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Abstract
Cerebral (cortical) visual impairment (CVI) is associated with perinatal damage to retrochiasmatic
pathways and cerebral structures. Individuals with CVI often present with impairments in visual spatial
processing and attention. However, the neural correlates associated with these higher order perceptual
de�cits remain unknown. In this study, we investigated visual search performance using a novel virtual
reality based task combined with electroencephalography (EEG) and time frequency decomposition of
recorded oscillatory activity. We found that CVI participants showed impaired visual search performance
(indexed by both decreased success rates and increased reaction times) compared to age matched
controls. Furthermore, analysis of captured EEG activity revealed that posterior alpha desynchronization
(typically associated with coordinating neural activity in perceptual and cognitive tasks) was greatly
impaired in CVI compared to control participants. Finally, exploratory analysis suggested a potential
association between amplitude of oscillations in the alpha range and morphometric anatomical
measures. Speci�cally, less alpha desynchronization following stimulus onset was correlated with
decreased volume of speci�c thalamic nuclei. These results suggest that in the setting of early
neurological damage to retrochiasmatic visual pathways, alpha desynchronization remains greatly
impaired and may be related to de�cits in visual spatial processing and attention commonly observed in
this population.

1. Introduction
Cerebral visual impairment (CVI; also referred to as cortical or brain-based visual impairment) is the
leading cause of pediatric congenital visual impairment in developed countries 1. In contrast to visual
impairment associated with pathology of the eye, CVI is de�ned as signi�cant and veri�able visual
dysfunction associated with damage to retrochiasmatic pathways and cerebral structures that cannot be
attributed to disorders of the anterior visual pathways or potentially co-occurring ocular pathology 2,3.
There are numerous causes of CVI, including perinatal hypoxia/ischemia, head injury/trauma, infection
(e.g. encephalitis, meningitis), as well as genetic and metabolic disorders 4. Early neurological injury is
believed to dramatically alter the development of the brain including cortical gray matter, white matter
tracts, and subcortical structures such as the thalamus 5.

Children and adolescents with CVI exhibit a variety of visual de�cits including decreased acuity and
contrast sensitivity, as well as visual �eld restriction (typically in the lower hemi-�eld). In addition, many
children with CVI present with higher order perceptual visual dysfunctions related to spatial processing
and attention 6-8 and highly variable visual functioning in response to increasing visual task demands
and environmental complexity 9. These visual impairments can profoundly impact a child’s development,
learning, mobility, and independence 10.

The recording of visual evoked potentials (VEPs) in response to a variety of visual stimuli (e.g. �ash,
sweep, and patterns such as checkerboard or gratings) can be diagnostically useful, particularly in
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younger patients with CVI who cannot perform standard visual acuity testing (see 11 for review and
further discussion). However, disparities between assessments of grating visual acuity obtained by
preferential looking compared to VEP acuity have been reported 12. There are also limitations associated
with traditional approaches to VEP recordings. For example, the visual stimuli and tasks employed are
typically simplistic and thus do not necessarily re�ect the true extent of behavioral visual processing
de�cits related to viewing complex and naturalistic visual scenes. Finally, the analysis of VEP waveform
properties is also limited to the evaluation of neural activity that is phase locked to stimulus onset. Thus,
there remains a need to not only develop novel assessment tools that can characterize functional visual
performance using ecologically valid stimuli and tasks (i.e. with high behavioral relevance) 13, but also
more advanced electroencephalogram (EEG) based analysis to fully characterize neural activity linked
with higher order visual processing de�cits associated with CVI. Regarding this latter issue, neural
oscillations represent how information is encoded, transferred, and integrated between distinct brain
regions across multiple temporal scales 14. They comprise both the evoked activity (phase-locked to
stimulus onset) and the induced activity (non-phase-locked to stimulus onset, showing trial-to-trial
variations in latency) 15-17.

The human EEG is characterized by several prominent and important frequency band signals. Notably,
posterior alpha oscillatory activity (within the 8 to 12 Hz band) re�ects excitatory/inhibitory balance
within the visual system which has been associated with coordinating neural activity in perceptual and
cognitive tasks 18,19. Alpha synchronization (i.e. an increase in alpha activity) results in an inhibition of
task-irrelevant neural circuits while alpha desynchronization (i.e. a decrease in alpha activity) results from
the engagement of task relevant neural processing 18,19. Previous studies have suggested that alpha
activity is highly dependent on structured visual experience occurring early in development and thus,
represents an important marker of functional brain development. For example, EEG recordings from
human newborn infants revealed that alpha activity is markedly reduced and shows a developmental
time course that normalizes during late childhood 20. Alpha activity has also been found to be
dramatically reduced in adult individuals born with profound ocular blindness 21. Finally, recent work in
humans who underwent sight restoration surgery after a period of congenital blindness (i.e. removal of
bilateral dense cataracts) has shown that alpha activity is not restored to levels comparable with
neurotypical development 22,23. The characterization of alpha activity in the case of congenital ocular
based visual deprivation has provided important information regarding the neurophysiological basis of
cortical oscillatory activity in relation to development and neuroplasticity. However, the impact of early
damage to cerebral (i.e. retro-geniculate) visual pathways and structures on these signals remains largely
unknown. Thus, characterizing alpha activity in CVI may not only help uncover the neurophysiological
basis of visual perceptual de�cits in this population, but also represents a unique opportunity to
investigate developmental vulnerability and neuroplasticity in relation to early damage to central visual
processing pathways.

