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PURPOSE. Mutations affecting the CRB1 gene produce retinal dystrophies including
early onset severe retinal dystrophy/Leber congenital amaurosis (EOSRD/LCA), retinitis
pigmentosa (RP), cone-rod dystrophy (CORD), and macular dystrophy (MD). As treatment
strategies advance toward clinical translation, there is a need to establish reliable outcome
metrics and to better understand the visual deficits associated with CRB1 retinopathies.
To this end, we measured visual acuity (VA) and crowding (the disruptive effect of clutter
on object recognition), both key functions in spatial vision, using child-friendly computer-
based tests, and gold-standard clinical measures.

METHODS. Patients with molecularly confirmed biallelic CRB1 pathogenic variants were
compared with age-matched controls (n = 20 in each). Best-corrected visual acuity
(BCVA) was measured with both Early Treatment Diabetic Retinopathy Study (ETDRS)
and the computerized VacMan procedures (using an unflanked/isolated VacMan target),
which also allowed measurement of crowding when surrounding flanker elements were
added.

RESULTS. Both acuity and crowding were significantly elevated in individuals with CRB1
retinopathy compared with controls. ETDRS acuity correlated with both the unflanked
(r = 0.868, P < 0.001) and flanked VacMan thresholds (r = 0.748, P < 0.001). No statis-
tically significant changes in crowding were observed with respect to CRB1 phenotype
(EOSRD/LCA, CORD, or MD) or age of onset.

CONCLUSIONS. This study demonstrates for the first time that individuals with CRB1
retinopathy exhibit elevated crowding in their foveal vision compared with controls.
Measuring crowding offers valuable insights into understanding functional visual deficits
in CRB1 retinopathy and could be a useful metric for monitoring disease progression
and treatment outcomes in inherited retinal diseases.

Keywords: CRB1, retinal dystrophy, inherited retinal disease, visual acuity (VA), visual
crowding

CRB1 (Crumbs homolog 1) is a transmembrane protein
essential for retinal development and long-term reti-

nal integrity.1 It regulates apical-basal polarity, outer limit-
ing membrane (OLM) integrity, cell-cell adhesion, cellu-
lar signaling pathways, and maintains zonula adherence
junctions at the OLM.2,3 Biallelic pathogenic variants
in the CRB1 gene (OMIM #604210) have been identi-
fied to cause a broad spectrum of autosomal recessive
retinopathies which cause different levels of visual impair-
ment.4 The most prevalent phenotype seen is severe is Leber

congenital amaurosis (LCA8; OMIM #613935) with between
7% and 17% of reported cases having this presentation.1

Other clinical presentations include early onset severe
retinal dystrophy (EOSRD), often reported together with
LCA as LCA/EOSRD, autosomal recessive retinitis pigmen-
tosa (RP12; OMIM #600105), cone-rod dystrophy (CORD),
and macular dystrophy (MD). Ocular features seen in
CRB1 retinopathies include nummular pigmentation, yellow
punctate deposits, preserved para-arteriolar retinal pigment
epithelium (PPRPE), coats vasculopathy, and a thickened
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and coarse retina seen on spectral domain optical coherence
tomography (SD-OCT).1,4,5

CRB1 retinopathies can affect various aspects of visual
function, such as visual acuity(VA), color vision, contrast
sensitivity, and peripheral vision, which can be monitored
over time.6 Although acuity assessed via the Early Treat-
ment Diabetic Retinopathy Study (ETDRS) chart has been
the primary outcome metric in both the routine clinical
setting and in clinical trials,7,8 ETDRS acuity does not
provide a comprehensive characterization of visual func-
tion, and may fail to detect individual differences9,10 or
subtle changes in visual function.6 Similarly, whereas the
Pelli-Robson provides a quick overall summary measure of
contrast sensitivity,11 it does not quantify sensitivity at differ-
ent spatial frequencies, requires the ability to read letters,
and may not sustain interest in young children.12 Other func-
tional and structural tests, such as electro-diagnostic test-
ing, microperimetry, and SD-OCT, have been explored.13

