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A B S T R A C T

The posterior superior temporal sulcus (pSTS) and early visual cortex (V1/V2) form part of a lateral occipito- 
temporal network - proposed as a “third” visual pathway - supporting the processing of socially and emotion
ally relevant information. Prior studies using cortico-cortical paired associative stimulation (ccPAS) applied from 
pSTS to V1/V2 have shown enhanced recognition of facial emotional expressions, interpreted as reflecting 
strengthened temporo-occipital backward connectivity. However, direct evidence that ccPAS can modulate pSTS- 
to-V1/V2 connectivity has been lacking. Here, we applied ccPAS consisting of repeated paired TMS pulses, with 
the first pulse delivered over pSTS and the second pulse over V1/V2 (ccPASSTS-V1). A reverse-order protocol 
(ccPASV1-STS) served as a control. Resting-state EEG was recorded before, immediately after, and 30 min post- 
stimulation to assess functional connectivity. Multivariate spectral Granger Causality analysis characterized 
the directionality and frequency-dependent dynamics of connectivity. Outdegree metrics revealed that ccPASSTS- 

V1 enhanced backward functional connectivity immediately after stimulation, with effects persisting after 30 min, 
possibly consistent with Hebbian-like associative plasticity in top-down pathways. In addition, an increase in 
forward connectivity was observed 30 min after ccPASV1-STS, and more weakly after ccPASSTS-V1, possibly 
reflecting broader compensatory mechanisms. These findings demonstrate that ccPAS can transiently and 
selectively modulate directional connectivity within the “third” visual pathway, providing insights into the 
physiological basis of ccPAS and suggesting that previously observed improvements in emotion recognition 
following ccPASSTS-V1 may arise from plastic changes in backward pSTS-to-V1/V2 connectivity. More broadly, 
they underscore the potential of ccPAS to probe and modulate the dynamics of higher-order visual circuits.

1. Introduction

Human vision is not a simple feedforward cascade. After a first sweep 
of sensory information, higher-order cortices rapidly send feedback 
signals that refine and contextualize activity in early visual areas 
(Lamme and Roelfsema, 2000; Summerfield and de Lange, 2014; Michel 
et al., 2019). An example is the loop linking the right posterior superior 
temporal sulcus (pSTS) - considered to be the endpoint of a “third” 
occipito-temporal pathway (Pitcher and Ungerleider, 2021; Weiner and 

Gomez, 2021) that complements the ventral and dorsal streams (Milner 
and Goodale, 2006), and is dedicated to social and emotional perception 
- with the primary/secondary visual cortex (V1/V2), where the earliest 
cortical representation of visual features emerges. Converging structural 
and functional data show that pSTS and V1/V2 are mutually inter
connected through both direct projections and polysynaptic pathways 
(D. Boussaoud et al., 1990; Distler et al., 1993; K. S. Rockland and Van 
Hoesen, 1994; Pitcher et al., 2011; Weiner et al., 2016). Analysis of 
functional connectivity shows that the strength of functional coupling 
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between the pSTS and V1/V2 predicts individual differences in the 
recognition accuracy of emotional expressions (Wang et al., 2016). 
Remarkably, evidence suggests that backward pathways from pSTS to 
V1/V2 play a critical role in emotion perception. Using transcranial 
magnetic stimulation (TMS), we demonstrated that enhancing 
pSTS–V1/V2 connectivity through cortico-cortical paired associative 
stimulation (ccPAS) improves performance in tasks requiring the 
discrimination of emotional expressions from faces (Borgomaneri et al., 
2023; Cataneo et al., submitted). The ccPAS protocol consists of the 
repeated administration of paired TMS pulses to two target regions, with 
an interstimulus interval (ISI) chosen to match the estimated elaboration 
delay between them (Di Luzio et al., 2024). This temporal alignment 
mimics neural firing known to induce Hebbian-like spike-timing-de
pendent plasticity (STDP), thereby strengthening synaptic efficacy 
across the stimulated pathway (Hernandez-Pavon et al., 2023a; Rizzo 
et al., 2009; Turrini and Avenanti, 2023).

To design a ccPAS protocol to target backward connections from 
pSTS to V1/V2, in our previous study, we combined TMS and electro
encephalography (EEG) to estimate the timing of interactions from pSTS 
to V1/V2 (Borgomaneri et al., 2023). When we stimulated the pSTS, we 
found that V1/V2 responded maximally about 200 ms later, revealing 
long-latency pSTS-to-V1/V2 interactions at rest. Building on this, we 
designed a long-latency ccPAS protocol designed to repeatedly activate 
pSTS (first pulse) and V1/V2 (second pulse) with an ISI matching these 
long-range pSTS-V1/V2 communication delays (200 ms). This 
ccPASSTS-V1 protocol modulated the amplitude of the P1 and N170 
components elicited by emotional faces, with the strongest effects over 
the targeted temporo-occipital areas (Borgomaneri et al., 2023; Cataneo 
et al., submitted); moreover, ccPASSTS-V1 improved recognition of 
emotional expressions (Borgomaneri et al., 2023). These findings sug
gest that backward connections from pSTS to V1/V2 are malleable, can 
undergo Hebbian-like potentiation, and play a crucial role in emotion 
perception (Borgomaneri et al., 2023; Cataneoet al., submitted). In 
contrast, no behavioral or electrophysiological changes were observed 
when the protocol was applied in the reverse direction (ccPASV1-STS), or 
with mismatched ISIs (Borgomaneri et al., 2023). While these findings 
provide compelling evidence that ccPAS can modulate the pSTS-V1/V2 
pathway in a functionally meaningful way, the underlying neural 
mechanisms remain poorly understood. In particular, these studies do 
not directly elucidate how ccPAS alters the dynamics of information 
transmission between pSTS and V1/V2, as no connectivity metrics were 
assessed.

Accumulating data demonstrate that ccPAS can impact connectivity 
strength in a direction-specific manner across multiple cortical path
ways (Di Luzio et al., 2024). However, with few exceptions (e.g., 
(Chiappini et al., 2020)), prior studies have employed very short ISIs 
tailored to target fast, mainly direct cortico-cortical projections. No 
study to date has systematically investigated the impact of long-latency 
ccPAS, such as the protocol we developed to engage backward 
pSTS-to-V1/V2 projections. Although our long-latency ccPASSTS-V1 
protocol was designed to enhance communication along this pathway, 
direct evidence for direction-specific modulation of such connections is 
still missing.

Advanced neuroimaging techniques capable of capturing real-time 
neural interactions are essential to address these limitations. The high 
temporal resolution of EEG is well suited to track rapid fluctuations in 
neural activity, while computational methods such as cortical source 
reconstruction can mitigate its low spatial resolution by localizing the 
regions generating the observed signals. Furthermore, functional con
nectivity measures such as Granger Causality allow estimation of 
frequency-specific, weighted, and directional interactions between 
cortical regions, thereby providing insights into the dynamics of large- 
scale networks (Ginter et al., 2001; Bastos et al., 2015; Seth et al., 2015).

In the present work, we aimed to characterize how ccPAS shapes the 
intrinsic spatio-temporal dynamics of the pSTS-V1/V2 network. Healthy 
participants received a ccPASSTS-V1 protocol previously shown to 

improve emotion recognition and modulate electrophysiological re
sponses elicited by emotional faces, presumably by strengthening 
backward pSTS-to-V1/V2 projections (Borgomaneri et al., 2023; 
Cataneoet al., submitted). As a control condition, participants under
went the reverse protocol (i.e., ccPASV1-STS), which in prior work did not 
affect electrophysiological or behavioral response (Borgomaneri et al., 
2023; Cataneoet al., submitted). To test the effect of ccPAS on 
cortico-cortical connectivity, in each session, resting-state EEG was 
recorded immediately before, immediately after, and 30 min 
post-ccPAS.

