
Electrophysiological hemispheric asymmetries induced by parietal 
stimulation eliciting visual percepts

D. Bonfanti a, E. Bertacco a, L.C. Parra b, C. Mazzi a,*,1, S. Savazzi a,1

a Perception and Awareness Lab, Department of Neuroscience, Biomedicine and Movement Sciences, University of Verona, Verona, Italy
b Department of Biomedical Engineering, City College of New York, New York, USA

A R T I C L E  I N F O

Keywords:
TMS-EEG
Phosphenes
Intraparietal sulcus (IPS)
Hemispheric asymmetries
Two-streams hypothesis
Visual consciousness

A B S T R A C T

Objective: We aimed to establish if the electrophysiological activity resulting from the direct stimulation of the 
intraparietal sulcus and eliciting visual percepts is hemispheric-specific.
Methods: We tested nineteen participants. Each received 360 TMS pulses at phosphene threshold intensity over 
right and left IPS while recording EEG. After each pulse, participants had to report if they had seen a phosphene.
Results: Parietal phosphene perception is associated with hemispheric-specific activations: phosphenes elicited by 
left TMS involve central and frontal electrodes at about 30 ms, and frontal, central and parieto-occipital elec
trodes from 120 to 250 ms; phosphenes elicited by right parietal TMS involve parietal and centro-parietal 
electrodes at about 60 ms, and frontal, central and parietal electrodes from 150 to 250 ms. Correlated 
Component Analysis shows that primary visual areas are not activated when phosphenes are produced by TMS 
over IPS.
Conclusions: Our results show that direct stimulation of IPS gives rise to sustained patterns of activity specific to 
the stimulated hemisphere. Moreover, elicited parietal phosphenes are associated with evoked activity specific to 
the stimulated hemisphere and located outside early visual processing areas.
Significance: This study highlights hemispheric differences in the electrophysiological dynamics related to pari
etal phosphenes, and shows that the dorsal pathway can give rise to visual conscious percepts.

1. Introduction

The posterior parietal cortex (PPC), centered around the intra
parietal sulcus (IPS), has been associated with many functions (Xu Y., 
2018): planning and controlling visually guided behavior to interact 
with the surrounding environment proficiently (Andersen & Cui, 2009; 
Culham & Valyear, 2006); attention, with PPC responding to salient and 
task-relevant stimuli, giving rise to a spatially organized priority map 
that can guide both visual and motor systems (Corbetta & Shulman, 
2002; Parisi et al., 2020; Vossel et al., 2012); representation of spatial 
locations, with PPC hosting the presence of multiple spatial reference 
frames (e.g., head-centered or eye-centered), accompanied by the 
presence along IPS of topographic maps (Colby & Goldberg, 2003; 
Kravitz et al., 2011; Silver & Kastner, 2009).

For all these functions, hemispheric asymmetries have been detec
ted. In the field of visual attention, numerous studies have reported 
distinct lateralization patterns. According to Kinsbourne’s model, each 

hemisphere determines an attentional bias towards the contralateral 
visual hemifield, with the rightward bias determined by the left hemi
sphere being stronger than the leftward bias from the right hemisphere 
(Kinsbourne, 1977); this potentially explains the more frequent 
appearance of phenomena like neglect and extinction after a rightward 
parietal lesion. Later neuroimaging results pointed to the existence of 
two distinct attentional systems differently distributed across the two 
hemispheres: a bilateral dorsal network, in charge of voluntary 
deployment of attention, and a right ventral network dealing with 
reorientation to unexpected events (Corbetta et al., 2008). The use of 
transcranial magnetic stimulation (TMS) has also provided causal evi
dence supporting these hemispheric differences in attentional control 
(Duecker & Sack, 2015; Xu G. Q. et al., 2016). For example, Capotosto 
and colleagues (Capotosto et al., 2012) have demonstrated that repeti
tive TMS (rTMS) over the right IPS disrupts anticipatory modulation of 
alpha-band oscillations, leading to deficits in contralateral target 
detection. Moreover, Bien and colleagues (Bien et al., 2012) showed that 
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right IPS stimulation produces more pronounced deficits in detecting 
contralesional stimuli when a competing ipsilesional stimulus is present, 
compared to left IPS stimulation. The existence of this dissociation be
tween left and right IPS has been further confirmed in a recent meta- 
analysis (Wang T. et al., 2023), showing that inhibitory TMS on PPC 
has a different effect in the two hemispheres for the line bisection task 
and the landmark tasks: results are displaying a clear neglect-like effect 
after TMS on right PPC, which is basically absent after TMS of left PPC.

Hemispheric asymmetries have also been detected in how the two 
hemispheres process spatial information. For example, it is widely 
known that damage to the right inferior parietal lobule (IPL) can result 
in spatial neglect; however, damage to the homolog left IPL can result in 
ideomotor apraxia, characterized by a deficit in correctly imitating hand 
gestures and mimicking tool use (Husain & Nachev, 2007).

Action-related functions seem to present some degree of lateraliza
tion as well, with many functions being located in the dominant hemi
sphere. Early studies showed that the left IPS is involved in both 
perceiving goal-directed hand actions (Bonda et al., 1996) and action 
selection independently of the side of execution (Schluter et al., 2001). 
This has been further confirmed, showing the role that left parietal areas 
– including IPS – can have in the preparation and redirection of move
ments (“motor attention”), with left hemisphere stroke patients classi
cally suffering from apraxic motor deficits (Rushworth et al., 2003). 
Lesions to PPC can also have a differential effect on adaptive visuomotor 
control, with deficits primarily observed after left-sided damage (Mutha 
et al., 2011). Another study on stroke patients showed that grasping and 
estimation illusions were better dissociated in the performance of left 
stroke patients while being of similar size in right stroke patients: this 
points to differently lateralized interactions between visuomotor and 
visuoperceptual streams in the two hemispheres, with them being more 
dissociated in the left hemisphere (Radoeva et al., 2005).

These hemispheric differences also extend to white matter tracts 
connecting IPS with prefrontal regions: in the context of movement 
execution, they correlate differently with different aspects of kinematic 
data (Budisavljevic et al., 2017). Moreover, the anterior part of IPS 
(aIPS) in both hemispheres has also been associated with parietal pre
motor activity, highlighting how this portion of IPS is specialized for 
hand movements directed toward the contralateral space (Di Russo 
et al., 2016; Sulpizio et al., 2017).

Recently, evidence has emerged that areas along IPS are also capable 
of processing action-independent nonspatial visual information, under
mining the rigid functional division posed by the two-streams model (Xu 
Y., 2018) proposed by Ungerleider and Mishkin (Ungerleider & Mishkin, 
1982) and updated by Goodale and Milner (Goodale & Milner, 1992). 
While both streams receive their inputs mainly from the striate cortex 
(although the dorsal stream receives at least part of it through a 
subcortical route (Whitwell et al., 2020), the pathways that they follow 
are separate with a ventral one proceeding towards the inferotemporal 
cortex, and a dorsal one reaching the posterior parietal areas. The 
distinction is also functional: the ventral stream plays a significant role 
in the conscious identification of objects while the dorsal stream is 
linked with visuomotor guidance of actions, being responsible for 
nonconscious sensorimotor transformations.

