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Abstract

Aim: Using a visual psychophysical paradigm, we sought to assess motion and form
coherence thresholds as indices of dorsal and ventral visual stream processing re-
spectively, in individuals with cerebral visual impairment (CVI). We also explored
potential associations between psychophysical assessments and brain lesion severity
in CVL

Method: Twenty individuals previously diagnosed with CVI (mean age=17years
11 months [SD 5years 10 months]; mean Verbal IQ=286.42 [SD 35.85]) and 30 in-
dividuals with neurotypical development (mean age=20years 1 month [SD 3years
8 months]; mean Verbal IQ=110.05 [SD 19.34]) participated in the study. In this
two-group comparison, cross-sectional study design, global motion, and form
pattern coherence thresholds were assessed using a computerized, generalizable,
self-administrable, and response-adaptive psychophysical paradigm called FInD
(Foraging Interactive D-prime).

Results: Consistent with dorsal stream dysfunction, mean global motion (but not
form) coherence thresholds were significantly higher in individuals with CVI com-
pared to controls. No statistically significant association was found between coher-
ence thresholds and lesion severity.

Interpretation: These results suggest that the objective assessment of motion and
form coherence threshold sensitivities using this psychophysical paradigm may be
useful in helping to characterize perceptual deficits and the complex clinical profile
of CVL

Cerebral (or cortical) visual impairment (CVI) is a brain-
based visual disorder associated with damage and/or
maldevelopment of retrochiasmal visual processing areas
in the absence of major ocular disease."” Associated eti-
ologies are heterogeneous and include hypoxic-ischemic
injury, trauma, infection, and genetic/metabolic disor-
ders.” The clinical profile of CVI is also complex and
visual deficits can include reduced visual acuity, visual
field, and contrast sensitivities, as well as impaired ocu-
lar motor function.* However, for many individuals with
CVI, higher order visual processing disorders represent
the main visual deficit,"”” even in cases where visual
acuity and visual field functions are at normal or near-
normal levels.* Thus, without targeted assessment,

visual perceptual deficits may be easily missed or
misdiagnosed.'®"!

It has been proposed that the visual symptom complex of
CVlI is consistent with dorsal stream dysfunction (DSD) in
association with developmental damage affecting occipital-
parietal pathways.">'? The dorsal visual stream is crucial for
appraising and attending to elements within a visual scene,
the perception of complex motion, and the visual guidance
of movement. In contrast, the ventral stream (connecting
occipital and temporal cortical areas) is responsible for the
processing of shape, orientation, and form information as
well as object and face recognition."*™* In the case of CVI,
visual processing disorders attributed to dysfunction of the
ventral stream appear less frequently."

Abbreviations: CVT, cerebral visual impairment; DSD, dorsal stream dysfunction; FInD, Foraging Interactive D-prime.
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The complex behavioral profile of CVI can be captured
using a variety of means including careful history taking,
use of structured questionnaires, as well as neuropsycholog-
ical testing.">'® However, there remains the question as to
whether the preponderance of DSD in CVI reflects the de-
sign of these assessments which may not necessarily evaluate
nor disentangle dorsal and ventral processing functions in
an even-handed manner.

Studies by Atkinson, Braddick, and colleagues have
shown that visual processing deficits that are typically as-
cribed to the dorsal stream appear to be a common con-
sequence of early neurodevelopmental damage."” Using a
behavioral task called the ‘ball in the grass’,'®" these in-
vestigators measured relative sensitivities for global motion
and form coherence signal integration, serving as indices of
dorsal and ventral stream processing respectively.'® In a va-
riety of neurodevelopmental disorders (e.g. developmental
dyslexia, Williams syndrome, autism spectrum disorder),
motion processing appears to be more greatly impaired
than form processing. This has led to the concept of ‘dorsal
stream vulnerability’."”*®

