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Visuospatial processing impairments are prevalent in individuals with cerebral visual impairment (CVI) and are typically ascribed
to “dorsal stream dysfunction” (DSD). However, the contribution of other cortical regions, including early visual cortex (EVC), frontal
cortex, or the ventral visual stream, to such impairments remains unknown. Thus, here, we examined fMRI activity in these regions,
while individuals with CVI (and neurotypicals) performed a visual search task within a dynamic naturalistic scene. First, behavioral
performance was measured with eye tracking. Participants were instructed to search and follow a walking human target. CVI
participants took significantly longer to find the target, and their eye gaze patterns were less accurate and less precise. Second, we used
the same task in the MRI scanner. Along the dorsal stream, activation was reduced in CVI participants, consistent with the proposed
DSD in CVI. Intriguingly, however, visual areas along the ventral stream showed the complete opposite pattern, with greater activation
in CVI participants. In contrast, we found no differences in either EVC or frontal cortex between groups. These results suggest that the
impaired visuospatial processing abilities in CVI are associated with differential recruitment of the dorsal and ventral visual streams,
likely resulting from impaired selective attention.
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Introduction
The ability to search for and find an object on a cluttered desk
or a person in a crowd is a seemingly effortless, yet essential,
function we carry out in our daily activities. For individuals with
early brain-based visual impairment, specifically cerebral visual
impairment (CVI), both clinical reports and empirical research
have revealed that such visuospatial tasks can be particularly
difficult, even in cases when visual acuity and visual field func-
tioning are at normal or near normal levels (Boot et al. 2010;
Dutton 2013; Dutton et al. 2006; Dutton et al. 2004; Jacobson et al.
1996; Lam et al. 2010; Manley et al.; Manley et al. 2022; McDowell
and Dutton 2019). As such, a conceptual framework termed “dor-
sal stream dysfunction” (DSD; [Dutton 2009; Macintyre-Beon et al.
2010]; see also “dorsal stream vulnerability” [Braddick et al. 2003])
has been proposed to describe the common prevalence of visu-
ospatial impairments (including impaired visual search as just
described, as well as deficits in complex motion processing and
spatial awareness of surroundings) and their purported associ-
ation with impaired processing along the dorsal visual stream.
Consistent with this view, a previous study by our group demon-
strated that individuals with CVI had significantly higher global
motion coherence thresholds compared to neurotypical controls
in determining the direction of motion (a dorsal stream task

[Pamir et al. 2021]). Furthermore, using fMRI, we found reduced
activation in hMT+ (a region in the dorsal stream involved in
complex motion processing) compared to controls, while activa-
tion in primary visual cortex was comparable between the two
groups (Pamir et al. 2021). These findings highlight the role of the
dorsal stream in impaired motion processing in CVI, which is not
attributed to early visual processing, and support the proposed
DSD in CVI hypothesis. Relatedly, in another recent behavioral
study, we compared global motion and form coherence thresholds
as indices of dorsal and ventral stream functions, respectively. We
found that compared to controls, CVI participants showed sig-
nificantly higher global motion coherence thresholds, while form
coherence thresholds were comparable between the two groups
(Merabet et al. 2023), suggesting impaired dorsal stream function
yet spared ventral stream function (see also [Atkinson 2017]).
Importantly, a number of other behavioral studies by our group
have provided additional evidence for impaired dorsal stream
functioning beyond motion processing in CVI. For example, using
a classic conjunction search task, we also revealed that CVI par-
ticipants showed a profile of greater impairment in visual search
efficiency as a function of task difficulty (load) as indexed by
an increasing number of surrounding distractors in the search
array (Manley et al. 2023). Finally, using a virtual reality (VR)-based
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naturalistic static visual search task, we found that CVI partici-
pants were more impaired than controls in finding a target toy
in a box of other toys (Zhang et al. 2022). The results suggest
that the impaired behavioral performance associated with dorsal
stream functioning is not limited to global motion processing but
is also evident in more generalized visuospatial tasks such as
visual search.

But are the visuospatial deficits in CVI explained solely by
DSD? Even with the above studies suggesting that the visuospatial
deficits in CVI may be specific to DSD, no study to our knowledge
has collectively examined the multiple cortical regions beyond
the dorsal stream, including early visual cortex (EVC), the ventral
visual stream, and frontal cortex that may (or may not) be impli-
cated in the visuospatial impairments in this population. Thus,
using a visual search task and fMRI, we investigated the potential
extended neural bases of the impaired visual search abilities in
CVI under naturalistic viewing conditions. More specifically, we
compared visual search performance using eye tracking in CVI
participants to neurotypical participants while carrying out a
naturalistic VR-based visual search task previously used by our
group (Manley et al. 2022). In this task, participants are required
to search, locate, and pursue a human target walking in a moving
crowd. We also investigated the effect of task difficulty (load) on
overall performance by manipulating the size of the surrounding
crowd (i.e. the number of people serving as distractors). By using
a naturalistic visual stimulus, our overarching goal was to better
characterize performance in individuals with CVI in a manner
that was more aligned with the self-reported challenges they face
in real-world settings. We next adapted our task for the fMRI
environment to identify the cortical regions associated with the
impaired visual search performance in CVI. Here, we focused on
characterizing activation profiles within a priori-defined regions
of interest (ROIs), including regions composing EVC, regions along
the dorsal (parietal cortex) and ventral (temporal cortex) streams,
and frontal cortex.

Dovetailing with the clinical accounts and the previous studies
by our group, we found that visual search performance was
impaired in CVI participants compared to neurotypicals. Further-
more, fMRI revealed significantly reduced activation in regions
along the dorsal stream in CVI compared to neurotypicals, consis-
tent with the DSD in CVI hypothesis. Intriguingly, however, regions
along the ventral stream showed the opposite response profile
with greater activation compared to neurotypicals, with task dif-
ficulty disproportionately affecting the CVI participants. Finally,
activation within EVC and frontal cortex was not significantly
different between the two groups.