Source reconstruction was performed to identify cortical generators 
of the EEG signal, and functional connectivity across frequency bands 
was estimated using multivariate spectral Granger Causality. By 
assessing frequency-dependent directional influences among cortical 
regions, graph theory-based metrics provide a means to disentangle 
forward and backward components within large-scale cortical networks 
(Barnett and Seth, 2014). To summarize directional changes, we 
computed an Outdegree index (Rubinov and Sporns, 2010; Farahani 
et al., 2019), which quantifies the total strength of information a node 
transmits to other regions by summing the weights of its outgoing edges 
(Huang et al., 2016; van Mierlo et al., 2018). Here, this index was used to 
assess the extent to which temporoparietal regions surrounding pSTS 
exert backward influences on occipital areas (e.g., V1/V2), and vice 
versa. This approach provides a principled framework to capture the net 
directionality of information flow and to test whether ccPAS selectively 
enhances backward versus forward connectivity.

Based on our previous findings (Borgomaneri et al., 2023), and the 
principle of Hebbian-like plasticity thought to underlie ccPAS (Di Luzio 
et al., 2024), we hypothesized that ccPASSTS-V1 would induce plastic 
changes, expressed as an increase in backward connectivity from pSTS 
to V1/V2. In contrast, reversing the stimulation order (ccPASV1-STS) was 
expected to exert little or no effect on backward connectivity and rather 
affect forward connectivity.

2. Methods

2.1. Participants

Twenty healthy young adult humans (11 females, mean age ±
standard deviation: 24.3 ± 3.3 years) took part in the study. They were 
right-handed, had normal or corrected to normal vision, and were 
screened for contraindications to TMS (Rossi et al., 2009, 2021), 
including a history of neurological or psychiatric disorders and current 
use of psychotropic medication. No participant reported such condi
tions. Participants gave their written informed consent, but no formal 
questionnaires assessing subclinical depressive or anxiety symptoms 
were administered. The University of Bologna's Bioethics Committee 
approved the procedures, ensuring they adhered to the ethical standards 
outlined in the Declaration of Helsinki (World Medical Association, 
2013). No discomfort or adverse effects from TMS were observed or 
reported throughout the experimental sessions.

2.2. Experimental design

Participants underwent two sessions of ccPAS protocol presented in a 
single-blinded and counterbalanced order on different days, with an 
interval of at least 7 days between sessions for washout 
(Hernandez-Pavon et al., 2023b): in one session, stimulation was 
delivered from pSTS to V1/V2 (“ccPASSTS-V1” protocol), whereas in the 
other the order of the stimulation pulses was reversed (“ccPASV1-STS”) 
(see “ccPAS protocol” below and (Borgomaneri et al., 2023) for more 
details). For each session, the primary outcome consisted of EEG re
cordings during three different 5-min eyes-open resting-state periods: 
just before the stimulation protocol (“pre” time interval), immediately 
after (“post0min”), and 30 min post stimulation (“post30min”). These 
measures were recorded to investigate potential changes in 
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cortico-cortical connectivity within the pSTS-V1/V2 network induced 
by the ccPAS protocols. A schematic illustration of the experimental 
design is depicted in Fig. 1. In addition to resting-state EEG, participants 
also completed an emotion recognition task (differentiating between 
facial expressions of fear and happiness) and underwent single-pulse 
TMS–EEG blocks at rest during each session. These behavioral and 
TMS-EEG data will not be presented in this manuscript, as they address 
questions that go beyond the specific focus on resting-state Granger 
connectivity in the present study.

2.3. ccPAS protocol

The ccPAS protocols were delivered with a monophasic Magstim 
BiStim2 machine (Magstim Company, UK) using two 50-mm figure-of- 
eight coils positioned over the right pSTS and V1/V2. For both stimu
lation sites, coils were positioned tangentially to the scalp. The coil over 
the pSTS site was oriented to induce an anteroposterior (AP) current in 
the underlying tissue directed toward the occipital target (V1/V2). 
Conversely, the coil over V1/V2 was oriented to induce an AP current 
directed toward the temporal target (pSTS). A total of 90 stimulus pairs 
were administered continuously at 0.1 Hz for ~15 min (Buch et al., 
2011; Johnen et al., 2015; Romei et al., 2016; Fiori et al., 2018; 
Chiappini et al., 2018, 2020; Di Luzio et al., 2022; Turrini et al., 2022; 
Borgomaneri et al., 2023). In the ccPASSTS-V1 protocol, the first pulse 
was delivered over pSTS, followed 200 ms later by a second pulse over 
V1/V2, whereas in the ccPASV1-STS protocol, we used the same 200-ms 
ISI, but the order of the two pulses was reversed. The 200-ms ISI cor
responds to the estimated temporal window for physiological signal 
processing from pSTS to V1/V2 (Borgomaneri et al., 2023). Thus, in the 
ccPASSTS-V1 protocol, neurons in V1/V2 are first preactivated by the 
remote input elicited through pSTS stimulation and subsequently 
receive a direct exogenous input from the second TMS pulse over V1/V2. 
This temporal convergence of pre- and postsynaptic activation is 
thought to mimic the conditions that induce Hebbian-like spike-ti
ming-dependent plasticity (STDP) (Caporale and Dan, 2008). By 
contrast, the same ISI is unlikely to optimally capture the dynamics of 
the reverse pathway, as no behavioral or neural effects have been re
ported in previous studies using ccPASV1-STS (Borgomaneri et al., 2023; 
Cataneoet al., submitted). For this reason, this protocol serves as a 
suitable control condition. The intensity of the magnetic pulses was set 
at 60 % of the maximum stimulator output (MSO) (Borgomaneri et al., 
2023; Di Luzio et al., 2024; Di Luzio et al., 2022; Tarasi et al., 2024). The 
pulses were triggered remotely using a computer that controlled both 

stimulators. We selected 60% MSO to match our prior work employing 
the same ccPAS protocol and stimulation sites, where this setting was 
shown to be safe and effective in producing robust physiological and 
behavioral effects (Borgomaneri et al., 2023), and because many ccPAS 
studies targeting associative plasticity in non-motor networks adopt 
fixed intensities for feasibility and consistency across ccPAS protocols (e. 
g. Di Luzio et al., 2024).

2.4. Neuronavigation

The placement of the two coils over pSTS and V1/V2 sites was 
defined individually for each participant using the SofTaxic Neuro
navigation System (Electro Medical Systems). For neuronavigation, 
standard cranial landmarks (nasion, inion, and the two preauricular 
points) together with ~80 additional points uniformly distributed across 
the scalp were digitized with a Polaris Vicra system (Northern Digital). 
For each subject, an estimated individual MRI was generated by fitting a 
high-resolution MRI template to the participant’s scalp model and cra
nial landmarks through a 3D warping procedure. The right pSTS site was 
localized at Talairach coordinates x=53, y=− 49, z=10, derived from 
subject-weighted mean coordinates reported in a recent meta-analysis 
(Dricu and Frühholz, 2016). V1/V2 was identified by selecting the 
scalp location corresponding most closely to early visual cortex co
ordinates (x=19, y=− 98, z=1). These anatomical targets were the same 
as those used in our previous ccPAS work (Borgomaneri et al., 2023; 
Cataneoet al., submitted) and are in line with earlier TMS studies 
focusing on pSTS (Avenanti et al., 2013; Candidi et al., 2015; Ferrari 
et al., 2018; Paracampo et al., 2018; Pitcher, 2014) and V1/V2 (Bertini 
et al., 2010; Avenanti et al., 2012; Breveglieri et al., 2021).

