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Abstract
The visual system has long been considered equivalent across hemispheres. 
However, an increasing amount of data shows that functional differences may 
exist in this regard. We therefore tried to characterize the emergence of visual 
perception and the spatiotemporal dynamics resulting from the stimulation of 
visual cortices in order to detect possible interhemispheric asymmetries. Eighteen 
participants were tested. Each of them received 360 transcranial magnetic stim-
ulation (TMS) pulses at phosphene threshold intensity over left and right early 
visual areas while electroencephalography was being recorded. After each single 
pulse, participants had to report the presence or absence of a phosphene. Local 
mean field power analysis of TMS-evoked potentials showed an effect of both site 
(left vs. right TMS) of stimulation and hemisphere (ipsilateral vs. contralateral to 
the TMS): while right TMS determined early stronger activations, left TMS deter-
mined later stronger activity in contralateral electrodes. The interhemispheric sig-
nal propagation index revealed differences in how TMS-evoked activity spreads: 
left TMS-induced activity diffused contralaterally more than right stimulation. 
With regard to phosphenes perception, distinct electrophysiological patterns were 
found to reflect similar perceptual experiences: left TMS-evoked phosphenes are 
associated with early occipito-parietal and frontal activity followed by late central 
activity; right TMS-evoked phosphenes determine only late, fronto-central, and 
parietal activations. Our results show that left and right occipital TMS elicits dif-
ferential electrophysiological patterns in the brain, both per se and as a function of 
phosphene perception. These distinct activation patterns may suggest a different 
role of the two hemispheres in processing visual information and giving rise to 
perception.
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1   |   INTRODUCTION

In the last few decades, a series of studies has started 
to investigate possible differences in visual processing 
between the left and right hemispheres. A hemispheric 
equivalence has often been assumed, given the low level 
of the involved functions; however, a wealth of results 
points now to the fact that the two hemispheres are re-
sponsible for processing different characteristics of vi-
sual stimuli (Fink et al., 1996, 1997; Hellige, 1996; Lux 
et  al.,  2004; Robertson et  al.,  1988): while the right is 
specialized in providing coarse, structural information, 
the left contributes to analyzing fine-grained visual de-
tails about the stimulus.

Robertson et  al.  (1988) reported that lesions to right 
temporo-parietal regions affected the processing of the 
global level of hierarchical stimuli (i.e., Navon letters), 
while damage to the left superior temporal gyrus impaired 
local components analysis. Differences in the processing 
of local and global aspects of stimuli were also reported 
in healthy participants: in a series of fMRI studies, Fink 
et  al.  (1996, 1997) reported that the right lingual gyrus 
is responsible for global-level analysis of Navon letters, 
while the left inferior occipital cortex oversees local el-
ements processing. Further strong confirmation of this 
asymmetry comes from a work of Lux et al. (2004) report-
ing that, when a global stimulus is displayed in the right 
visual hemifield, there is increased neural activity in the 
right posterior occipital cortex. On the contrary, when a 
local stimulus is shown within the left hemifield, the left 
posterior occipital cortex is activated. This shows that 
stimulus information can traverse the corpus callosum to 
reach the hemisphere specialized for either local or global 
processing.

Recently, these two different levels of visual processing 
have been linked with low and high spatial frequencies 
(LSF, HSF), which have been identified as the visual char-
acteristics responsible for global and local representation, 
respectively (Peyrin et  al.,  2003, 2004, 2005). Numerous 
papers (Kitterle et al., 1990; Peyrin et al., 2006; Proverbio 
et  al.,  1996) have shown the existence of a hemispheric 
asymmetry recalling the one for global and local processing 
(Sergent, 1982). For example, in an fMRI study by Musel 
et al. (2013) a right occipito-temporal predominance was 
found for LSF image processing during a categorization 
task, while a left temporal predominance was found for 
HSF stimuli. Another fMRI experiment aiming at compar-
ing the spatial frequency bands in the two hemispheres 
(Peyrin et al., 2004) has shown that within the early visual 
areas, there is a right-hemispheric predominance for LSF 
processing and a left predominance for HSF processing.

Other works have suggested the existence of hemi-
spheric differences after the presentation of visual stimuli. 

For example, Chokron et al. (2016) have outlined how the 
exact nature of the visual deficit in hemianopic patients 
is influenced by the lesion side, with performance in dif-
ferent tasks impaired according to the lesion being lo-
cated in the right or left occipital cortex. In an EEG study, 
Sanchez-Lopez et al. (2020) reported that showing a stim-
ulus after either a valid or invalid cue elicited a differen-
tial time-frequency activity depending on the hemifield of 
presentation.

Taken together, these results point toward asymmetric 
hemispheric processing of visual information, with the 
right hemisphere more involved in coarse visual analysis 
and the left hemisphere handling finer details. However, 
most of these studies rely on imaging techniques, like 
EEG and fMRI, which are bound to establish correlational 
relationships. Therefore, we tried to fill this gap by directly 
probing lateralized differences in the visual system by 
stimulating the early visual areas of the two hemispheres 
with single-pulse TMS, while recording the elicited ac-
tivity with EEG. TMS is known for eliciting phosphenes 
(i.e. experiences of flashes of light in the absence of any 
external stimulus) when targeted over early visual areas 
(Bagattini et al., 2015). Indeed, the combined use of these 
two techniques consents to noninvasively stimulate se-
lected cortical regions and track the corresponding spa-
tiotemporal activity (Rosanova et al., 2012); the recorded 
activations are therefore directly caused by the TMS pulse. 
Therefore, eliciting phosphenes from both hemispheres 
allows to assess the potential differences between the two 
hemispheres in generating visual percepts, shedding more 
light on possible hemispheric differentiations in percep-
tual spatiotemporal dynamics. An asymmetry in the elec-
trophysiological activations related to phosphene presence 
would strongly suggest that the two hemispheres exhibit 
lateralized differences in their spatiotemporal dynamics 
during visual perception. A better comprehension of the 
hemispheric dynamics associated with visual perception 
may pave the way for improved treatments able to restore 
visual functions in patients suffering from cortical blind-
ness (Meikle & Wong, 2022).