Materials and methods
Study participants
Fourteen (14) individuals with CVI (8 males, mean age = 19.57 years
±5.26 SD) and 16 individuals with neurotypical development
(5 males, mean age = 22.63 years ±3.40 SD) participated in the
study (The study size was determined using a prior fMRI study
conducted by our group14). There were no significant differences
with respect to age [t(28) = 1.859, P = 0.077, d = 0.700] or the
distribution of males/females (X2(1) = 2.039, P = 0.153) between
the two groups.

All participants with CVI were previously diagnosed by eyecare
professionals with extensive clinical experience working with this
population (see [Merabet et al. 2023] for further details regarding
the diagnosis of CVI). Briefly, the diagnosis was based on a directed
and objective assessment of visual functions (including visual
acuity, contrast, visual field perimetry, color, and ocular]motor

functions), functional vision assessment (use of structured
questionnaires, surveys, and activities), a thorough refractive and
ocular examination, as well as an integrated review of medical
history and available neuroimaging and electrophysiology records
([Fazzi et al. 2007; Chandna et al. 2021], see also [Boonstra et al.
2022]). Causes of CVI were diverse and included hypoxic–ischemic
injury related to prematurity and complications occurring
at childbirth, periventricular leukomalacia (PVL), as well as
genetic and metabolic disorders. Five CVI participants were
born prematurely (i.e. less than 37 weeks gestation). Associated
neurodevelopmental comorbidities included cerebral palsy (CP)
and a history of developmental delays (according to the definition:
“slow to meet or not reaching milestones in one or more of
the areas of development including communication, motor,
cognition, social-emotional, or adaptive skills expected for the
child’s age”; Individuals with Disabilities Education Act, 2004,
https://sites.ed.gov/idea/about-idea/). Best corrected binocular
visual acuity ranged from 20/15 to 20/70 Snellen (or − 0.12 to 0.54
logMAR equivalent). Participants with CVI were also categorized
according to functional criteria (Dutton and Lueck 2015). In this
study sample, 12 out of 14 CVI participants were categorized
as category 3 (defined as “functionally useful vision and who
can work at or near the expected academic level for their age
group”) and the remaining two as category 2 (defined as “have
functionally useful vision and cognitive challenges”). Exclusion
criteria included any evidence of oculomotor apraxia (i.e. failure
of saccadic initiation), intraocular pathology (other than mild
optic atrophy), uncorrected strabismus, as well as hemianopia
or a visual field deficit corresponding to the area of testing
(see Table 1 for complete demographic details). Comparative
neurotypicals had normal or corrected-to-normal visual acuities
and no previous history of any ophthalmic (e.g. strabismus,
amblyopia) or neurodevelopmental conditions.

All study participants had visual acuities, intact visual field
function within the area corresponding to the visual stimulus
presentation, and fixation and binocular ocular motor function
sufficient for completing the task requirements and eye tracking
calibration (see Section 2.2 below).

Prior to data collection, written informed consent was obtained
from all participants and a parent/legal guardian (in the case of a
minor). The study was approved by the Investigative Review Board
at the Massachusetts Eye and Ear in Boston, MA, USA, and carried
out in accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments involving
humans.

Visual stimulus, behavioral task, and analysis
of gaze behavior
We assessed visual search performance using a VR-based
dynamic human search task previously developed by our group
called the “virtual hallway” task (designed using the Unity
Technologies 3D game engine v. 5.6; for complete details see
[Bennett et al. 2018; Bennett et al. 2021]). Briefly, the task
represents a simulated rendering of a hallway of a fictitious school
with a crowd of people walking toward and past the observer
(Fig. 1A). The scene was presented in a dynamic, continuous
fashion, and viewed from a fixed, first-person perspective.
Participants were instructed to search, locate, and then pursue the
target (the principal, a Caucasian female) walking in the crowd
as soon as she appeared from one of eight possible entrances
and follow her until she was no longer visible on the screen. The
interval between the target disappearing and reappearing in the
hallway from trial to trial varied between 5 and 15 s. The duration
of the target’s visibility was primarily determined by its starting
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point and path length and varied between 5 and 17 s for the closest
and furthest start points, respectively. The primary manipulation
of interest was the number of people in the crowd (i.e. distractors),
which ranged from 1 to 20 individuals. Task difficulty (load) was
categorized as low (average of 5 ± 5 people), medium (10 ± 5), and
high (15 ± 5), with each level of crowd density presented equally
and in a pseudorandom fashion. For each level of task difficulty,
participants experienced an equal number of trials for all possible
starting locations of the target. Each run lasted approximately
3.5 minutes and participants completed 3 runs of the experiment
with a brief rest period in between. The total testing time was
approximately 15 to 20 min for each participant.

Participants were seated comfortably in front of the visual dis-
play, and the visual stimulus was presented on a 27-inch monitor
(BenQ, 144 Hz refresh rate, 1920 × 1080 resolution). At a viewing
distance of 50 to 60 cm, the scene subtended 58 to 68 × 32 to
38 degrees of visual angle. Visual search patterns (corresponding
to the X and Y coordinate positions of gaze on the screen) were
captured using a Tobii 4C Eye Tracker system (90 Hz sampling
frequency, Tobii Technology AB, Stockholm, Sweden) mounted on
the lower portion of the monitor. Participants were reminded to
maintain their gaze on the screen during testing but otherwise
could move their heads freely. Prior to data capture, eye tracking
calibration was performed on 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 verification (i.e. the same 7 calibration
points plus center-left and center-right positions). The accuracy
criterion was determined by gaze fixation falling within a 2.25 arc
degrees radius around each of the 9 points and was further con-
firmed by visual inspection prior to commencing data collection.

