inhibited when the conditioning pulse was administered 12 ms before
the test stimulus (Breveglieri et al., 2021). To investigate the influence of
ccPAS administration on this effect over time, individual MEPs recorded
before and after the ccPAS protocol were analyzed by fitting an LME
model considering ccPAS ISI x time session x ISI as factors. The model
showed a significant ccPAS ISI x time session x ISI effect (p = 0.003; t =
2.10; p = 0.04) and no significant main effects (ISI: p = —0.03; t = —1.25;
p = 0.21; time session: p = —0.05; t = —1.29, p = 0.19; ccPAS ISL: § =
0.01, t = 1.81, p = 0.07). Given the significant interaction, we further
analyzed MEPs recorded in each ccPAS protocol using the ISI x time
session LME model.

We found very different effects depending on the ccPAS ISI. When
the hV6A pulse preceded the M1 pulse by 12 ms during ccPAS admin-
istration, a significant enhancement of corticospinal excitability was
found after ccPAS, as shown by the significant ISI x time session inter-
action (p = 0.04; t = 2.11; p = 0.03; Fig. 3). Specifically, before ccPAS
(Pre-ccPAS in Fig. 3), the pulse over hV6A significantly inhibited cor-
ticospinal excitability when the conditioning hV6A pulse preceded the
M1 pulse by 10 and 12 ms (all p < 0.003), in keeping with a previous
study from our lab (Breveglieri et al., 2021). Interestingly, ccPAS
administration abolished this inhibition: in both sessions after ccPAS,
the MEP amplitudes recorded during single-pulse trials and during each
paired-pulse condition were not statistically different (all p > 0.46).
Moreover, ccPAS caused an overall enhancement of the corticospinal
excitability, both in the single-pulse conditions (all p < 0.001) and in all
the paired-pulse ones (all p < 0.001, Fig. 3).

When the ccPAS protocol was applied with an ISI of 4 ms, the results
differed markedly. We found only a significant main effect of ISI (f =
—0.05; t = —2.14; p = 0.03; Fig. 4). Post-hoc comparisons revealed a
significant inhibition (p = 0.03) for the 4-ms ISI condition compared to
the single-pulse condition across all time sessions, while no other com-
parisons reached significance (all p > 0.09). This effect, particularly the
absence of inhibition for ISI = 12 ms, may be due to a slight facilitation
exerted by the ccPAS protocol. However, this effect was not strong
enough to reach statistical significance (time session: § = —0.02; t =

—0.54; p = 0.58; interaction: p = 0.02; t = 1.78; p = 0.07). Thus, while
we cannot entirely rule out the possibility of some plasticity effects at a
shorter ISI within the dorsomedial parieto-frontal network, our findings
suggest that any effect is subtle and insufficiently robust to produce
consistent modulation of corticospinal excitability.

In the control condition, when the ccPAS ISI was outside the window
for inducing Hebbian plasticity (ccPAS ISI 500 ms, see Methods), we
observed only a significant main effect of ISI (§ = —0.05; t = —2.39; p =
0.02, Fig. 5): all the MEPs recorded in the paired-pulse conditions were
inhibited with respect to the single-pulse condition (all p < 0.001), while
no significant differences emerged among the paired-pulse conditions
themselves (all p > 0.16). The ccPAS protocol had no measurable impact
on corticospinal excitability over time, as shown by the non-significant
effects of the time session (p = —0.002; t = —0.05; p = 0.95), and the ISI
X time session interaction (f = 0.006; t = 0.67; p = 0.49).