2   |   MATERIALS AND METHODS

2.1  |  Participants

Twenty-two volunteers (9 males, mean age 24.09 ± 4.05) 
with normal or corrected-to-normal vision participated 
in the study and were reimbursed for their participa-
tion. Data from four participants were excluded from the 
analyses because of either technical issues or excessively 
long reaction times (RTs). Written informed consent was 
obtained according to the 2013 Declaration of Helsinki. 
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The experimental protocol has been approved by the local 
Ethics Committee.

Participants were screened by a safety question-
naire (adapted from (Rossi et  al.,  2009)) for the risk 
factors associated with TMS and none reported any 
contraindications.

Handedness was assessed by means of the Edinburg in-
ventory (Oldfield, 1971). All recruited participants showed 
a high tendency for right-handedness (mean 85.77) with 
very low internal variability (SEM 2.99).

2.2  |  MRI image acquisition

Each participant underwent MRI with a 1.5 Tesla Philips 
scanner. We acquired a whole-brain high-resolution 3D 
T1-weighted image with magnetization-prepared rapid 
acquisition gradient echo (TR 7.7 ms/TE 3.5).

2.3  |  TMS protocol

We delivered single-pulse TMS via a 70 mm figure-of-eight 
coil connected with a Magstim Rapid2 system (maximum 
output 3.5 T, Magstim Company Limited, Whitland, UK). 
We placed the TMS coil tangentially to the surface of the 
scalp, with the handle pointing upward to avoid unspe-
cific activation of neck muscles.

Stimulation sites corresponding to left and right early 
visual areas were functionally located through phos-
phene induction. The electrode positions O1 (left hemi-
sphere) and O2 (right hemisphere) of the 10–20 EEG 
system (Mazzi et al., 2014) were used as a starting refer-
ence around which (~2 cm2 area, centered on the target 
electrodes) the hotspot eliciting the clearest and most 
consistent phosphenes at supra-threshold intensity was 
selected. Neuronavigation based on individual MRI im-
ages (SofTaxic, E.M.S., Bologna, Italy and Polaris Vicra, 
NDI, Waterloo, Canada) was used (1) in the course of 
the hotspot search to constantly check that the focus of 
stimulation belonged to early visual areas, (2) during the 
experiment to monitor for possible coil displacements 
within a 2 mm accuracy threshold, and (3) to accurately 
reposition the coil over the hotspot after participants' 
break.

To determine the individual phosphene threshold 
(PT) for the two stimulation sites, we employed the au-
tomatic procedure of the “method of constant stimuli” 
(MOCS) (Mazzi, Savazzi, et  al.,  2017). First, the hotspot 
was functionally identified for each of the two stimula-
tion sites, and afterwards the PT was assessed by means 
of a computerized MOCS version: seven TMS intensities 
were randomly used (ranging from 60% to 78% of MSO, 

with increases in steps of 3%). Seven pulses were delivered 
for each intensity, for a total of 49 pulses, and for each of 
them, participants had to report the eventual phosphene 
presence. Data were fitted with a cumulative logistic psy-
chometric function via a maximum likelihood criterion 
using the Matlab Palamedes toolbox (http://​www.​palam​
edest​oolbox.​org). From the resulting function, the inten-
sity at which participants perceived phosphenes in 50% of 
trials was taken as the PT and used as stimulation inten-
sity in the experimental phase.

2.4  |  Experimental procedure

Participants were tested in a dark room. They sat in front 
of a monitor with their head secured in a chin rest to keep 
their eyes aligned with the central fixation point, where 
participants were instructed to maintain their fixation 
throughout the experiment.

Before the experiment, participants were tested for 
the perception of genuine phosphenes in a training ses-
sion (Figure  1a). They were initially debriefed about 
TMS functioning and phosphenes (Kammer et al., 2005; 
Mazzi, Savazzi, et al., 2017). Participants wore a cap on 
which the positions of O1 and O2 electrodes were high-
lighted. They seated in a dark room in front of a black 
screen showing a fixation point. Experimenters started 
administering single-pulse TMS around O1/O2 position, 
asking after each pulse if the participant had seen some-
thing in their visual field that matched the phosphenes 
characteristics, and, if so, to give a short description of 
it in terms of position, shape, color, and texture. Once 
the experimenters were confident that participants had 
sufficiently adapted to darkness and that they were per-
ceiving actual phosphenes, they started changing stimu-
lation conditions (e.g. asking them to close their eyes to 
fixate on a different point on the screen) to see if partic-
ipants' answers matched the expected characteristics for 
phosphenes. Once the perception of phosphenes for one 
hemisphere was ascertained, the same procedure was 
repeated for the other hemisphere.

The criteria used to test for a genuine phosphene 
are described in Kammer et al. (2005): according to the 
authors, phosphenes appear in the visual field contra-
lateral to the stimulated hemisphere, following the con-
tralateral organization of the brain; they must follow the 
participant's gaze, that is, if they fixate a different point, 
phosphenes should follow the eye movement; they 
should appear independently of the eyes being open or 
closed.

After having been tested for genuine phosphenes per-
ception, participants underwent an MRI scan necessary 
for neuronavigated TMS.
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During the experimental sessions, single-pulse TMS 
to the left or right occipital cortex was administered at PT 
intensity while recording EEG. In order to mask the TMS 
click, participants were asked to wear disposable earplugs. 
The order of the two stimulation sites was counterbalanced 
across participants. Each trial started with a random inter-
val comprised between 700 and 1000 ms, followed by a TMS 
pulse. Regardless of the stimulation side, participants had 
up to 2000 ms after each pulse to report the presence of a 
phosphene by pressing on the keyboard the “m” key with 
their right hand or to report the absence of a phosphenes 
by pressing the “z” key with their left hand, followed by 
1300 ms of intertrial interval (Figure 1b). They underwent 
two consecutive sessions—one for each stimulation site—
of 360 pulses each, divided into 6 blocks of 60 trials to pre-
vent excessive fatiguing. Between one block and the other, 
participants could rest for a few minutes, and the experi-
menters entered the room to check in on participants.

