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A B S T R A C T

Individuals with cerebral visual impairment (CVI) often present with deficits related to visuospatial processing. However, the neurophysiological basis underlying
these higher order perceptual dysfunctions have not been clearly identified. We assessed visual search performance using a novel virtual reality based task paired
with eye tracking to simulate the exploration of a naturalistic scene (a virtual toy box). This was combined with electroencephalography (EEG) recordings and an
analysis pipeline focusing on time frequency decomposition of alpha oscillatory activity. We found that individuals with CVI showed an overall impairment in visual
search performance (as indexed by decreased success rate, as well as increased reaction time, visual search area, and gaze error) compared to controls with neu
rotypical development. Analysis of captured EEG activity following stimulus onset revealed that in the CVI group, there was a distinct lack of strong and well defined
posterior alpha desynchronization; an important signal involved in the coordination of neural activity related to visual processing. Finally, an exploratory analysis
revealed that in CVI, the magnitude of alpha desynchronization was associated with impaired visual search performance as well as decreased volume of specific
thalamic nuclei implicated in visual processing. These results suggest that impairments in visuospatial processing related to visual search in CVI are associated with
alterations in alpha band oscillations as well as early neurological injury at the level of visual thalamic nuclei.

1. Introduction
Cerebral (or cortical) visual impairment (CVI) is the leading indi
vidual cause of pediatric visual impairment in developed countries
(Solebo et al., 2017). It represents a brain based visual condition and has
been defined as verifiable visual dysfunction associated with damage to
retrochiasmatic pathways and cerebral structures (Dutton, 2003; Sakki
et al., 2018). The most common cause of CVI is perinatal
hypoxic-ischemic injury (associated with periventricular leukomalacia
and hypoxic-ischemic encephalopathy), and other common causes
include head injury/trauma, infection, as well as genetic and metabolic
disorders (Hoyt, 2003). This early neurological injury is believed to
dramatically alter the development of brain areas including cortical gray
matter, white matter tracts, and subcortical structures (Volpe, 2009).
Despite the fact that CVI represents a significant global public health
concern, the neurophysiological basis of visual impairments and their
association with early neurological injury have not yet been clearly
identified.

The range of visual deficits in CVI include possible decreased visual
acuity and visual field restriction. Interestingly, even when these mea
sures of visual function are within normal range, many individuals with
CVI also present with impairments related to higher order visuospatial
processing and attention (Fazzi et al., 2007; Philip and Dutton, 2014;
Zihl et al., 2015). Often these individuals exhibit difficulties carrying out
visual tasks in crowded and cluttered environments as well as in dy
namic visual scenes with complex moving objects (Lam et al., 2010;
McDowell and Dutton, 2019). As a simple example, a child with CVI may
recognize a favorite toy when presented in isolation, but have difficulty
finding it when placed in a box filled with other toys. These visual
perceptual dysfunctions can have a negative impact on overall func
tioning and independence (McKillop and Dutton, 2008; Boot et al.,
2010; Dutton, 2013). Furthermore, given the heterogeneous profile of
CVI (with respect to clinical presentation and underlying cause), making
an accurate diagnosis can be very challenging. Typically, higher order
visual processing deficits are not assessed as part of a standard
ophthalmological exam (Williams et al., 2011; van Genderen et al.,
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2012) and basing diagnosis on simple criteria such as visual acuity alone
fails to capture the complex spectrum of visual perceptual difficulties
seen in this population (Martin et al., 2016). Thus, an improved char
acterization of visual processing deficits beyond standard measures of
visual function (along with a better understanding of their neurophysi
ological basis) can not only help enhance diagnosis, but also guide the
development of appropriate and individualized compensatory strategies
in this population (for further discussion, see (McDowell, 2020)).
In the clinical setting, electrophysiological testing such as visual
evoked potential (VEP) recordings have been used to characterize the
integrity and function of anterior (afferent) visual pathways. VEP testing
in CVI can be a useful method to estimate visual acuity function,
particularly in the case of younger patients who cannot undergo formal
testing ((Skoczenski and Norcia, 1999, Good et al., 2001; Watson et al.,
2010), see (Chang and Borchert, 2020) for review, but also (Lim et al.,
2005) regarding disparities with different evaluation methods and lim
itations). However, there are important limitations associated with
traditional VEP testing, particularly in the context of uncovering the
neurophysiological basis of higher order visual processing deficits in
CVI. These are related to the nature of the visual stimuli and tasks
employed, as well as interpretations drawn from the analysis of acquired
signals. The VEP is typically recorded in response to simple visual
stimuli such as flashing lights or patterns like gratings or checkerboards.
As such, these stimuli are not likely to fully capture subtle deficits
related to higher order visual processing when viewing more complex
and naturalistic scenes. As mentioned previously, this issue is of critical
importance as there is often a mismatch between measures of visual
function (such as visual acuity) and how an individual with CVI func
tions in real world situations (Williams et al., 2011). Thus, on a first
level, there is a need to develop novel assessment methods to charac
terize functional visual abilities in settings that more closely approxi
mate real-world, naturalistic scenes as well as incorporate tasks that
have high behavioral and functional relevance (Bennett et al., 2019). For
this purpose, virtual reality (VR) has numerous advantages in assessing
behavioral performance including task realism, adaptability, and
experimental control, while maintaining objective data capture and
participant engagement (Parsons, 2015; Bennett et al., 2019). With
respect to characterizing visuospatial processing abilities, a VR-based
simulation can also be combined with a visual search paradigm. Vi
sual search assesses an individual’s ability to find a target hidden
amongst a field of distractors and thus, can serve as an important proxy
regarding the spatial processing of visual information and the deploy
ment of attention (Treisman and Gelade, 1980).
It is also important to note that while VEP recordings can be used to
evaluate the function of anterior visual pathways and estimate measures
of visual function (e.g. visual acuity), their potential utility is less clear
in the setting of lesions occurring posterior to the optic chiasm or beyond
primary visual cortex (such as in the case of CVI). For example, the VEP
waveform may be normal in patients with cortical blindness, despite
evidence of extensive bi-occipital damage ((Fera et al., 1990)) see also
(Aminoff, 2007)). Accordingly, there is also a need for more advanced
electroencephalogram (EEG) based analyses that can provide insight as
to how information is encoded, transferred, and integrated between
distinct brain regions across multiple temporal scales (Siegel et al.,
2012). The human EEG is characterized by several prominent and
important frequency band signals. Notably, posterior alpha oscillatory
activity (within the 8–12 Hz band) reflects excitatory/inhibitory balance
within the visual system (Jensen et al., 2012; Klimesch, 2012; Clayton
et al., 2018). 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 (Jensen et al., 2012;
Klimesch, 2012). The role of alpha oscillatory activity with regard to
visual perception and spatial attention in humans has been supported by
electro- and magnetoencephalography studies showing reduced alpha
oscillatory amplitude in response to perceived visual stimuli and