2.5. EEG preprocessing

Resting-state EEG signals were offline preprocessed via the EEGLAB 
v2022.0 MATLAB toolbox (Delorme and Makeig, 2004). Signals were 
collected at a sampling frequency of 1000 Hz and subsequently 
down-sampled to 250 Hz, bandpass filtered between 1 and 100 Hz, and 
notch filtered from 48 to 52 Hz (via linear zero-phase non-causal FIR 
filters). The tracings of each subject were then decomposed into 32 in
dependent components via ICA (Bell and Sejnowski, 1995), in order to 
identify and remove artefactual components. Unique, non-stereotyped 
artifacts such as eye blinks were removed by visual inspection. Bad 
epochs (the ones presenting huge rubbing artifacts or undefined signif
icant noise) were also removed. These pre-processing steps were 

Fig. 1. Schematic representation of the experimental design. Surface EEG was recorded during three 5-min eyes-open resting-state blocks, immediately before ccPAS 
(“pre”, baseline), immediately after (“post0min”, T0), and 30 min later (“post30min”, T30). Each participant completed two ccPAS sessions, one supposedly enhancing 
the pSTS-to-V1/V2 pathway (ccPASSTS-V1) and a control condition (ccPASV1-STS).
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performed blind to both the conditions and the time intervals.

2.6. Cortical source reconstruction

Cortical source activity was reconstructed starting from the pre
processed EEG signals. Intracortical current densities were computed 
employing the Brainstorm MATLAB toolbox (Tadel et al., 2011). A 
template three-layer head model (ICBM152 MNI template, which sub
divides the cortex into 15,002 vertices) was used to address the forward 
problem. We solved the forward problem involving the Boundary 
Element Method within the OpenMEEG software (Gramfort et al., 2010). 
For estimating cortical sources, we adopted the standardized sLORETA 
algorithm, a linear inverse solution method for 3D EEG distributed 
source modeling (Pascual-Marqui, 2002). The algorithm computes a 
weighted minimum norm solution, in which the localization inference 
relies on standardized estimates of current density. The resulting solu
tion is instantaneous, distributed, discrete, and linear and is presented 
with zero dipole localization error under ideal conditions (i.e., 
noise-free). We considered constrained dipole orientations, arranged 
perpendicularly to the cortical surface. For each participant, time in
terval, and session, we extracted the resting-state time series of stan
dardized current densities for all 15,002 vertices. Subsequently, the 
cortical vertices were grouped based on the Brainnetome Atlas (Fan 
et al., 2016), which defines 246 regions of interest (ROIs) of the bilateral 
hemispheres. Within each ROI, the activities of the vertices were aver
aged at each time point, thereby resulting in a singular time series 
representative of the cortical ROI activity.

2.7. Multivariate spectral Granger Causality functional connectivity 
analysis

Starting from the Talairach coordinates of the two stimulation sites 
(for pSTS: x=53, y=− 49, z=10; for V1/V2: x=19, y=− 98, z=1) (see 
(Borgomaneri et al., 2023)), we identified 11 ROIs for the functional 
connectivity analysis based on the Brainnetome Atlas. Specifically, we 
selected the six parcels located closest to the pSTS stimulation site 
(temporoparietal cluster) and the five parcels located closest to the V1/V2 
stimulation site (occipital cluster). These ROIs are depicted in Fig. 2.

Functional connectivity analysis was performed across the 11 
selected ROIs. Because resting-state GC relies on approximate signal 
stationarity, signals were first standardized with unit variance and zero 
mean to achieve data stationarity (Tawakuli et al., 2025). Then, we 
applied a multivariate spectral Granger Causality estimator (MVGC 

MATLAB toolbox (Barnett and Seth, 2014)), which yields weighted and 
directional metrics of causal interactions between ROIs across the entire 
signal's frequency spectrum. Multivariate spectral Granger Causality 
(GC) was subsequently employed to allow the mitigation of spurious 
causal inferences by accounting for joint dependencies from additional 
variables, thereby providing a more robust assessment of complex brain 
network interrelationships than a simple bivariate approach (Pelle et al., 
2025). For each session, time interval, and participant, the multivariate 
spectral GC was computed for all ROI pairs and in both directions. 
Model-order selection was performed following Akaike and Bayesian 
Information Criteria analyses (Hlaváčková-Schindler and Plant, 2020). 
AIC and BIC values were computed for orders ranging from 1 to 100. The 
order p of the model was therefore set to 25, as an optimal compromise 
between model fit and parsimony. Accordingly, GC estimated values 
remain relatively stable for p ≥ 25 (this value is also in line with our 
previous studies (Ursino et al., 2022; Pirazzini et al., 2023)). The 
computation provided an 11×11 connectivity matrix for each frequency 
sample (with auto-loops equal to zero). The spectral connectivity matrix 
for each participant was first averaged within the 4–80 Hz frequency 
range (from the lower bound of the theta band to the upper bound of the 
low-mid gamma band), obtaining an 11×11 connectivity matrix for 
each session (ccPASSTS-V1 and ccPASV1-STS), time interval (pre, post0min, 
and post30min), and participant. Subsequently, the same procedure was 
repeated for each frequency band (4–8 Hz for theta, 8–12 Hz for alpha, 
12–30 Hz for beta, and 30–80 Hz for low-mid gamma). Finally, outliers 
were identified and then removed using the interquartile range method, 
where single connectivity values falling outside Q1 − 1.5 × IQR and 
Q3 + 1.5 × IQR were excluded from further analyses.

The previous procedure provided one matrix per participant in each 
frequency band. To identify significant connections a two-tailed Monte 
Carlo non-parametric permutation t-test (5000 permutations) was 
employed for each session, comparing “pre” vs. “post0min” and “pre” vs. 
“post30min” matrices (Metropolis and Ulam, 1949). Significantly different 
connections were defined as those having a corrected p-value lower than 
0.05 (False Discovery Rate correction, Benjamini-Hochberg procedure 
(Benjamini and Hochberg, 1995)). Consequently, among the possible 
11×11 connections, solely the significantly different connections be
tween pre and post0min (between pre and post30min) time intervals were 
retained, while all non-significant connections were set to zero. This is a 
procedure commonly used in connectivity analysis (van den Heuvel 
et al., 2017; Pirazzini et al., 2023), and from this point onward, we 
referred to these matrices as “sparse”. In conclusion, we obtained thirty 
sparse matrices with dimensions 11×11: one for each ccPAS protocol 

Fig. 2. Selected cortical regions. Selected ROIs from the Brainnetome Atlas for functional connectivity analysis: panel a) top view; panel b) lateral view; panel c) 
bottom view. A40c: caudal area 40 (MNI coordinates: 55.8; − 43.81; 42.43); A22c: caudal area 22 (64.56; − 27.73; 10.85); A39rv: rostroventral area 39 (52.88; 
− 54.62; 30.44); A37dl: dorsolateral area 37 (62.6; − 47.25; 0.79); A39rd: rostrodorsal area 39 (37.35; − 62.22; 41.21); A39c: caudal area 39 (47.05; − 69.32; 17.42); 
cLingG: caudal Lingual Gyrus (6.33; − 82.18; − 10.56); msOccG: medial superior Occipital Gyrus (20.84; − 86.64; 24.15); iOccG: inferior Occipital Gyrus (30.57; 
− 78.38; − 12.44); OPC: Occipital Polar Cortex (24.72; − 96.64; 0.29); V5/MT+: area V5/MT+ (49.97; − 67.59; 0.59). ROIs of the temporoparietal cluster are depicted 
in green, while those of the occipital cluster in brown.
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(ccPASSTS-V1, ccPASV1-STS), time interval (pre, post0min, and post30min time 
intervals), and frequency band (entire frequency range, theta, alpha, 
beta, and gamma bands) by averaging the sparse connectivity matrices 
over the 20 participants. All analyses described in Section 3.1 will be 
carried out on these sparse matrices.