Visual search performance was analyzed based on captured
eye-tracking data while participants initially searched, located,
and then fixated/followed the target. Two primary objective
outcomes were collected for this purpose. Mean success rate
(expressed as a percent of correct responses) was defined by
whether the participant was able to locate and maintain their
pursuit of the target. A trial was considered unsuccessful if a
participant failed to locate and establish pursuit for 400 ms prior
to the target leaving the screen (end of the trial). A percentage
was then calculated based on the condition level of a given trial,
and an average of the total number of trials was extracted. Mean
reaction time (expressed in ms) was defined as the first moment
the participant’s gaze arrived within the outer contour of the
target and pursued the target on the screen for a given trial. A
successful pursuit was defined as gaze that remained within the
outer contour of the target for a minimum of 400 ms. In the case
where the target entered the hallway and was partially occluded
from view, the first moment they became visible to the viewer
would mark the start of the reaction time calculation (Bennett
et al. 2018; Bennett et al. 2021).

Two secondary outcomes were also analyzed to further charac-
terize search performance. Gaze error (expressed in arc degrees)
was defined as the distance between the center of the target
and the participant’s gaze position. This measure was calculated
based on the sampling rate of the eye tracker (90 Hz) and served
as a continuous measure of the overall locating and pursuit
accuracy of the target stimulus (Bennett et al. 2018; Bennett et al.
2021). Next, visual search area (expressed as a percent of screen
area) was determined based on an ellipse-shaped 95% confidence
interval fitted to the captured eye tracking data. This measure
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Fig. 1. The virtual hallway task design for the (A) behavioral and (B) fMRI studies. (A) Participants were instructed to search, locate, and pursue a target
(the principal) walking in a hallway of a fictitious school. Gaze behavior was recorded using an eye tracker placed below the presentation screen. Task
difficulty (load) was manipulated by varying the number of individuals (i.e. distractors) in the crowd, ranging from 1 to 20 people (categorized as low,
medium, and high levels of task difficulty). (B) for the fMRI experiment, the behavioral task was the same but with two additional conditions: 1) an
empty hallway condition, used as a baseline, and 2) a high load/no search condition, where all the individuals walking in the corridor were identical to
the target, used as a control task to isolate visual search from general motion processing see text for further details).

was expressed as a percentage of screen area and represents a
measure of visual search precision. Specifically, the ellipse area
extended around the perceived centroid location of the target
and indicated how well a person searched and continued pursuit
within the area they perceived the target to be (precision around
spatial centroid). Thus, this measure includes both components
of the visual search and pursuit processes (Bennett et al. 2018;
Bennett et al. 2021).

Finally, we also determined how often/long participants were
able to maintain their gaze within the area of the screen based
on the continuous recording of eye gaze coordinate positions.
For this purpose, off-screen performance (expressed as a percent)
was calculated based on the proportion of gaze points that fell
outside of the bounds of the screen on each trial. Given the known
frequency of gaze data acquisition (90 Hz), each off-screen data
point could be expressed as the specific amount of time, and this
outcome served as an index of testing compliance and reliability
(Bennett et al. 2018; Bennett et al. 2021).

Statistical analyses were carried out using SPSS Statistics pack-
age version 24 (IBM; Armonk, NY, USA). A nonparametric analysis
was pursued following confirmation that behavioral data were
not normally distributed and that variances were nonhomoge-
neous (Shapiro–Wilk test). To investigate group differences in
performance, a series of initial Mann–Whitney U tests followed by
a Bonferroni correction for multiple comparisons (adjusted alpha
threshold of 0.01) was performed on all outcomes of interest. The
effect of task difficulty (load) was evaluated using a Friedman’s
test across the two groups. To examine the effect of task difficulty
in each group separately, we fitted a least-squares error function
to the behavioral data, which consisted of three data points rep-
resenting the low, medium, and high load task conditions. For this
purpose, we used the “polyfit” function in MATLAB (MathWorks,
Inc) and calculated the slope of each fitted function. To examine
whether increasing task difficulty affected performance in each
group, we conducted a Wilcoxon signed-rank test to determine
if the median of the slope was different from zero (i.e. a positive
slope value indicates an increase in reaction time with increased
task difficulty) for the two groups separately. Furthermore, to
investigate if task difficulty affected the performance of the two
groups differently, we then compared calculated slope values
between the two groups using a two-tailed independent-samples
Mann–Whitney U test.

For outcomes in which there was a significant group difference
in overall performance and a significant difference across task
difficulty, separate Mann–Whitney U tests were conducted to
investigate group differences at each task difficulty condition.
Effect sizes for Mann–Whitney U tests were reported as r (calcu-
lated by r = z/√N).

Magnetic Resonance Imaging (MRI) data
acquisition
Participants underwent an MRI scanning protocol using a
3 T Philips Ingenia Elition X scanner (the Netherlands) and
a 32-channel phased array head coil. A 3D T1-weighted scan
(TE = 2.9 ms, TR = 6.5 ms, flip angle = 8◦, isotropic 1 mm acquired
voxel size reconstructed from 0.47 x 0.47 x 1.00 mm voxel
size) and 3D-FLAIR (TE = 340 ms, TR = 4800 ms, refocusing
angle = 40◦, isotropic 1.12 mm acquired voxel size, isotropic
0.74 mm reconstructed voxel size) were acquired. Blood oxygen
level-dependent (BOLD) signal measurements were acquired
with a T2∗-weighted gradient-recalled echo-planar imaging (EPI)
multiband imaging sequence with a factor of 4 (TR: 2000 ms; TE:
30 ms; flip angle: 90◦; spatial resolution: 3 × 3 × 3 mm; number of
slices: 44; slice orientation: axial and covering the entire brain).