2.5  |  EEG recording and preprocessing

We used TMS-compatible EEG equipment (BrainAmp, 
Brain Products GmbH, Munich, Germany) to register 
EEG activity (BrainVision Recorder), combined with a 
Fast'n East cap with 59 TMS-compatible Ag/AgCl pellet 
pin electrodes (EasyCap GmbH, Herrsching, Germany) 
placed following the extended 10–20 International System. 
Additional electrodes were used as online reference (RM), 
ground (AFz) and to monitor horizontal and vertical eye 
movements. Electrode impedance was kept below 5 KΩ.

To reduce TMS-related artifacts and enable EEG re-
cording from the electrodes underneath the TMS coil, a 
custom-made polystyrene C-shaped annulus was posi-
tioned over the target electrode (Bagattini et al., 2015).

We processed the EEG signal off-line using Matlab 
2021b (Mathworks, USA) with the EEGLAB toolbox (ver-
sion 2021.0, (Delorme & Makeig, 2004)) and the TMS-EEG 
signal analyzer (TESA) extension (Rogasch et al., 2017).

First, the continuous raw signal digitized at 5000 Hz 
was segmented 1000 ms before and after the TMS pulse. 
Epoched data were demeaned using the whole epoch, and 
the TMS pulse artifact was removed from −2 to 10 ms. We 
then replaced it with cubic interpolation to avoid ringing 
artifacts. Data were then downsampled at 500 Hz. A first 
round of independent component analysis (ICA) (Delorme 
et al., 2007) was performed for each participant to remove 
the tail-end of the remaining muscle artifact induced by 
TMS (Rogasch et al., 2017). In this round of ICA, an aver-
age of 0.44 ± 0.51 components was removed from O1 data 
sets, and an average of 0.5 ± 0.7 components was removed 
from O2 data sets. No significant differences in the number 
of removed components were detected between the two 
conditions [t(1,17) = −0.566; p = .579, Cohen's d = −0.133]. 
Data were then bandpass filtered (0.1–100 Hz, zero-phase, 
fourth-order Butterworth bandpass) and band-stop fil-
tered (49–51 Hz). A second run of ICA screened for blinks, 
lateral eye movements, persistent muscle activity, and 
electrode noise. In this second round of ICA, an average of 
28.16 ± 7 components was removed from O1 data sets, and 
an average of 28.66 ± 5.34 components was removed from 
O2 data sets. No significant differences in the number 
of removed components were detected between the two 
conditions [t(1,17) = −0.423; p = .678, Cohen's d = −0.100]. 
To improve component decomposition, interpolated data 
from −2 before to 10 ms after TMS pulse were substituted 
with constant amplitude values before each ICA and in-
terpolated again thereafter. Data were then re-referenced 
to a point at infinity (Yao, 2001) through the REST tool-
box (Dong et  al.,  2017), low-pass filtered at 40 Hz, and 

F I G U R E  1   Experimental procedure 
and trial structure. (a) Outline of 
the experimental procedure for each 
participant. (b) Outline and timing of each 
stimulation trial.
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epoched from −100 to 500 ms. We then flipped O2 data 
sets, so that the stimulation sites were overlapped in the 
two experimental sessions. Data sets were then appended 
and downsampled at 250 Hz; bad trials were automatically 
detected and rejected through the EEGLAB's TBT toolbox 
(Ben-Shachar, 2020) (extreme values thresholds: ±125 μV, 
improbability and kurtosis criteria for single channels: 
SD > 5, for global threshold: SD > 3, maximum slope al-
lowed: 50 μV, and minimal R2 allowed: 0.3). We finally 
performed baseline correction from −100 to 0 ms.

To better characterize the TMS-evoked activity as a func-
tion of the hemisphere, for each participant we computed 
the LMFP (Lehmann & Skrandies, 1980) as the square root 
of the squared TEPs across the electrodes located on each 
of the two hemispheres (i.e. we considered all left or right 
electrodes to calculate a “hemispheric” LMFP, so that ipsi-
lateral and contralateral electrodes with respect to the stim-
ulation site were taken into account separately; midline 
electrodes were excluded from this analysis).

For the two stimulation sites, we also computed a mod-
ified version of the ISP index, a measure already used in 
literature to evaluate interhemispheric cortico-cortical 
dynamics (Casula et  al.,  2020; Hui et  al.,  2021; Jarczok 
et al., 2016; Voineskos et al., 2010). For each participant, 
we calculated the ISP index for each pair of homologue 
scalp electrodes (excluding vertical midline) following 
this formula:

We obtained thus 26 ISP values per participant (ISP val-
ues exceeding 3.5 standard deviations were classified as 
outliers and not included in the following steps), differently 
from previous authors which calculated the ISP index only 
on the stimulated electrode or on a limited cluster of sur-
rounding electrodes. Notably, the obtained values were then 
averaged in order to get a single value for each participant, 
therefore providing an overview of the interhemispheric dy-
namics of the whole scalp. We refer to this single value as 
global ISP (gISP). This procedure was repeated across five 
subsequent time windows identified around the peaks of 
the LMFP: 12–24, 24–48, 48–92, 92–124, and 124–240 ms. 
For the electrodes contralateral to the stimulation site, the 
latency of the time windows was shifted by 4 ms, account-
ing for interhemispheric transfer time (Marzi et al., 1991).

2.6  |  Behavioral statistics

Behavioral data were analyzed with JASP (JASP 
Team, 2020). First, PT values of the two stimulation sites 
were compared using a paired samples ttest. Then, a cut-off 

procedure was applied to exclude trials from the experimen-
tal sessions with RTs < 150 ms or >3 SD. A one-sample t test 
was performed to check if the percentages of detected phos-
phenes differed from 50%. A 2 × 2 ANOVA with stimulation 
site (O1|O2) and phosphene awareness (present|absent) as 
within-subjects factors was carried out on RTs.

2.7  |  LMFP statistics

LMFPs were compared via a series of 2 × 2 ANOVAs 
with stimulation site (O1|O2) and hemisphere 
(ipsilateral|contralateral to the stimulation) as within-
subject factors for each time point.

