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Abstract 

Visual or auditory sensory deprivation represents a key model for 

studying experience-dependent plasticity. Different types of 

deprivations (congenital-late, temporary-permanent, peripheral-central) 

are characterized by a certain degree of perturbation of the typical 

sensory experience and can be represented in a three-dimensional space 

showing the distance from the typical experience. The dimensions are: 

(i) when the deprivation occurs, (ii) how long the deprivation lasts, and 

(iii) where is the barrier that causes the deprivation. Each dimension can 

be responsible for a low, medium, or high degree of perturbation. In this 

dissertation, visual and auditory deprivation models are employed to 

investigate unisensory and multisensory neural plasticity. The first 

study (low degree of perturbation) aimed to unveil whether short-term 

monocular deprivation in the adult brain can induce neural plasticity 

beyond the visual system. The second study (medium degree of 

perturbation), using the model of temporary deprivation, assessed 

whether neural tracking of speech envelope could develop even in the 

absence of auditory stimulation from birth. Finally, the third study (high 

degree of perturbation) investigated how cerebral visual impairment 

affects visuospatial processing. Neural oscillations were used as 

windows to investigate plasticity mechanisms; time-frequency analysis 

was employed when short stimuli were presented, and neural tracking 

when the stimuli were continuous. Results revealed that even a low 

degree of sensory perturbation induces plasticity that extends beyond 

the deprived modality (study 1); altered neural tracking develops 

following a medium degree perturbation (study 2); a high degree of 

perturbation has a widespread impact on neural activity (study 3). These 

results strengthen evidence of the pivotal role of sensory experience 

revealing multifaced aspects of experience-dependent plasticity. 

Modeling the degree of perturbation could be a helpful perspective for a 

deeper understanding of how neural dynamics are affected by different 

types of deprivation and for shedding light on ranges of flexibility in 

neural processing with potential clinical implications.
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Chapter 1 

Introduction 

During my PhD I have been working in the research field of the 
experience-dependent plasticity to explore the impact of atypical 
auditory and visual experience on sensory processing of simple and 
more complex ecological stimuli. With three studies, I have explored 
either unisensory and multisensory processing (audio, visual, or audio-
visual). In particular, I used three different deprivation models to assess 
the impact of different degrees of sensory perturbation on neural 
processing compared to typical sensory processing. 

1.1. Experience-dependent plasticity 
Neuroplasticity is the intrinsic brain ability to functionally adapt to 
different contexts, creating new connections and resulting in a different 
organization (Pascual-Leone et al., 2005). Particularly, experience-
dependent plasticity is a crucial mechanism for which structural and 
functional brain organization are shaped by experience (Nelson, 1999). 
Sensory information processing represents individual's connections 
with the external world, and for humans specifically, most of our 
everyday interactions with the environment are characterized by visual 
and auditory information. Visual and auditory experiences are, thus, 
crucial building-blocks for typical human development.  

Experience-dependent plasticity allows the typical development of 
sensory and cognitive functions thanks to proper environmental input 
(Knudsen, 2004). All along the development, the brain is extremely 
plastic, and sensory stimulations are fundamental. Environment 
statistics tunes neural circuits to process information in an adaptive way 
to quickly discriminate external information. Experience-dependent 
plasticity brings clear evolutionary advantages, allowing certain degrees 
of developmental variability. For example, infants are predisposed to 
learn any language according to the environment in which they grow up 
and, thus, the language to which they are exposed. This fascinating 
relationship between our neural response and experience changes 
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during life (Bavelier and Neville, 2002; Takesian and Hensch, 2013; Reh 
et al., 2022).  

Experience shapes brain development according to genetically 
predetermined developmental constraints. The correct development of 
sensory processes and cognitive functions results from the proper 
environmental stimulations at precise developmental stages known as 
critical and sensitive periods (Hensch, 2004; Levelt and Ḧubener, 2012; 
Werker and Hensh, 2015; Kral et al., 2019). Critical periods are time 
windows during the development in which the correct sensory 
stimulation is mandatory to achieve typical development. Changes 
occurring within critical periods are considered immutable (Hubel and 
Wiesel 1970). Sensitive periods are phases during development in which 
the brain circuits are particularly receptive to external information, and 
thus, the impact of experience on brain development is particularly 
strong. These mechanisms explain why human infants are predisposed 
to learn languages so easily while adults are not (Kuhl, 2004). Within the 
first phases of development, infants are able to discriminate any 
phonemes of any language, then their neural response specializes 
according to their experience, and thus, they become able to discriminate 
only meaningful phonemes in the natal language (Maurer and Werker, 
2014). Complex cognitive functions, such as language, need multiple 
subsequent critical and sensitive periods starting from the more low-
level functions (Werker and Hensh, 2015); when all critical and sensitive 
periods are closed, the brain becomes more stable.  

In adulthood, neural circuits stability dominates, and the brain is less 
plastic. However, some residual experience-dependent plasticity was 
demonstrated to be maintained in adulthood even for sensory functions 
previously considered immutable (Castaldi et al., 2020; Merabet et al., 
2008; Karmarkar and Dan, 2006; Spolidoro et al., 2009; Espinosa and 
Stryker, 2012; Hensch and Quinlan, 2018). Nevertheless, brain plasticity 
that can occur after the closure of sensitive periods is constrained within 
the connection established during development. In case typical sensory 
information is absent during development, atypical connections 
stabilize, and sensory and cognitive functions development follow 
different trajectories (Knudsen, 2004). In order to understand different 
trajectories that the brain can follow in the absence of the typical sensory 
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experience, a key model is represented by the study of the effects 
induced by sensory deprivation. 

1.2. Visual or auditory deprivation as key model to study experience-
dependent plasticity 
To understand experience-dependent plasticity, a crucial model is the 
study of situations in which a sensory modality was deprived (Ricciardi 
et al., 2020; Cardin et al., 2020). The study of blindness and deafness 
consents to understand how the brain is reorganized in the absence of 
vision or audition. Striking plasticity effects have been found in 
congenital blind and congenital deaf individuals. Many studies have 
consistently shown that some brain areas traditionally considered 
dedicated to a specific sensory modality can instead be involved in 
processing other sensory modalities (e.g., Benetti et al., 2017; Bottari et 
al., 2020; Vetter et al., 2020). This phenomenon, known as crossmodal 
plasticity, demonstrated that plasticity could establish new connections 
but also unmask existing ones. Spared modalities can also be enhanced 
in late blind or deaf individuals (e.g., Fieger et al., 2006). However, 
congenital or late deprivations do not lead to the same plastic effects, 
revealing differences in being deprived during development or later in 
life (Röder et al., 2004; Berto et al., 2021). 

Assessing the neural plasticity of the modality that was deprived is 
possible only when the deprivation is temporary. Studying brain activity 
after a period of deprivation is crucial to understanding the existence of 
critical/sensitive periods for a specific function. The pioneers of the 
research line investigating the existence of critical periods using 
temporary deprivation are Hubel and Wiesel (Wiesel and Hubel, 1963; 
Hubel and Wiesel, 1970); they explored the plasticity of the visual system 
of cats when normal sight was restored after a period of deprivation. 
They demonstrated that if the cat is monocularly deprived during the 
first months after birth, it is enough to permanently change the typical 
arrangement of the ocular dominance in the visual system, affecting 
binocular representation. Even if the binocular vision was restored, the 
columns of ocular dominance could not be modified by the correct visual 
experience, and the same effect was not evident whether deprivation 
occurred in adulthood, suggesting the existence of a critical period for 
ocular dominance. Moreover, it is important to highlight that epigenetics 
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can also trigger critical periods. That is, specific sensory experiences 
could be needed to open a specific critical period; if the stimulation is 
absent for a certain period during development, this can lead to an 
extension or a delay of the critical period. For example, whether animals 
are kept in total darkness for the first weeks, the critical periods for 
ocular dominance open only when they are exposed to light, and thus, 
they begin to receive visual input (Mower, 1991). A similar effect can be 
seen in auditory modality when animals are reared in a noisy 
environment, a form of pattern deprivation (Chang and Merzenich, 
2003).   

In humans, natural models of temporary deprivation are rare situations 
in which a deprived modality can be restored. In the visual domain, sight 
restoration can be studied in individuals who had been born or 
developed cataracts and then were treated with surgery to remove them 
(Röder and Kekunnaya, 2021). In the auditory domain, the ability to 
experience sound in deaf individuals can be restored thanks to cochlear 
implants (CIs, Kral and O’Donoghue, 2010). These cases represent 
critical models for studying the impact of a period of atypical sensory 
experience on sensory processing. Fundamental neurophysiological 
mechanisms of sensory processing, such as alpha desynchronization in 
visual processing, were reported to be permanently impaired after a 
deprivation period (Bottari et al., 2016), as well as some other high-level 
visual functions (e.g., face perception, Röder et al., 2013). Similarly, 
congenital deaf individuals who received cochlear implants late in life 
can perceive sound but might display difficulties in processing language 
(Kral and Sharma, 2012).  

Temporary deprivation, as well as permanent deprivation, was 
demonstrated to impact also beyond the deprived modality. A brief 
period of early postnatal visual deprivation can cause long-lasting 
crossmodal plasticity effects (Bottari et al., 2018; Collignon et al., 2015; de 
Heering et al., 2016), as well as atypical multisensory processing 
(Guerreiro et al., 2015; Putzar et al., 2007). Crossmodal plasticity was also 
demonstrated in deaf CI individuals showing a higher response to visual 
stimuli in auditory areas (Sandmann et al., 2012; Stropahl et al., 2015). 
Moreover, there is also evidence of functions that can be acquired at any 
age when the deprived modality is restored, even after a long period of 
deprivation, both unisensory (e.g., biological motion perception, Bottari 
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et al., 2015; Hadad et al., 2012), but also multisensory processing (Senna 
et al., 2021). 

What emerges in this complex context of studies employing sensory 
deprivation as a model to study plasticity is that different types of 
deprivation specifically affect sensory experiences and thus reveal 
different plastic changes in the brain (Bavelier and Neville, 2002; Röder 
et al., 2021). The main factors that characterize a deprivation model are 
(i) when sensory deprivation occurs during individual life (e.g., during 
development or in adulthood), (ii) how long lasts the deprivation (e.g., 
temporary or permanent), and finally, (iii) where the deprivation occurs 
in the sensory processing (e.g., peripherally or centrally). 

1.3 Different deprivation models with different degrees of sensory 
perturbation  
This dissertation explores neural plasticity induced by different 
deprivation models compared to a typical non-deprived experience. 
Deprivation models can be organized according to three dimensions 
having a gradient of how much the sensory experience is distant from 
the typical one. This distance reflects the degree of perturbation of the 
typical sensory experience. 

(i) When dimension:  
low degree of perturbation: deprivation after typical 
development 
high degree of perturbation: deprivation since birth 

(ii) Duration dimension: 
low degree of perturbation: short deprivation  
high degree of perturbation: permanent deprivation 

(iii) Where dimension: 
low degree of perturbation: peripheral deprivation 
high-degree of perturbation: deprivation induced by a 
central lesion 

In this three-dimensional perturbation space, the typical experience in 
healthy adults corresponds to the origin of the cartesian plane. The more 
distance from the typical experience, the higher the degree of sensory 
perturbation.  
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Figure 1. Three-dimensional space showing the degree of perturbation 
induced by sensory deprivation. 
 

The three studies in this dissertation are characterized by the analyses of 
different degrees of perturbation: low, medium, and high, according to 
the three mentioned dimensions. Here are summarized for each 
dimension the degree of perturbation that characterized the deprivation 
model employed in each study: 

First study: 

(i) when the deprivation occurs: in adulthood after typical 
development (low degree of perturbation); 

(ii) duration of the deprivation: minutes-hours (low degree of 
perturbation); 

(iii) where is the barrier causing the deprivation: peripheral 
occlusion of the sensory system (low degree of 
perturbation). 
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Second study: 

(i) when the deprivation occurs: during development 
(medium-high degree of perturbation); 

(ii) duration of the deprivation: months-years (medium degree 
of perturbation); 

(iii) where is the barrier causing the deprivation: peripheric 
lesion of the sensory system (medium degree of 
perturbation). 

Third study: 

(i) when the deprivation occurs: since birth (high degree of 
perturbation); 

(ii) duration of the deprivation: permanent (high degree of 
perturbation); 

(iii) where is the barrier causing the deprivation: central lesion 
in the sensory system (high degree of perturbation). 

Using these three different deprivation models, we aimed to answer 
specific open questions in the field of experience-dependent plasticity. 

In the first study, we measured the neural changes during sensory 
processing due to a low degree of sensory perturbation, a short-term 
monocular deprivation in the typically developed adult brain. While 
short-term monocular deprivation (150 minutes) in the adult brain was 
demonstrated to induce plasticity within the visual system (Lunghi et 
al., 2011), whether the effect of this deprivation extends beyond visual 
processing is still unclear. Studies conducted in individuals with 
permanent or temporary visual deprivation reported that sensory 
deprivation in one modality affects the processing of stimuli in spared 
modalities (e.g., Fieger et al., 2006) and multisensory stimulation (e.g., 
Guerreiro et al., 2015). Here, we wanted to explore whether plasticity 
extending beyond the deprived modality can be seen even in the 
typically developed brain of sighted individuals exposed to an atypical 
visual experience for a brief period.  

Research question 1: Does short-term monocular deprivation in 
the adult brain induce neural changes in audio-visual 
multisensory and auditory unisensory processing? 
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The second study investigated the effect of a medium degree of sensory 
perturbation: a temporary deprivation caused by a deficit in the 
periphery of the auditory system occurring during early development. 
Deprivation during early phases of development was demonstrated to 
prevent the correct development of the deprived sensory modality that 
could have cascade effects on more complex functions (e.g., Röder et al., 
2013), while some other functions could be spared (e.g., Bottari et al., 
2015). Deaf children, if early implanted, are able to learn and understand 
language (Osberger et al., 2002; Kral and O’Donoghue, 2010). However, 
to which degree the auditory cortices in CI individuals develops the 
ability to track and synchronize their activity with continuous speech is 
yet unknown. This neural function was recently found to be tracked at 
the neural level already by 4 months old infants, revealing an early 
development. Here, we assessed whether auditory deprivation 
experienced early in life could affect the neural tracking of the envelope 
of natural speech, a simple feature known to carry crucial information 
for language comprehension. Moreover, studying early deaf CI children 
with different deafness onsets allowed the investigation of the presence 
of sensitive periods for the development of auditory tracking. 

Research question 2:  Is the neural tracking of continuous speech 
affected by a period of auditory deprivation during 
development? Is there a perinatal sensitive period for the 
emergence of this type of neural response? 

The third study investigated the impact of a high degree of sensory 
perturbation: a permanent perinatal lesion that causes visual 
impairment. Most studies have focused on plasticity induced by sensory 
deprivation due to ocular blindness, while very little is known about 
neural plasticity in the case of visual impairments due to cerebral lesions 
from birth (Bennet et al., 2020). Cerebral visual impairment (CVI) is a 
brain-based neurological condition in which ocular deficits cannot 
explain visual impairments. CVI individuals develop with damages to 
central visual retrochiasmatic pathways that pervasively affect the 
typical developmental trajectory affecting high-level visual functions. 
Here, we aimed to unveil the neurophysiological basis of CVI 
visuospatial impairment. 
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Research question 3: Which are the neurophysiological bases of 
CVI impairment during ecological visual search? Does the CVI 
mainly affect feedforward or feedback neural activity? 

In these three studies, we aimed to unveil the neural changes associated 
with a specific deprivation that otherwise can be hidden by testing only 
behavioral performance. Electrophysiological (EEG) activity during 
visual and/or auditory processing was measured to highlight 
differences in brain oscillations. Two main methods were employed: 
time-frequency decomposition and neural tracking. Time-frequency 
decomposition analyses were employed with short stimulation to 
explore fingerprints of the plasticity induced by sensory perturbation. 
Moreover, induced and evoked oscillatory components were assessed to 
unveil whether feedback or feedforward connections were mainly 
affected (Klimesch et al., 1998; Tallon-Baudry and Bertrand, 1999; Chen 
et al., 2012). When continuous stimuli were used, we employed a new 
method to reveal how oscillations in the brain are synchronized with 
external stimulation (Lakatos et al., 2019; Crosse et al., 2016; Lalor et al., 
2009).  

1.4 Dissertation outline 
In the second Chapter, we explored whether a brief period of monocular 
deprivation MD elicits neural changes beyond visual processing. 
Behavioral data suggested that MD can affect the interplay between 
sensory modalities. Thus, we measured neural oscillations associated 
with visual and audio-visual processing for both the deprived and the 
undeprived eye before and after a period of MD. Results revealed that 
MD changed neural activity associated with unimodal and multisensory 
processes in an eye-specific manner. Selectively for the deprived eye, 
after MD alpha activity was reduced within the first 150 ms of visual 
processing. Conversely, gamma activity was enhanced in response to 
audio-visual events only for the undeprived eye within 100-300 ms after 
stimulus onset. The analysis of gamma responses to unimodal auditory 
events revealed that MD elicited a crossmodal upweighting for the 
undeprived eye. Distributed source modeling suggested that the right 
parietal cortex played a major role in all neural effects induced by MD. 
Finally, visual and audio-visual processing alterations emerged 
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selectively for the induced (but not the evoked) component of the neural 
oscillations, indicating a major role of feedback connectivity. These 
findings support a model in which MD increases excitability to visual 
events for the deprived eye and to audio-visual and auditory events for 
the undeprived eye. On the one hand, these results reveal the causal 
impact of MD on both unisensory and multisensory processes but with 
distinct frequency-specific profiles. On the other hand, they highlight the 
feedback nature of short-term neural plasticity. Overall, this study shed 
light on the high flexibility and interdependence of unimodal and 
multisensory functions. 

In the third Chapter, we investigated to what extent the development of 
neural synchronization with continuous speech envelope requires early 
experience with acoustic information. The envelope of speech was 
recently found to be tracked at the neural level already by 4 months old 
infants. Using a natural model of temporary auditory deprivation, we 
investigated the neural tracking of the speech envelope in children who 
were born or developed - at some later point - profound bilateral 
deafness and whose hearing was partially restored with cochlear 
implants (CIs). Thus, we assessed whether CIs allow these children to 
develop hearing-like neural tracking of continuous speech and whether 
a temporary auditory deprivation starting at birth alters the 
development of this neural activity. We employed temporal response 
function (TRF) to measure the synchronization between brain activity 
and speech envelope in CI children who were profoundly congenital 
deaf (CD) or who became deaf on average 36 months later (i.e. delayed 
deaf, DD) as well as in hearing controls (HC). Results unveiled a clearly 
defined auditory response function in CI children, both CD and DD. 
However, while in HC, auditory response function was characterized by 
early activity occurring at ̴ 60 ms and by a subsequent phase at ̴ 250 ms, 
in CI children, early tracking was substantially delayed ( ̴ 120 ms), and 
the subsequent activity was not detectable. Notably, while CD and DD 
groups' auditory response functions substantially overlapped, the 
earliest response latency depended on the age at which children received 
the implant and children’s experience with CIs. In conclusion, data 
revealed that, even if altered, neural tracking of speech envelope 
emerged in CI children independently by deafness onset and thus, 
regardless of whether they experienced deprivation from auditory 
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deprivation since birth or not, ultimately revealing the absence of a 
perinatal sensitive period for the emergence of this type of neural 
response. Moreover, results highlighted that early implantation (i.e., 
hearing restoration) and long-term implant use are critical factors for 
reducing the lag of hearing system development in CI users. 

In the fourth Chapter, we assessed the neurophysiological changes 
underlying higher-order perceptual impairments in Cerebral visual 
impairment (CVI). Visuospatial processing deficits are commonly 
observed in individuals with CVI, even in cases where visual acuity and 
visual field functions are intact. However, their neurophysiological 
bases are unexplored. Here, we measured eye movements and 
electroencephalography (EEG) in a group of CVI individuals with 
“functionally useful vision” and neurotypical age-matched controls 
while they performed a virtual-reality-based visual search task. We 
investigated ocular behavior and neural oscillations associated with the 
visual search task in CVI and controls. Analyzing evoked and induced 
components of EEG activity, we aimed to shed light on neural 
computations with different degrees of time and phase anchoring to 
visual events, that is, with prevalent feedforward or feedback profiles. 
We found that visual search performance in CVI was impaired, as 
indexed by ocular behavioral outcomes of success rate, reaction time, 
and gaze error. Analysis of EEG oscillatory activities across a broad 
frequency [4-55 Hz] band revealed extensive impairments in CVI visual 
processing. CVI groups showed markedly reduced early-onset evoked 
theta [4-6 Hz] activity regardless of task complexity. Moreover, while 
induced alpha [8-14 Hz] increased with task complexity in controls, 
possibly reflecting distractor suppression, this modulation was absent in 
the CVI group. Finally, CVI participants also showed an overall delayed 
and sustained induced gamma response [30-45 Hz]. Results revealed 
that visuospatial processing in CVI is associated with substantial 
alterations in EEG activity across a broad range of oscillatory frequencies 
(theta, alpha, gamma rhythms) implicated in both local and distributed 
levels of neural processing. Moreover, both their evoked (time and 
phase-locked) and induced (non-time nor phase-locked) components are 
impaired, revealing widespread deficits in feedforward as well as 
feedback connectivity. 
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Finally, in the last chapter (Chapter 5), I highlighted the conclusions from 
these three studies. 
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Chapter 2  

Short-term monocular deprivation boosts neural 
responsiveness to audio-visual events for the undeprived 
eye                  

 

2.1 Introduction 

While neuroplasticity of the visual system is maximal during 
development (Hubel and Wiesel, 1970; Hensch, 2005; Espinosa and 
Stryker, 2012; Levelt and Ḧubener, 2012; Reh et al., 2020), evidence that 
a certain degree of plasticity is retained in the adult visual cortex has 
accumulated (Karmarkar and Dan, 2006; Spolidoro et al., 2009; Espinosa 
and Stryker, 2012; Hensch and Quinlan, 2018). Studies in adults 
employing psychophysics and neuroimaging methods showed that a 
brief period of MD, a pivotal model for testing the plasticity of the visual 
system, alters the ocular balance by strengthening visual processing of 
the deprived eye and weakening the undeprived eye (Castaldi et al., 
2020). These functional changes reflect ocular dominance shifts in V1 in 
favor of the deprived eye (Lunghi et al., 2015a; Binda et al., 2018) and are 
supposedly driven by homeostatic plasticity (Lunghi et al., 2015b), the 
mechanism involved in preserving the cortical excitatory-inhibitory 
balance (Turrigiano, 2012). Besides this well-documented MD effect on 
visual processing, little is known about how MD affects multimodal 
processing. 