To address these gaps in our understanding, we have developed a combined behavioral-EEG paradigm
that incorporates a visual search task using a virtual reality (VR)-based naturalistic environment
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combined with electrophysiological recordings, with a particular focus on characterizing alpha activity in
relation to behavioral performance. Visual search serves as an important paradigm to explore the
deployment of visual attention, spatial processing, and characterizing the perceptual limits of the human
visual system 24. The use of a VR-based visual search task allows for the characterization of functional
visual performance using an ecologically valid stimulus (i.e. with high behavioral relevance) that more
closely approximates a real-world and behaviorally relevant task while maintaining a high level of
engagement and motivation for participants as well as experimental control.

We hypothesized that individuals with CVI would show impaired visual search performance compared to
age matched controls with neurotypical development. We further hypothesized that visual processing
performance in CVI would be associated with differences in alpha activity, consistent with growing
evidence that oscillatory activity in this frequency band represents an important marker of functional
brain development. Finally, we explored possible connections between the amplitude of oscillations in the
alpha range and standard clinical measures (i.e. visual acuity), behavioral performance, and subcortical
anatomical markers of early neurological injury.

2. Results
Behavioral Task Performance

Figure 1 A shows success rates for the CVI and control groups across task di�culty conditions (low and
high). Mean success rates for CVI (overall: 84.9% ± 18.8 SD, low condition: 86.6% ± 17.71 SD, high
condition: 83.2% ± 20.9 SD) were lower compared to controls (overall: 98.1% ± 3.9 SD, low condition:
99.0% ± 2.4 SD, high condition: 97.2% ± 5.0 SD). A 2-way ANOVA (factors: group x condition) revealed a
statistically signi�cant difference for group [F(1,18) = 10.774, p = 0.002, ηp

2 = 0.230]. While there was an
overall trend for worsening performance as a function of task di�culty condition in both groups, this did
not reach statistical signi�cance [F(1,18) = 0.548, p = 0.464, ηp

2 = 0.015]. The test for an interaction effect

was not found to be statistically signi�cant [F(1,36) = 0.093, p = 0.762, ηp
2 = 0.003].

Reaction time data for the CVI and control groups and across task di�culty conditions are shown in
�gure 1 B. Mean reaction times for the CVI group (overall: 1.478 sec ± 0.694 SD, low condition: 1.467 sec
± 0.738 SD, high condition: 1.490 sec ± 0.647 SD) were higher than controls (overall: 1.101 sec ± 0.392,
low condition: 1.056 sec ± 0.383 SD, high condition: 1.147 sec ± 0.402 SD). A 2-way ANOVA (factors:
group x condition) revealed a statistically signi�cant difference for group [F(1,18) = 79.314, p < 0.001, ηp

2

= 0.109], but not for the task di�culty condition [F(1,18) = 1.725, p = 0.190, ηp
2 = 0.003]. The test for an

interaction effect was not statistically signi�cant [F(1,36) = 0.595, p = 0.441, ηp
2 = 0.001].

Finally, analysis of off-screen data (serving as an index measure of testing compliance; see Methods)
from control and CVI participants revealed no statistical difference between the two groups throughout
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the visual search task (control mean = 15.182 ± 12.194 SD and CVI mean = 16.380 ± 32.513 SD; t =
0.689, p = 0.491).

EEG Analysis

Time frequency decomposition of the EEG data in controls and across task di�culty conditions are
shown in �gure 2 A. Visual inspection revealed a strong and well-de�ned alpha desynchronization signal
for both conditions with maximal desynchronization occurring between 0.5 and 0.7 sec post stimulus
onset. Within the control group, cluster-based permutation analysis revealed a signi�cant difference
between the low compared to high task di�culty conditions (negative cluster, p = 0.005). This signi�cant
effect was found primarily in the alpha (8 - 12 Hz) frequency range peaking around 0.5 to 0.6 sec after
stimulus onset, and mostly involved electrodes around the occipital region. In particular, there was greater
negative power in the alpha band for the low compared to high task di�culty condition, and this
difference was statistically signi�cant [t(11) = 3.651, p = 0.004]. This result suggests that in controls,
alpha desynchronization was modulated by task di�culty.

