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a b s t r a c t 

A brief period of monocular deprivation (MD) induces short-term plasticity of the adult visual system. Whether 

MD elicits neural changes beyond visual processing is yet unclear. Here, we assessed the specific impact of MD on 

neural correlates of multisensory processes. Neural oscillations associated with visual and audio-visual processing 

were measured for both the deprived and the non-deprived eye. Results revealed that MD changed neural activities 

associated with visual and multisensory processes in an eye-specific manner. Selectively for the deprived eye, 

alpha synchronization was reduced within the first 150 ms of visual processing. Conversely, gamma activity was 

enhanced in response to audio-visual events only for the non-deprived eye within 100–300 ms after stimulus 

onset. The analysis of gamma responses to unisensory auditory events revealed that MD elicited a crossmodal 

upweight for the non-deprived eye. Distributed source modeling suggested that the right parietal cortex played a 

major role in neural effects induced by MD. Finally, visual and audio-visual processing alterations emerged for the 

induced component of the neural oscillations, indicating a prominent role of feedback connectivity. Results reveal 

the causal impact of MD on both unisensory (visual and auditory) and multisensory (audio-visual) processes and, 

their frequency-specific profiles. These findings support a model in which MD increases excitability to visual 

events for the deprived eye and audio-visual and auditory input for the non-deprived eye. 
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. Introduction 

In recent years, evidence that basic visual functions retain plas-

ic potential even in the adult brain has accumulated ( Karmarkar and

an, 2006 ; Spolidoro et al., 2009 ; Espinosa and Stryker, 2012 ;

ensch and Quinlan, 2018 ). Studies in adults employing psychophysics

nd neuroimaging methods showed that a brief period of monocular

eprivation (MD) alters the ocular balance by strengthening visual pro-

essing of the deprived eye and weakening the non-deprived eye (see

unghi et al., 2011 for the first evidence, see Castaldi et al., 2020 for a

eview). These functional changes reflect ocular dominance shifts in V1

n favor of the deprived eye ( Lunghi et al., 2015a ; Binda et al., 2018 ) and

re supposedly driven by homeostatic plasticity ( Lunghi et al., 2015b ),

 mechanism underpinning the cortical excitatory-inhibitory balance

 Turrigiano, 2012 ). 

Besides the effects on the visual system, MD also seem to alter mul-

isensory processing. At the behavioral level, short-term MD was found

o affect the interaction between sensory modalities ( Lo Verde et al.,

017 ; Opoku-Baah and Wallace, 2020 ). Overall, results were consistent

ith a reduction of multisensory interaction for the deprived eye, in
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hich the visual processing is strengthened following MD. Vice versa,

n increased multisensory interaction for the non-deprived eye, in which

isual processing is typically weakened, was found. Despite this behav-

oral evidence, whether a short period of deprivation alters neural cor-

elates of multisensory interaction is still unknown. To fill this gap, we

xploited the model of MD to induce short-term plasticity and investi-

ated audio-visual processing. We combined psychophysical and elec-

rophysiological approaches. To elicit a multisensory percept, we em-

loyed the sound-induced flash illusion , in which the number of perceived

ashes can be biased by the number of co-occurring beeps ( Shams et al.,

000 ; Hirst et al., 2020 ). We determined the impact of MD on neural

orrelates of audio-visual processing by measuring neural oscillations

ccurring in response to fission illusion trials. This illusion, in which

 single flash coupled with two beeps leads to the perception of two

ashes, reveals the impact of auditory input on visual temporal sensi-

ivity in case of audio-visual conflicts. We also measured neural changes

n visual processing to control that MD was successful (i.e., increas-

ng excitability for the deprived eye) and to compare temporal and

pectral profiles of visual and putative audio-visual effects elicited by
pril 2023 
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We investigated neural oscillations as they reflect high and low neu-

onal excitability cycles and reveal perceptual organization in both vi-

ual ( Jensen et al., 2014 ; VanRullen, 2016 ) and multisensory process-

ng ( Cooke et al., 2019 ; Lennert et al., 2021 ). For the deprived eye, we

xpected MD to induce a reduction in alpha activity during visual pro-

essing, indexing the increased visual system excitability ( Lunghi et al.,

015a ). Moreover, we hypothesized MD to alter responses in the gamma

ange. Gamma activity has been associated with excitatory-inhibitory

alance ( Jensen et al., 2010 ; 2012 ), and its modulation was reli-

bly linked with fission illusion perception ( Bhattacharya et al., 2002 ;

ishra et al., 2007 ; Lange et al., 2011 , 2013 ; Balz et al., 2016 ). 

Neural oscillations can be distinct in evoked and induced compo-

ents. Evoked oscillations are time and phase-locked to the onset of an

xternal event, while induced oscillations are prompted by a stimulus

ut are not time- and phase-locked to its onset ( Galambos, 1992 , see

lso Keil et al., 2022 ). These distinct components of neural oscillations

haracterize different types of processing according to the direction of

nformation flow: while the evoked activity has mainly been associ-

ted with feedforward processing (thalamo-cortical, Tallon-Baudry and

ertrand, 1999 ; Lakatos et al., 2009 ; Chen et al., 2012 ), the induced

scillatory activity has been linked to feedback processing (cortico-

ortical connectivity, Pfurtscheller and Silva, 1999 ; Tallon-Baudry and

ertrand, 1999 ; Chen et al., 2012 ). Crucially, human and non-human

nimal model studies demonstrated that sensory deprivation primarily

ffects induced oscillatory activity ( Bottari et al., 2016 ; Yusuf et al.,

017 ; Bednaya et al., 2021 ). Thus, the second goal of the paper was

o assess which component of neural oscillations would be altered by

hort-term sensory deprivation. As homeostatic plasticity is an intrinsic

eedback mechanism ( Turrigiano and Nelson, 2004 ), we predicted to ob-

erve changes in induced oscillatory activity following temporary MD. 

. Materials and methods 

.1. Participants 

Since the effect of MD on multisensory processing was unknown, we

stimated the minimum sample size needed to reach the expected effect

f MD on visual processing as previously reported in the literature. We

xpected the MD effect on visual processing to be at occipito-parietal

lectrodes, in the alpha range [8–14 Hz] ( Lunghi et al., 2015a ), and

ithin the first stages of visual processing [0–120 ms] (comprising the

arliest visual evoked potential, C1 wave, known to be modulated by

D; Lunghi et al., 2015a ). The power analysis was performed by simu-

ating our planned analysis (Post minus Pre Deprived eye vs. Post minus

re Non-deprived eye) on the alpha frequency power using a cluster-

ased permutation test (Wang and Zhang, 2021). The analysis revealed

n estimated minimum sample size of 17 participants (for further de-

ails on sample size estimation see Supplementary Materials and Fig.

1). Note that previous studies investigating the effect of MD using EEG

nalyzed up to 16 participants ( Lunghi et al., 2015a ; Zhou et al., 2015 ;

chwenk et al., 2020 ). 

To determine individual suitability for the main experiment (EEG ex-

eriment), twenty-seven potential participants completed a preliminary

ehavioral assessment (see the Section 2.3.2 . below) to ensure that par-

icipants enrolled in the EEG experiment perceived the fission illusion.

erceiving this multisensory illusion was the main prerequisite since we

imed to investigate MD impact during multisensory processing. Partic-

larly, participants had to meet the following inclusion criteria: (i) to

erceive the fission illusion with the dominant eye (i.e., > 20% illusory

ate), and (ii) not to be completely biased by the sound in the illusory

onditions (i.e., < 95% illusory rate) leaving room to modulations. Out

f twenty-seven young adults tested (mean age 28.22 ± 2.41 SD, twelve

ales, and fifteen females), six participants were excluded as they did

ot meet these inclusion criteria or could not comply with the experi-

ental instructions (see Supplementary Materials). Out of the 21 par-

icipants who performed the main experiment , one further participant
2 
as excluded due to his poor behavioral performance (the number of

rrors was 3 SD above the group mean in the conditions in which only

uditory stimuli were presented, i.e., the control conditions). The final

ample included 20 young-adult participants (mean age 28.45 ± 2.67

D, eight males, and twelve females). They all had normal or corrected-

o-normal vision (visual acuity ≥ 8/10, see below Section 2.3.2 . Pre-

iminary behavioral assessment ) and did not report hearing deficits or a

istory of neurological conditions. Since one EEG and one behavioral

ataset from different participants went lost due to technical issues dur-

ng acquisitions, the analyzed data sample included 19 behavioral and

9 EEG datasets. 

The study was approved by the local Ethical Committee (Comitato

tico di Area Vasta Nord Ovest Regione Toscana protocol n. 24579).

ach participant signed a written informed consent before taking part

n the experiment. The experimental protocol adhered to the principles

f the Declaration of Helsinki (2013). 