This distinction originates from neuropsychological findings of a 
double dissociation between optic ataxia, a visuomotor deficit caused by 
damage to the dorsal stream, and visual agnosia, a visual recognition 
deficit caused by damage to the ventral stream. Over the years, however, 
this double dissociation has been questioned, as both these neurological 
conditions show traits and characteristics typically associated with the 
other one, i.e., ventral damage can impoverish visually guided behavior, 
and dorsal damage can impair visual perception (Pisella et al., 2006; 
Rossetti & Pisella, 2018). Furthermore, different kinds of agnosia pre
dominantly manifest in a lateralized fashion: while associative agnosia is 
predominantly caused by left hemispheric damage, apperceptive 
agnosia follows a right hemispheric lesion (de Renzi, 1969; de Renzi & 
Spinnler, 1966; Ferro & Santos, 1984; Warrington & Taylor, 1973). Of 

importance for the present paper, lesion studies in ataxic and agnosic 
patients show not only the existence of perceptual characteristics in the 
dorsal stream but also that these latter present a certain degree of 
hemispheric lateralization.

Concurrently, neuroimaging studies have shown that dorsal areas 
can exhibit adaption to novel and familiar objects, while also displaying 
tolerance to changes in size and viewpoints similarly to what happens in 
ventral regions (Konen & Kastner, 2008); moreover, they can hold 
distinctive representations for low-, mid- and high-level visual features, 
displaying processing characteristics similar to the ones shown by 
ventral object-processing regions (Jeong & Xu, 2016). These results 
highlight the involvement of IPS in visual processing, in a way that is 
independent from other functions classically associated with IPS.

Another line of research has successfully proved that areas located 
along IPS can carry on perceptual processing of visual information by 
being capable of giving rise to visual percepts under specific conditions. 
Marzi and colleagues (Marzi et al., 2009), in a TMS experiment, have 
been the first to find that stimulation of IPS can elicit phosphenes (i.e., 
visual percepts in the absence of any external visual stimuli), similar to 
what happens when stimulating early ventral visual areas. This finding, 
replicated in many other studies (Bagattini et al., 2015; Fried et al., 
2011; Mazzi et al., 2014; Samaha et al., 2017; Tapia et al., 2014) has 
started to reveal that even the dorsal stream has the potential to produce 
conscious visual perceptions, further adding to the idea that a subdivi
sion between a conscious ventral stream and an unconscious dorsal 
stream might be too simplistic.

While these findings support a role for IPS in perceptual processing, 
most studies have focused on the left parietal cortex, leaving open the 
question of whether right and left IPS contribute similarly to visual 
awareness. Therefore, this work aims to determine if IPS asymmetries 
between the two hemispheres extend to visual perception. To do so, we 
performed a TMS-EEG study stimulating left and right IPS at phosphene 
threshold (PT). The EEG activity elicited from phosphene perception 
was then compared across the two stimulated sites, to detect possible 
hemispheric differences in the neural dynamics that give rise to visual 
awareness.

2. Materials and methods

2.1. Participants

A total of 90 volunteers were screened during the training phase for 
the perception of consistent parietal phosphenes (see below, Section 2.4
“Experimental procedure”). Participants not reporting any parietal 
phosphenes or perceiving them inconsistently or rarely were not 
considered for the experimental sessions (Kammer et al., 2005; Mazzi 
et al., 2014). In the end, 23 right-handed volunteers (3 males, mean age 
22.73±2.52) with normal or corrected-to-normal vision participated in 
the study and were reimbursed for their participation. Data from four 
participants were excluded because the stimulated areas during the 
experimental sessions were partially located in the occipital lobe. 
Written informed consent was obtained from participants according to 
the 2013 Declaration of Helsinki. The experimental protocol has been 
approved by the local Ethics Committee. Participants underwent a 
screening questionnaire (adapted from Rossi et al., 2009) addressing risk 
factors associated with TMS; no participant reported any 
contraindications.

2.2. MRI image acquisition

We acquired MRI images from seven participants. They underwent 
MRI with a 1.5 Tesla scanner with a 15-channel head coil (Philips 
Ingenia, Philips Healthcare, Eindhoven, The Netherlands) at the Borgo 
Roma Hospital in Verona. We acquired a whole-brain high-resolution 3D 
T1-weighted image with magnetization-prepared rapid acquisition 
gradient echo (MPRAGE) (TR 7.7 ms/TE 3.5).
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2.3. Transcranial magnetic stimulation protocol

Single-pulse magnetic stimulation via a 70 mm figure-of-eight coil 
connected with a Magstim Rapid2 system (maximum output 2.2 T, 
Magstim Company Limited, Whitland, UK). TMS coil was placed 
tangentially to the scalp surface, keeping the handle upward to avoid 
unwanted activations of neck and shoulder muscles.

We used a neuronavigation software (SofTaxic, E.M.S., Bologna, 
Italy) combined with a 3D optical digitizer (Polaris Vicra, NDI, Water
loo, Canada) to control for possible coil displacements within a 2 mm 
accuracy threshold and to verify the stimulation target.

The location of stimulation sites was performed through supra- 
threshold phosphene induction within a circle of 2 cm in diameter 
centered on electrodes P3 (left hemisphere) and P4 (right hemisphere) 
of the 10-20 EEG system (Mazzi et al., 2014). Neuronavigation based on 
individual MRI images, when available, was used to constantly check 
that the focus of the stimulation was aimed at the IPS; when this was not 
the case, an MNI-based template was employed in the neuronavigation 
software.

We used the “Method of Constant Stimuli” (MOCS) (Mazzi et al., 
2017b) to establish the individual phosphene threshold (PT) for the two 
stimulation sites. We took the intensity at which participants perceived 
phosphenes in 50% of trials as the PT and used it as stimulation intensity 
during the experiment. In the course of the experiment, the stimulation 
intensity was adjusted as needed to keep the percentage of reported 
phosphenes at 50%.

2.4. Experimental procedure

Participants sat in a dark room in front of a 17in. LCD monitor at 57 
cm. Their head was secured in a chin rest to keep their eyes aligned with 
the screen center, on which participants were instructed to maintain 
their fixation during the experiment.

Before the experiment, we conducted a training session during which 
participants received a brief explanation of the nature and characteris
tics of phosphenes, after which they were tested for the perception of 
phosphenes.

Each experimental session started with the localization of the stim
ulation hotspot for both IPS; we then used the MOCS method to establish 
the PT to use as stimulation intensity for each stimulation site. Finally, 
we performed the actual experiment. The order of stimulations in each 
of these steps was counterbalanced across participants (Fig. 1A).

Participants had to report, for each TMS pulse, the presence or 
absence of a phosphene by pressing the keyboard keys m (right hand) or 
z (left hand), with the responses counterbalanced across participants. 
They underwent two consecutive sessions comprising six blocks of 60 
stimulations each, for a total of 360 TMS pulses per stimulation site. 
Each trial started with a random interval of 700-1000 ms, at the end of 
which a single pulse of TMS was administered. After that, participants 
had up to 2000 ms to report on the presence/absence of the phosphene 
by pressing the proper key; once this was done, an inter-trial interval of 
1400 ms separated this trial from the following one (Fig. 1B). For the 
entire duration of the experiment, each participant wore earplugs 
playing white noise to help mask the auditory co-stimulation associated 
with each TMS pulse.

2.5. EEG recording and preprocessing

TMS-compatible EEG equipment (BrainAmp, Brain Products GmbH, 
Munich, Germany) was used to record EEG activity (BrainVision 
Recorder), in combination with a Fast’n East cap with 59 TMS- 
compatible Ag/AgCl pellet pin electrodes (EasyCap GmbH, Herrsch
ing, Germany) positioned according to the 10-20 International System. 
We employed additional electrodes as online reference (RM), ground 
(AFz) and to control horizontal and vertical eye movements. We kept 
electrode impedance below 5 KΩ.

We positioned a custom-made polystyrene C-shaped annulus over 
the nearest electrode targeted by TMS to enable reliable EEG recording 
from it and to reduce TMS-related artifacts (Bagattini et al., 2015).