However, regulatory bodies are still working to establish a
functional endpoint that is meaningful for patients’ visual
function.6,13–16

To further explore functional endpoints, it is essential
to first gain a comprehensive understanding of the visual
deficits and then incorporate newly designed, child friendly
tests to improve the accuracy of monitoring of disease
progression in the pediatric populations. One measure of
visual function that remains unexplored in inherited reti-
nal diseases (IRDs), including CRB1 retinopathies, is visual
crowding: the disruptive effect whereby objects that are
easily recognizable in isolation become difficult to identify
when surrounded by other objects.17 Crowding is a corti-
cal process that places strong limits on peripheral vision in
the typical adult visual system.18 Disruptions are observed
when flanker objects fall within an interference zone around
a target.19 In the typical periphery, the size of these interfer-
ence zones increase with eccentricity such that the center-
to-center separation of objects needs to be greater than half
the target eccentricity to avoid crowding effects.20,21 Crowd-
ing is typically minimal in the fovea,20 but has been shown to
be elevated in the foveal vision of typical children,22,23 and
even further in individuals with strabismic amblyopia,24,25

and nystagmus.26–28 Crowding has also been shown to be
elevated in the peripheral field of individuals with glau-
coma.29–31 However, the effects of CRB1 retinopathies on
crowding are unknown.

Given the broad changes to the visual system caused by
mutations in the CRB1 gene, we hypothesized that visual
crowding in patients with CRB1 retinopathy will be elevated.
These elevations may be noted especially in those affecting
central vision, like LCA/EOSRD, MD, or CORD, although this
is yet to be explored. Because typical children also show
elevated levels of foveal crowding, we compared a molec-
ularly confirmed CRB1 cohort with age-matched controls.
Clinically, VA charts incorporate contours, boxes, and neigh-
boring optotypes to introduce “crowding” effects,32 with
varying levels of success.30,33

In the present study, we assessed crowding using the
child-friendly VacMan task,25 a modified Landolt-C recog-
nition task, which uses four “ghosts” as flankers. This
paradigm uses a modified staircase procedure to measure
threshold size with both unflanked elements (to measure
acuity) and in the presence of flankers (to measure crowd-
ing).25,34 This study aims to examine these visual deficits
using both the clinical ETDRS test and the child-friendly
VacMan measures of both acuity and crowded acuity. The

aim of the present study was to provide a better understand-
ing of the visual deficits associated with CRB1 and to eval-
uate potential outcome metrics of visual function for future
use in clinical trials.

METHODS

This was a prospective study at Moorfields Eye Hospital NHS
Foundation Trust. Participants with biallelic (pathogenic or
likely pathogenic) variants in the CRB1 gene were identi-
fied from the Inherited Eye Disease database and invited
to participate. Individuals were required to have a best-
corrected visual acuity (BCVA) of 1.00 logarithm of the mini-
mum angle of resolution (logMAR) or better in the better
seeing eye. Patients and relatives gave written informed
consent for genetic testing, through the Genetic Study of
Inherited Eye Disease (REC reference 12/LO/0141). Age-
matched control participants were recruited through local
databases. All procedures adhered to the tenets of the Decla-
ration of Helsinki.

Clinical Testing

Demographics, clinical data, medical and ophthalmic
history, refractive error, fundoscopy, and ETDRS chart BCVA
were collected from full ophthalmic assessments conducted
at their visit. Patients were categorized into different pheno-
types based on clinical data, retinal imaging, and age of
onset, and grouped as EOSRD/LCA, MD, CORD, or RP. BCVA
measurements were captured with the ETDRS ESV-3000
chart by Precision Vision using “letter-by-letter” scoring.

