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a b s t r a c t

Pseudoneglect is a set of visuospatial biases that entails a behavioral advantage for stimuli

appearing in the left hemifield compared to the right one. Although right hemisphere

dominance for visuospatial processing has been invoked to explain this phenomenon, its

neurophysiological mechanisms are still debated, and the role of intra- and inter-

hemispheric connectivity is yet to be defined. The present study explored the possibility

of modulating pseudoneglect in healthy participants through a cortico-cortical paired

associative stimulation protocol (ccPAS): a non-invasive brain stimulation protocol that

manipulates the interplay between brain regions through the repeated, time-locked

coupling of two transcranial magnetic stimulation (TMS) pulses. In the first experiment,

healthy participants underwent a frontal-to-parietal (FP) and a parietal-to-frontal (PF)

ccPAS. In the FP protocol, the first TMS pulse targeted the right frontal eye field (FEF), and

the second pulse the right inferior parietal lobule (IPL), two critical areas for visuospatial

and attentional processing. In the PF condition, the order of the pulses was reversed. In

both protocols, the inter-stimulus interval (ISI) was 10 ms. Before and after stimulation,

pseudoneglect was assessed with a landmark task and a manual line bisection task. A

second experiment controlled for ccPAS timing dependency by testing FP-ccPAS with a

longer ISI of 100 ms. Results showed that after administering the FP-ccPAS with the ISI of

10 ms, participants’ leftward bias in the landmark task increased significantly, with no

effects in the manual line bisection task. The other two protocols tested were ineffective.

Our findings showed that ccPAS could be used to modulate pseudoneglect by exploiting

frontal-to-parietal connectivity, possibly through increased top-down attentional control.

FP-ccPAS could represent a promising tool to investigate connectivity properties within
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visuospatial and attentional networks in the healthy and as a potential rehabilitation

protocol in patients suffering from severe visuospatial pathologies.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Pseudoneglect is a set of biases for the left side of space that

naturally occurs in healthy people during perceptual judg-

ment tasks (Bowers & Heilman, 1980; Brooks, Sala, & Darling,

2014; Jewell & McCourt, 2000). Several behavioral paradigms

have been used to describe its main features, which all seem

to reflect slight imbalances in allocating attention to the left

versus the right side of space. The leftward spatial bias

occurring in healthy people complements the rightward bias

commonly observed after right hemisphere lesions in unilat-

eral spatial neglect (Corbetta & Shulman, 2011; Halligan, Fink,

Marshall, & Vallar, 2003; Heilman & Valenstein, 1979; Vallar &

Calzolari, 2018). Therefore, these phenomena have been

considered twin manifestations of a common underlying

neural mechanism (Jewell & McCourt, 2000; Varnava,

Dervinis, & Chambers, 2013) and explained with a right-

hemisphere dominance for visuospatial attentional mecha-

nisms, which is believed to arise from anatomical and func-

tional asymmetries between hemispheres (Heilman & Van

Den Abell, 1980; Mesulam, 1981). For instance, the lateraliza-

tion of fronto-parietal networks has been identified as a

relevant factor explaining visuospatial leftward biases (for a

review, see: Mengotti, K€asbauer, Fink, & Vossel, 2020). Fronto-

parietal networks comprise distributed systems subserving

different facets of attentional processing. Specifically, the

ventral attentional network (VAN) e which includes the

temporoparietal junction and the ventral frontal cortex e is

deemed to be specialized for detecting salient or unexpected

stimuli (i.e., bottom-up attention). The dorsal attentional

network (DAN) e which incorporates the superior parietal

lobule, the intraparietal sulcus (IPS), and the dorsal frontal

cortex, including the frontal eye fields area (FEF) e is thought

to be involved in the voluntary control of visual attention and

the selection of appropriate responses (i.e., top-down atten-

tion) (Bartolomeo, de Schotten, & Chica, 2010; Corbetta &

Shulman, 2002, 2011). The communication between regions

of the fronto-parietal networks is mediated by the superior

longitudinal fasciculus (SLF), the most important long-range

white-matter fiber tract that connects prefrontal areas to

posterior regions (and vice versa) (Wang et al., 2016). SLF has

been extensively studied in-vivo by tracing three anatomical

branches (de Schotten et al., 2011; Makris et al., 2005; Parlatini

et al., 2017): the first (SLF I) and third (SLF III) branches connect,

respectively, regions of the DAN and VAN, while the second

branch (SLF II) serves as a direct communication between the

two attention systems.

Previous studies indicated that leftward biases emerging in

line bisection and landmark tasks in healthy subjects were

associated with the lateralization of the DAN (SLF I) and of the
branch connecting DAN andVAN (SLF II), which showed larger

structural volumes in the right e relative to the left e hemi-

sphere (de Schotten et al., 2011; Kocsis et al., 2019). Clinical

observations also corroborate the importance of fronto-

parietal networks in the emergence of visuospatial biases.

Several pieces of evidence highlight the relevance of the

structural and functional state of intra-hemispheric connec-

tivity (in particular of the SLF II) to the prediction of spatial

neglect severity and recovery (Doricchi & Tomaiuolo, 2003; He

et al., 2007; Lunven et al., 2015; Thiebaut De Schotten et al.,

2014).

Several neuroimaging and electrophysiological evidence

investigating landmark or line bisection tasks consistently

indicated the right posterior parietal cortex (PPC) as a critical

hub of the fronto-parietal attentional networks (e.g., Benwell,

Harvey& Thut, 2014; Çiçek, Deouell,& Knight, 2009; Fink et al.,

2000; Foxe, McCourt, & Javitt, 2003). When the activity of the

right PPC was suppressed through transcranial magnetic

stimulation (TMS) applied with the so-called ‘virtual lesion’

approach (Pascual-Leone, Walsh, & Rothwell, 2000), a tempo-

rary reduction of pseudoneglect and a rightward shift of bias

was observed. In contrast, no effects were found when the

same approach was used to interfere with leftehemisphere

activity (Cazzoli & Chechlacz, 2017; Chechlacz, Humphreys,

Sotiropoulos, Kennard, & Cazzoli, 2015; Fierro et al., 2000;

Salatino et al., 2019). Interestingly, Cazzoli and Chechlacz

(2017) found that the lateralization of SLF branches predicted

the rightward shift induced by inhibitory TMS applied over the

right (but not left) inferior parietal lobule (IPL) (Cazzoli &

Chechlacz, 2017).