Alterations induced by MD seem to impact beyond visual processing. At 
the behavioral level, short-term MD was found to affect the interplay 
between sensory modalities (Lo Verde et al., 2017; Opoku-Baah and 
Wallace, 2020). Overall, results were consistent with a decreased 
multisensory interplay for the deprived eye, in which the visual 
processing is generally strengthened following MD, and vice versa, an 
increased multisensory interplay for the undeprived eye, in which visual 
processing is typically weakened following MD. However, the neural 
correlates of MD effects on multisensory processes are still unknown. To 
fill this gap, we exploited the model of MD to elicit short-term plasticity 
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and investigated specific changes in visual and audio-visual processes 
for the deprived and undeprived eye. Overall, this study aimed to 
address whether a brief period of monocular visual experience in 
adulthood can affect the neural processing associated with multisensory 
audio-visual events and which are the underpinning neural 
mechanisms. 

Here, we combined psychophysical and electrophysiological 
approaches. We employed the sound-induced flash illusion (Shams et 
al., 2000, Hirst et al., 2020), in which the number of perceived flashes can 
be biased by the number of concurring beeps. To investigate the impact 
of MD on visual processing, we measured neural oscillations in response 
to a single flash before and after a deprivation phase. To determine the 
existence of an audio-visual MD effect, the analysis focused on neural 
oscillations elicited by the fission illusion trials in which a single flash is 
coupled with two beeps, and two flashes can be perceived (Shams et al., 
2000). This illusion reveals the impact of auditory input on visual 
processing in case of conflictual audio-visual information. 

Neural correlates associated with visual and audio-visual processing are 
characterized by their spectral, temporal, and spatial properties. 
Reflecting high and low neuronal excitability cycles, neural oscillations 
reveal perceptual organization in both visual (Jensen et al., 2014; 
VanRullen, 2016) and multisensory analyses (Cooke et al., 2019; Lennert 
et al., 2021). We expected MD to induce changes in alpha activity, which 
is known to reflect levels of inhibition (Klimesch et al., 2007; Klimesch, 
2012), and, thus, increase the visual system excitability for the deprived 
eye (Lunghi et al., 2015a). Moreover, we hypothesized MD to alter 
responses in the gamma range. Gamma activity has been as well 
associated with excitatory-inhibitory balance (Jensen et al., 2010; 2012), 
and its modulation was found to be involved in eliciting a perceptual 
fission illusion (Bhattacharya et al., 2002; Mishra et al., 2007; Lange et al., 
2011, 2013; Balz et al., 2016).  

Importantly, distinct components of neural oscillations characterize 
different types of processing according to the direction of information 
flow: while the evoked activity, which is phase-locked to the stimulation, 
has mainly been associated with feedforward processing (thalamo-
cortical), the induced oscillatory activity, which is not phase-locked to 
the onset of the stimulus, has mainly been associated with feedback 
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processing (cortico-cortical connectivity, Klimesch et al., 1998; Tallon-
Baudry and Bertrand, 1999; Chen et al., 2012). Studies in humans and 
non-human animal models demonstrated that permanent sensory 
deprivation primarily affects induced oscillatory activity (Bottari et al., 
2016; Yusuf et al., 2017; Bednaya et al., 2021). As homeostatic plasticity is 
an intrinsic feedback mechanism (Turrigiano and Nelson, 2004), we 
predicted to primarily observe changes in induced oscillatory activity 
following temporary MD for both visual and audio-visual processing. 
Finally, source modeling was employed to investigate the neural sources 
of short-term plasticity effects.   

2.2 Materials and Methods 

2.2.1 Participants 

Since the effect of MD on multisensory processing was unknown, we 
estimated the minimum sample size needed to reach the expected effect 
of MD on visual processing as previously reported in the literature. We 
expected the MD effect on visual processing to be at occipito-parietal 
electrodes, in the alpha range [8-14 Hz] (Lunghi et al., 2015a), and within 
the first stages of visual processing [0-120 ms] (comprising the earliest 
visual evoked potential, C1 wave, known to be modulated by MD; 
Lunghi et al., 2015a). The power analysis was performed by simulating 
our planned analysis (t1-t0 Deprived eye vs. t1-t0 Undeprived eye) on 
the alpha frequency power using a cluster-based permutation test (Wang 
and Zhang, 2021). The analysis revealed an estimated minimum sample 
size of 17 participants (for further details on sample size estimation, see 
Supplementary materials Chapter 2 Figure S2.1). Note that previous 
studies investigating the effect of MD using EEG analyzed up to 16 
participants (Lunghi et al., 2015a; Zhou et al., 2015; Schwenk et al., 2020).  

To determine individual suitability for the main experiment (EEG 
experiment), twenty-seven potential participants completed a 
preliminary behavioral assessment (see the section below) in order to 
assess whether they met the following inclusion criteria: (i) to perceive 
the fission illusion with the dominant eye (i.e., >20% illusory rate), and 
(ii) to not be completely biased by the sound in the illusory conditions 
(i.e., >95% illusory rate). Out of twenty-seven young adults tested (mean 
age 28.22 ± 2.41 SD, twelve males and fifteen females), six participants 
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were excluded as they did not meet these inclusion criteria or could not 
comply with the experimental instructions (see Supplementary 
materials Chapter 2). Out of the 21 participants who performed the main 
experiment, one further participant was excluded due to his poor 
behavioral performance (the number of errors was 3 SD above the group 
mean in the conditions in which only auditory stimuli were presented, 
i.e., the control conditions). The final sample included 20 young-adult 
participants (mean age 28.45 ± 2.67 SD, eight males and twelve females). 
They all had normal or corrected-to-normal vision (visual acuity ≥ 8/10) 
and did not report hearing deficits or a history of neurological 
conditions. Since one EEG and one behavioral dataset, from different 
participants, went lost due to technical issues during acquisitions, the 
analyzed data sample included 19 behavioral and 19 EEG datasets.  

The study was approved by the local Ethical Committee (Comitato Etico 
di Area Vasta Nord Ovest Regione Toscana protocol n. 24579). Each 
participant signed a written informed consent before taking part in the 
experiment. The experimental protocol adhered to the principles of the 
Declaration of Helsinki (2013).  

2.2.2 Stimuli and apparatus 

The experiment was performed in a dimly lit and sound-attenuated 
chamber (BOXY, B-Beng s.r.l., Italy). Participants were comfortably 
sitting in front of the apparatus, with their eyes at a distance of 60 cm 
from the monitor. Visual stimuli were presented on an LCD monitor (60 
Hz refresh rate; 24.5 inches; 1920 × 1080 screen resolution), and audio 
stimuli were delivered via a single speaker (Bose® Companion 2, series 
III multimedia) located below the screen and aligned with its center. 
Stimuli were flashes and beeps. Both visual and audio stimuli were 
created using Matlab (The Mathworks, Inc. - version 2017b). The audio 
stimulus was a 7 ms quadratic beep with a 3.5 kHz frequency and a 
sampling rate of 44.1 kHz, which was presented at about 75 dB. The 
visual stimulus was a 2° diameter grey dot displayed 5° below the center 
of the screen for 17 ms (corresponding to 1 frame) on a black 
background. The contrast level of the grey dot was selected individually 
via a staircase procedure to elicit the fission illusion in about 50% of trials 
(Pérez-Bellido et al., 2015, see below Preliminary behavioral assessment). 
Stimuli were delivered using E-Prime® software (version 2, Psychology 
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Software Tools, Inc. www.pstnet.com). The Audio/Visual (AV) Device 
(Electrical Geodesics, Inc.) was employed to ensure accurate optimal 
synchronization between the presented stimuli and the recorded EEG 
traces. 

2.2.3 Experimental Design 

The whole procedure consisted of two main parts performed on two 
separate days: a preliminary behavioral assessment and the main 
experiment, in which the dominant eye was deprived of patterned visual 
input using a translucent eye patch. In both the preliminary behavioral 
assessment and the main experiment, participants performed a 
monocular visual discrimination task. 

2.2.3.1 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. Responses 
were given by pressing one of three keypad buttons using the right-hand 
fingers. In each trial, audio (A) and visual (V) stimuli could be presented 
coupled or isolated, constituting eight conditions: half the conditions 
were unisensory and comprised single or couples of visual or auditory 
events (visual: V and VV; auditory: A and AA) and the other half were 
multisensory (coherent audio-visual stimulation: AV and AVAV; 
illusory audio-visual stimulation: AVA and VAV, for a schematic 
summary of all conditions see the table reported in Figure 2.1a). 
Unisensory auditory trials (i.e., A and AA) represented control 
conditions. They were employed to ensure that participants correctly 
performed the task (participants with a number of errors 3 SD above the 
group mean were excluded from the analyses as described in the 
Participants section). The presentation order of the conditions was 
randomized.  

Since our main aim was to explore changes in the neural response to 
audio-visual events caused by a short-term MD, the main analysis 
focused on the audio-visual condition inducing fission illusion (AVA). 
Generating an unstable percept, this illusion allows investigating of 
subtle changes in audio-visual processing. As a control, we investigated 
changes in the unisensory visual condition (V). Notably, the visual 
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stimulus was the same single flash in AVA and V conditions.  

All trials started with a grey fixation cross presented at the center of the 
screen on a black background. After 717 ms, the stimulation was 
delivered. In the case of the fission illusion (i.e., AVA), each visual and 
auditory stimulus was separated by one frame (i.e., 17 ms; see an 
example for AVA condition in Figure 2.1a and Supplementary materials 
Chapter 2). Following the stimulation, a blank screen appeared for 500 
ms (response-free time window), then the fixation cross became white, 
and participants were asked to respond within 1 second (except for the 
staircase procedure, in which participants had infinite time to respond; 
see Preliminary behavioral assessment). As soon as the response was 
given, a blank screen was presented for 300 ms before the beginning of 
the subsequent trial. Participants were asked to maintain their gaze at 
the fixation cross throughout the duration of the trial.  

2.2.3.2 Preliminary behavioral assessment 

The ocular dominance via the Porta Test (see Supplementary materials 
Chapter 2), the visual acuity via the eye chart, and the rate of the illusory 
percept during the monocular visual discrimination task were measured 
to verify if the participant could take part in the main experiment.  

Once ocular dominance and visual acuity were tested, participants 
performed two short versions of the monocular visual discrimination 
task. The first short version comprised a staircase procedure (see 
Supplementary materials Chapter 2 for details) that was used to identify, 
at the individual level, the luminance contrast between the grey dot and 
the black background needed to elicit the fission illusion in about 50% of 
trials (Pérez-Bellido et al., 2015). Participants performed this test 
monocularly, with the dominant and non-dominant eye (the order was 
randomized). The contrast level for the dominant and non-dominant eye 
did not differ within-participant (t(26)= -1.466, p=0.155). The second 
short version of the monocular visual discrimination task (30 trials for 
each of the following conditions V, VV, AVA, VAV, A, and 6 for AA, AV, 
AVAV) was then performed with the dominant eye (with the contrast 
identified by the staircase procedure) to evaluate whether the participant 
was fulfilling the inclusion criteria to take part in the main experiment 
(see Participants section).  
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Previous evidence revealed that individual sensory preference (Audio 
or Visual) impacts multisensory processing (Giard and Perronet, 1999). 
To assess whether individual sensory predisposition might affect 
multisensory short-term plasticity, participants monocularly performed 
a speeded object recognition task based on auditory, visual, and audio-
visual information (see Supplementary materials Chapter 2 for details). 
Each participant’s Sensory-Preference (Audio or Visual) was classified 
for each eye, and no significant difference was found between them 
(p>0.68). Sensory-Preference was an additional measure that we took 
into consideration: for this reason, the N within the Audio and Visual 
groups were not balanced. 

2.2.3.3 Main experiment 

Participants recruited in the main experiment came to the laboratory a 
second time on a different day. Since the main experiment lasted about 
five hours, the data were always acquired in the morning 
(approximately between 9 am and 2 pm) to avoid possible confounds 
associated with the circadian cycle or related to (visual) activities 
performed before the experiment. Each participant repeated the short 
version of the monocular visual discrimination task with the dominant 
eye comprising the staircase procedure to ensure the test-retest 
reliability of the selected visual stimulus contrast (no significant 
difference was found between the contrast levels measured in the two 
assessments; t(20)=0.637, p=0.532). 

A brief practice of 16 trials was run before the main experiment. 
Participants performed the monocular visual discrimination task, with 
each eye, before (t0) and after (t1) a period of monocular deprivation 
(MD) (see Figure 2.1b), while their EEG signal was recorded. Thus, each 
participant performed a total of four sessions of the monocular visual 
discrimination task (i.e., at t0 and t1, both with the dominant and the 
non-dominant eye). Note that whether they started with the dominant 
or the non-dominant eye was counterbalanced across participants. MD 
consisted of 150 minutes in which the dominant eye was occluded by a 
translucent eye patch, following a validated procedure (Lunghi et al., 
2011). From now on, we will refer to the dominant eye as the ‘Deprived 
eye’ and to the non-dominant eye as the ‘Undeprived eye’.  
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To prompt active and controlled multisensory interactions with the 
environment during the MD phase, participants were engaged in 
predefined activities. Since the physical activity was demonstrated to 
boost short-term homeostatic plasticity in the adult visual cortex (Lunghi 
and Sale, 2015), all participants were engaged in the following activities: 
table football, table hockey, ping pong, and billiards, each of them lasting 
15 minutes. The EEG cap was always kept on the scalp for the entire 
experiment duration.  

Each monocular session (i.e., t0 Deprived, t0 Undeprived, t1 Deprived, 
and t1 Undeprived) comprised 100 trials for the conditions V, VV, AVA, 
VAV, A, and only 30 trials for the conditions AA, AV, AVAV, and was 
divided into five blocks (118 trials each) lasting about 5 minutes each. 
The number of trials was chosen to keep the duration of the monocular 
session within the estimated length of the MD effect (which has been 
demonstrated to be present for up to 90 minutes but substantially 
decreases after 15 minutes; see Lunghi et al., 2011).  

 

Figure 2.1. Schematic illustration of the experimental paradigm. (a) The 
top left table shows all the possible combinations of the stimuli (visual 
stimuli V and auditory stimuli A), representing all the eight possible 
conditions (conditions of interest are highlighted, and the number of 
trials in each condition is shown in brackets). On the right, an example 
of a single trial presentation in AVA condition is depicted. (b) 
Experimental procedure showing the four sessions performed with the 
Deprived eye (upper line, red contour) and the Undeprived eye (bottom 
line, blue contour). At t0 and t1, participants performed the visual 
monocular task with each eye (eye order was counterbalanced across 
participants). Between t0 and t1, participants wore a translucent eye 
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patch on the dominant eye (Deprived eye) for 150 minutes (MD phase). 

2.2.4. EEG recording and preprocessing 

EEG data were collected continuously during the four monocular task 
sessions (i.e., t0 Deprived, t0 Undeprived, t1 Deprived, and t1 
Undeprived), using Electrical Geodesics EEG system with 64-channels 
(EGI; 500 Hz sampling rate). Offline, the data of the four sessions were 
concatenated at the individual level to detect common stereotypical 
artifacts. Data were preprocessed by implementing a validated approach 
(Stropahl et al., 2018; Bottari et al., 2020). The continuous recordings were 
filtered (low-pass cut-off at 40 Hz, Hanning filter, order 500; high-pass 
cut-off at 1 Hz, Hanning filter, order 100) and downsampled to 250 Hz 
to reduce the computational time. The filtered and downsampled data 
were segmented into consecutive 1-second epochs and cleaned using 
joint probability criterion: segments displaying an activity with a joint 
probability across all channels larger than 3 SD were removed 
(pop_jointprob function of EEGLAB; Delorme et al., 2007). Independent 
Component Analysis (ICA) based on the extended Infomax (Bell and 
Sejnowski, 1995; Jung et al., 2000a, 2000b) was then performed. The 
resulting ICA weights were saved and applied to the raw continuous 
unfiltered data (Stropahl et al., 2018; Bottari et al., 2020). Components 
associated with stereotypical artifacts, such as eye blinks and eye 
movements, were identified and removed using a semiautomatic 
procedure (CORRMAP, Viola et al., 2009). The data were then low-pass 
and high-pass filtered (100 Hz, filter order 100; 0.1 Hz, filter order 500) 
with a Hanning filter. Noisy channels were identified based on visual 
inspection and then interpolated using spherical spline interpolation 
(mean interpolated electrodes per subject 2.32 ± 2.26 SD) and re-
referenced to the average. Finally, the residual power line fluctuations at 
50 Hz were removed using the CleanLine EEGLAB plugin 
(https://github.com/sccn/cleanline). The EEG data were then split 
again into the original four sessions. Each session was then segmented 
into epochs of 2.2 seconds, from -1 to 1.2 seconds with respect to the 
onset of the stimulation. Noisy epochs were then rejected based on the 
joint probability across channels (Delorme et al., 2007) with a threshold 
of 3 SD (mean epochs rejected per subject in each session for V condition: 
t0 Deprived 12% ± 4 SD, t0 Undeprived 12% ± 6 SD, t1 Deprived 14% ± 
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5 SD, and t1 Undeprived 12% ± 5 SD, and for AVA condition: t0 
Deprived 12% ± 6 SD, t0 Undeprived 12% ± 5 SD, t1 Deprived 12% ± 5 
SD, and t1 Undeprived 14% ± 6 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 statistical analyses.  

2.2.5 Time-frequency decomposition 

Time-frequency decomposition of the EEG data was performed within 
each session and separately for the visual and audio-visual conditions. 
Within each condition and session, we first extracted the induced power 
at a single trial level after subtracting the evoked activity (that is, 
subtracting from each trial the ERP computed averaging across trials 
without low-pass filtering). Time-frequency decomposition of single-
trials was computed at each channel, separately for low (2-30 Hz) and 
high (30-80 Hz) frequency ranges. The oscillations in low frequencies 
were estimated using a Hanning taper with a frequency-dependent 
window length (4 cycles per time window) in steps of 2 Hz. Oscillations 
with higher frequencies were estimated using a Multitapers method 
with Slepian sequence as tapers, in steps of 5 Hz with a fixed-length time 
window of 0.2 seconds and fixed spectral smoothing of ± 10 Hz. For both 
frequency ranges, the power was extracted over the entire epoch (from -
1 to 1.2 seconds) in steps of 0.02 seconds. Then, the average across trials 
was computed at the individual level within each session (t0 Deprived, 
t0 Undeprived, t1 Deprived, t1 Undeprived), conditions (V and AVA), 
and frequency range (low and high). The resulting oscillatory activity 
was baseline-corrected to obtain the relative signal change with respect 
to the baseline interval. For the low-frequency range, the baseline was 
set between -0.7 and -0.3 seconds, while for the high-frequency range, it 
was between -0.2 and -0.1 seconds. The low-frequency range, having 
longer cycles, required a wide baseline for the appropriate estimation of 
slow oscillations and was kept temporally distant from the stimulus 
onset to avoid temporal leakage of post-stimulus activity into the 
baseline period. The same procedure, without ERP subtraction from 
single trials, was implemented to estimate the total power. The baseline-
corrected evoked power was computed by subtracting the baseline-
corrected induced power from the baseline-corrected total power. 
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2.2.6 Source reconstruction 

To better characterize the neural alterations induced by MD, source 
estimation of the neural effects was performed using Brainstorm 
software (Tadel et al., 2011) on preprocessed EEG data. Sources were 
extracted by applying a dynamic statistical parametric mapping (dSPM; 
Dale et al., 2000), adopting minimum-norm inverse maps to estimate the 
locations of scalp electrical activities. For each dataset, we used single 
trials pre-stimulus baseline [− 0.1 to 0.002 s] to calculate single subject 
noise covariance matrices and to estimate individual noise standard 
deviations at each location (Hansen et al., 2010). The boundary element 
method (BEM) provided in OpenMEEG was adopted as a head model; 
the model was computed on the first dataset and then applied to all the 
others (default parameters in Brainstorm were selected). Source 
estimation was performed by selecting the option of constrained dipole 
orientations (Tadel et al., 2011). Time-frequency decomposition was 
computed for each participant on the estimated sources at the single-trial 
level using the same approach described for the time-frequency 
decomposition performed at the sensor level. 

2.2.7 Statistical analysis 

2.2.7.1 Behavioral data 

For each participant, we computed the d-prime (d’) as visual and audio-
visual sensitivity indices: d’ = z(p hits) - z(p false alarms), where z is the 
inverse cumulative normal function, and p is the proportion of hits and 
of false alarms out of signal and noise, respectively. Values equal to 0 or 
1 were corrected as 1/n and (n-1)/n, respectively, with n being the 
number of signal or noise trials. To compute the visual d’, we defined as 
hits, trials in which participants perceived one flash (V condition) and 
correctly responded ‘one’. Consequently, false alarms were trials in 
which two flashes were presented (VV), and participants responded to 
having seen one flash. To compute the audio-visual d’, we defined, 
coherently with the fission illusion literature, false alarms AVA trials in 
which participants reported two flashes (Watkins et al., 2006; 
Whittingham et al., 2014; Pérez-Bellido et al., 2015; Vanes et al., 2016; 
Keil, 2020). Thus, AVAV trials in which participants correctly responded 
‘two flashes’ were considered hits. Note that the audio-visual sensitivity 
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(d’) is inversely related to the amount of fission illusion: smaller d’ 
indicated a greater amount of illusory percepts and vice-versa (note that 
Response means of each condition are reported in Supplementary 
materials Chapter 2 Figure S2.2).  

Two mixed-design ANOVA, with Eye (Deprived and Undeprived) and 
Time (t1 and t0) as within-subjects factors, and Sensory-Preference 
(Audio and Visual) in the Deprived eye and Sensory-Preference (Audio 
and Visual) in the Undeprived eye as between-subjects factors, were 
performed separately on visual and audio-visual d’ values. The Sensory-
preference between-subjects factors were inserted in order to control 
their impact on the visual and audio-visual perception.  

2.2.7.2 Neural oscillations 

Oscillatory activity occurring after stimulus onset was analyzed 
separately for visual (V) and audio-visual (AVA) trials to assess MD 
impact on visual and audio-visual processing. Time-frequency analyses 
were separately performed for induced and evoked oscillatory activity 
for both low [4-30 Hz] and high [30-80 Hz] frequency ranges.  

To assess the impact of MD, we subtracted the oscillatory activity 
recorded before MD from the oscillatory activity recorded after MD (i.e., 
t1 minus t0). This difference was computed separately for the Deprived 
and Undeprived eye. From now on, PowChangeDeprived represents 
relative changes in power due to MD for the Deprived eye, and 
PowChangeUndeprived the relative changes in power due to MD for the 
Undeprived eye. 