EEG preprocessing was based on custom scripts following a previ
ously published pipeline specifically devised to analyze TMS-EEG data 
and remove TMS-related artifacts (Bertazzoli et al., 2021; Fulvio et al., 
2024; Rogasch et al., 2017). The EEG signal was processed offline with 
Matlab 2021b (Mathworks, USA), the EEGLAB toolbox (version 2021.0, 
Delorme & Makeig, 2004), and the TMS-EEG signal analyzer (TESA) 
extension (Rogasch et al., 2017). The continuous raw signal, digitized at 
5000 Hz, was cut 1000 ms before and after the TMS pulse. Demeaning 
was performed on epoched data using the whole epoch. The TMS pulse 
artifact was removed from -2 to 10 ms and replaced with cubic inter
polation to avoid ringing artifacts. Data were then downsampled at 500 
Hz. Independent component analysis (ICA) (Delorme et al., 2007) was 
then used to remove the tail-end of the muscle artifact due to the TMS 
pulse (Rogasch et al., 2014, Rogasch et al., 2017). In this first run of ICA, 
an average of 1±0.74 components were removed from P3 datasets, and 

Fig. 1. Experimental procedure and trial sequence for the experiment. A: Outline of the experimental steps followed for each participant. B: Timing of each 
experimental trial.
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an average of 0.94±0.97 components were removed from P4 datasets. A 
paired t-test showed no significant differences in the number of removed 
components [t(1,18) = 0.369; p = 0.716, Cohen’s d = 0.08]. Subse
quently, we applied a bandpass filter (0.1-100 Hz, zero-phase, fourth- 
order Butterworth band-pass) and band-stop filter (49-51 Hz). We per
formed a second run of ICA to check for blinks, lateral eye movements 
(saccades), persistent muscle activity, and electrode noise. After the 
second run of ICA, an average of 27.57±6.06 components were removed 
from P3 datasets, and an average of 27.42±6.2 components were 
removed from P4 datasets. A paired t-test showed no significant differ
ences in the number of removed components [t(1,18) = 0.163; p =
0.872, Cohen’s d = 0.03]. Before each ICA round, interpolated data from 
-2 to 10 ms were substituted with constant amplitude values and then 
interpolated again to improve component decomposition. We then re- 
referenced data to a point at infinity (Yao, 2001) using the REST 
toolbox (Dong et al., 2017). Finally, we low-pass filtered the data at 40 
Hz and epoched them from -100 to 500 ms. Datasets from the P4 stim
ulation session were flipped in order to overlap the stimulation sites in 
the two experimental sessions. Datasets from both hemispheres were 
then merged and downsampled at 250 Hz. We used TBT toolbox (Ben- 
Shachar, 2020) to detect and reject bad trials. Baseline correction was 
finally performed from -100 to 0 ms.

For each participant, we then computed the Local Mean Field Power 
(LMFP) (Lehmann & Skrandies, 1980) for the two hemispheres, 
considering ipsilateral and contralateral channels to the stimulation; 
midline electrodes were not included in the calculation.

2.6. Correlated component analysis

Inter-subject correlation of EEG responses to TMS was measured via 
correlated component analysis (CorrCA) (Parra et al., 2018), a technique 
first introduced by Dmochowski et al. (Dmochowski et al., 2012). The 
code used to perform CorrCA on our data has been previously published 
by Parra Lab (https://www.parralab.org/isc/).

CorrCA is a backward model that captures shared sources of 
covariation in the data: it does so by defining a model comprised of 
several projection vectors (components) that linearly combine elec
trodes and on which the data is projected, resulting in the isolation of 
significant correlation between subjects in the data. In this way, our EEG 
data – characterized by high dimensionality – are reduced to a few 
components with minimal correlation in time and maximal correlation 
across participants. Backprojecting the resulting components on the data 
gives us their specific time course for each condition: this allows us to 
compare and see how the shared activity is influenced by the different 
experimental conditions.

To do so, we removed the stimulated electrode from our flipped data 
(i.e., the electrode P3) to avoid distortions in the decomposition due to 
the presence of the TMS pulse. Then, trials belonging to all four different 
conditions (Stimulation site [P3|P4] x Phosphene awareness [present|ab
sent]) were averaged for each subject and concatenated along the time 
dimension. CorrCA analysis was then performed on the combined data 
from all subjects, determining a set of components that capture the 
maximum correlation across time samples between the 19 subjects. The 
statistical significance of the detected components was assessed via 
random circular shuffle (200 repetitions) (Parra et al., 2018). Circular 
shuffle means that the signal of each subject is shifted in time by a 
random time delay, such that multiple subjects are no longer temporally 
aligned to one another. Any temporal correlation between subjects is, 
therefore, entirely accidental. Inter-subject correlation measured on 
such random-shifted data thus provides a distribution under the null 
hypothesis of no inter-subject correlation. Its circularity derives from the 
fact that, when shifting in time, the data samples at the end/beginning of 
the sequence are wrapped around to appear at the beginning/end.

We then projected the weights of the backward model that we ob
tained on the averaged flipped data separately for each of the four 
conditions to compute the significant correlated components for each 

condition and allow statistical comparison between them.

2.7. Source localization

To deduce cortical electrical activity from EEG signals recorded on 
the scalp, we employed exact low-resolution brain electromagnetic to
mography (eLORETA) as a source estimation model. eLORETA is a linear 
inverse solution that estimates cortical electrical activity from EEG data 
with exact localization, although with low spatial resolution (Grech 
et al., 2008; Jatoi et al., 2014; Pascual-Marqui, 2007; Pascual-Marqui 
et al., 2011). It represents cortical electrical activity on a realistic 
head model (standardized scalp-skull-brain head model) (Fuchs et al., 
2002) based on MNI152 template (Mazziotta et al., 2001). eLORETA 
provides a 3D solution space made of 6239 voxels in the cortical grey 
matter, with a spatial resolution of 5x5x5 m3.

To perform source localization, we used the freeware available at 
https://www.uzh.ch/keyinst/loreta (version 4.11.2008). EEG data were 
average referenced, and Talairach coordinates were created for all 
electrodes following a template of the 10-20 electrode system (Jurcak 
et al., 2007). Electrode coordinates and MNI152 head model were then 
employed to determine the transformation matrix, with the aim of 
converting scalp electric potential differences to brain current densities.

We used eLORETA on our TEP data to localize the cortical sources 
associated with the different conditions. We also applied eLORETA on 
the forward models of the significant components we obtained from 
CorrCA, to translate them into the corresponding distributions of un
derlying cortical activity (Dmochowski et al., 2012).

2.8. Statistical analyses

2.8.1. Behavioral Statistics
JASP was used to analyze behavioral data (JASP Team, 2020). Trials 

with reaction times (RTs) <150 ms or >3 SD were considered outliers 
and excluded from further analysis. A t-test was conducted on the 
stimulation intensity necessary to find PT in the two stimulated sites, to 
check for possible hemispheric differences. We then performed a one- 
sample t-test to check if the percentages of positive and negative an
swers differed from a 50% value. A 2x2 repeated-measures ANOVA with 
Stimulation site (P3|P4) and Phosphene awareness (present|absent) as 
within-subject factors was used to analyze RTs.

2.8.2. LMFP Statistics
A series of 2x2 ANOVA with Stimulation site (P3|P4) and Stimulated 

hemisphere (ipsilateral|contralateral) as within-subject factors was car
ried out on LMFPs for each time point. False Discovery Rate (FDR) 
(Groppe et al., 2011) was used to control for multiple comparisons.

2.8.3. TEPs statistics
LIMO EEG toolbox was used for TMS-EEG data analysis (Pernet et al., 

2011). We performed a 2x2 ANOVA with Stimulation site and Phosphene 
awareness as within-subject factors on TMS-evoked potentials (TEPs), 
followed by t-tests to study the factors’ interaction. We then thresholded 
results by applying a temporal filter that revealed only significant acti
vations whose duration was at least 12 ms. Clusters of significant elec
trodes were identified around the peaks in GMFP waveforms, calculated 
separately for each statistical comparison.