While these results yield important insight into the func-

tional involvement of PPC in visuospatial biases, the current

view of brain functioning predicts that flexible cognitive op-

erations (such as perceptual judgment) cannot be interpreted

as strict functional specializations of single cortical areas but

are better accounted for by a network view of the brain

(Baldassarre et al., 2014; de Schotten & Forkel, 2022). Con-

cerning the interference approach, it is widely recognized that

TMS effects on behavior reflect influences on neural pro-

cessing not only at the site of stimulation, but also on remote

brain regions that are part of distributed cortical networks

(Bestmann et al., 2008; Ruff et al., 2006; Sack et al., 2007;

Salatino, Poncini, George,& Ricci, 2014; Silvanto, Cowey, Lavie,

&Walsh, 2005; Silvanto, Lavie,&Walsh, 2006; Taylor, Nobre,&

Rushworth, 2007). By combining TMS with fMRI, Sack et al.

(2007) were able to show that the behavioral modulation of

visuospatial judgments induced by right-parietal TMS was

mirrored by modulation of cortical activity not only at the site

of stimulation, but also in remote and interconnected frontal

regions of the same hemisphere (Sack et al., 2007). Again, Ricci

et al. (2012) showed that applying TMS to the right PPC during

http://creativecommons.org/licenses/by/4.0/
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a landmark task caused a reduction of participants’ pseudo-

neglect accompanied, at a functional level, with decreased

activity of parieto-frontal regions connected by the SLF II and

of the homologous parietal region of the left hemisphere (Ricci

et al., 2012). Thus, the functional inferences from studies that

targeted the right PPC in visuospatial tasks deserve further

investigation from a network perspective. During perceptual

decision tasks, regions in the PPC (such as the IPL) are inter-

connected with frontal areas in the precentral cortex (such as

the FEF), with signals that are supposed to flow in both di-

rections: a frontal-to-parietal direction driving top-down

attentional control versus a parietal-to-frontal direction sub-

tending visuospatial processing (e.g., Bagattini, Esposito,

Ferrari, Mazza, & Brignani, 2022; Corbetta & Shulman, 2011;

de Schotten et al., 2011; Heekeren, Marrett, & Ungerleider,

2008; Mengotti et al., 2020). Because tractography in-

vestigations cannot reveal the direction of the signal respon-

sible for the correlation between structural asymmetries and

visuospatial biases, the exact contribution to visuospatial

biases of fronto-parietal top-down versus parieto-frontal

bottom-up connections remains to be established.

One non-invasive brain stimulation protocol that may

clarify the role of intra-hemispheric connections in the right

fronto-parietal system is the cortico-cortical paired associative

stimulation (ccPAS) protocol. In this recently established dual-

coil TMS protocol, the low-frequency paired stimulation of

two cortical areas modulates synaptic coupling between

target neuronal populations, probably through spike-timing-

dependent-plasticity-like mechanisms. The inter-stimulus

interval (ISI) between the two paired stimulations is chosen

according to the presumed conduction delay of the target

cortico-cortical pathway to ensure the synchronized occur-

rence of synaptic activity in one of the stimulated areas. Based

on that specific timing, long-term potentiation (LTP) or long-

term depression (LTD) could be induced, increasing or

decreasing connectivity between target areas (Hernandez-

Pavon, San Agustı́n, Wang, Veniero, & Pons, 2023). As a rule

of thumb, a synaptic potentiation in the target neuronal

population (resembling LTP) may occur when the excitatory

pre-synaptic action potential is repeatedly followed by the

post-synaptic one, whereas synaptic depression (resembling

LTD) may occur when the repeated firing of pre-synaptic

neurons follows the post-synaptic one (Caporale & Dan,

2008; Dan & Poo, 2004). PAS protocols were introduced to

study the corticospinal pathway with paired peripheral-

cortical stimulation, where electrical stimulation of the me-

dian nerve preceded TMS over the primary motor cortex

(Stefan, Kunesch, Cohen, Benecke, & Classen, 2000; Wolters

et al., 2003; for a review, see: Suppa et al., 2017). Subse-

quently, they were applied to investigate the role of cortico-

cortical connections in the motor and sensory domain (e.g.,

Arai et al., 2011; Buch, Johnen, Nelissen, O'Shea,& Rushworth,

2011; Casarotto et al., 2023; Rizzo et al., 2009; Romei, Chiappini,

Hibbard, & Avenanti, 2016; Veniero, Ponzo, & Koch, 2013; for a

review, see: Guidali, Roncoroni, & Bolognini, 2021b) and, more

recently, in higher-order networks, investigating cognitive

functions such as memory, decision-making, and emotional

processing (e.g., Casula, Pellicciari, Picazio, Caltagirone, &

Koch, 2016; Di Luzio, Tarasi, Silvanto, Avenanti, & Romei,

2022; Kohl et al., 2019; Momi et al., 2019; Nord et al., 2019;
Santarnecchi et al., 2018; for a review, see: Guidali, Roncoroni,

& Bolognini, 2021a). However, to our knowledge, PAS protocols

have not yet been exploited to modulate visuospatial biases

and deepen the understanding of the underlying intra-

hemispheric connectivity mechanisms.

The present study used a novel ccPAS protocol tomodulate

pseudoneglect. We targeted right-hemisphere fronto-parietal

connectivity with two different ccPAS protocols, where we

manipulated the order of the conditioning (i.e., first) and test

(i.e., second) TMS pulses. In a frontal-to-parietal ccPAS (FP-

ccPAS), the conditioning pulse was delivered over the right FEF

and the test pulse over the right IPL. These areas were selected

considering the amount of literature that indicates them as

core nodes for visuospatial and attentional processing (e.g., de

Schotten et al., 2011; Heinen et al., 2011; Heinen, Feredoes,

Ruff, & Driver, 2017). In the parietal-to-frontal ccPAS (PF-

ccPAS), pulse order was reversed (i.e., conditioning pulse over

right IPL, test pulse over right FEF). In both protocols, we used

an inter-stimulus interval (ISI) between the two TMS pulses of

10 ms based on previous ccPAS studies that successfully tar-

geted the connectivity between frontal and parietal lobes (e.g.,

Casula et al., 2016; Momi et al., 2019; Santarnecchi et al., 2018).

Before and after ccPAS, the spatial bias was assessed with a

landmark and a manual line bisection task. Considering

recent evidence on the neurophysiological substrates of ccPAS

(e.g., Casarotto et al., 2023; Turrini et al., 2023), we hypothesize

that the FP protocol (acting on frontal-to-parietal connectivity)

should enhance synaptic strength at IPL level (i.e., the region

targeted by the second TMS pulse), thus facilitating its activ-

ity. Conversely, the PF protocol (acting on parietal-to-frontal

connectivity) should induce synaptic potentiation within the

FEF region. If one of these cortico-cortical pathways (or areas)

plays a crucial role in pseudoneglect, we could expect

behavioral modulations in the two tasks we administered.