Finally, the interconnections among all cortical ROIs have been 
depicted as a weighted graph, using the difference between the connec
tivity values at time post0min and pre (or the difference between the 
connectivity values at post30min and pre). The edge's weight denotes these 
connectivity differences, while the ROIs are the graph's nodes (Minati 
et al., 2013).

2.8. Analysis of backward and forward connectivity

To investigate the specificity of neurophysiological effects induced 
by the two ccPAS protocols, we focused primarily on long-range con
nectivity between the two clusters, thus excluding within-cluster con
nections. By long-range connectivity we mean connectivity between 
spatially distant cortical regions, specifically the occipital and the tem
poroparietal lobe. These areas are not only anatomically separate, but 
also hierarchically distinct within the visual system. In particular, we 
analyzed changes in backward connectivity (i.e., from temporoparietal 
to occipital ROIs) and forward connectivity (i.e., from occipital to 
temporoparietal ROIs) using a fundamental index taken from graph- 
theory: the Outdegree (Van Steen, 2010). Outdegree quantifies the influ
ence of one cluster on another, defined as the sum of edge weights from 
all ROIs in one of the two clusters projecting to the second. In short, it 
reflects the extent to which a region sends information to another.

Outdegree values depend on the number of connections exiting a 
cluster. The greater the number of connections, the greater the out
degree. Hence, to make the comparisons uniform among different con
ditions, for each frequency band, we selected all connections present in 
at least one of the sparse matrices obtained in the previous analysis: i.e., 
a connection that survived at least one of the four previous permutation 
tests (pre vs post0min and pre vs post30min, for both ccPAS sessions). This 
procedure yielded less-sparse matrices, in which a connection is set to 
zero only if it was never significant in any of the four tests. Conse
quently, the total number of connections is constant in all tests; this 
ensures that the Outdegree interpretation is not influenced by different 
matrix sparsities, but rather by actual changes in connectivity strength, 
reinforcing confidence in our network-level conclusions. For each ses
sion, participant, time interval, and frequency band, we computed the 
Outdegree of the temporoparietal cluster and the Outdegree of the occipital 
cluster. Therefore, we evaluated the sum of the outgoing connections 
from all ROIs belonging to one cluster and entering the other. We will 
call this set of connections backward and forward connectivity.

To assess the significance of the results, in Section 3.2 we statistically 
evaluated changes in inter-cluster Outdegree both within the same 
stimulation protocol (i.e., across different time intervals, pre vs post0min 
and pre vs post30min) and between the two different sessions (ccPASSTS-V1 
vs ccPASV1-STS, at both post0min and post30min time intervals). These 
comparisons were made for each considered frequency band. Note that 
when we compared the two ccPAS sessions, we did not compare the 
absolute values of Outdegree at post0min and post30min, but rather their 
differences from the relative values at pre (i.e., immediately before the 
stimulation protocol). This choice was made to assess which session 
showed the greatest change in connectivity, rather than which had the 
higher absolute values in inter-cluster connections.

Finally, although the main focus of this study was to investigate long- 
range connectivity between clusters, we also evaluated changes in intra- 
cluster connectivity between the two sessions for the entire frequency 
band. This was done to determine whether stimulation protocols exert a 
direct influence within clusters and whether this depends on the order of 
stimulation.

All statistical comparisons were performed via paired samples t-tests 
to evaluate t- and p-statistics. To further characterize the magnitude of 

the observed effects, effect-size estimates (Cohen’s d and partial eta- 
squared ηp²) were also computed. To account for the risk of Type I er
rors due to multiple testing, p-values were Bonferroni-corrected for 4 
comparisons. Moreover, to test for possible order or carryover effects, a 
preliminary 2×2 mixed-design ANOVA was performed on the baseline 
(“pre”) Outdegree data. The analysis revealed neither a significant main 
effect of order nor a condition×order interaction.

3. Results

3.1. Graph analysis

Fig. 3 displays the functional connectivity analysis results for the 
entire 4–80 Hz frequency band. Results show a significant increase in 
functional connectivity from the temporal cluster after the ccPASSTS-V1 
protocol. This increase, which especially concerns the backward direc
tion, is already noticeable immediately after the stimulation (post0min), 
and becomes more pronounced after 30 min. Conversely, ccPASV1-STS 
induced only minor connectivity changes at time post0min. After 30 min, 
a network of mainly feedforward connections also begins to develop for 
the ccPASV1-STS protocol.

3.2. Outdegree analysis

Results of the statistical comparisons between the Outdegree values in 
the temporoparietal and occipital clusters are reported in Fig. 4 for the 
entire frequency range. The comparisons across time intervals (Fig. 4, 
panel a) and panel b)) reveal a statistically significant increase in back
ward Outdegree only after ccPASSTS-V1; this increase was already present 
at post0min and still consistent at post30min. Conversely, an increase in 
forward connectivity was found for both protocols, but only after 30 
min. The comparison between the two sessions (Fig. 4 panel c)) shows 
that the increase in Outdegree for backward connections is significantly 
greater for the ccPASSTS-V1 (both immediately and after 30 min), while 
the increase in Outdegree for forward connections was significantly 
greater for the reverse ccPASV1-STS protocol only after 30 min.

Statistical results for all comparisons of Fig. 4 are summarized in 
Table 1 (including t-statistics, p-values, Cohen's d, and partial eta- 
squared ηp²). For all statistically significant comparisons (corrected 
p<0.05; highlighted in bold in the table), effect size estimates revealed 
large magnitudes (|Cohen's d|>0.79, up to 1.31; ηp²>0.40, up to 0.64). 
These findings suggest that the observed modulations are robust and 
likely reflect underlying changes in connectivity.

The same analyses were repeated for the single frequency bands: 
theta, alpha, beta, and low-mid gamma. Results are depicted in Fig. 5, 
Fig. 6, Fig. 7 and Fig. 8. In general, the different frequency bands 
replicate the overall behavior of the entire 4–80 Hz band. Nonetheless, 
some interesting differences are noticeable. In particular, an increase in 
backward connections is also present for ccPASV1-STS at post0min in the 
theta band (Fig. 5, panel b)), while an increase in forward connections 
can also be seen in the gamma band immediately after ccPASSTS-V1 
(Fig. 8, panel a)). Regarding the theta band, however, after 30 min, the 
increase in backward connectivity following ccPASV1-STS is smaller than 
the increase after ccPASSTS-V1.

Statistical results for all comparisons across different frequency 
bands are reported in Table S1 of the “Supplementary material”.