4. Discussion
4.1. Associative plasticity in the dorsomedial parieto-frontal network

We provide the first robust evidence of enhanced M1 corticospinal
excitability following ccPAS applied to the hV6A-M1 network, demon-
strating LTP-like plasticity within this dorsomedial parieto-frontal cir-
cuit at rest. Our findings highlight that ccPAS can modulate effective
connectivity and motor excitability, further supporting the role of STDP
mechanisms in shaping cortico-cortical network (Borgomaneri et al.,
2023; Buch et al., 2011; Chiappini et al., 2020, 2018; Koch, 2020; Rizzo
et al.,, 2009; Romei et al., 2016b; Veniero et al., 2013). Critically,
inducing associative plasticity in the hV6A-M1 pathway depended on
the precise timing between paired pulses. Only the ccPAS protocol with
a 12-ms ISI effectively induced plasticity, progressively increasing motor
excitability during stimulation, as reflected by rising MEP amplitudes
across the 90 paired-pulses, consistent with previous findings in other
networks (Bevacqua et al., 2024; Fiori et al., 2018; Turrini et al., 2024,
2023a, 2022). Moreover, this protocol led to a lasting reduction of
inhibitory hV6A-M1 interactions and a sustained increase in cortico-
spinal excitability. In contrast, ccPAS with 4-ms or 500-ms ISIs failed to
induce significant changes, highlighting the time-dependence of asso-
ciative plasticity within the hV6A-M1 network, in keeping with the
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Fig. 3. Effects of the ccPAS on MEP amplitude when ccPAS ISI was set at 12 ms. Violin plots of the mean MEP amplitude for each ISI tested before (left), immediately
after (middle), and 30 min after the end of the ccPAS protocol (right). S-pulse = s-pulse condition; p-pulse4 = p-pulse condition with 4-ms ISI; p-pulse10 = p-pulse
condition with 10-ms ISI; p-pulsel2 = p-pulse condition with 12-ms ISI. Filled dots represent median values, empty circles represent individual participants’ mean
data. ccPAS administration abolished the ISI-dependent inhibition and resulted in a general increase of corticospinal excitability.

broader literature on ccPAS (e.g. (Di Luzio et al., 2024; Turrini and
Avenanti, 2023)).

These results align with prior studies showing that the most effective
ISI for inducing STDP-like plasticity corresponds to the naturally
occurring timing of cortico-cortical interactions within a given network
(Borgomaneri et al., 2023; Buch et al., 2011; Chiappini et al., 2020,
2018; Johnen et al., 2015; Koch, 2020; Momi et al., 2020; Rizzo et al.,
2009; Romei et al., 2016b, 2016a; Veniero et al., 2013). At rest, hV6A
influences M1 with a 12-ms delay (Breveglieri et al., 2021), explaining
why this specific interval was effective for plasticity induction. Our
findings extend the principle of time-sensitive plasticity induction to the
dorsomedial parieto-frontal pathway, supporting the idea that
spike-timing rules governing neural communication also dictate
ccPAS-driven plasticity within this circuit (Di Luzio et al., 2024).

Although previous dsTMS studies have shown that an ISI of 4 ms
effectively probes early hV6A-M1 interactions during action planning
(Breveglieri et al., 2023a; Vesia et al., 2013), this timing failed to induce
plasticity when ccPAS was applied at rest, a state in which hV6A-M1
interactions naturally occur over longer time scales, such as 12 ms
(Breveglieri et al., 2021). This specificity aligns with the idea that ccPAS
effects are highly state-dependent (Turrini et al., 2025), meaning that

the ability to induce plasticity is contingent on the functional context in
which stimulation occurs (Chao et al., 2015; Chiappini et al., 2018;
Turrini and Avenanti, 2023). Thus, while a 4-ms ISI may effectively
detect early hV6A-M1 interactions during movement preparation, at
rest, the intrinsic communication patterns favor longer ISIs.

Consistent with prior works showing that when the temporal con-
tingency required for associative plasticity is disrupted, no lasting
changes in connectivity occur (Goldenkoff et al., 2024; Johnen et al.,
2015), we observed that a very long ISI (500 ms) produced no significant
modulation of hV6A-M1 connectivity or motor excitability. This long ISI
was selected to be outside the temporal window for STDP (Goldenkoff
et al., 2024; Johnen et al., 2015). Indeed, although some ccPAS studies
have reported modulatory effects with ISIs up to 200 ms (e.g.
(Borgomaneri et al., 2023)), neural interactions at long-latencies are
typically not observed beyond that range (Valls-Solé et al., 1992).
Notably, the fact that ccPAS effects were absent in the 500-ms condition
confirms that the effectiveness observed with a 12-ms ISI was not merely
the result of repeated stimulation over hV6A-M1, but rather reflected a
genuine change in synaptic efficacy within the hV6A-M1 pathway,
driven by time-specific interactions at rest.