VacMan Apparatus

VacMan ran on a Dell PC (Dell, Round Rock, TX, USA),
using MATLAB (The MathWorks, Ltd., Cambridge, UK)
and PsychToolbox.35,36 Stimuli were presented on a liquid
crystal display monitor (SyncMaster 2233RZ LCD monitor;
Samsung Electronics, Seoul, South Korea), with 1680 × 1050-
pixel resolution and 120-hertz (Hz) refresh rate. To ensure
that dark and light stimuli were equally balanced around
the background grey, the monitor was calibrated with a
photometer (Konica Minolta Sensing Americas, Ramsey, NJ,
USA) and linearized in software, giving a maximum monitor
luminance of 92.8 cd/m2. The viewing distance was adjusted
for each participant based on their BCVA measured on the
ETDRS chart, with 3 meters (m) for those with <0.5 logMAR,
2 m for 0.5 to 0.7 logMAR, and 1 m for 0.7 to 1.00 logMAR.
These distances ensured both adequate screen resolution to
measure acuity levels and sufficient screen size to measure
the extent of crowding. Participants wore their full refractive
correction, including contact lenses, when necessary, with
no additional correction for presbyopia. Verbal responses
to the task (see below) were recorded by the experimenter
using a computer keyboard. Testing was undertaken with
both eyes open.

VacMan Stimuli and Procedure

The stimuli and procedures used to measure acuity and
crowding were adapted from prior work.25,34 These binocu-
lar tests involved a centrally located target known as VacMan
– a “filled-in” Landolt C element presented at the screen’s
center (see Fig. 1A), with a “mouth” gap with a width one-
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FIGURE 1. (A) An example trial of the unflanked VacMan task is depicted. Children reported the color of the ghost that VacMan was facing.
Colored cards were present on the monitor edges for reference. (B) An example frame from the “reward animation.” (C) Depiction of the
crowding stimuli. Ghosts were rendered achromatically and presented at random orientations at a fixed separation from VacMan. The task
was as in A, with the reference cards assisting color memory.

fifth the stimulus diameter, as with Sloan letters.37 All partici-
pants began with the unflanked task, used to measure acuity.
Here, VacMan was presented in the center of the display
and rendered in black at 99% Weber contrast against a
mid-grey background (see Fig. 1A). The four ghosts moved
slowly along the monitor boundaries (approximately 2.2–
4.48 degrees from the center), each with distinct colors (red
to the right, green above, blue left, and orange below). On
each trial, the target was oriented in one of four cardinal
orientations, and participants were asked to identify the
position of the “mouth” on VacMan (a 4-Alternative Forced
Choice response). For younger children, the question was
rephrased to “can you tell me which ghost VacMan wants
to eat?” To aid responses to the psychophysical task, large
reference pictures of the ghosts were attached to the moni-
tor edges. This allowed children to report either the location
of a ghost or, if preferred, its color. Responses were verbal-
ized by the participant and the input was completed on a
keypad by the examiner. Feedback was given after each trial,
and “reward animations” (Fig. 1B) played after every three
correct responses to maintain interest.

For the flanked task, used to measure crowding, the
VacMan target was surrounded by four achromatic ghost
flankers (Fig. 1C), with a center-to-center spacing between
the target and flankers set at 1.1 times the size of the target,
as recommended by prior work,33 for both normal periph-
eral vision and foveal vision in amblyopia. On each trial,
flankers were randomly allocated one of the cardinal orien-
tations, without repeats. Participants once again reported
the color of the ghost that the mouth of VacMan pointed
toward, with the reference cards present as a reminder of
these colors.