The results of the within-clusters changes in Outdegree between the 
two sessions for the entire frequency-band are reported in the “Supple
mentary material”, Fig. S1. Notably, a significantly greater increase in 
connectivity is always observed in the “first” stimulated cluster. That is, 
the ccPASSTS-V1 session mainly increases the connections internal to the 
temporoparietal cluster, whereas ccPASV1-STS especially increases those 
internal to the occipital one.
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4. Discussion

We asked whether long‑latency ccPAS over pSTS and V1/V2 can 
shape directional functional interactions within a lateral occipi
to‑temporal circuit implicated in social and emotion perception 
(Borgomaneri et al., 2023; Pitcher and Ungerleider, 2021). To address 
this question, we repeatedly paired pSTS and V1/V2 stimulation, 
building on the long-latency communication delay between the two 
regions (from pSTS to V1/V2 (Borgomaneri et al., 2023)), and tested 
changes in connectivity using resting-state EEG combined with sour
ce‑level, multivariate spectral Granger Causality analysis. Compared to 
more traditional metrics such as correlation or coherence, this approach 
allows estimation not only of the temporal and spectral aspects of 
cortical interactions but also of their directionality. It is therefore 
particularly suited to highlight the potential of ccPAS in modulating 
cortical dynamics in backward or forward directions.

Our results show that functional connectivity within the pSTS-V1/V2 
circuit is malleable in a direction-specific manner. The ccPASSTS-V1 
protocol consistently enhanced backward (temporoparietal to occipital) 
connectivity, immediately after stimulation and 30 min later. We 
recognize that the immediate effects found at 0 min after ccPAS may 
reflect a combination of associative plasticity and non-specific factors 
(such as transient network perturbations) that do not indicate an already 
consolidated synaptic change. It is important to note, however, that the 
changes we observe at 0 min, particularly those involving backward 
connectivity, are fully confirmed at 30 min. This supports the interpre
tation that these effects already reflect the onset of plastic changes, whit 

later measurements at 30 min capturing their more consolidated 
expression. In contrast, changes in forward (occipital to temporopar
ietal) connectivity emerged only after 30 min, robustly after the reverse 
ccPASV1-STS protocol and more weakly after ccPASSTS-V1. Together, these 
results demonstrate that long-latency ccPAS can transiently bias the 
directionality of interactions in a putative “third” visual pathway linking 
pSTS with the visual cortex, in a time- and direction-dependent manner, 
with immediate effects confined to backward connectivity and delayed 
effects on forward connectivity, likely reflecting both specific and 
compensatory/homeostatic adjustments. Specifically, the post30min 
resting-state recording occurred after additional experimental blocks 
(see the “Methods” section), which may have altered arousal, attention, 
or fatigue levels and thereby contributed to more global changes in 
connectivity. Importantly, however, the sequence and nature of these 
intervening blocks were identical in the ccPASSTS-V1 and ccPASV1-STS 
sessions, so any such global state fluctuations would be expected to 
affect both protocols and may therefore contribute to the non-specific 
component of the delayed forward increases observed across sessions.

Most prior ccPAS studies have used short interstimulus intervals 
(<10 ms) to strengthen direct cortico-cortical pathways, especially in 
the motor system (e.g., (Rizzo et al., 2009; Buch et al., 2011; Turrini 
et al., 2022, 2023a, 2023b, 2024; Bevacqua et al., 2024; Di Luzio et al., 
2024; Breveglieri et al., 2025; Turrini et al., 2025) but see (Chiappini 
et al., 2020) for longer ISIs). Similarly, prior ccPAS applied over visual 
areas have commonly used ISIs tailored to short delay interactions be
tween higher-order regions and early visual areas (Romei et al., 2016; 
Chiappini et al., 2018, 2022; Di Luzio et al., 2022; Bevilacqua et al., 

Fig. 3. Functional connectivity changes across the entire frequency band. Results are shown for all connections that exhibit significant (FDR BH-corrected) differences 
between pre and post0min (left column) and pre and post30min (right column), for both stimulation sessions. The top row corresponds to the ccPASSTS-V1 protocol, the 
bottom row to the ccPASV1-STS protocol. Red arrows indicate connections stronger after stimulation (post0min or post30min), blue arrows those stronger at pre, with 
arrow width proportional to the difference in connectivity values. Histograms next to the cortical maps display the number of significant connections: increases are 
plotted on the positive y-axis and decreases on the negative y-axis for each cluster. Connections are organized by directionality: in each histogram, we display the 
total number of connections (for the TEMP or OCC cluster), those internal to a cluster (Temp→Temp and Occ→Occ), and those connecting one cluster to the other 
(Temp→Occ and Occ→Temp). ROIs labels are omitted for clarity but are reported in Fig. 2. Since only the top view of the cortex is shown, the position of the ROIs has 
been slightly shifted from their original positions to make the graph clearer.
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2023, 2025) generally using ISIs below 20 ms. By contrast, our 
long-latency ccPAS with a 200-ms interval - derived from TMS–EEG 

estimates of pSTS-to-V1/V2 backward interactions (Borgomaneri et al., 
2023) - was designed to engage indirect reentrant pathways, consistent 
with anatomical evidence that pSTS and early visual areas are mainly 
linked via polysynaptic routes (Driss Boussaoud et al., 1990; Kathleen S. 
Rockland and Van Hoesen, 1994; Weiner et al., 2016; Weiner and 
Gomez, 2021).

Previous application of this long-latency ccPASSTS-V1 protocol 
showed improvements in emotion expression recognition, interpreted as 
reflecting strengthened backward connectivity (Borgomaneri et al., 
2023; Cataneo et al., submitted). However, this interpretation was 
inferred indirectly from the order and timing of the paired pulses during 
ccPASSTS-V1, as no direct connectivity metrics were assessed. Our 
resting-state EEG findings now fill this gap by providing direct evidence 
that long-latency ccPASSTS-V1 uniquely induces an increase in backward 
functional connectivity at rest, an effect not observed with the reverse 
protocol. This indicates that Hebbian-like mechanisms can be recruited 
not only in monosynaptic circuits but also in long-range, polysynaptic 
reentrant pathways, and establishes that backward temporo-occipital 
projections are plastic and susceptible to timing-based neuro
modulation when stimulation is aligned with their intrinsic communi
cation delays.

By demonstrating that long-latency ccPAS directly enhances back
ward connectivity, our study provides the missing physiological link 
that complements prior behavioral and electrophysiological findings 
(Borgomaneri et al., 2023; Cataneo et al., submitted). Taken together, 
the evidence now clearly indicates that the backward pathway from 
pSTS to the visual cortex is not only malleable and sensitive to 
long-latency ccPAS, but also causally essential for the perception of 
emotional expressions. This supports a critical role of the lateral 
temporo-occipital “third” visual pathway in social perception (Pitcher 
and Ungerleider, 2021; Weiner and Gomez, 2021) and aligns with 
models emphasizing backward projections and iterative processing 
loops that challenge strictly feedforward views of visual architecture 
(Lamme and Roelfsema, 2000; Summerfield and de Lange, 2014; Michel 
et al., 2019). Notably, prior work showed that perceptual improvements 

Fig. 4. Statistical comparison of inter-cluster Outdegree values across time intervals and sessions for the entire frequency band. a) Outdegree comparisons for ccPASSTS-V1: 
post0min vs pre (left column) and post30min vs pre (right column). b) Outdegree comparisons for ccPASV1-STS. c) Comparison of Outdegree changes between the two 
protocols: ccPASSTS-V1 vs ccPASV1-STS, at the two different time intervals: post0min (left column) and post30min (right column). Asterisks indicate significance (* p 
< 0.05, ** p < 0.01, *** p < 0.001; Bonferroni-corrected for 4 multiple comparisons). X denotes p < 0.05 (uncorrected). Error bars indicate 95% confidence intervals 
(CI). Faint lines represent individual participant trajectories.