2.8.4. CorrCA statistics
For each significant CorrCA component we performed a 2x2 ANOVA 

with Stimulation site and Phosphene awareness as within-subject factors 
on the backprojected components weights on the four conditions. FDR 
was used to control for multiple comparisons.
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3. Results

3.1. Behavioral results

The mean PT for the two stimulation sites was 74.5% of maximum 
stimulator output for P3 stimulation site, and 75.1% for P4 stimulation 
site (Fig. 2). These two values were not statistically different [t(18) =
-0.531; p = 0.602]. The mean percentages of detected phosphenes were 
37.5% after P3 stimulation and 32.8% after P4 stimulation (Fig. 3A).

A 2-way repeated measure ANOVA conducted on RTs showed a 
significant effect of phosphene awareness [F(1,18) = 4.661; p < 0.05; ηp

2 =

0.206], with positive phosphene reports (976 ms for P3 and 990 ms for 
P4) being significantly slower than negative reports (947 ms for P3 and 
924 ms for P4). This might be explained by the nature of parietal 
phosphenes, which in literature are described as weaker and fainter than 
occipital ones (Mazzi et al., 2014): participants might have needed, 
therefore, more time to realize that they had perceived something, 
increasing the amount of time needed to confirm a positive report. 
Neither the Stimulation site [F(1,18) = 0.01; p = 0.921; ηp

2 = 5.608e-4] 
nor the interaction [F(1,18) = 3.757; p = 0.068; ηp

2 = 0.173] were sig
nificant (Fig. 3B).

3.2. LMFP results

The analysis performed over LMFP data detected a significant effect 
of the Stimulated hemisphere (ipsilateral|contralateral) in the time range 
between 12 to 104 ms [all ps < .05]. No significant differences were 
found for both the Stimulation site and the interaction between the two 
factors (Fig. 3C).

3.3. TEP results

Fig. 4A includes the butterfly plots associated with the two Stimu
lation site conditions (P3|P4), together with the topographies and source 
reconstructions related to the TEP peaks. Particularly, concerning source 
reconstructions in the P3 condition, the cortical generator for the first 
peak at 36 ms was located in Brodmann Area (BA) 7 within the pre
cuneus (MNI coordinates: X= -5; Y= -65; Z= 65), while the cortical 

generator for the peaks at 56 ms, 76 ms, 112 ms, and 164 ms was located 
in BA 5, in the postcentral gyrus (MNI coordinates: X= -20; Y= -50; Z=
70). With regard to source reconstructions in the P4 condition, the 
cortical generator for the first (36 ms) and second peak (56 ms) was 
located in BA7, in the postcentral gyrus (MNI coordinates for 36 ms 
peak: X= 25; Y= -55; Z= 70; MNI coordinates for 56 ms peak X= 20; Y=
-55; Z= 70). The cortical generator of the third peak at 76 ms was 
located in BA7, in the superior parietal lobule (MNI coordinates: X= 25; 
Y= -65; Z= 65). The generator of the fourth peak (112 ms) was again 
located in BA7, in the postcentral gyrus, similarly to the first and second 
peaks (MNI coordinates: X= 25; Y= -55; Z= 70). The generator of the 
fifth peak (164 ms) was again in the superior parietal lobule (BA7), 
similarly to the third peak (MNI coordinates: X= 25; Y= -65; Z= 65). To 
report significant TEP activations, we identified temporal clusters based 
on GMFP peaks. A two-way repeated measures ANOVA on TEPs revealed 
a significant effect of Stimulation site [all ps < 0.05]. We found three 
main clusters: the first one in the 20-48 ms time window involved 
mainly frontal electrodes; the second, in the 48-100 ms time window, 
involved mainly fronto-central electrodes contralateral to stimulation; 
the third one in the 120-250 ms time window, involved mainly frontal 
electrodes contralateral to stimulation and bilateral central electrodes 
(Fig. 4B).

Fig. 5A shows the butterfly plots related to the two Phosphene 
awareness conditions (present|absent), with the topographies and source 
reconstructions of the TEP peaks.

Source reconstruction for the “phosphene present” and “phosphene 
absent” conditions revealed that, for both conditions, the cortical 
generator of the peaks at 36 ms, 56 ms, 76 ms, 112 ms, and 160 ms were 
located in BA 7, in the superior parietal lobule (MNI coordinates: X= -30; 
Y= -65; Z= 60). Two different clusters were identified for Phosphene 
awareness: the first one, in the 100-120 ms time window, involved 
mainly fronto-central and parieto-occipital electrodes ipsilateral to the 
stimulation; the second, in the 120-250 ms time window, involved 
bilateral frontal, central, and parieto-occipital electrodes (Fig. 5B).

Considering the interaction between the two factors, we detected 
four clusters: the first in the 20-48 ms time window, involved bilateral 
centro-parietal electrodes; the second in the 48-100 ms time window, 
involved mainly bilateral frontal and centro-parietal electrodes; the 
third in the 100-124 ms time window, involved left fronto-central 
electrodes; the fourth in the 124-250 ms time window involved 
mainly bilateral fronto-central electrodes (Fig. 6).

The butterfly plots, together with the topographies and source re
constructions of the TEP peaks for “phosphene present” and “phosphene 
absent” conditions after left TMS, are shown in Fig. 7A. Source recon
struction for “phosphene present – left TMS” showed that the cortical 
generator of the peak at 36 ms was located in BA7, in the precuneus 
(MNI coordinates: X= -5; Y= -65; Z= 65), while the generator for the 
peaks at 56 ms, 76 ms, 112 ms was in BA 5, in the postcentral gyrus (MNI 
coordinates for 56 ms, 76 ms and 112 ms peaks: X= -20; Y= -50; Z= 70; 
MNI coordinates for 164 ms peak: X= -25; Y= -50; Z= 70). On the other 
hand, for “phosphene absent – left TMS” the cortical generator of the 
peak at 36 ms was in BA7, in the precuneus (MNI coordinates: X= -5; Y=
-65; Z= 65), while the sources of the remaining peaks (56, 76, 112, and 
160 ms) were all located in BA 5, in the postcentral gyrus (MNI co
ordinates: X= -20; Y= -50; Z= 70). In order to disentangle the contri
bution that the different factors gave in the interaction, we looked at the 
t-tests to check for the awareness-related activations in the two stimu
lation sites. When contrasting “phosphene present” vs. “phosphene ab
sent” conditions after left IPS stimulation, we found two clusters: the 
first in the 20-44 ms time window involved mainly right fronto-central 
electrodes; the second, in the 116-250 ms time window involved bilat
eral frontal, central and parieto-occipital electrodes (Fig. 7B).