The response pro�le in CVI subjects appeared to be altered across low-range frequencies, but particularly
in the alpha range. Of note, there was a distinct lack of a strong and well-de�ned alpha desynchronization
responses for both task di�culty conditions. While there were signi�cant condition differences for
controls, the cluster permutation analysis revealed no signi�cant clusters between the low and high task
di�culty conditions within the CVI group (all cluster p’s > 0.281). This result suggests a lack of alpha
desynchronization modulation in CVI based on task di�culty.

In our �rst between group statistical comparison, we tested differences at the low and high task di�culty
conditions. The cluster-based permutation analysis revealed a signi�cant between group difference for
low (negative cluster, p = 0.001, see Figure 2 B) and for high (negative clusters, p = 0.002 and p = 0.036,
see Figure 2 B) conditions. The signi�cant effect for the low condition mostly involved electrodes around
the occipital region, was found primarily in the alpha (8 - 12 Hz) frequency range, and peaked between
0.440 to 0.500 sec after stimulus onset (see Figure 2 B and 2 D). The signi�cant effect for the high task
di�culty condition involved a broader range of occipital and frontal electrodes, was found across a larger
frequency-band range including alpha and extending to beta (8 - 25 Hz) range, and with the peak
statistical difference observed between 0.500 and 0.560 sec after stimulus onset (see Figure 2 B and 2
D). Speci�c group comparisons in the alpha range revealed a statistically signi�cant difference for both
the low [t(18) = -4.613, p = 0.002] and high [t(11) = -2.325, p = 0.032] task di�culty conditions. Scalp
topographies for the two groups’ alpha activity and for the two task conditions are displayed in �gure 2
(scalp topographies comprise the activity measured within a 60 msec time-window including maximal
statistical difference; 0.440 to 0.500 sec for low and 0.500 to 0.560 sec for high conditions; �gure 2 C).

Separate comparisons for each group and condition of alpha oscillations to 0 revealed signi�cant alpha
desynchronization for controls [low: t(11) = -6.238, p = 0.001; high: t(11) = -3.046, p = 0.011], but not for
the CVI group [low: t(7) = 1.438, p = 0.194; high: t(7) = 1.260, p = 0.248]. This is consistent with a lack of
alpha desynchronization in the CVI group during the post-stimulus presentation window.
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Finally, an examination of potential group differences in alpha oscillations was conducted to determine
whether the two groups differed prior to stimulus onset and whether this could potentially have an
in�uence on post stimulus alpha oscillatory activity. A statistical analysis was carried out for the time
window between -0.6 to -0.1 sec prior to stimulus onset. No statistically signi�cant differences were
found between CVI and control participants within this pre-stimulus window (p > 0.100). This �nding
suggests that only the alpha oscillatory activity occurring after stimulus onset was affected in CVI.

Correlations Between Alpha Oscillatory Activity and Behavioral and Morphometric Measures

We conducted an exploratory analysis within the CVI group to investigate possible functional and
structural associations between the level of alpha desynchronization signal and clinical, behavioral, and
morphometric measures of interest.

Relating alpha desynchronization (mean EEG amplitude at 8 to 12 Hz from time 0.500 to 0.700 sec) and
visual acuity (based on the logMAR value of the better seeing eye) revealed no signi�cant correlation (r2=
0.001, p = 0.951). Secondly, associating alpha desynchronization and behavioral performance also did
not reveal a signi�cant statistical correlation (success rate: r2 = 0.001, p = 0.983; reaction time: r2 = 0.028,
p = 0.365).

Finally, we examined possible links between alpha desynchronization and the volume of thalamic nuclei
(see Supplementary Figure 1 A). Results of this analysis suggest signi�cant negative correlations
between alpha desynchronization levels and the volumes of two nuclei. Speci�cally, these were the left
ventral lateral anterior (r2 = 0.69; p = 0.042) and left lateral pulvinar (r2 = 0.69; p = 0.042) nuclei. These
results suggest that that lower thalamic nuclei volumes were associated with more positive alpha
desynchronization values.

3. Discussion
The present work discusses results of a combined behavioral-EEG paradigm comparing individuals with
CVI and control subjects with neurotypical development. Speci�cally, we compared visual search
performance on a VR-based, ecologically valid task in relation to time frequency decomposition of
recorded oscillatory activity with a particular focus on alpha desynchronization levels.