2.8  |  gISP statistics

A 2 × 5 ANOVA was performed on gISP values, with 
stimulation site (O1|O2) and time window (12–24 ms|24–
48 ms|48–92 ms|92–124 ms|124–240 ms) as factors, with 
multiple paired t tests used as post hoc analysis to check for 
possible effects on the interaction. A Greenhouse–Geisser 
correction was used for sphericity, and false discovery rate 
(FDR) (Groppe et al., 2011) was used to control for multi-
ple comparisons when applicable.

2.9  |  TEPs statistics

With the aim of giving a full characterization of TEP re-
sponses across all the electrodes and the entire epoch, we 
used the LIMO toolbox for EEGLAB (Pernet et al., 2011) to 
perform 2 × 2 ANOVAs with stimulation site (O1|O2) and 
phosphene awareness (present|absent) as within-subject 
factors, followed by t tests to disentangle the interaction 
between factors. These results were then temporally thres-
holded using temporal clustering so that only significant 
activations equal to or longer than 12 ms were considered.

3   |   RESULTS

3.1  |  Behavioral results

Figure  2a shows stimulation sites for each participant. 
The mean PT was reached for the left stimulation site at 
69% of MSO and at 68.8% of MSO for the right stimulation 
site (Figure 2b). These two values were not significantly 
different [t(17) = 0.450; p = .658].

We also checked if the mean percentage of phosphenes 
detected through the experiment was significantly differ-
ent from 50%: this is not the case for both stimulation sites 

ISP= rectified (TMS−evoked activity contralateral∕

TMS−evoked activity ipsilateral)
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[O1: t(17) = −1.354; p = .194; O2: t(17) = −0.737; p = .471], 
thus supporting our procedure for establishing PT and 
an equal distribution of trials between conditions. On av-
erage, participants reported a phosphene in the 45.4% of 
trials when stimulated over O1, and in the 47.8% of trials 
when stimulated over O2 (Figure 2c).

The ANOVA on RTs detected a significant main effect 
of stimulation site [F(1,17) = 5.520; p < .05; �2p = 0.245] and 
phosphene awareness [F(1,17) = 5.122; p < .05; �2p = 0.232] 
with RTs overall faster following phosphene perception 
and O2 stimulation, respectively. No interaction occurred 
between the two factors [F(1,17) = 1.985e−4; p = .989; 
�
2
p = 1.167e−5] (Figure 2d).

3.2  |  LMFP results

A series of 2 × 2 ANOVAs with stimulation site 
(O1|O2) and hemisphere (ipsilateral|contralateral to 

the stimulation) as factors was performed over LMFP 
data, which were calculated by pooling over, respec-
tively, the electrodes ipsilateral and contralateral to 
the stimulation. This analysis revealed a significant 
effect of the stimulation site in the time range be-
tween 16 and 28 ms [all ps < .05]. Considering the 
hemisphere, we found significant differences between 
ipsi- and contralateral hemispheres to the stimula-
tion site in the time range between 20 and 48, 56 and 
64, and 108 and 120 ms [all ps < .05]. The interaction 
between the factors was significant in the time range 
between 76 and 84 ms: post-hoc t tests revealed a sig-
nificant difference between the LMFP of the two hem-
ispheres contralateral to the stimulation in the time 
range between 80 and 84 ms [all ps < .05] (Figure 3a), 
with LMFP from the hemisphere contralateral to left 
TMS (i.e. right hemisphere) being higher than LMFP 
from the hemisphere contralateral to right TMS (i.e. 
left hemisphere).

F I G U R E  2   Stimulation sites, phosphene threshold functions, and behavioral results. (a) Stimulation sites for each participant in the 
two hemispheres. Each dot corresponds to an individual hotspot eliciting phosphenes. Red dots represent left TMS, blue dots represent right 
TMS. Black dots respectively correspond to the O1 and O2 electrode positions. (b) Average phosphene threshold functions for right and left 
occipital TMS. The intensity at which participants reported a phosphene on 50% of pulses was selected as the stimulation intensity for the 
experimental sessions. Each dot represents the average number of phosphenes reported for that specific stimulation intensity; the fitted 
functions illustrate the average phosphene threshold functions across participants. Error bars represent standard errors of the mean (SEM). 
(c) Percentages of reported phosphenes for the two stimulated sites. (d) Reaction times for phosphene present and absent trials for the two 
stimulated sites. Colored dots represent individual data.
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      |  7 of 18BONFANTI et al.

3.3  |  gISP results

On the gISP data (calculated over every couple of homo-
logue scalp electrodes), we performed a 2 × 5 ANOVA with 
stimulation site (O1|O2) and time window (12–24 ms|24–
48 ms|48–92 ms|92–124 ms|124–240 ms) as factors. This 
analysis revealed a significant main effect of stimulation 
site [F(1,17) = 4.768; p < .05, �2p = 0.219] and time window 
[F(2.606,44.302) = 3.892; p < .05, �2p = 0.186]; also the inter-
action was found to be significant [F(2.816,47.876) = 3.889; 
p < .05, �2p = 0.186] (Figure 3b).

To disentangle the significant interaction, we per-
formed a series of t tests, which revealed that in the fourth 
time window (92–124 ms) left TMS elicited a higher gISP 
compared to right TMS [t(17) = 2.9420; p = .0456, Cohen's 
d = 0.693], while in the other time windows there was 
no differences between the two stimulation sites (W1 
[t(17) = −0.4783; p = .7851], W2 [t(17) = 0.7851; p = .5257], 
W3 [t(17) = 2.3717; p = .0745], and W5 [t(17) = 0.2770; 
p = .7851]) meaning that left TMS elicited a higher am-
plitude in contralateral electrodes than in ipsilateral ones 
compared to right TMS.

3.4  |  TEPs results

A 2 × 2 repeated measure ANOVA with stimulation site 
(O1|O2) and phosphene awareness (present|absent) was 
carried out as within-subject factors.

To report significant TEP results, temporal clusters 
around GMFP peaks were identified. A complete over-
view of the significant time windows of all electrodes for 
each statistical comparison can be found in Table 1.