With regards to the right IPS stimulation, Fig. 8A shows the butterfly 
plots with the associated topographies and source reconstructions for 
“phosphene present” and “phosphene absent” conditions after right 
TMS. Source reconstruction for “phosphene present – right TMS” 

Fig. 2. Stimulation sites for each participant in the two hemispheres. Each dot 
corresponds to phosphene hotspot from a single participant for the specific 
hemisphere. Blue dots represent left TMS targets, while orange dots represent 
right TMS targets. Black dots correspond, respectively, to the P3 (left) and P4 
(right) electrode positions.
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revealed that the cortical generator for the 36 ms and 56 ms peaks was 
BA 7, in the postcentral gyrus (MNI coordinates for 36 ms peak: X= 25; 
Y= -55; Z= 70; MNI coordinates for 56 ms peak: X= 20; Y= -55; Z= 70); 
the generator for the 72 ms peak was again BA 7, in the superior parietal 
lobule (MNI coordinates: X= 25; Y= -65; Z= 65). The sources of the 112 
ms and 160 ms peaks were again located in BA 7, the first in the post
central gyrus (MNI coordinates: X= 25; Y= -55; Z= 70), and the second 
in the superior parietal lobule (MNI coordinates: X= 25; Y= -65; Z= 65). 
On the other side, source reconstruction for the “phosphene absent – 
right TMS” condition shows that the generators of all the peaks are 
located in BA 7: for the 36 ms and 56 ms peaks, they are in the post
central gyrus (MNI coordinates for 36 ms peak: X= 25; Y= -55; Z= 70; 
MNI coordinates for 56 ms peak: X= 20; Y= -55; Z= 70); the source of 
the 72 ms peak is in the superior parietal lobule (MNI coordinates: X=
25; Y= -65; Z= 65); the 112 ms peak originates again in the postcentral 

gyrus (MNI coordinates: X= 25; Y= -55; Z= 70), while the generator for 
the 160 ms peak is once more in the superior parietal lobule (MNI co
ordinates: X= 25; Y= -65; Z= 65). For right TMS, two clusters emerged 
from contrasting “phosphene present” vs. “phosphene absent” condi
tions: the first was located in the 48-100 ms time window, involving 
mainly left centro-parietal electrodes; the second between 124 and 250 
ms, comprising bilateral frontal, central and parietal electrodes 
(Fig. 8B).

3.4. Correlated component analysis

CorrCA analysis revealed five significant correlated components 
across our dataset (Fig. 9, left). The first one exhibited a dipole with the 
positivity located over centro-frontal electrodes (mainly spread on the 
side ipsilateral to stimulation) and the negativity over parieto-occipital 

Fig. 3. Behavioral and LMFP results. A: Percentages of reported phosphenes for the two stimulated sites (blue for P3/left, orange for P4/right). Black Xs represent the 
mean value of the distribution, while colored dots represent individual data. B: Reaction times for “Phosphene present” and “Phosphene absent” trials for the two 
stimulation sites (blue for P3/left, orange for P4/right). Black Xs represent the mean value of the distribution, while colored dots represent individual data. C: LMFP 
calculated separately for each stimulation site, for both electrodes ipsilateral and contralateral to the stimulation (vertical midline electrodes not included). Gray bars 
below the plot represent the significant time intervals for each factor.
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Fig. 4. Results from the ANOVA conducted on TEPs: main effects of Stimulation site. A: Butterfly plots depicting TEPs for the two conditions (“Left TMS”, blue; “Right 
TMS,” orange). Vertical dotted lines highlight the peaks of the different components, as determined by GMFP below. The topographies below represent the scalp 
distribution for each component, with corresponding source reconstruction. B: Raster plot depicting for each time point and each electrode the significant differences 
(expressed in F-values) between left and right TMS. Right TMS data were flipped so that stimulation sites overlapped. X and Y axes represent, respectively, time in 
milliseconds and electrodes (from posterior to anterior ones). The two lines superimposed represent the GMFPs associated with the two conditions, whose peaks were 
used to identify TEPs clusters. The vertical dotted lines highlight GMFP peaks. The scalp topographies represent scalp differences between the two conditions (“Right 
TMS” – “Left TMS”; “Right TMS” topographies were flipped to keep the stimulation site constant across the two conditions), with each map corresponding to the 
latency of each GMFP peak.
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Fig. 5. Results from the ANOVA conducted on TEPs: main effects of Phosphene awareness. A: Butterfly plots depicting TEPs for the two conditions (“Phosphene 
present”, continuous line; “Phosphene absent”, dotted line). Vertical dotted lines highlight the peaks of the different components, as determined by GMFP below. The 
topographies below represent the scalp distribution for each component, with corresponding source reconstruction. Topographies have been flipped, so that stim
ulation site is always located on left IPS, in correspondence with P3 electrode. B: Raster plot depicting for each time point and each electrode the significant dif
ferences (expressed in F-values) between present and absent phosphenes. Right TMS data were flipped so that stimulation sites overlapped. X and Y axes represent, 
respectively, time in milliseconds and electrodes (from posterior to anterior ones). The two lines superimposed represent the GMFPs associated with the two con
ditions, whose peaks were used to identify TEPs clusters. The vertical dotted lines highlight GMFP peaks. The scalp topographies represent scalp differences between 
the two conditions (“Phosphene present” – “Phosphene absent”), with each map corresponding to the latency of each GMFP peak.
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electrodes; source analysis revealed the generator of this component to 
be in BA 6, in the superior frontal gyrus (MNI coordinates: X= 10; Y= 5; 
Z= 70). The second component consisted of a negative pole located 
centrally, with smaller positive dipoles over parieto-occipital electrodes; 
source analysis revealed its origin to be in BA 7, in the postcentral gyrus 
(MNI coordinates: X= -20; Y= -55; Z= 70). The third component pre
sented a topography displaying a negativity over parieto-central elec
trodes, engaging both sides of the scalp; source analysis revealed an 
origin located in BA 7, in the precuneus (MNI coordinates: X= 5; Y= -65; 
Z= 65). The fourth component showed a dipole with positivity over 
occipital and parietal electrodes and negativity over contralateral tem
poral electrodes; source analysis showed that this component originated 
in BA7, in the superior parietal lobule (MNI coordinates: X= -15; Y= -55; 
Z= 60). The fifth component displayed a topography characterized by a 
positive activation over centro-parietal electrodes, mainly leaning to
wards the ipsilateral hemisphere; source analysis showed that this 
component originates in BA 7, in the postcentral gyrus (MNI co
ordinates: X= 25; Y= -55; Z= 70).

Backprojecting the components on data averaged across the four 
different conditions revealed significant differences [all ps < 0.05, FDR 
corrected] for the Stimulation site condition in the first component: the 
two stimulated sites differ in the time windows 12-20 ms, 28-36 ms, 68- 
132 ms and 244-250 ms. Significant differences for the Stimulation site 
were also detected in the second component, lasting for the entire epoch 
duration, from 12 to 250 ms. The fourth component, on the other hand, 
showed significant differences for Phosphene awareness: the two condi
tions are significantly different from 40 to 60 ms (Fig. 9, right).

4. Discussion

In the last decades, the initial discovery of IPS as an independent 
phosphene generator (Bagattini et al., 2015; Knight et al., 2024; Marzi 
et al., 2009; Mazzi et al., 2014, 2017a; Parks et al., 2015; Tapia et al., 
2014) has received progressive support. However, many aspects remain 
to be clarified, one of them being the existence of lateralized differences 
between the two IPS in the electrophysiological activity sustaining 
phosphenes. With the present study, therefore, we aimed to investigate 
the presence of hemispheric differences in IPS, specifically in the neural 

mechanisms associated with generating phosphenes.
To do so, we performed a TMS-EEG experiment stimulating both IPS 

at PT intensity so that we could directly compare the EEG activity eli
cited by phosphene perception across the two stimulated sites: this 
allowed us to reveal hemispheric asymmetries in the electrophysiolog
ical dynamics related to phosphene perception.

RTs for the “phosphene present” condition were significantly slower 
than RTs for the “phosphene absent” condition, in general contrast with 
previous research providing evidence of faster RTs for the “phosphene 
present” than for the “phosphene absent” condition – for both occipital 
and parietal (Bonfanti et al., 2024; Knight et al., 2024). However, 
caution must be assumed when making these comparisons. In fact, we 
did not emphasize to participants that they should answer as fast as they 
could; instead, they answered when they were sure about their response. 
This, in conjunction with the fact that parietal phosphenes are less vivid 
and bright than occipital ones (Mazzi et al., 2014) – also determined by 
the fact that our stimulations were below threshold – might explain why 
our participants needed a longer interval to report the presence of a 
phosphene: given the faint aspect of parietal phosphenes, they needed 
more time to be sure that they had actually perceived one, thus resulting 
in a longer interval for “phosphene present” condition.