attention orientating (Thut et al., 2006; Capilla et al., 2014). In this
direction, the analysis of alpha oscillations in CVI could be helpful in
characterizing electrophysiological signals associated with visual search
performance.
In this study, we attempted to address these issues for the purposes of
characterizing visuospatial processing deficits in CVI and uncovering
their neurophysiological basis. Specifically, we developed a combined
behavioral-EEG paradigm to assess visual search performance using eye
tracking with a novel, behaviorally relevant VR-based task simulating a
naturalistic scene (specifically, searching for a toy in a toy box). This was
combined with EEG recordings, with a particular focus on analyzing
alpha oscillatory activity in relation to visual search performance. From
a behavioral standpoint (and consistent with previous reports of visuo
spatial processing deficits in this population), we hypothesized that in
dividuals with CVI would show an impairment in visual search
performance compared to controls with neurotypical development. We
further surmised that impaired visual search would be associated with
alterations in oscillatory activity following stimulus onset. Specifically,
we expected altered alpha desynchronization responses over occipital
areas compared to controls. This finding would be consistent with cur
rent evidence that oscillatory activity in this frequency band is impli
cated with the coordination of neural activity related to perceptual and
cognitive tasks (including attention orienting), and also represents an
important marker of functional brain development. Finally, we explored
putative associations between the amplitude of alpha oscillations and
measures of visual function (i.e. visual acuity), behavioral performance
related to our visual search task, and structural morphometry at the level
of visual thalamic nuclei.
2. Methods
2.1. Participants
A total of 22 individuals participated in the study. Of these, ten were
clinically diagnosed with CVI and aged between 15 and 22 years (3 fe
male, mean age: 17.5 years old ± 2.59 SD). All had visual impairments
related to perinatal neurological injury including hypoxic/ischemic
damage, periventricular leukomalacia (PVL) associated with prematu
rity, or other causes (e.g. infection, genetic). Four out of the ten par
ticipants were born preterm (i.e. prior to 37 weeks gestation). Best
corrected visual acuity ranged from 20/20 to 20/60 (Snellen equivalent;
in the better seeing eye). All had ocular motor fixation sufficient to
perform the behavioral task and intact visual field function within the
area corresponding to the visual stimulus presentation (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 deficit disorder) condi
tions. The groups were not statistically different with respect to mean
age (p = 0.1204). All components of the study were approved by the
investigative review board of the Massachusetts Eye and Ear, Boston
MA, USA and consent was obtained from all the participants and a
parent/legal guardian (in the case of a minor) prior to commencing the
study. The study was approved by the Investigative Review Board at the
Massachusetts Eye and Ear in Boston, MA, USA and carried out in
accordance to the Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans.
2.2. Behavioral task and visual stimulus design
We developed a desktop VR-based visual search task referred to as
the “virtual toy box” (complete details regarding the design of the task
can be found in (Bennett et al., 2018)). Briefly, the behavioral task
represents a simulated rendering of a toy box with a 5 × 5 array of static
2
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Table 1
CVI participant demographics.
Subject
ID

Sex

Age

Associated Cause of CVI

Preterm (<37 weeks)/
term

Distance Visual Acuity OD - OS
(Snellen)

Distance Visual Acuity OD - OS (LogMAR
equivalent)

1

female

15

Term

20/30–20/30

0.2–0.2

2
3
4
5
6
7
8
9
10

female
male
female
male
male
male
male
male
male

17
19
21
19
15
16
22
16
14

birth complication, global
developmental delay
meningitis, infarct
decreased placental perfusion
periventricular leukomalacia
focal cortical atrophy, seizure disorder
genetic
infection
periventricular leukomalacia
unspecified, developmental delay
periventricular leukomalacia

Term
preterm
preterm
Term
Term
Term
preterm
Term
preterm

20/50–20/60
20/25–20/25
20/50–20/40
20/60–20/60
20/20 - 20/20
20/25–20/25
20/40–20/25
20/20–20-20
20/25–20/25