3.4.1  |  Stimulation site

The two-way repeated measure ANOVA carried out on 
TEPs (Figure 4a) revealed a significant effect [all ps < .05] 
of stimulation site. Three main clusters were highlighted: 
the first one in the 92–128 ms time window developed 
mainly over right fronto-central electrodes; the second 
one in the 128–236 ms time window involved right frontal 
and left parietal electrodes; and the last one in the 236–
348 ms time window was present on fronto-parietal elec-
trodes (Figure 4b).

F I G U R E  3   LMFP and gISP results. 
(a) LMFP calculated separately for the 
electrodes ipsilateral and contralateral 
to the stimulation (vertical midline 
electrodes were not considered), for 
each stimulation site. Gray bars below 
the plot highlight significant results for 
each factor (stimulation site, hemisphere, 
and the interaction between the two). 
(b) gISP results (obtained by averaging 
the ISP values calculated for each pair 
of homologue electrodes and excluding 
vertical midline electrodes) for the five 
time windows selected around the peaks 
of LMFP. The two vertical axes of each 
plot represent, respectively, the gISP 
values corresponding to O1 (in blue) 
and O2 (in red) stimulation. The thick 
black line corresponds to the averaged 
gISP value across electrode pairs and 
participants. Colored dots represent 
individual data.
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8 of 18  |      BONFANTI et al.

T A B L E  1   Summary of the significant TEPs results. Each column represents a statistical comparison, and each row represents a different 
electrode. The milliseconds reported in each slot represent the time windows in which a certain statistical comparison is significant at that 
specific electrode.

Stimulation site Phosphene awareness Interaction Left TMS (O1) Right TMS (O2)

O1 64–84; 164–204 216–244

Oz 72–84; 164–176 172–188 68–84; 164–200

O2 152–176 176–196 172–196

PO7 152–168 68–80 64–80; 168–204 216–236

PO3 68–80; 304–324 68–80; 172–200

POz 304–324 300–324

PO4 296–324

PO8 144–168; 196–224 180–200 76–88 104–116

P7 156–204; 324–348 200–260; 296–336

P5 160–188; 220–348 64–80 68–84; 168–200 188–256

P3 68–80; 300–328 68–80

P1 280–348

Pz 236–264; 272–348 240–256 284–348

P2 308–320; 336–348 232–260 208–220; 280–348

P4 288–348

P6 152–168; 188–228 184–196 292–320

P8 140–164; 188–224 180–196 152–164

TP7 168–204 276–296; 312–340 188–348

CP5 212–224 64–80; 168–180; 264–292; 
328–340

172–332

CP3 296–348 64–80 64–84 212–224

CP1 132–160; 208–348 308–324 296–316; 332–348

CPz 88–124 132–348 136–156; 228–348 132–144; 160–224; 
232–348

CP2 232–348 140–152; 228–348 132–348

CP4 108–128 272–288; 312–348 204–220; 272–348

CP6 104–132 132–152; 180–228; 256–280 88–100; 124–148 88–100; 116–140 288–336

TP8 232–328 132–156; 196–228; 248–348 120–152 124–152

T7 108–124 248–296; 312–348 192–348

C5 112–136 212–224; 304–316 68–80; 168–180; 252–292; 
320–348

168–348

C3 136–156; 252–348 180–228; 248–280

C1 124–212; 220–348 260–272 140–156; 252–264; 276–296; 
312–324

132–160

Cz 100–120 124–348 132–164; 228–348 124–348

C2 84–128 136–168; 236–264; 272–348 144–160; 232–348 124–348

C4 92–132 32–44; 116–152; 
196–216

92–120; 280–292; 308–348 140–176; 192–348

C6 108–128; 232–292 116–152; 184–232; 248–292; 
308–320

112–156 96–144 144–156; 196–208; 
304–328

T8 240–288 136–148; 212–236; 244–348 120–152; 252–276

FT7 104–144 176–220 240–256; 268–288; 316–348 176–348

FC5 120–144 180–204 320–348 176–348
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      |  9 of 18BONFANTI et al.

3.4.2  |  Phosphene awareness

The two-way repeated measure ANOVA carried out 
on TEPs (Figure  5a) revealed a significant effect [all 
ps < .05] of phosphene awareness. Three clusters could 
be highlighted: the first one in the 48–92 ms time win-
dow comprised left parieto-occipital electrodes; the 
second one in the 124–240 ms time window involved 
mainly right fronto-central and parietal electrodes; and 
the third one in the 240–348 ms time window developed 
mainly over right fronto-central and bilateral parietal 
electrodes (Figure 5b).

3.4.3  |  Stimulation site by phosphene 
awareness interaction

Looking at the interaction, we identified four different 
clusters: the first one in the 12–24 ms time window in-
volving right frontal and left temporal electrodes; the 

second one in the 96–128 ms time window comprising 
right frontal and central electrodes; the third one in the 
128–240 ms time window including bilateral fronto-
central and parieto-occipital electrodes; the fourth cluster 
(240–316 ms time window) comprising bilateral fronto-
temporal electrodes (Figure 6).

To disentangle the contribution of the different fac-
tors in the interaction, we looked at t tests showing the 
different awareness-related activity in the two stimula-
tion sites. When contrasting TEPs of phosphene present 
versus phosphene absent trials following O1 stimulation 
(Figure 7a), we identified four different clusters: the first 
one in the 56–96 ms time window comprised left occipito-
temporal and right frontal electrodes; the second one in 
the 96–128 ms time window comprised central electrodes; 
the third one in the 128–240 ms time window comprised 
mainly right fronto-central and bilateral parieto-occipital 
electrodes, while the last cluster (240–348 ms time win-
dow) comprised bilateral fronto-central and centro-
parietal electrodes (Figure 7b).