Regarding behavioral results, we found that overall, CVI participants showed impaired visual search
performance compared to controls. Speci�cally, success rates were lower and reaction time measures
were longer for CVI subjects. We interpret these �ndings as suggesting that for this VR-based visual
search task, individuals with CVI were more likely to miss and took longer time to �xate the correct target.
These observations are consistent with clinical observations in this population relating to impairments
with visual spatial processing and attention 6-8. Furthermore, these differences in behavioral results
cannot be explained by poor testing compliance on the part of the CVI participants given that there were
no signi�cant group differences in terms of captured off-screen data.
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EEG responses to the visual search task revealed marked differences between the CVI and control groups
with respect to oscillatory activity, with the response pro�le in CVI subjects appearing to be impaired
across frequencies. More speci�cally, there was a distinct lack of a strong and well-de�ned alpha
desynchronization response in participants with CVI compared to controls for both task di�culty
conditions. Furthermore, we found that while differences in the level of alpha desynchronization with
respect to task di�culty were signi�cant in controls, this modulation was not found in the CVI group.
Overall, these group differences in alpha desynchronization levels and modulation with respect to task
di�culty appear to be related to differences in behavioral performance between CVI and control
participants. We interpret these �ndings to suggest that in CVI, there is an impairment in the typical
development and recruitment of visual sensory and attentional systems necessary to carry out this
behavioral task. We also noted that these differences in alpha desynchronization were found to be limited
to post-stimulus signal changes, as no signi�cant differences in pre-stimulus alpha signal were observed
between the two groups. This �nding may serve as an indication that differences in alpha
desynchronization are largely driven by the modulation of visual system activity following the onset of
the visual stimulus, rather than differences in baseline activity or preparatory brain responses. Taken
together, these results suggest that the establishment of alpha desynchronization and its functional
modulation during visual processing is dramatically impaired in CVI. Finally, exploration of potential
correlations between alpha oscillatory activity and clinical, behavioral, and anatomical measures of
interest in the CVI group revealed that alpha desynchronization levels were not signi�cantly correlated
with visual acuity or visual search performance (i.e. success rate and reaction times). However, analysis
of EEG signals with respect to thalamic volume showed a signi�cant association between more positive
alpha desynchronization values and lower volumes of certain thalamic nuclei. Speci�cally, these were
within the left ventral lateral and left lateral pulvinar nuclei which are regions known to be involved with
the initiation and control of saccadic eye movements as well as regulation of visual attention 25. Given
the purported role of these thalamic nuclei, it is possible that their reduced integrity in CVI may also be
associated with impaired visual search performance in this group.

It is important to note that characterization of higher order visual perceptual de�cits in CVI remains
crucial, as these may otherwise go undetected using standard clinical assessments such as visual acuity.
Indeed, mounting evidence suggests that impaired spatial processing appears to be a common
consequence of neurodevelopmental damage 26 and represents the most common type of visual
impairment observed in children with CVI 27. It is suspected that this “dorsal stream dysfunction” is
associated with the inherent vulnerability of regions within the posterior parietal lobes that are highly
susceptible to early developmental injury 27. Previous psychophysical studies in children born premature
and with developmental delays have characterized visual spatial processing impairments using a variety
of stimuli including biological form from motion, optic �ow �elds, and spatial integration tasks (e.g. 28-

30). While these visual stimuli may offer excellent control of various testing parameters (e.g. isolating
stimulus factors), they remain limited in terms of their ecological validity and behavioral relevance. In
other words, it is di�cult to draw inferences and translate results obtained from these types of
psychophysical test stimuli with respect to how individuals with CVI interact with their visual
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surroundings. To address this concern, some groups have incorporated a series of desktop computerized
tasks combined with eye tracking metrics to assess ocular motor functions and higher order visual
processing abilities in CVI. Using moving cartoon images, Kooiker and colleagues were able to
demonstrate clear de�cits related to visual search, �xation and ocular motor pursuit in children with CVI
31,32. In this study, we further expanded on the importance of characterizing visual search performance by
employing a VR-based task requiring participants to look for a target toy placed within an array of other
toys, and at two levels of task di�culty. This novel approach allowed for characterization of functional
visual performance using a naturalistic, engaging, and behaviorally relevant task. Furthermore, the
inherent design of this VR-based task recruits skills related to visual search and attention, thus allowing
for the characterization of behavioral performance typically ascribed to the dorsal visual processing
stream 33.

Previous studies have analyzed electrophysiological recordings in response to a variety of visual stimuli
(e.g. �ash, sweep, and patterns such as checkerboard or gratings) in an attempt to identify neural
correlates associated with visual impairments in CVI 34-36. In one study, visual motion processing in CVI
was investigated using steady state visual evoked potentials (ssVEP) and compared patterns of occipital
activation in response to viewing local and global motion stimuli 30. It was found that CVI subjects
showed selective global (but not local) motion de�cits, especially for slower stimulus velocities, with
corresponding greater decreases in occipital signal amplitudes 30. In a more recent study, verMass and
colleagues (2020) used magnetoencephalography (MEG) to investigate potential differences in
oscillatory activity while viewing a high contrast spatial grating stimulus in a cohort of children with
cerebral palsy (CP); a neurodevelopmental disorder which often presents with CVI. The authors found that
viewing visual gratings induced a decrease in alpha–beta (10 - 20 Hz) activity, and an increase in both
low (40 – 56 Hz) and high (60 – 72 Hz) gamma oscillations in the occipital cortex 37. Furthermore, the
strength of the frequency specific cortical oscillations were significantly weaker in the children with CP
consistent with impaired visual processing de�cits as compared to controls 37. Our results appear to be
consistent with these �ndings of decreased alpha activity in response to visual processing, and further
extend these observations to higher order processing related to visual search performance and signal
modulation with respect to task di�culty.