To compare the impact of MD on Deprived and Undeprived eye, a series 
of non-parametric cluster-based permutation tests were performed via a 
paired-sample t-test without a priori assumptions (i.e., across all 
electrodes, time-points, and frequencies) between PowChangeDeprived 
and PowChangeUndeprived. We used the Monte Carlo method with 
1000 random permutations; cluster-level statistics were calculated taking 
the sum of the t-values within every cluster, with an alpha level of 0.05 
(two-tailed) and a minimum neighbor channel = 1. Identified clusters 
were considered significant at p<0.025 (corresponding to a critical alpha 
level of 0.05 in a two-tailed test). We focused on the post-stimulus 
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activity, and thus, statistical tests were performed for the entire 
response-free time window, that is, from 0 to 0.5 seconds. The time 
period after 0.5 seconds from the stimulation onset was discarded to 
prevent including motor artifacts. If a significant difference due to MD 
emerged in this test (PowChangeDeprived vs. PowChangeUndeprived), 
we assessed whether differences between the two eyes emerged at t0 or 
t1. To this end, two planned comparisons (i.e., t0 Deprived vs. t0 
Undeprived and t1 Deprived vs. t1 Undeprived) were performed using 
the same cluster-based permutation analysis approach and the same 
parameters reported above. In case a significant difference between 
Deprived and Undeprived eye would emerge only at t1 and not at t0, it 
would be indicative of a specific effect of the MD manipulation and rule 
out possible differences between the two eyes at baseline. 

2.2.7.3 Correlations between neural and behavioral changes 

After assessing the normality of the data with Shapiro-Wilk tests, 
Pearson correlations were employed to assess whether the neural 
changes related to short-term MD were associated with behavioral 
changes. When multiple correlations were performed to the same 
dataset, their results were compared employing a bootstrap method 
adapted for independent samples (see 
https://github.com/GRousselet/blog/tree/master/comp2dcorr). 

The datasets and code used in the present study are available from the 
corresponding author on reasonable request. 

2.3 Results 

2.3.1 Behavioral data 

2.3.1.1 Unisensory visual 

The mixed-design ANOVA on visual d’ with Eye (Deprived and 
Undeprived) and Time (t1 and t0) as within-subjects factors and Sensory-
preference in the Deprived or in the Undeprived eye as between-subjects 
factor revealed a significant main effect of Time (F(1,15)=13.52, p=0.002). 
No main effects of Eye, Sensory-Preference in the Deprived or in the 
Undeprived eye, nor other interaction effects were found (all ps>0.1). 
These findings suggest a general decrease of sensitivity at t1 (mean d’ ± 
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SE for each session: t0 Deprived 1.44 ± 0.21; t1 Deprived 1.13 ± 0.22; t0 
Undeprived 1.37 ± 0.26; t1 Undeprived 1.14 ± 0.23; see Figure 2.2a). 

2.3.1.2 Audio-visual 

The mixed-design ANOVA performed on audio-visual d’ revealed a 
significant main effect of Eye (F(1,15)=7.53, p=0.015), showing that the 
Undeprived eye was less susceptible to the fission illusion (mean d’ ± SE 
for each session: t0 Deprived 0.58 ± 0.16; t1 Deprived 0.53 ± 0.19; t0 
Undeprived 0.84 ± 0.23; t1 Undeprived 0.66 ± 0.17). A tendency towards 
significance emerged for the interaction between Eye, Sensory-
Preference in the Deprived eye, and Sensory-Preference in the 
Undeprived eye (F(1,15)=4.01; p=0.064). This tendency might suggest 
that the participant’s Sensory-Preference had an eye-specific impact; 
being an Audio-subject or a Visual-subject might affect the level of the 
fission illusion perceived with that eye (in Deprived eye mean d’ ± SE A-
group: 0.52 ms ± 0.19; V-group: 0.69 ms ± 0.20; in the Undeprived eye A-
group: 0.65 ms ± 0.20; V-group: 0.96 ms ± 0.36). No significant main 
effects of Time, Sensory-Preference in the Deprived or in the Undeprived 
eye, nor other interactions emerged (all ps>0.08). Notably, a strong 
fission illusion was elicited in both eyes as highlighted by the small d’ 
measured in each of the four sessions (see Figure 2.2b).  

Since no main effect of the Sensory-Preference emerged neither in visual 
nor in audio-visual ANOVAs, the analyses of EEG activity were 
performed on the whole group. 
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Figure 2.2. Behavioral performance computed as sensitivity (d’). (a) Both 
in visual and (b) audio-visual conditions, the group mean d’ is reported 
for t0 and t1 within each eye (Deprived and Undeprived); superimposed 
dots represent single subjects' data; significant differences are 
highlighted with *. Sensitivity in the visual condition decreased after MD 
in both Deprived and Undeprived eye. Fission illusion in the audio-
visual condition was greater for the Deprived than Undeprived eye. 

2.3.2 Neural oscillations  

To specifically investigate whether MD primarily affected feedback 
and/or feedforward connectivity, we assessed the impact of MD on 
induced and evoked neural oscillations associated with the processing 
of visual and audio-visual stimuli. 

2.3.2.1 Unisensory Visual  

Induced power. The cluster-based permutation test performed on 
induced oscillatory activity within the low-frequency range [4-30 Hz] 
revealed a significant difference for PowChangeDeprived vs. 
PowChangeUndeprived (p<0.009) spanning from occipital to frontal 
regions. MD elicited a marked decrease of induced activity in the alpha 
range [10-16 Hz] between 0 to 0.12 seconds selectively for the Deprived 
eye (see Figure 2.3a, b). While no significant effects were found when 
comparing the oscillatory activity between the two eyes at t0 (all 
ps>0.51), the comparison performed on induced oscillatory activity 
measured at t1 revealed a significant difference (p<0.002) between 
Deprived and Undeprived eye for the power in the alpha range [10-16 
Hz]. These planned comparisons confirmed a direct effect of MD, and 
excluded possible confounds due to differences between the eyes at 
baseline. To further investigate the time-course of the MD effect in the 
alpha range, we tested the difference between t1 and t0 for each eye (i.e., 
Deprived, Undeprived). For each session and participant, we extracted 
the mean induced alpha power [10-16 Hz] measured across three 
occipital electrodes (E36, E38, E40, which corresponded to the peak of 
the statistical effect in the PowChangeDeprived vs. 
PowChangeUndeprived cluster-based permutation test). A series of 
paired t-tests were performed between t0 and t1 for each eye, at each 
time-point within the whole-time window of interest [0-0.5 s] (FDR 
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corrected, q=0.05). A significant difference was found only for the 
Deprived eye, showing a clear decrease in the alpha synchronization 
after MD (from 0 to 0.14 s; for Undeprived eye all ps>0.97; see Figure 
2.3c). 
No significant differences between PowChangeDeprived and 
PowChangeUndeprived were found in the high-frequency range [30-80 
Hz] (all ps>0.67, see Figure S2.3 Supplementary materials Chapter 2). 

Evoked power. Cluster-based permutation analyses on evoked 
oscillatory activity were performed contrasting PowChangeDeprived 
vs. PowChangeUndeprived to test whether MD alters feedforward 
visual processing. No significant differences emerged in either low or 
high frequencies (all ps>0.13, see Figure S2.4 Supplementary materials 
Chapter 2). 

In sum, a visual MD effect emerged selectively for the Deprived eye and 
in the induced oscillatory activity within the alpha range. 

Source analysis. We investigated the electrical sources of the visual MD 
effect. To this end, a permutation paired t-test (1000 randomizations) 
was performed at the source level, on the power in the alpha range [10-
16 Hz] between t0 and t1 for the Deprived eye (time window [0-0.5 s]; 
FDR correction was applied on the time dimension). Results revealed 
that the visual MD effect was mainly located within the right hemisphere 
and comprised the superior parietal gyrus, the superior occipital gyrus, 
intraparietal and subparietal sulcus, and extended to calcarine sulcus 
(corrected p-threshold: 0.003; see Figure 2.3d). 
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Figure 2.3. The effect of Monocular Deprivation (MD) on visual 
processing, visual MD effect. (a) Oscillatory activity calculated as the 
difference between t1 minus t0 at each eye: PowChangeDeprived (upper 
row) and PowChangeUndeprived (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 a translucent patch. (b) Statistical results. Time-frequency 
plot highlighting significant differences between PowChangeDeprived 
and PowChangeUndeprived 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 t0 and t1 (data are 
averaged across electrodes E36, E38, E40) separately displayed for the 
Deprived and the Undeprived eye (upper and bottom rows); shaded 
areas represent the standard error of the mean; the continuous 
horizontal grey line indicates the significant difference between t0 and 
t1 in the Deprived eye (from 0 to 0.14 s; p<0.05, FDR corrected). The 
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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 t1 with respect 
to t0.  

2.3.2.2 Audio-visual 

After we assessed the impact of MD on unisensory visual processing 
(visual MD effect), we investigated whether MD can also affect audio-
visual processing at the neural level. The induced and evoked oscillatory 
activities were tested separately within low and high-frequency ranges. 

Induced power. The cluster-based permutation performed on induced 
oscillatory activity within the low-frequency range [4-30 Hz] between 
PowChangeDeprived and PowChangeUndeprived showed no 
significant effects (all ps>0.45, see Figure S2.5 Supplementary materials 
Chapter 2). In contrast, the same analysis performed within the high-
frequency range [30-80 Hz] revealed a significant effect in gamma 
activity (p<0.015). An increase in gamma activity [65-75 Hz] was found 
in the Undeprived eye between 0.16 and 0.26 s, mainly in posterior 
electrodes (see Figure 2.4a, b). The planned comparison showed no 
significant effect at t0 (all ps>0.07), while a significant difference between 
the two eyes emerged only at t1 (p<0.022), confirming that MD 
specifically guided the effect. To further investigate the time-course of 
the induced gamma effect, we tested the difference between t0 and t1 
within each eye. For each session and participant, we extracted the mean 
induced gamma power [65-75 Hz] measured across two parieto-occipital 
electrodes (E40 and E42, which corresponded to the peak of the statistical 
effect in the PowChangeDeprived vs. PowChangeUndeprived cluster-
based permutation test). A series of paired t-tests were performed 
between t0 and t1 for each eye, at each time-point within the whole-time 
window of interest [0-0.5 s] (FDR corrected, q=0.05). Only for the 
Undeprived eye, a significant effect was found (from 0.12 to 0.2 s; for 
Deprived eye all ps>0.5; see Figure 2.4c).  
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The gamma band increase during audio-visual processing in the 
Undeprived eye following MD might suggest an upweighting of the 
auditory modality. If this would be the case, a greater neural response in 
the gamma range to unimodal acoustic stimulation (A and AA 
condition) should emerge selectively for the Undeprived eye after MD. 
To this end, a hypothesis-driven (p<0.05, one tail) cluster-based 
permutation test was performed on the induced oscillatory activity in 
response to auditory stimuli (average across A and AA trials) in the high-
frequency range [30-80 Hz] across all electrodes, frequencies, and time-
points [0-0.5 s], between t0 and t1, separately in each eye. The analysis 
revealed a significant increase in gamma activity between 100 and 300 
ms in response to auditory stimulation after MD (p<0.04), selectively for 
the Undeprived eye (see Figure 2.5). Conversely, no significant 
difference emerged for the Deprived eye (p>0.35). This significant effect 
emerged in parietal electrodes as for the audio-visual MD effect. These 
findings support our hypothesis that the increased induced gamma 
activity during audio-visual processing is due to an upweighting of 
auditory input. 

Evoked power. When the difference between PowChangeDeprived and 
PowChangeUndeprived was tested in the evoked power, no significant 
difference was found within the low-frequency range (all ps>0.09), nor 
within the high-frequency range (p>0.05, see Figure S2.6 Supplementary 
materials Chapter 2). 

To sum up, the audio-visual MD effect selectively emerged for the 
Undeprived eye in the induced gamma power. This neurophysiological 
change seems to be driven by increased responsiveness to auditory 
inputs.  

Source analysis. We investigated the sources of the audio-visual MD 
effect. To this end, a permutation paired t-test (1000 randomizations) 
was performed at the source level, on the power in the gamma range [65-
75 Hz] between t0 and t1 for the Undeprived eye (time window [0-0.5 s]; 
FDR correction was applied on the time dimension). Results revealed 
that audio-visual MD effect was mainly located at the cortical level 
around the right intraparietal sulcus (corrected p-threshold: 0.002; see 
Figure 2.4d).  
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Figure 2.4. The effect of Monocular Deprivation (MD) on audio-visual 
processing, audio-visual MD effect. (a) Oscillatory activity calculated as 
the difference between t1 minus t0 at each eye: PowChangeDeprived 
(upper row) and PowChangeUndeprived (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 a translucent patch. (b) 
Statistical results. Time-frequency plot highlighting significant 
differences between PowChangeDeprived and PowChangeUndeprived 
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 t0 
and t1 (data are averaged across electrodes E40, E42) separately 
displayed for the Deprived and the Undeprived eye (upper and bottom 
rows); shaded areas represent the standard error of the mean; the 
continuous horizontal grey line indicates a significant difference 
between t0 and t1 for the Undeprived eye (from 0.12 to 0.2 s after 
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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 t1 with respect to t0.  

 

Figure 2.5. Increased induced gamma activity for the Undeprived eye 
after MD during auditory processing. (a) Oscillatory activity at t0 and t1 
are plotted as a function of time [-0.25 - 0.5 s] and frequency [30-80 Hz] 
for the Deprived (upper row) and Underprived 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 t0 and t1, which emerged only for the 
Undeprived eye. Topography shows the results of the cluster-based 
permutation test for the Undeprived 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 t0 
and t1 (data are averaged across electrodes E34, E40, E41, E42, E50), 
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separately displayed for the Deprived and the Undeprived eye (upper 
and bottom rows); shaded areas represent the standard error of the 
mean; the continuous horizontal grey line indicates a significant 
difference between t0 and t1 for the Undeprived eye (from 0.16 to 0.34 s 
after stimulus onset; p<0.05, FDR corrected). 

2.3.3 Association between neural and behavioral changes due to MD 

For visual and audio-visual conditions, we investigated the degree of 
association between brain activity alterations and changes in behavioral 
performance. The average power at the frequencies of interest was 
extracted within a time window and across channels that resulted 
significant in the cluster-based permutation tests (visual and audio-
visual MD effects). At the individual level, we computed the normalized 
difference between t1 and t0 within each eye ([PowChangeDeprived/t0 
Deprived] * 100; [PowChangeUndeprived/t0 Undeprived] * 100). 
Shapiro-Wilk tests confirmed that data in each condition were normally 
distributed (all ps >0.05). Thus, within each condition (i.e., visual and 
audio-visual) and for each eye (i.e., Deprived and Undeprived), the 
power change was correlated with the corresponding change in 
sensitivity between t0 and t1 using Pearson’s correlation coefficient. 

2.3.3.1 Unisensory Visual  

We first tested whether observed changes of oscillatory activity in 
induced alpha power following MD (visual MD effect) were associated 
with changes in behavioral performance. To this aim, we extracted the 
average power in the 10-16 Hz range between 0.02 and 0.06 s from the 
three significant electrodes (E36, E38, and E40) for each session. Then, 
the normalized t1-t0 difference of PowChangeDeprived and 
PowChangeUndeprived was computed.  

A significant positive correlation between normalized 
PowChangeDeprived and visual sensitivity change in the Deprived eye 
(d’ change) was found (r(16) = 0.492, p=0.038). Following MD, the visual 
sensitivity in the Deprived eye decreased in parallel with a reduction in 
induced alpha power in the same eye. When the correlation between 
induced alpha change and visual sensitivity change was tested for the 
Undeprived eye, no significant effect was found (p>0.99). 
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2.3.3.2 Audio-visual 

Next, we tested whether the increase in induced gamma after MD period 
(audio-visual MD effect) was associated with illusory fission percept. 
Thus, within each session, the induced power between 65 and 75 Hz was 
extracted within the 0.16-0.2 s time window and across the two 
significant posterior channels (E40 and E42). Then, the normalized t1-t0 
difference of PowChangeDeprived and of PowChangeUndeprived was 
computed. No significant correlation was found neither for the Deprived 
eye nor for the Undeprived eye (all ps>0.43). However, at the behavioral 
level, a tendency for an interaction between illusion perception and 
sensory preferences was found (F(1,15)=4.01, p=0.06), indicating that 
Visual subjects tended to experience less illusion than Audio subjects, 
especially in the Undeprived eye (see section Audio-visual in the 
Behavioral Results). Interestingly, the perception of the multisensory 
input is known to partially depend on individual sensory predisposition 
(e.g., Giard and Perronet, 1999; Hong et al., 2021). Therefore, despite this 
was not the focus of the paper, we additionally explored whether the 
association between neural and behavioral changes might be affected by 
individual sensory preference. Specifically, we calculated the correlation 
between PowChangeUndeprived and audio-visual d’ change in the 
Undeprived eye within Audio and Visual groups, classified according to 
participants’ Sensory-Preference (estimated for the same eye). Pearson 
correlation revealed a significant negative correlation in the V-group 
(r(3) = -0.937; p=0.019), while a tendency toward a significant positive 
correlation was found in the A-group (r(11) = 0.513; p=0.073). The two 
correlations significantly differed (difference=1.45 CI [0.17 1.80]. Since 
Pearson correlations were performed, the confidence interval was 
adjusted as described in Wilcox (2009); see Supplementary materials 
Chapter 2 Figure S2.7). While these results are based on an explorative 
analysis and small sub-samples, they seem to suggest that the audio-
visual MD effect might have a different impact on the illusory percept 
according to the participants’ Sensory-Preference: in V-group, the 
increase of induced gamma activity in the Undeprived eye was 
positively associated with a fission illusion increase (smaller d’ after 
MD), while in A-group the increase of induced gamma activity seemed 
to be associated with a fission illusion decrease (larger d’ after MD). 
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Figure 2.6. Visual and audio-visual MD effects on induced oscillatory 
activity. The plots show the % normalized power change due to MD in 
unisensory visual and multisensory audio-visual processing. On the left, 
the visual MD effect: decreased induced alpha power 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 Undeprived eye (blu) during audio-visual processing. Each dot 
represents the group mean and bars the SE. Significant differences are 
highlighted with * (red indicates effect for the Deprived eye and blu for 
the Undeprived eye). 

2.4 Discussion  

In this study, adult neural plasticity of both unisensory visual and 
multisensory audio-visual processes was investigated to assess whether 
the impact of MD extends beyond visual processing. Induced and 
evoked oscillatory activity changes both in visual and audio-visual 
processing were measured after 150 minutes of altered visual experience 
(brief MD). Induced alpha associated with the early phase of visual 
processing (<150ms) decreased after MD selectively for the Deprived 
eye. Conversely, induced gamma associated with audio-visual 
processing increased after MD only in the Undeprived eye, within a later 
temporal window (~100-300ms). Notably, both visual and audio-visual 
processing alterations were found selectively for the induced component 
of neural oscillations (see Figure 2.6). Source modeling linked both the 
visual and audio-visual MD effects to the right parieto-occipital cortex. 
Our data reveal the specific neural signatures of temporary MD effects 
on visual and audio-visual processes and shed light on their shared 
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feedback nature. We demonstrated that a brief period of monocular 
visual experience in adulthood specifically changes the neural response 
to multisensory audio-visual events because of plasticity in feedback 
connectivity. 

2.4.1 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; Schwenk et al., 
2020). The reduced alpha synchronization observed when the task was 
performed with the Deprived eye after MD is consistent with increased 
excitability to compensate for the absence of stimulation during the 
deprivation phase. Source modeling suggested that the alpha reduction 
was mainly localized in the right hemisphere in superior parieto-
occipital areas, with some activities extending to primary visual areas 
(calcarine sulcus). These results confirm the modulation of alpha rhythm 
induced by short-term plasticity, previously shown in the frequency 
domain as a change in alpha peak amplitude (Lunghi et al., 2015a), and 
characterize the spectro-temporal properties of this neural effect. 
Namely, a selective decrease of alpha synchronization [10-16 Hz] occurs 
in the early stages of visual processing (<150ms). Notably, only induced 
activity (i.e., not phase-locked to stimulus onset) was altered by MD, 
revealing the feedback nature of visual short-term plasticity. Overall, 
these results are coherent with spectroscopy data showing an increase of 
excitability in the early visual cortex as indicated by reductions of 
inhibitory gamma-aminobutyric acid (GABA) concentration after short-
term MD (Lunghi et al., 2015b). Moreover, selectively for the Deprived 
eye, a significant correlation was found between the decrease in induced 
alpha activity and the decrease in visual sensitivity after MD, suggesting 
a potential link between this neural change and the ability to 
discriminate temporal aspects of visual processing.  

2.4.2 The impact of MD on audio-visual processing  

Previous behavioral studies have shown that multisensory perception 
can be altered by MD (Lo Verde et al., 2017; Opoku-Baah and Wallace, 
2020). By measuring changes in neural oscillations, we assessed neural 
mechanisms underpinning multisensory short-term plasticity and 
revealed the specific enhancement of induced gamma activity [65-75 Hz] 
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selectively for the Undeprived eye when processing audio-visual input. 
The audio-visual MD effect involved the right intraparietal sulcus, 
suggesting its central role in short-term plasticity induced by MD. 

We hypothesized that the audio-visual MD effect could be due to a 
crossmodal upweighting of the other modality (i.e., audition). To this 
end, we tested whether the neural response to unimodal auditory stimuli 
was increased following MD in each eye. The observation that gamma 
response to auditory input increased following MD selectively for the 
Underprived eye confirmed our hypothesis. This result revealed that 
short-term plasticity following MD alters both visual and auditory 
neural representations. Interestingly, alterations of neural excitability 
due to temporary binocular deprivation were previously shown to 
increase heteromodal responses in the visual cortex (Merabet et al., 
2008).  

From a neurophysiological perspective, it is important to remark that 
neural profiles of short-term plasticity following MD seem to depend on 
the type of input at hand. While the visual stimulus was the same in 
visual and audio-visual conditions, short-term plasticity was 
characterized by specific oscillatory fingerprints (Siegel et al., 2012): 
alpha decreased during visual processing while gamma increased 
during audio-visual and auditory processing.  

To what extent does this neural alteration interact with individuals’ 
sensory predisposition? In the Undeprived eye, the correlation between 
enhanced gamma activity in audio-visual processing and behavioral 
performance seems to indicate opposite MD impacts on illusory 
perception with respect to participants’ Sensory-Preference. Although 
preliminary, this result opens the possibility that the upweighting of 
auditory information during audio-visual processing after MD affects 
visual perception according to individual sensory preference. 
Coherently with the extreme flexibility and adaptability of multisensory 
functions (Giard and Perronet, 1999; Fujisaki et al., 2004; Van Atteveldt 
et al., 2014), the perception of the multisensory input after MD might 
change as a function of individual sensory predisposition. This inference 
should be further verified with psychophysics experiments (see Rohe et 
al., 2019), designed to directly estimate auditory modality's weight 
changes during audio-visual processing after MD. Interestingly, a recent 
study investigating cross-modal recalibration highlighted how 
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individual variability in one sensory modality (visual reliability) 
differently affects recalibration of the other modality (audition) (Hong et 
al., 2021). 