Stimulation site Phosphene awareness Interaction Left TMS (O1) Right TMS (O2)

FC3 140–156; 280–340 252–272

FC1 136–172; 248–348 256–272 144–156; 284–296

FCz 100–124 124–180; 236–348 132–184; 236–336 136–168; 304–348

FC2 72–136 140–156; 296–348 236–348 252–264; 296–348

FC4 76–144 280–348 140–152; 228–240; 
248–348

FC6 88–132 204–320 68–80 312–332

FT8 228–348 244–288 192–204

F7 316–348 176–236; 280–348

F5 324–348 332–348 176–332

F3 180–200; 256–272

F1 304–348 92–104; 180–200; 
252–280

256–272

Fz 108–120 12–28; 92–108; 
180–200; 256–280

140–156; 168–200; 240–300

F2 80–128 12–28; 96–108 172–196; 240–308; 320–340 320–348

F4 88–124 12–24; 96–108 56–80; 172–200; 244–308; 
320–348

316–348

F6 160–172; 320–348 120–144 12–24 60–80; 328–348 252–264

F8 160–176; 224–348 128–148; 280–324 228–240; 252–272 64–80 220–232; 252–264

AF7 120–132; 284–348

AF3 88–104; 184–196

AF4 152–172; 336–348 12–28; 68–80; 88–108 52–80; 168–204; 244–288

AF8 152–184; 220–348 124–136 64–84; 188–204; 332–348 196–232; 244–288

FP1

FP2 332–348 72–84; 92–104 60–84; 168–204; 252–272

T A B L E  1   (Continued)
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10 of 18  |      BONFANTI et al.

When contrasting TEPs of phosphene present ver-
sus phosphene absent trials following O2 stimulation 
(Figure  8a), two clusters emerged: the first one in the 
128–236 ms time window comprised bilateral fronto-
central and parieto-occipital electrodes; the second one in 
the 236–348 ms time window comprised bilateral fronto-
central and parietal electrodes (Figure 8b).

4   |   DISCUSSION

In this TMS-EEG study, we aimed at confronting the spa-
tiotemporal dynamics associated with visual perception 
between the two hemispheres. To do so, we stimulated 
with TMS at threshold intensity the left and right early 
visual cortex to elicit phosphenes, that is, conscious visual 

percepts known to be processed similarly to real external 
stimuli (Knight et  al.,  2015a, 2015b; Mazzi et  al.,  2014), 
while simultaneously recording EEG activity. The com-
parison of LMFPs across the two stimulation sites showed 
that TMS elicits different patterns of electrophysiologi-
cal activity as a function of the stimulation site and the 
hemisphere: while right occipital TMS determined early 
stronger activations, left occipital TMS elicited late higher 
activity circumscribed to electrodes contralateral to the 
stimulation site.

The temporal dynamics of LMFP are mirrored by 
the differences in RTs between the two stimulated sites, 
with responses after right TMS being significantly faster 
than left-sided responses. This suggests a faster process-
ing by the right hemisphere after occipital stimulation 
than by the left hemisphere, hinting at the existence of a 

F I G U R E  4   Results from the ANOVA conducted on TEPs: main effects of “stimulation site.” (a) Butterfly plots depicting TEPs for 
the two stimulation site conditions (“Left TMS over O1”, blue; “Right TMS over O2”, red). Vertical dotted lines highlight the peaks of the 
different TEPs components. The scalp topographies below represent the scalp topographic distribution for each component peak. (b) Raster 
plot depicting for each time point and each electrode the significant differences (expressed in F-values) between “Left TMS” and “Right 
TMS.” Right TMS data were flipped so that stimulation sites were overlapped. X and Y axis represent, respectively, time in milliseconds 
and electrodes (from posterior to anterior ones). The two lines superimposed represent the GMFPs associated with the two Stimulation site 
conditions, whose peaks were used to identify TEPs clusters. The vertical dotted lines highlight GMFPs peaks. The scalp topographies below 
represent scalp differences between the two conditions (“Left TMS”–“Right TMS”), with each map corresponding to the latency of each 
GMFP peak.
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      |  11 of 18BONFANTI et al.

right-hemispheric specialization with regard to visual pro-
cessing. Moreover, we also found a significant difference 
in the RTs between perceived and not perceived phos-
phenes, with the former being significantly faster than the 
latter. This is an index of reliability of the participants' re-
sponses: it shows that phosphenes are reported at the end 
of a self-terminating search, which, in the case of negative 
responses, lasts longer due to the wait for a phosphene to 
appear.

Comparing the gISP index determined by right and 
left TMS in five temporal windows, we detected differ-
ences in how TMS-induced activity spreads across the 
electrodes during the time window ranging from 92 to 
124 ms: after left TMS, activity tends to diffuse contralat-
erally more than after right stimulation, pointing toward 

the existence of connectivity differences following right 
and left early visual areas stimulation. This is also sup-
ported by our LMFP results, showing that left TMS elic-
its a higher activity in the contralateral hemisphere, 
compared to right TMS: this pinpoints to a hemispheric 
transfer of signal after left TMS which is not present after 
right TMS, suggesting the existence of hemispheric dif-
ferences in how signal originating from early visual areas 
spreads across the brain.

With regard to phosphenes perception, TEP analysis 
showed the existence of hemispheric differences between 
the two early visual cortices. Phosphenes after left TMS are 
associated with early occipito-parietal and frontal activity, 
while at later latencies central electrodes are progressively 
more involved; phosphenes after right TMS determine 

F I G U R E  5   Results from the ANOVA conducted on TEPs: main effects of “phosphene awareness”. (a) Butterfly plots depicting TEPs 
for the two phosphene awareness conditions (“phosphene present,” continuous line; “phosphene absent,” dotted line). Vertical dotted 
lines highlight the peaks of the different TEPs components. The scalp topographies below represent the scalp topographic distribution for 
each component peak. (b) Raster plot depicting for each time point and each electrode the significant differences (expressed in F-values) 
between “phosphene present” and “phosphene absent”. Right TMS data were flipped so that stimulation sites were overlapped. X and Y 
axis represent, respectively, time in milliseconds and electrodes (from posterior to anterior ones). The two lines superimposed represent 
the GMFPs associated with the two phosphene awareness conditions, whose peaks were used to identify TEPs clusters. The vertical dotted 
lines highlight GMFPs peaks. The scalp topographies below 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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12 of 18  |      BONFANTI et al.

only late and central activations, with a marginal contri-
bution of parietal and frontal areas.