The current literature on the neural underpinnings of visuo-

spatial biases does not support any clear a-priori hypothesis

about which protocol would be effective or whether they

would both be effective with different directions of modula-

tion (i.e., rightward or leftward according to the protocol

administered).

A second experiment, with an ISI of 100ms, was carried out

as a control to deepen the role of ccPAS timing. Indeed, we

expected that ccPASwith an ISI of 100mswould be ineffective

in the modulation of pseudoneglect, as such a long interval

should not allow the contingency between pre- and post-

synaptic activations that is required to induce associative

plasticity (Suppa et al., 2017).
2. Main experiment: direction of ccPAS
modulation

2.1. Methods and materials

2.1.1. Participants
Twenty-six right-handed healthy volunteers took part in the

Main experiment. One of them did not complete the second

session of the experiment, resulting in a final sample of 25

participants (7 males, mean age ± standard deviation e

SD ¼ 24.9 ± 4.8 years; mean education ± SD ¼ 15.6 ± 2.7 years).

https://doi.org/10.1016/j.cortex.2023.08.012
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The sample size was determined using an a-priori within-

subjects repeated-measures Analysis of Variance (rmA-

NOVA;medium effect size of F¼ .25; Alpha Error Level: p¼ .05;

Statistical Power ¼ .8, Actual Power ¼ .81), using the software

G*Power 3.1 (Faul, Erdfelder, Buchner, & Lang, 2009), which

indicated a recommended sample size of at least 24 partici-

pants to achieve enough statistical power.

Right-handedness of the participants was confirmed by the

Edinburgh Handedness Inventory (Oldfield, 1971) (mean

score ± SD ¼ 96.3 ± 8.5%). None of the participants had con-

traindications to TMS (Rossi et al., 2021).

The experiment was performed according to the ethical

standards of the Declaration of Helsinki and was approved by

the Ethical Committee of the IRCCS Istituto Centro San Gio-

vanni di Dio Fatebenefratelli (52/2020). Before taking part in the

study, participants gave their written informed consent. We

report howwe determined our sample size, all data exclusions

(if any), all inclusion/exclusion criteria, whether inclusion/

exclusion criteria were established prior to data analysis, all

manipulations, and all measures in the study. No part of the

study procedures or analysis plan was pre-registered prior to

the research being conducted. Task scripts, raw data, and data

analysis scripts are publicly available at the Open Science

Framework (OSF): https://osf.io/6mypr/.

2.1.2. Experimental procedure
A within-subjects experimental design was adopted. Partici-

pants underwent two sessions with the same experimental

procedure except for the ccPAS protocol deployed. Session

order e and hence ccPAS protocols' order e was counter-

balanced between participants. Throughout the whole

experiment, participants sat comfortably on a chair with their

heads resting on a chinrest in a dimly lit room. At the begin-

ning of each session, neuronavigation procedures were car-

ried out, and the participant's resting motor threshold (rMT)

was assessed. Then, participants were administered with a

landmark task and a manual line bisection task. Tasks' order
was fixed within and between participants. During the land-

mark task, all lights were turned off to achieve complete

darkness. After the two tasks, the ccPAS protocol was

administered according to the experimental session (FP or PF

protocol). As soon as the ccPAS was over, spatial bias was re-

assessed using the same two tasks as before (Fig. 1a). On

average, a session lasted 1 h and 30 min. The two sessions

were held at the same time of day (i.e., morning or afternoon)

and were separated by at least 48 h to prevent possible addi-

tive effects of PAS (Sale, Ridding, & Nordstrom, 2007).

2.1.3. ccPAS protocol
The experiment deployed two ccPAS protocols: a frontal-to-

parietal ccPAS (FP10ms) and a parietal-to-frontal one (PF10ms).

All stimulation parameters were identical between the two

protocols, except for pulse order. In the FP10ms protocol, the

conditioning (i.e., first) TMS pulse was delivered over the right

FEF, while the test (i.e., second) TMS pulse was delivered over

the right IPL. In the PF10ms, pulse order was reversed (i.e.,

conditioning pulse over right IPL and test pulse over right FEF).

The targeted areas (i.e., right FEF and right IPL) were localized

using the SofTaxic 3.4 neuronavigation software (E.M.S.,
Bologna, Italy, www.softaxic.com). This software allows for

the reconstruction of the participant's brain based on digitized

skull landmarks (nasion, inion, and two pre-auricular points)

as well as 23 uniformly distributed points that are mapped on

the scalp via a graphic user interface and a 3D optical digitizer

(NDI, Polaris Vicra). An estimation of the single participant's
cerebral volume is automatically calculated employing a

warping procedure that uses a generic magnetic resonance

imaging (MRI) volume based on the set of points previously

digitized from the subject's scalp. The mean MNI coordinates

of the right FEF (X ¼ 27, Y ¼ 3, Z ¼ 57) and the right IPL (X ¼ 40,

Y ¼ �73, Z ¼ 44) were taken from previous functional MRI

(fMRI) studies exploiting visuospatial tasks similar to ours

(Heinen et al., 2011, 2017). IPL coordinates were carefully

selected to be as near as possible to the IPS, considering the

importance of this sulcus in visuospatial attention and SLF

connectivity (Corbetta & Shulman, 2011) (Fig. 1b).

Consistently with previous literature (for a review, see:

Guidali et al., 2021a), each ccPAS protocol consisted of 100

paired pulses delivered at .2 Hz for a total duration of about

9 min. Due to the Hebbian-like nature of ccPAS, precise timing

is essential during its administration. Here, we used an inter-

stimulus interval (ISI) between the two stimulation pulses of

10ms. Although an optimal timing to probe SFL connections is

yet to be established, a 10ms ISI was successfully employed in

recent ccPAS studies targeting non-motor fronto-parietal (and

parieto-frontal) networks (Casula et al., 2016; Momi et al.,

2019; Nord et al., 2019).