.2. Stimuli and apparatus 

The experiment was performed in a dimly lit and sound-attenuated

hamber (BOXY, B-Beng s.r.l., Italy). Participants were comfortably sit-

ing in front of the apparatus, with their eyes at a distance of 60 cm

rom the monitor. Visual stimuli were presented on an LCD monitor

60 Hz refresh rate; 24.5 inches; 1920 × 1080 screen resolution), and

udio stimuli were delivered via a single speaker (Bose® Companion

, series III multimedia) located below the screen and aligned with its

enter. Stimuli were flashes and beeps. Both visual and audio stimuli

ere created using Matlab (The Mathworks, Inc. - version 2017b). The

udio stimulus was a 7 ms quadratic beep with a 3.5 kHz frequency

nd a sampling rate of 44.1 kHz, which was presented at about 75 dB.

he visual stimulus was a 2° diameter grey dot displayed 5° below the

enter of the screen for 17 ms (corresponding to 1 frame) on a black

ackground. The contrast level of the grey dot was selected individu-

lly via a staircase procedure to elicit the fission illusion in about 50%

f trials ( Pérez-Bellido et al., 2015 , see below Section 2.3.2 . Preliminary

ehavioral assessment ). Stimuli were delivered using E-Prime® software

version 2, Psychology Software Tools, Inc. www.pstnet.com ). The Au-

io/Visual (AV) Device (Electrical Geodesics, Inc.) was employed to en-

ure accurate optimal synchronization between the presented stimuli

nd the recorded EEG traces. 

.3. Experimental design 

The whole procedure consisted of two main parts performed on two

eparate days: a preliminary behavioral assessment and the main experi-

ent , in which the dominant eye was deprived of patterned visual input

sing a translucent eye patch (see Supplementary Materials for details).

n both the preliminary behavioral assessment and the main experiment,

articipants performed a monocular visual discrimination task ; while one

ye was stimulated, the other eye was occluded with the translucent eye

atch. 

.3.1. Monocular visual discrimination task 

Participants were asked to report the number of perceived flashes

0, 1, or 2) while task-irrelevant beeps (0, 1, or 2) were presented. Re-

ponses were given by pressing one of three keypad buttons using the

ight-hand fingers. In each trial, audio (A) and visual (V) stimuli could

e presented coupled or isolated, constituting eight conditions: half con-

itions were unisensory and comprised single, or couples of visual or au-

itory events (V and VV; A and AA) and the other half were multisensory

coherent audio-visual stimulation: AV and AVAV; illusory audio-visual

timulation: AVA and VAV, for a schematic summary of all conditions

ee Supplementary Materials Fig. S3 panel b). Unisensory auditory trials

i.e., A and AA) represented control conditions. They were employed to

nsure that participants correctly performed the task. The presentation

rder of the conditions was randomized. 
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Fig. 1. Schematic illustration of the stimuli and the experimental design. (a) On the top, legend of the type of stimuli used. Below is the stimulation timeline for 

the multisensory AVA and unisensory V conditions (17 ms correspond to 1 frame). (b) Experimental design showing the four sessions performed with the Deprived eye 

(upper line, red contour) and the Non-deprived eye (bottom line, blue contour). In the Pre and Post deprivation phases, participants performed the visual monocular 

task with each eye (eye order was counterbalanced across participants). During the deprivation phase, participants wore translucent eye patch on the dominant eye 

(Deprived eye) for 150 min (MD phase). Monocular stimulation was achieved by patching the non-stimulated eye with the same translucent eye patch used for the 

deprivation. 
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Since our main aim was to explore changes in the neural response

o audio-visual events caused by a short-term MD, the main analysis

ocused on the audio-visual condition inducing fission illusion (AVA).

enerating an unstable percept, this illusion allows the investigation of

ubtle changes in audio-visual processing. Behavioral responses were

undamental to ensure the presence of the illusory percept. We investi-

ated changes in the unisensory visual condition (V) as a control. No-

ably, the visual stimulus was the same single flash in AVA and V con-

itions. 

All trials started with a grey fixation cross presented at the center of

he screen on a black background. After 717 ms, the stimulation was de-

ivered (see Fig. 1a for the stimulation timeline of V and AVA). Following

he stimulation, a blank screen appeared for 500 ms (response-free time

indow). The fixation cross became white, and participants were asked

o respond within 1 second (except for the staircase procedure, in which

articipants had infinite time to respond; see Section 2.3.2 . Preliminary

ehavioral assessment ). As soon as the response was given, a blank screen

as presented for 300 ms before the beginning of the subsequent trial

see Fig. S3 panel a). Participants were asked to maintain their gaze at

he fixation cross throughout the duration of the trial. 

.3.2. Preliminary behavioral assessment 

To verify whether participant could take part in the main experiment ,

he ocular dominance via the Porta Test (see Supplementary Materials),

he visual acuity via the eye chart, and the rate of the illusory percept

uring the monocular visual discrimination task were measured. 

Once ocular dominance and visual acuity were tested, participants

erformed two short versions of the monocular visual discrimination task .

he first short version comprised a staircase procedure (see Supplemen-

ary Materials for details) that was used to identify, at the individual

evel, the luminance contrast between the grey dot and the black back-

round needed to elicit the fission illusion in about 50% of trials ( Pérez-

ellido et al., 2015 ). Participants performed this test monocularly, with

he dominant and non-dominant eye (the order was randomized). The

ontrast level for the dominant and non-dominant eye did not differ

ithin-participant (t(26) = − 1.466, p = 0.155). Then, the second short
3 
ersion of the monocular visual discrimination task (30 trials for each of

he following conditions V, VV, AVA, VAV, A, and 6 for AA, AV, AVAV)

as performed with the dominant eye (with the contrast identified by

he staircase procedure) to evaluate whether the participant was fulfill-

ng the inclusion criteria to take part in the main experiment (see Partic-

pants Section 2.1 .). 

Previous evidence revealed that individual sensory preference ( Audio

r Visual ) impacts multisensory processing (Giard and Perronet, 1999).

o assess whether individual sensory predisposition might affect mul-

isensory short-term plasticity, participants monocularly performed a

peeded object recognition task based on auditory, visual, and audio-

isual information (see Supplementary Materials for details). Each par-

icipant’s Sensory-Preference ( Audio or Visual ) was classified for each

ye, and no significant difference was found between eyes (McNemar’s

est, p > 0.68). Sensory-Preference was an additional measure that we

onsidered: for this reason, the Audio and Visual groups’ N was not bal-

nced. 

.3.3. Main experiment 

Participants recruited in the main experiment came to the laboratory

 second time on a different day. Since the main experiment lasted about

ve hours, the data were always acquired in the morning (approximately

etween 9 am and 2 pm) to avoid possible confounds associated with the

ircadian cycle or related to (visual) activities performed before the ex-

eriment. Each participant repeated the short version of the monocular

isual discrimination task with the dominant eye comprising the staircase

rocedure to ensure the test-retest reliability of the selected visual stim-

lus contrast (no significant difference was found between the contrast

evels measured in the two assessments; t(20) = 0.637, p = 0.532). 

A brief practice of 16 trials was run before the main experiment . Par-

icipants performed the monocular visual discrimination task , with each

ye, before (Pre) and after (Post) a period of monocular deprivation

MD) (see Fig. 1b ) while their EEG signal was recorded. Thus, each par-

icipant performed a total of four sessions of the monocular visual dis-

rimination task (i.e., at Pre and Post, both with the dominant and the

on-dominant eye). Note that whether they started with the dominant
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a  
r the non-dominant eye was counterbalanced across participants. MD

onsisted of 150 min in which the dominant eye was occluded by the

ranslucent eye patch, following a validated procedure ( Lunghi et al.,

011 ). From now on, we will refer to the dominant eye as the ‘Deprived

ye’ and the non-dominant eye as the ‘Non-deprived eye’. 

During the MD phase, participants were engaged in predefined ac-

ivities to prompt, activate, and control multisensory interactions with

he environment. Since the physical activity was demonstrated to boost

hort-term homeostatic plasticity in the adult visual cortex ( Lunghi and

ale, 2015 ), all participants were engaged in the following activities:

able football, table hockey, ping pong, and billiards, each of them last-

ng 15 min. Between each 15-minutes game about 3 min of rest were

iven to participants. Before and after the period comprising the games,

articipants had about 40 min of rest in which they were left free to

ngage in activities of their choice. Participants remained in the lab for

he whole duration of the experiment, and the EEG cap was always kept

n the scalp. 