Another key finding is that the plasticity effects induced by ccPAS
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s-pulse

not only appeared early during stimulation but also progressively
strengthened, peaking 30 min after the ccPAS session ended. This
delayed peak is consistent with previous ccPAS studies in premotor-
motor networks (Fiori et al., 2018; Turrini et al., 2024, 2022; Turrini
and Avenanti, 2023), as well as temporo-occipital networks
(Borgomaneri et al., 2023; Chiappini et al., 2018; Romei et al., 2016a),
and likely reflect a progressive stabilization of Hebbian-like synaptic
modifications (Caporale and Dan, 2008). The persistence of effects
beyond stimulation suggests that ccPAS induces lasting synaptic changes
in the targeted circuit.

Previous studies have explored ccPAS effects on lateral parieto-M1
circuits (Chao et al., 2015; Koch et al., 2013; Veniero et al., 2013). In
particular, Koch et al. (2013) demonstrated that ccPAS could reverse the
naturally excitatory early influence of lateral PPC on M1 at rest (e.g.,
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(Koch et al., 2007)), inducing LTD-like aftereffects (see also (Di Lorenzo
etal., 2016; Ribolsi et al., 2017). Our results complement these previous
ccPAS investigations targeting lateral parieto-M1 circuits by showing
that ccPAS can transform an initially inhibitory hV6A-M1 interaction
into a facilitatory one. Despite differences in optimal ISIs and specific
outcomes, both studies suggest that ccPAS can reverse the polarity of
cortico-cortical influences within parieto-frontal circuits, reflecting
timing-dependent reorganization tailored to each pathway’s intrinsic
properties.

This polarity-reversal pattern appears distinctive to parieto-frontal
networks, as it differs from findings in pathways such as the ventral
premotor cortex (PMv)-M1, where ccPAS typically potentiates existing
influences, whether inhibitory (Buch et al., 2011; Chiappini et al., 2020)
or excitatory (Buch et al., 2011; Chiappini et al., 2020; Turrini et al.,
2025, 2024, 2023d, 2023c; Turrini and Avenanti, 2023), without
changing their polarity. This difference likely reflects the underlying
anatomical architecture: while PMv-M1 connections are relatively
direct, parieto-M1 pathways involve more distributed and polysynaptic
dynamics through premotor or intraparietal regions (Breveglieri et al.,
2021; Gamberini et al., 2009; Strick and Kim, 1978). Logothetis et al.
(2010) demonstrated that neural signal propagation can undergo sig-
nificant transformations across synapses, with differential recruitment
of excitatory and inhibitory circuits at each step. These findings suggest
that polysynaptic pathways may exhibit greater functional flexibility,
potentially explaining why parietal-M1 connections show bidirectional
plasticity following ccPAS while more direct pathways maintain their
functional polarity.

The effects of TMS and ccPAS are known to depend on brain state,
with different outcomes observed when stimulation is applied at rest
versus during muscle contraction (Koch et al., 2013) or specific actions
(Turrini et al., 2025). This suggests that applying hV6A-M1 ccPAS
during an active state could yield different results than at rest. For
example, ccPAS with a 12-ms ISI might reverse its effect—from facili-
tation to inhibition—when the hV6A-M1 circuit is engaged (e.g., during
reach planning), mirroring the polarity-shift reported for the lateral
PPC-M1 pathway during muscle contraction (Koch et al., 2013). Addi-
tionally, our previous dsTMS findings show that hV6A-M1 interactions
emerge at shorter latencies (ISI = 4 ms) during action planning
(Breveglieri et al., 2023a; Vesia et al., 2013), raising the possibility that a
4-ms ISI ccPAS could become effective under similar task-related con-
ditions. Future research should investigate whether state-dependent
factors modulate ccPAS outcomes, particularly whether task engage-
ment enables plasticity at ISIs that reflect the circuit’s intrinsic temporal
dynamics.