Binocular input was shown to be critical for developing audio-visual 
perception: anomalies in different audio-visual perceptual tasks were 
reported in cases of monocular enucleation (Moro and Steeves, 2018a, 
2018b), individuals affected by early monocular cataracts (Chen et al., 
2017), and people suffering from amblyopia (Narinesingh et al., 2015, 
2017; Richards et al., 2017). The present results, revealing that MD 
induces short-term plasticity of audio-visual processing, encourage 
possible treatments of audio-visual anomalies associated with MD. 
Increasing evidence in animal studies supports clinical treatment of 
adult amblyopia (Hensch and Quinlan, 2018), and crucially a recent 
study conducted with adult people affected by amblyopia has shown 
that MD combined with physical exercise could be a promising clinical 
intervention to promote visual recovery (Lunghi et al., 2019). Future 
studies might help in understanding whether multisensory audio-visual 
processing could also benefit from this novel clinical treatment. 

2.4.3 The pivotal role of induced cortical response in experience-
dependent plasticity 

Both visual and audio-visual MD effects were selectively found in 
induced neural oscillations, likely reflecting main alterations in feedback 
processing integrating sensory input and ongoing cortical activity 
(Galambos 1992; Klimesch et al., 1998; Tallon-Baudry and Bertrand, 1999; 
Chen et al., 2012; Keil et al., 2022). Instead, the evoked phase-locked 
activity (feedforward), related to the processing within the thalamo-
cortical pathway (Galambos 1992; Keil et al., 2022), was not affected.  

Visual MD effect was found in the induced alpha band, which was 
previously demonstrated to be drastically impaired by the transient 
absence of visual experience during development (Bottari et al., 2016). 
Animal studies involving congenital deaf cats demonstrated that 
induced and not evoked oscillatory activity in the auditory cortex is 
extremely reduced across a wide range of frequency bands (e.g., Yusuf 
et al., 2017). The authors hypothesized that the absence of sensory 
stimulation prevents the development of neural mechanisms allowing 



40 

 

the integration of sensory signals and internal representations. Evidence 
of alterations of induced oscillatory activity following sensory 
deprivation was reported not only within modality, for visual (Bottari et 
al., 2016) and auditory systems (Yusuf et al., 2017), but also cross-
modally. In humans, early-onset deafness selectively affects induced 
oscillatory activity associated with visual processing (Bednaya et al., 
2021). The present audio-visual MD effect (increased induced gamma 
activity) provides evidence in the same direction also for multisensory 
processing. Taken together, this evidence suggests a substantial 
alteration of cortico-cortical feedback activities, in case of sensory input 
absence in both developmental and adult brain, for unisensory and 
multisensory functions. This is in line with previous evidence suggesting 
that the plasticity of feedback connectivity represents an extremely 
flexible mechanism to process sensory information according to 
changing demands (Polley et al., 2006). 

2.4.4 Limitations of the study 

Here, we focused on neural oscillations changes and given the time 
constraints intrinsic in the MD effect (which is maximum within the first 
15 minutes following the deprivation, Lunghi et al., 2011), we could not 
insert a direct measure of ocular dominance, which is usually assessed 
with binocular rivalry (e.g., Lunghi et al., 2011). Thus, we relied on eye-
specific oscillatory activity alterations selectively at t1 (and their lack at 
t0) as indications of the change in interocular excitability balance: the 
decreased alpha during visual processing is compatible with the 
strengthening of the Deprived eye after MD. While a clear reduction of 
strength for the Undeprived eye (i.e., increased alpha activity) did not 
emerge, this is in line with the literature: the strongest impact of MD is 
known to be on the Deprived eye, while the opposite effect on the 
Undeprived eye was found to be much smaller (Lunghi et al., 2015a; 
Binda et al., 2018) or even absent (Zhou et al., 2015). Thus, it is possible 
that larger sample sizes are required to measure neural effects on the 
Undeprived eye during visual processing. Further studies might help to 
assess whether depriving the non-dominant eye will lead to the same 
MD effects. However, given the absence of difference at t0, we can rule 
out the possibility that our effects are due to baseline differences 
between the dominant and the non-dominant eye.  
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Noticeably, the visual MD effect emerged here for the Deprived eye, 
while the audio-visual MD effect emerged only for the Undeprived eye. 
While these effects are in line with previous behavioral studies (Lo Verde 
et al., 2017; Opoku-Baah and Wallace, 2020), they also support a crucial 
role of MD in inducing flexible alterations of interocular excitability 
balance and, in turn, in audio-visual processes. Moreover, although an 
interaction between MD and eye dominance cannot be excluded, a recent 
study reported that the MD effect was the same regardless of whether 
the dominant or the non-dominant eye was deprived (Schwenk et al., 
2020). 

Finally, while the interaction between sensory preference and gamma 
change in audio-visual processing seems of interest, a larger sample with 
a balanced number of subjects with visual and auditory sensory 
preferences is needed to confirm our intriguing preliminary result on 
how multisensory plasticity can be affected by individual sensory 
predisposition. 

2.5 Conclusions 

These results demonstrated that a brief period of monocular visual 
experience in adulthood is able to change the neural response not only 
to visual stimuli but also to multisensory events. The data unveiled the 
spectral fingerprints of adult short-term plasticity induced by a brief 
period of MD for visual and audio-visual processing. We found 
enhanced excitability (i.e., decreased induced alpha activity) for the 
Deprived eye during an early phase of visual processing, and we 
demonstrated the presence of neural alterations beyond the visual 
processing. Gamma activity associated with audio-visual processing 
was increased by MD at a later latency and only when the task was 
performed with the Undeprived eye. The analyses of responses to 
unimodal auditory input indicate an upweighting of sound input 
following MD, selectively for the Undeprived eye. Importantly, these 
distinct neural effects were selectively found in the induced neural 
oscillations, revealing that experience-dependent plasticity mainly 
involves alterations in feedback processing not only during 
development but also in adulthood. This observation is consistent with 
the existence of a general mechanism shared across sensory modalities 
and across the life cycle. 
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Chapter 3  

Neural tracking of speech envelope is delayed in cochlear 
implanted children 

 

3.1 Introduction 

Since a seminal publication in 2007 (Luo and Poeppel 2007) paved the 
road, a multitude of studies revealed that brain activity at a slow 
timescale (around theta range 4–8 Hz) temporally aligns with the 
dynamic regularities occurring in speech. The possibility to objectively 
measure this neural tracking represents today a validated tool to 
understand the neural representation of speech. In particular, consistent 
evidence exists that speech envelope, the signal-amplitude modulation 
over time, is tracked by the auditory cortex oscillatory activity. Such 
matching is thought to align the auditory-cortex neural activity to the 
stimulus time-course (phase alignment). Current models suggest that 
intrinsic oscillating neural signals matching input frequencies provide a 
mechanism for encoding speech, parsing the signal into temporal 
windows leading to subsequent analysis and then comprehension 
(Giraud and Poeppel, 2021; Obleser and Kayser, 2019). Neural tracking 
of speech envelope is not an epiphenomenon; if neural entrainment to 
speech-signal is poor, intelligibility is also impaired (Vanthrnhout et al., 
2018). While the vast majority of studies investigated neural tracking of 
speech in adults, recent evidence has revealed that it occurs already in 4 
(Attaheri, et al., 2022) and 7 months (Kalashnikova et al., 2018; Jessen et 
al., 2019; Attaheri, et al., 2022) infants, suggesting a role of this 
mechanism already in early development. However, to what extent the 
development of this specific form of neural entrainment requires early 
exposure to sound and, thus, to speech is unknown. 

Typical brain development requires temporal overlapping between the 
intrinsic maturation of neural systems and environmental input. 
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Conditions of sensory deprivation represent crucial natural models for 
the study of such brain-environment interdependences (Amedi et al., 
2017; Ricciardi et al., 2020; Bottari and Berto, 2021; Röder et al., 2021). 
Furthermore, rare contexts in which a deprived sense can be restored 
provide unprecedented opportunities for assessing whether a specific 
sensory input is required, within specific periods of life, for the 
emergence of sensory and cognitive functions (Kral et al., 2019; Röder 
and Kekunnaya, 2021). In deaf children, auditory deprivation can impact 
well beyond sensory processing and become language deprivation (Kral 
and O’Donoghue, 2010). Thanks to cochlear implants (CI), partial but 
successful auditory restoration is available (Winn and Nelson, 2022). 
However, even if implantation is performed early in life (i.e., at about 
one year of age), in the case of congenital profound bilateral deafness, CI 
cannot prevent delayed sound and speech exposure. Sensitive periods 
for the discrimination of certain speech features can close within the first 
year of life (Ruben, 1997; Werker and Hensch, 2015). Thus, both the age 
at the onset of hearing loss and the age at which auditory experience is 
restored are fundamental for language development in CI individuals. 
Indeed, these two factors heavily contribute to the implant outcome (for 
review, see Kral et al., 2019). However, while the date of cochlear 
implantation is always known, the definition of deafness onset in 
humans is more elusive.  

The great importance of early implantation (i.e., early auditory 
restoration) is supported by studies assessing language acquisition.  No 
deficits in learning new words were reported in two-three years old 
prelingually deaf children who received cochlear implants before 14 
months of age, whereas infants implanted later had worse abilities 
compared to hearing controls (Houston et al., 2012). Congenitally deaf 
children implanted before 4 years of age showed progressively better 
trajectories of language development when implanted before 2 years of 
age or even better before 1 year (Holt and Svirsky, 2008). Congenitally 
and early deaf children who underwent implantation younger than 18 
months had higher comprehension and expression scores and a steeper 
improvement rate than those implanted later, even if after 3 years of 
implant experience, CI children did not match hearing children 
performance (Niparko et al., 2010).  However, it is important to highlight 
that language development extends until the teenage years (Ruben, 
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1997), and indeed, significant improvements were reported even 10 
years after children's implantation (Beadle et al., 2005; Uziel et al., 2007; 
Geers et al., 2008).   

The impact of delayed access to sounds and speech has also been 
assessed in neurophysiological studies. In CI individuals, optimal 
responsiveness of auditory cortices to simple linguistic sounds depends 
on the onset of auditory input. A series of seminal studies uncovered a 
sensitive period of the central auditory system within 3.5 years of age 
(Sharma et al., 2002a, 2005). The latency of early auditory responses, 
occurring about 50 ms after stimulus onset (P1 wave), was comparable 
between congenitally deaf children (or with severe to profound hearing 
loss by 1 year of age) implanted within 3.5 years of age and typical 
developing hearing children. Conversely, children implanted later 
tended not to reach age-appropriate neural response latency. Similar 
findings emerged investigating higher-order auditory processing 
occurring at about 100ms after stimulus onset (N1 wave; Eggermont and 
Ponton, 2003; Sharma et al., 2015). Due to technical limitations, the 
activity of the temporal cortex in CIs has been measured so far in reaction 
to simple and often short-lived sounds, such as syllables. Thus, an 
unsolved key question is to what extent the CI provides the possibility 
to develop hearing-like responses to naturalistic speech in the auditory 
cortices. Yet it is unknown whether and how the auditory cortex 
receiving sounds via CI is capable of operating at multiple levels of 
analysis required to understand speech.  

In this study, we aimed to answer this question and assess whether the 
ability of the auditory cortex to efficiently track speech envelope 
depends on the availability of auditory input in the first months of life 
or not. That is, we investigated the presence of a perinatal sensitive 
period in which auditory input must be present for the development of 
the auditory neural tracking of speech envelope.  
To these aims, we used electrophysiology to measure the degree of 

synchronization between brain activity and continuous speech in 

hearing children and children with different onsets of bilateral profound 

deafness (congenital or not) who received cochlear implants. Differences 

in auditory response functions between the congenital deaf (CD) group 

and the group of children who develop deafness (DD) would indicate a 

crucial role of auditory experience in the first months of life for the 
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development of neural tracking of speech envelope. The onset of 

deafness, whether children were congenitally deaf, was characterized 

using objective measures: otoacoustic emission, evaluation of auditory 

brain-stem responses (ABR), and, when possible, confirmed with genetic 

tests. To investigate neural tracking of speech, we employed a forward 

encoding model to predict EEG responses from selected stimulus 

features. In particular, we used a temporal response function (TRF) to 

linearly map the envelope speech feature and the neurophysiological 

responses (Crosse et al., 2016; 2021). As in previous studies from infants 

to adults (Mirkovic et al., 2015; J. A. O’Sullivan et al., 2015; Kalashnikova 

et al., 2019; Nogueira et al., 2020; Attaheri, et al., 2022; Keshavarzi et al., 

2022;), we estimated the neural tracking of broad band speech envelope 

2-8 Hz frequency range because low-frequencies oscillations are crucial 

for speech comprehension (Peelle and Davis, 2012).  

3.2 Materials and Methods  

3.2.1 Participants 

A total of 47 children participated in the study. They belong to three 
groups according to their access to auditory input: a group of profound 
congenital bilateral deaf children (congenital deaf, CD), a group of 
children who become profound bilateral deaf during development 
(delayed deaf, DD), and a group of hearing controls children (HC) who 
never experienced auditory deprivation. Tirthy cochlear implanted 
children (mean age: 8.8 ± 3.5 fifteen females and fifteen males) were 
recruited at the Meyer Hospital of Florence (Italy) and the IRCCS 
Materno Infantile Burlo Garofolo of Trieste (Italy).  

All CD children received a diagnosis of congenital profound bilateral 
deafness. First, they did not pass the neonatal screening for otoacoustic 
emissions which is performed before the hospital discharge (typically < 
1 week). Second, they received a diagnosis of profound bilateral deafness 
(hearing thresholds ≥ 90 dB in both ears) following the evaluation of 
auditory brain-stem responses (ABR) within two months of age (range 
21-60 days). In contrast, DD children had at least some auditory 
experiences after birth (minimum 15 months). To ensure the presence of 
such auditory experience, we combined the following clinical 
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information: 1) whether they passed otoacoustic emissions neonatal 
screening at least with one ear; 2) an ABR indicating normal hearing 
before the diagnosis of deafness or a diagnosis of deafness that was not 
profound made by ABR or behavioral test (hearing thresholds < 90 dB 
in at least one ear); 3) family report indicating residual hearing for the 
first months of life. All DD patients received a diagnosis of profound 
bilateral deafness through behavioral hearing thresholds (age range 15-
65 months) before cochlear implantation (in case the exact date of this 
test was not available, we estimated the onset of profound bilateral 
deafness two months before the date of the first cochlear implantation; 
N=9).  

All cochlear-implanted children included in the final sample were 
diagnosed with profound bilateral deafness and received cochlear 
implantation at least six months before the present study (Sharma et al., 
2002) to ensure a stable implant functioning and that some auditory 
experience had been accumulated by the auditory system (see Table 1 
for more detailed CI participants' information). One child was excluded 
because they took part in the experiment only one month after the 
activation of cochlear implants. Another two-year-old child was 
discarded because they could not comply with the experiment.  

The final sample of cochlear implanted participants comprised fifteen 
CD children (mean age: 8.70 years; SD: 3.61, seven females and eight 
males) and thirteen DD children (mean age: 9.58 years; SD: 3.35, eight 
females and five males). A group of hearing controls (HC) age- and 
gender-matched were recruited as a control group (N=17; mean age: 8.89 
years; SD: 2.84, six females and eleven males). No significant difference 
emerged between the three groups neither for age (F(2)=0.28; p=0.76) nor 
for gender (ꭓ2(2)=2.04; p=0.36). HC children were recruited among 
public schools in Lucca (Italy) and at the MultiLab of Milano-Bicocca 
University (Italy). None of the children who participated in the study 
had any additional sensory deficits or neurological disorders (medical 
records and/or family reports). All participants were oralists, and their 
first language (L1) was Italian (two CD, one DD, and one HC 
participants were bilingual). The mean age at cochlear implantation was 
28.67 months (range: 11-132) for the CD group and 58.46 months (range: 
17-120) for the DD group. The mean duration of auditory experience 
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with cochlear implants was 74.73 months (range: 23-151) for the CD 
group and 55.46 months (range: 11-178) for the DD group.  

The study was approved by the local Ethical Committee (Comitato etico 
Regionale per la sperimentazione clinica della Regione Toscana: Numero 
registro 34/2020, and Comitato etico congiunto per la ricerca espressione 
di parere delibera n. 17/2020). Before participating in the experiment, 
written informed consent was signed by the participants’ parents and by 
the children themself if older than seven years old. The experimental 
protocol adhered to the principles of the Declaration of Helsinki (2013). 

 

Table 3.1 CI Participant's clinical characteristics  
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3.2.2 Stimuli and Experimental procedure 

3.2.2.1 Speech Stimuli 

The speech stimuli were ̴ 3 minutes length stories read by an Italian 
speaker. We chose different stories according to the children’s age in 
order to provide each participant with speech materials suitable for their 
age. Three different age ranges - from 3 to 6, from 7 to 10, and from 11 to 
15 years old – were defined according to Italian school cycles. For each 
age group, we selected ten stories from popular Italian books suitable for 
that age range. Stories were read by a person whose diction has been 
formally trained and were recorded in a sound attenuated chamber 
(BOXY, B-Beng s.r.l., Italy) with an iPhone 7 (camera with 12MP, video 
resolution in HD, 720p with 30fps, at a sampling frequency of 48000 kHz) 
and an external condenser microphone (YC-LM10 II, Yichuang). All 
audio recordings were imported in iMovie (version 10.3.1), the noise 
reduction at 100% was applied, and each file was cut to have 2 seconds 
of silence before the title of the story and a few seconds of silence at the 
end of the story. Then, the audio was imported in Audacity® (version 
2.4.2, https://www.audacityteam.org/ using ffmpeg and lame 
functions to isolate the audio from the video). The audio files imported 
in Audacity were preprocessed with the following steps: they were 
converted from stereo to mono, amplified (default value in Audacity and 
avoid clipping were selected), down-sampled to 44100 Hz, and set to a 
32-bit sample. Finally, we imported all audio files in Matlab to perform 
RMS equalization to achieve an equal loudness for all the stimuli (RMS 
value = 0.0337). 

Speech stimuli were presented to participants using Psychopy® 
software (PsychoPy3, v2020.1.3), and the sound was delivered by a 
single front-facing loudspeaker (Bose Companion® Series III 
multimedia speaker system, country, USA) placed in front of the 
participants behind the computer screen, approximately 70 cm distance 
from their heads. Stimuli were delivered at ∼80 dB, measured at the 
place of the loudspeaker (Meterk MK09 Sound Level Meter). 
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3.2.2.2 Task and Experimental Procedure 

Participants were asked to listen to the stories carefully while looking at 
a cross displayed at the center of the screen. At the beginning of each 
story, a white cross was displayed, and after two seconds of silence, 
participants listened to the title of the story, and then the story began. A 
colored cross was presented in the middle of the screen (the color was 
randomly generated and changed every 1 to 20 sec to maintain children’s 
gaze) throughout the duration of the story. At the end of each story, 
children were asked to answer two comprehension yes/no questions. 
For younger children (age range between 3-6 years), questions were 
performed verbally by the narrator’s voice, and the yes/no answers 
were supported by drawings representing the contents. Comprehension 
questions mainly aimed to encourage children to pay attention to the 
story. For older children (>7 years old), questions were presented via text 
on the screen and were also read by the experimenter. Each participant 
was presented with four stories, randomly drawn among the ten selected 
for their age range to obtain more generalizable results (six participants 
listened to only three stories due to time constraints of the experimental 
session). Narrated stories were unknown to most of the participants (two 
children had previously heard one story each).  

 

3.2.2.3 Extraction of Acoustic Envelope 

For each subject, the audio file of each listened story was loaded, and the 
first 6 seconds were discarded, as for the EEG signal. All stories were 
concatenated in the same order they were presented and segmented into 
corresponding 1-minute-long trials, resulting in 10 trials of speech 
envelope per subject (or seven trials for subjects who have listened to 
only three stories). Then for each trial, we extracted the acoustic 
envelope taking the absolute value of the Hilbert transform of the 
original piece of the story and applying a low-pass filter with 8 Hz cut-
off (3rd-order Butterworth filter, filtfilt MATLAB function). Then the 
resulting signal was downsampled to 64 Hz to be matched with the EEG 
data (e.g., Mirkovic et al., 2015; J. A. O’Sullivan et al., 2015). Finally, 
envelopes were normalized by dividing by the maximum value to 
optimize cross-validation for the estimation of the regularization 
parameter (Crosse et al., 2016; Bednaya et al., 2022). 
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3.2.2.4 EEG recording and preprocessing 

EEG data were collected continuously during the entire experimental 

session, using a Brain Products system (ActiCHampPlus) with elastic 

caps (Easy cap Standard 32Ch actiCAP snap) suited for children and 

having 32 active channels (500 Hz sampling rate). Note that for CI 

participants, electrodes placed very close to the magneto of the cochlear 

implants were disconnected (mean: 3.39 ± 1.50; range 1-7). Continuous 

EEG data acquired during each story presentation were concatenated 

and offline preprocessed using EEGLAB toolbox (Delorme and Makeig, 

2004), implementing a validated preprocessing pipeline (Stropahl et al., 

2018; Bottari et al., 2020). Continuous EEG recordings were low-pass 

filtered (cut-off at 40 Hz, Hanning, order filter 50), downsampled to 250 

Hz to reduce the computational time, and high-pass filtered (cut-off at 1 

Hz, Hanning filter order 500). The filtered downsampled data were 

segmented into consecutive 1-second epochs. Noisy segments were 

removed using joint probability (pop_jointprob function of EEGLAB, 

threshold across all channels = 3 SD; Delorme et al., 2007). These data 

were submitted to Independent Component Analysis (ICA, based on the 

extended Infomax, Bell and Sejnowski, 1995; Jung et al., 2000a, 2000b). 

The computed ICA weights were applied to the continuous raw data 

(Stropahl et al., 2018; Bottari et al., 2020). Components associated with 

stereotypical blinks and eye movements artifacts were identified and 

removed using CORRMAP, a semiautomatic procedure (Viola et al., 

2009). For CI participants, the mean number of removed components 

was 2.07 ± 0.38, and for HC 2.00 ± 0.00. The cleaned data were low-pass 

filtered (40 Hz filter order 50), downsampled to 250 Hz, and high-pass 

filtered (0.1 Hz, with a Hanning filter order 5000). Noisy channels were 

identified based on the automatic bad channel detection algorithm 

(clean_channels function of clean_data plugin of EEGLAB; correlation 

threshold = 0.8 and sample size =1; all the other parameters were kept as 

default). Noisy channels were then interpolated using spherical spline 

interpolation (mean interpolated electrodes per subject ± SD, in CI 

participants: 1.8 ± 1.5, in HC: 2.29 ± 1.45). Disconnected channels nearby 

the magneto of the cochlear implant were also interpolated. Following 
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interpolation, data were re-referenced to the average reference. EEG data 

were then band-pass filtered according to the envelope frequency of 

interest: between 2 and 8 Hz (Hanning, for 2 Hz cut-off order filter 250, 

for 8 Hz cut-off order filter 126) as previously performed (Bednaya et al., 

2022; Mirkovic et al., 2015; J. A. O’Sullivan et al., 2015). The timing of 

each epoch was adjusted to +99 ms onset delay measured by the AV 

device (EGI). Then preprocessed EEG data of each listened story were 

epoched starting from 6 seconds and keeping 2.5 minutes. The first 6 

seconds of each story included 2 s of silence, the reading of the story title, 

and the very beginning of the story, which was removed to avoid as 

much as possible the stimulus onset response (Crosse et al., 2021). 