Each monocular session (i.e., Pre Deprived, Pre Non-deprived, Post

eprived, and Post Non-deprived) comprised 100 trials for the condi-

ions V, VV, AVA, VAV, A, and 30 trials for the conditions AA, AV,

VAV, and was divided into five blocks (118 trials each) lasting about

 min each. The number of trials was chosen to keep the duration of the

onocular session within the estimated length of the MD effect (which

as been demonstrated to be present for up to 90 min but substantially

ecreases after 15 min; see Lunghi et al., 2011 ). 

.4. EEG recording and preprocessing 

EEG data were collected continuously during the four monocular

ask sessions (i.e., Pre Deprived, Pre Non-deprived, Post Deprived, and

ost Non-deprived), using Electrical Geodesics EEG system with 64-

hannels (EGI; 500 Hz sampling rate). Offline, the data of the four ses-

ions were concatenated at the individual level to detect common stereo-

ypical artifacts. Data were preprocessed by implementing a validated

pproach ( Stropahl et al., 2018 ; Bottari et al., 2020 ). The continuous

ecordings were filtered (low-pass cut-off at 40 Hz, Hanning filter, or-

er 500; high-pass cut-off at 1 Hz, Hanning filter, order 100) and down-

ampled to 250 Hz to reduce the computational time. The filtered and

ownsampled data were segmented into consecutive 1-second epochs

nd cleaned using joint probability criterion: segments displaying an ac-

ivity with a joint probability across all channels larger than 3 SD were

emoved (pop_jointprob function of EEGLAB; Delorme et al., 2007 ). In-

ependent Component Analysis (ICA) based on the extended Infomax

 Bell and Sejnowski, 1995 ; Jung et al., 2000a , 2000b ) was then per-

ormed. The resulting ICA weights were saved and applied to the raw

ontinuous unfiltered data ( Stropahl et al., 2018 ; Bottari et al., 2020 ).

omponents associated with stereotypical artifacts, such as eye blinks

nd eye movements, were identified and removed using a semiauto-

atic procedure (CORRMAP, Viola et al., 2009 ). The data were then

ow-pass and high-pass filtered (100 Hz, filter order 100; 0.1 Hz, fil-

er order 500) with a Hanning filter. Noisy channels were identified

ased on visual inspection and then interpolated using spherical spline

nterpolation (mean interpolated electrodes per subject 2.32 ± 2.26 SD)

nd re-referenced to the average. Finally, the residual power line fluc-

uations at 50 Hz were removed using the CleanLine EEGLAB plugin

 https://github.com/sccn/cleanline ). The single subject EEG data were

hen split again into the original four sessions. Each session was then

egmented into epochs of 2.2 s, from − 1 to 1.2 s with respect to the

nset of the stimulation, and divided according to the condition (i.e., V

nd AVA). Note that the epoch length was the same for all conditions.

oisy epochs for each participant within each condition were then re-

ected based on the joint probability across channels ( Delorme et al.,

007 ) with a threshold of 3 SD (mean number of trials retained for

ach subject in each session and used in the unisensory V condition:

re Deprived 86.3 ± 4.6 SD, Pre Non-deprived 86.4 ± 6.3 SD, Post De-

rived 85.0 ± 5.3 SD, and Post Non-deprived 86.7 ± 4.6 SD; in the mul-
4 
isensory AVA condition: Pre Deprived 86.6 ± 5.6 SD, Pre Non-deprived

5.7 ± 5.7 SD, Post Deprived 86.5 ± 5.0 SD, and Post Non-deprived

3.8 ± 6.4 SD). All these steps were performed with EEGLAB software

 Delorme and Makeig, 2004 ). Data were then imported into Fieldtrip

 Oostenveld et al., 2011 ) to perform time-frequency decomposition and

tatistical analyses. 

.5. Time-frequency decomposition 

Time-frequency decomposition of the EEG data was performed

ithin each session and separately for the visual and audio-visual condi-

ions, following exactly the same approach for both conditions. Within

ach condition and session, we first extracted the induced power at a

ingle trial level after subtracting the evoked activity (that is, subtract-

ng from each trial the ERP computed averaging across trials without

ow-pass filtering). Time-frequency decomposition of single-trials was

omputed at each channel, separately for low (2–30 Hz) and high (30–

0 Hz) frequency ranges (e.g., Lange et al., 2011 ). The oscillations in

ow frequencies were estimated using a Hanning taper with a frequency-

ependent window length (4 cycles per time window) in steps of 2 Hz.

scillations with higher frequencies were estimated using a Multitapers

ethod with Slepian sequence as tapers, in steps of 5 Hz with a fixed-

ength time window of 0.2 s and fixed spectral smoothing of ± 10 Hz. For

oth frequency ranges, the power was extracted over the entire epoch

from − 1 to 1.2 s) in steps of 0.02 s. Then, the average across trials

as computed at the individual level within each session (Pre Deprived,

re Non-deprived, Post Deprived, Post Non-deprived), conditions (V and

VA), and frequency range (low and high). The resulting oscillatory ac-

ivity was baseline-corrected to obtain the relative signal change with

espect to the baseline interval. The baseline was set between − 0.7 and

 0.3 s for the low-frequency range, and between − 0.2 and − 0.1 s for the

igh-frequency range. The low-frequency range, having longer cycles,

equired a wide baseline for the appropriate estimation of slow oscilla-

ions ( Bottari et al., 2016 , 2018 ). Moreover, the low-frequency baseline

as kept temporally distant from the stimulus onset to avoid temporal

eakage of post-stimulus activity into the baseline period ( Cohen et al.,

014 ). 

The same procedure, without ERP subtraction from single trials,

as implemented to estimate the total power. The baseline-corrected

voked power was computed by subtracting the baseline-corrected in-

uced power from the baseline-corrected total power. 

.6. Source reconstruction 

To better characterize the neural alterations induced by MD, source

stimation of the neural effects was performed using Brainstorm soft-

are ( Tadel et al., 2011 ) on preprocessed EEG data. Sources were ex-

racted by applying a dynamic statistical parametric mapping (dSPM;

ale et al., 2000 ), adopting minimum-norm inverse maps to estimate

he locations of scalp electrical activities. For each dataset, we used sin-

le trials pre-stimulus baseline [ − 0.1 to 0.002 s] to calculate single sub-

ect noise covariance matrices and to estimate individual noise standard

eviations at each location ( Hansen et al., 2010 ). The boundary element

ethod (BEM) provided in OpenMEEG was adopted as a head model; the

odel was computed on the first dataset and then applied to all the oth-

rs (default parameters in Brainstorm were selected). Source estimation

as performed by selecting the option of constrained dipole orientations

 Tadel et al., 2011 ). Time-frequency decomposition was computed for

ach participant on the estimated sources at the single-trial level us-

ng the same approach described for the time-frequency decomposition

erformed at the sensor level. 

.7. Statistical analysis 

.7.1. Behavioral data 

Despite the focus of the study being to assess neural changes, we

nalysed behavioral measures to ensure that participants were actively

https://github.com/sccn/cleanline
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(  
erforming the task and they perceived the fission illusion, which was

 study prerequisite. 

For each participant, we computed the d -prime (d’) as visual and

udio-visual temporal sensitivity indices: d’ = z(p hits) - z ( p false

larms), where z is the inverse cumulative normal function, and p is the

roportion of hits and false alarms out of signal and noise, respectively.

alues equal to 0 or 1 were corrected as 1/n and (n-1)/n, respectively,

ith n being the number of signal or noise trials. To compute the visual

’, we defined hits trials in which one flash is dispalyed (V condition)

nd participants correctly responded ‘one’. Consequently, false alarms

ere trials in which two flashes were presented (VV), and participants

esponded to having seen one flash. To compute the audio-visual d’,

e defined, coherently with the fission illusion literature, false alarms

VA trials in which participants reported two flashes ( Watkins et al.,

006 ; Whittingham et al., 2014 ; Pérez-Bellido et al., 2015 ; Vanes et al.,

016 ; Keil, 2020 ). Thus, AVAV trials in which participants correctly re-

ponded ‘two flashes’ were considered hits. Note that the audio-visual

emporal sensitivity (d’) is inversely related to the amount of fission il-

usion: smaller d’ indicated a greater amount of illusory percepts and

ice versa (note that Response means of each condition are reported in

upplementary Materials Fig. S4). To compute the d’ we assessed that

n visual and audio visual condition, as expected, the number of ‘zero’

esponses was negligible (see Supplementary Materials). 