In this study, we developed and deployed a variant of this
testing approach called ‘Foraging Interactive in D-prime’
(FInD)* that allows for relatively rapid assessment of mo-
tion and form coherence sensitivities based on psychophys-
ical threshold functions. We then compared these indices
of dorsal and ventral stream processing in individuals with
CVI and neurotypical controls. Given that the motion and
form coherence tasks were designed to be as similar as pos-
sible with respect to difficulty and cognitive demands, the
presence of differential task performance would be highly
suggestive of a selective processing deficit rather than a
general impairment in global signal integration, attention,
or task comprehension. As a secondary aim, we explored
putative associations between motion and form coherence
threshold measurements and underlying brain lesion se-
verity (quantified from available morphometry magnetic
resonance imaging [MRI] ). Consistent with DSD, we hy-
pothesized that participants with CVI would show higher
motion, but similar form coherence thresholds compared to
controls in association with impaired dorsal stream process-
ing. Second, increased coherence thresholds would be posi-
tively correlated with increasing lesion severity.

METHOD
Participants

Twenty individuals previously diagnosed with CVI (nine
males; mean age =17 years 11 months [SD 5years 10 months],
range=8-31years; mean Verbal 1Q=86.42 [SD 35.85],
range =22-148) and 30 individuals with neurotypical devel-
opment (12 males; mean age=20years 1 month [SD 3years
8 months], range=11-26years; mean Verbal IQ=110.05 [SD
19.34], range =74-139) participated in the study. Verbal IQ
was assessed using subtests from the Wechsler Intelligence

What this paper adds

o In participants with cerebral visual impair-
ment (CVI), motion (but not form) coherence
thresholds were significantly higher compared to
controls.

o These psychophysical results support the notion
of dorsal stream dysfunction in CVL

Scale for Children and Adults, Fourth Edition (specifi-
cally, the digit span, similarities, and vocabulary subtests of
the Wechsler Intelligence Scale for Children, and the digit
span, similarities, vocabulary, and information subtests of
Wechsler Intelligence Scale for Adults to obtain an index of
verbal comprehension).

All participants with CVI were previously diagnosed
by eyecare professionals with extensive clinical experience
working with this population. Diagnosis was based on a di-
rected and objective assessment of visual functions (includ-
ing visual acuity, contrast, visual field perimetry, color, and
ocular motor functions), functional vision assessment (use of
surveys, questionnaires, and activities), a thorough refractive
and ocular examination, as well as an integrated review of
medical history and available neuroimaging and electro-
physiology records.*'**" Causes of CVI were diverse and
included hypoxic-ischemic injury related to preterm birth,
periventricular leukomalacia, hypoxic-ischemic enceph-
alopathy, seizure disorder, as well as genetic and metabolic
disorders. Nine participants with CVI were born preterm
(i.e. <37weeks' gestation). Associated neurodevelopmental
comorbidities included cerebral palsy and a history of de-
velopmental delays (according to the definition of ‘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’; https://sites.ed.gov/idea/statute-chapter-33). Best cor-
rected binocular visual acuity ranged from 20/15 to 20/70
Snellen (-0.12 to 0.54 logMAR equivalent). All participants
had visual acuities sufficient to perform the task and intact
visual field function within the area corresponding to stim-
ulus presentation, as well as sufficient motor ability to use a
computer mouse or point to the screen to indicate their an-
swer. Exclusion criteria included any evidence of oculomotor
apraxia (i.e. apraxia of gaze or evidence of impaired visual
orienting behavior), intraocular pathology (other than mild
optic atrophy), uncorrected strabismus, as well as hemiano-
pia or a visual field deficit corresponding to the area of testing
(see Table 1 for complete participant demographic details).

Comparative controls had normal or corrected-to-normal
visual acuities and no previous history of any ophthalmic (e.g.
strabismus, amblyopia) or neurodevelopmental conditions.

Written informed consent was obtained from all par-
ticipants and a parent/legal guardian (in the case of a
minor) before data collection. The study was approved
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by the Investigative Review Board at the Massachusetts
Eye and Ear in Boston, MA, USA and carried out in ac-
cordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments in-
volving humans.