TMSwas delivered using two figure-of-eight coils (Magstim

model Alpha B.I. Coil Range, diameter: 70 mm) connected to

two monophasic Magstim 2002 stimulators (Magstim, Whit-

land, UK). TMS intensity was set at 120% of the individual

resting motor threshold (rMT) for both pulses as done in pre-

vious ccPAS targeting parietal and frontal areas (e.g., Casula

et al., 2016; Nord et al., 2019; Santarnecchi et al., 2018). The

coil was always applied tangentially on the scalp. For FEF

stimulation, it was oriented with an angle of 45� concerning

the participant's midesagittal axis. For IPL stimulation, it was

oriented at 10� with respect to the midesagittal axis (Fig. 1b).

To determine the participant's rMT, the motor hotspot of

the left first dorsal interosseus (FDI) muscle was found by

moving the coil in .5 cm steps around the motor hand area by

using a stimulus intensity that was slightly higher than the

presumed threshold. The individual rMT was then defined as

the minimum TMS intensity (expressed as the percentage of

maximum stimulator output) able to elicit a motor-evoked

potential (MEP) of at least 50 mV by employing the parameter

estimation by sequential testing (PEST) procedure (i.e.,

maximum-likelihood threshold-hunting approach) (Awiszus,

2003; Dissanayaka, Zoghi, Farrell, Egan, & Jaberzadeh, 2018).

The average rMT during the FP10ms session was 45.7 ± 8.9%,

while during the PF10ms session, it was 46 ± 9%. The difference

between average rMTs across sessions was not significant

(t24 ¼ .526, p ¼ .75).

Participants were asked to maintain fixation on a central

red cross and tomentally count the number of times this cross

became green (i.e., ten times during the protocol) to avoid

sleepiness and keep their attention high during the ccPAS e a

critical condition for protocols’ effectiveness (Stefan et al.,

https://osf.io/6mypr/
http://www.softaxic.com
https://doi.org/10.1016/j.cortex.2023.08.012
https://doi.org/10.1016/j.cortex.2023.08.012


Fig. 1 e a) Experimental procedure of the two experiments. b) ccPAS protocols. Left panel: in the Main experiment, frontal-to-

parietal connectivity was targeted with a ccPAS stimulating the right FEF (conditioning pulse) and the right IPL (test pulse).

Parietal-to-frontal connectivity was targeted, reversing ccPAS pulse order (i.e., conditioning pulse over IPL and test pulse over

FEF). An ISI of 10 ms between the two pulses was used in both protocols. In the Control experiment, only the ccPAS targeting

fronto-parietal connectivity was used, with a longer ISI of 100ms. Right panel: axial, coronal and sagittal slices of target MNI

coordinates for FEF and IPL on a standard template. The mean coordinates of the right FEF (X ¼ 27, Y ¼ 3, Z ¼ 57) and the

right IPL (X ¼ 40, Y ¼ ¡73, Z ¼ 44) were taken from previous literature (see main text for further information). c) Landmark
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2000). Trials presentation and TMS timingwere controlled by a

computer running dedicated software (E-Prime 2.0, Psychol-

ogy Software Tool, Inc.).

2.1.4. Landmark task
The landmark task was a modified version of the classic

landmark task introduced by Bisiach and colleagues (1998a),

and it was generated using custom MATLAB code (The

MathWorks, Natick, Massachusetts) and Psychophysics

Toolbox functions (Brainard, 1997) and displayed on a 17-

inches LCD monitor (1920 � 1080-pixel resolution, 60 Hz

refresh rate).

Each experimental trial started with the presentation of a

central fixation cross for a period randomly jittered between

2000 ms and 2500 ms (Fig. 1c). After this period, a white line

subtending 20� (width) by .14� (height) visual angle (VA) was

displayed on a black background for 150 ms. In each trial, the

line could be transected in its left half, right half, or at the

exact midpoint by a short vertical mark of .39� VA height.

Transection points were sampled from a set of 17 points

distributed along a ±2.8% (±.56� VA) range of absolute line

pixel length, meaning that each point in the set was shifted

by ± .35% (±.07� VA) from its neighbors (for a similar pro-

cedure, see: Benwell, Learmonth, Miniussi, Harvey, & Thut,

2015; Szczepanski & Kastner, 2013). To ensure that partici-

pants did not respond randomly, two additional transection

points were presented at ± 3.5% (±.7� VA) of absolute line

pixel length, making them clearly detectable as transecting

the horizontal line in its right versus left half. These addi-

tional transection points were not considered in subsequent

task analyses, acting asmere control conditions. For the sake

of completeness, accuracy at these additional points was

near 100% in all conditions (i.e., pre-FP10ms e mean

accuracy ± SD: 98.7 ± 1.4%; post-FP10ms: 98.9 ± 1.2%; pre-

PF10ms: 98.8 ± 1.4%; post-PF10ms: 98.9 ± 1.3%). The stimuli

were always presented with the transection point centered

on the participant's sagittal head midline (i.e., the line's
endpoints varied, but the actual coordinates of the transec-

tion mark remained constant), preventing participants from

using the coordinates of the previously displayed fixation

cross as a spatial reference for the judgments. The horizontal

line was kept at eye level thanks to a fixed chinrest. Re-

sponses were recorded during a full-screen mask of

randomly presented grey and black pixels that disappeared

after 2000 ms or upon button press, after which the subse-

quent trial began.

Participants were forced to choose either the longer (in-

struction 1) or shorter (instruction 2) line segment by pressing

two adjacent keys (i.e., ‘left arrow’ if the longer/shorter side

was the left one, and ‘down arrow’ if the longer/shorter side

was the right one e note that keyboard symbols were covered

with a colored circle to avoid confusing the participants dur-

ing button pressing). Responses had to be made with the right

(i.e., dominant hand) index finger. Responses for each type of

instruction were collected in two randomly ordered and
task's trial procedure. Depending on the task block, participants

shorter. A visual noise mask remained on the screen until the pa

a maximum time of 2000 ms.
counterbalanced blocks. Each block contained 8 judgments for

a given bisection point, for a total 152 trials and a duration of

about 8 min per block. Before each block, a brief training

sequence of 10 trials was presented to participants to famil-

iarize them with the stimuli and instructions.

2.1.5. Manual line bisection task
The manual line bisection task consisted of the presentation

of ten black lines (20 cm long, 1 mm thick) centered on a

horizontal A4 white sheet (one line each sheet) aligned to the

subjects’ eye axis in a central position relative to the sagittal

head plane. Subjects were instructed to mark the center of

each line with a pencil. The task lasted about 2 min.