As mentioned earlier, previous work from human newborn infants 20, individuals with congenital and
profound ocular blindness 21, as well as sight restoration surgery (i.e. removal of dense bilateral
cataracts) 22,23, have provided converging evidence that alpha activity is highly dependent on structured
visual experience occurring early in development. The results of our study expand upon the notion that
this signal represents an important marker of functional brain development. In the case of CVI, which has
been de�ned as a condition associated with perinatal damage to retrochiasmatic pathways and cerebral
structures 2,3,27, we found that the establishment of alpha desynchronization signals occurring during
visual processing was dramatically impaired. It is also worth noting that this was similarly the case in CVI
participants with normal (or near normal) visual acuity. Thus, even in the case of structured visual
experience occurring early in development, damage to central visual processing areas appears to
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dramatically alter the formation of appropriate visual cortical oscillatory activity which in turn, may be
associated with higher order visual processing de�cits observed in the CVI population.

Finally, though still preliminary, correlation analyses suggest that there may be a link between early
thalamic injury and the level of alpha desynchronization signals. Speci�cally, we found that lower
thalamic nuclei volumes (i.e. the left ventral lateral anterior and left lateral pulvinar) were associated with
more positive alpha desynchronization values. This �nding may not be surprising given the purported role
of these thalamic nuclei in the initiation and control of saccadic eye movements as well as regulation of
visual attention 25. However, these results should be interpreted with caution and further studies exploring
possible correlations between thalamic damage and alpha oscillatory activity are needed in order to
con�rm these preliminary observations. It is important to highlight that while the origins of alpha
oscillations remain debated, these preliminary �ndings may also provide cues as to the relative
contribution and importance of thalamic integrity with respect to establishing alpha desynchronization
activity in humans 38. While there is evidence that infragranular layers of the cortex generate alpha
rhythm 39-42, several studies have revealed that cortical alpha activity occurs coherently with thalamic
activity 43,44. Supporting this view, evidence from work in non-human primates suggests that the alpha
rhythm generated by the pulvinar is associated with attentional processing occurring at the cortical level
45.

The major limitation of the present study relates to the relatively small study size sample. It is worth
mentioning however that despite this limitation, we did observe a very large difference between CVI and
control participants in terms of alpha desynchronization levels in response to our visual search task
(Cohen’s d: 1.25; effect size r = 0.53). This suggests that in the setting of early damage to retrochiasmatic
pathways and cerebral structures (as in the case of CVI), the development of alpha desynchronization is
dramatically impaired and further speaks to the importance of this signal as a marker of functional brain
development.

The variable causes of CVI (as well as the timing of injury) can create a heterogeneous study population,
thus making it more di�cult to reveal links between behavioral-EEG responses and the nature of the
neurological injury. Future studies with larger sample sizes and greater representations of the various
etiologies of CVI will be needed to better characterize visual processing de�cits and the pro�le of EEG
responses with respect to the cause and timing of neurological injury associated with this condition. 

In general, the recruitment of participants with CVI who can carry out the demands related to combined
behavioral-EEG studies remains challenging. However, the design of the current study methodology does
present important advantages. As mentioned previously, the use of an ecologically valid, behaviorally
relevant visual search task is likely to help better characterize visual processing de�cits associated with
CVI under more naturalistic viewing conditions. Furthermore, the use of a wireless EEG recording montage
allows for greater �exibility and is more amenable for longer periods of signal capture especially when
working with children and adolescents with developmental disabilities.
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Finally, while the current study focused on analyzing oscillatory activity in a low frequency range (3 - 40
Hz) and most notably alpha desynchronization, future work will investigate potential differences in other
frequency bands. In particular, the analysis of gamma oscillatory activity should also be considered as
activity in this frequency band have been associated with low-level sensory processing, higher-order
visual spatial processing, and complexity related to spatial or visual tasks in humans 17,46. Further
studies will also consider the analysis of EEG responses in other cortical foci of interest using higher
density electrode montages (and with a particular focus on areas associated with the dorsal visual
processing stream) in order to further characterize the neurophysiological basis of visual processing
de�cits in CVI.