Over the last years, only a handful of studies have 
started reporting hemispheric differences after adminis-
tering TMS to early occipital areas. Among these, Garcia 
et al. (2011) have stimulated with TMS various homologue 
visual areas in both hemispheres, including the early vi-
sual cortex. They reported hemispheric asymmetries in 
the magnitude and the responses following lateralized V1 
stimulation, especially at 40 ms after the stimulation. This 
goes in the direction of our LMFP results, where we re-
port a difference from 16 to 28 ms between the two stimu-
lation sites; while being slightly earlier than that reported 
by Garcia and colleagues, our result suggests the existence 
of early differences in the electrophysiological response to 
TMS of early visual areas. This discrepancy between left 
and right V1/V2 also emerges with regard to phosphene 
perception: phosphenes elicited by right and left TMS are 
associated with distinctive brain responses, suggesting 
that these differences might not be simply due to different 
connectivity but might play a role in visual perception.

Jarczok et  al.  (2021), in another TMS-EEG study, fo-
cused on the interhemispheric differences in the brain 
response to lateralized TMS administration. Although in 
their analysis they did not specifically focus on the re-
ported TEPs, it is nonetheless apparent the presence of 
hemispheric differences in TEPs topographies evoked by 
either right or left stimulation. Differences are maximally 
apparent between 80 and 100 ms over central and parieto-
occipital electrodes, fading progressively as the epoch con-
tinues; this partially mirrors our TEP results, which show, 
in a similar time window, a difference over fronto-central 

electrodes as a function of the stimulation site. Despite the 
similarities, comparisons between our results and those 
from Jarczok and colleagues must be cautious: while 
our TMS locations were centered around electrodes O1 
and O2, they stimulated between electrodes P7/P8 and 
P11/12, and this might account for the differences in TEPs 
topographies. Nevertheless, our results are in accordance 
with the presence of differences in a time window around 
100 ms after left and right TMS stimulation of early visual 
areas.

Hemispheric differences in connectivity have also been 
investigated via TMS-fMRI. Ruff et  al.  (2009) analyzed 
how TMS over the right and left fronto-parietal cortex af-
fected occipital activity in the two hemispheres. Effects of 
frontal and parietal stimulation were markedly different in 
the two hemispheres. Both left and right frontal TMS de-
creased the activity in central visual field representations, 
but only right frontal stimulation was able to increase ac-
tivity in the peripheral field representations in the occipi-
tal lobe of both hemispheres. These differences were even 
more evident with parietal stimulation: only right parietal 
TMS was able to modulate activity in the visual cortex of 
both hemispheres. This hemispheric asymmetry may de-
rive from the predominance of the right hemisphere in 
visual processing (Cavézian et al., 2015) and thus explains 
its major capability in influencing the signal in the occip-
ital cortex bilaterally. This view is also supported by our 
LMFP and gISP results: we report a higher contralateral 
activity after left TMS compared to right around 100 ms 
after the stimulation, particularly localized over fronto-
central electrodes. These imbalanced activations could 
reflect feedforward connections between left occipital 

F I G U R E  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 
axis, 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 TEPs clusters.
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      |  13 of 18BONFANTI et al.

and right fronto-central areas, responsible for transferring 
visual stimuli to the competent hemisphere. While com-
paring these results, however, it is necessary to consider 
that they are obtained through different neuroimaging 
techniques and that while our results supposedly go in the 
direction of a bottom-up connection, Ruff and colleagues 
have investigated top-down projections, preventing us 
from drawing direct comparisons.

In a recent paper, Siviero et  al.  (2023) analyzed the 
same data sets through the use of effective connectivity 
and graph networks, confirming the reliability of our 
conclusions. Effective connectivity is characterized as 
the influence that one neural system has over another 
via causal or non-causal effects (Friston, 2011): it allows 
to understand how the different information flows are 
integrated within the brain network, clarifying specific 

pathways of neural activity. With respect to functional 
connectivity, effective connectivity allows to distinguish 
the direction of the flowing information. Graph theory, 
on the other side, is a powerful tool to represent brain 
connectivity, allowing to represent the brain as a network 
of interconnected nodes and links, representing respec-
tively brain regions and relationships between those re-
gions. Through the combination of effective connectivity 
and graph network, Siviero et al. found that left occipital 
stimulation activated mainly right channels contralateral 
to the stimulation, particularly those located over frontal 
areas. On the other side, right occipital stimulation de-
termined increased intra-hemispheric connectivity, with 
right occipital and frontal electrodes ipsilateral to the 
stimulation increasing their connections. Results in this 
paper confirm our conclusions: in fact, while employing 

F I G U R E  7   Results from the ANOVA conducted on TEPs: post hoc pairwise comparison between “Left TMS-Phosphene present” and 
“Left TMS-Phosphene absent”. (a) Butterfly plots depicting TEPs for the two Left TMS conditions (“Left TMS-Phosphene present,” blue 
continuous line; “Left TMS-Phosphene absent,” blue dotted line). Vertical dotted lines highlight the peaks of the different TEPs components. 
The scalp topographies below represent the scalp topographic distribution for each component peak. (b) Raster plot depicting for each 
time point and each electrode the significant differences (expressed in t-values) between “Left TMS-Phosphene present” and “Left TMS-
Phosphene absent.” X and Y axis represent, respectively, time in milliseconds and electrodes (from posterior to anterior ones). The two lines 
superimposed represent the GMFPs associated with the two Left TMS conditions, whose peaks were used to identify TEPs clusters. The 
vertical dotted lines highlight GMFPs peaks. The scalp topographies below represent scalp differences between the two conditions (“Left 
TMS-Phosphene present”–“Left TMS-Phosphene absent”), with each map corresponding to the latency of each GMFP peak.
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14 of 18  |      BONFANTI et al.

a different analytical approach, they still manage to 
show the existence of a hemispheric asymmetry between 
the two hemispheres, with the right hemisphere being 
activated by both left and right occipital stimulation. 
Occipital stimulation determined side-specific spatio-
temporal dynamics, providing further support to our 
claim for a right-hemispheric specialization for handling 
visual information.