0.4–0.5
0.1–0.1
0.4–0.3
0.5–0.5
0.0–0.0
0.1–0.1
0.3–0.1
0.0–0.0
0.1–0.1

toys shown in canonical view, presented in a trial by trial fashion, and
viewed from an overhead, first-person perspective. Participants were
instructed to search, locate, and fixate a specific target toy (a blue truck)
placed randomly among surrounding toys (serving as distractors) and
without overlap (Fig. 1 A), akin to creating a “pop-out” effect for target
detection. A trial consisted of 2 s of viewing of the toy box scene fol
lowed by 1 s of a blank gray screen with a central fixation target. This
was repeated 25 times per run, with 4 runs collected (total of 100 trials).
Each run lasted less than 2 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). 3D object models were
created in house using Blender modeling software (Blender Foundation).
The visual task was run using Presentation software (https://www.ne
urobs.com) to control simultaneous EEG event markers and signal
recording (see below).
Participants were seated comfortably 60 cm in front of a 27′′ LED
monitor (ViewSonic 27” Widescreen 1080p; 1920 × 1080 resolution)
(Fig. 1 B). 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). The
system samples gaze data based on pupil center corneal reflections and
at a 90 Hz frequency using near infrared illumination. 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 1 min to complete. The process included a 7 point
calibration task (screen positions: top-left, top-center, top-right, bottomleft, bottom-center, bottom-right, and center-center) followed by a 9
point post calibration verification (the same 7 calibration points plus a
center-left and center-right position). Accuracy criterion was deter
mined 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.

2.3. Behavioral data capture, outcome measures, and analysis
As a first level of data analysis, heat maps were generated to char
acterize visual search area. Captured eye tracking data were aggregated
and centered over time to generate heat maps representing the spatial
extent of visual search patterns in each participant (Gibaldi et al., 2017).
To further quantify visual search performance, behavioral responses
based on eye tracking data were captured as participants initially
viewed, searched, located, and then fixated the target. Four objective
outcomes were used for this purpose. First, success rate (expressed as a
percentage) was determined based on whether a participant was able to
find and fixate the target on a given trial. Successful fixation was defined
as sustained gaze that remained within the outer contour of the target
for a minimum time of 0.4 s. Second, reaction time was defined as the
first moment the participant’s gaze arrived within the outer contour of
the target and fixated the target on the screen for each trial. Third, visual
search area was determined based on an ellipse shaped 95% confidence
interval fitted to the captured eye tracking data. This was expressed as a
percentage of the screen area and represents a measure of visual search
precision. Fourth, gaze error was defined as the distance between the
center of the target and participant’s gaze position. This was computed
based on the sampling rate of the eye tracker (90 Hz) and serves as a
continuous measure of locating and fixation accuracy of the target
(Bennett et al., 2018; Bennett et al., 2021). 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 gaze. For this purpose, the off-screen metric represents
the number of gaze points per trial that fell outside of the bounds of the
screen and thus serves as an index measure of test compliance and
reliability (Bennett et al., 2021).
Statistical analyses were carried out using planned independent
sample t-tests conducted separately for each of the behavioral measures.
All statistical analyses were performed using SAS University Edition
statistical package.

Fig. 1. Experimental Setup. (A) The “virtual toy
box” visual search task showing a screenshot of a
sample trial. On each trail, the participant was
instructed to search for the target (a blue truck) sur
rounded by distractor toys. (B) Visual search perfor
mance was recorded using a screen mounted eye
tracker (Tobii 4C Eye Tracker system). EEG re
cordings associated with task performance were ac
quired using a wireless montage (Neuroelectrics
Enobio 20 channel wireless EEG recording system).
(For interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)
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2.4. EEG montage, signal processing, and analysis

frequency, and space and controls for multiple comparisons.
Cluster-based permutation analysis was run without a bias from any a
priori assumptions regarding specific frequency bands, regions of inter
est (ROI), or time intervals. Thus, it included all channels, frequency
range [3–40 Hz], and time-window [0–1 s] after stimulus presentation.
A Monte Carlo non-parametric statistical test was used (5000 iterations,
cluster alpha = 0.05, maxsum criterion, minimum spatial extent = 1
channel). Identified clusters were considered as being significant at a
statistical threshold of p < 0.025.
At the group level, baseline-corrected time-frequency representa
tions were computed using a cluster of occipital electrodes (O1, Oz, and
O2) for each group. 2-D topographical maps of baseline-corrected data
were also computed specifically in the peak alpha desynchronization
time window (0.5–0.7 s). Furthermore, alpha desynchronization was
statistically compared within the post-stimulus peak window (0.5–0.7 s)
using paired-sample t-tests for within group comparisons and indepen
dent sample t-tests for between group comparisons. Additionally, the
same post-stimulus peak window was used for statistical comparisons
between alpha desynchronization of each group and 0. Alpha signal in
the pre-stimulus window was also statistically compared within an
extracted pre-stimulus window (− 0.6 to − 0.1 s) using an independent
sample t-test between groups.