Two mixed-design ANOVA, with Eye (Deprived and Non-deprived)

nd Time (Pre and Post) as within-subjects factors, and Sensory-

reference ( Audio and Visual ) in the Deprived eye and Sensory-

reference ( Audio and Visual ) in the Non-deprived eye as between-

ubjects factors, were performed separately on visual and audio-visual d’

alues. The Sensory-Preference between-subjects factors were inserted

n order to control their impact on the visual and audio-visual percep-

ion. 

.7.2. C1 wave 

First, we assessed whether we could replicate the modulatory ef-

ect of MD on the C1 wave, previously shown by Lunghi and colleagues

2015). We expected increased C1 amplitude in the Deprived eye and a

ecreased C1 in the Non-deprived eye after MD. 

.7.3. Neural oscillations 

Oscillatory activity occurring after stimulus onset was analyzed sep-

rately for visual (V) and audio-visual (AVA) trials to assess MD im-

act on visual and audio-visual processing. Note that the same statisti-

al approach was applied to visual and audio-visual conditions. Time-

requency analyses were separately performed for induced and evoked

scillatory activity for both low [4–30 Hz] and high [30–80 Hz] fre-

uency ranges. 

To assess the impact of MD, we subtracted the oscillatory activity

ecorded before MD from the oscillatory activity recorded after MD (i.e.,

ost minus Pre). This difference was computed separately for the De-

rived and Non-deprived eyes. From now on, PowChangeDeprived rep-

esents relative changes in power due to MD for the Deprived eye, and

owChangeNon-deprived the relative changes in power due to MD for the

on-deprived eye. 

To compare the impact of MD on the Deprived and Non-deprived

yes, a series of non-parametric cluster-based permutation tests (us-

ng paired t-statistics) were performed without a priori assumptions

i.e., across all electrodes, time-points, and frequencies) between

owChangeDeprived and PowChangeNon-deprived . This rather conserva-

ive statistical approach was chosen to highlight only signal changes

hat characterized visual and audio-visual MD effects. Cluster-based

ermutation tests were employed to control for multiple comparisons

 Maris and Oostenveld, 2007 ). We used the Monte Carlo method with

000 random permutations; cluster-level statistics were calculated tak-

ng the sum of the t-values within every cluster, with an alpha level of

.05 (two-tailed) and a minimum neighbor channel = 1. Identified clus-

ers were considered significant at p < 0.025 (corresponding to a criti-
5 
al alpha level of 0.05 in a two-tailed test). We focused on the post-

timulus activity, and thus, statistical tests were performed for the en-

ire response-free time window, that is, from 0 to 0.5 s. The time pe-

iod after 0.5 s from the stimulation onset was discarded to prevent mo-

or artifacts from being included. If a significant difference due to MD

merged in this test ( PowChangeDeprived vs. PowChangeNon-deprived ),

e assessed whether differences between the two eyes emerged at Pre

r Post. To this end, two planned comparisons (i.e., Pre Deprived vs.

re Non-deprived and Post Deprived vs. Post Non-deprived) were per-

ormed using the same cluster-based permutation analysis approach and

he same parameters reported above. In case a significant difference be-

ween Deprived and Non-deprived eye would emerge only at Post and

ot at Pre, it would be indicative of a specific effect of the MD manipula-

ion and rule out possible differences between the two eyes at baseline.

.7.4. Correlations between neural and behavioral changes 

After assessing the normality of the data with Shapiro-Wilk tests

 p > 0.05), Pearson correlations were employed to assess whether the

eural changes related to short-term MD were associated with be-

avioral changes. When compared, the correlations’ results were con-

rasted using a bootstrap method adapted for independent samples (see

ttps://github.com/GRousselet/blog/tree/master/comp2dcorr). 

The datasets and code used in the present study are available from

he corresponding author on reasonable request. 

. Results 

.1. Behavioral data 

.1.1. d prime (d’) 

.1.1.1. Unisensory visual. The mixed-design ANOVA on visual d’ with

ye (Deprived and Non-deprived) and Time (Pre and Post) as within-

ubjects factors and Sensory-Preference in the Deprived or in the Non-

eprived eye as between-subjects factor revealed a significant main ef-

ect of Time (F(1,15) = 13.52, p = 0.002). No main effects of Eye, Sensory-

reference in the Deprived or in the Non-deprived eye, nor other inter-

ction effects were found (all p > 0.1). These findings suggest a general

ecrease of temporal sensitivity at Post (mean d’ ± SE for each session:

re Deprived 1.44 ± 0.21; Post Deprived 1.13 ± 0.22; Pre Non-deprived

.37 ± 0.26; Post Non-deprived 1.14 ± 0.23; see Fig. S5a). 

.1.1.2. Audio-visual. The mixed-design ANOVA performed on audio-

isual d’ revealed a significant main effect of Eye (F(1,15) = 7.53,

 = 0.015), showing that the Non-deprived eye was less suscepti-

le to the fission illusion (mean d’ ± SE for each session: Pre De-

rived 0.58 ± 0.16; Post Deprived 0.53 ± 0.19; Pre Non-deprived

.84 ± 0.23; Post Non-deprived 0.66 ± 0.17). A tendency towards sig-

ificance emerged for the interaction between Eye, Sensory-Preference

n the Deprived eye, and Sensory-Preference in the Non-deprived eye

F(1,15) = 4.01; p = 0.064). This tendency might suggest that the partic-

pant’s Sensory-Preference had an eye-specific impact; being an Audio -

ubject or a Visual -subject might affect the level of the fission illusion

erceived with that eye (in the Deprived eye, mean d’ ± SE A-group:

.52 ± 0.19; V-group: 0.69 ± 0.20; in the Non-deprived eye A-group:

.65 ± 0.20; V-group: 0.96 ± 0.36). No significant main effects of Time,

ensory-Preference in the Deprived or in the Non-deprived eye, nor

ther interactions emerged (all p > 0.08). Notably, a strong fission illu-

ion was elicited in both eyes, as highlighted by the small d’ measured in

ach of the four sessions (see Supplementary Materials Fig. S5b). Since

o main effect of the Sensory-Preference emerged neither in visual nor

n audio-visual ANOVAs, the analyses of EEG activity were performed

n the whole group. 

.1.2. Number of perceived flashes 

We computed d’ as it is an unbiased behavioral measure

 Macmillan and Creelman, 2004 ). In the context of the employed task,
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Fig. 2. Number of perceived flashes. The 

mean number of reported flashes, i.e., ‘one’ 

or ‘two’ responses, in the first two blocks 

are shown for the visual (V) and audio-visual 

(AVA) conditions (in a and b, respectively), for 

both the Deprived and Non-deprived eyes. In 

the visual condition, MD selectively affects the 

Deprived eye, inducing a decrease of ‘one’ re- 

sponses ( p = 0.011) and an increase of ‘two’ 

responses ( p = 0.031). In the audio-visual con- 

dition, a higher number of ‘two’ responses in- 

dicates that the illusory percept dominates in 

both the Deprived and Non-deprived eyes be- 

fore (Pre) and after (Post) the MD. Error bars 

represent the standard error of the mean. 
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he decrease in temporal sensitivity (d’) means a reduction in the ability

o report the number of presented flashes correctly. Thus, a reduction of

emporal sensitivity could be due to an increased or decreased number

f perceived flashes. For the visual condition (V), based on the expected

nhanced excitability, we could predict a reduction of ‘one’ responses

nd an increase of ‘two’ responses in the Deprived eye after MD (see

ange et al., 2013 for an association between increased excitability and

nhanced perception of two flashes). 

.1.2.1. Unisensory visual. To investigate whether the expected MD ef-

ect was elicited, we performed an additional analysis on correct re-

ponses in the unisensory V condition (when only one flash was pre-

ented) in the first two blocks. Only the first two blocks were consid-

red as MD is known to be maximal within 10–15 min from deprivation

 Lunghi et al., 2011 ). We calculated the number of ‘one’ responses and

he number of ‘two’ responses for each eye (i.e., Deprived and Non-

eprived) before and after MD (i.e., Pre and Post). Note that responses

ould also be ‘zero’, which would be the correct response for A and

A conditions. We then contrasted the number of ‘one’ responses in

he Deprived eye between Pre and Post. The analysis revealed a sig-

ificant decrease in ‘one’ responses after MD (t(18) = 2.854; p = 0.011)

nd a significant increase in ‘two’ responses (t(18) = − 2.346; p = 0.031;

ee Fig. 2a ). No significant differences emerged for the Non-deprived

ye (all p > 0.189; when responses of all blocks were considered, re-

ults were substantially confirmed; see Supplementary Materials Fig.