Table 1 
Statistical results of paired samples t-tests and effect size estimates for the entire 
frequency band (4–80 Hz). t(19) indicates the t-statistic with 19 degrees of 
freedom. p-values are Bonferroni-corrected for 4 multiple comparisons. Cohen’s 
d and partial eta-squared (ηp

2) provide effect size estimates. Statistically signifi
cant comparisons (corrected p<0.05) are highlighted in bold.

ENTIRE FREQUENCY RANGE (4–80 Hz)

Session Direction Time 
interval

t(19) p-value 
(corrected)

Cohen's 
d

ηp
2

ccPASSTS- 

V1

Backward pre vs 
post0

¡5.16 <0.001 ¡1.15 0.58

​ Forward pre vs 
post0

− 0.09 1.00 − 0.20 0.04

​ Backward pre vs 
post30

¡5.29 <0.001 ¡1.18 0.60

​ Forward pre vs 
post30

¡3.54 <0.01 ¡0.79 0.40

ccPASV1- 

STS

Backward pre vs 
post0

− 1.19 1.00 − 0.27 0.07

​ Forward pre vs 
post0

− 1.30 0.84 − 0.29 0.08

​ Backward pre vs 
post30

− 0.16 1.00 − 0.04 0.00

​ Forward pre vs 
post30

¡5.84 <0.001 ¡1.31 0.64

ccPASSTS- 

V1 vs 
ccPASV1- 

STS

Backward pre vs 
post0

2.32 0.13 0.51 0.22

​ Forward pre vs 
post0

− 0.34 1.00 − 0.08 0.01

​ Backward pre vs 
post30

3.96 <0.01 0.89 0.45

​ Forward pre vs 
post30

− 2.51 0.08 − 0.56 0.25
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following ccPASSTS-V1 were restricted to emotional expression recogni
tion and did not extend to gender judgments of the same faces 
(Borgomaneri et al., 2023; Cataneo et al., submitted), which rely on 
ventral occipito-temporal regions such as the fusiform gyrus (Haxby 
et al., 2000; Pitcher et al., 2011). This dissociation suggests that 

pSTS-to-V1/V2 feedback preferentially contributes to emotional aspects 
of face perception, whereas other facial attributes are likely mediated by 
distinct, parallel pathways.

Our study also highlights a striking asymmetry between the two 
stimulation protocols, likely due to the stimulation timing being 

Fig. 5. Statistical comparison of inter-cluster Outdegree values across time intervals and sessions for the theta band. a) Outdegree comparisons for ccPASSTS-V1: post0min vs pre 
(left column) and post30min vs pre (right column). b) Outdegree comparisons for ccPASV1-STS. c) Comparison of Outdegree changes between the two different protocols: 
ccPASSTS-V1 vs ccPASV1-STS, at the two different time intervals: post0min (left column) and post30min (right column). Asterisks indicate significance (* p < 0.05, ** p 
< 0.01, *** p < 0.001; Bonferroni correction for 4 multiple comparisons). X denotes p < 0.05 (uncorrected). Error bars indicate 95% CI. Faint lines represent in
dividual participant trajectories.

Fig. 6. Statistical comparison of inter-cluster Outdegree values across time intervals and sessions for the alpha band. a) Outdegree comparisons for ccPASSTS-V1: post0min vs pre 
(left column) and post30min vs pre (right column). b) Outdegree comparisons for ccPASV1-STS. c) Comparison of Outdegree changes between the two different protocols: 
ccPASSTS-V1 vs ccPASV1-STS, at the two different time intervals: post0min (left column) and post30min (right column). Asterisks indicate significance (* p < 0.05, ** p 
< 0.01, *** p < 0.001; Bonferroni correction for 4 multiple comparisons). X denotes p < 0.05 (uncorrected). Error bars indicate 95% CI. Faint lines represent in
dividual participant trajectories.
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optimized for the physiological delay of the backward pSTS-to-V1/V2 
pathway rather than the forward V1/V2-to-pSTS pathway 
(Borgomaneri et al., 2023). While ccPASSTS-V1 rapidly enhanced back
ward connectivity, with effects persisting at post30min, changes in for
ward interactions were delayed and likely reflected a combination of 

protocol-specific and non-specific effects. Increases in forward connec
tivity emerged only 30 min after stimulation and were stronger 
following ccPASV1-STS, with weaker effects also present after 
ccPASSTS-V1. This delayed pattern is compatible with secondary, 
network-level adjustments and possibly homeostatic mechanisms, but 

Fig. 7. Statistical comparison of inter-cluster Outdegree values across time intervals and sessions for the beta band. a) Outdegree comparisons for ccPASSTS-V1: post0min vs pre 
(left column) and post30min vs pre (right column). b) Outdegree comparisons for ccPASV1-STS. c) Comparison of Outdegree changes between the two different protocols: 
ccPASSTS-V1 vs ccPASV1-STS, at the two different time intervals: post0min (left column) and post30min (right column). Asterisks indicate significance (* p < 0.05, ** p 
< 0.01, *** p < 0.001; Bonferroni correction for 4 multiple comparisons). X denotes p < 0.05 (uncorrected). Error bars indicate 95% CI. Faint lines represent in
dividual participant trajectories.

Fig. 8. Statistical comparison of inter-cluster Outdegree values across time intervals and sessions for the gamma band. a) Outdegree comparisons for ccPASSTS-V1: post0min vs 
pre (left column) and post30min vs pre (right column). b) Outdegree comparisons for ccPASV1-STS. c) Comparison of Outdegree changes between the two different 
protocols: ccPASSTS-V1 vs ccPASV1-STS, at the two different time intervals: post0min (left column) and post30min (right column). Asterisks indicate significance (* p 
< 0.05, ** p < 0.01, *** p < 0.001; Bonferroni correction for 4 multiple comparisons). X denotes p < 0.05 (uncorrected). Error bars indicate 95% CI. Faint lines 
represent individual participant trajectories.
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alternative explanations, including unspecific TMS effects and broader 
fluctuations in brain state, cannot be ruled out with the present design. 
Similar compensatory mechanisms have been proposed in other studies 
using both short- and longer-latency ccPAS protocols (e.g., (Johnen 
et al., 2015; Chiappini et al., 2020)). This pattern of findings underscores 
a temporal asymmetry in long-latency ccPAS effects, with immediate 
Hebbian-like potentiation confined to the targeted backward pathway, 
and delayed forward changes arising from a mixture of protocol-specific 
and secondary network-level adjustments.

Frequency-band analyses were broadly consistent with these direc
tional effects across multiple oscillatory bands, but also revealed nu
ances. The presence of enhanced backward connectivity in the theta 
band following ccPASV1-STS and the enhancement of forward connec
tions in the gamma band following ccPASSTS-V1 - both observed imme
diately post-stimulation - suggest that both lower- and higher-frequency 
oscillations may exhibit a different sensitivity to ccPAS interventions. 
Importantly, these frequency-specific effects merit further investigation, 
as they may reflect the involvement of different oscillatory mechanisms. 
For example, slower theta oscillations have been often associated with 
long-range coordination and top-down control of sensory processing, 
while the faster gamma activity is commonly believed to be involved in 
bottom-up, feedforward transmission of information along visual path
ways (Fries, 2005; Cavanagh and Frank, 2014; Bastos et al., 2015; 
Michalareas et al., 2016).

The present methodology offers promising applications for future 
investigations of associative plasticity within different brain networks 
and may guide the development of specific neuromodulatory in
terventions aimed at restoring optimal cortical function in clinical 
populations. For example, the ability to selectively strengthen specific 
functional pathways may prove valuable in addressing emotion 
perception deficits observed in various neuropsychiatric or neuropsy
chological disorders (e.g. (Kohler et al., 2004; Bediou et al., 2012; 
Narme et al., 2013)).