Visual stimulus and psychophysical task

Global motion and form pattern coherence thresholds
were assessed using a computerized, generalizable, self-
administrable, and response-adaptive psychophysical
paradigm called FInD.?° Stimuli were presented as a 4 x 4
chart of 6° diameter cells, each containing a pattern (see
Figure 1a). A random subset of cells contained a clockwise
rotating moving (motion task) or static circular (form
task) pattern and the remaining cells contained noise.
The number and location of the cells containing the tar-
get stimulus were randomly generated and determined by
the program as part of the thresholding procedure (see
Appendix S1 for further details). Participants were asked
to respond to two experimental prompts, for the motion
task: ‘are the dots spinning or just popping?’ and for the
form task: ‘is the shape a spiral or just random?” A ref-
erence stimulus at 100% coherence was presented within
the top left corner of the screen throughout the assessment
to provide an example of the target pattern. Before com-
mencing testing, comprehension of the task requirements
was confirmed by having the participant verbally describe
and/or draw in space (with their finger or hand) the gen-
eral motion and shape of the reference stimulus perceived

(@

Motion Pattern Coherence Task
APl

()

Form Pattern Coherence Task

SREG

(i.e. a circular pattern) to the best of their ability. All par-
ticipants were able to verbally describe and/or manually
indicate the circular shape of the reference stimulus cor-
rectly before commencing the task.

Participants searched a total of three grids for the mo-
tion and three grids for the form pattern stimuli (a total of
six grids, presented in alternating order; Figure 2b) and a
computer mouse was used to click on any cells they deter-
mined to contain the signal pattern. To avoid any possible
perceptual difficulties related to image crowding and simul-
tanagnosia,”>** only one cell was revealed at a time under-
neath where the mouse pointer was located (all other cells
remained hidden at the mean luminance background level;
see Video Sl for a demonstration video of the task). A cell
selected by the participant was marked by a dark circle and
could be deselected by clicking on the same cell. The number
of target signal cells present and the range of signal coherence
levels on subsequent charts were updated on the next grid
based on prior responses. Participants were given unlimited
time to complete the task and were instructed to check their
selections to maximize accuracy. Time taken to complete the
task was also recorded. A higher coherence threshold value
is indicative of poorer signal integration ability for both the
motion and form pattern stimuli.

Structural imaging and lesion analysis
Structural morphometric data were available from a subset

of participants with CVI (n=14). A 3D T1-weighted scan
(echo time [TE]=2.9ms, repetition time [TR]=6.5ms,

(b)

!

FIGURE 1 Visual stimulus and psychophysical task. (a) Schematic of the motion and form pattern coherence tasks (upper and lower panels
respectively). A reference stimulus of the target pattern was presented at the top left corner of the screen (clockwise direction arrows are for illustration
purposes only). Participants searched the 4 x4 chart and clicked on any cells they perceived to contain a target stimulus (selected cells were indicated
by a dark circle). (b) Participants viewed a total of six charts (three motion and three form) and used a mouse to make their responses. To avoid possible
perceptual difficulties related to image crowding and simultanagnosia, individual cells were revealed one at a time underneath where the mouse pointer

was located (see Video S1 for a demonstration of the task)
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FIGURE 2 Motion and form coherence thresholds. Overall, motion
coherence thresholds were significantly higher than form coherence
thresholds. Participants with cerebral visual impairment (CVI) showed

a significantly higher mean threshold (indicative of worse performance)
for the motion, but not for the form task, as compared to controls. Results
are shown as box plots with interquartile ranges as well as maximum

and minimum values. Individual data (circles) are overlaid with the
mean (X') and median (line) values shown. Significance levels: *p <0.05;
#%p <0.001; n.s. = non-significant