6). These data revealed that MD increased the probability of perceiving

wo flashes when only one was presented to the Deprived eye. 

.1.2.2. Audio-visual. We performed the same analysis in the AVA con-

ition (fission illusion). The analysis did not reveal any specific change

n the type of response before vs. after MD, neither in the Deprived nor

n the Non-deprived eye (all p > 0.182; see Fig. 2b and Supplementary

aterials Fig. S6). Overall, the data highlighted that a strong fission il-

usion was perceived with both eyes, as indicated by the fact that ‘two’

esponses were more prominent than ‘one’ responses in all sessions. 
6 
.2. C1 wave 

Coherently with previous evidence ( Lunghi et al., 2015a ), the anal-

sis revealed an increased C1 wave after MD for the Deprived eye, and

he opposite for the Non-deprived eye (see Supplementary Materials for

urther details and Fig. S7) 

.3. Neural oscillations 

To specifically investigate whether MD primarily affected feedback

nd/or feedforward connectivity, we assessed the impact of MD on in-

uced and evoked neural oscillations associated with the processing of

isual and audio-visual stimuli. 

.3.1. Unisensory visual 

Induced power. The cluster-based permutation test performed

n induced oscillatory activity within the low-frequency range [4–

0 Hz] revealed a significant difference for PowChangeDeprived vs.

owChangeNon-deprived ( p < 0.009) spanning from occipital to frontal re-

ions. MD elicited a marked decrease of induced activity in the alpha

ange [10–16 Hz] between 0 and 0.12 s (alpha synchronization period)

electively for the Deprived eye (see Fig. 3a , b ). While no significant

ffects were found when comparing the oscillatory activity between the

wo eyes at Pre (all p > 0.51), the comparison performed on induced

scillatory activity measured at Post revealed a significant difference

 p < 0.002) between the Deprived and Non-deprived eyes for the power

n the alpha range [10–16 Hz]. These planned comparisons confirmed

 direct effect of MD on alpha synchronization, and excluded possible

onfounds due to differences between the eyes at baseline. To further

nvestigate the time-course of the MD effect in the alpha range, we as-

essed the difference between Post and Pre for each eye. For each session

nd participant, we extracted the mean induced alpha power [10–16 Hz]

easured across three occipital electrodes (E36, E38, E40, which cor-

esponded to the peak of the statistical effect in the PowChangeDeprived

s. PowChangeNon-deprived cluster-based permutation test). A series of

aired t-tests were performed between Pre and Post for each eye, at each
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Fig. 3. The effect of Monocular Deprivation (MD) on visual processing, visual MD effect. (a) Induced oscillatory activity calculated as the difference between 

Post minus Pre at each eye: PowChangeDeprived (upper row) and PowChangeNon-deprived (bottom row) are plotted as a function of time [ − 0.25 - 0.5 s] and frequency 

[4–30 Hz]. The plots show the average across occipital electrodes (E36, E38, E40); 0 s indicates stimulus onset. Topographies in the alpha range [10–16 Hz] at a 

representative time window [0.02 - 0.06 s]; arrows indicate which eye was stimulated (here depicted a participant with right-eye dominance); crosses represent the 

eye covered by the translucent patch. (b) Statistical results. Time-frequency plot highlighting significant differences between PowChangeDeprived and PowChangeNon- 

deprived identified by the cluster-based permutation test ( p < 0.025, two-tailed) and the corresponding topography for the alpha range [10–16 Hz] at a representative 

time window [0.02 - 0.06 s]; electrodes belonging to the significant cluster are highlighted with white asterisks. (c) Time-course at the group level of the mean power 

in the alpha range [10–16 Hz] at Pre and Post (data are averaged across electrodes E36, E38, E40) separately displayed for the Deprived and the Non-deprived eye 

(upper and bottom rows); shaded areas represent the standard error of the mean; the continuous horizontal grey line indicates the significant difference between 

Pre and Post in the Deprived eye (from 0 to 0.14 s; p < 0.05, FDR corrected). The dashed grey boxes represent the time window [0.02 - 0.06 s], comprising the alpha 

peak, in which the power in the alpha range [10–16 Hz] was extracted for each subject (across channels E36, E38, E40) and shown in the corresponding violin plots 

(right side; each dot represents individual data). (d) Source analysis performed to localize the visual MD effect; the image shows, at 40 ms after stimulus onset, the 

area in which the power in the alpha range [10 - 16 Hz] significantly decreased at Post with respect to Pre. 
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ime-point within the whole-time window of interest [0–0.5 s] (FDR

orrected, q = 0.05). A significant difference was found only for the De-

rived eye, showing a clear decrease in the alpha synchronization after

D (from 0 to 0.14 s; for the Non-deprived eye all p > 0.97; see Fig. 3c ).

mportantly, decreased alpha synchronization is coherent with previous

ndings showing the reversed pattern, i.e. increased alpha, during the

esynchronization period (300–1000 ms; Lunghi et al., 2015a ; see Sup-

lementary Materials for a detailed explanation and Fig. S8). 

No significant differences between PowChangeDeprived and

owChangeNon-deprived were found in the high-frequency range

30–80 Hz] (all p > 0.67, see Fig. S9). 

Evoked power. Cluster-based permutation analyses on evoked os-

illatory activity were performed contrasting PowChangeDeprived vs.

owChangeNon-deprived to test whether MD alters feedforward visual

rocessing. No significant differences emerged in either low or high fre-

uencies (all p > 0.13, see Fig. S10). 

In sum, a visual MD effect emerged selectively for the Deprived eye

nd affected the induced oscillatory activity within the alpha range. 

Source analysis. We investigated the electrical sources of the visual

D effect. To this end, a permutation paired t -test (1000 randomiza-

ions) was performed at the source level, on the power in the alpha

ange [10–16 Hz] between Pre and Post for the Deprived eye (time win-

ow [0–0.5 s]; FDR correction was applied on the time dimension). Re-

ults revealed that the visual MD effect was mainly located within the

ight hemisphere and comprised the superior parietal gyrus, the supe-
7 
ior occipital gyrus, intraparietal and subparietal sulcus, and extended

o calcarine sulcus (corrected p-threshold: 0.003; see Fig. 3d ). 

.3.2. Audio-visual 

After we assessed the impact of MD on unisensory visual processing

visual MD effect), we investigated whether MD can also affect audio-

isual processing at the neural level. The induced and evoked oscillatory

ctivities were tested separately within low and high-frequency ranges.

Induced power . The cluster-based permutation performed on in-

uced oscillatory activity within the low-frequency range [4–30 Hz] be-

ween PowChangeDeprived and PowChangeNon-deprived showed no sig-

ificant effects (all p > 0.45, see Fig. S11). In contrast, the same analysis

erformed within the high-frequency range [30–80 Hz] revealed a sig-

ificant effect in gamma activity ( p < 0.015). An increase in gamma ac-

ivity [65–75 Hz] was found in the Non-deprived eye between 0.16 and

.26 s, mainly in posterior electrodes (see Fig. 4a , b ). The planned com-

arisons showed no significant effect at Pre (all p > 0.07), while a signif-

cant difference between the two eyes emerged only at Post ( p < 0.022),

onfirming that MD specifically guided the effect. To further investigate

he time-course of the induced gamma effect, we tested the difference

etween Pre and Post within each eye. For each session and partici-

ant, we extracted the mean induced gamma power [65–75 Hz] mea-

ured across two parieto-occipital electrodes (E40 and E42, which cor-

esponded to the peak of the statistical effect in the PowChangeDeprived

s. PowChangeNon-deprived cluster-based permutation test). A series of
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Fig. 4. The effect of Monocular Deprivation (MD) on audio-visual processing, audio-visual MD effect. (a) Induced oscillatory activity calculated as the 

difference between Post minus Pre at each eye: PowChangeDeprived (upper row) and PowChangeNon-deprived (middle row) are plotted as a function of time [ − 0.25 - 

0.5 s] and frequency [30–80 Hz]. The plots show the average across posterior electrodes (E40, E42); 0 s indicates the stimulus onset. Topographies in the gamma range 