Our findings add to the growing evidence that functional connec-
tivity is fundamental to both healthy brain function and neurological
disorders (Bullmore and Sporns, 2009; Fox and Raichle, 2007; O’Reilly
et al., 2013; Smith et al., 2009). Disrupted cortico-cortical interactions
have been implicated in aging (Chiappini et al., 2025) and in patho-
logical conditions (Bassett et al., 2008; Bonnelle et al., 2011; Seeley
et al., 2009; Wang et al., 2010). Recent research has indicated disrupted
parietal-motor interactions in various disorders, including Parkinson’s
disease, dystonia, stroke with hemineglect, Alzheimer’s disease, and
schizophrenia (Bonni et al., 2013; Koch et al., 2008; Oliveri et al., 2000;
Quartarone et al., 2008). Given that repetitive TMS has shown promise
in modulating parieto-frontal connectivity in stroke patients (Koch et al.,
2012), ccPAS could represent a more targeted approach to restore
functional connectivity in conditions characterized by disrupted
hV6A-M1 interactions.

In conclusion, this study provides evidence that ccPAS targeting the
hV6A-M1 circuit induces LTP-like plasticity at rest, with effects that
evolve over time and depend critically on precise spike-timing dy-
namics. The effectiveness of the 12-ms ISI supports the polysynaptic
nature of hV6A-M1 connections, likely mediated by premotor and/or
intraparietal areas (Breveglieri et al., 2021; Galletti et al., 2022; Gam-
berini et al., 2020, 2009; Strick and Kim, 1978; Tosoni et al., 2015;
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Zarzecki and Strick, 1978) and emphasizes the critical role of temporal
specificity in modulating cortico-cortical plasticity, reinforcing the
principle that spike-timing rules governing neural communication also
dictate plasticity induction within this circuit.

4.2. Limitations of the study

While this study provides novel insights into ccPAS-induced plas-
ticity in the hV6A-M1 circuit, several limitations should be acknowl-
edged. First, we only targeted the hV6A-to-M1 direction, without
investigating reversed stimulation (i.e., M1—hV6A), which could
potentially induce pathway weakening through LTD-like mechanisms.
Prior ccPAS studies have shown that reversing stimulation order can
decrease functional connectivity instead of strengthening it (Buch et al.,
2011; Koch et al., 2013; Turrini et al., 2024), though this pattern is not
universal (Di Luzio et al., 2024).

Second, we used a between-subjects design assigning different par-
ticipants to each ccPAS ISI, which is more vulnerable to individual
variability compared to within-subject designs. Although baseline
measures showed no significant differences between groups, future
studies employing within-subjects designs could better control for this
variability and allow direct comparisons of different ISIs within the same
individuals.

Third, while we observed robust neurophysiological changes, we did
not assess how these plasticity changes translate to behavior. We focused
on establishing baseline physiological effects of ccPAS on the hV6A-M1
pathway, given that this is the first investigation of its kind. Conse-
quently, behavioral assessments during motor tasks were beyond the
scope of this work. However, given hV6A’s role in visuomotor control,
reaching, and grasping (Breveglieri et al., 2023a; R. 2023b; Fattori et al.,
2017), future research should investigate whether enhanced hV6A-M1
connectivity translates to improved performance in related tasks.
Additionally, combining ccPAS with neuroimaging techniques would
help clarify how plasticity effects spread beyond the stimulated regions
to influence the broader parieto-frontal network (Borgomaneri et al.,
2023; Johnen et al., 2015; Tarasi et al., 2024). Combining visuomotor
tasks, EEG, TMS-EEG or fMRI with ccPAS would help clarifying the
broader functional and behavioral consequences of ccPAS-induced
plasticity.

Despite these limitations, our study provides the first demonstration
of ccPAS-induced LTP-like plasticity in the dorsal parieto-frontal
network at rest, establishing a foundation for future investigations
into its behavioral and clinical applications. The demonstration that
connectivity in this crucial visuomotor pathway can be selectively
enhanced through appropriately timed stimulation opens promising
avenues for targeted neuromodulation in both research and therapeutic
contexts.
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