Another critical point deserving consideration re-
lates to the electrophysiological correlates of phosphene 
perception: to the best of our knowledge, ours is the 
first study that systematically explored them across the 
two hemispheres in the healthy brain (Mazzi, Mazzeo, 
et al., 2017). Bagattini et al. (2015) recorded EEG activity 
associated with phosphene perception after left occipi-
tal TMS stimulation. Their results show the presence of 

bilateral differential activity over centro-temporal elec-
trodes in a time window from 70 to 90 ms, followed by 
a late occipital activation starting around 320 ms until 
the end of the epoch. Our earliest differential activity 
is present from 50 to 90 ms over frontal and parieto-
occipital electrodes, followed by later more spread ac-
tivity including frontal, central, and parieto-occipital 
electrodes. Bagattini and colleagues' results are in par-
tial accordance with what we detected here: for exam-
ple, both the studies suggest the existence of an early 
critical time window for phosphene perception after 
left occipital TMS, occurring between 50 and 100 ms. 
Discrepancies in results might be due to differences in 
the EEG analysis pipeline and to the absence of individ-
ual MRI images in the study by Bagattini et al., which 
might have prevented in some participants the proper 

F I G U R E  8   Results from the ANOVA conducted on TEPs: post hoc pairwise comparison between “O2-Phosphene present” and “O2-
Phosphene absent.” (a) Butterfly plots depicting TEPs for the two Right TMS conditions (“Right TMS-Phosphene present,” red continuous 
line; “Right TMS-Phosphene absent,” red dotted line). Vertical dotted lines highlight the peaks of the different TEPs components. The 
scalp topographies below represent the scalp topographic distribution for each component peak. (b) Raster plot depicting for each time 
point and each electrode the significant differences (expressed in t-values) between “Right TMS-Phosphene present” and “Right TMS-
Phosphene absent.” X and Y axis represent, respectively, time in milliseconds and electrodes (from posterior to anterior ones). The two lines 
superimposed represent the GMFPs associated with the two Right TMS conditions, whose peaks were used to identify TEPs clusters. The 
vertical dotted lines highlight GMFPs peaks. The scalp topographies below represent scalp differences between the two conditions (“Right 
TMS-Phosphene present”–“Right TMS-Phosphene absent”), with each map corresponding to the latency of each GMFP peak.
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targeting of early visual areas. TMS differential activity 
after right occipital TMS stimulation has been reported 
by Taylor et al. (2010). They describe two late activations 
spread over centro-parietal electrodes: the first between 
160 and 200 ms, and the second between 280 and 400 ms. 
These results closely match those from our study: our 
first cluster of differential activity begins at 130 and ends 
at 240 ms, followed by a second one starting at 240 ms up 
until 320 ms; both are based on a bilaterally widespread 
centro-parietal activation. Similarly to Taylor et al., we 
relate phosphenes perception after right TMS to late, 
central electrophysiological activity.

Taken together, our results suggest the existence of 
different spatio-temporal dynamics resulting from the 
stimulation of the early visual cortices of the two hemi-
spheres with regard to phosphene perception. On the one 
side, left occipital stimulation elicits earlier activity, ini-
tially limited to occipito-parietal and frontal electrodes, 
which gradually spreads toward fronto-central locations; 
on the other side, right occipital stimulation bypasses any 
early posterior activation, activating a late bilateral cen-
tral cluster that lasts basically unaltered for the duration 
of the entire epoch. This difference may again be related 
to the predominance of the right hemisphere compared 
to the left one in visual processing—as also suggested by 
faster RTs following right occipital stimulation: while 
early activations in the right hemisphere are so strong 
that differences between the two phosphenes conditions 
(present/absent) cannot properly emerge (suggesting a 
“rooftop effect,” also supported by our LMFP data show-
ing higher early activity after O2 stimulation), stimu-
lation of the left hemisphere, eliciting weaker activity, 
allows to disentangle phosphenes conditions from an 
earlier time point.

As pointed out above, different lateralized brain areas 
have been listed as responsible for processing different as-
pects of visual stimuli (Kauffmann et al., 2014); however, 
the electrophysiological mechanisms sustaining these 
different processes are still largely unknown. Although 
not specifically addressed in this study, the differences 
we detected after lateralized occipital stimulation might 
represent activity patterns responsible for the functional 
differentiation of the two hemispheres.

It is now known that early TEPs components reflect 
aspects of local excitability in the stimulated area, while 
later TEPs components are related to trans-synaptical 
connectivity, mainly regulated by GABAergic inhibi-
tory neurons (Casula et  al.,  2018; Premoli et  al.,  2014; 
Rogasch et  al.,  2013). Our results seem to hint at the 
possibility of a hemispheric asymmetry in these mecha-
nisms following occipital stimulation, with activity orig-
inating from the left hemisphere spreading more easily 
to the contralateral hemisphere than activity from the 

right hemisphere. A further investigation on the possi-
ble existence of this kind of hemispheric asymmetries is 
warranted.

Characterizing the electrophysiological activity giv-
ing rise to visual perception is a step of fundamental 
importance in the context of reestabilishing visual ca-
pacities in patients affected by forms of cortical blind-
ness. Patients suffering from occipital infarction can 
incur in a number of changes in vision, such as hemi-
anopia, which can heavily impact daily functions, reduc-
ing personal autonomy and overall diminishing quality 
of life (Brandt et al., 2000; Tharaldsen et al., 2020). It is 
of primary importance, therefore, to establish a “ground 
truth” when it comes to the description of the electro-
physiological processes sustaining conscious vision: in 
this way, the reestablishing of such processes in case of 
brain injury could constitute a clinical and pharmacolog-
ical target able to restore—at least partly—visual capac-
ities in brain-injured patients. It is now known, in fact, 
that EEG activity is consistently imbalanced in stroke 
patients, and that a restoration of its more usual values 
can predict stroke recovery (Lanzone et  al.,  2022). For 
this to be possible also for occipitally injured patients, 
however, it is necessary to find the electrophysiological 
characteristics of a healthy visual system.

In conclusion, our study shows that the brain response 
after early visual cortex stimulation differs between right 
and left hemispheres and that the activations associated 
with phosphene perception present a different pattern in 
the two hemispheres. Future studies will investigate the 
possible presence of these asymmetric activations also in 
other phosphene sites (Bagattini et  al.,  2015; Guzman-
Lopez et al., 2011; Mazzi, Mazzeo, et al., 2017).
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