Structural MRIs of all the CVI participants (n = 14) were
assessed for brain lesion severity according to a reliable and
validated semi-quantitative scale (see [Fiori et al. 2014] for
complete details). Briefly, sub-scores from each category were
summed to provide a global lesion index score (i.e. sum of
hemispheric, subcortical, corpus callosum, and cerebellum sub-
scores). With this assessment, a higher score is indicative of
greater lesion severity. In our sample of CVI participants, global
lesion scores ranged from 0.5 to 27 out of a maximum possible
score of 48 (see Table 1 and Supplemental Fig. 1 for individual
structural scans and Supplemental Table 1 for the correlation
scores between global lesion scores and behavior).

Functional Magnetic Resonance Imaging (fMRI)
task and analysis
The virtual hallway task described above was adapted as a block
design for the purposes of the fMRI experiment. The overall task
design remained the same, and participants were again instructed
to search, locate, and click a response button as soon as the

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhae203#supplementary-data
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target was found and then follow the target in response to the
low, medium, and high task load conditions (Fig. 1B). Participants’
responses were collected using an MR-compatible response but-
ton box to ensure that subjects remained vigilant throughout the
task. In addition to three task difficulty conditions, we added two
control conditions for subsequent contrast comparisons. First, an
“empty hallway” condition had no walking humans present and
served as a baseline to control for activation related to the stim-
ulus environment. For this condition, subjects were instructed
to explore the visual scene freely, but no behavioral response
was required. Second, a high load/no search condition was added
where all the humans walking in the corridor were identical to the
school principal (i.e. identical to the target) and at a crowd density
equivalent to the high task load condition to ensure that any
neural differences in visual search were specific to visual search
ability and were not simply due to general motion processing abil-
ity. For this condition, participants were instructed to explore and
track any target they chose randomly, and no behavioral response
was required. Each condition lasted 12 s and was repeated five
times in a random order throughout each run. All participants
completed up to six runs. Visual stimuli were presented on an
MR-compatible LCD monitor (32 inches, resolution: 1920 × 1080,
refresh rate: 60 Hz; Invivo Corp. Gainesville, USA) mounted to the
back of the scanner bore. Participants viewed the screen from a
distance of 120 cm via a mirror (7 × 3 inch) mounted on the head
coil.

Analysis of the fMRI data was conducted using FSL software
package (FMRIB; http://fsl.fmrib.ox.ac.uk). Preprocessing steps for
the functional data were completed using FSL FEAT (FMRI Expert
Analysis Tool) Version 6.00 and included motion correction using
MCFLIRT, slice timing correction, spatial smoothing (5 mm), and
high-pass temporal filtering (Gaussian-weighted least-squares
straight line fitting, with 90 s cut off). Additional head motion-
related artifact removal was done using ICA-AROMA (Pruim et al.
2015). Noise components detected by ICA-AROMA were manually
evaluated (Griffanti et al. 2017), and those identified as noise
were removed from further analysis. In total, 6 runs (3 runs
from a neurotypical subject, and 2 runs from a subject with
CVI, and 1 run from another subject with CVI) were excluded
from the further analysis due to excessive head motion (above
3 mm) in the scanner. Preprocessed functional data were co-
registered with the high-resolution anatomical images using
boundary-based registration (BBR), and the data were nonlinearly
transformed into standard Montreal Neurological Institute (MNI)
152 space (12 degrees of freedom, warp resolution 10 mm). This
nonlinear spatial transformation was chosen due to its enhanced
capability in addressing the structural abnormalities observed
in participants with CVI, and it enabled us to effectively utilize
atlas-based regions of interest (ROIs). Voxel time courses for
each subject were fit using a general linear model (GLM) for
subsequent statistical analysis. Each experimental condition
was modeled by a boxcar regressor matching the condition
time course and convolved with a double-gamma hemodynamic
response function. Due to practical limitations that prevented
extending scanning times for our clinical population with CVI, we
were unable to incorporate functional localizer runs as part of
the fMRI data acquisition. Therefore, analysis of fMRI activation
(BOLD signal) data was limited to a priori-defined ROIs using
anatomical masks from a probabilistic atlas (Wang et al. 2015).
We specifically chose this atlas because of its probabilistic nature
and its suitability for use with clinical populations. Given the
possibility of greater morphological variability in the brains of
the CVI group, we anticipated higher anatomical and functional

variability in the organization of their visual areas. Utilizing a
probabilistic atlas effectively addresses this issue by allowing
the selection of voxels that are more likely to be functionally
associated with specific visual areas. The ROIs included three
subregions composing EVC (i.e. V1, V2, and V3), four regions within
the dorsal stream (i.e. the middle temporal area [MT], the medial
superior temporal area [MST], intraparietal sulcus [IPS], and
superior parietal lobule [SPL]), three regions in the ventral stream
(i.e. V4, ventral occipital cortex [VOC] and parahippocampal
cortex [PHC]), and one region in frontal cortex (i.e. frontal eye
fields [FEF]). Further details regarding the anatomical location
of ROIs from the Wang et al. (2015) atlas are presented in the
supplementary materials section (See Supplemental Fig. 2). ROI
masks included all the voxels belonging to each ROI with a 25%
threshold or higher probability.

For statistical analyses, we first computed separate GLM con-
trasts for the low, medium, high, and high load/no search con-
ditions relative to the empty hallway control condition. For each
ROI, BOLD signal from each voxel (computed using unthresholded
z-statistics produced by FEAT Second Level Analysis for each
contrast) were averaged to create a mean signal intensity value,
and further analyses were performed using these values.