Finally, epochs were downsampled to 64 Hz, concatenated, and 

segmented into 1-minute-long trials, resulting in 10 trials per subject (or 

seven for the children in which we collected only three stories). Trials 

were created in order to perform a cross-validation procedure in the 

analysis. To optimize the cross-validation procedure during the 

estimation of the regularization parameter, data were z-scored (Crosse 

et al., 2016). 

3.2.3 Estimation of TRF 

The Forward Model. To investigate how speech envelope is encoded in 
the brain of CI children, we use a linear forward model known as 
temporal response function (TRF, incorporated in mTRF toolbox, Crosse 
et al., 2016). TRF can be seen as a filter that describes the mapping 
between ongoing stimulus features (here envelope) and the ongoing 
neural response. This approach allows to predict previously unseen EEG 
responses from the stimulus feature (i.e., envelope) and has been 
extensively used to model the neural tracking of continuous speech 
envelope (Obleser and Kayser, 2019). Mathematically, TRF is described 
by the following function: 

 

𝑟(𝑡, 𝑛) =∑𝑤(𝜏, 𝑛)𝑠

𝜏

(𝑡 − 𝜏) + 𝜀(𝑡, 𝑛), 
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Where t = 0, 1, … T is time, r(t,n) is the neural EEG response from an 
individual channel n at time t, s is the stimulus feature(s) at each moment 
(t – τ), τ is the range of time-lags between s and r,  w(τ,n) are the 
calculated regression weights over time-lags, and ε(t,n) is a residual 
response at each channel n at time t not explained by the TRF model 
(Crosse et al., 2016). Specifically, TRF at each time-lags (τ) represents 
how the unit change in the amplitude of the speech envelope would 
affect the EEG response τ ms later (Lalor et al.,2009).  

We fitted separate TRF models at the single subject level to predict 
response in each of the 32 EEG channels from the speech envelope [2-8 
Hz], using time-lags from -100 to 600 ms indicating the relationship 
between the stimulus and the neural response from 100 ms before to 600 
ms later. For example, the TRF at -100 ms time-lag represents how 
amplitude change of the speech envelope would affect the EEG response 
at 100 ms earlier, while TRF at 600 ms time-lag represents how amplitude 
change of the speech envelope would affect the EEG response at 600 ms 
later (the same is for all the time-lags comprised in the time-lag window). 
Provided that the TRF model is conducted separately for each channel, 
their interpolation during preprocessing (in case of bad channels or in 
case of the vicinity with the cochlear implant) had no effect on the model 
results. To train the model, a leave-one-out cross-validation procedure 
was used. All 1-minute trials except one were used to train the model to 
predict the neural response from the speech envelope, and the left-out 
trial was used to test the model. This procedure was performed for each 
trial; the prediction model for every trial was computed and then 
averaged together to obtain the TRF model for each channel. 

Regularization Parameter Estimation. Importantly, the regularization 
parameter was estimated to avoid overfitting in the regression model 
obtained by the training data. Overfitting consists of fitting the noise in 
the data unrelated to the stimulus, thus preventing generalization to 
different datasets. Regularization is achieved by selecting TRF models’ 
optimal regularization parameter (λ). A set of ridge values (λ = 10^−6, 
10^−5,…, 1, 10, …, 10^11, 10^12) is used to compute the model for time-
lags from -100 to 600 ms through leave-one-out cross-validation 
procedure. To determine the optimal regularisation parameter (λ) for 
each participant, we used the mean squared error (MSE) value – 
averaged across trials and electrodes – between the actual and the 
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predicted EEG responses; the λ value reaching the lowest MSE value was 
selected. The identified λ value was 10^3 for most participants, and in 
order to generalize results, we decided to keep λ constant across all 
channels and participants. 

Chance-level Estimation. To assess the ability of TRF models to predict 
neural responses and verify that neural tracking was above chance in all 
groups, we computed a null TRF model for each participant 
(Combrisson & Jerbi, 2015). We permuted the 1-minute pairs of trials to 
obtain mismatched envelope and EEG response pairs, and then, TRF 
models were fitted on these randomly mismatched trials of speech 
envelopes-EEG responses (mTRFpermute function with 1000 iterations; 
Crosse et al., 2016, 2021). Then, all these null TRF models computed 
across the iterations were averaged to obtain a null TRF model used as a 
control.  This procedure was done separately for each participant. 

3.2.4 Statistical Analysis 

We computed the accuracy percentage for each participant at the 
behavioral level (on the number of correct yes/no answers) to assess 
whether there was a difference across the three groups (HC, CD, DD) 
through univariate ANOVA with group as a between-subject factor. 

To test whether we could extract an auditory temporal response function 
(TRF model) within each group, we first selected a cluster of four central 
channels (Cz, Fz, FC1, FC2; note that none of these channels were 
disconnected in CI children) typically capturing at the scalp level 
auditory responses with evoked potentials (for review see 
Steinschneider et al., 2001) and auditory response functions (e.g., Jessen 
et al., 2019; Paul et al., 2020). Then, we performed comparisons between 
the TRF model and the null TRF by running paired t-tests within time-
lags [0 - 600 ms] (i.e., every 15 ms) separately for HC, CD, and DD (two-
tailed, q=0.05, FRD correction, Benjamini and Yekutieli, 2001). 

To test differences in the spatiotemporal profile of averaged TRFs 
between groups, we performed cluster-based permutation tests (Maris 
and Oostenveld, 2007) in FieldTrip toolbox (Oostenveld et al., 2011). A 
cluster was defined along electrodes x time-lags dimensions, the 
minimum number of neighboring electrodes was set at 2, and cluster-
level statistic was the sum of the t-values within each cluster, with an 
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alpha level of 0.025 (two-tailed test). Cluster-based permutation tests 
were performed at the whole brain level (across all electrodes) and time-
lags from 0 to 600 ms, using the Monte-Carlo method with 1000 
permutations. Identified clusters were considered significant with p-
value lower than 0.025 (accounting for both positive and negative 
clusters). First, we performed a cluster-based permutation test with F-
statistics including all three groups. In case of a significant effect, we 
performed the same cluster-based permutation test using independent-
samples t-statistics between pairs of groups (HC vs. CD, HC vs. DD, and 
CD vs. DD) to highlight the group differences (p < (0.025/3), Bonferroni 
correction).  

In order to test whether CI children’s TRF profile is affected by earlier 
implantation (here after, age first implant), we performed a linear 
regression model with age at first implant as independent variable to 
characterize individual TRFs. In addition to age first implant, we added 
age, and age hearing aids as independent variables. Chronological age 
(age) was inserted in the model, given the broad age range of our sample. 
The age at which hearing aids were provided to the children (age hearing 
aids) was inserted to test whether precocious hearing aids use affects the 
brain response (TRF). 

  

Figure 3.1. Schematic illustration of the experimental design and analysis 
method. a) Experimental design shows the participant listening the story 
(speech stimulus). b) The schema shows the performed encoding model. 
The speech envelope of the stimulus is extracted and with the 
corresponding EEG signal is used to compute the model to predict the 
EEG, TRF is the estimated model. c) The bar plot shows % of correct 
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response to the comprehension question in each group (HC, CD, DD), 
mean ± SE are plotted, the dashed line represents chance level.  

 

3.3 Results 

3.3.1 Behavioral data 

The ANOVA performed on the mean behavioral accuracy with group 
(HC, CD, DD) as a between-subject factor revealed a significant group 
effect (F(2,42)=12.08, p<0.001). Post-hoc tests (Bonferroni correction) 
revealed a significant difference between HC and both CI groups (HC 
vs. CD p<0.001; HC vs. DD p=0.002); no significant difference emerged 
between the two CI groups. Even if our behavioral measure was simple 
due to the investigated population of children, results suggest that the 
comprehension of the content story is significantly more complex for CI 
children (both CD and DD) than for HC children. However, if tested 
against 50% (chance level), the DD group, as well as the HC group, 
showed a performance significantly higher than the change level, while 
CD did not (HC: p<0.001; DD: p=0.018; CD: p=0.37). 

3.3.2 Neural tracking 

First, within each group, we contrasted the TRF with null TRF at a central 
cluster of electrodes which typically capture auditory response functions 
(Cz, Fz, FC1, FC2). We observed clearly defined auditory response 
functions in all groups of children using the envelope regressor. 
Significant differences between the TRF and the null TRF emerged in 
each group. In HC children, the auditory response function was 
characterized by a prominent frontocentral positivity (0–125ms) peaking 
at  ̴ 60ms and a second central negativity (200-300ms) peaking at  ̴ 250ms 
(see Figure 3.2a). In contrast, in both CD and DD groups, the auditory 
response function comprised only the first frontocentral positivity (30-
200ms) peaking at  ̴ 120ms (see Figure 3.2b,c). 
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Figure 3.2. Central cluster TRF within each group of children. Grand 
average TRFs (green HC, red CD, and blue DD) and grand average null 
TRFs (black). Here plotted averaged TRFs in a central cluster of 
electrodes (Cz, Fz, FC1, FC2) at -100 and 600 time-lags. Shaded areas 
represent SE across participants for both TRFs and null TRFs. Grey 
horizontal bars indicate time-lags (between 0 and 600 ms) at which TRFs 
differed significantly from the null TRF (p < 0.05, FDR-corrected). Grey 
dashed vertical lines indicate the peaks of significant positive and 
negative deflection of auditory response functions, and the 
corresponding topography is displayed below.  

 

Having assessed the existence of an auditory response function in each 
group, we investigated whether the neural tracking of the speech 
envelope differed as a function of the onset of hearing input, thus across 
the three groups. To this end, we compared the auditory response 
functions performing a cluster-based permutation test via F-statistics 
without any a priori assumption (across all channels and all time-lags 
between 0-600 ms) across the three groups. This test revealed a 
significant effect (p<0.001). To understand which group differences 
guided the effect, we performed three cluster-based permutation tests 
via independent samples t-statistics between group pairs. A significant 
difference emerged between HC and CD groups; a positive cluster 
emerged between 125 and 265 ms (p<0.001). Similarly, the comparison 
between HC and DD groups revealed a significant positive cluster 
(p<0.001) at the same time-lags window [125 - 265 ms]. In contrast, the 
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cluster-based permutation test between the two CI groups (CD vs. DD) 
did not reveal any significant difference (0 positive and 0 negative 
clusters were found). These results revealed that neural tracking of 
speech envelope is delayed in both CI groups (i.e., CD and DD) 
compared to HC children. Strikingly, the absence of a difference between 
CD and DD indicates that neural tracking is not affected by the lack of 
hearing input in the first months of life.  

3.3.3 Clinical characteristics and neural tracking in CI participants 

Previous studies revealed that implantation age affects the development 
of the auditory evoked potentials and, in particular, the P1 wave latency 
(Sharma et al., 2002a). Thus, we assessed whether the age at implantation 
could explain the delay of the auditory response function in CI 
participants. To have a more stable estimation of the latency of the peak 
of the first positive auditory response, we computed the global field 
power (GFP; Lehmann and Skrandies, 1980), and we extracted for each 
participant the peak latency of the frontocentral positivity. We 
performed a linear regression model with age first implant, age, and age 
hearing aids as independent variables and the latency of the first peak of 
the auditory response function (P1 TRF latency) as the dependent 
variable. Results showed a significant effect of age first implant (β=0.688, 
SE=0.228, p=0.006), and a significant effect of age (β= -0.491, SE=0.120, 
p=0.021). No significant effect of the age hearing aids was found (p=0.912). 
These data highlighted that the earlier children were implanted, the less 
delayed the first peak of the auditory response function. The effect of age 
suggested that the latency of the auditory response decreased with the 
development. In CI children, we were particularly interested in testing 
whether there was an impact of the use of the implant. Thus, we 
computed the variable experience with implant = age – (age first implant 
+ 1 month, to account for implant activation time). Then we performed 
a second linear regression with experience with implant as the independent 
variable and P1 TRF latency as the dependent variable. The model 
showed that experience with implant significantly explained the delayed 
latency of the first positive peak of the auditory response function (β= -
0.529, SE=0.159, p=0.003). Note that in a linear regression model with age 
as a unique independent variable, the effect of age was nonsignificant 
(p=0.24), suggesting that the impact of age emerged in the first model 
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was not representing the chronological age, but mainly the increased 
experience with the implant during the development.   

 

Figure 3.3. Delayed auditory response function in CI children. a) 
Topographies depict statistical differences emerged in each cluster-
based permutation test performed between group pairs. Significant 
electrodes are highlighted with asterisks. b) Auditory response function 
(TRF) at the central electrodes in each group across -100 600 time-lags; in 
each TRF continuous line represents the group mean, the shaded area 
the SE across participants. Grey horizontal bars highlight significant 
differences between groups. c) Top. Global field power (GFP) of the 
auditory response function across all CI children (both CD and DD) over 
time-lags [0-600 ms]. Regression models testing the impact of early 
implantation on P1 TRF latency (middle) and the impact of implant 
experience on P1 TRF latency (bottom) for all CI children. 
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3.4 Discussion 

In this study, we aimed to investigate (1) whether CI allows the 
developing of hearing-like neural response to speech envelope and (2) to 
assess whether the first months after birth comprise a sensitive period 
for the development of the speech envelope neural tracking. To these 
aims, we assessed how speech envelope is encoded in the brain using a 
linear forward model (TRF) in two groups of CI children, congenital 
(CD) and delayed deaf (DD), and in a control group of hearing children 
(HC). In all groups of children (i.e., HC, CD, and DD), we found a clearly 
defined auditory response function. The between groups comparison 
revealed significantly delayed auditory response function in both CD 
and DD groups compared to HC. No significant difference emerged in 
the auditory response function of the two groups of CI children (CD vs. 
DD). However, linear regressions performed over all CI children (both 
CD and DD) revealed that the latency of the auditory response function 
was affected by the age at which partial hearing was restored with 
cochlear implants and by the time of children’s experience with cochlear 
implants. The earlier the child received the cochlear implant and the 
longer their experience with the implant, the less delayed the neural 
tracking. 

3.4.1 Neural tracking of speech envelope in CI children 

In both congenital deaf (CD) and delayed deaf (DD) children, we 
measured a clear auditory response function, indicating that neural 
tracking to speech envelope develops in CI children. This is coherent 
with evidence showing that early cochlear-implanted children perceive 
and understand speech (Osberger et al., 2002; Kral and O’Donoghue, 
2010). However, two main differences with hearing children emerged: 
for both CD and DD children, the auditory response function was 
characterized by a delayed first response (frontocentral positivity 
peaking at ̴ 120 ms, while in HC at ̴ 60 ms) and the absence of the 
subsequent phase (central negativity peaking in HC at  ̴ 250 ms).  

Delayed neural tracking in CI children is coherent with traditional 
auditory evoked potential data, showing delayed P1 wave in CI children 
as a measure of immature acoustic neural response (Eggermont and 
Ponton, 2003; Sharma et al., 2005). A recent study assessing neural 
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tracking to continuous speech in individuals with hearing deficits 
showed that the severity of hearing impairment is positively associated 
with neural tracking delay (Gills et al., 2021). Moreover, hearing control 
showed delayed neural tracking when presented with a speech stimulus 
in a noisier background. Coherently, difficult acoustic listening 
conditions, such as when speech was presented in noise, induced 
delayed auditory evoked response to simple speech stimuli, measured 
with traditional ERPs, in hearing listeners, both in adults and children 
(Billings et al., 2011; Gustafson et al., 2019). Delayed entrainment to 
speech envelope was also reported for compressed speech in poor 
readers (Abrams et al., 2009). These findings suggest that delayed neural 
tracking in CI could be indicative of poor acoustic system efficiency. Both 
a deficit of functional development caused by auditory deprivation and 
impaired processing due to the degraded input could explain current 
results. Of note, using backward modeling, it was shown that while 
speech envelope reconstruction is possible in CI but is less accurate than 
in hearing individuals, decoding accuracy also decreases for hearing 
participants when speech is presented using a vocoder to simulate 
speech perception in CI participants (Nogueira et al., 2020). 

The central negativity, which did not emerge in CD and DD groups, in 
HC emerged at about 200 ms and, thus, is linked to higher stages of 
speech processing. Interestingly, a central negativity at ̴ 250ms was 
demonstrated to be modulated by attentional processing in CI late deaf 
adults during dichotic listening (Paul et al., 2020). Smaller N1 was found 
for the attended stream than for the unattended one. In CD and DD 
children, the absence of the central negativity could represent attentional 
deficits to the auditory stimulus. One possibility is that a degraded 
acoustic signal is more complicated to process. In support of this 
hypothesis, a recent paper using noise-vocoder speech demonstrated 
that the second response peaking at about 200 ms was strongly reduced 
when the speech was degraded (Chen et al., 2022). Alternatively, the 
ability to categorize speech information in meaningful units could be 
impaired due to anomalous auditory experience throughout the 
language development period. This would prevent the possibility of 
relying on high-level representations that help predict and interpret 
sensory input. Studies on animal models with congenital deafness have 
revealed that the absence of acoustic stimulation during development 
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would induce a disconnection between low and high auditory areas 
(Kral et al., 2017).  

3.4.2 Is there a sensitive period for the neural tracking of the speech 
envelope? 

No difference emerged between neural tracking in CD and DD groups. 
These two groups of CI children are very homogenous, except for their 
deafness onset. CD children were born deaf and received the first 
acoustic information only after cochlear implantation, while DD children 
have at least some auditory experiences since birth. Contrasting these 
two groups of children provided the rare opportunity to test whether 
acoustic stimulation at a very early stage of development is necessary to 
develop neural tracking of speech envelope in CI children. The 
substantial overlapping between the auditory response functions in CD 
and DD groups (see Figure 3.3b) convincingly revealed that this is not 
the case. Interestingly, a recent fNIRS study (Mushtaq et al., 2020) 
showed that 8 years old congenitally or early-onset deaf CI children who 
were implanted on average at two years of age did not differ from 
hearing control children in the neural response to speech, neither to 
amplitude modulation (i.e., envelope), suggesting that early acoustic 
stimulation might not be needed for neural response to speech envelope.  

The first period after birth is known to be crucial for the development of 
basic acoustic functions (see Sanes and Wolley, 2011). However, speech 
processing requires multiple complex functions, and a series of 
sequential sensitive periods extend along the development (Ruben, 1997; 
Werker and Hensch 2015). Thus, it is possible that if a sensitive period 
for envelope speech tracking exists, it could be more protracted than the 
first months of life. On the one hand, behavioral data showed that 
individuals who were born deaf and received cochlear implants before 
six years of age understand speech, highlighting the high plasticity of 
the auditory system within six years of life (Manrique et al., 1999). On 
the other hand, the fact that in our data, a different neural tracking 
emerged between CI and HC could endorse the existence of a protracted 
sensitive period. Only testing an additional group of CI children with 
late deafness onset (e.g., > 6 years of age) would answer this question.  
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Finally, it is interesting to note that DD children performed better than 
the chance level in the comprehension questions, while CD children's 
performance did not differ from chance. Even if, due to the age of 
children, we could not estimate precise behavioral measures of speech 
content understanding, from our simple comprehension measure, we 
can hypothesize that difference between congenital and delayed 
deafness would emerge by assessing neural tracking to other linguistic 
features (e.g., Di Liberto et al., 2015). For instance, the ability to 
discriminate phonetic features represents a fundamental milestone in 
language development that, in typical development, occurs within the 
first 12 months (Kuhl, 2004). Thus, we can hypothesize that neural 
tracking of phonetic features would be differently affected in CD and DD 
children. A result in this direction would be indicative that the first 
months are critical for the development of the neural tracking of 
phonetic features. Further investigation using an extensive number of 
different predictors would help to clarify whether the first months after 
birth comprised a sensitive period for the neural tracking of any speech 
features or not.   

 

3.4.3 Early implantation and experience with implant enhance neural 
tracking efficiency  

Since no difference emerged between the two groups of CI children (i.e., 
CD and DD) we assessed whether relevant clinical characteristics could 
explain the delayed auditory response function. This is particularly 
important to rule out the possibility that delayed brain response is only 
due to CI transmission. First of all, we expected that the latency of the 
frontocentral positivity could be modulated by the age at which the 
auditory input is restored. Linear regression showed that children who 
received earlier cochlear implants had less delayed auditory response 
functions. Coherently with traditional data collected with short-lived 
speech sounds (e.g., “ba”; Sharma et al., 2002a; 2002b; 2005; 2015), our 
results highlight the benefit of early implantation and extend it to the 
development of neural tracking of continuous speech. Conversely, we 
did not find evidence that the age of hearing aids use improved the 
neural tracking latency. Similarly, Niparko and colleagues (2010) found 
evidence of the importance of the earliest implantation, instead of 
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prolonged hearing aids use, on behavioral measures of speech 
comprehension.  

To understand neural tracking to speech envelope in children with CI, a 
crucial aspect, despite the effective chronological age, is how long 
children have had experience processing acoustic information after 
implantation. Our data show that experience with implants had a 
significant impact on the latency and, thus, on the development of neural 
tracking efficiency. The more experience the child has with the implant, 
the less delayed their brain response to speech envelope. This result is 
coherent with data showing significant improvement with long-term 
cochlear implant use (Beadle et al., 2005; Uziel et al., 2007; Geers et al., 
2008). More experience with implants allows children to tune the 
development of auditory functions needed to process speech material 
and to deal with degraded acoustic information provided by the 
implant.    

Taken together, these results support the hypothesis that the delayed 
neural tracking observed in CI is mainly due to less efficient speech 
processing associated with a developmental issue of the auditory system 
and highlight the pivotal role of auditory experience for typical neural 
tracking development. 

3.4.4 Limitations and future directions 

EEG data of CI children are not free from CI artifacts. We are aware that 
Somers and colleagues developed a method (2019) allowing analysis on 
EEG free-artifact time windows. To this aim, temporal gaps, short 
enough (4 ms) to not affect the speech understanding, are periodically 
inserted (every 25 ms) in the stimulation to avoid the electrical activities 
of the implant. However, this method consists of providing participants 
with degraded speech information and requires the extension of the 
experimental session since the collected data are decimated in the 
analysis to keep only the free-artifact EEG traces. Our task required 
consecutive minutes of attention to speech and was already demanding 
for children, especially younger ones. Thus, we reasoned that providing 
them with a degraded speech signal would represent an additional effort 
to accomplish the task.  Importantly, the artifact decay within 2 ms after 
the stimulus (Deprez et al. 2017); therefore, we would expect 
contamination artifact only in the time-lags around zero. Moreover, the 
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fact that our main result, delayed TRF in CI, was found to be modulated 
by clinical CI children’s characteristics (early implantation and 
experience with implant) rules out the possibility that delayed neural 
tracking is simply caused by CI artifact. 