Stimulus sizes for both target and flanker elements (when
present) were determined on each trial using a QUEST
procedure – an adaptive psychometric procedure that uses
responses to previous stimuli to set stimulus intensity on a
given trial.38 The staircase was set to converge on to 62.5%
correct responses (at the midpoint of a psychometric func-
tion running from chance to 100% correct). As implemented
previously,28 we added variance to the gap sizes presented
on each trial to avoid rapid convergence of the QUEST
toward small stimulus sizes (which children can find frus-
trating). For the same reason, “catch” trials were presented
four times in each task, with stimulus sizes set to triple to
the current estimated threshold. These modifications also
increased the reliability of the fitting of psychometric func-
tions to the data,39 which were fit across trials to deter-

mine the threshold for the unflanked and flanked conditions
separately. Participants undertook five practice trials at the
start of each block, which were not included in the analy-
sis. Each block consisted of 40 trials, including the practice
trials. Where possible, children completed two repeats of
each condition (achieved in all but 2 of the children in the
CRB1 group). The whole experiment took 15 to 20 minutes.

As a follow-up, patients were surveyed to assess the
enjoyability of the ETDRS and VacMan tests. Responses were
collected using a 5-point scale with the following options:
strongly enjoyed, enjoyed, neutral, disliked, or strongly
disliked. Additionally, participants were asked to indicate
their preference between the ETDRS test and the VacMan
paradigm.
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FIGURE 2. Example responses and psychometric functions for an
individual with CRB1 retinopathy. Circles plot the proportion of
correct responses at each of the gap sizes presented, separately for
the unflanked (grey) and flanked (purple) conditions. Solid lines plot
the best-fitting psychometric function for each condition. Gap-size
thresholds were taken at 62.5% correct, shown as the black dashed
line and its corresponding location on the x-axis.
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Data Analysis

Behavioral data were collected from the VacMan program
and analyzed within MATLAB. Repeated blocks of trials were
first combined for each participant from either unflanked
or flanked tasks separately, resulting in 70 trials per stimu-
lus condition for all but 2 children in the CRB1 group who
completed 35 trials per condition. For each stimulus size that
was presented, the corresponding proportion correct scores
for responses were then collated. Psychometric functions
were fitted to the behavioral data for each stimulus condi-
tion using a cumulative Gaussian function with three free
parameters (midpoint, slope, and lapse rate). Because the
variability added to the QUEST gave variable trial numbers
for each gap size, this fitting was performed by weighting
the least-squared error value by the number of trials per
point. Figure 2 shows an example psychometric function fit
to data from a CRB1 participant, where the grey curve repre-
sents the unflanked condition, and the purple curve is the
flanked condition. Due to the variability in severity of the
disease process in CRB1 retinopathy, the difference in the
unflanked and crowded thresholds was examined, catego-
rized by the disease age of onset, in addition to the group-
level analyses. The CRB1 group was split into two subgroups
for this purpose – individuals with a disease onset before
the age of 10 years and individuals with an onset when
older than 10 years. Paired sample t-tests and 2 × 2 mixed-
effects ANOVA were performed. Statistical significance was

considered if P < 0.05. Statistical analysis was performed by
MATLAB software (The MathWorks, Ltd., Cambridge, UK).

RESULTS

Participants

A total of 40 individuals were examined: 20 patients with
CRB1-related retinopathy from 19 unrelated families were
included aged between 8 and 52 years old (mean = 26.8
years ± 14.07 years) and 20 age-matched controls (mean
age = 26.5 years ± 13.98 years). Within the patients with
CRB1 retinopathy, nine individuals (45%) were pediatric
patients (<18 years old). Fourteen (70%) were male patients
and six (30%) were female patients. In terms of ethnicity,
17 patients (90%) self-identified as White, 1 as Black (5%),
and 1 as southwest Asian (5%). Based on clinical data, reti-
nal imaging, and age of onset, 7 patients were classified as
EOSRD/LCA, 3 as CORD, and 10 as MD (Fig. 3). No indi-
viduals were clinically classified as resembling RP. Details of
demographic characteristics of this cohort are reported in
Appendix.