Statistical analyses were performed using JASP (Version
0.17.1.0, jasp-stats.org). Between- and within-group differences
were compared by conducting a mixed design analysis of variance
(ANOVA). First, for each ROI, we averaged the BOLD signal within
that ROI’s subregions and then evaluated group differences by
applying 2 × 4 × 3 mixed-design ANOVA with group (CVI and
neurotypicals), ROI, and load (low, medium, high) as factors.
Similar to the behavioral data analysis, the effect of task difficulty
(load) was evaluated by fitting a least-squares error function to
the fMRI load activation profile (activation at the low, medium,
and high task conditions) separately for each ROI. From there,
the slope of each fitted function was calculated for each group.
We compared the slopes between the two groups in each visual
area using a two-tailed independent-samples t-test (Bonferroni-
corrected, adjusted alpha is 0.0125) to examine whether the task
difficulty affected the performance of the two groups differently.

Finally, we explored potential relationships between clinical
profile indices and behavioral results from the eye-tracking
experiment with fMRI activity. Analysis of potential correlations
between behavioral performance and activation did not reveal
any significant relationships in any of the ROIs tested. We also
examined possible associations between baseline visual acuity in
our CVI population and behavioral outcomes (reaction time and
success rate) and fMRI BOLD signal activation levels across visual
areas. This analysis also did not reveal any statistically significant
associations or differences. The details of these analyses are
reported as part of the supplementary materials section.

Results
Visual search performance
Overall, participants in the CVI group showed impairment in
visual search performance compared to neurotypicals, consistent
with the proposed DSD in CVI. For success rate, while the CVI
group was numerically less accurate than the neurotypicals
(89% correct versus 96% correct, respectively), this difference
did not reach significance (U = 137.50, P = 0.28, r = 0.22) (Fig. 2A).
In contrast, reaction times were significantly (more than 3 times)
longer in the CVI group compared to neurotypicals (median RT
for CVI and neurotypicals: 4060 vs. 1262 ms; mean RT for CVI and
neurotypicals: 4152 vs. 1326 ms) (U = 26.00, P < 0.001, r = −0.76)

http://fsl.fmrib.ox.ac.uk
http://fsl.fmrib.ox.ac.uk
http://fsl.fmrib.ox.ac.uk
http://fsl.fmrib.ox.ac.uk
http://fsl.fmrib.ox.ac.uk
http://fsl.fmrib.ox.ac.uk
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhae203#supplementary-data
jasp-stats.org
jasp-stats.org
jasp-stats.org
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Fig. 2. Visual search performance in CVI and neurotypicals. Individual (circles) and mean (shown as box plots presenting the ranges from the first
quartile to the third quartile of the distribution) performance. The line across the bar and whiskers indicate the median and the most extreme data
points, respectively). Participants in the CVI group showed an overall impairment in visual search performance compared to neurotypical controls.
Although (A) success rate was not significantly different between the two groups, (B) reaction time, (D) gaze error, and (E) visual search area were all
significantly higher in the CVI group compared to neurotypicals. (C) Reaction time as a function of task difficulty revealed that increasing task difficulty
(load) affected both groups’ performance similarly. ∗∗∗ = P < 0.001, n.s. = nonsignificant.

(Fig. 2B). Moreover, comparing reaction times as a function of task
difficultly between groups (Fig. 2C), we again found a significant
difference (X2 (2) = 22.20, P < 0.001, W = 0.37), with post-hoc Mann–
Whitney U tests revealing significantly longer reaction times
in the low (U = 33.00, P < 0.001, r = −0.60), medium (U = 27.00,
P < 0.001, r = −0.65), and high (U = 21.00, P < 0.001, r = 0.69) load
conditions in the CVI group, relative to the neurotypicals. Finally,
comparing the slope of the fitted functions of the two groups
revealed that task difficulty affected both groups similarly
(U = 80.00, P = 0.19, r = 0.28). Taken together, these findings reveal
that while CVI participants were able to find the target like
neurotypicals, they took significantly longer to do so.

Gaze error was also significantly greater in CVI compared
to neurotypicals (median gaze error scores for CVI and neu-
rotypicals: 7.38 vs. 4.54 arc degrees; mean gaze error scores
for CVI and neurotypicals: 8.03 vs. 4.44 arc degrees) (U = 2.00,
P < 0.001, r = −0.98) (Fig. 2D). Next, comparing gaze error as a
function of task difficulty by group, we found a significant
difference (X2 (2) = 11.4, P = 0.003, W = 0.19), with post hoc Mann–
Whitney U tests revealing significantly higher gaze errors in the
low (U = 6.00, P < 0.001, r = −0.94), medium (U = 4.00, P < 0.001,
r = −0.96), and high (U = 6.00, P < 0.001, r = −0.94) load conditions
in CVI, relative to neurotypicals. Moreover, participants in the
CVI group searched a greater area compared to neurotypicals
(median search area scores for CVI and neurotypicals: 12.3%
vs. 6.4% screen area; mean search area scores for CVI and
neurotypicals: 14.7% vs. 6.4% screen area) (U = 6.00, P < 0.001,
r = −0.94) (Fig. 2E). Next, we compared visual search area as a
function of task difficulty and found a significant difference
(X2 (2) = 6.06, P = 0.04, W = 0.1), with post-hoc Mann–Whitney
U tests revealing significantly greater visual search area in the

low (U = 6.00, P < 0.001, r = −0.94), medium (U = 7.00, P < 0.001,
r = −0.93), and high (U = 15.00, P < 0.001, r = −0.86) load conditions
in the CVI group, relative to the neurotypicals. Taken together,
these results reveal that eye gaze patterns to the target in CVI
participants were less accurate and less precise compared to
neurotypicals. Note, however, that when comparing off-screen
percent values, we found no significant difference between CVI
and neurotypicals (median off-screen percent scores for CVI and
neurotypicals: 0.18% vs. 0.37%; mean off-screen percent scores
for CVI and neurotypicals: 0.65% vs. 0.36%) (U = 117.501, P = 0.83,
r = 0.09), revealing that both groups were able to maintain a
relatively high level of compliance and engagement in performing
the visual search task, and hence cannot explain the significant
impairment in our visual search task in CVI.