A final limitation of this study is that we tested only speech stimuli, and 
thus, we cannot disentangle whether our results are specific to the 
speech envelope or would characterize neural tracking of any 
continuous envelope. Speech represents a special stimulus for its 
extreme relevance in human development and is crucial from a clinical 
perspective. Further studies are needed to clarify whether the delayed 
neural tracking is specific to speech or is due to a general impairment of 
auditory processing in CI children. 

3.5 Conclusion 

We showed that neural tracking of speech envelope is clearly 
measurable in CI children. Compared with hearing control children, 
auditory response function in CI children, both CD and DD, is delayed. 
The absence of difference between CD and DD indicates that neural 
tracking of speech envelope is possible even in the absence of auditory 
input in the first months of auditory system development after birth. 
Importantly, the latency of the auditory response is affected by the age 
at which partial hearing was restored with cochlear implants and by the 
experience children had with implants. The earlier children have been 
exposed to acoustic experience thanks to the implant, and the longer 
their experience with processing auditory stimuli with the CI, the more 
efficient (less delayed) their speech envelope neural tracking.  
In conclusion, our data indicate that if congenital deafness is treated 
early, a period of absence of acoustic experience after birth does not 
prevent the development of speech envelope neural tracking as in their 
delayed deaf pairs. Moreover, and extremely promising from a clinical 
point of view, these findings show that early implantation and long-term 
use of the implant are beneficial for speech processing in ecological 
situations. 
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Chapter 4 

Altered Neural Oscillations Underlying Visuospatial 
Processing in Cerebral Visual Impairment (CVI) 

 
4.1 Introduction 

The childhood condition characterized by visual impairment due to 
damage or maldevelopment of retrochiasmatic visual processing 
pathways represents a brain-based visual disorder known as Cerebral 
Visual Impairment (CVI; Sakki, et al., 2018, Dutton and Lueck 2015). Due 
to improved neonatal care and overall awareness, CVI prevalence has 
steadily risen, and nowadays, it is the leading cause of pediatric visual 
impairment in developed countries (Good et al., 2001; Philip and Dutton, 
2014). Despite presenting as a significant public health concern, the 
neurophysiological basis of CVI remains poorly understood.  Early 
neurological damage to visual pathways and higher-order processing 
areas of the brain can be very heterogeneous and, thus, leads to 
heterogeneous clinical presentations of visual dysfunctions in CVI (Boot, 
et al., 2010; Fazzi et al., 2007; Lam, et al., 2010; McKillop and Dutton, 
2008). Visual acuity, visual field function, contrast sensitivity, and 
oculomotor function can all be impaired to varying degrees. 
Noteworthy, deficits associated with higher-order visuospatial and 
attentional processes have been identified, even in cases where visual 
acuity and visual field functions are at normal or near-normal levels 
(Boot et al., 2010; Dutton, 2013; Philip and Dutton, 2014; Weinstein et al., 
2012). Individuals with CVI often report difficulties interacting with 
complex and cluttered visual scenes (Dutton, et al., 2004; Jacobson et al., 
1996; Lam, et al., 2010; McDowell and Dutton, 2019). For example, an 
individual with CVI may have difficulties finding a favorite toy placed 
in a toybox or recognizing a familiar person in a crowd, despite being 
able to identify them easily when presented in isolation (Jacobson et al., 
1996; Lam et al., 2010; McKillop and Dutton, 2008). A deeper 
understanding of these high-order visual processing impairments in CVI 
individuals remains crucial to better understand the neurophysiological 
basis of the condition, avoid the risk of misdiagnosis (particularly in the 
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setting of normal visual acuity and visual field function), and fine-tune 
potential adaptive strategies to improve individual’s autonomy and 
well-being.  

In clinical practice, visual-evoked potentials (VEPs), typically measured 
by averaging neural activity in response to the passive viewing of simple 
visual stimuli, have been used to assess the integrity of afferent visual 
pathways and functions (such as visual acuity) in CVI, particularly in the 
case of infants and/or nonverbal patients who may not be able to 
undergo formal ophthalmic testing (Good, et al., 2001; Skoczenski and 
Norcia, 1999; Watson et al., 2010; see Chang and Borchert, 2020 for 
review). However, clinical VEPs remain limited with respect to 
characterizing processing within visual areas beyond primary visual 
cortex (V1) and the underlying neurophysiological basis of higher-order 
visual processing deficits in CVI. That is, in the presence of typical VEP 
responses, it is not possible to rule out the presence of higher-order 
processing deficits. In this regard, the analysis of neural oscillatory 
activity may be more informative as to how information is encoded, 
transferred, and integrated within the brain (Buzsaki and Draguhn, 2004; 
Siegel et al., 2012). Specifically, analyzing neural oscillations allow 
investigation of both sensory-driven (i.e., evoked) neural activity as well 
as the process of integration of sensory inputs with ongoing neural 
activity. The latter is the induced component of neural oscillations, 
which is not time- or phase-locked to stimulus onset (Galambos, 1992; 
Keil et al., 2022; Klimesch et al., 1998). Distinct components of neural 
oscillations were associated with different types of processing according 
to the direction of information flow, that is, feedforward and feedback 
(Chen et al., 2012; Tallon-Baudry and Bertrand, 1999). Anomalies in 
evoked activity are more likely to reveal impairments of feedforward 
information flow of the thalamocortical pathway, while abnormal 
induced activity tends to be indicative of deficits in feedback cortico-
cortical connectivity. Several neurodevelopmental conditions have been 
consistently associated with abnormal oscillatory activity (Edgar et al., 
2015; Gandal et al., 2010; Goswami, 2011, 2014; Heim et al., 2011; Murphy 
and Benítez-Burraco, 2017). Therefore, neural oscillations have the 
potential to represent a valid tool to characterize neural profiles also in 
CVI. In particular, to assess whether visuospatial deficits in this 
population are mainly driven by aberrant early stage (i.e., feedforward) 
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sensory input or are the result of impaired higher-order (i.e., feedback) 
visual processing mechanisms. In turn, this could be useful for 
identifying potential biomarkers of CVI and designing specific 
visuospatial training strategies. 

In a preliminary study, we found that in CVI, the analysis of EEG activity 
during visual search was associated with a dramatic reduction in alpha 
desynchronization following the onset of a visual scene (Bennett et al., 
2021). Given that alpha desynchronization is an important neural signal 
associated with visuospatial attention and distractor suppression (Peylo, 
et al., 2021), these findings provided early evidence of altered neural 
processing in relation to higher-order visual perceptual deficits observed 
in this population. In this study, we aimed to extend this finding by 
further investigating the neurophysiological basis of higher-level visual 
alterations occurring in CVI. We combined eye-tracking and EEG to 
measure behavioral performance and neural oscillations during a 
virtual-reality-based visual search task in which we manipulated the 
levels of task difficulty related to visual complexity. By investigating a 
broad frequency range [4-55 Hz] of neural oscillations, as well as their 
evoked and induced related activity associated with overt visual search 
performance, we are in the position to better characterize which aspects 
of high-level visuospatial computations are affected in CVI participants 
compared to age-matched controls with neurotypical development.  

 

4.2 Methods 

4.2.1 Participants  

A total of 26 individuals were recruited in this study. Ten participants 
were previously diagnosed with CVI (3 females, mean age: 17.5 years 
old ± 2.59 SD) by experienced clinicians specializing in neuro-
ophthalmic pediatric care. Diagnosis was based on a directed and 
objective assessment of visual functions, including visual acuity, 
contrast, visual field perimetry, color, and ocular motor functions. A 
thorough refractive and ocular examinations were carried out, as well as 
an extensive and integrated review of medical history (including 
developmental, birth, and gestational), neuroimaging, and 
electrophysiology records (Chandna et al., 2021; Fazzi et al., 2007; 
Jacobson et al., 2004). Input regarding visual behaviors was collected 
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using standardized questionnaires and inventories (McCulloch et al., 
2007; Ortibus et al., 2011). All participants with CVI had visual 
impairments related to pre- or perinatal neurological injury and/or 
neurodevelopmental disorders. Causes of CVI included hypoxic-
ischemic injury related to prematurity (including periventricular 
leukomalacia; PVL), hypoxic/ischemic encephalopathy (HIE), seizure 
disorder, as well as genetic and metabolic disorders. Four out of the 10 
CVI participants were born preterm (i.e., prior to 37 weeks gestation). 
Associated neurodevelopmental comorbidities included spastic and 
dystonic cerebral palsy. Best corrected visual acuities in the better seeing 
eye ranged from 20/20 to 20/60 Snellen (0.0 to 0.5 logMAR equivalent). 
CVI participants were also categorized according to previous functional 
criteria (Dutton, 2015). The distribution of our study population was 
limited to categories 2 and 3 (definition of category 2: 40% defined as 
"have functionally useful vision and cognitive challenges" and category 
3: 60% defined as "functionally useful vision and who can work at or 
near expected academic level for their age group”). For a full list of CVI 
participant details, see Table 1. All CVI participants had a level of visual 
acuity, intact visual field function within the area corresponding to the 
visual stimulus presentation, as well as fixation and binocular ocular 
motor function sufficient for the purposes of completing the behavioral 
task requirements (including eye tracking calibration; see 
Supplementary materials Chapter 4 for further details). Exclusion 
criteria included any evidence of oculomotor apraxia, intraocular 
pathology (other than mild optic atrophy), uncorrected strabismus, 
visual field deficit corresponding to the area of testing, uncontrolled 
seizure activity, as well as cognitive deficits precluding the participant 
from understanding the requirements of the study.  

Structural MRIs from CVI participants were assessed for brain lesion 
severity according to a reliable and validated semi-quantitative scale. 
The scoring procedure has been described in detail elsewhere (Fiori, 
2014). Briefly, raw scores for each brain structure (e.g., lobe, subcortical 
structures, corpus callosum, and cerebellum) were calculated and 
summed to provide a global (total of cortical and subcortical) lesion 
score, whereby a higher score is indicative of a greater degree of brain 
injury (see Figure S4.1 Supplementary materials Chapter 4). 
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Sixteen individuals with neurotypical development (5 female, mean age: 
19.2 years old ± 2.14 SD) were recruited as comparative controls. Control 
participants had normal or corrected to normal visual acuity and no 
previous history of any ophthalmic (e.g., strabismus, amblyopia) or 
neurodevelopmental (e.g., epilepsy, attention deficit disorder) 
conditions. The control and CVI groups were not statistically different 
with respect to mean age [t(24) = 1.806, p = 0.084].  

Formal written consent was obtained from all the participants and a 
parent/legal guardian (in the case of a minor). The study was approved 
by the investigative review board of the Massachusetts Eye and Ear, 
Boston MA, USA, and carried out in accordance with the Code of Ethics 
of the World Medical Association (Declaration of Helsinki) for 
experiments involving humans. 

 

Table 4.1 - CVI Participant Demographics 

 

 

4.2.2 Visual search task 

The behavioral task was a static object visual search based on a 
previously designed desktop VR-based naturalistic environment called 
the "virtual toybox" (complete details regarding the design of the task 
can be found in (Bennett et al., 2018). Briefly, the task represents a 
simulated rendering of a toy box viewed from overhead, first-person 
perspective (Figure 4.1 Participants were instructed to search, locate, and 
fixate a specific target toy (a blue truck) placed randomly among 
surrounding toys (and without overlap) serving as distractors in a 5 x 5 
array. The target toy remained constant and was unique with respect to 
shape and color in order to create a “pop out” effect when presented 
with the other distractor toys (akin to feature search). The arrays of toys 
were presented in a trial-by-trial fashion and in pseudorandom order. 

Subject ID Sex Age Associated Cause of CVI
Preterm/Term 

Birth

CVI 

Classification

Distance Visual Acuity 

OD - OS (Snellen)

Distance Visual Acuity            

OD - OS (LogMAR equivalent)

Global (Total) 

Lesion Score (n/48)

1 female 15 birth complication, global developmental delay term 2 20/30 - 20/30 0.2 - 0.2

2 female 17 meningitis, infarct term 3 20/50 - 20/60 0.4 - 0.5 8,5

3 male 19 decreased placental perfusion preterm 2 20/25 - 20/25 0.1 - 0.1 2,5

4 female 21 periventricular leukomalacia preterm 2 20/50 - 20/40 0.4 - 0.3 21

5 male 19 focal cortical atrophy, seizure disorder term 3 20/60 - 20/60 0.5 - 0.5 16

6 male 15 genetic term 3 20/20 - 20/20 0.0 - 0.0 4

7 male 16 infection term 2 20/25 - 20/25 0.1 - 0.1 11,5

8 male 22 periventricular leukomalacia preterm 3 20/40 - 20/25 0.3 - 0.1 26

9 male 16 unspecified, developmental delay term 3 20/20 – 20-20 0.0 - 0.0 2

10 male 14 periventricular leukomalacia preterm 3 20/25 – 20/25 0.1 - 0.1 16,5
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Two levels of task complexity ("Low" and "High") were used. In the Low 
task condition, the target toy was surrounded by one unique distractor 
toy presented on a uniform background. In the High task condition, the 
target was placed alongside 9 unique distractor toys and superimposed 
upon a cluttered background scene designed to make target recognition 
more difficult (see Figure 4.1). At a viewing distance of 60 cm, the virtual 
toybox subtended approximately 38 x 38 deg of visual. An equal number 
of Low and High task conditions were presented. A trial consisted of 
viewing the toybox scene for 2 sec followed by 1 sec of a blank gray 
screen with a central fixation target. This was repeated 50 times per run, 
and 4 runs were collected (a total of 200 trials). Each run lasted less than 
2.5 min, with a brief rest period between each run.  

The visual environment was developed using the Unity 3D game engine 
version 5.6 (Unity Technologies) and on an Alienware Aurora R6 
desktop computer (Intel i5 processor, NVidia GTX 1060 graphics card, 
and 32 GB of RAM; Alienware Corporation). In house 3D object models 
were created in house using Blender modeling software (Blender 
Foundation). The visual search task was run using Presentation software 
(https://www.neurobs.com) to control simultaneous EEG event 
markers and signal recording (see below).  

Participants were seated comfortably in a quiet room and 60 cm in front 
of a 27" LED monitor (ViewSonic 27" Widescreen 1080p; 1920 x 1080 
resolution). Visual search patterns (X,Y coordinate positions of gaze on 
the screen) were captured under binocular viewing conditions using a 
Tobii 4C Eye Tracker system (Tobii Technology AB, Stockholm, Sweden; 
see Supplementary materials Chapter 4). While participant performed 
the task EEG activity was recorded via a wireless 20-channel Enobio 
system (Neuroelectrics, Barcelona, Spain). 
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Figure 4.1. Experimental design. The figure shows an example of a 
participant that is performing the task. Two trials are shown, one for 
each condition (Low complexity on the left and High complexity on the 
right). While participant is performing the visual search task, their eye-
gaze pattern and neural activity are recorded (putative neural 
oscillations are shown in the top row).  

4.2.3 Eye-gaze pattern in a visual search task 

To successfully search for a target in a complex visual scene, people look 
for it by moving their eye across the visual stimuli, and when they find 
it, the target is fixated (see figure S4.2 Supplementary materials Chapter 
4 for an example of the heatmaps of the eye-gaze pattern). Thus, visual 
search performance was quantified using three objective outcomes 
based on eye-tracking data captured while participants initially viewed, 
searched, located, and then fixated the target. We computed the success 
rate, the reaction time, and the gaze error. (1) Success rate (expressed as 
a percentage) is a measure of accuracy indicating whether a participant 
could find and fixate the target on a given trial. Successful fixation was 
defined as a sustained gaze that remained within the outer contour of 
the target for a minimum time of 0.4 sec. (2) Reaction time indicates how 
much time participants need to find the target on the screen. It was 
defined as the first moment the participant's gaze arrived within the 
outer contour of the target and remained fixated for at least 0.4 sec. (3) 
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Gaze error was a continuous measure of participants' precision in 
locating and accurately fixating the target (Bennett et al., 2018, 2021). 
This precision measure is defined as the distance between the center of 
the target and the participant's gaze position, and it was computed based 
on the sampling rate of the eye-tracker (90 Hz). As a supplemental 
outcome, we also determined how often/long participants were looking 
at and away from the screen on a given trial based on the continuous 
recording of the position of the gaze. For this purpose, the off-screen 
metric represents the number of gaze points per trial that fell outside the 
screen bounds and thus serves as an index measure of test compliance 
and reliability (Bennett et al., 2021; see Supplementary materials Chapter 
4).  

Statistical analyses were carried out using a mixed-model repeated 
measure ANOVA (group as a between factor and condition as a within 
factor) conducted separately for each of the behavioral measures. 
Statistical analyses were performed using IBM SPSS, Statistics Software 
Package v26, SAS Studio, and MATLAB Statistics Toolbox. 

4.2.4 Neurophysiological data acquisition, Signal Processing, and 
Analysis 

Electrophysiological data were collected in a clinical setting. Therefore, 
to facilitate the data acquisition in a clinical population, a simple and 
practical EEG was used: a wireless 20-channel Enobio system 
(Neuroelectrics, Barcelona, Spain). This system with only 20 electrodes 
allows a very fast montage and minimizes patients' discomfort. Note that 
the electrodes were arranged according to the standard 10-20 
international system and, thus, covered the entire cap. An additional 
reference channel was connected using an ear clip and placed on the 
participant's right ear lobe. EEG was acquired online while participants 
performed the task, with a sampling rate of 500 Hz. 

EEG signal preprocessing was performed by implementing a validated 
pipeline to clean the data, promoting reproducibility (Bottari et al., 2020; 
Stropahl et al., 2018). Offline, each participant's continuous dataset was 
low-pass filtered (cut-off at 40 Hz, Hanning filter, order 50) and high-
pass filtered (cut-off at 1 Hz, Hanning filter, order 500; see (Winkler et 
al., 2015), downsampled to 250 Hz, segmented into consecutive 1-second 
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epochs, and cleaned by using joint probability algorithm (epochs 
displaying an activity with a joint probability across all channels 
exceeding the 3 SD threshold were removed; (Delorme et al., 2007). Then, 
Independent Component Analysis (ICA) based on the extended Infomax 
(Bell and Sejnowski, 1995; Jung et al., 2000a; Jung et al., 2000b) was then 
performed, and the resulting weights were applied to the raw 
continuous unfiltered data (Bottari et al., 2020; Stropahl et al., 2018). 
Components associated with stereotypical blinks were identified and 
removed using a semiautomatic procedure (CORRMAP (Viola et al., 
2009). The template for the blink components was chosen within the 
control group to ensure the selection of a typical artifact, and the 
template was used to find blink components across all participants, both 
in control and CVI individuals (mean of components removed for each 
individual in the CVI group=0.9 ± 0.0.32 SD, and in the control 
group=0.94 ± 0.25 SD; see in Supplementary materials Chapter 4 Figure 
S4.3 the topography of each component which was removed in each 
participant). All EEG activities associated with eye movements was 
retained because of the overt task. Indeed, eye movements, being 
required by our ecological approach, are intrinsically related to 
meaningful visual activities that represent what we want to investigate 
in this study. Thus, we retained all eye movements components to avoid 
the risk of removing associated brain activity. Datasets were then low-
pass and high-pass filtered (60 Hz, filter order 26; 0.1 Hz, filter order 
1000) with a Hanning filter. Each continuous EEG was then segmented 
into epochs of 3 seconds, from -1 to 2 seconds with respect to the onset 
of the stimulation, and split between Low and High level of complexity 
trials. Noisy channels were identified based on visual inspection and 
then interpolated using spherical spline interpolation (mean 
interpolated electrodes per subject in the CVI group: 1.7 ± 1.06 SD; in the 
Control group: 1.1 ± 0.84 SD). Following visual inspection, we rejected 
epochs exceeding a threshold of 150 uV within the [-0.5 - 1 s] time 
window representing contaminated portions of the EEG signal. 
Remaining epochs were further cleaned, using as rejection method joint 
probability across channels (Delorme et al., 2007) with a threshold of 3 
SD. In total the mean epochs rejected per subject in the CVI group were 
12.7% ± 6.6 SD for Low complexity trials and, 11.2% ± 5.6 SD High 
complexity trials; in the Control group: 8.4% ± 2.9 SD Low complexity 
trials, and 8.6% ± 2.4 SD High complexity trials, no significant difference 
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between groups emerged, all ps>0.07. Finally, we re-referenced data to 
the average, and a 40 Hz low-pass filter (order 50) was applied only 
before the computation of event-related potential (ERP). All these steps 
were performed with EEGLAB software (Delorme and Makeig, 2004). 
Data were then imported in Fieldtrip (Oostenveld et al., 2011) to perform 
time-frequency decomposition, event-related potential (ERP) and 
statistical analyses.  

Since the literature on CVI is mainly based on event-related potentials, 
we extracted ERPs separately for Low and High level of complexity 
within each group (CVI and Control). The data were baseline corrected, 
using as baseline the time window between -0.1 to 0 seconds before the 
stimulus presentation. 

Primary analysis of acquired EEG activity was focused on oscillatory 
activity associated with visual search behavior. To this end, time-
frequency decomposition of the EEG data was performed separately for 
Low and High level of complexity within each group (CVI and Control). 
At the single participant level, we first extracted the induced power at 
each single trial after subtracting from each epoch the not filtered ERP 
(i.e., event-related potentials computed for each participant without 40 
Hz low-pass filter) to get rid of the evoked activity from each trial. 
Single-trial's time-frequency decomposition was computed at each 
electrode, separately for low- [2-30 Hz] and high- [30-55 Hz] frequency 
ranges. The higher-frequency range was investigated up to 55 Hz to 
avoid line noise contamination (i.e., 60 Hz). Within the low-frequency 
range [2-30 Hz], oscillatory power was estimated using a Hanning taper 
with a frequency-dependent window length (4 cycles per time window) 
in steps of 2 Hz. Within the higher-frequency range [30-55 Hz], 
oscillatory power was estimated using a Multitapers method with 
Slepian sequence as tapers, in steps of 5 Hz with a fixed-length time 
window of 0.2 seconds and fixed spectral smoothing of ± 10 Hz. For both 
low- and high-frequency ranges, the power was extracted over the entire 
epoch (from -1 to 2 seconds) in steps of 0.02 seconds. Then, the average 
across trials was computed at the single-subject level within condition 
(i.e., Low and High level of complexity) and for low- and high-frequency 
ranges. The resulting oscillatory activity was baseline-corrected to obtain 
the relative change with respect to the baseline period. For the low-
frequency range, the baseline was set between -0.7 and -0.3 seconds, 
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while for the higher-frequency range, between -0.2 and -0.1 seconds. 
Low frequencies, having a longer cycle, required a baseline window 
wider for appropriate estimation of slow oscillations and farther away 
from zero to avoid temporal leakage of post-stimulus activity into pre-
stimulus baseline. The same procedure was implemented without ERP 
subtraction from single trials to estimate the total power from which the 
baseline-corrected evoked power was computed by subtracting the 
baseline-corrected induced power. 