Visual Acuity ETDRS Chart

The mean (± SD) BCVA for patients with CRB1 retinopathy
was 0.55 (± 0.38) logMAR on the ETDRS chart. When exam-
ining BCVA by clinical phenotype, the CORD group had the

FIGURE 3. Spectrum of CRB1 retinopathy phenotypes depicted in widefield color fundus photographs and corresponding fundus autofluo-
rescence (FAF) images. (A) Right eye of an 18-year-old male patient with CRB1-EOSRD showing peripheral bone spicules and generalized
retinal degeneration seen as hypo-autofluorescence (AF) in the FAF image sparing the macular region and a hyper-autofluorescence signal
around the fovea (B). (C) Right eye of a 34-year-old female patient with CRB1-MD revealing hypo-AF in the posterior pole with a surrounding
hyper-AF ring (D).
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FIGURE 4. Mean gap-size thresholds for both participant groups,
plotted in minutes of arc (left y-axis), with comparison to their
logMAR equivalents (right y-axis). The blue bars plot thresholds for
the CRB1 group and the orange bars plot thresholds for the control
group. Error bars represent the SEM, with asterisks indicating statis-
tically significantly differences.

poorest BCVA with an average of 0.88 (± 0.52) logMAR,
followed by the LCA/EOSRD group at 0.57 (± 0.34) logMAR,
and the MD group at 0.42 (± 0.34) logMAR. The mean BCVA
for control individuals was 0.01 (± 0.03) logMAR on the
ETDRS chart. Clinical details are provided in Appendix.

VacMan: Main Results

Gap-size thresholds in the unflanked and flanked condi-
tions are shown for the two participant groups in Figure 4.
A 2 × 2 mixed-effects ANOVA revealed a significant main
effect of stimulus condition (unflanked versus flanked). This
difference is driven by crowding, with both groups exhibit-
ing worse thresholds in the flanked condition compared to
the unflanked condition (CRB1: P = 0.006 and controls:
P < 0.001). The main effect of participant group (CRB1
versus controls) was also significant, with patients with
CRB1 retinopathy showing significantly worse thresholds
than controls in both unflanked and flanked conditions
(P < 0.001). The extent of this elevation in crowding
was slightly higher in the CRB1 group than the controls
– dividing flanked thresholds by the unflanked baseline
reveals that flanked thresholds were 1.65 times higher than
unflanked in the CRB1 group compared to 1.45 in the
control group. However, the interaction between partici-
pant group and stimulus condition was not significant (P
= 0.904), suggesting that these elevations in crowding must
be considered as broadly in proportion to acuity levels in
both groups. Nonetheless, due to the substantially higher
unflanked thresholds in the CRB1 group, the absolute differ-
ence in flanked thresholds between the CRB1 and the
control groups was much larger (and, indeed, significantly
different, as above), indicating a more disruptive crowd-
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FIGURE 5. Gap-size thresholds (in logMAR) for CRB1 individuals
for both the unflanked (grey filled circles) and the flanked (purple
filled circles). The y-axis plots VacMan thresholds and the x-axis the
clinical ETDRS logMAR values. The black line represents perfect
correspondence between the two measures.

ing effect in patients with CRB1 retinopathy. Individuals
with CRB1 gene mutations thus show elevated levels of
both acuity and crowding, relative to control participants,
although the elevations in crowding are not disproportion-
ately large when compared with their acuity levels.

The unflanked condition of the VacMan task produced
lower VA thresholds than the ETDRS test, indicating
that participants achieved better visual performance with
VacMan. In the flanked condition, the performance of
VacMan and ETDRS was similar, as shown by closely aligned
thresholds (Fig. 5). Strong correlations between VacMan and
ETDRS thresholds were nonetheless observed in both the
unflanked (r = 0.868, P < 0.001) and flanked conditions (r =
0.748, P< 0.001), demonstrating a close association between
the two measures. Figure 5 plots these values against
one another, showing that most unflanked thresholds lie
below the unity line, whereas crowded data points clus-
ter around it. There is clearly good agreement between the
measures.