To analyze our TMS-evoked data, we employed three different ap
proaches. The first one is based on LMFP, giving us an overview of the 
general state of activation of the cortex. The second focuses on analyzing 
TMS-evoked potential through a hierarchical linear model: this allows 
us to statistically test all the time points and electrodes of EEG data, 
going beyond traditional approaches based on choosing specific mean 
amplitudes or wave peaks. Finally, correlated component analysis 
(CorrCA) is a source separation model that identifies source signals that 
are reliably reproduced across subjects. In this way, CorrCA goes beyond 
the sensor level, separating and displaying the sources of the brain ac
tivity recorded at the scalp level and providing, therefore, an electro
physiological rationale for the evoked neural activations analyzed with 
the previous approaches.

The LMFP is a time-domain, reference-free metric linked with TEPs. 
It represents the standard deviation of EEG activity caused by an event 
(in this case, a TMS pulse) in a cluster of electrodes of choice. This 
measure quantifies, therefore, the electrical response of the brain at each 

Fig. 6. Results from the ANOVA conducted on TEPs: interaction between Stimulation site and Phosphene awareness. Raster plot depicting for each time point and each 
electrode the significant differences (expressed in F-values) between the four different conditions (“Left TMS-Phosphene present”; “Left TMS-Phosphene absent”; 
“Right TMS-Phosphene present”; “Right TMS-Phosphene absent”). X and Y axes, respectively, represent time in milliseconds and electrodes (from posterior to 
anterior ones). The four lines superimposed represent the GMFPs associated with the four conditions, whose peaks were used to identify TEP clusters.
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Fig. 7. Results from the ANOVA conducted on TEPs: post hoc pairwise comparison between “Phosphene present” and “Phosphene absent” for left TMS. A: Butterfly 
plots depicting TEPs for the two conditions (“Phosphene present”, continuous line; “Phosphene absent”, dotted line). Vertical dotted lines highlight the peaks of the 
different components, as determined by GMFP below. The topographies below represent the scalp distribution for each component, with corresponding source 
reconstruction. B: Raster plot depicting for each time point and each electrode the significant differences (expressed in F-values) between present and absent 
phosphenes. X and Y axes represent, respectively, time in milliseconds and electrodes (from posterior to anterior ones). The two lines superimposed represent the 
GMFPs associated with the two conditions, whose peaks were used to identify TEPs clusters. The vertical dotted lines highlight GMFP peaks. The scalp topographies 
represent scalp differences between the two conditions (“Phosphene present” – “Phosphene absent”), with each map corresponding to the latency of each GMFP peak.
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Fig. 8. Results from the ANOVA conducted on TEPs: post hoc pairwise comparison between “Phosphene present” and “Phosphene absent” for right TMS. A: Butterfly 
plots depicting TEPs for the two conditions (“Phosphene present”, continuous line; “Phosphene absent”, dotted line). Vertical dotted lines highlight the peaks of the 
different components, as determined by GMFP below. The topographies below represent the scalp distribution for each component, with corresponding source 
reconstruction. B: Raster plot depicting for each time point and each electrode the significant differences (expressed in F-values) between present and absent 
phosphenes. X and Y axes represent, respectively, time in milliseconds and electrodes (from posterior to anterior ones). The two lines superimposed represent the 
GMFPs associated with the two conditions, whose peaks were used to identify TEPs clusters. The vertical dotted lines highlight GMFP peaks. The scalp topographies 
represent scalp differences between the two conditions (“Phosphene present” – “Phosphene absent”), with each map corresponding to the latency of each GMFP peak.
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time point in the considered electrodes, providing an easily under
standable and straightforward measure of local cortical activation 
following a specific event (Casarotto et al., 2013; Cruciani et al., 2023; 
Rocchi et al., 2018). We decided to calculate a “hemispheric” LMFP, 
clustering together the electrodes located on each side of the scalp (with 
the exclusion of the midline) to have an overview of the overall level of 
activation of right and left channels. Our data revealed a significant 
effect of the side of stimulation: electrodes ipsilateral to the stimulation 
showed a significantly higher activation level from 12 ms – i.e., from the 
first time point we started considering after the interpolation – to 100 ms 

compared to electrodes contralateral to the stimulation. This result 
shows, on one side, the efficacy of our TMS stimulation, proving that the 
level of activity in the stimulated half of the scalp is significantly higher 
than that of the non-stimulated half of the scalp. Moreover, it gives us an 
overview of the spread of TMS-induced activity across channels: LMFP 
points to the existence of an early time window – from stimulation up to 
100 ms – during which the elicited activity remains confined to ipsi
lateral channels, and a later time window, during which the elicited 
signal becomes more homogeneous across the scalp, and the differences 
in terms of the level of activation between the two sides disappear. Other 

Fig. 9. CorrCA results. Left: topographies of the five significant components detected by CorrCA, with the respective source reconstructions. Right: backprojections of 
components 1, 2, and 4 – the ones showing an effect of either Stimulation site or Phosphene awareness – on the four conditions separately.
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studies have identified activity in the first 80-100 ms as reflecting 
genuine local cortical responses to TMS (Casula et al., 2022; Herring 
et al., 2015; Rocchi et al., 2021), possibly due to trans-synaptical con
nectivity mainly mediated by GABAergic interneurons (Premoli et al., 
2014). However, the fact that in our LMFP analyses these early differ
ences (e.g., <100 ms) in cortical activation were present for the whole 
time interval, not just when considering the electrodes surrounding the 
stimulation but also when considering an entire side of the scalp, raises 
some questions about the topographical extension of this so-called 
“local” response (i.e., how local it actually is) and the neurosynaptic 
mechanisms involved. A similar study targeting occipital areas found 
similar results in this regard (Bonfanti et al., 2024), further stressing the 
need for better elucidation of the mechanisms underlying the spread of 
TMS across neurons.

To our knowledge, our study is the first to directly compare TEPs 
deriving from phosphenes perception elicited by IPS stimulation of both 
hemispheres in a cohort of healthy participants. Previous TMS-EEG 
studies investigating parietal phosphenes have either investigated 
hemianopic patients (Mazzi et al., 2017a) or have focused on only one 
hemisphere (Bagattini et al., 2015; Samaha et al., 2017). Moreover, our 
analysis was not restricted to electrodes and time windows arbitrarily 
chosen but instead took into account the whole epoch and scalp 
coverage, allowing us to have a deeper understanding of TMS-induced 
activity across the brain (Bonfanti et al., 2024).