Some limitations should be acknowledged. Our post-stimulation 
evaluation window was limited to 30 min, preventing conclusions 
about the long-term persistence of these connectivity changes. Yet, 
based on behavioral (Borgomaneri et al., 2023) and electrophysiological 
findings (Cataneo et al., submitted) we may expect changes to persist for 
at least 80 min post-stimulation. We administered the same 200-ms ISI - 
estimated to manipulate backward pSTS-to-V1/V2 connectivity 
(Borgomaneri et al., 2023) - in the reverse ccPASV1-STS protocol. Yet, 
feedforward communication is thought to occur more rapidly than 
feedback (Semedo et al., 2022). Therefore, future studies should deter
mine the specific effect duration of long-latency ccPAS on connectivity, 
whether ccPASV1-STS delivered with shorter ISIs tailored to forward in
teractions can more effectively modulate connectivity along the 
V1/V2-to-pSTS direction. The present work was specifically designed to 
characterize ccPAS-induced changes in resting-state connectivity, future 
studies should integrate these measures with behavioral indices of social 
perception at the single-subject level, to clarify how individual differ
ences in ccPAS-induced connectivity changes relate to behavioral 
changes. The absence of a sham ccPAS session and the presence of 
intervening tasks between the immediate and 30 min recordings prevent 
us from determining whether delayed forward changes reflect 
compensatory plasticity, non-specific TMS effects, or global state fluc
tuations. Future studies could also benefit from electric-filed modelling 
or individualized intensity calibration to further refine pathway-specific 
ccPAS protocols. Finally, although participants denied any history of 
psychiatric conditions or psychotropic medication use, we did not 
administer standardized questionnaires for subclinical mood or anxiety 
(e.g., BDI, STAI). Since individual differences in anxiety or depression 
can modulate neural responses to emotional faces in occipito-temporal 
regions, including areas within the pSTS-visual network (e.g. (Gentili 
et al., 2015; Kustubayeva et al., 2023)), future work should include such 
measures to better characterize their potential influence on 
connectivity.

In summary, our study demonstrates that long-latency ccPAS can 
causally and selectively modulate the directionality of connectivity be
tween pSTS and the visual cortex. By applying a 200-ms ISI tuned to the 
intrinsic delay of the reentrant pathway (Borgomaneri et al., 2023), we 
observed robust and persistent enhancement of temporo-occipital 
backward connectivity, accompanied by delayed and weaker adjust
ments in the opposite forward direction. These results extend previous 
behavioral findings by providing direct physiological evidence that 
temporo-occipital backward projections are plastic and susceptible to 
timing-based neuromodulation. More broadly, together with prior 
behavioral findings (Borgomaneri et al., 2023; Cataneo et al., submitted) 
these findings suggest a key role of feedback signals within the lateral 
“third” visual pathway, challenging strictly feedforward accounts of 
visual perception. The asymmetry between backward and forward ef
fects further underscores the importance of pathway-specific delays in 
shaping ccPAS outcomes, and calls for future work to refine stimulation 
parameters for optimal targeting of distinct cortico-cortical routes. 
Together, these findings establish long-latency ccPAS as a powerful tool 
to probe and modulate large-scale reentrant circuits, advancing our 
understanding of the neural mechanisms that support social and 
emotional vision.
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Cincotta, M., Chen, R., Daskalakis, J.D., Di Lazzaro, V., Fox, M.D., George, M.S., 
Gilbert, D., Kimiskidis, V.K., Koch, G., Ilmoniemi, R.J., Lefaucheur, J.P., Leocani, L., 
Lisanby, S.H., Miniussi, C., Padberg, F., Pascual-Leone, A., Paulus, W., Peterchev, A. 
V., Quartarone, A., Rotenberg, A., Rothwell, J., Rossini, P.M., Santarnecchi, E., 
Shafi, M.M., Siebner, H.R., Ugawa, Y., Wassermann, E.M., Zangen, A., Ziemann, U., 
Hallett, M., 2021. Safety and recommendations for TMS use in healthy subjects and 
patient populations, with updates on training, ethical and regulatory issues: expert 
Guidelines. Clin. Neurophysiol. 132, 269–306. https://doi.org/10.1016/j. 
clinph.2020.10.003.

Rossi, S., Hallett, M., Rossini, P.M., Pascual-Leone, A., 2009. Safety, ethical 
considerations, and application guidelines for the use of transcranial magnetic 
stimulation in clinical practice and research. Clin. Neurophysiol. 120, 2008–2039. 
https://doi.org/10.1016/j.clinph.2009.08.016.

Rubinov, M., Sporns, O., 2010. Complex network measures of brain connectivity: uses 
and interpretations. Neuroimage Comput. Models Brain. 52, 1059–1069. https://doi. 
org/10.1016/j.neuroimage.2009.10.003.

Semedo, J.D., Jasper, A.I., Zandvakili, A., Krishna, A., Aschner, A., Machens, C.K., 
Kohn, A., Yu, B.M., 2022. Feedforward and feedback interactions between visual 
cortical areas use different population activity patterns. Nat. Commun. 13, 1099. 
https://doi.org/10.1038/s41467-022-28552-w.

Seth, A.K., Barrett, A.B., Barnett, L., 2015. Granger Causality analysis in neuroscience 
and neuroimaging. J. Neurosci. 35, 3293–3297. https://doi.org/10.1523/ 
JNEUROSCI.4399-14.2015.

Summerfield, C., de Lange, F.P., 2014. Expectation in perceptual decision making: neural 
and computational mechanisms. Nat. Rev. Neurosci. 15, 745–756. https://doi.org/ 
10.1038/nrn3838.

Tadel, F., Baillet, S., Mosher, J.C., Pantazis, D., Leahy, R.M., 2011. Brainstorm: a user- 
friendly application for MEG/EEG analysis. Comput. Intell. Neurosci. 2011, 879716. 
https://doi.org/10.1155/2011/879716.

Tarasi, L., Turrini, S., Sel, A., Avenanti, A., Romei, V., 2024. Cortico-cortical paired- 
associative stimulation to investigate the plasticity of cortico-cortical visual 
networks in humans. Curr. Opin. Behav. Sci. 56, 101359. https://doi.org/10.1016/j. 
cobeha.2024.101359.

Tawakuli, A., Havers, B., Gulisano, V., Kaiser, D., Engel, T., 2025. Survey:time-series data 
preprocessing: a survey and an empirical analysis. J. Eng. Res. 13, 674–711. https:// 
doi.org/10.1016/j.jer.2024.02.018.

Turrini, S., Avenanti, A., 2023. Understanding the sources of cortico-cortical paired 
associative stimulation (ccPAS) variability: unraveling target-specific and state- 
dependent influences. Clin. Neurophysiol. 156, 290–292. https://doi.org/10.1016/j. 
clinph.2023.08.019.

Turrini, S., Bevacqua, N., Cataneo, A., Chiappini, E., Fiori, F., Candidi, M., Avenanti, A., 
2023a. Transcranial cortico-cortical paired associative stimulation (ccPAS) over 
ventral premotor-motor pathways enhances action performance and corticomotor 
excitability in young adults more than in elderly adults. Front. Aging Neurosci. 15. 
https://doi.org/10.3389/fnagi.2023.1119508.

Turrini, S., Fiori, F., Arcara, G., Romei, V., di Pellegrino, G., Avenanti, A., 2025. State- 
dependent associative plasticity highlights function-specific premotor-motor 
pathways crucial for arbitrary visuomotor mapping. Sci. Adv. 11, eadu4098. https:// 
doi.org/10.1126/sciadv.adu4098.