2.1.6. Data analysis
2.1.6.1. LANDMARK TASK. The primary outcome of the landmark

task was the point of subjective equality (PSE): an objective

measure of perceptual spatial bias adopted in previous studies

(Benwell et al., 2014, 2015; Szczepanski & Kastner, 2013). The

PSE is the line transection point that yields an estimated 50%

right and 50% left responses. Because negative and positive

transection points’ shifts indicate that the line is transected in

its left and right half (respectively), negative and positive

values of PSE indicate a certain degree of leftward and right-

ward perceptual bias, respectively. The PSE was obtained for

each participant by computing, for each transection point, the

proportion of trials in which the participant gave “right is

longer” and “left is shorter” responses. The points thus ob-

tainedwere fit with the following cumulative logistic function:

y¼ 1

1þ e
x�ε

s

In this function, the independent variable x is the transector's
location along the horizontal line, while e and s are parameters

fit through a non-linear least squares procedure. In the fitted

curve, e is the abscissa of the point where ‘y ¼ .5’ (i.e., the PSE),

and s is the curve's width: a curve shape parameter that is

inversely related to slope, such that steeper curves have

smaller widths (and vice versa). The fitted curve represents the

proportion of right-oriented responses as a function of trans-

ector location. Thus, a subject that responded correctly at all

trials would have a steep curve, while a randomly responding

subject would have a horizontal line. Subjects with intermedi-

ate precision levels would have S-shaped curves of varying

widths, under the general rule that the more precise the judg-

ments, the less the width (and vice versa). Curve width, which

measures the precision in line bisection judgments (Benwell,

Thut, Learmonth, & Harvey, 2013, 2014), was considered the

second dependent variable for the landmark task. The third

dependent variable for the landmark task was global accuracy,

computed as the proportion of correct responses produced by a

subject irrespective of transection points.

For completeness, we have also analyzed participants’

response bias and reaction times (RTs) (see Supplementary

Materials).
had to indicate which side of a bisected line was longer or

rticipant pressed a key or, if no response was recorded, for
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2.1.6.2. MANUAL LINE BISECTION TASK. In themanual line bisection

task, the deviation (inmm) from the presented line's true center
was recorded and used as the main dependent variable.

Negative andpositive values of thismeasure indicated a certain

degree of leftward and rightward perceptual bias, respectively.

2.1.7. Statistical analysis
For each dependent variable (i.e., PSE, curve width, accuracy

for the landmark task, deviation from the true center for the

manual line bisection task), a within-subjects repeated-mea-

sures analyses of variance (rmANOVA)was performed, testing

the factors ‘ccPAS direction’ (FP10ms, PF10ms), ‘Time’ (pre-PAS,

post-PAS) and their interaction, to assess possible modulation

of visuospatial bias.

Statistical significance was set at p < .05. Normality of the

distributions was checked with the ShapiroeWilk test and

further confirmed through QeQ plots assessment. Partial eta-

squared (hp
2) was also calculated in every rmANOVA and re-

ported as an effect size value. Significant main effects were

further explored with multiple post-hoc comparisons by

applying the Bonferroni correction. Unless otherwise speci-

fied, mean ± standard error (SE) is reported for each variable.
Fig. 2 e Results of the Main experiment. Considering the landmark

the administration of the FP10ms ccPAS. PF10ms protocol was ine

experimental conditions (b). No effects were found for the widt

performance in the manual line bisection task, both protocols w

depicted line (e). Error bars ¼ SE; *p ¼ .011 (Bonferroni correcte
Statistical analyseswere performed using the software Jamovi

(version 2.3.19, www.jamovi.org).

2.2. Results

2.2.1. Landmark task
The rmANOVA conducted on PSE values showed a significant

‘ccPAS direction X Time’ interaction (F1,24 ¼ 7.57, p ¼ .011,

hp
2 ¼ .24), as well as a main effect of factor ‘Time’ (F1,24 ¼ 4.3,

p ¼ .049, hp
2 ¼ .15). Factor ‘ccPAS direction’ did not reach sta-

tistical significance (F1,24 < .001, p ¼ .99, hp
2 < .01). Post-hoc

analyses showed that selectively after the administration of

the FP10ms protocol, the PSE significantly shifted towards the

left (pre-ccPAS PSE ¼ .01 ± .13 vs post-ccPAS PSE: �.26 ± .14;

t24 ¼ 3.5, p ¼ .011). Crucially, the administration of the PF10ms

did not induce modulation of PSE values (pre-ccPAS

PSE ¼ �.14 ± .10 vs post-ccPAS PSE: �.11 ± .12; t24 ¼ �.33,

p ¼ .99). PSE recorded before the two ccPAS did not differ be-

tween the two sessions (t24 ¼ 1.31, p ¼ .99) (Fig. 2a,b).

Considering curve width values, rmANOVA showed

neither a statistically significant interaction ‘ccPAS direction X

Time’ (F1,24 ¼ .33, p ¼ .57, hp
2 ¼ .01), nor a main effect of factors
task, the PSE significantly shifted leftward selectively after

ffective (a). Fitted psychometric functions in the different

h of the fitted curve (c) nor the accuracy (d). Considering

ere ineffective in modulating the perceived center of the

d).
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‘ccPAS direction’ (F1,24 < .01, p ¼ .99, hp
2 < .01) and ‘Time’

(F1,24 ¼ .044, p ¼ .513, hp
2 ¼ .02) (Fig. 2c). Thus, the participants'

precision in task judgments did not differ among experi-

mental conditions.

Considering accuracy, the rmANOVA showed a similar

pattern of results as the previous analysis on curve width e

namely, no effect of the interaction ‘ccPAS direction X Time’

(F1,24 ¼ .05, p ¼ .818, hp
2 < .01), as well as of the main factors

‘ccPAS direction’ (F1,24 ¼ 3.03, p ¼ .095, hp
2 ¼ .11) and ‘Time’

(F1,24 ¼ .3, p ¼ .587, hp
2 ¼ .01), highlighting the absence of a

general modulation of performance accuracy after the

administration of the two ccPAS protocols (Fig. 2d).

2.2.2. Manual line bisection task
The rmANOVA conducted on the distance between the true

center of the presented lines and the transection points drawn

by the subjects showed no effects of main factors ‘ccPAS di-

rection’ (F1,24 ¼ .1, p ¼ .76, hp
2 < .01) and ‘Time’ (F1,24 ¼ .23,

p ¼ .634, hp
2 < .01), nor of their interaction (F1,24 ¼ 1.53, p ¼ .229,

hp
2 < .01). This evidence shows that no ccPAS protocol was able

to modulate performance in the manual line bisection task

(Fig. 2e).
3. Control experiment: timing of ccPAS effect

In this second experiment, participants underwent a single

session with a modified version of the FP protocol, which was

found to be effective in the Main experiment (i.e., conditioning

pulse over the right FEF and test pulse over the right IPL with

an ISI of 10 ms; FP10ms). The difference between this version

and the previous one was the ISI between the two paired

pulses, which was lengthened to 100 ms to control for the

timing dependency of the protocol (FP100ms) (Fig. 1a and b).