flip angle =8°, isotropic 1 mm acquired voxel size, 0.47 x
0.47 x 1.00mm reconstructed voxel size) and 3D-FLAIR
(TE=1650ms, TR=4800ms, refocusing angle=40°, iso-
tropic 1.12mm acquired voxel size, isotropic 0.74 mm re-
constructed voxel size) was acquired with a 32-channel
phased array head coil (3 T Philips Ingenia Elition X scan-
ner, the Netherlands). Structural MRIs were assessed for
brain lesion severity according to a reliable and validated
semi-quantitative scale (see Fiori et al.* for complete de-
tails). Briefly, subscores from each category were summed
to provide a subcortical (calculated as the sum of the basal
ganglia and brainstem scores), hemispheric (calculated as
the sum of the frontal, parietal, temporal, and occipital
scores bilaterally), and global (sum of hemispheric, sub-
cortical, corpus callosum, and cerebellum subscores) le-
sion index scores. A higher score is indicative of greater
lesion severity.

Statistical analysis

Statistical analyses were carried out using SPSS Statistics
package (version 24; IBM Corp., Armonk, NY, USA) and

R (version 4.2.2; R Foundation for Statistical Computing,
Vienna, Austria, https://www.r-project.org/). After con-
firmatory Shapiro-Wilk tests for normality (based on the
primary outcomes of motion and form pattern coherence
thresholds), a primary unadjusted analysis was carried
out using a two-way repeated measures analysis of vari-
ance (ANOVA) with group (between-subject factor) and
task (within-subject factor). This was followed by a sec-
ondary adjusted analysis exploring group and tasks effects
while controlling for age and Verbal IQ as covariates, and
an interaction analysis analyzing potential effect modi-
fication considering age and Verbal IQ as covariates. For
this purpose, we employed a linear mixed model approach
to account for the repeated measures design of our mo-
tion (dorsal) and form (ventral) task assessments. We in-
cluded random effect for each participant acknowledging
the multiple measurements and include a fixed effect for
task and a fixed effect for group. In the adjusted model, we
included fixed effects for age and Verbal IQ. In the age in-
teraction model, we included multi-way interaction terms
between age, task, and group, whereas in the Verbal IQ in-
teraction model, we included multi-way interaction terms
between Verbal IQ, task, and group. Time to complete
the task was compared between groups using a Wilcoxon
rank-sum test. Effect sizes were reported as partial n* and
Cohen's d for ANOVA and t-tests respectively. Putative
associations between coherence thresholds and lesion
severity subscores were analyzed using non-parametric
Spearman rank correlations followed by correction for
multiple comparisons using false discovery rate. The false
discovery rate corrected results account for six total tests
of correlation coefficient: one for each of three subscores
(subcortical, hemispheric, and global) for each of the two
tasks (motion and form coherence). There was no miss-
ing data and no data outliers were removed as part of the
analysis.

RESULTS

There was no statistically significant difference with respect
to age (t[29.277] =1.441, p=0.160, d=0.454) or the distribu-
tion of males/females (x*=0.1232, p=0.726) between the
two groups. However, the group with CVI had a signifi-
cantly lower mean Verbal IQ score compared to controls
(t[26.736] =2.568, p=0.016, d =0.838).

For the primary unadjusted analysis, the repeated
measures ANOVA revealed a significant main effect
of task (F[1,48]=5.529, p=0.023, n *=0.103) and group
(F[1,48] =28.109, p<0.001, n *=0.369). There was also a sig-
nificant interaction effect of task and group (F[1,48] =9.313,
p=0.004, np2:0.162). Post hoc comparisons (Bonferroni
corrected) showed that the motion coherence thresh-
old (mean=59.33% [SD 29.54]) of participants with CVI
was significantly higher than form coherence thresh-
old (mean=38.91% [SD 20.87]; t [19] =2.432, p=0.025,
d=0.544). No such difference was observed for the control
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group (mean motion threshold=26.99% [SD 12.75]; mean
form threshold =29.64% [SD 12.64]; t[29] =0.998, p=0.326).
Performance on the motion coherence task was significantly
different between the two groups (t[23.775] =4.618, p<0.001,
d=1.54, mean difference=32.34%, 95% confidence in-
terval [CI]: 17.88, 46.80), while no significant difference
was observed for the form threshold task (t[28.313] =1.781,
p=0.086) (Figure 2).