EEG data were collected using a wireless 20-channel Enobio system
(Neuroelectrics, Barcelona, Spain) with a sampling rate of 500 Hz (Fig. 1
B). Electrode placement corresponded to the standard 10–20 interna
tional system. After the cap was placed on the participant, conductive
gel was added to each electrode site to enhance conductivity between
the electrode and scalp surface. The electrodes were made of a solid gel
material and each channel fed to a wireless (Bluetooth®) transmitter. An
additional reference channel was connected using an ear clip and placed
on the participant’s right ear lobe. Signals were captured on-line and
recorded by software running on a desktop computer located within 1 m
of the participant. Once the montage was fully set up, signal quality at
each channel was verified and additional conductive gel was added if
necessary to ensure adequate signal recording quality.
EEG signal analysis was performed by implementing a validated
pipeline (Stropahl et al., 2018; Bottari et al., 2020). Pre-processing of
raw EEG data was performed with EEGLAB 13.6.5 b (Delorme and
Makeig, 2004). Data were low pass (windowed sinc FIR filter, cut-off
frequency 40 Hz, filter order 500) as well as a high pass (windowed
sinc FIR filter, cut-off frequency 1 Hz, filter order 100) filtered (Wid
mann et al., 2015) and then resampled to 250 Hz. To remove
non-stereotypical artefacts (e.g., abrupt increases of muscle activity),
continuous datasets were segmented into consecutive 1 s epochs. Seg
ments displaying a joint probability of activity (Delorme et al., 2007)
exceeding three standard deviations (SD) were removed. To remove
typical artefacts associated with eye blinks, an ICA based on the
extended Infomax (Bell and Sejnowski, 1995; Jung et al., 2000a, b) was
conducted. To reduce computational time, the number of components
was set to 15. Resulting ICA weights were then associated to the raw EEG
signal (i.e., continuous and unfiltered data). ICA components repre
senting typical artefacts were identified using a data-driven semi-
automatic algorithm CORRMAP (Viola et al., 2009). This resulted in the
removal of typically 1 or 2 components per participant (controls: mean
= 1.08 ± 0.29 SD; CVI: mean = 1.40 ± 0.70 SD). Following the removal
of artifact-related components, the data were segmented accordingly to
stimuli onsets. The data were segmented into 3 s epochs (comprising − 1
to 2 s; full behavioral trial length plus rest). Epochs displaying a joint
probability of activity exceeding three standard deviations were auto
matically 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 (Oostenveld et al., 2011).
Epoched data were analyzed performing a time-frequency decom
position. 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 good balance
between time and frequency resolution (Tallon-Baudry and Bertrand,
1999; Bottari et al., 2016). The wavelet transform was conducted for the
entire epoch range (− 1.000 to 2.000 s) and was done in steps of 0.020 s.
The data transformation was performed before averaging across trials,
and separately for each frequency band. The total power of each fre
quency band represented both the phase locked and the non-phase
locked signal with respect to the event. The resulting power was base
line 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 and − 300 msec served as baseline for all spectral ana
lyses. This baseline prevented including eventual slow frequency
leakage occurring immediately before the stimulus onset.
The first statistical comparison between groups was done using
parametric cluster-based permutation tests (Maris and Oostenveld,
2007). This approach identifies clusters of significant effects in time,

2.5. Volume morphometry measures of thalamic nuclei and analysis
Structural morphometry data were available from a subset of par
ticipants with CVI (n = 6) who previously participated in an MRI
scanning protocol. Two T1-weighted anatomical scans (TE 3.1 msec, TR
6.8 msec, flip angle 9◦ , isotropic 1 mm voxel size) were acquired with an
8-channel phased array head coil (Philips 3 T Intera Achieva scanner).
The volumes of predetermined thalamic nuclei were quantified for each
subject in anatomical space using FreeSurfer (https://surfer.nmr.mgh.
harvard.edu) (Dale et al., 1999; Fischl et al., 1999; Fischl et al., 2002;
Fischl et al., 2004). Briefly, the two consecutive T1-weighted volumes
were co-registered and averaged to improve signal-to-noise ratio prior to
skull stripping, intensity normalization, and Talairach registration. To
evaluate specific thalamic nuclei within each participant, 26 thalamic
nuclei were isolated in each subject’s anatomical space from a proba
bilistic Morel histological atlas (Niemann et al., 2000; Keller et al., 2012;
Iglesias et al., 2018) (see supplementary materials). Residuals were used
to remove the effects of intracranial volume on the volume of each
segmented thalamic nucleus. These thalamic parcellations show excel
lent test-retest reliability, good agreeability with stereology, and are
robust to abnormal brain morphology (Keller et al., 2012; Iglesias et al.,
2018).
A Spearman rank correlation was used to investigate potential as
sociations between alpha desynchronization amplitude and clinical,
behavioral, and structural morphometry measures of interest. As this
was an exploratory analysis, results were not corrected for multiple
comparisons.
3. Results
3.1. Visual search task performance
The CVI group showed an overall impairment in visual search per
formance compared to controls on all the behavioral outcomes of in
terest. Qualitatively, we found that controls showed a tight clustering of
their visual search area corresponding roughly to the size of the target.
Examining data from the CVI group revealed a much larger spatial
extent in visual search area compared to controls. Individual heat maps
of visual search area for a representative control and participant with
CVI are shown in Fig. 2 A and B.
With regard to the four objective outcomes of visual search, we found
that the CVI group showed an overall impairment compared to controls
(Fig. 2 C - F). Specifically, mean success rate for the CVI group (86.6% ±
4
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Fig. 2. Visual Search Performance. Heat maps generated from a representative (A) control and (B) CVI participant. Note the larger spatial extent of visual search
area in the CVI participant. Group comparisons of (C) success rate, (D) reaction time, (E) visual search area, and (F) gaze error. Individuals with CVI showed an
overall impairment in visual search performance compared to controls on all behavioral outcomes of interest (error bars: ± SD; * = p < 0.05).

17.71 SD) was lower compared to controls (99.0% ± 2.4 SD). A t-test
comparison revealed that performance between the two groups was
statistically significant [t(20) = 8.282, p < 0.001]. Mean reaction times
for the CVI group (1.467 s ±0.738 SD) were higher than in controls
(1.056 s ±0.383 SD) and this difference was also statistically significant
[t(20) = 6.654, p < 0.001]. Mean visual search area was significantly

larger for the CVI group (15.044 ± 15.657 SD) compared to controls
(3.850 ± 4.582 SD) [t(20) = 9.745, p < 0.001]. Finally, mean gaze error
was significantly higher in the CVI group (8.0875 ± 6.173 SD) compared
to controls (3.341 ± 2.843 SD) [t(20) = 9.709, p < 0.001]. As a sup
plemental measure, the analysis of mean off-screen data (serving as an
index of test compliance and reliability; see Methods) revealed no
5

C.R. Bennett et al.