The same statistical approach was applied to all extracted 
electrophysiological measures. To investigate whether there was an 
interaction effect between group and task complexity on ERPs and 
oscillatory activities (i.e., evoked and induced components; low and 
high-frequency ranges), we estimated the neural response change 
between conditions (differential activity computed High minus Low 
level of task complexity) within each group. Non-parametric cluster-
based permutation, without a priori assumptions, was performed 
between Control and CVI groups on the difference between conditions 
(High-Low). The Monte Carlo method with 1000 random permutations 
was applied, and cluster-level statistics were calculated by taking the 
sum of the t-values within every cluster (minimum neighbor channel = 
1; alpha level of 0.05, two-tailed). Identified clusters were considered 
significant at p<0.025 (alpha=0.05, two-tailed). For ERPs, the cluster-
based permutation analyses were performed across all electrodes and 
time points within the time window [0 - 0.5 s]. For time-frequency, 
statistical analyses were performed across all electrodes, time points 
within the time window [0 – 1] s, and across all frequencies within low 
[4-30 Hz] and high [30-55 Hz] frequency ranges, and separately 
performed for induced and evoked oscillatory activities.  

If a significant effect of interaction emerged, we assessed the difference 
between conditions within each group (i.e., Low vs. High complexity 
within control group and Low vs. High complexity within CVI group), 
and the difference between the two groups within each condition (i.e., 
controls vs. CVI in the High complexity and control vs. CVI in the Low 
complexity). These effects were all investigated with the same cluster-
based permutation analysis approach and the same parameters reported 
above (p<0.025, alpha=0.05, two-tailed). In contrast, in the case of 
absence of interaction, we collapsed the two conditions, performing the 
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average between High and Low levels of task complexity. The same 
cluster-based permutation analysis approach was performed between 
neural activity in control and CVI groups (p<0.025, alpha=0.05, two-
tailed).  

4.3 Results 

4.3.1 Visual Search Task Performance 

We examined visual search performance on the effect of task complexity 
level with respect to all outcomes of interest. We conducted a series of 
two-way repeated measure ANOVAs with group (CVI and control) as 
between-subject factor and task complexity (High and Low) as within-
subject factor. In general, for all outcomes of interest (including success 
rate, reaction time, and gaze error), we found a significant group 
difference between the control and CVI groups, with the CVI group 
being associated with an overall impairment in visual search 
performance. A task complexity difference between Low and High 
conditions was found in reaction time and gaze error. No interaction 
effect between task complexity and group emerged.   

With respect to success rate, CVI participants showed a lower mean 
success rate compared to controls. A repeated measure ANOVA showed 
that the CVI group had a significantly lower success rate (Low: 84.06 % 
± 21.18 SD, High: 81.30 % ± 22.24 SD) than the control group (Low: 99.22 
% ± 2.15, High: 98.28 % ± 3.84) [F(1,24) = 9.141 p = 0.006, ηp2  = 0.276]. 
There was no effect of complexity level [F(1,24) = 2.36, p = 0.137, ηp2  = 
0.090] and no interaction effect  between group and level of complexity 
on success rate [F(1,24) = 0.57 , p = 0.458 , ηp2  = 0.023].  

Mean reaction times were also higher in the CVI group than in controls, 
and this difference was also statistically significant. A repeated measure 
ANOVA showed that the CVI group had a significantly higher reaction 
time (Low: 1447.39 ± 297.85 ms, High: 1519.07 ± 259.22 ms) than the 
control group (Low: 1035.38 ± 109.54 ms, High: 1122.30 ± 151.59 ms) 
[F(1,24) = 29.27 , p < 0.001, ηp2  = 0.55]. There was a significant effect of 
complexity level [F(1,24) = 6.69, p = 0.016, ηp2  = 0.218], but no 
interaction effect [F(1,24) = 0.062 , p = 0.806 , ηp2  = 0.003] on reaction 
time. This suggests that the effect of task complexity on reaction time 
was consistent across groups.   
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Finally, mean gaze error (an index for visual search accuracy) was 
significantly higher in the CVI group compared to controls. A two-way 
repeated measure ANOVA showed that the CVI group had a 
significantly higher gaze error (Low: 6.61 ± 2.62 arc degrees, High: 7.37 
± 2.76 arc degrees) than the control group (Low: 3.14 ± 0.84 arc degrees, 
High: 3.39 ± 1.02 arc degrees) [F(1,24) = 27.275, p < 0.001, ηp2  = 0.532]. 
There was a significant effect of complexity level [F(1,24) = 11.985, p = 
0.002, ηp2  = 0.333], but no interaction effect [F(1,24) = 2.931  p = 0.100, 
ηp2  = 0.109] on gaze error. This indicates that the effect of task 
complexity on gaze error was consistent across groups.   

Examining putative associations between visual acuity in CVI 
participants (based on the LogMAR value of the better-seeing eye) and 
each of the behavioral visual search outcomes did not reveal any 
significant statistical correlations (all ps>0.24). Moreover, age did not 
emerge to be correlated with any behavioral measures of interest (all 
ps>0.53). 

Taking together, these behavioral results indicate that, as expected, CVI 
participants have worse performance than control participants, 
highlighting the challenge that a similar everyday visual exploration 
would be for them. However, absolute values of success rate (average 
82%, see Figure 4.2) reveal that CVI individuals were able to perform the 
task successfully. Given these results, we assumed that the task was 
particularly suitable for investigating the neurophysiology associated 
with overt behavior visual search. 
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Figure 4.2. Behavioral measures. Three bar plots, one for each behavioral 
measure, show means and individual data (superimposed dots) for each 
level of complexity (Low and High) in the control and CVI groups. (a) 
Success Rate are reported, (b) Reaction Time, and (c) Gaze error.  

 

4.3.2 Event Related Potentials (ERPs) 

No significant differences emerged in the ERPs (all ps>0.034).  However, 
visual inspection revealed a smaller P300 amplitude in the CVI 
compared to the control group (see Supplementary materials Chapter 4 
Figure S4.4).   

4.3.3 Neural oscillations 

Evoked power. Within the low-frequency range [4-30 Hz], a cluster-
based permutation test performed on the neural response change 
between the two levels of complexity contrasting the control and CVI 
groups revealed the absence of a significant interaction (all ps>0.03). 
Thus, we collapsed the levels of task complexity, and a cluster-based 
permutation revealed a significant difference between the two groups 
(p<0.004). In the control group, the presentation of the visual stimulus 
elicited a marked theta activity [4-6 Hz] between 150 and 500 ms, starting 
at occipital regions and extending to central areas. This pattern was 
nearly absent in CVI participants (see Figure 4.3a,b).  

No significant differences emerged at high-frequency range [30-55 Hz] 
(all ps> 0.1; see Supplementary materials Chapter 4 Figure S4.5). 

 

  



81 

 

 

Figure 4.3. Evoked theta activity. (a) Oscillatory activities calculated as 
the average across Low and High level of complexity within each group 
(control upper row and CVI bottom row) are plotted as a function of time 
[-0.25 - 1 s] and frequency [4-30 Hz]. The plots show the average between 
two representative central electrodes (Cz, Fz); 0 s indicates stimulus 
onset. On the right side, topographies in the theta range [4-6 Hz] at a 
representative time window [0.16 - 0.52 s]. (b) Statistical results. Time-
frequency plot highlighting significant differences between Control and 
CVI groups identified by the cluster-based permutation test (p<0.025) 
and the corresponding topography for theta range [4-6 Hz] at a 
representative time window [0.16 - 0.52 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 theta range [4-6 Hz] for 
control and CVI individuals (data are averaged across two 
representative central electrodes Cz, Fz); shaded areas represent the 
standard error of the mean; the continuous horizontal grey line indicates 
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the significant difference between CVI participants and the control 
group (from 0.08 to 0.72 s; FDR corrected). The dashed grey boxes 
represent the time window [0.16 - 0.52 s], comprising the theta peak, in 
which the theta power [4-6 Hz] was extracted for each subject (across 
channels Cz, Fz) and shown in the corresponding violin plots (d), each 
dot represents individual data.  

Induced power. Within the low-frequency range [4-30 Hz], a cluster-
based permutation test performed on the neural response change 
between task complexity conditions and contrasting the control and CVI 
groups revealed a significant interaction between condition and group 
(p<0.005). This interaction effect emerged in the alpha frequency band 
[8-14 Hz] at the occipital level between 250 and 500 ms (see Figure 
4.4a,b). We explore this further by performing a cluster-based 
permutation analysis between High and Low complexity within each 
group. In the control group, we found a significant alpha modulation, 
extending into the beta band, associated with task complexity (p<0.001). 
In contrast, no difference emerged in CVI participants (all ps>0.04). 
Moreover, when we investigated the difference between groups within 
each level of task complexity, a cluster-based permutation analysis 
revealed a significant difference between the two groups for both Low 
and High levels of complexity (Low, p<0.001; High, p<0.005). In 
particular, the CVI group showed a reduction in the alpha [10-16 Hz] 
desynchronization (>500 ms) within occipital channels in the Low 
condition, and this difference also extended to beta activity [12-22 Hz] at 
the High level of task complexity (see Supplementary materials Chapter 
4 Figure S4.6). 

Within the high-frequency range [30-55 Hz], a cluster-based permutation 
test performed on the neural response change between the two levels of 
task complexity and contrasting the control and CVI groups revealed the 
absence of a significant interaction (all ps>0.04). Thus, we averaged at 
the individual level the oscillatory responses across Low and High levels 
of complexity, and a cluster-based permutation analysis revealed a 
significant difference between the two groups (p<0.01). The effect 
emerged between 300 and 700 ms in the occipital-parietal area. In the 
CVI groups, delayed induced gamma [30-45 Hz] activity appeared to 
emerge compared to controls (see Figure 4.5a,b).  
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Figure 4.4. Induced alpha activity. (a) Oscillatory activity calculated as 
the difference between High minus Low levels of complexity is plotted 
within each group (Control, upper row, and CVI, bottom row) as 
function of time [-0.25 - 1 s] and frequency [4-30 Hz]. The plots show the 
average across three representative occipital electrodes (O1, O2, Oz); 0 s 
indicates stimulus onset. On the right, topographies in the alpha range 
[8-14 Hz] at a representative time window [0.36 - 0.42 s]. (b) Statistical 
results. Time-frequency plot highlighting significant differences 
between Control and CVI groups identified by the cluster-based 
permutation test (p<0.025) and the corresponding topography for the 
alpha range [8-14 Hz] at a representative time window [0.36 - 0.42 s]; 
electrodes belonging to the significant cluster are highlighted with white 
asterisks. (c) Time-course of the mean power in the alpha range [8-14 Hz] 
separately for Low and High level of complexity are shown for control 
and CVI groups (upper and bottom row respectively, data are averaged 
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across three representative central electrodes O1, O2, Oz); shaded areas 
represent the standard error of the mean; the continuous horizontal grey 
line indicates the significant difference between Low and High level of 
complexity in the control group (from 0.28 to 0.8 s; p<0.05, FDR 
corrected). The dashed grey boxes represent the time window [0.36 - 0.44 
s], comprising the alpha peak, in which the power in the alpha range [8-
14 Hz] was extracted for each subject (across channels O1, O2, Oz) and 
shown in the corresponding violin plots (d), each dot represents 
individual data.  

 

 

Figure 4.5. Induced gamma activity. (a) Oscillatory activity calculated as 
the average across Low and High level of complexity within each group 
(Control, upper row, and CVI, bottom row) is plotted as a function of 
time [-0.25 - 1 s] and frequency [30-55 Hz]. The plots show the activity at 
the representative posterior electrode (P7; P3; O1); 0 s indicates stimulus 
onset. On the right, topographies in the gamma range [30-45 Hz] at a 
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representative time window [0.54 - 0.64 s]. (b) Statistical results. Time-
frequency plot highlighting significant differences between Control and 
CVI groups identified by the cluster-based permutation test (p<0.025) 
and the corresponding topography for the gamma range [30-45 Hz] at a 
representative time window [0.54 - 0.64 s]; significant electrodes 
belonging to the significant cluster is highlighted with white asterisks. 
(c) Time-course at the group level of the mean power in the gamma range 
[30-45 Hz] for control and CVI groups (data averaged across 
representative posterior electrodes P7, P3, O1); shaded areas represent 
the standard error of the mean; continuous horizontal grey lines indicate 
significant differences between CVI participants and the control group 
(from 0.34 to 0.82 s and from 0.86 to 1 s; p<0.05, FDR corrected). The 
dashed grey boxes represent the time window [0.54 - 0.64 s], in which 
the power in the gamma range [30-45 Hz] was extracted for each subject 
(in the electrodes P7, P3, O1) and shown in the corresponding violin 
plots (d), each dot represents individual data.  

 

4.4 Discussion 

In this study, we assessed the neurophysiological basis underpinning 
high-level visuospatial dysfunction that characterizes CVI in a virtual-
reality-based visual search task. Behavioral data confirmed that CVI 
participants showed impaired visual search performance compared to 
controls as indexed by decreased success rate as well as increased 
reaction time and gaze error. The analysis of both evoked and induced 
oscillatory activity within a broad frequency range [4-55 Hz] revealed 
widespread neurophysiological alterations associated with impaired 
visual search in CVI participants compared to controls. Specifically, we 
found markedly reduced evoked theta [4-6 Hz] activity in the CVI group 
regardless of the level of task complexity. Analysis of the induced 
oscillatory activity revealed that, overall, alpha response was markedly 
reduced in CVI compared to control participants. Furthermore, while 
induced alpha activity in controls was enhanced at higher complexity of 
the visual scene, this modulation was completely absent in CVI 
individuals. Moreover, the CVI group showed a delayed yet greater 
sustained induced gamma response compared to controls. These 
alterations in both evoked and induced components of neural 
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oscillations suggest that CVI are characterized by anomalies in both 
feedforward and feedback connectivity.  

4.4.1 Impaired ocular pattern in CVI during ecological visual search 

Notwithstanding the above chance level performance, behavioral data 
consistently revealed an overall impairment in visual search 
performance in CVI individuals compared to controls. Results showed 
that CVI participants were less likely, and took longer to find the target 
and that their search patterns were less accurate in finding the target 
compared to controls. Importantly, behavioral performance in CVI did 
not correlate with visual acuity, suggesting that impaired visual search 
could not simply be explained by reduced stimulus visibility and 
highlighting the brain-based nature of higher-order visual perceptual 
deficits associated with this condition. Overall, these effects indicate a 
dysfunctional ocular pattern in CVI during visual search, regardless of 
the level of complexity of the visual scene, ultimately revealing how 
challenging everyday visual exploration can be for CVI individuals. In 
general, these observations appear in line with the clinical profile of CVI 
with respect to visuospatial and visual attention processing deficits in 
this population (Fazzi et al., 2007; Philip and Dutton, 2014). The use of 
VR-based, behaviorally relevant tasks embedded within naturalistic 
visual scenes can help capture and characterize higher-order processing 
dysfunctions and functional visual abilities that are not assessed as part 
of a typical ophthalmological examination. Noteworthy, by asking for an 
overt ocular visual search, the task represented an ecological exploration 
of a naturalistic scene, a crucial aspect of assessing neural mechanisms 
underpinning behavioral impairments occurring in the real-world 
(Matusz et al., 2019). 

 

4.4.2 Altered neural mechanisms involved in visual search in CVI 

No significant differences emerged between CVI and control groups on 
the ERPs. Note that in the present study, we employed a conservative 
statistical approach without a priori assumptions (i.e., a cluster-based 
permutation across all electrodes and all time points). It is important to 
remark, especially for clinicians, that by observing the VEPs at posterior 
electrodes, CVI individuals seem to display a reduced P300 wave. A 
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more VEPs-oriented statistical analysis, across posterior electrodes only, 
showed a reduction of the P300 amplitude in the CVI group compared 
to controls (see Supplementary materials Chapter 4 Figure S4.4). Of note, 
any difference emerged at early ERP response.  

Notwithstanding the conservative statistical approach, the analyses of 
neural oscillations clearly revealed significant differences between 
typical development and CVI individuals. 

4.4.2.1 Time and phase-locked neural oscillations, feedforward 

processing  

The analysis of the evoked oscillatory activity revealed a significant 
difference between CVI and control participants with respect to theta 
activity independently from the level of complexity. While a robust post-
stimulus response in the evoked theta [4-6 Hz] was found within the first 
500 ms in the control group, in CVI, theta activity was extremely 
dampened. Theta activity has been linked with the active sampling of 
input from the environment, with information processed at any given 
moment packed in each theta cycle (Colgin, 2013). Relevant to the 
present context, a successful visual search was found to be positively 
associated with post-stimulus theta amplitude in sighted individuals 
(Dugué et al., 2015). Moreover, a recent magnetoencephalography 
(MEG) study showed that children with CVI associated with cerebral 
palsy exhibited weaker theta oscillations during visuospatial processing 
(verMass et al., 2021). Interestingly, a subset of our study participants 
with CVI had visual acuities within normal/near normal levels, yet, 
impaired theta activity was still evident. This might suggest that the 
observed evoked theta impairment could be linked to a specific deficit 
in the organization of the neural response time and phase-locked to 
visual events. In other words, despite a proper visual input, feed-
forward visual processing seems to be hampered as a result of CVI. 
Which structures could be responsible for this alteration of the neural 
response remains to be ascertained. Given CVI’s subcortical lesions, it is 
possible that thalamo-cortical processing might be altered at the earliest 
steps, providing poorly organized input for cortical analyses. 
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4.4.2.2. Non-time and non-phase-locked neural oscillations, feedback 

processing 

Analyzing induced oscillatory activity, we found evidence of two 
alterations in the CVI group associated with alpha [8-14 Hz] and gamma 
[30-45 Hz] ranges. While in the control group, occipital induced alpha 
synchronization increases as visual scenes become more complex, in CVI 
individuals, this modulation was absent. Given the well-established link 
between alpha and visual attention (Bagherzadeh et al., 2020; Clayton et 
al., 2018; Peylo et al., 2021; Romei et al., 2010), this finding would be 
consistent with the view that neural mechanisms implicated with 
selecting visually attended targets and suppressing task-irrelevant 
stimuli are impaired in CVI (Jensen et al., 2012; Klimesch, 2012). A recent 
study by Gutteling and colleagues (Gutteling et al., 2022) reported that 
alpha-oscillations might be especially involved in distractor suppression 
and play a key role in closing the perceptual gate to interferent input. 
The data presented here suggest that CVI participants, even with 
“functionally useful vision”, may have specific deficits with the 
inhibition of distracting information. This neurophysiological data could 
well fit with clinical reports indicating that many individuals with CVI 
often appear overwhelmed in complex, cluttered, and busy visual 
environments. 

In addition, CVI participants showed a delayed yet, sustained induced 
gamma activity within posterior regions of the scalp, independent of the 
level of complexity. It has to be noted that gamma activity was 
consistently associated with ocular movements such as micro-saccades 
(Yuval-Greenberg et al., 2008). Thus, it is possible that this aberrant 
pattern in gamma oscillatory activity in CVI could be related to their 
abnormal ocular pattern. Consistent with this view, our behavioral data 
suggest that gaze error (an index of gaze precision in locating and 
accurately fixating the target) was significantly higher in CVI compared 
to control participants. The continuous need to recalibrate gaze while 
searching, locating, and fixating the target might explain the pattern of 
sustained gamma band activity observed in CVI.  
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4.4.3 Neural markers of CVI and their use for clinical purposes 

Results revealed strong impairment in CVI feedforward activity, as 
suggested by the almost absent evoked response in the theta range. This 
impairment in thalamo-cortical processing might represent a distinctive 
aspect of cerebral visual impairment. The fact that evoked activity was 
marked altered represents a difference compared with results stemming 
from investigations in visually deprived individuals due to peripheral 
damages. Peripheral damages, such as early-onset sensory deprivation 
in both visual (Bottari et al., 2016) and auditory modalities (Bednaya et 
al., 2021; Yusuf et al., 2017), strongly affected induced oscillatory 
activities.  

Moreover, in the CVI group, widespread alterations also emerged for 
induced neural oscillations. That is, our findings indicate early onset 
neurological damage impacts the correct development of induced 
oscillatory activity as well. Along the development, the normal 
elaboration of feedforward connectivity, crucial for stimulus driven 
sensory processing, seems to precede the elaboration of feedback 
connectivity, which in turn is important for top-down control of sensory 
processing and learning (Dehaene-Lambertz and Spelke, 2015; Kral et al., 
2017). It has been suggested that early stimulus-driven learning plays a 
crucial role in elaborating feedback connectivity (Batardière et al., 2002; 
Magrou et al., 2018). The present results suggest that feedback cortico-
cortical connectivity not only needs external sensory input, as available 
in our CVI group, but requires intact central processing to fully develop 
and operate.  

Vision plays a crucial role in different high-level functions, and thus, 
deficient visual processing can lead to widespread cognitive and social 
impairment (Chokron and Dutton, 2016; Chokron et al., 2021; Dutton, 
2003; Dutton and Jacobson, 2001; Lueck et al., 2019; Pavlova, 2003). 
Visual deficits can be highly invasive in neurodevelopment and can 
cause deficits resembling autistic-like traits leading to confusion in 
diagnosis (Chokron et al., 2020). Notably, atypical visual processing was 
highly documented in autism (Robertson and Baron-Cohen, 2017), and 
sensory anomalies recently became a core feature of the disorder 
(American Psychiatric Association, 2013). Therefore, uncovering the 
neural mechanisms behind similar behavioral manifestations, like being 
overwhelmed in complex, cluttered environments, is crucial in the 
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differential diagnosis. Due to its brain-based origin and the associated 
higher-order visual deficits, CVI is distinct from ocular visual 
impairment and can lead to phenotypes close to neurodevelopment 
disorders. For this reason, diagnosis of CVI requires combined 
professional expertise such as ophthalmologists, neurologists, 
psychologists, and neuroscientists (McConnell et al., 2021).  

Improving the neurophysiological characterization of high-level visual 
processing deficits can also guide the tuning of individualized 
treatments in this population. Even if little is known about 
neuroplasticity in CVI, the majority of children with CVI showed 
improvement in visual acuity when tested in a follow-up (Matsuba and 
Jan, 2006), and the prognosis for recovery was reported to be better in 
children who were early diagnosed (Huo et al., 1999). These data are 
consistent with the high plasticity of the visual system after early brain 
damage (Guzzetta et al., 2010). Fazzi and colleagues (Fazzi et al., 2021) 
showed important preliminary results with 6-months early intensive 
individualized visual training in infants with visual impairment. This 
training improves visual functions and developmental outcomes, with 
CVI showing a greater improvement than children with peripheral 
visual impairment. While these results suggest the importance of the 
availability of sensory input (Ricciardi et al., 2020), it allows 
hypothesizing that children with CVI would also benefit from early 
treatments focusing on high-level visual dysfunctions. The identification 
of effective treatments for these individuals falls beyond the scope of the 
present study; however, these results might indicate that treatments 
boosting distractor suppression and using alpha oscillations as a 
biomarker might represent a plausible approach.  