Age-of-Onset and VacMan

To examine the impact of disease onset on crowding in
patients with CRB1 retinopathy, participants were divided
into early onset (before age 10 years) and late onset (after
age 10 years) groups (see Fig. 6). A 2 × 2 mixed-effects
ANOVA revealed no significant main effect of stimulus condi-
tion (P = 0.582), but a significant main effect of age-of-onset
(P = 0.007), indicating that gap-size thresholds differed
based on disease onset. There was no significant interaction
between onset and crowding condition (P = 0.504). Paired
sample t-tests showed a significant worsening of thresholds
in the flanked condition compared to the unflanked condi-
tion for the early onset group (P = 0.007), but not for the late
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FIGURE 6. Gap-size thresholds for CRB1 participants divided by
age-of-onset of disease, plotted in minutes of arc (left y-axis), with
comparison to their logMAR equivalents (right y-axis). The green
bars plot thresholds for the early onset CRB1 group and the red
bar plots the thresholds for the late onset CRB1 group. Error bars
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onset group (P = 0.070), despite a clear trend in the same
direction. Independent samples t-tests revealed no signifi-
cant differences between the early and late onset groups in
either the unflanked (P = 0.964) or crowded conditions (P =
0.488). Thus, although there is some indication that thresh-
olds may be higher in those with a later age of onset, the
reduction in sample size for this subgroup analysis reduces
our ability to draw clear conclusions.

Next, the impact of the CRB1 phenotype on thresh-
olds was assessed by dividing participants into EOSRD/LCA
(widespread retinal degeneration; n = 7) and MD/CORD
(macular degeneration; n = 13) groups (see Fig. 7). A
2 × 2 mixed-effects ANOVA found no significant main
effect of phenotype (P = 0.608) but did show a signifi-
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FIGURE 7. Gap-size thresholds for CRB1 participants divided by
clinical phenotype, plotted in minutes of arc (left y-axis), with
comparison to their logMAR equivalents (right y-axis). The blue
bars plot thresholds for the EOSRD/LCA CRB1 group and the green
bar plots the thresholds for the MD/CORD CRB1 group. Error bars
represent the SEM, with * = significant and ns = not significant.

cant main effect of stimulus condition (P = 0.039), with
elevated thresholds in the flanked condition compared to
the unflanked condition. There was no significant interac-
tion between phenotype and crowding (P = 0.226). Paired
t-tests revealed significant increases in thresholds in the
flanked condition compared to the unflanked condition for
both EOSRD/LCA (P = 0.033) and MD/CORD (P = 0.023)
groups. No significant threshold differences were observed
between the EOSRD/LCA and MD/CORD groups in either
the unflanked (P = 0.488) or flanked conditions (P = 0.884).
After applying the Bonferroni correction, these differences
remained nonsignificant (unflanked: P = 0.87 and flanked:
P = 0.955), despite a trend toward higher thresholds in indi-
viduals with MD/CORD (coupled with increased variability).

Next, an enjoyability assessment comparing VacMan and
ETDRS was conducted in 17 patients. Among them, 7 were
pediatric patients and 10 were adult patients. All pedi-

FIGURE 8. Box plots illustrating the reported enjoyability of the tests. (A) Percentage distribution of responses regarding the level of
enjoyability when performing the VacMan test. (B) Percentage distribution of responses regarding the level of enjoyability when performing
the ETDRS chart. (C) Preference distribution, with 88% of participants indicating a preference for the VacMan test.
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atric patients (100%) reported enjoying or strongly enjoying
the test. Among adults, one expressed a neutral response,
whereas the remaining nine reported enjoying or strongly
enjoying the VacMan test.

In contrast, only 18% of patients reported enjoying the
ETDRS test, whereas 70% felt neutral and 12% expressed
dislike. When asked about their preference, 88% of the
participants indicated a preference for the VacMan test over
the ETDRS (see Fig. 8), the remaining 12% who preferred
the ETDRS test included one pediatric patient and one adult
patient.