Neuropsychologia 161 (2021) 108011

statistical difference between the two groups throughout the visual
search task (controls = 15.182 ± 12.194 SD and CVI = 16.380 ± 32.513
SD; t = 0.689, p = 0.491).
Examining putative associations between visual acuity (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
(success rate: r2 = 0.423, p = 0.089; reaction time: r2 = 0.021, p =
0.743; visual search area: r2 = 0.315, p = 0.159; gaze error: r2 = 0.215,
p = 0.257).

0.440–0.500 s).
A cluster-based permutation analysis revealed a significant differ
ence between the CVI group and controls (negative cluster, p = 0.001,
see Fig. 4 A and B). This significant effect was largely localized to
electrodes within the occipital as well as frontal regions, primarily in the
alpha (8–12 Hz) frequency range, and peaked between 0.440 and 0.500
s after stimulus onset. Specific group comparisons in the alpha range
revealed a statistically significant difference [t(18) = − 4.613, p =
0.002].
A time course plot showing the change in alpha power over time for
the occipital channel cluster (O1, O2, Oz) is shown in Fig. 4 C. This plot
represents both group means (solid lines) and one standard deviation
(shaded areas) for the underlying individual data. There was a separa
tion between the curves for the control and CVI groups that was most
evident around 0.3 s post-stimulus onset. This finding is in agreement
with previous data, as controls consistently showed a stronger alpha
desynchronization signal compared to the CVI group. These group dif
ferences were also evident with respect to mean and individual alpha
power data (Fig. 4 D; same peak alpha window as used above).
Separate comparisons for each group of alpha oscillations to
0 revealed significant alpha desynchronization for controls [t(11) =
− 6.238, p = 0.001], but not for the CVI group [t(9) = 1.438, p = 0.194].
This is consistent with a lack of alpha desynchronization signal in the

3.2. Analysis of EEG oscillatory activity
Comparisons of the time frequency decomposition analysis of EEG
data are shown in Fig. 3. In controls, visual inspection revealed a strong
and well-defined alpha desynchronization signal with maximal
desynchronization occurring between 0.5 and 0.7 s post stimulus onset
(Fig. 3 A, upper panel). In contrast, the response profile in the CVI group
appeared to be dramatically altered across low-range frequencies, and in
particular, in the alpha range. Specifically, there was a distinct lack of a
strong and well defined posterior alpha desynchronization signal (Fig. 3
A, lower panel). Scalp topographies of alpha activity for both groups are
displayed in Fig. 3 B (scalp topographies comprise the activity measured
within a 60 msec time-window including maximal statistical difference;

Fig. 3. 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 3–40 Hz, and for a time window of 0.3 s pre stimulus to 1.2 s
post stimulus. Data from each group (CVI and controls) are shown separately. Dotted black line represents stimulus onset. Group differences in alpha desynchro
nization reveal strong and consistent levels of alpha desynchronization signal in controls that are distinctly absent in the CVI group (see region within dotted line). (B)
Scalp topographies of baseline corrected alpha oscillatory activity are shown for the time windows in which group comparisons revealed the highest statistical
differences (0.5–0.7 s post-stimulus). Data for each group (controls and CVI) are shown separately. Group differences can be observed at the whole scalp level and in
particular, across the posterior electrode locations.
6
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Fig. 4. Alpha Oscillatory Activity and Statistical Comparisons. (A) Cluster-based permutation statistical comparison between groups (Controls > CVI). A sta
tistical comparison was performed within a 0–1 s post-stimulus time window across the frequency range of 3–40 Hz and all electrodes. Significant differences are
observed between groups in the alpha range. (B) Scalp topographies of the cluster-based permutation results performed between groups (statistically significant
channels highlighted with a white asterisk). (C) Time course plot showing change in alpha power over time for the occipital channel cluster (O1, O2, Oz). Both group
means (solid lines) and one standard deviation (shaded areas) are shown. Note the separation between the curves for the control and CVI groups that is most evident
around 0.3 s post-stimulus onset. (D) Bar plot showing group differences with respect mean and individual alpha power data.

CVI group during the post-stimulus presentation window.
Finally, an examination was conducted to determine whether alpha
oscillatory activity differed between the two groups prior to stimulus
onset, and thus potentially influencing post stimulus activity. A statis
tical analysis was carried out for the time window between − 0.6 and
− 0.1 s prior to stimulus onset. No statistically significant differences (all
p’s > 0.100) were found between the CVI and control groups with
respect to this pre-stimulus window, suggesting that only alpha oscil
latory activity occurring after stimulus onset was affected in CVI.

signal and behavioral performance revealed a significant correlation
with visual search area (r2 = 0.580, p = 0.037), but not for the other
outcome measures (success rate: r2 = 0.176, p = 0.301; reaction time: r2
= 0.326, p = 0.151; gaze error (r2 = 0.510, p = 0.058).
As a last step in the analysis, we explored potential links between
alpha desynchronization and the volume of thalamic nuclei. Results
from this analysis suggested that there was a significant negative cor
relation between alpha desynchronization amplitude and the volumes of
two thalamic nuclei. Specifically, these were the left ventral lateral
anterior (r2 = 0.69; p = 0.042) and left lateral pulvinar (r2 = 0.69; p =
0.042) nuclei. In other words, decreased volume of these thalamic nuclei
was associated with decreased (i.e. more positive) alpha desynchroni
zation amplitude.