4.4.4 Limitations and future studies 

Electrophysiological data in this study were recorded using a 20-channel 
EEG system to facilitate acquisition in the clinical setting and minimize 
participant discomfort. Given the reduced number of electrodes 
employed, we could not perform source modeling to localize neural 
sources of the electrophysiological activity. Future studies using our 
visual search paradigm combined with high-density EEG are therefore 
needed to further characterize the nature of the associated 
electrophysiological activity. 
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The sample size of our CVI group is small and represents an important 
limitation of the study. The small number depends on the choice of 
recruiting CVI participants with homogenous visual abilities. Given the 
broad and complex clinical profile of CVI, we tested participants with 
narrower inclusion/exclusion criteria to focus on recruiting CVI 
individuals with “functionally useful vision” to minimize potential 
confounding factors. Nonetheless, future studies with a larger sample 
size could help to better characterize associations between impaired EEG 
activities and behavioral performances, which could not be assessed 
here.  

 

4.5 Conclusion 

Results from this study corroborate that participants with CVI are 
affected by pervasive deficits of visual search, even in visual scenes with 
low complexity. Their dysfunctional visual search was first observed in 
their ocular pattern and, most importantly, in neural oscillations. 
Marked alterations were observed in neural oscillations over a broad 
frequency range, suggesting widespread deficits within the visual 
system and implicating both local and distributed levels of neural 
processing. Finally, alterations of both evoked and induced components 
of oscillations suggest that both feedforward and feedback processing 
may be compromised in CVI. 
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Chapter 5 

Conclusion 
The studies collected in this dissertation revealed neural plasticity 
induced by different degrees of sensory perturbation, which we defined 
according to the three dimensions characterizing a deprivation model 
(i.e., when, duration, and where). The present findings expand our 
knowledge of experience-dependent plasticity in visual and auditory 
systems, showing distinct forms of alterations that depend on the degree 
of perturbation and sensory processing involved.  

The first study (Chapter 2) showed that basic visual, audio-visual, and 
auditory processing could be altered in the adult brain following a low 
degree of perturbation, such as a short-lasting deprivation. On the one 
hand, we observed distinct signatures of plasticity depending on the 
sensory processing involved, revealing high specificity of the neural 
activity changes. On the other hand, the underpinning 
neurophysiological mechanism was shared across sensory systems: 
neural changes in this context emerged in feedback connectivity.  
The second study (Chapter 3) showed that some basic functions (e.g., the 
neural tracking of speech envelope) develop despite a medium degree 
of sensory perturbation, even if deprivation starts at birth. However, 
some functional changes clearly emerged, indicating an altered 
developmental pathway of the sensory system. Importantly, the longer 
the experience provided to the restored sense, the more the neural 
system recovered, and neural response became similar to typical 
development. 
The third study (Chapter 4) revealed that the neural oscillations during 
complex visual processing are massively impacted in case of a high 
degree of sensory perturbation. In this case, both feedback and 
feedforward connections, as well as a broad range of frequency bands, 
were affected, highlighting wide alterations in neural processing.  

These results are now presented according to the three dimensions of the 
degree of perturbation space (when, duration, and where). 
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When dimension. Whether the deprivation occurs in adulthood or 
during development critically impacts the type of neural plasticity 
taking place. 
When the adult brain receives a proper developmental experience, 
neural plasticity can still emerge in basic sensory processing and mainly 
involves feedback connectivity (study one). In contrast, when sensory 
information is anomalous during development, neural circuits follow an 
atypical trajectory (study two and study three). Study three showed that 
atypical sensory experience from birth widely impaired sensory 
processing. However, study two revealed that some functions, even if 
altered, can develop in the absence of correct sensory experience during 
development.  

Duration dimension. How long the sensory perturbation lasts, short-
term deprivation (study one), temporary deprivation (study two), or 
permanent deprivation (study three), differently affects neural plasticity.  
After short-term deprivation, the neural changes are subtle, specific for 
different sensory processes, and could represent an adaptive response to 
environmental changes. Conversely, the study of more protracted 
temporary deprivation (medium degree) indicated that a longer 
perturbation affects the efficiency of sensory processing, while persistent 
perturbation leads to a detrimental impact on functional processing. 

Where dimension. Changes in neural response can be differently 
affected by where is the barrier that induces the sensory perturbation: 
peripheral occlusion of the sensory system (study one), peripheral lesion 
(study two), or central lesion (study three). 
Peripheral occlusion, without lesioning the sensory system, induced 
alteration of feedback connectivity with distinct neural signatures for 
different sensory modalities. When the deprivation was caused by a 
lesion in the periphery of the sensory system, we observed an altered 
development of rather simple sensory processing functions. Instead, 
when the lesion was central, we found widespread processing 
alterations resulting in severe processing deficits at higher-level 
processing stages.  

From this picture arises that different degrees of deprivation could 
differently impact multifaced aspects of neural processing: the type of 
processing (low vs. high-level functions), the extension of the neural 
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alterations (focus vs. spread), and the flexibility of the neural response. 
A low degree of perturbation (study one) affected basic functions; a 
medium degree of perturbation (study two) induced alteration but not 
disruption of a low-level function; while a high degree of perturbation 
(study three) revealed alterations during high-level processing. 
Extension of the neural changes seems to increase with a higher degree 
of perturbation, and the flexibility of the neural response seems to be 
higher with a low degree of perturbation. 
However, since the studies in this dissertation are prototypical of a low, 
medium, and high degree of perturbation across all dimensions, we 
cannot disentangle the role of each dimension on the neural changes. 
Further studies could help to understand how manipulating the degree 
of perturbation in a single dimension (when, duration, or where) affects 
different aspects of neural plasticity and development. From a 
theoretical point of view, focusing on the degree of perturbation in the 
three-dimensional space could be insightful for understanding neural 
changes characteristics of different deprivation models. Moreover, this 
framework can help to reconcile different results in the literature. 
Finally, understanding the specific effect of different degrees of 
perturbation and characterizing their distinctive biomarkers could be 
extremely useful for clinical implications. This knowledge could help 
develop and assess the efficiency of specific sensory-experience-based 
training that could produce enriched environments to counteract 
deviant trajectories and repair detrimental neural plasticity. 
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Appendix 

Supplementary materials Chapter 2 

Simple size estimation for the main EEG experiment 

We estimated the minimum sample size needed to replicate previous 

evidence of neural MD effect on visual processing. Starting from the 

previous electrophysiological (EEG) studies (Lunghi et al., 2015a), we 

expected the effect to be in the alpha range [8-14 Hz] in the first stages of 

the visual processing [0-120 ms] and in occipito-parietal electrodes (E33, 

E34, E36, E38). As planned for our main analyses, we contrasted the 

difference between t1 and t0 in the Deprived and Underpived eye. Using 

the data of four pilot subjects, through simulations suited for cluster-

based permutation tests (500 randomizations; Wang and Zhang, 2021), 

we estimated a minimum sample size of 17 subjects to reach a power of 

0.8 (lower threshold). Here, the final sample comprised 19 behavioral 

and 19 EEG datasets.  

 

 

Figure S2.1. Sample Size Estimation. Expected statistical power at each 

sample size, starting from N=10, computed through simulations of time-

frequency data on the total power (alpha = 0.05). Results showed that to 

achieve a power of 0.8 (red line), a minimum sample size of N=17 was 
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required. 

Participants excluded after the preliminary behavioral assessment 
Five participants were excluded as they did not meet the inclusion 

criteria of the study: one perceived the fission illusion only in a few trials 

(20% illusory rate), and the others were entirely biased by the sound on 

their visual perception (>95% illusory rate). Moreover, one participant 

was excluded because they could not comply with instructions 

(difficulties in responding within the response time window). 

Conditions trials 
In fission illusion (AVA condition), the visual stimulus was presented 

between the two auditory stimuli, with the inter-stimulus-interval (ISI) 

between each stimulus being a single frame (i.e., 17 ms). The same was 

done for fusion illusion (VAV condition): the audio stimulus was 

presented within the two visual stimuli (ISIs between the stimuli: 17 ms). 

Instead, in coherent multisensory conditions (i.e., AV and AVAV), each 

audio-visual couple was presented simultaneously. In the AVAV 

condition, the two couples of stimuli were presented with an ISI of 51 ms 

(that corresponds to three frames, 17 ms × 3), as in the conditions with 

two unisensory stimuli (i.e., VV, AA). 

Porta Test  

To assess participants’ eye dominance, we used the Porta test. With both 

eyes open, the participant extends one arm and aligns the thumb finger 

with a distant object. Then participant alternates closing the eyes; when 

the thumb appears to “move,” it means that the closed eye is the 

dominant one 

(https://web.archive.org/web/20080215220943/http://www.sportvu

e.com/support/dominance.php). 

Staircase procedure on the AVA condition 
The contrast level of the grey dot presented on the screen was selected 

for each individual via a one-up one-down staircase procedure. In the 

staircase procedure, 133 contrasts for the grey dots were implemented 
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(linearly spaced). When the subject’s response corresponded to the 

perception of the fission illusion (i.e., response “two flashes”), the 

contrast decreased, while it increased after a non-illusion perception (i.e., 

response “one fash”). Wrong answers (i.e., response zero flashes) were 

not taken into account by the staircase procedure, and the same contrast 

was displayed again in the subsequent AVA trial. AVA condition trials 

were presented randomly with all the other conditions (i.e., A, AA, V, 

VV, VAV, AV, AVAV; maximum 15 trials for each condition). No more 

than three consecutive AVA trials could be displayed for a maximum of 

99 trials. Flash contrast was randomly selected between 10 pre-selected 

contrasts in all the other conditions. The staircase procedure was 

considered completed when 16 reverses, changes of direction in the 

staircase, were reached. The threshold contrast value was computed as 

the mean of the last three levels of contrast that caused a reverse. 

Speeded object recognition task 

The speeded object recognition task was performed monocularly with 

the dominant (Deprived) eye and the non-dominant (Undeprived) eye 

in a randomized order.  

We created two different objects: one was characterized by a small circle 

(1.7° diameter grey dot) and a high-pitch sound (quadratic beep with a 

3.8 kHz frequency and a sampling rate of 44.1 kHz). While the other by 

a bigger circle (2° diameter grey dot) and a lower pitch sound (quadratic 

beep with a 3.5 kHz frequency and a sampling rate of 44.1 kHz). The 

visual and auditory features were coupled in accordance with 

previously reported crossmodal correspondences between auditory 

pitch and size of visual objects (see review Spence, 2011). In each trial, 

participants were presented with one of the two objects defined either 

by visual feature alone (unisensory visual condition), auditory feature 

alone (unisensory auditory condition), or by the combination of auditory 

and visual features, and they were asked to recognize as soon as possible 

which of the two objects was presented. Twenty trials for each condition 

(only audio, only video, audio-visuo × 2 objects) were randomly 

presented. Computing the median reaction times (RTs) at the single-

subject level, only on correct trials and excluding the outliers above or 
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below 3 SD from the median of each condition, we compared RTs in 

unisensory visual and unisensory auditory trials to define the Sensory-

Preference of each participant. Subjects with shorter RTs in unisensory 

visual trials were considered Visual, while those who were faster in 

unisensory auditory trials were considered Audio.  

Behavioral results in all conditions 

We reported here the mean of responses in each condition for each 

session. In all four sessions, we found an expected performance: when 

zero stimuli were presented, the means were close to zero, and the mean 

response increased when the number of visual stimuli increased 

(maximal when 2 Visual and 2 Auditory stimuli were presented); 

participants are clearly able to perform the task in all sessions. Notably, 

the fission illusion was elicited in all sessions; indeed, AVA cell (1 Visual 

and 2 Auditory stimuli) is always whiter than AV cell (1 Visual and 1 

Auditory stimulus). 

  

 

Figure S2.2. Mean of response for each condition in each session. The 
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heatmaps of the four sessions (t0 Deprived, t0 Undeprived, t1 Deprived, 

t1 Undeprived) are shown at the group level. Each square represents one 

of the eight possible conditions, according to the stimulations delivered 

(the condition zero-zero is absent in our experiment, for this reason, we 

fill this square up with dashed lines). The color code represents the mean 

responses: black = zero is the minimum, and white = two is the 

maximum. 

 

Unisensory visual 
Induced power. No significant differences between 

PowChangeDeprived and PowChangeUndeprived were found in the 

high-frequency range (all ps>0.6).  

 

Figure S2.3. Time-frequency plots showing high-frequency induced 

oscillatory activity during visual processing. Oscillatory activity, 

calculated as the difference between t1 and t0 at each eye (upper row, 

PowChangeDeprived, t1 minus t0 at the Deprived eye, and bottom row, 

PowChangeUndeprived, t1 minus t0 at the Undeprived eye), are plotted 

as a function of time [-0.25 - 0.5 s] and frequency [30-80 Hz]. The data 

represent the average across occipital electrodes (E36, E38, E40); the 
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dashed line at 0 s indicates the stimulus onset. 

Evoked power. No significant differences emerged in either low or high 

frequencies (all ps>0.13).  

 

Figure S2.4. Time-frequency plots showing evoked oscillatory activity 

during visual processing. Oscillatory activity, calculated as the 

difference between t1 and t0 at each eye (upper row, 

PowChangeDeprived, t1 minus t0 at the Deprived eye and bottom row, 

PowChangeUndeprived, t1 minus t0 at the Undeprived eye), are plotted 

as a function of time [-0.25 - 0.5 s] and frequency [4-30 Hz] and [30-80 

Hz] (left and right column, respectively). The data represent the average 

across occipital electrodes (E36, E38, E40); the dashed line at 0 s indicates 

the stimulus onset. 

 

Audio-visual 

Induced power. The cluster-based permutation performed between 

PowChangeDeprived and PowChangeUndeprived within the low-

frequency range showed no significant effects (all ps>0.45).  
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Figure S2.5. Time-frequency plots showing low-frequency induced 

oscillatory activity during audio-visual processing. Oscillatory activity, 

calculated as the difference between t1 and t0 at each eye (upper row, 

PowChangeDeprived, t1 minus t0 at the Deprived eye and bottom row, 

PowChangeUndeprived, t1 minus t0 at the Undeprived eye), are plotted 

as a function of time [-0.25 - 0.5 s] and frequency [4-30 Hz]. The data 

represent the average across two posterior electrodes (E40, E42); the 

dashed line at 0 s indicates the stimulus onset. 

 

Evoked power. When we tested the difference between 

PowChangeDeprived and PowChangeUndeprived in the evoked 

power, no significant difference was found within the low-frequency 

range (all ps>0.09) nor within the high-frequency range (p>0.05). 
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Figure S2.6. Time-frequency plots showing evoked oscillatory activity 

during audio-visual processing. Oscillatory activity, calculated as the 

difference between t1 and t0 at each eye (upper row, 

PowChangeDeprived, t1 minus t0 at the Deprived eye and bottom row, 

PowChangeUndeprived, t1 minus t0 at the Undeprived eye), are plotted 

as a function of time [-0.25 - 0.5 s] and frequency [4-30 Hz] and [30-80 

Hz] (left and right column, respectively). The data represent the average 

across two posterior electrodes (E40, E42); the dashed line at 0 s indicates 

the stimulus onset. 

 

Comparison between correlations in the audio-visual condition 
After computing for A- and V- groups the correlations between 

normalized PowChangeUndeprived and d’ change for the audio-visual 

condition in the Undeprived eye, we tested by means of the bootstrap 

method (Pernet, Wilcox & Rousselet, 2012) whether the difference 

between the two correlations was significantly different from zero. Since 

Pearson correlations were performed, the confidence interval was 

adjusted as described in Wilcox (2009).  
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Figure S2.7. Difference between correlations in the Audio and Visual 

groups. The graph shows the distribution of the differences between 

correlations in the A- and V-groups (i.e., rA minus rV), computed by the 

bootstrap methods with 100000 repetitions. The thick black line is the 

difference between our correlations (rA-rV=1.45), and the thin lines 

indicate the CI [0.17 1.87]. 
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Supplementary materials Chapter 4  

Structural morphometry  

Structural morphometry data were available from a subset of 

participants with CVI (n=9). Of these, 6 were scanned using a T1-

weighted anatomical scan (TE 2.9 ms, TR 6.5 ms, flip angle 8°, isotropic 

1 mm voxel size) which was acquired with a 32-channel phased array 

head coil (Philips 3T Elition X scanner). An additional 3 participants with 

CVI were scanned as part of a previous protocol (TE 3.1 ms, TR 6.8 ms, 

flip angle 9°, isotropic 1 mm voxel size) using an 8 channel phased array 

head coil (Philips 3T Intera Achieva). The volumes of predetermined 

thalamic nuclei (i.e., the lateral geniculate nucleus (LGN) and pulvinar) 

and the pericalcarine cortex were quantified for each subject in 

anatomical space using the FreeSurfer 7.2.0 

(https://surfer.nmr.mgh.harvard.edu) (Dale, 1999; Fischl, 2002; Fischl, 

1999; Fischl, 2004). Segmentations for subcortical and cortical ROIs were 

derived from a probabilistic thalamic atlas (Iglesias, 2018) and the 

Desikan-Killiany atlas (Desikan, 2006), respectively. 

 

  

Figure S4.1. Structural morphometry CVI participants. Representative 

axial fluid-attenuated inversion recovery (FLAIR) images from CVI 

participants in the study (scanning could not be performed on 

participant 1 due to contraindications to MRI). Images illustrate 

examples of the underlying brain changes observed in CVI participants, 

such as ventriculomegaly (periventricular leukomalacia; PVL), white 

matter injury, and cortical atrophy. 

 

Eye-tracking characteristics and information on the calibration 

The system samples gaze data at a 90 Hz frequency using near infrared 
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illumination based on pupil-center corneal reflections. Prior to the first 

experimental run, eye tracking calibration was performed for each 

participant (Tobii Eye Tracking Software, v 2.9 calibration protocol) 

which took less than one minute to complete. The process included a 7-

points calibration task (screen positions: top-left, top-center, top-right, 

bottom-left, bottom-center, bottom-right, and center-center) followed by 

a 9-points post calibration verification (the same 7 calibration points plus 

a center-left and center-right position). The accuracy criterion was 

determined by gaze fixation falling within a 2.25° (arc degree) radius 

around each of the 9 points and further confirmed by visual inspection 

prior to commencing data collection. 

 

 

Figure S4.2. Eye-tracking data. Example of the heatmaps of the eye-gaze 

pattern, respectively for controls individuals with neurotypical 

development and CVI participants. 

 

Test compliance 

As an index of task compliance, we calculated off-screen percent values 

and found a statistically significant difference between the two groups 

(compare CVI low: 2.18 % ± 2.92 SD, CVI high: 3.30 % ± 4.81 SD and 

controls low: 0.11 % ± 0.15 SD, controls high: 0.33 % ± 0.52 SD) [F(1,24) = 

6.967, p < 0.014, ηp2 = 0.225]. The comparatively low off-screen percent 

values suggests that both groups maintained a high level of task 

compliance and engagement. However, the significantly higher mean 
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off-screen percent value in CVI suggests that, as a group, CVI 

participants were less able to maintain their gaze on the screen compared 

to controls. There was a significant effect of task difficulty [F(1,24) = 

6.586, p = 0.017, ηp2 = 0.215], but no interaction effect between condition 

and group [F(1,24) = 2.976, p = 0.097, ηp2 = 0.110] with respect to off-

screen percent values. 

 

Removed blink components 

  

Figure S4.3. Removed blink components. Topography of each blink 

component which was removed in each participant. In each participant 

the first (IC 1) or the second (IC 2) component was removed. Only two 

participants, one control and one CVI, did not have the typical blink 

artifacts. 

 

Visual Evoked Potential (VEP) 

 

Figure S4.4. VEP. One-tailed positive cluster-based permutation 

performed on posterior electrodes ('P8' 'P4' 'Pz' 'P3' 'P7' 'O1' 'Oz' 'O2') 

within [0-0.5 s] revealed a significant difference between 300-400 ms 

(p<0.045), highlighting a decreased P300 in CVI participants.  
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Evoked activity high-frequency range 

  

Figure S4.5. Evoked activity in high-frequency range. Oscillatory 

activities calculated as the average across Low and High level of 

complexity within each group (Control, upper row, and CVI, bottom 

row) as function of time [-0.25 - 1 s] and frequency [30-55 Hz]. The plots 

show the average between two central electrodes (Cz, Fz); 0 s indicates 

stimulus onset. 

 

Difference between groups within each condition 

  

Figure S4.6. Induced alpha activity in Low and High conditions. (a)  
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activity is plotted within each group (Control, upper row, and CVI, 

bottom row) and within each condition (Low complexity, left column 

and High complexity, right column) as function of time [-0.25 - 1 s] and 

frequency [4-30 Hz]. The plots show the average across three occipital 

electrodes (O1, O2, Oz); 0 s indicates stimulus onset. (b) Statistical results 

in Low condition (left column) and High condition (right column). Time-

frequency plot highlighting significant differences between Control and 

CVI groups identified by the cluster-based permutation test (p<0.05, 

two-tailed). 

 

Possible correlations between anomalous neural responses, 
behavioral outcomes, and clinical profile of CVI individuals 

We investigated putative associations between EEG activity, visual 

search performance, and the clinical profile: visual acuity, age, as well as 

available structural morphometry data (MRI) of our CVI participants 

using Spearman rank correlations followed by correction for multiple 

comparisons using False Discovery Rate (FDR) (Benjamini, 1995). 

Specifically, the relationship between EEG activity and the volumes of 

the LGN, pulvinar, and primary visual cortex were evaluated following 

adjustment for estimated total intracranial volume using residuals.  

We observed a significant negative correlation between gaze error and 

the volume of the pulvinar nucleus (r = -0.72, p = 0.03). However, this 

did not survive FDR correction for multiple comparisons (p = 0.63). 

There were no significant correlations between any others behavioral 

outcomes and volume of the pulvinar, LGN, and pericalcarine cortex, 

respectively (all p values > 0.4). No statistically significant correlations 

between the volumes of the LGN, pulvinar, pericalcarine cortex and 

average theta, alpha, or gamma activity nor P300 amplitude, respectively 

(all ps > 0.4). We did not observe any significant correlations between 

EEG activity (average theta, alpha, or gamma activity nor P300 

amplitude) and age (all ps > 0.1), LogMAR visual acuity (better seeing 

eye) (all ps > 0.1), and extent of neurological damage (as defined by 

global lesion scores; all ps > 0.1). 
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