This ISI should be too long to achieve contingency between

conditioning and test pulses, so we expected the protocol not to

be effective in inducing plastic phenomena within the fronto-

parietal network. Except for the ISI, the experimental pro-

cedure was the same as the Main experiment: before and after

the ccPAS protocol, participants underwent the landmark and

the manual line bisection tasks.

3.1. Methods and materials

3.1.1. Participants
Twenty healthy volunteers who had taken part in the Main

experiment were recruited for the Control experiment (6 males,

mean age ± SD ¼ 25.3 ± 4.9 years; mean

education ± SD ¼ 15.7 ± 2.8 years). According to the Edinburgh

Handedness Inventory (Oldfield, 1971), they were all right-

handed (mean score ± SD ¼ 95.8 ± 9.2%), and none had con-

traindications to TMS (Rossi et al., 2021).

Participants presented an average rMT of 47.6 (SD ¼ ± 8.1).

The difference in average rMTs between FP100ms and FP10ms

sessions was not significant (p ¼ .49).

3.1.2. Statistical analysis
The same dependent variables used in the Main experiment

were calculated for the landmark task (i.e., PSE, curve width,

accuracy) and the manual line bisection task (deviation of
drawn transection point from the line's true midpoint). This

experiment aimed at controlling the timing dependency of FP-

ccPAS and was run on participants who had already partici-

pated in the Main experiment. Thus, we compared the results

obtained with the FP100ms protocol with the ones from the

Main experiment's FP10ms. We performed a within-subjects

rmANOVA testing the factors ‘ccPAS ISI’ (10 ms, 100 ms),

‘Time’ (pre-PAS, post-PAS), and their interaction.

Statistical analyses were performed using the software

Jamovi (version 2.3.19, www.jamovi.org) following the same

methodology described for the Main experiment.

3.2. Results

3.2.1. Landmark task
The rmANOVA conducted on PSE values showed a significant

‘ccPAS ISI X Time’ interaction (F1,19¼ 5.42, p¼ .031, hp
2¼ .22), as

well as a main effect of factor ‘Time’ (F1,19 ¼ 5.52, p ¼ .03,

hp
2 ¼ .23). Factor ‘ccPAS timing’ did not reach statistical sig-

nificance (F1,19 < .833, p ¼ .373, hp
2 ¼ .04).

Post-hoc analyses showed that PSE shifted towards the left

side after the administration of the FP10ms protocol (t19 ¼ 3.37,

p ¼ .019). Crucially for proving the timing specificity of the

protocol, PSE was not modulated after the administration of

the FP100ms protocol (pre-ccPAS PSE ¼ �.01 ± .17 vs post-ccPAS

PSE: �.02 ± .17; t19 ¼ .11, p ¼ .99) (Fig. 3a, b).

Considering PSE curve width values and accuracy, in line

with the Main experiment, the rmANOVAs showed no signifi-

cant effect of the interactions ‘ccPAS ISI X Time’ (curve width:

F1,19 ¼ 1.93, p ¼ .181, hp
2 ¼ .09; accuracy: F1,19 ¼ .65, p ¼ .429,

hp
2¼ .03), as well as of themain factors ‘ccPAS ISI’ (curvewidth:

F1,19 ¼ .02, p ¼ .896, hp
2 < .01; accuracy: F1,19 ¼ .11, p ¼ .743,

hp
2 < .01) and ‘Time’ (curve width: F1,19 ¼ .33, p ¼ .571, hp

2 ¼ .02;

accuracy: F1,19 ¼ .4, p ¼ .536, hp
2 ¼ .02) (Fig. 3c, d).

3.2.2. Manual line bisection task
In line with the first experiment, considering participants'
performance in the line bisection task, the rmANOVA showed

no effects of main factors ‘ccPAS ISI’ (F1,19 ¼ 3.99, p ¼ .06,

hp
2 ¼ .17) and ‘Time’ (F1,19 < .01, p ¼ .967, hp

2 < .01), as well as of

the interaction ‘ccPAS ISI X Time’ (F1,19 < .01, p ¼ .923, hp
2 < .01)

(Fig. 3e).
4. Discussion

The results of our study showed that targeting right hemi-

sphere connectivity between the FEF (first pulse) and the IPL

(second pulse) with an ISI of 10 ms is effective in modulating

an objective measure of perceptual spatial bias (i.e., perceived

line midpoint in a landmark task e PSE) (Benwell et al., 2014,

2015; Benwell et al., 2013), making ccPAS a valuable tool to

investigate visuospatial bias.

After administering the FP10ms version of the ccPAS, par-

ticipants’ leftward bias in the landmark task increased

significantly. Namely, with respect to the baseline, they ten-

ded to overestimate the size of the leftward segment, shifting

the PSE towards the left side of the space.

The increased leftward bias found after our protocol was

not due to an overall improvement/worsening of

http://www.jamovi.org
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participants' performance, as shown by the null effects on

accuracy and curve width. This evidence suggests that the

induced effect was specific to the visuospatial bias and not

due to a more ‘general-domain’ modulation of attention,

which, in turn, should have also affected measures of par-

ticipant's performance. The non-significant modulation of

response bias (Bisiach, Ricci, Lualdi, & Colombo, 1998; Brighina

et al., 2002; Ricci et al., 2012) and RTs in the landmark task

further confirms this speculation (see Supplementary Mate-

rials). It has to be noted that a control task could have been

implemented to better disentangle the contribution of gen-

eral attentional processes in our results; however, in the

present study, this choice was discarded to maximize the

detection of visuospatial bias modulations due to the un-

known duration of our ccPAS aftereffects (see next

paragraphs).

Crucially, our results showed that ccPAS was not effective

when (a) the pulse order was reversed (i.e., first pulse over the

right IPL and second pulse over the right FEF e PF10ms, Main

experiment) and (b) the ISI between the paired pulses was too

long (i.e., 100 ms e FP100ms, Control experiment). This evidence

proved the direction specificity and the timing dependency of
our ccPAS, two crucial features of this class of non-invasive

brain stimulation protocols (Guidali et al., 2021a).