3.3. Correlations between alpha oscillatory activity and behavioral and
morphometric measures
Within the CVI group, we conducted an exploratory analysis to
investigate putative associations between the amplitude of alpha oscil
lations and measures of visual function (i.e. visual acuity; n = 10),
behavioral performance (n = 10), and structural morphometry at the
level of visual thalamic nuclei (n = 6).
Relating alpha desynchronization signal (mean EEG amplitude at
8–12 Hz from time 0.500–0.700 s) and visual acuity (based on the
LogMAR value of the better seeing eye) revealed no significant corre
lation (r2 = 0.001, p = 0.951). Associating alpha desynchronization

4. Discussion
We present the results of a combined behavioral-EEG paradigm
developed for the purposes of characterizing visuospatial processing
deficits in individuals with CVI. Specifically, we assessed visual search
performance using eye tracking with a novel, behaviorally relevant VRbased task simulating a naturalistic scene (specifically, searching for a
toy in a toy box). This was combined with recorded EEG activity, with a
7
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particular focus on analyzing alpha oscillatory responses in relation to
visual search performance. We also explored putative associations be
tween magnitude of alpha desynchronization and measures of visual
acuity, behavioral performance, and thalamic structural morphometry.
Regarding our behavioral results, we found that individuals with CVI
showed an overall impairment in visual search performance as
compared to controls. Specifically, we found that the CVI group showed
decreased success rate, as well as increased reaction time, visual search
area, and gaze error. We interpret these findings to suggest that for our
VR-based visual search task, individuals with CVI were more likely to
miss and take longer to fixate the target, as well as made less precise and
accurate eye movements. These observations are consistent with clinical
reports describing deficits with visuospatial processing and attention in
this population (Fazzi et al., 2007; Philip and Dutton, 2014; Zihl et al.,
2015). It is important to note that this impairment in visual search
performance cannot be explained by poor testing compliance in the CVI
group. This is supported by the fact that there were no significant dif
ferences in terms of captured off-screen data (a measure of task com
pliance/testing reliability) compared to controls. Furthermore, while
success rate was indeed significantly lower in the CVI group compared to
controls, the magnitude of effect observed did not appear as large
compared to the other behavioral outcomes of interest (i.e. reaction
time, visual search area, and gaze error). This indicates that while there
was an overall impairment in performance in the CVI group, they were
still able to understand and complete the task with a comparatively high
level of success. Finally, it is also crucial to highlight that these observed
differences in performance cannot be explained by restrictions in visual
field, as all participants with CVI had intact visual field function within
the area corresponding to the visual stimulus presentation. Moreover,
visual search outcomes were not correlated with visual acuity level, and
impaired performance was also observed in individuals with normal (or
near normal) visual acuity. Taken together, this suggests that observed
group differences in our study are likely related to changes in underlying
neurophysiology rather than differences related to poor testing
compliance and/or measures of visual function.
Analysis of recorded EEG oscillatory activity in response to our visual
search task also showed striking differences between the CVI and control
groups. In general, the response profile revealed by time-frequency
decomposition appeared dramatically altered in the CVI group
compared to controls. Specifically, in the CVI group, there was a distinct
lack of a strong and well defined posterior alpha desynchronization
following stimulus onset compared to controls. We interpret these
findings to suggest that in the setting of early neurological damage to
retrochiasmatic pathways and visual cerebral structures, the develop
ment of alpha desynchronization signals is dramatically altered. Further,
there is an impairment in the typical development and deployment of
visuospatial and attention systems necessary to carry out our visual
search task. We also noted that these differences in alpha desynchroni
zation signals were limited to post-stimulus signal changes, as no sig
nificant differences in the pre-stimulus signal were observed between
the two groups. This latter finding suggests that differences in alpha
desynchronization are largely driven by the modulation of visual system
activity following visual stimulus onset, rather than differences in
baseline activity or preparatory brain responses. Taken together, our
results suggest that the establishment of alpha desynchronization signals
associated with visual search performance is dramatically altered in CVI,
and may give hints as to the underlying neurophysiological basis
regarding visuospatial processing deficits reported in this population.
Finally, we explored putative associations between alpha oscillatory
activity and clinical, behavioral, and anatomical measures of interest in
the CVI group. Importantly, this analysis revealed that alpha desynch
ronization signal amplitude was not significantly correlated with visual
acuity. That is, the observed neurophysiological alteration was not
merely due to an impoverished visual input reaching the visual system.
However, analysis of alpha oscillatory activity with respect to behav
ioral performance and structural morphometry did reveal potential