Looking at the effect of the stimulated site on the elicited brain 
response, we found that left and right IPS stimulation display a different 
pattern of activations: they first start to differ as soon as ~40 ms, with 
the most differences located at 50-70 ms and 150-250 ms. Source 
reconstruction revealed a different activation spread, with left IPS 
eliciting a larger activation diffusing centro-frontally towards the ante
rior part of the brain; on the other hand, right IPS determined a more 
restricted activation focused on centro-parietal areas. Ultimately, these 
differences might be due to the specialization of the right hemisphere for 
visual processing (Koch et al., 2011; Pisella et al., 2011; Roser et al., 
2011), which could affect the degree of involvement of the stimulated 
areas: less specialized areas – in our case, left IPS – require a major 
cortical contribution from the surrounding cortex with respect to the 
more specialized in a specific function, in a way that is similar to the 
effect of a brain injury on the localization of function, which often re
sults in this function necessitating a wider cortical contribution when 
the default area is deactivated by the injury (Grefkes et al., 2020; Rossini 
et al., 2003). With regard to the effect of phosphene perception on the 
elicited EEG activity, the most consistent differences appear to be during 
the time windows 100-150 ms and after 200 ms. Source reconstruction 
noticeably reveals that, for the entire epoch, the focus of this activity is 
centered on IPS, even for the activity associated with the “phosphene 
present” condition: this further proves the independence of IPS as a 
phosphene generator (Bagattini et al., 2015; Fried et al., 2011; Knight 
et al., 2024; Marzi et al., 2009; Mazzi et al., 2014, 2017a, 2019; Parks 
et al., 2015; Samaha et al., 2017; Tapia et al., 2014), with no activations 
in occipital areas that might be responsible for these percepts. Moreover, 
differences between the “phosphene present” and “phosphene absent” 
conditions seem to rely mainly on different degrees of activation of the 
stimulated area, rather than on different areas activated in the two 
conditions (Knight et al., 2024).

We then disentangled the effect of phosphene perception in the two 
stimulated sites. After left IPS TMS, phosphene perception elicited dif
ferential activations starting from ~30 ms, mainly present over central 
and frontal electrodes. The following activation is between 120 ms and 
250 ms, involving frontal, central, and parieto-occipital electrodes. 
Source reconstruction shows that cortical activations spread mainly 
around IPS, again with no involvement of the occipital lobe, moving 
towards central and frontal areas as the epoch goes on. In a TMS-EEG 
study targeting left IPS to elicit phosphenes, Bagattini and colleagues 
(Bagattini et al., 2015) showed that the earliest onset latency of phos
phenes awareness was at 66 ms, ~30 ms later than the activation we 

found; this difference is due to the fact that Bagattini and colleagues 
started analyzing TEPs from 50 ms, therefore missing out on everything 
that happened immediately after the stimulation. The later fronto- 
central and centro-parietal activations that they report in their study, 
on the other side, are partially in accordance with the second cluster of 
differential activations we found, confirming the existence of this second 
wave of frontal and posterior activity related to phosphene perception. 
In another TMS-EROS investigation of parietal phosphenes, Knight and 
colleagues (Knight et al., 2024) report that phosphene-related activity is 
initially limited to the stimulated IPS, in a time window ranging from 
~50 to ~75 ms, again slightly later than the one we found. They also 
found later activations related to phosphene perception in the ~140-220 
ms time window, which mainly involve occipital areas; this is in sharp 
contrast with our source reconstruction results, showing that stimula
tion activity remains constrained to the parietal lobe. Considering that 
previous research has demonstrated that IPS stimulation can elicit 
phosphenes even in patients who have undergone complete destruction 
of primary visual areas (Corbetta et al., 2008; Culham & Valyear, 2006; 
Xu G.Q. et al., 2016), it seems plausible to consider those late occipital 
activations as neural consequences of consciousness and not proper cor
relates of it (de Graaf et al., 2012).

With regards to phosphene perception after right IPS stimulation, we 
report a first differential activation between 60 and 70 ms, mainly 
involving parietal and centro-parietal electrodes. The following activa
tion involves electrodes scattered across the scalp, including frontal, 
central, and parietal, in a time range starting at 150 ms and ending at 
250 ms. Source reconstruction also shows for right IPS that phosphene- 
related activity spreads primarily around the stimulated site, with again 
no involvement of occipital areas, further confirming even right IPS as 
an independent phosphene generator. Differently from left IPS stimu
lation, however, right sources are more spread on posterior areas, with 
lesser involvement of the frontal lobe and major activations in parietal 
regions. Additionally, these activations are more centered around the 
stimulated point than their counterparts after left stimulation: 
phosphene-related activity confined to parietal areas can again reflect 
the more specialized nature of the right hemisphere for processing visual 
information and, therefore, less widespread recruitment of neuronal 
populations than the less visually specialized left hemisphere (Grefkes 
et al., 2020; Koch et al., 2011; Pisella et al., 2011; Roser et al., 2011; 
Rossini et al., 2003).

In a TMS-EEG study conducted on a hemianopic patient, Mazzi and 
colleagues (Mazzi et al., 2017a) report, for right parietal stimulation, 
that phosphene perception elicited significantly different activity from 
~50 ms to ~80 ms, specifically at parieto-occipital and central elec
trodes. This matches the differential activations we found in our first 
cluster, involving mostly parietal and central electrodes.

Overall, our TEP analysis reveals that the first activations related to 
phosphene perception differ between the two stimulated sites both in 
terms of latency and spread. The second activation, on the other side, 
presents similar latency but different topographical characteristics. 
These diverse patterns of activation sustain the existence of lateralized 
differences between the two hemispheres in the electrophysiological 
mechanisms responsible for visual percepts. It is noteworthy, however, 
that participants did not report – although at an anecdotal level – any 
qualitative difference between right and left phosphenes.

To further analyze our results, we have used CorrCA (Dmochowski 
et al., 2012; Parra et al., 2018). CorrCA is a source separation technique 
that extracts linear components that are most reliable across subjects – i. 
e., that are maximally correlated when confronting two different time 
series. This process reduces data characterized by high-dimensionality 
(such as EEG) to just a few components, explaining activity common 
across different experimental conditions. Similarly to other blind source 
separation models (e.g., ICA, PCA), CorrCA allows a more thorough 
comprehension of TMS-related brain dynamics than observation of scalp 
channels since the effects of source (and potentially artifacts) mixing due 
to volume conduction can be strongly diminished – as long as they are 
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not shared across subjects. The comparison of the found components 
allowed us to ascertain how shared activity is modulated by the different 
experimental conditions, and where the sources of these modulations 
are located. To our knowledge, this technique has been applied only 
once on TMS-EEG data (D’Ambrosio et al., 2022), with the aim of 
extracting shared components. In this work, instead, we compared 
extracted components across different conditions, further characterizing 
the neural activity deriving from the two stimulated sites and the 
perception of phosphenes. Our analysis found five different correlated 
components. Of these five, the first and the second showed an effect of 
site of stimulation, while the fourth showed an effect of phosphene 
awareness.

Source reconstruction of the first component reveals that it mainly 
involves areas located along the midline, from parietal to motor areas; 
this might relate to differences in the diffusion of the neural signal, with 
activity from left IPS stimulation diffusing more frontally and activity 
from right IPS more posteriorly, with possibly a different involvement of 
the corpus callosum in the two conditions (Marzi et al., 1991; Marzi 
et al., 2009). It is known, in fact, that TMS on parietal areas surrounding 
IPS can exert interhemispheric influences (Heinen et al., 2011), affecting 
remote brain areas via callosal connections. The difference we report 
could be due to architectural differences supporting how the signal 
propagates after originating in the two stimulated sites.

The second component, too, shows an effect of the stimulated site, 
this time more posterior and centered on the stimulated IPS and its 
contralateral homologous. The differential activation on stimulated IPS 
could reflect differences in how the two IPS respond to TMS, as also 
reflected in our TEP results: a more localized activation following 
stimulation of right IPS, more specialized in visuospatial processing, and 
a more widespread activation following stimulation of left IPS, less 
specialized in visuospatial processing and therefore in need of recruiting 
a more comprehensive network when stimulated. In fact, it is known 
that the right hemisphere – and right parietal areas in particular – has a 
predominant role in processing visuospatial information (Marshall & 
Fink, 2001; Sack, 2009; Ten Brink et al., 2016), and the difference we 
found for this component might reflect differences in how IPS neurons – 
likely involved in visuospatial processing – process incoming stimuli. On 
the other hand, differences in IPS contralateral to stimulation might 
again be due to differences in the subcortical structures connecting the 
two IPS, resulting in differential activations between the two sites (Marzi 
et al., 2009).