4. Methods
Participants

Eight individuals with clinically diagnosed CVI and aged between 15 and 22 years (3 female, mean age:
18.0 years old ± 2.67 SD) participated in the study. All participants in the CVI group possessed a su�cient
level of visual acuity to complete the behavioral task (ranging from 20/20 to 20/60 Snellen equivalent in
the better seeing eye). A full list of participant details can be found in Table 1. Twelve individuals with
neurotypical development and aged between 14 and 25 years (5 female, mean age: 19.92 years old ±
2.61 SD) served 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 de�cit disorder) conditions. The groups were not statistically different with
respect to mean age (p = 0.1283). All components of the study were approved by the investigative review
board of the Massachusetts Eye and Ear, Boston MA, USA and all methods were performed in accordance
with the relevant guidelines and regulations. Written informed consent was obtained from all the
participants and a parent and/or legal guardian (in the case of a minor) prior to commencing the study.
Informed consent to publish identifying images was also obtained prior to the preparation of this
manuscript.

Behavioral Task and Visual Stimulus Design

We developed a VR based visual search task referred to as the “virtual toy box” (complete details
regarding the overall design of the task can be found in 47). Brie�y, the behavioral task represents a
rendering of a toy box with a 5 x 5 array of static toys presented in canonical view presented in a trial by
trial fashion, and viewed from an overhead, �rst-person perspective. Participants were instructed to
search, locate, and �xate a speci�c target toy (chosen from 3 options prior to data collection; a blue truck,
orange basketball, and yellow duck) placed among surrounding distracting toys and without overlap.
Target selection was incorporated in order to enhance the immersive feel of the task and con�rm that the
participant was able to correctly identify the target toy in isolation before commencing the task. The
visual scene 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
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RAM; Alienware Corporation). 3D object models were created in house using Blender modeling software
(Blender Foundation). The visual task was run using Presentation software (https://www.neurobs.com/)
to control simultaneous EEG event markers and signal recording.

Based on preliminary work 47, we selected two condition levels in order to explore potential differences in
behavioral performance and recorded EEG signal as a function of task di�culty. In the “low” task
di�culty condition, the target toy was surrounded by 1 unique distractor toy and background clutter was
not present (�gure 3 A). In the “high” task di�culty condition, 9 unique distractor toys were presented
alongside the target toy, and a cluttered background scene was also present (�gure 3 B).

A trial consisted of 2 secs of viewing of the toy box scene followed by 1 sec of a blank gray screen with a
�xation cross. This was repeated 50 times per run, with a total of 4 runs collected for a total of 200 trials.
An equal number of low and high task di�culty trials were presented and in a pseudorandom order. Each
run lasted 2.5 mins with a brief rest period given between each run.

Participants were seated comfortably 60 cm in front of a 27” LED monitor (ViewSonic 27” Widescreen
1080p; 1920x1080 resolution) (�gure 3 C). Visual search patterns (X,Y coordinate positions of gaze on
the screen) were captured under binocular viewing conditions using the Tobii 4C Eye Tracker system (90
Hz sampling rate; Tobii AB). Prior to the �rst 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 point calibration task (screen positions: top-left, top-center, top-
right, bottom-left, bottom-center, bottom-right, and center-center) followed by a 9 point post calibration
veri�cation (same 7 calibration points plus center-left and center-right). Accuracy criterion was
determined by gaze �xation falling within a 2.25° (arc degree) radius around each of the 9 points and
further con�rmed by visual inspection prior to commencing data collection.

Behavioral Data Capture, Analysis, and Outcome Measures

Eye tracking data characterizing visual search performance and responses were captured as participants
initially searched, located, and then �xated the target on the screen. Three measures were used to
objectively quantify visual search performance based on the collected eye gaze data. Success rate for
correctly locating the target was determined based on whether a participant was able to �xate the target
on a given trial. Fixation was de�ned as gaze that remained within the outer contour of the target for a
minimum of 0.400 sec. A percentage was then calculated for overall performance as well as for the two
task di�culty conditions (low and high). Reaction time was de�ned as the �rst moment the participant’s
gaze arrived within the outer contour of the target and �xated the target on the screen for a given trial.
Finally, given the position of the participant’s gaze on the screen was constantly recorded, we also
determined how often/long they were looking at and away from the screen on a given trial. This off-
screen data capture represents the number of gaze points per trial that fall outside of the bounds of the
screen and thus serve as an index measure of test compliance and reliability.

https://www.neurobs.com/
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A mixed-model ANOVA was conducted separately for the primary behavioral measures (success rate and
reaction time). Each ANOVA included the between-factor of group and the within-factor of task di�culty
condition. Post-hoc Bonferroni corrected t-test comparisons were conducted for signi�cant main effects.
In a subset of CVI participants, a Spearman rank correlation was used to investigate potential
associations between levels of alpha desynchronization and clinical, behavioral, and anatomical
measures of interest (i.e. visual acuity, success rate, reaction time, and thalamic nuclei volume).
Statistical analyses were performed using SAS University Edition statistical package.