associations of interest. Specifically, we found that the magnitude of
alpha desynchronization was significantly correlated with increased
visual search area. While this association was not significant with
respect to reaction time, visual search area, and gaze error, the overall
trend direction was consistent across all visual search outcomes.
Furthermore, there was also a significant negative correlation between
magnitude of alpha desynchronization and the volumes of the left
ventral lateral anterior and left lateral pulvinar nuclei. This is consistent
with the notion that decreased volume of these thalamic nuclei is
associated with decreased (i.e. more positive) alpha desynchronization.
Given that these nuclei are known to be involved with the initiation and
control of saccadic eye movements as well as regulation of visual
attention (Dominguez-Vargas et al., 2017), we interpret these findings to
suggest that impaired visual search performance in CVI is associated
with early neurological injury and the maldevelopment of these key
visual thalamic nuclei. However, given that morphometric data was
available only in a relatively small sample of CVI subjects, these results
suggesting a putative association between alpha oscillatory activity and
thalamic volume should be interpreted as preliminary.
As mentioned in the introduction, individuals with CVI will often
present with impairments related to higher order visuospatial processing
and attention (Fazzi et al., 2007; Philip and Dutton, 2014; Zihl et al.,
2015), even when measures of visual function (such as visual acuity and
visual field) are within normal range (Williams et al., 2011; van Gen
deren et al., 2012). Thus, the characterization of higher order visual
perceptual deficits in CVI remains crucial in order capture a more
complete profile of functional visual impairments associated with this
condition. Indeed, mounting evidence suggests that impaired visuo
spatial processing is a common consequence of neurodevelopmental
damage (Johnston et al., 2017) and represents the most common type of
visual impairment observed in children with CVI (Dutton et al., 2017).
Given the profile of higher order visual deficits observed in individuals
with this condition, and the role played by the dorsal visual stream in
visuospatial processing, CVI has been characterized as a “dorsal stream
dysfunction” (Dutton, 2009; Macintyre-Beon et al., 2010); see also
“dorsal stream vulnerability” (Braddick et al., 2003)). The results from
this study appear to support this view. However, future studies should
also investigate behavioral performance (and their neurophysiological
correlates) on tasks typically associated with the ventral visual stream in
order to further disentangle the nature of observed higher order visual
perceptual deficits.
In an attempt to characterize these visuospatial processing impair
ments in children born premature and with developmental delays,
previous studies have used a variety of visual stimuli including biolog
ical form from motion, optic flow fields, and spatial integration tasks (e.
g. (Braddick et al., 2003; Pavlova et al., 2003; Weinstein et al., 2012)).
While these stimulus designs offer control of various testing parameters
(e.g. isolating stimulus features), they are not likely to fully capture the
subtleties related to higher order visual processing deficits when
viewing more complex and naturalistic scenes (similar to the limitations
mentioned earlier regarding standard VEP testing). In other words, it is
difficult to draw inferences and translate results obtained from these
types of psychophysical testing stimuli with respect to how individuals
with CVI interact with their visual surroundings. In this direction, our
group (as well as others) have incorporated the use of desktop
computerized tasks combined with eye tracking metrics to assess ocular
motor functions and visual search performance related to higher order
visuospatial processing abilities in CVI. For example, using moving
cartoon images, Kooiker and colleagues and were able to demonstrate
clear deficits related to fixation, ocular motor pursuit, and visual search
in children with CVI (Kooiker et al., 2016a, b). In the study presented
here, we further expand on the importance of characterizing visual
search performance by employing a desktop VR-based task requiring
participants to look for a target toy placed within an array of other toys.
This novel approach allowed for characterization of functional visual
performance using a naturalistic and behaviorally relevant task,
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therefore minimizing potential confounds related to poor task compre
hension or lack of participant engagement. Furthermore, the inherent
design of this VR-based task recruits skills related to real word visual
search and attention demands, while affording flexibility to investigate
other task related factors such as varying distractor number and char
acteristics, as well as scene complexity and visual clutter (Bennett et al.,
2018).
Previous studies have also attempted to analyze electrophysiological
activity beyond that of VEPs tin order to identify the neural correlates
associated with visual impairments in CVI. In a recent study, verMass
and colleagues (2020) used magnetoencephalography (MEG) to inves
tigate 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 in as
sociation with CVI. The authors found that in these individuals, 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 oscil
lations within occipital cortex (VerMaas et al., 2020). Furthermore, the
strength of the frequency specifi cortical oscillations were significantly
weaker in the children with CP as compared to controls (VerMaas et al.,
2020). In another study, neural oscillatory activity within the ventral
attention network was recorded while adolescents with CP performed a
visual selective attention task (a flanking task where participants were
instructed to report the direction of a target arrow while surrounded by
congruent or incongruent direction arrows) (Hoffman et al., 2021).
Participants with CP were found to have made more errors and had
slower responses compared to controls. Interestingly, oscillatory activity
recorded by MEG showed that participants with CP had stronger alpha
oscillations in the left insula during the incongruent task condition, with
stronger responses being associated with worse behavioral performance.
The authors interpreted their findings to suggest that aberrant activity
within this area was associated with impaired functioning related to
visual selective attention (Hoffman et al., 2021). Our results appear to be
consistent with these findings of altered neural oscillatory activity
linked to impaired visuospatial processing. Specifically, we also
observed decreased alpha activity in association with impaired visuo
spatial processing, and further extend these observations to higher order
processing deficits related to visual search performance across multiple
etiologies associated with CVI.
The importance of alpha desynchronization signals has been inves
tigated in numerous studies in the context of development, visual
deprivation, and acquired posterior brain lesions (such as in the case of
hemianopia). Work from human newborn infants (Eisermann et al.,
2013), individuals with congenital and profound ocular blindness
(Novikova, 1973), as well as following surgical sight restoration (Bottari
et al., 2016; Bottari et al., 2018), have provided converging evidence
that alpha activity is highly dependent on structured visual experience
occurring early in 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 (Eisermann et al., 2013). Alpha activity has also been found to
be dramatically reduced in adult individuals born with profound ocular
blindness (Novikova, 1973). Recent work in humans who underwent
sight restoration surgery after a period of congenital blindness (i.e.
removal of bilateral dense cataracts) showed that alpha activity is not
restored to levels comparable with neurotypical development (Bottari
et al., 2016; Bottari et al., 2018). Further evidence supporting the role of
posterior occipital cortex in coordinating alpha oscillations is provided
from another study recording oscillatory activity in patients with hem
ianopia due to an acquired posterior brain lesion (Pietrelli et al., 2019).
In this study, resting state oscillatory activity was recorded (eyes closed)
and a selective slowing of alpha frequency was found in both the intact
and the lesioned hemisphere. Furthermore, alpha amplitude was
reduced in the lesioned hemisphere resulting in an imbalance in inter
hemispheric oscillatory activity, with right posterior lesions resulting in
a greater reduction in alpha frequency and alteration in