The fourth detected component shows an effect of phosphene 
awareness at an early time window, ranging from 40 to 60 ms. Source 
reconstruction reveals that this differential activation is consistent with 
a localization over stimulated IPS. This is in accordance with our TEP 
results, as the activity related to phosphene perception in both left and 
right IPS shares the latency – particularly of the first cluster of electrodes 
– and source distribution of our CorrCA results. Moreover, these latter 
results further display that IPS can be a phosphene generator indepen
dent of occipital areas (Bagattini et al., 2015; Fried et al., 2011; Knight 
et al., 2024; Marzi et al., 2009; Mazzi et al., 2014, 2017a, 2019; Parks 
et al., 2015; Samaha et al., 2017; Tapia et al., 2014), further confirming 
that areas located along the dorsal stream – as IPS – can elicit conscious 
visual percepts and potentially play a role in visual awareness.

A similar investigation has been conducted by Bonfanti and col
leagues (Bonfanti et al., 2024), using a comparable experimental para
digm to study the lateralization of early visual cortex responses to 
phosphene perception. What they found is the existence of lateralized 
differences in phosphene-related activity. They report that right and left 
TMS-evoked phosphenes elicit differential patterns of electrophysio
logical responses. Moreover, they also detected lateralized differences in 
how the signal propagates: while TMS on the right early visual cortex 
elicited early stronger activations and diffused more ipsilaterally, TMS 
on the left early visual cortex determined later stronger activations, 
spreading mainly contralaterally. These differences were further 
corroborated through connectivity analysis by another study conducted 

on the same dataset (Siviero et al., 2023). Overall, these papers support 
the existence of lateralized differences in the electrophysiological cor
relates of phosphenes, either occipital or parietal; moreover, they sug
gest that the two hemispheres can give rise to equivalent visual percepts 
despite them having different neural correlates and that this holds across 
different visually-responsive areas.

Despite the accumulating evidence demonstrating the existence of 
parietal phosphenes as a separate phenomenon from occipital phos
phenes, with their reliability proved across different experiments and 
laboratories, some concern about the actual origin of parietal phos
phenes still persists. As an example, Webster and Ro (Webster & Ro, 
2017) showed that also TMS of the vertex could elicit phosphenes and 
that the probability of reporting them was inversely related to head size, 
suggesting the early visual cortex as their generator since the distance 
between the coil and the occipital lobe is smaller for smaller heads. In 
this paper, the authors use these results to question the origin of parietal 
phosphenes, suggesting that they might be generated by current spread 
or orthodromic/antidromic stimulation. Nevertheless, these results 
present several problems that need to be addressed. Firstly, the authors 
suggest that vertex phosphenes are generated in early visual areas 
thanks to TMS indirectly stimulating the occipital lobe, as proven by the 
inverse correlation with head size. However, this argument could hold 
even better assuming a parietal origin for these phosphenes: as IPS is 
closer to the vertex than the early visual cortex, indirect currents could 
even more easily stimulate parietal areas and elicit in this way parietal 
phosphenes. Secondly, Webster and Ro fail to find a correlation between 
TMS intensity and perception of vertex phosphenes, going against a 
wealth of literature showing a direct correlation between the strength of 
the TMS pulse and the probability of perceiving a phosphene, either 
occipital or parietal (Gerwig et al., 2003; Kammer et al., 2005; Kammer 
& Baumann, 2010; Mazzi et al., 2014; Salminen-Vaparanta et al., 2014). 
Finally, while the authors comment that vertex and occipital phos
phenes’ descriptions were “generally similar”, it is also reported that 11 
out of 18 participants reported differences in at least one aspect of these 
visual percepts, casting doubts on the possibility of a shared generator.

Our results could be read in the wake of the recent reconsideration of 
the two-streams hypothesis, based on the double dissociation between a 
ventral stream, seen as responsible for visual identification of objects, 
and a dorsal one, thought to be in charge of visuomotor guidance of 
action. In the last years, a series of studies has started questioning this 
model, often claiming that the proposed distinction is excessively sharp 
to account for the actual behavior of these two processing streams. Freud 
and colleagues, in a review investigating the role of the dorsal stream in 
visual perception (Freud et al., 2016), report that dorsal areas are 
capable of object representations that are independent of motor execu
tion or planning. Specifically, they report the existence of object rep
resentations in the posterior dorsal pathway (corresponding to IPS) that 
are insensitive to image transformations, even in a passive fixation task 
(Konen & Kastner, 2008) – a remarkable feature of these representa
tions, considering that invariance is typically associated with ventral 
object representations and a necessary feature for object recognition. 
These representations seem to be distinct from ventral object represen
tations: IPS, in fact, is known to have activation latencies to visual 
stimuli as early as peristriate occipital cortex (Regev et al., 2018) – 
possibly mediated by a fast subcortical magnocellular pathway (Wang 
W. et al., 2023): a result, this, also supported by similar latencies for 
phosphene perception between the present study and others (Bonfanti 
et al., 2024). Besides, IPS also exhibits specific properties that make it 
something more than a mere recipient of ventral activity – as being able 
to support object categorization independently from ventral areas 
(Ayzenberg & Behrmann, 2022b), with the dorsal stream capable of 
predicting the ventral response, rather than the other way around 
(Ayzenberg et al., 2023). Moreover, they might also have some func
tional relevance for behavioral tasks: lesion studies revealed that pa
tients suffering from ventral damage still retained some degree of 
sensitivity to structural object representations (Freud et al., 2017; James 
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et al., 2003), as suggested by both behavioral performance and degree of 
activation of dorsal areas. Importantly, the reverse pattern is also true, 
with the perception of structural information being impaired by dorsal 
lesions (Vaina, 1989; Van Dromme et al., 2016). These results point to 
the existence of object representations in the dorsal stream that are in
dependent of ventral ones, and that subserve a specific functional role in 
visual perception. More specifically, the dorsal stream might exhibit a 
representational gradient from perceptual to motor, with areas located 
closer and more connected to early visual areas (e.g., IPS) representing 
perceptual and visual properties of stimuli.

The present results, thus, could further support this change of 
perspective about the processing properties of the dorsal stream: as early 
visual areas are consistently linked with object perception, and targeting 
them with TMS elicits visual percepts in the form of phosphenes, in a 
similar way IPS, given its role in object perception, when stimulated via 
TMS gives a comparable perceptual output to that coming from early 
occipital areas, as these neurons engage in similar – although specific – 
tasks.

In a recent paper reconsidering this model (Ayzenberg & Behrmann, 
2022a), Ayzenberg and Behrmann propose a more nuanced distinction 
between the dorsal and the ventral streams with regard to object 
recognition: the former, in fact, seems to compute global shape repre
sentations, which are forwarded to the ventral stream, more focused on 
local feature discrimination; here, the results of both computations 
support object recognition, combining the results of both ventral and 
dorsal processes (Ayzenberg & Behrmann, 2023a, 2023b).

While it is not straightforward to directly relate results from basic 
neurophysiological investigations on phosphenes with the study of 
higher-order functions such as object recognition, we think that our 
experiment might provide a straightforward example of the perceptual 
properties of the dorsal stream – particularly of left and right IPS – 
lending support to a reconsideration of the dorsal stream functions in 
visual perception.

With our study, we assess the different neural responses of left and 
right IPS to TMS, showing how both these areas can determine phos
phenes and providing evidence of the hemispheric differences in the 
neural signature of parietal phosphenes. Future studies will have to 
better understand the actual role of IPS neurons involved in visuospatial 
processing, and build a bridge between their ability to elicit phosphenes 
and perceptually related functions.
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