For the secondary adjusted analysis, we used a linear
mixed model with age and Verbal IQ included as covariates,
and random intercepts for each participant. In the adjusted
model controlling for age and Verbal IQ, the effect of group
(B=0.345, p<0.001, standard error=0.062, CI: 0.224, 0.466)
and the interaction effect of group and task (p=-0.226,
p=0.003, standard error=0.084, CI: —0.428, —0.103) re-
mained statistically significant, while the task effect was not
significant (=0.044, p=0.443, standard error=0.057, CL
—0.067, 0.155). Holding group and task constant, Verbal IQ
showed no significant association with coherence thresh-
old (B=-0.010, p=0.197, standard error=0.008, CI: —0.025,
0.005), while age did show a statistically significant associ-
ation (f=0.047, p=0.035, standard error=0.021, CI: 0.005,
0.088). A subsequent interaction analysis revealed that in-
teractions of group and task with age controlling for Verbal
IQ were not statistically significant (overall likelihood-ratio
test p=0.149), while the corresponding overall test for inter-
actions with Verbal IQ while controlling for age were statis-
tically significant (p=0.026). However, upon further visual
inspection the estimated group differences in motion (dor-
sal) task threshold remained large in absolute terms across
values of Verbal IQ, decreasing only slightly as Verbal IQ
increased. Moreover, while the estimated group difference
in form (ventral) task threshold increased for larger Verbal
IQ values, this apparent relationship appeared to be driven
by an outlying participant in the group with CVI with both
the highest Verbal IQ score and largest form (ventral) task
threshold value overall. Based on these analyses, there does
notappear to be evidence of confounding or clinically mean-
ingful effect modification of the group differences by either
age or Verbal IQ.

The mean time taken to complete the task did not differ
significantly between the two groups (CVI mean=388.51s,
interquartile range [IQR]=185.11; control mean=326.58s,
IQR=307.22; S=563.0, z=1.039, p=0.298).

Finally, we explored putative associations between mo-
tion and form coherence thresholds and lesion severity as
indexed by subcortical, hemispheric, and global lesion in-
dices.** Spearman rank correlations (false discovery rate
corrected) did not reveal a significant association for both
motion and form coherence threshold values and lesion se-
verity across all subscores (motion threshold vs subcorti-
cal [tho=0.35, p=0.22], hemispheric [rho=0.002, p=0.99],
global [rho=-0.05, p=0.86]; form threshold vs subcortical
[rho=0.25, p=0.4], hemispheric [rho=0.51, p=0.06], global
[rho=0.51, p=0.06]).

DISCUSSION

In this study, we assessed motion and form coherence serv-
ing as indices for dorsal and ventral stream processing
sensitivities respectively. Consistent with previous reports
describing DSD in CVI,'""'? we found that mean global mo-
tion coherence thresholds were significantly higher in CVI
compared to controls. In contrast, global form coherence
thresholds were not significantly different between both
groups. Based on the adjusted analysis, there does not ap-
pear to be evidence of confounding or clinically meaningful
effect modification of the group differences by either age or
Verbal IQ. Time taken to complete the task was also not sig-
nificantly different between the CVI and control groups. An
exploratory analysis of available MRI data from the group
with CVI did not reveal any statistically significant associa-
tion between motion and form coherence thresholds and le-
sion severity.

Previous studies have demonstrated that quantifying
signal/noise thresholds with respect to global motion and
form signals can serve as a useful index to assess dorsal and
ventral visual stream processing sensitivities respectively.
Motion and form coherence thresholds are largely similar in
adults and reach adult levels for form coherence around 7
to 10years of age for typically developing children.' In con-
trast, global motion sensitivity shows a slower developmen-
tal trajectory and reaches adult levels around 8 to 12 years.'®
There is also mounting evidence that the development and
maturation of global motion perception is both delayed and
more variable across a diverse range of neurodevelopmental
disorders (e.g. developmental dyslexia, Williams syndrome,
autism spectrum disorder) providing support for the concept
of ‘dorsal stream vulnerability’'”® In the context of CVI,
the selective deficit we observed with respect to global mo-
tion signal integration is in line with the notion of DSD.'"'?
This is despite the relatively heterogenous sample population
tested here with respect to age, Verbal IQ, and lesion severity.
Further studies with targeted recruitment and larger sam-
ples are needed to further characterize motion and form co-
herence processing with respect to specific etiologies of CV1.