interhemispheric balance. Importantly, visuospatial performance (as
indexed by impaired visual detection) was associated with alpha fre
quency duration supporting a functional role of alpha oscillations in
visual processing (Pietrelli et al., 2019).
The results of our study expand upon the view regarding the role of
alpha oscillatory signals with respect to the integrity and function of the
human visual system and brain development. In the case of CVI, we
found that the establishment of alpha desynchronization signals occur
ring during visual processing was dramatically altered despite not
having an apparent relationship with standard clinical measures of vi
sual function such as the level of visual acuity and presence of visual
field impairment. Thus, even in the case of structured visual experience
occurring early in development, damage to central visual processing
areas appears to dramatically alter the formation of appropriate visual
cortical oscillatory activity, which in turn is associated with higher order
visual processing deficits observed in individuals with CVI. This unique
opportunity to characterize alpha activity in CVI helps to not only un
cover the neurophysiological basis of visual perceptual deficits in these
individuals, but also investigate the effect of developmental vulnera
bility and neuroplasticity in relation to early damage to central visual
processing pathways.
While certainly preliminary, our finding of a possible link between
the magnitude of alpha desynchronization and the maldevelopment of
visual thalamic nuclei in CVI is also of note. Specifically, we found that
decreased (i.e. more positive) alpha desynchronization was associated
with decreased volume of the left ventral lateral anterior and left lateral
pulvinar. This finding 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 (Dominguez-Vargas
et al., 2017). Again, these observed associations were the result of an
exploratory analysis in a relatively small sample, and further studies
with a larger cohort are needed to confirm these preliminary findings. It
is also worth highlighting that while the origins of alpha oscillations
remain debated, these preliminary findings may also provide cues as to
the relative contribution and importance of thalamic integrity with
respect to establishing alpha desynchronization activity in humans
(Jensen and Mazaheri, 2010). While there is evidence that infragranular
layers of the cortex generate alpha rhythm (Da Silva and Van Leeuwen,
1977; Bollimunta et al., 2008; Spaak et al., 2012; Dougherty et al.,
2017), several studies have revealed that cortical alpha activity occurs
coherently with thalamic activity (Lopes da Silva et al., 1980; Hughes
and Crunelli, 2005). 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 (Saalmann et al., 2012).
Finally, a number of limitations with this study need to be consid
ered. First, despite the advantages of associating electrophysiological
findings with clinical, functional, and structural morphometry, these
conclusions should be interpreted with caution given the relatively small
sample size. Despite this issue however, we did observe a very large
difference between CVI and control participants with respect to the
magnitude of alpha desynchronization (Cohen’s d: 1.25; effect size r =
0.53). Secondly, identifying participants with CVI who are able to carry
out the demands related to a combined behavioral-EEG paradigm (as
well as have available morphometric data from MRI structural scans)
remains a challenge, and may also lead to a potential selection bias.
However, our current study design does present some important ad
vantages. For example, the use of a minimally intrusive wireless EEG
recording montage is more amenable for longer periods of signal cap
ture, especially when working with children and adolescents with
developmental disabilities. As mentioned previously, the use of desktop
VR for the purposes of developing simulations of naturalistic scenes and
behaviorally relevant tasks is likely to help better characterize subtle
visual processing deficits associated with CVI. Modifications to this vi
sual environment as well as task demands are possible, and will certainly
be necessary, in order to accommodate a broader clinical profile.
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Finally, while the current study focused on analyzing oscillatory activity
within a frequency range related to alpha desynchronization (3–40 Hz),
future work will investigate potential differences in other frequency
bands. For example, gamma and theta oscillatory activity have been
associated with early as well as higher-order visual spatial processing in
humans (Kahana et al., 1999; Tallon-Baudry and Bertrand, 1999).
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 as well as
ventral visual processing streams. This will help further characterize the
neurophysiological basis of visual processing deficits in CVI, and their
relationship with the timing, severity, type, and location of early
neurological damage.
Supplementary Materials. Thalamic Segmentation Map. Loca
tion of the 26 segmented thalamic nuclei used in the exploratory cor
relation analysis. Nuclei were identified based on a probabilistic atlas
(Iglesias et al., 2018) and overlaid on axial T1-weighted images from a
representative control participant. Note that the data from each hemi
sphere were evaluated separately. Slice projections move from ventral
(left) to more dorsal (right) and are presented in radiologic convention.
Abbreviations: AV: anteroventral, CeM: central medial, CL: central
lateral, CM: centromedian, LD: laterodorsal, LGN: lateral geniculate, LP:
lateral posterior, L-Sg: limitans (suprageniculate), MDI: mediodorsal
lateral parvocellular, MDm: mediodorsal medial magnocellular, MGN:
medial geniculate, MV(Re): reuniens (medial ventral), Pc: paracentral,
Pf: parafasicular, Pt: paratenial, PuA: pulvinar anterior, Pul: pulvinar
inferior, PuL: pulvinar lateral, PuM: pulvinar medial, R: reticular, VA:
ventral anterior, VAmc: ventral anterior magnocellular, VLa: ventral
lateral anterior, VLp: ventral lateral posterior, VM: ventromedial, VPL:
ventral posterolateral.

Data availability
The datasets generated during and/or analyzed during the current
study are available from the corresponding author upon IRB approval
and reasonable request.
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