[65–75 Hz] at representative time window [0.16 - 0.2 s]; arrows indicate which eye was stimulated (represented in a participant with a right-eye dominance), and 

crosses represent the eye covered by the translucent patch. (b) Statistical results. Time-frequency plot highlighting significant differences between PowChangeDeprived 

and PowChangeNon-deprived identified by the cluster-based permutation test ( p < 0.025, two-tailed) and corresponding topography for the gamma range [65–75 Hz] 

at a representative time window [0.16 - 0.2 s]; electrodes belonging to the significant cluster are highlighted with white asterisks. (c) Time-course at the group 

level of the mean power in gamma range [65–75 Hz] at Pre and Post (data are averaged across electrodes E40, E42) separately displayed for the Deprived and 

the Non-deprived eye (upper and bottom rows); shaded areas represent the standard error of the mean; the continuous horizontal grey line indicates a significant 

difference between Pre and Post for the Non-deprived eye (from 0.12 to 0.2 s after stimulus onset; p < 0.05, FDR corrected). The dashed grey boxes represent the 

time window [0.16 - 0.2 s] in which the power in the gamma range [65–75 Hz] was extracted for each subject (across channels E40 and E42) and shown in the 

corresponding violin plots (right side). (d) Source analysis performed to localize the audio-visual MD effect; the image shows at 120 ms after stimulus onset the area 

in which the power in the gamma range [65–75 Hz] significantly increases at Post with respect to Pre. 
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(  
aired t-tests were performed between Pre and Post for each eye, at each

ime-point within the whole-time window of interest [0–0.5 s] (FDR cor-

ected, q = 0.05). Only for the Non-deprived eye, a significant effect was

ound (from 0.12 to 0.2 s; for Deprived eye all p > 0.5; see Fig. 4c ). 

Evoked power . When the difference between PowChangeDeprived and

owChangeNon-deprived was tested in the evoked power, no significant

ifference was found within the low-frequency range (all p > 0.09) nor

ithin the high-frequency range (all p > 0.05, see Fig. S12). 

To sum up, the audio-visual MD effect selectively emerged for the

on-deprived eye in the induced gamma power. Importantly, gamma

ctivity was specific for audio-visual processing (i.e., it did not emerge

or unimodal visual processing) and for the Non-deprived eye; there-

ore, we could exclude spurious ocular activity (e.g., microsaccades) as

 primary driver of the effect. Muscular ocular activity should be non-

pecific, affect both eyes, and, most importantly, both visual and audio-

isual processing. Instead, we hypothesized that this neurophysiological

hange could be driven by increased responsiveness to auditory inputs

hen the task is performed with the Non-deprived eye (see below Au-

itory upweighting Section 3.3.3 .). 

Source analysis. We investigated the sources of the audio-visual MD

ffect. To this end, a permutation paired t -test (1000 randomizations)

as performed at the source level, on the power in the gamma range

65–75 Hz] between Pre and Post for the Non-deprived eye (time win-

ow [0–0.5 s]; FDR correction was applied on the time dimension). Re-

ults revealed that audio-visual MD effect was mainly located at the cor-
8 
ical level around the right intraparietal sulcus (corrected p-threshold:

.002; see Fig. 4d ). 

.3.3. Auditory upweighting 

The gamma band increase during audio-visual processing in the Non-

eprived eye following MD might suggest an upweighting of the audi-

ory modality. If this would be the case, a greater neural response in the

amma range to unisensory acoustic stimulation (A and AA condition)

hould emerge selectively for the Non-deprived eye after MD. To this

nd, a hypothesis-driven ( p < 0.05, one tail) cluster-based permutation

est was performed on the induced oscillatory activity in response to

uditory stimuli (average across A and AA trials) in the high-frequency

ange [30–80 Hz] across all electrodes, frequencies, and time-points [0–

.5 s], between Pre and Post, separately in each eye (see Fig. 5a ). The

ame preprocessing steps used for visual and audio-visual conditions

ere performed for auditory (A and AA) conditions. Mean trials num-

er for each subject in each session used in the auditory analysis: Pre

eprived 111.4 ± 6.2 SD, Pre Non-deprived 113.1 ± 5.0 SD, Post De-

rived 111.2 ± 5.4 SD, and Post Non-deprived 110.2 ± 6.1 SD. The

nalysis revealed a significant increase in gamma activity between 100

nd 300 ms in response to auditory stimulation after MD ( p < 0.04), se-

ectively for the Non-deprived eye (see Fig. 5b , c ). Conversely, no signif-

cant difference emerged for the Deprived eye ( p > 0.35). This significant

ffect emerged in parietal electrodes as for the audio-visual MD effect

see Fig. 5b ). These findings support our hypothesis that the increased
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Fig. 5. Increased induced gamma activity for the Non-deprived eye after MD during auditory processing. (a) Induced oscillatory activity at Pre and Post 

are plotted as a function of time [ − 0.25 - 0.5 s] and frequency [30–80 Hz] for the Deprived (upper row) and Non-deprived eye (bottom row). The plots show the 

average across central-posterior electrodes (E34, E40, E41, E42, E50); 0 s indicates the stimulus onset. (b) Results of the cluster-based permutation test are shown 

in the time-frequency plots and highlight significant differences between Pre and Post, which emerged only for the Non-deprived eye. Topography shows the results 

of the cluster-based permutation test for the Non-deprived eye in the gamma range [50–60 Hz] over a representative time window [0.24 - 0.32 s]; white asterisks 

highlight significant electrodes (E34, E40, E41, E42, E50). (c) Time-course at the group level of the mean power in gamma range [50–60 Hz] at Pre and Post (data 

are averaged across electrodes E34, E40, E41, E42, E50), separately displayed for the Deprived and the Non-deprived eye (upper and bottom rows); shaded areas 

represent the standard error of the mean; the continuous horizontal grey line indicates a significant difference between Pre and Post for the Non-deprived eye (from 

0.16 to 0.34 s after stimulus onset; p < 0.05, FDR corrected). 
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nduced gamma activity during audio-visual processing was due to an

pweighting of auditory input. 

Overall, the findings reveal a double dissociation concerning the

eural effects of MD on visual and audio-visual processing. Decreased

nduced alpha synchronization in the Deprived eye during unisensory

isual processing and increased induced gamma power for the Non-

eprived eye during audio-visual processing (see Fig. 6a ). Increased in-

uced gamma activity was also found during unisensory auditory pro-

essing, supporting crossmodal upweighting selectively when the task

s performed with the Non-deprived eye. 

.4. Association between neural and behavioral changes due to MD 

Separately, for visual and audio-visual conditions, we investigated

he degree of association between brain activity alterations and changes

n behavioral performance. The average power at the frequencies of in-

erest (alpha or gamma) was extracted within a time window and across

hannels that resulted significant in the cluster-based permutation tests

visual or audio-visual MD effects), and we computed the normal-

zed difference between Post and Pre within each eye ([ PowChangeDe-

rived/Pre Deprived ] ∗ 100; [ PowChangeNon-deprived/Pre Non-deprived ]
 100 ). Thus, within each condition (i.e., visual and audio-visual) and

or each eye (i.e., Deprived and Non-deprived), we tested whether the

ower change (alpha or gamma) was correlated with the correspond-

ng change in temporal sensitivity (difference in d’ between Post and

re sessions in the same condition and eye) using Pearson’s correlation

oefficient. 

.4.1. Unisensory visual 

We tested whether the change of oscillatory activity in induced alpha

ower in the Deprived eye following MD (visual MD effect) was asso-

iated with a change in behavioral performance (i.e. change in visual
9 
emporal sensitivity). To this aim, we extracted the average power in

he 10–16 Hz range between 0.02 and 0.06 s from the three significant

lectrodes (E36, E38, and E40) for each session. Then, the normalized

ost-Pre difference of PowChangeDeprived and PowChangeNon-deprived

as computed. 

A significant positive correlation between normalized PowChangeDe-

rived (alpha power Post minus Pre) and visual temporal sensitivity

hange in the Deprived eye (visual d’ Post minus Pre) was found

r(16) = 0.492, p = 0.038, see Fig. 6b ). Following MD, the visual tempo-

al sensitivity in the Deprived eye decreased in parallel with a reduction

n induced alpha power in the same eye. We then assessed the same cor-

elation between induced alpha change and visual temporal sensitivity

hange within the Non-deprived eye to control whether the correlation

as selective to the Deprived eye; no significant effect was found for the

on-deprived eye ( p > 0.99). 