Turrini, S., Fiori, F., Bevacqua, N., Saracini, C., Lucero, B., Candidi, M., Avenanti, A., 
2024. Spike-timing-dependent plasticity induction reveals dissociable 
supplementary– and premotor–motor pathways to automatic imitation. Proc. Natl. 
Acad. Sci. 121, e2404925121. https://doi.org/10.1073/pnas.2404925121.

Turrini, S., Fiori, F., Chiappini, E., Lucero, B., Santarnecchi, E., Avenanti, A., 2023b. 
Cortico-cortical paired associative stimulation (ccPAS) over premotor-motor areas 
affects local circuitries in the human motor cortex via hebbian plasticity. 
Neuroimage 271, 120027. https://doi.org/10.1016/j.neuroimage.2023.120027.

Turrini, S., Fiori, F., Chiappini, E., Santarnecchi, E., Romei, V., Avenanti, A., 2022. 
Gradual enhancement of corticomotor excitability during cortico-cortical paired 
associative stimulation. Sci. Rep. 12, 14670. https://doi.org/10.1038/s41598-022- 
18774-9.

Ursino, M., Serra, M., Tarasi, L., Ricci, G., Magosso, E., Romei, V., 2022. Bottom-up vs. 
top-down connectivity imbalance in individuals with high-autistic traits: an 
electroencephalographic study. Front. Syst. Neurosci. 16. https://doi.org/10.3389/ 
fnsys.2022.932128.

van den Heuvel, M.P., de Lange, S.C., Zalesky, A., Seguin, C., Yeo, B.T.T., Schmidt, R., 
2017. Proportional thresholding in resting-state fMRI functional connectivity 
networks and consequences for patient-control connectome studies: issues and 
recommendations. Neuroimage 152, 437–449. https://doi.org/10.1016/j. 
neuroimage.2017.02.005.

van Mierlo, P., Lie, O., Staljanssens, W., Coito, A., Vulliémoz, S., 2018. Influence of time- 
series normalization, number of nodes, connectivity and graph measure selection on 
seizure-onset zone localization from intracranial EEG. Brain Topogr. 31, 753–766. 
https://doi.org/10.1007/s10548-018-0646-7.

Van Steen, M., 2010. Graph theory and complex networks. An Introduction 144 (1).
Wang, X., Song, Y., Zhen, Z., Liu, J., 2016. Functional integration of the posterior 

superior temporal sulcus correlates with facial expression recognition. Hum. Brain 
Mapp. 37, 1930–1940. https://doi.org/10.1002/hbm.23145.

Weiner, K.S., Gomez, J., 2021. Third visual pathway, anatomy, and cognition across 
species. Trends. Cogn. Sci. 25, 548–549. https://doi.org/10.1016/j. 
tics.2021.04.002.

Weiner, K.S., Jonas, J., Gomez, J., Maillard, L., Brissart, H., Hossu, G., Jacques, C., 
Loftus, D., Colnat-Coulbois, S., Stigliani, A., Barnett, M.A., Grill-Spector, K., 
Rossion, B., 2016. The face-processing network is resilient to focal resection of 
Human visual cortex. J. Neurosci. 36, 8425–8440. https://doi.org/10.1523/ 
JNEUROSCI.4509-15.2016.

World Medical Association, 2013. World medical association declaration of helsinki: 
ethical principles for medical research involving human subjects. JAMA 310, 
2191–2194. https://doi.org/10.1001/jama.2013.281053.

G. Pirazzini et al.                                                                                                                                                                                                                               NeuroImage 327 (2026) 121759 

12 

https://doi.org/10.1038/s41562-019-0531-8
https://doi.org/10.1093/acprof:oso/9780198524724.001.0001
https://doi.org/10.1093/acprof:oso/9780198524724.001.0001
https://doi.org/10.1097/WNR.0b013e3283621234
https://doi.org/10.1037/a0031522
https://doi.org/10.1037/a0031522
https://doi.org/10.1016/j.neuropsychologia.2018.01.043
https://doi.org/10.1016/j.neuropsychologia.2018.01.043
http://refhub.elsevier.com/S1053-8119(26)00077-7/sbref0054
http://refhub.elsevier.com/S1053-8119(26)00077-7/sbref0054
http://refhub.elsevier.com/S1053-8119(26)00077-7/sbref0054
https://doi.org/10.1162/netn.a.38
https://doi.org/10.1007/s00429-023-02646-7
https://doi.org/10.1007/s00429-023-02646-7
https://doi.org/10.1523/JNEUROSCI.5038-13.2014
https://doi.org/10.1523/JNEUROSCI.5038-13.2014
https://doi.org/10.1016/j.tics.2020.11.006
https://doi.org/10.1016/j.tics.2020.11.006
https://doi.org/10.1007/s00221-011-2579-1
https://doi.org/10.1007/s00221-011-2579-1
https://doi.org/10.1093/cercor/bhn144
https://doi.org/10.1093/cercor/4.3.300
https://doi.org/10.1093/cercor/4.3.300
https://doi.org/10.1016/j.cub.2016.06.009
https://doi.org/10.1016/j.clinph.2020.10.003
https://doi.org/10.1016/j.clinph.2020.10.003
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://doi.org/10.1038/s41467-022-28552-w
https://doi.org/10.1523/JNEUROSCI.4399-14.2015
https://doi.org/10.1523/JNEUROSCI.4399-14.2015
https://doi.org/10.1038/nrn3838
https://doi.org/10.1038/nrn3838
https://doi.org/10.1155/2011/879716
https://doi.org/10.1016/j.cobeha.2024.101359
https://doi.org/10.1016/j.cobeha.2024.101359
https://doi.org/10.1016/j.jer.2024.02.018
https://doi.org/10.1016/j.jer.2024.02.018
https://doi.org/10.1016/j.clinph.2023.08.019
https://doi.org/10.1016/j.clinph.2023.08.019
https://doi.org/10.3389/fnagi.2023.1119508
https://doi.org/10.1126/sciadv.adu4098
https://doi.org/10.1126/sciadv.adu4098
https://doi.org/10.1073/pnas.2404925121
https://doi.org/10.1016/j.neuroimage.2023.120027
https://doi.org/10.1038/s41598-022-18774-9
https://doi.org/10.1038/s41598-022-18774-9
https://doi.org/10.3389/fnsys.2022.932128
https://doi.org/10.3389/fnsys.2022.932128
https://doi.org/10.1016/j.neuroimage.2017.02.005
https://doi.org/10.1016/j.neuroimage.2017.02.005
https://doi.org/10.1007/s10548-018-0646-7
http://refhub.elsevier.com/S1053-8119(26)00077-7/sbref0082
https://doi.org/10.1002/hbm.23145
https://doi.org/10.1016/j.tics.2021.04.002
https://doi.org/10.1016/j.tics.2021.04.002
https://doi.org/10.1523/JNEUROSCI.4509-15.2016
https://doi.org/10.1523/JNEUROSCI.4509-15.2016
https://doi.org/10.1001/jama.2013.281053

	Evidence for enhanced backward connectivity in the third visual pathway following cortico-cortical paired associative stimu ...
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Experimental design
	2.3 ccPAS protocol
	2.4 Neuronavigation
	2.5 EEG preprocessing
	2.6 Cortical source reconstruction
	2.7 Multivariate spectral Granger Causality functional connectivity analysis
	2.8 Analysis of backward and forward connectivity

	3 Results
	3.1 Graph analysis
	3.2 Outdegree analysis

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Supplementary materials
	References