EEG Task, Software, and Montage 

A wireless 20-channel Enobio system (sampling rate of 500 Hz; Neuroelectrics, Barcelona, Spain) was
used to collect EEG data and feeding to a wireless Bluetooth transmitter. Solid gel electrodes were used
and placement corresponded to the standard 10-20 international system (with the reference channel
connected to an ear clip placed on the participant’s right ear lobe).

Signals were captured on-line and recorded by software running on a desktop located within 1 m of the
test participant. Once the system was fully set up, the quality of signal from each channel was veri�ed. If
signal noise was present in any of the channels, the electrode was checked and additional conductive gel
was added to ensure adequate signal recording quality. After �nal checks were completed, the participant
would begin the study.

EEG ProcessingPipeline and Analysis Strategy

The analysis was performed by implementing a corroborated pipeline 48,49. Raw EEG data were pre-
processed with EEGLAB 13.6.5 b 50. First, a low pass �lter (windowed sinc FIR �lter, cut-off frequency 40
Hz, �lter order 500) as well as a high pass �lter (windowed sinc FIR �lter, cut-off frequency 1 Hz, �lter
order 100; 51 were applied. Data were resampled to 250 Hz. In order to remove non-stereotypical artefacts
(such as sudden increases of muscle activity) from the data, continuous datasets were segmented into
consecutive epochs with a length of 1 sec. Segments displaying a joint probability of activity 52 larger
than three standard deviations (SD) were removed before performing the independent component
analysis (ICA). To remove typical artefacts such as eye movements and eye blinks, an ICA based on the
extended Infomax 53-55 was performed. In order to reduce computational time, the number of
decomposed components was reduced from 20 to 15. The ICA weights were then associated to the raw
EEG (continuous and un�ltered data). ICA components representing artefacts were identi�ed with the
semi-automatic algorithm CORRMAP 56. Following artefact-related component removal the data were
segmented accordingly to stimulus presentation. The data were segmented into 3 seconds epochs (-1 to
2 sec; full behavioral trial length plus rest). Epochs having a joint probability of activity greater than three
standard deviations were automatically rejected. This led to at least 88% of artifact free trials remaining
per participant to be used in subsequent time-frequency analysis. Electrophysiological data were
subsequently analyzed using the FieldTrip software 57.
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Epoched data were analyzed performing a time-frequency decomposition. Time–frequency
transformation was computed at each channel by convolving the data with a complex Morlet wavelet
(t,f0) which had a Gaussian shape in time (σt) and in frequency

(σf) around the center frequency (f0). Non-constant wavelets increasing from f0/σf = 4 to 13 for
frequencies from 3 to 40 Hz (step size 1 Hz) were employed. Time-frequency analyses were conducted
per channel using a wavelet transform, known to represent a balance between time and frequency
resolution 17,23. The wavelet transform was conducted for the entire epoch range (-1.000 to 2.000 sec)
and was done in steps of 0.020 sec. The data transformation was performed before averaging across
trials, separately for each frequency band. The total power of each frequency band represents both the
phase locked and the non-phase locked signal with respect to the event. The resulting power was
baseline corrected to obtain the relative signal change: P(t, f)corrected = (P(t,f)post-stimulus-
P(f)baseline)/P(f)baseline. The pre-stimulus period between -700 to -300 ms served as baseline for all
spectral analyses. This baseline prevented including eventual slow frequency leakage occurring
immediately before the stimulus onset

The �rst statistical comparison between groups was done using parametric cluster-based permutation
tests 58 at each condition level (low and high). This approach identi�es clusters of signi�cant effects in
time, frequency and space, and controls for multiple comparisons. Cluster-based permutation analysis
was run without a bias from any priori assumptions about speci�c frequency bands, regions of interest
(ROI) or time intervals. Thus, across all channels, frequency range [3 - 40Hz], and time-window [0 – 1 sec]
after stimulus presentation. We used ft_freqstatistics function implemented in FieldTrip (Monte Carlo
sampling method, 5,000 iterations, cluster alpha = 0.05, maxsum criterion, minimum spatial extent = 1
channel). Identi�ed clusters were considered as being signi�cant at p < 0.025.

At the group level, baseline-corrected time-frequency representations were computed using a cluster of
occipital electrodes (O1, Oz, and O2) for each condition and group (shown in �gure 2 A). 2-D topographical
maps of baseline-corrected data were also computed speci�cally in the peak alpha desynchronization
time window (0.440 to 0.500 sec for low and 0.500 to 0.560 sec for high). Furthermore, alpha
desynchronization was statistically compared within the post-stimulus peak window (0.5 to 0.7 sec)
using paired-sample t-tests for within group comparisons and independent sample t-tests for between
group comparisons. Pre-alpha desynchronization was also statistically compared within an extracted pre-
stimulus window (-0.6 to -0.1 sec) using an independent sample t-test between groups (note that there
was no pre-stimulus indication for a given condition, therefore group data were averaged across
conditions).