.4.2. Audio-visual 

Next, we tested whether the increase in induced gamma after MD pe-

iod (audio-visual MD effect) was associated with illusory fission percept

i.e., change in audio-visual temporal sensitivity). Thus, within each ses-

ion, the induced power between 65 and 75 Hz was extracted within

he 0.16–0.2 s time window and across the two significant posterior

hannels (E40 and E42). Then, the normalized Post-Pre difference of

owChangeDeprived and PowChangeNon-deprived was computed. No sig-

ificant correlation was found neither for the Deprived eye nor for the

on-deprived eye (all p > 0.43). However, at the behavioral level, a ten-

ency for an interaction between illusion perception and sensory pref-

rences was found (F(1,15) = 4.01, p = 0.06), indicating that Visual sub-

ects tended to experience less illusion than Audio subjects, especially

n the Non-deprived eye (see Section 3.1.1.2 . Audio-visual in the be-

avioral Results). Interestingly, the perception of the multisensory in-

ut partially depends on individual sensory predisposition (e.g., Giard
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Fig. 6. Visual and audio-visual MD effects. a) The plots show the %normalized power change due to MD in unisensory visual and audio-visual processing. On 

the left, the visual MD effect: decreased induced alpha synchronization selectively for the Deprived eye (red) during unisensory visual processing. On the right, the 

audio-visual MD effect: enhanced induced gamma power selectively for the Non-deprived eye (blue) during audio-visual processing. Each dot represents the group 

mean and bars the standard error of the mean (cf. violin plots in Fig. 3c and 4c for individual data). Significant differences are highlighted with ∗ (red indicates effect 

for the Deprived eye and blue for the Non-deprived eye). b) Correlations between neural change (Post minus Pre) and behavioral change in temporal sensitivity (d’ 

Post minus Pre) for unisensory visual processing (left) and audio-visual processing (right). 
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nd Perronet, 1999; Hong et al., 2021 ). Therefore, despite this not be-

ng the focus of this study, we additionally explored whether the as-

ociation between neural and behavioral changes might be affected by

ndividual sensory preference. Specifically, we calculated the correla-

ion between PowChangeNon-deprived (gamma power Post minus Pre)

nd audio-visual d’ change (Post minusPre) in the Non-deprived eye

ithin Audio and Visual groups, classified according to participants’

ensory-Preference (estimated for the same eye). Pearson correlation re-

ealed a significant negative correlation in the V-group (r(3) = − 0.937;

 = 0.019), while a tendency toward a significant positive correlation

as found in the A-group (r(11) = 0.513; p = 0.073, see Fig. 6b ). The

wo correlations significantly differed (difference = 1.45 CI [0.17 1.80].

ince Pearson correlations were performed, the confidence interval was

djusted as described in Wilcox (2009); see Supplementary Materials

ig. S14). While these results are based on an explorative analysis and

mall sub-samples, they seem to suggest that the audio-visual MD ef-

ect might have a different impact on the illusory percept according to

he participants’ sensorypreference: in V-group, the increase of induced

amma activity in the Non-deprived eye was positively associated with

 fission illusion increase (smaller d’ after MD), while in A-group the in-

rease of induced gamma activity seemed to be associated with a fission

llusion decrease (larger d’ after MD). 

.5. Relationship between the audio-visual and visual MD effects 

To investigate the relationship between neural changes associated

ith audio-visual and visual processing we first performed a Pearson

orrelation between decreased induced alpha synchronization in the De-
10 
rived eye during unisensory visual processing and increased gamma

ower for the Non-deprived eye during audio-visual processing, which

id not show any significant result (r(17) = 0.11, p = 0.65). 

We then explored whether behavioral temporal sensitivity and neu-

al activity at baseline could help explain part of the variance. A more

omplex linear regression model was run. In the model we predicted

or the Non-deprived eye the audio-visual gamma power after MD with

he following factors: (i) the alpha power change (Post minus Pre) for

he visual condition in the Deprived eye, (ii) the baseline (Pre) audio-

isual gamma activity in each eye and (iii) the baseline (Pre) visual

nd audio-visual behavioral temporal sensitivity for the Deprived eye.

he model was significant (F(12) = 3.41, p = 0.038, Adjusted R-Squared:

.415) and, results revealed that the larger the visual MD effect (alpha

ynchronization decreased Post-Pre) in the Deprived eye, the higher the

amma power during audio-visual processing for the Non-deprived eye

fter MD ( 𝛽= − 2.481, p = 0.029), linking the two neural changes. More-

ver, higher visual temporal sensitivity (d’) at baseline was associated

ith smaller gamma changes, i.e., less auditory upweighting ( 𝛽= − 2.28,

 = 0.042). Finally, we observed a change of balance between audio-

isual gamma at baseline (Pre) in the Deprived eye and audio-visual

amma response after MD (Post) in the Non-deprived eye ( 𝛽= 2.990,

 = 0.011), possibly indicating a shift of audio-visual responsiveness

cross the two eyes. 

. Discussion 

In this study, adult neural plasticity of both unisensory visual and

ultisensory audio-visual processes was investigated to assess whether
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he impact of MD extends beyond visual processing. Induced and evoked

scillatory activity changes both in visual and audio-visual processing

ere measured after 150 min of altered visual experience (brief MD).

nduced alpha synchronization associated with the early phase of visual

rocessing ( < 150 ms) decreased after MD selectively for the Deprived

ye. Conversely, induced gamma associated with audio-visual process-

ng increased after MD only in the Non-deprived eye, within a later tem-

oral window ( ∼100–300 ms). Notably, main visual and audio-visual

rocessing alterations were found for the induced component of neural

scillations. Source modeling linked both visual and audio-visual MD

ffects to the right parieto-occipital cortex. Our data reveal the specific

eural signatures of temporary MD effects on visual and audio-visual

rocesses and shed light on their shared feedback nature. We demon-

trated that a brief period of monocular visual experience in adulthood

pecifically changes the neural response to multisensory audio-visual

vents because of plasticity in feedback connectivity. 

.1. Spectro-temporal properties of the visual MD effect 

The observed visual MD effect is in line with previous studies

 Lunghi et al., 2015a , 2015b ; Zhou et al., 2015 ; Binda et al., 2018 ;

chwenk et al., 2020 ). The reduced alpha synchronization observed

hen the task was performed with the Deprived eye after MD is consis-

ent with increased excitability to compensate for the absence of stim-

lation during the deprivation phase. This effect complements the al-

ha enhancement during desynchronization ( Lunghi et al., 2015a , see

upplementary Materials for further details, Fig. S8). Source modeling

uggested that the alpha reduction was mainly localized in the right

emisphere in superior parieto-occipital areas, with some activities ex-

ending to primary visual areas (calcarine sulcus). These results con-

rm the modulation of alpha rhythm induced by short-term plasticity,

reviously shown in the frequency domain as a change in alpha peak

mplitude ( Lunghi et al., 2015a ), and characterize the spectro-temporal

roperties of this neural effect. Namely, a selective decrease of alpha

ynchronization [10–16 Hz] occurs in the early stages of visual process-

ng ( < 150 ms). Notably, major changes elicited by MD emerged for the

nduced oscillatory activity (i.e., not phase-locked to stimulus onset),

uggesting an important role of feedback connectivity on short-term vi-

ual plasticity. However, changes were also measured in early compo-

ents (C1 wave) of the visual evoked potentials (VEPs; see Fig. S7 in

upplementary Materials), indicating a role of phase-locked neural pro-

essing as well. Overall, these results are coherent with spectroscopy

ata showing an increase of excitability in the early visual cortex as in-

icated by reductions of inhibitory gamma-aminobutyric acid (GABA)

oncentration after short-term MD ( Lunghi et al., 2015b ). Moreover,

electively for the Deprived eye, a significant correlation was found be-

ween decreased induced alpha synchronization and changes in behav-

oral performance after MD, suggesting a potential link between this

eural change and the ability to discriminate temporal aspects of visual

rocessing. 

.2. The impact of MD on audio-visual processing 

Previous behavioral studies have shown that multisensory percep-

ion can be altered by MD ( Lo Verde et al., 2017 ; Opoku-Baah and

allace, 2020 ). By measuring changes in neural oscillations, we as-

essed neural mechanisms underpinning multisensory short-term plas-

icity and revealed the specific enhancement of induced gamma activity

65–75 Hz] selectively for the Non-deprived eye when processing audio-

isual input. The audio-visual MD effect involved the right intraparietal

ulcus, suggesting its central role in short-term plasticity induced by

D. 