The relationship between visual processing deficits and
underlying structural and functional changes in CVI re-
mains to be clearly established. Indeed, characterizing the
neurophysiological basis of visual dysfunctions in CVI re-
mains challenging given that early neurological and devel-
opmental damage to cerebral structures across individuals
is highly variable with respect to cause, localization, and
severity. Tinelli et al. recently explored the relationship
between visual function impairments and brain lesion
severity in a sample of children with bilateral cerebral palsy
associated with periventricular leukomalacia.?® The authors
found that greater brain lesion severity (using the same
semi-quantitative MRI scoring scale used in this study) was
strongly correlated with greater levels of visual dysfunc-
tion. Specifically, visual acuity, visual field, stereopsis, and
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color perception were all found to be impaired when cor-
tical damage was present, while subcortical brain damage
was associated with deficits with ocular motor functions (i.e.
fixation and saccades).”” In this study, we did not observe
a statistically significant association with either motion or
form coherence thresholds and all indices of lesion severity.
The lack of a significant association is likely related to the
specific nature of our task assessment as well as the relatively
heterogeneous and small sample size of our population with
CVI. Furthermore, the semi-quantitative method of scoring
lesion severity used in this study may not be sufficiently sen-
sitive compared to other quantitative lesion segmentation
approaches. It is possible that greater lesion severity would
be associated with greater impairments in both motion and
form coherence processing. However, it is also important to
differentiate changes in lesion severity that are specific to
dorsal and ventral related areas. Furthermore, greater lesion
severity may also be associated with other sensorimotor and
cognitive deficits that may further confound observations
with performance. Finally, it is important to note that while
an association between visual processing impairments and
brain injury is often suspected in CVI, evidence of observ-
able structural damage is not always apparent.’

In the case of CVI, it is crucial to carefully assess both
dorsal and ventral stream related functional abilities in a
comprehensive and even-handed manner as they may be im-
pacted differently, particularly at the individual level. At the
same time, while it may be useful to conceptually separate
visual processing impairments according to the classic two-
stream organization, it is important to note that the dorsal
and ventral streams do not function independently of one
another but, rather, are closely interlinked. This makes the
functional roles of the two streams difficult to disentangle,
especially when considering everyday tasks (see Grinter
et al.?® and Boot et al.” for further discussion).

The main advantage of the psychophysical approach used
in this study is that assessing selective threshold sensitivi-
ties can be carried out relatively quickly with a single testing
platform. This is also supported by the fact that time to com-
plete the task was comparable in both the CVI and control
groups, and despite differences in Verbal IQ levels. As the
motion and form assessments were designed to be as similar
as possible, the presence of a selective deficit with regard to
motion signal integration is consistent with impaired func-
tioning along the dorsal stream rather than a generalized
impairment in signal integration, attention, or task compre-
hension. As currently designed, the task requires a manual
and/or verbal response, visual acuity level sufficient to dis-
criminate the stimulus elements, as well as a sufficient level
of cognitive functioning to confirm comprehension of the
visual stimuli and task requirements. Thus, this task may not
be appropriate for the broader population with CVI. Future
studies will need to confirm our findings with a larger study
sample and with task design modifications that can accom-
modate a wider range of visual and motor functioning, as
well as cognitive abilities. Finally, large-scale longitudi-
nal studies relating psychophysical thresholds, functional

clinical assessments, and structural differences revealed by
advanced neuroimaging methodologies should provide con-
vergent evidence to help uncover the complex neurophysio-
logical basis of CVL.
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