Functional Magnetic Resonance Imaging (fMRI)
activation
To investigate the potential extended neural bases of the above
impaired visual search performance in CVI, the main question
in this paper, we first collapsed across all subregions within
each ROI: i) V1, V2, and V3 composing EVC, ii) MT, MST, IPS,
and SPL composing the dorsal stream, and iii) V4, VOC, and PHC
composing the ventral stream (note that we only investigated
area FEF in the frontal cortex, so there was no need to collapse
across subregions). Similar fMRI activations were observed
between the right and left hemispheres for both groups across
all ROIs except for one visual area within frontal cortex (FEF).
Therefore, we analyzed fMRI activation patterns collapsed across
hemispheres as part of the main results of this study. The
complete results describing hemispheric differences in response
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Fig. 3. fMRI activity (BOLD signal) for each ROI as a function of task difficulty by group. Response profiles between the CVI and neurotypical controls
were not significantly different in EVC or in frontal cortex. Responses to increasing task difficulty were also not significantly different between groups
in these ROIs. In contrast, activity in the dorsal stream ROI was significantly lower for the CVI group compared to the neurotypical controls, while the
opposite pattern was found in the ventral stream ROI. Finally, while increasing task difficulty affected both groups similarly in the dorsal stream ROI, the
CVI group showed a stronger effect with increasing task difficulty in the ventral stream ROI. Error bars denote standard error of the mean. ∗∗∗ P < 0.001,
∗∗ P < 0.01, n.s. = nonsignificant.

profiles across visual areas are available in the supplementary
materials section (See Supplemental Fig. 3). Next, we ran a 2
(group: CVI, neurotypicals) x 4 (ROI: EVC, dorsal stream, ventral
stream, frontal cortex) x 3 (task difficulty: low, medium, high)
mixed model ANOVA, Critically, we found a significant group
by ROI interaction (F(2.1, 60.7) = 13.2, P < 0.001), indicating that
not all ROIs are contributing to the visual search impairment in
CVI (Fig. 3). Indeed, Bonferroni corrected pairwise comparisons
(adjusted alpha = 0.0125) revealed that activation in both EVC
and frontal cortex was not significantly different between groups
(EVC: t(28) = −0.10, P = 0.90; frontal cortex: t(28) = −1.44, P = 0.16). In
contrast, activation in the dorsal stream was significantly lower
in the CVI group compared to the neurotypicals (t(28) = −4.06,
P < 0.001), consistent with the proposed DSD in CVI. Activation in
the ventral stream was also significantly different between groups
(t(28) = 2.82, P = 0.009), but intriguingly, it was in the complete
opposite direction. That is, activation in the ventral stream was
significantly higher for the CVI group compared to the neurotyp-
icals. Taken together, these results reveal that the visual search
impairment in CVI is associated with differential recruitment of
the dorsal and ventral streams and does not involve EVC or frontal
cortex.

Finally, there was a significant group by ROI by task diffi-
culty interaction (F(3.09, 86.7) = 4.91, P = 0.003). Although there was
no significant group by task difficulty interaction in the dorsal
stream (F(1.79, 50.24) = 1.39, P = 0.25) and frontal ROI (F(2, 26) = 0.4,
P = 0.66), there was a significant interaction in the ventral stream
ROI (F(1.68, 47.22) = 7.32, P = 0.003), with task difficulty dispropor-
tionately affecting the CVI group, relative to the neurotypicals. We
also found a marginal difference in the EVC ROI (F(2, 26) = 3.24,
P = 0.05), with task difficulty again disproportionately affecting the
CVI group relative to the neurotypicals. However, unlike in the
ventral ROI, this difference is most likely due to the increasing
amount of visual information across the task difficulty conditions,
not task difficulty per se. Indeed, when we directly compared the

ventral ROI to the EVC ROI, we found a significant group by ROI
interaction (F(1, 28) = 8.06, P = 0.008) supporting this idea.

But do the above neural differences in the dorsal and ventral
streams really reflect an impairment in visual search in CVI, or
could they instead be solely explained by their known impairment
in motion processing more generally? To directly address this
question, we then compared our high load search task to a control
task (i.e. a high load/no search task, matched on motion; see
Methods), thus isolating activation related to visual search abil-
ities from motion processing. As a result, any significant increase
in fMRI signal would be attributed to carrying out the visual
search task. Indeed, Bonferroni corrected pairwise comparisons
(adjusted alpha value of 0.0125) showed that fMRI activation
related to carrying out the visual search task was greater in
EVC (t(13) = 4.5, adjusted P < 0.001), dorsal (t(13) = 3.19, P = 0.007),
and ventral areas (t(13) = 3.99, P = 0.002), but not in the frontal
area (t(13) = 1.79, P = 0.09) in the CVI group. However, carrying out
the visual search task increased the fMRI activity only in the
dorsal (t(15) = 6.09, P < 0.001) and frontal visual areas (t(15) = 4.21,
P < 0.001), but not in EVC (t(15) = −1.23, P = 0.23) or ventral areas
(t(15) = 0.84, P = 0.41) in the control group (Fig. 4). Thus, these
findings reveal that the neural responses in the dorsal and ventral
streams indeed reflect the impairment in visual search perfor-
mance in CVI and are not only due to their reported impairments
related to global motion processing more generally, since both
dorsal and ventral streams had significantly greater activation in
response to the high load search condition than to the motion-
matched high load/no search condition.

Having now established the dorsal and ventral stream contri-
butions to the impairment in visual search in CVI, note, however,
that we collapsed across subregions for each ROI; thus, it is still
possible that some subregions within either the dorsal or ventral
stream may be contributing to the impairment, while others are
not. To directly test this possibility, we ran a 2 (group: CVI, neu-
rotypicals) x 3 (task difficulty: low, medium, high) mixed model

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhae203#supplementary-data
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Fig. 4. fMRI activity (BOLD signal) for the visual search task (high load) condition and the high load/no search control condition. Activity in both the
dorsal and ventral stream ROIs was significantly lower for the high load/no search task than for the visual search task in CVI. This suggests that neural
differences in the dorsal and ventral streams indeed reflect the impairment in visual search in CVI and are not due to their known impairment in
motion processing more generally. ∗ P < 0.01; Bonferroni corrected for multiple comparisons.