We hypothesized that the audio-visual MD effect could be due to

 crossmodal upweighting of the other modality (i.e., audition). To

his end, we tested whether the neural response to unisensory auditory

timuli was increased following MD in each eye. The observation that
11 
amma response to auditory input increased following MD selectively

or the Non-deprived eye confirmed our hypothesis. This result revealed

hat short-term plasticity following MD alters both visual and audi-

ory neural representations. Interestingly, alterations of neural excitabil-

ty due to temporary binocular deprivation were previously shown to

ncrease heteromodal responses in the visual cortex ( Merabet et al.,

008 ). 

From a neurophysiological perspective, it is important to remark that

eural profiles of short-term plasticity following MD seem to depend on

he type of input at hand. While the visual stimulus was the same in vi-

ual and audio-visual conditions, short-term plasticity was characterized

y specific oscillatory fingerprints ( Siegel et al., 2012 ): alpha decreased

uring visual processing while gamma increased during audio-visual, as

ell as during auditory processing. 

To what extent does this neural alteration interact with individu-

ls’ sensory predisposition? In the Non-deprived eye, the correlation be-

ween enhanced gamma activity in audio-visual processing and behav-

oral performance seems to indicate opposite MD impacts on illusory

erception with respect to participants’ Sensory-Preference. Although

reliminary, this result opens the possibility that the upweighting of

uditory information during audio-visual processing after MD affects

isual perception according to individual sensory preference. Coher-

ntly with the extreme flexibility and adaptability of multisensory func-

ions ( Giard and Perronet, 1999 ; Fujisaki et al., 2004 ; Van Atteveldt

t al., 2014 ), the perception of the multisensory input after MD might

hange as a function of individual sensory predisposition. This infer-

nce should be further verified with psychophysics experiments (see

ohe et al., 2019 ), designed to directly estimate auditory modality’s

eight changes during audio-visual processing after MD. Interestingly,

 recent study investigating cross-modal recalibration highlighted how

ndividual variability in one sensory modality (visual reliability) differ-

ntly affects recalibration of the other modality (audition, Hong et al.,

021 ). 

Binocular input was shown to be critical for developing audio-visual

erception: anomalies in different audio-visual perceptual tasks were

eported in cases of monocular enucleation ( Moro and Steeves, 2018a ,

018b ), individuals affected by early monocular cataracts ( Chen et al.,

017 ), and people suffering from amblyopia ( Narinesingh et al., 2015 ,

017 ; Richards et al., 2017 ). The present results, revealing that MD in-

uces short-term plasticity of audio-visual processing, encourage possi-

le treatments of audio-visual anomalies associated with MD. Increas-

ng evidence in animal studies supports clinical treatment of adult am-

lyopia ( Hensch and Quinlan, 2018 ), and crucially a recent study con-

ucted with adult people affected by amblyopia has shown that MD com-

ined with physical exercise could be a promising intervention to pro-

ote visual recovery ( Lunghi et al., 2019 ). Future studies might help un-

erstand whether multisensory audio-visual processing could also ben-

fit from this novel clinical treatment. 

.3. The pivotal role of induced cortical response in experience-dependent 

lasticity 

Both visual and audio-visual MD effects were found in induced neu-

al oscillations, likely reflecting main alterations in feedback processing

ntegrating sensory input and ongoing cortical activity ( Galambos 1992 ;

limesch et al., 1998 ; Tallon-Baudry and Bertrand, 1999 ; Chen et al.,

012 ; Keil et al., 2022 ). 

Visual MD effect was found in the induced alpha band, which was

reviously demonstrated to be drastically impaired by the transient ab-

ence of visual experience during development ( Bottari et al., 2016 ).

nimal studies involving congenital deaf cats demonstrated that mainly

nduced, and not evoked, oscillatory activity in the primary auditory cor-

ex is extremely reduced across a wide range of frequency bands (e.g.,

usuf et al., 2017 ). The authors hypothesized that the absence of sensory

timulation prevents the development of neural mechanisms allowing

he integration of sensory signals and internal representations. Evidence
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B  
f alterations of induced oscillatory activity following sensory depriva-

ion was reported not only within modality, for visual ( Bottari et al.,

016 ) and auditory systems ( Yusuf et al., 2017 ), but also cross-modally.

n humans, early-onset deafness selectively affects induced oscillatory

ctivity associated with visual processing ( Bednaya et al., 2021 ). The

resent audio-visual MD effect (increased induced gamma activity) pro-

ides evidence in the same direction also for multisensory processing.

aken together, this evidence suggests a substantial alteration of cortico-

ortical feedback activities, in case of sensory input absence in both

evelopmental and adult brain, for unisensory and multisensory func-

ions. This is in line with previous evidence suggesting that the plas-

icity of feedback connectivity represents an extremely flexible mech-

nism to process sensory information according to changing demands

 Polley et al., 2006 ). 

.4. Limitations of the study 

The visual MD effect is usually assessed with binocular rivalry in

hich the two eyes are tested in competition (e.g., Lunghi et al., 2011 ).

y employing a task to measure audio-visual processing monocularly

e were not in the position to assess ocular dominance and thus fully

eplicate previous findings. Direct behavioral impact of MD on monocu-

ar visual processing is still poorly understood: while some results have

ighlighted significant changes (e.g., contrast threshold: Zhou et al.,

013 ), others have reported no change (temporal synchrony: Chen et al.,

020 ; and contrast increment threshold: Wang et al., 2020 ). While in the

resent study, some evidence emerged that MD altered the ability to dis-

riminate temporal characteristics of visual inputs, further psychophys-

cal studies are required to confirm results. 

Conversely, while convincing evidence emerged at the neural level,

o behavioral effects on audio-visual processing occurred. One pos-

ible explanation comes from the small disparity between audio and

isual stimuli (only one or two events each; see Rohe et al., 2019 ).

iven the time constraints intrinsic to the MD effect ( Lunghi et al.,

011 ), it was impossible to test conditions with larger audio-visual dis-

arity (that is, all combinations across one to four flashes and beeps,

s in Rohe et al., 2019 ). Moreover, it is also possible that the inter-

ubject variability driven by opposite sensory preferences might have

indered the effect. While this interaction seems of interest in ex-

laining interindividual variability, a larger sample with a balanced

umber of subjects with visual and auditory sensory preferences is

eeded to confirm these intriguing preliminary results on how multi-

ensory plasticity could be affected by individual sensory predisposi-

ion. 

While a clear strength reduction of the Non-deprived eye (i.e., in-

reased alpha synchronization) did not emerge, this is in line with the

iterature. The strongest impact of MD is known to be on the Deprived

ye, while the opposite effect on the Non-deprived eye was found to

e much smaller ( Lunghi et al., 2015a ; Binda et al., 2018 ) or even ab-

ent ( Zhou et al., 2015 ). Thus, larger sample sizes may be required to

easure neural effects on the Non-deprived eye during visual process-

ng. Further studies might help to assess whether depriving the non-

ominant eye will lead to the same MD effects. However, given the

bsence of difference at Pre, we can rule out the possibility that our

ffects are due to baseline differences between the dominant and the

on-dominant eye. Noticeably, the visual MD effect emerged here for

he Deprived eye, while the audio-visual MD effect emerged only for

he Non-deprived eye. While these effects are in line with previous be-

avioral studies ( Lo Verde et al., 2017 ; Opoku-Baah and Wallace, 2020 ),

hey also support the crucial role of MD in inducing flexible alterations

f interocular excitability balance and, in turn, in audio-visual processes.

oreover, although an interaction between MD and eye dominance can-

ot be excluded, a recent study reported that the MD effect was the

ame regardless of whether the dominant or the non-dominant eye was

eprived ( Schwenk et al., 2020 ). 
12 
. Conclusions 

These results demonstrated that a brief period of monocular visual

xperience in adulthood is able to change the neural response not only

o visual stimuli but also to multisensory events. The data unveiled the

pectral fingerprints of adult short-term plasticity induced by a brief pe-

iod of MD for visual and audio-visual processing. We found enhanced

xcitability (i.e., decreased induced alpha synchronization) for the De-

rived eye during an early phase of visual processing, and we demon-

trated the presence of neural alterations beyond the visual processing.

nduced gamma activity associated with audio-visual processing was in-

reased by MD at a later latency and only when the task was performed

ith the Non-deprived eye. The analyses of responses to unisensory au-

itory input indicate an upweighting of sound input following MD, se-

ectively for the Non-deprived eye. Importantly, these distinct neural

ffects were found in the induced neural oscillations, revealing that

xperience-dependent plasticity involves alterations in feedback pro-

essing not only during development but also in adulthood. This obser-

ation is consistent with the existence of a general mechanism shared

cross sensory modalities and life cycle. 
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