Results from theMain experiment showed that the direction

of ccPAS paired pulses was crucial for increasing the leftward

bias in the landmark task's PSE, pointing out how frontal-to-

parietal connectivity e specifically, FEF-to-IPL connectivity e

might play a central role in the modulation of visuospatial

biases.

We can speculate that an increased attentive top-down

control mediated this effect e likely through the DAN.

Indeed, previous literature using concurrent TMS and fMRI or

dynamic causal modeling suggested that both the FEF and the

IPS e which also encompass part of the superior region of the

IPL that was targeted in our study (see 2.1.3) e modulated

visual cortices activity through backward connections, likely

reflecting anticipatory attentional deployment (e.g., Bressler,

Tang, Sylvester, Shulman, & Corbetta, 2008; Ruff,

Blankenburg, et al., 2009; Ruff et al., 2008; Vossel, Geng, &

Fink, 2014; Vossel, Weidner, Driver, Friston, & Fink, 2012).

For instance, in an fMRI study exploiting a visual spatial

attention paradigm and using Granger causality measures on

blood oxygen level-dependent time series, Bressler et al. (2008)
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found that FEF modulated IPS far more than the contrary,

suggesting that frontal-to-parietal connectivity plays a sig-

nificant role in orienting visuospatial attention (Bressler et al.,

2008). In support of the influence of top-down attentional

control on visuospatial biases, clinical studies on patients

with spatial neglect showed that when voluntary attention is

oriented to the contralesional (i.e., left) side of space, stimulus

detection in that side of space can be facilitated, suggesting

compensatory effects of their pathological rightward bias (for

a review, see: Corbetta & Shulman, 2011). Moreover, after a

stroke, recovery of attentional functions has been found to be

accompanied by a restoration of interhemispheric connec-

tivity within the DAN e where FEF-to-IPS connectivity plays a

crucial role (He et al., 2007).

Taken together, this evidence suggests that the FP10ms

protocol might have acted by potentiating top-down attention

allocation toward the left side of space, leading to a more

significant leftward bias, as evidenced by the shift of the

landmark task's PSE. This effect might be induced through

PAS-related associative plasticity between the frontal and

parietal regions of the DAN, likely through the mediation of

the SLF (de Schotten et al., 2011; Kocsis et al., 2019). In this

frame, the evidence that the stimulation of parietal-to-frontal

connectivity (i.e., PF10ms cc-PAS) did not induce any shift in the

bisection judgment might suggest that the sensorimotor

integration accompanying visuospatial processing does not

exert a central role in the modulation of pseudoneglect.

The present results do not allow us to state whether top-

down attention e and, in a broader perspective, the DAN e

is the sole responsible for the genesis of pseudoneglect. We

can only speculate that top-down attention is, at least in part,

responsible for the increase of such visuospatial bias found in

the landmark task. Further research has to be conducted to

better disentangle the neurophysiological underpinnings of

FP10ms protocol effects. For instance, future ccPAS studies

might deepen the role of connectivity between the right PPC

and the contralateral homologous regions or with low-level

visual areas by targeting these cortical nodes instead of the

FEF. Indeed, besides frontal-to-parietal connectivity, the

literature suggests that these inter- and intra-hemispheric

cortico-cortical pathways might also play a crucial role in vi-

suospatial processing and attention (e.g., Mengotti et al., 2020;

Ricci et al., 2012; Salatino et al., 2014; Vossel et al., 2014).

An alternative hypothesis e which does not exclude the

one described before e could be that the FP10ms cc-PAS might

have primarily boosted right IPL functioning, which is known

to play a core role in the spatial neglect phenomenon, being a

crucial anatomical correlate of conscious visual space repre-

sentation (e.g., Driver & Mattingley, 1998; Mort et al., 2003;

Pisella & Mattingley, 2004; Salvato et al., 2021). Previous elec-

trophysiological studies tracking the temporal evolution of

visuospatial bias during line bisection and landmark tasks

have found an early locus for the genesis of pseudoneglect in

the right parietal cortex, where the integration of visual in-

formation from both hemispheres would take place (Benwell

et al., 2014; Foxe et al., 2003). Typically, perceptual tasks

used to investigate pseudoneglect e like the landmark task e

require that visual information from the left and right visual

fields are integrated into representations that preserve input

topography before a perceptual decision can be made. This
criticalmemory buffermight rely on the PPCemore precisely,

on areas of the IPL (Chen, Lee, O'Neil, Abdul-Nabi, & Niemeier,

2020). For instance, according to the ‘space anisometry’ hy-

pothesis (Bisiach, Ricci, & M�odona, 1998), neglect may depend

on the alteration of the representational medium along the

horizontal dimension, appearing progressively ‘relaxed’ to-

wards the contralesional side of space and progressively

‘compressed’ towards the ipsilesional one (Bisiach,

Pizzamiglio, Nico, & Antonucci, 1996; Savazzi, Posteraro,

Veronesi, & Mancini, 2007). The almost balanced representa-

tion characterizing the healthy brain (e.g., slight distortions

giving rise to the pseudoneglect phenomenon) is mainly

achieved thanks to the contribution of parietal areas like IPL.

The modulation of cortico-cortical connectivity targeting the

parietal cortex might have led to a transient ‘contraction’ of

the left e contralateral (to stimulation) e side of space repre-

sentation and a ‘relaxation’ of the right e ipsilateral (to stim-

ulation) e one. This effect could be attributable to the

modulation of IPL functioning, which in turn generated the

leftward visuospatial bias observed in our results. By targeting

parietal-to-frontal areas connectivity, as in the PF10 msec pro-

tocol, parietal areas might not have been effectively modu-

lated, then no shifting in the visuospatial bias was detectable.

The Control experiment showed that the ISI between the two

paired pulses is a key factor for the success of the fronto-

parietal ccPAS. Indeed, the (longer) ISI of 100 ms exploited in

the second experiment of our study should not reflect the

timing of the cortico-cortical pathway between frontal and

parietal areas (e.g., Nord et al., 2019). In the FP100ms protocol,

the contingency between pre- and post-synaptic activation

driven by the TMS pulses e crucial for the induction of PAS

plastic effects e was not achieved, and associative plasticity

was not induced, making the FP100ms cc-PAS ineffective in

modulating participants’ performance in the landmark task.