ANOVA for each subregion within the dorsal and ventral stream
ROIs separately (Fig. 5). Within the dorsal stream ROI, we found a
significant main effect of group in all dorsal stream ROIs, except
in IPS, although it displayed a similar trend (MT: F(1, 28) = 20.16,
P < 0.001; MST: F(1, 28) = 4.65, P = 0.04; SPL: F(1, 28) = 6,47, P = 0.01;
IPS: (F(1, 28) = 3.65, P = 0.06), revealing that all subregions within
the dorsal stream ROI except IPS are contributing to the visual
search impairment observed in CVI. Furthermore, no significant
group by task difficulty interactions were found in any subre-
gion (MT: F(2, 56) = 1.84, P = 0.17; MST: F(1, 28) = 1.44, P = 0.24; IPS:
F(2, 56) = 1.49, P = 0.23; SPL: F(1.59, 44.75) = 0.58, P = 0.52), revealing
task difficulty was processed similarly between groups in all
subregions.

Similarly, within the ventral stream ROI, we found a significant
main effect of group in V4, VOC, and PHC (V4: F(1, 28) = 4.65,
P = 0.04; VOC: F(1, 28) = 7.18, P = 0.01; PHC: F(1, 28) = 9.08, P = 0.005),
revealing that all subregions within the ventral stream ROI
are contributing to the visual search impairment in CVI. Next,
significant group-by-task difficulty interactions were found
in some subregions. For V4, the interaction was significant
(F(2, 56) = 3.35, P = 0.04); however, Bonferroni corrected pairwise
comparisons showed that the difference between CVI and
neurotypicals was not significant for the low, medium, or
high load conditions after correcting for multiple comparisons
(P > 0.05). For VOC, the interaction between group and task
difficulty was significant (F(1.55, 43.6) = 7.06, P = 0.004). Although
the difference between CVI and neurotypicals was not significant
(adjusted alpha = 0.016) in the low load condition (t(28) = 2.16,
P = 0.03), the difference was significant in the medium (t(28) = 2.97,
P = 0.006) and high load conditions (t(28) = 2.73, P = 0.011). Finally,
for PHC, the interaction between group and task difficulty was
also significant (F(1.49, 41.79) = 5.45, P = 0.01), with a marginal
difference between groups (adjusted alpha = 0.016) in the low
load condition (t(28) = 2.3, P = 0.02) and significant differences
in the medium (t(28) = 3.27, P = 0.003) and high load conditions
(t(28) = 3.06, P = 0.005). Finally, to confirm this differential profile
of activation within ventral visual areas, we reanalyzed our data
using an alternate standard atlas by Glasser et al. (2016) to define
ROIs in the ventral stream (Glasser et al. 2016). This additional
analysis confirmed evidence of a differential pattern of activity
in various ventral stream ROIs between the CVI and control
groups (See Supplemental Fig. 4). Taken together, these findings
reveal that task difficulty disproportionately affects the CVI group

relative to the neurotypicals, as evidenced by some subregions (i.e.
VOC and PHC) in particular.

Discussion
In this study, we asked how cortical regions beyond those in the
dorsal stream might contribute to the visuospatial processing
impairments observed in early brain-based visual impairment,
specifically in individuals diagnosed with CVI. We first confirmed
that visual search performance was impaired in CVI participants
compared to neurotypicals using a naturalistic VR-based visual
search task. Indeed, the CVI participants took longer to find and
follow the target, and their eye gaze patterns were less accu-
rate and less precise as compared to neurotypicals. Critically,
these observed differences were not explained by differences
in overall task engagement between both groups. Next, turning
to our main question about how the dorsal stream, as well as
other cortical regions, might contribute to this impairment, we
found that activity across task difficulty (i.e. load) in the dorsal
stream was significantly reduced in the CVI group compared to
neurotypicals, consistent with proposed DSD in CVI. However, and
somewhat surprisingly, we also found the exact opposite pattern
in the ventral stream. That is significantly greater activity in CVI
compared to neurotypicals. Furthermore, the CVI group exhibited
a greater increase in activity in the ventral stream with increasing
task difficulty relative to the neurotypicals. Despite the differen-
tial pattern of activity in the dorsal and ventral stream areas,
no significant differences in activity were found in either EVC
or frontal cortex between groups. Taken together, these results
demonstrate that visuospatial processing impairments in CVI are
associated with differential recruitment of dorsal and ventral
visual streams rather than differences in processing within EVC
or frontal cortex.

The result of increased activation in ventral stream areas in CVI
compared to neurotypicals was further confirmed by reanalyzing
our data using another standard atlas (see the supplementary
materials section Supplemental Fig. 4). In our original analysis,
we intentionally avoided investigating BOLD activity in specific
regions within the ventral stream associated with processing cer-
tain stimuli, such as faces or places, for two reasons. First, we did
not have a priori hypotheses relating to potential differential pat-
terns of activity within ventral stream areas, nor did we conjecture
that any particular ventral stream area would show a differential

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhae203#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhae203#supplementary-data
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Fig. 5. fMRI activity (BOLD signal) for each subregion within the EVC, dorsal stream, ventral stream, and frontal visual ROIs as a function of task difficulty
by group. fMRI activity was consistently lower in the CVI group compared to the neurotypical controls in all subregions within the dorsal stream ROI,
while the opposite pattern was observed in subregions within ventral stream. Error bars denote standard error of the mean. ∗∗∗ = P < 0.001, ∗∗ = P < 0.01,
∗ = P < 0.05, n.s. = nonsignificant. See text for ROI abbreviations.

pattern of activation compared to others. Second, it is important
to realize that the baseline condition we chose was not ideal for
describing activation patterns in any particular visual area as
scene information was available in both the experimental and
baseline conditions. Specifically, information related to biological
motion, faces, and body parts was either present in the experi-
mental condition or absent in the baseline condition simultane-
ously because we did not systematically manipulate any specific
visual information in isolation between these two conditions. How
visual information processing is affected in CVI, particularly for
specific types of stimuli such as faces, objects, places, scenes, and
biological motion, still remains to be elucidated. To accurately
describe activation patterns within a certain visual area (such as
scene-selective areas), future studies should use tailored baseline
conditions together with functional localizers.