Determination of Morphometry Volume of Thalamic Nuclei

Morphometry data was available from a subset of participants with CVI (n=6) who had previously
participated in an MRI scanning protocol. Speci�cally, two T1-weighted anatomical scans (TE 3.1 ms, TR
6.8 ms, �ip angle 9°, isotropic 1 mm voxel size) were acquired with an 8-channel phased array head coil
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(Philips 3T Intera Achieva). The volume of predetermined thalamic nuclei was quanti�ed for each subject
in anatomical space in FreeSurfer (https://surfer.nmr.mgh.harvard.edu/) 59-62. Brie�y, the two consecutive
T1-weighted volumes were co-registered and averaged to improve the signal-to-noise ratio prior to skull
stripping, intensity normalization, and Talairach registration. To evaluate speci�c thalamic nuclei within
each participant, 26 thalamic nuclei were isolated in each subject’s anatomical space from a probabilistic
Morel histological atlas 63-65 (see Supplementary Figure 1). Residuals were used to remove the effects of
intracranial volume on the volume of each segmented thalamic nucleus. The thalamic parcellations show
excellent test-retest reliability, good agreeability with stereology, and are robust to abnormal brain
morphology 63,64.
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Subject
ID

Sex Age Diagnosis/Associated
Cause of CVI

Preterm
(<32
weeks)/term

Distance
Visual acuity

RE - LE
(Snellen
equivalent)

Distance
Visual acuity

RE - LE
(logMAR
equivalent)

1 Female 15 birth complication,
global developmental
delay

term 20/30 -
20/30

0.2 - 0.2

2 Female 17 meningitis, infarct term 20/50 -
20/60

0.4 - 0.5

3 Male 19 decreased placental
perfusion

preterm 20/25 -
20/25

0.1 - 0.1

4 Female 21 periventricular
leukomalacia

preterm 20/50 -
20/40

0.4 - 0.3

5 Male 19 focal cortical atrophy,
seizure disorder

term 20/60 -
20/60

0.5 - 0.5

6 Male 15 genetic term 20/20 -
20/20

0.0 - 0.0

7 Male 16 infection term 20/25 -
20/25

0.1 - 0.1

8 Male 22 periventricular
leukomalacia

preterm 20/40 -
20/25

0.3 - 0.1

Figures
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Figure 1

Visual Search Performance. Success rate (A) and reaction time (B) shown separated by task di�culty
condition (low and high). For both behavioral outcome measures, signi�cant differences were observed
between groups with CVI participants showing impaired performance overall compared to controls (error
bars: ± SD).
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Figure 2

Time Frequency Plots of Alpha Oscillatory Activity. (A) Relative power signal changes shown in time
frequency representations with respect to baseline averaged across the occipital channels (O1, Oz, and
O2). Data are shown across the frequency range of 3 to 40 Hz, and for a time window of 0.3 sec pre
stimulus to 1.2 sec post stimulus. Data for each group (CVI and controls) and task di�culty condition
(low and high) are shown separately. Dotted black line represents stimulus onset. Group differences in
alpha desynchronization reveal strong and consistent levels of alpha desynchronization in controls (for
both task conditions) that are absent in CVI participants. (B) Cluster-based permutation statistical
comparison between groups (Controls > CVI) separated by task condition. Statistical comparison was
performed within a 0 to 1 sec post-stimulus time window across the frequency range of 3 to 40 Hz and all
electrodes. Signi�cant differences are observed between groups in the alpha range and in particular,
within the peak window. (C) Scalp topographies of the baseline corrected alpha oscillatory activity shown
for the time windows in which group comparisons revealed highest statistical differences (0.440 to 0.500
sec for low and 0.500 to 0.560 sec for high, post-stimulus). Data for each group (control and CVI) and
task di�culty condition (low and high) are shown separately. Group differences can be observed at the
whole scalp level and in particular, across the posterior electrode locations. (D) Scalp topographies of the
cluster-based permutation results performed between groups for each condition (statistically signi�cant
channels highlighted with a white asterisks). The most robust differences emerged for the low task
di�culty condition at the occipital electrodes.
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Figure 3

Experimental Setup. The "virtual toy box" visual search task showing the (A) low and (B) high task
di�culty conditions. The participant is instructed to search for the pre-selected target (in the case, a blue
truck) on each trial. (C) Visual search task combined with wireless EEG recording montage (Neuroelectrics
Enobio 20 channel Wireless EEG Recording System).
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