It has to be noted that, from the results of this experiment,

we cannot a-priori exclude that other ISIs are effective in

modulating frontal-to-parietal connectivity and, hence,

pseudoneglect. For instance, Suppa, Li Voti, Rocchi,

Papazachariadis, and Berardelli (2015) found that a PAS pro-

tocol targeting visuo-motor connectivity was effective in

enhancing MEPs with both ISIs corresponding to visual-

evoked potentials' P1 component latency plus 100 ms and

plus 120 ms (Suppa et al., 2015). Thus, it may be possible that

the adequate time windows able to induce plasticity within

long-range connections are wider (i.e., in the order of tens of

ms) than in PAS protocols targeting primary cortical systems,

where differences of a few ms are crucial for plasticity in-

duction (Guidali et al., 2021b). In the future, other ISIs could be

exploited to investigate the existence of more efficient ones or

whether the ‘direction’ of the visuospatial bias (i.e., induction

of rightward instead of leftward bias) can be modulated in a

timing-dependent manner.

Previous literature reporting pseudoneglect modulations

after repetitive TMS (rTMS) of the right PPC found the so-called

‘neglect-like induction,’ i.e., a pattern of results mimicking the

rightward bias of unilateral spatial neglect (Bagattini, Mele,

Brignani, & Savazzi, 2015; Bjoertomt, Cowey, & Walsh, 2002;

Fierro, Brighina, & Bisiach, 2006; Jin & Hilgetag, 2008; Nyffeler

et al., 2008; Oliveri, Bisiach, & Brighina, 2001; Ricci et al., 2012).

Namely, this is the opposite direction of the one found in the
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present study. This result is not so unexpected considering that

we used a TMS protocol which, differently from rTMS, took

advantage of a higher spatial focality by stimulating two nodes

of a cortico-cortical pathway and, in a broader perspective, of a

cortical network (Guidali et al., 2021a). Nowadays, the effects of

rTMS are considered in a ‘network framework’ rather than a

‘virtual lesion’ one; i.e., rTMS effects are known to be wide-

spread to regions directly and indirectly connected to the target

one (e.g., Bestmann et al., 2008; Mengotti, K€asbauer, Fink, &

Vossel, 2022; Ruff, Driver, & Bestmann, 2009; Sack et al., 2007).

Thus the ‘neglect-like induction’ found in previous literature

could be caused by inter and intra-hemispheric effects

spreading from the stimulated area (e.g., IPL) to other areas of

the network responsible for spatial processing and attention.

Studies on this topic combining fMRI and TMS confirmed such

a view (Ricci et al., 2012; Sack et al., 2007). Hence, the increased

‘spatial focality’ of ccPAS (i.e., its ability to target specific

cortico-cortical connections and modulate connectivity be-

tween two cortical nodes of the same network) could be a

further advantage for the exploitation of these protocols in the

investigation of high-order cognitive networks or pathologies

relying on the activation of different interconnected brain

areas, like visuospatial processing or neglect (Baldassarre et al.,

2014; Baldassarre, Ramsey, Siegel, Shulman, & Corbetta, 2016;

Corbetta & Shulman, 2011).

The ineffectiveness of all tested ccPAS versions in modu-

lating performance in the manual line bisection task is

thought-provoking, but not unexpected. A possible explana-

tion is that this task is less sensitive to pseudoneglect modu-

lation per se. This task is widely used for the clinical

assessment of hemispatial neglect, but its efficacy in assess-

ing pseudoneglect in healthy individuals ismore controversial

(Jewell & McCourt, 2000; Mitchell, Harris, Benstock, & Ales,

2020). Furthermore, different studies have highlighted how

participants' performance and cortical networks' activation
might differ between landmark and bisection tasks (e.g.,

Garcı́a-P�erez & Peli, 2014; Harvey, Kr€amer-McCaffery, Dow,

Murphy, & Gilchrist, 2002; Harvey & Olk, 2004). The manual

line bisection task adopted in the present study is a basic

version, comprising a few trials (only ten lines) and presenting

lines with the same length. In addition, it has always been

administered after the landmark task, and thus in a time

window where ccPAS’ aftereffects might already be over. This

choice was made considering that the primary aim of our

experiments was to maximize the detection of possible ccPAS

effects on the landmark task rather than the manual line

bisection task. Different ccPAS studies (e.g., Buch et al., 2011;

Chao et al., 2015; Romei et al., 2016) showed that ccPAS af-

tereffects are detectable for almost double the time of the

protocol's duration (i.e., with an administration time of

~8 min, we can hypothesize that our protocol-induced plas-

ticity lasts for ~16min after its administration). Future studies

should investigate whether administering a more complex

version of the line bisection task e or its administration as

soon as the ccPAS ends e leads to a similar pattern of results

found for the landmark task.

Finally, a possible limitation of our study is that neuro-

navigation procedures were based on a standardMRI template

rather than on the participants' own MRI, reducing the
precision of individualized FEF and IPL stimulation. However,

the adopted neuronavigation procedure has been successfully

used in previous studies to localize (and stimulate) focal areas

with precision within a fewmm (e.g., Carducci& Brusco, 2012;

Collins & Jacquet, 2018; Guidali, Roncoroni, Papagno, &

Bolognini, 2020) and thus we can assume to have targeted

the correct brain regions. Another limitation is that our sam-

ple was not balanced for gender (namely, we have testedmore

females than males): inter-hemispheric differences e as well

as the right hemisphere dominance for attentional processes

e could be attenuated in females and this could have slightly

impacted the pattern of our results (e.g., Agcaoglu, Miller,

Mayer, Hugdahl, & Calhoun, 2015; Ricci et al., 2012).

In conclusion, our ccPAS proves that this class of non-

invasive brain stimulation protocols can be used to modu-

late pseudoneglect, likely through the induction of associative

plasticity and exploiting frontal-to-parietal connectivity. In

the future, this protocol could represent a promising tool, not

only to investigate connectivity properties within visuospatial

and attentive networks in the healthy, but also as a potential

rehabilitation protocol in patients suffering from severe vi-

suospatial pathologies (e.g., unilateral spatial neglect)ewhich

are known to be among the most common outcomes after

right hemisphere's stroke (Esposito, Shekhtman, & Chen,

2021). Again, it could also be used to investigate connectivity

abnormalities and plastic reorganization in these patients,

considering that visuospatial neglect is often associated with

damages at the SLF and/or disconnection with the inter-

connected regions (Gammeri, Iacono, Ricci, & Salatino, 2020;

Karnath & Rorden, 2012). Furthermore, investigating the

relationship between cortico-cortical connectivity alterations

and ccPAS effects may lay the foundation for developing

prognostic markers of ccPAS efficacy. From a broader

perspective, ccPAS protocols could become the elected non-

invasive brain stimulation protocol for all the pathologies

where cortico-cortical connectivity or cerebral network im-

pairments are crucial in the observed symptomatology.
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