The behavioral profile of impaired visual search performance
is in line with previous studies by our group using similar dynamic
VR-based tasks (Manley et al. 2022), static VR-based environments
(Zhang et al. 2022), as well as a classic conjunction search task
(Manley et al. 2023). Contrary to our previous studies, however,

the ability to find the target in this CVI group was not significantly
different compared to neurotypicals (albeit the CVI group was still
significantly slower to do so). This apparent discrepant finding is
most likely due methodological differences between this study
and our prior ones. For example, presenting the stimulus for a
relatively longer time in this study, compared to the prior ones,
may have helped the CVI group better engage with the task, and
ultimately achieve a success rate that was more comparable to
neurotypicals. Moreover, it is possible that the demands related
to carrying out both the behavioral and fMRI components of
the study placed limitations on recruiting a broad group of CVI
participants, which could lead to a potential selection bias in
our CVI group compared the previous studies (see also [Bhat
et al. 2021]). Note, however, that these potential methodological
differences between this study and the prior ones would only lead
to an underestimation in terms of the behavioral and neural dif-
ferences between CVI and neurotypicals, and thus, future studies
investigating a broader group would most likely find similar and
possibly even larger effects. Finally, considering that our observed
profile of impaired visual search performance in CVI appears
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consistent across various tasks (e.g. [Manley et al. 2022; Zhang
et al. 2022; Manley et al. 2023]), we would predict that associated
fMRI activity patterns (and, in particular, within the dorsal and
ventral streams) would generalize to other visual search tasks
as well. However, future combined behavioral fMRI studies are
needed to confirm this prediction.

So, what then explains the differential recruitment of dor-
sal and ventral visual streams in CVI during a visual search
task? While the exact answer is unclear, two general interpre-
tations could be considered. One intuitive interpretation is that
the increased activation in the ventral stream reflects a com-
pensatory mechanism, essentially being “over recruited” to com-
pensate for the impaired dorsal stream. For example, it has been
proposed that in the face of decreased white matter integrity,
increased neuronal activity may serve to compensate for impaired
processing (termed as “less wiring, more firing”; [Daselaar et al.
2015], but see Pamir et al. 2021). However, while this interpretation
is appealing, especially since diffusion-based imaging studies find
that white matter integrity is compromised in individuals with
CVI, these studies find compromised white matter integrity both
along the inferior longitudinal fasciculus (ILF; [Ortibus et al. 2012],
corresponding to the ventral stream [Ffytche et al. 2010; Rokem
et al. 2017]), and along the superior longitudinal fasciculus (SLF;
corresponding to the dorsal stream [Bauer et al. 2014]). Thus,
decreased white matter integrity along both the ventral and dor-
sal streams should lead to increased activation in both streams—
which we did not find here, instead finding increased activation
in the ventral stream and decreased activation in the dorsal
stream.

An alternative interpretation then (and the one that we
favor) is that the increased activation in the ventral stream yet
decreased activation in the dorsal stream reflects impaired top-
down suppression of task-irrelevant information, appealing to the
biased competition theory (Desimone and Duncan 1995; Beck and
Kastner 2009). More specially, we propose that the increased
activation in the ventral stream may represent activation driven
by bottom-up processing that is “unchecked” by impaired selective
attention processing typically provided by the dorsal stream
(e.g. IPS and SPL). In agreement with this hypothesis, we also
observed negative BOLD signal activation profiles for the control
group in the ventral occipital and parahippocampal areas, which
are known to be involved in scene processing. While negative
BOLD signal activations should be interpreted with caution,
this finding aligns with previous reports where suppression of
irrelevant sensory processing has been associated with negative
BOLD activity (Amedi et al. 2005). Given that the analysis of
scene-related information was not crucial for our visual search
task and acted more as a distractor, it is possible that it was
ignored, particularly at higher levels of task demand (Lavie
2005). Thus, it is possible that control participants were able
to more successfully suppress scene-related information, as
indicated by their negative BOLD response profiles compared
to the CVI group. Furthermore, if increased ventral stream and
decreased dorsal stream activation reflect impaired selective
attention, we would expect that as the difference between dorsal
and ventral activation decreases, visual search performance
should correspondingly worsen. This idea is indeed supported
by ancillary analysis demonstrating a negative correlation
trend between the difference in dorsal and ventral activity and
reaction time in the CVI group (see Supplemental Fig. 5). Finally,
further anatomical support for the impaired selective attention
hypothesis is provided by recent evidence by our group showing
reduced integrity of the inferior frontal-occipital fasciculus (IFOF

[Bauer and Merabet 2023]), an important pathway implicated in
selective visual attention (Umarova et al. 2010; Chechlacz et al.
2015). In summary, here we found that both the dorsal and ventral
streams, but not EVC or frontal cortex, contribute to the known
visuospatial impairment in individuals with CVI, suggesting
a more complex clinical profile characterizing this condition.
A greater understanding of the nature of higher-order visual
processing deficits (particularly in the context of naturalistic
viewing conditions) is crucial to better characterize the nature
of this condition, as well as potentially help devise appropriate
habilitative strategies for individuals with CVI.
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