DISCUSSION

This study examined VA and crowding in patients with CRB1
retinopathies compared with aged-matched controls, reveal-
ing elevations in CRB1 retinopathies for acuity thresholds
measured with both standard clinical measures (ETDRS) and
newer child-friendly measures (VacMan), as well as elevated
crowding levels when flankers were added. Our study is the
first to demonstrate elevated crowding in individuals with
CRB1 retinopathies compared with controls, in addition to
their previously reported elevations in acuity. Although the
elevations in crowding were broadly in proportion to acuity
levels in both groups (1.65 times above unflanked thresholds
in CRB1 group and 1.45 in the control group), the overall
elevation in performance in patients with CRB1 retinopathy
meant that they required larger elements with greater sepa-
ration between them in order to reach the same performance
levels as age-matched controls. These elevations in crowding
would exacerbate visual impairments by hindering object
recognition in cluttered scenes and may provide a useful
outcome metric for treatment programs. All CRB1 partic-
ipants successfully completed the VacMan test, and both
unflanked and crowded thresholds correlated strongly with
the clinical ETDRS test. Individuals with CRB1 retinopathies
also reported the VacMan tests to be more enjoyable than
the ETDRS chart.

As treatments for CRB1 retinopathies continue to
advance, the need for new, comprehensive outcome metrics
becomes increasingly important.40–42 Ideally, these metrics
should capture various aspects of visual function, detect
subtle changes over time, and reduce inherent variability.
The current gold standard for assessing visual acuity is the
retro-illuminated LogMAR chart, based on the ETDRS opto-
type.7 Whereas widely used in clinical settings and trials, and
known to correlate with the ellipsoid zone (EZ) integrity on
SD-OCT, the ETDRS chart does not fully characterize visual
function and may miss subtle changes or variability in visual
performance.9,10 Additionally, discrepancies between VA and
structural measures are sometimes observed, especially in
certain genotypes like RDH12 and CEP290.7 Another crit-
ical consideration in testing visual function is the adapt-
ability of tests across different age groups, particularly in
pediatric populations. The ETDRS chart poses challenges
in this context, as preschool children often struggle with
letter recognition, and cognitive development differences
can complicate acuity measurements.43 Although modern
pediatric charts have been developed following international
guidelines, discrepancies remain compared to the ETDRS.
For instance, certain picture optotype tests, such as crowded
Kay Pictures, tend to overestimate acuity compared with
letter tests in both adults and children.However, this discrep-
ancy is not observed with the reference Landolt C test, which
forms the basis of the VacMan paradigm.43

Our results demonstrate the promise of child-friendly
tests, such as the VacMan paradigm, to assess vision simi-
larly to gold-standard measures like the ETDRS, whereas
also providing more detailed and reliable information on
various aspects of visual function. The VacMan test offers
precise, quantitative data derived from psychophysical meth-
ods, making it potentially more sensitive to subtle changes
in visual function that traditional tests might overlook. In
cases where elevations in acuity thresholds are subtle, the
additional elevation in flanked thresholds may be more
visible using measures such as the VacMan test. Although
previous studies on CRB1 retinopathies have shown rela-
tive stability in visual acuity and fields over time,44 methods
like microperimetry, although useful for monitoring resid-
ual retinal function, pose challenges, particularly for visu-
ally impaired children.13,44 Notably, visual crowding has
not been explored in CRB1 studies,4,6,13,15 and there is
limited evidence on the use of child-friendly tests as outcome
metrics in pediatric populations.45 This study demonstrated
that the VacMan test had a 100% completion rate, and
showed elevated crowding in a molecularly confirmed CRB1
cohort. Thresholds in the unflanked and flanked conditions
were also highly correlated with the clinical ETDRS test,
although with values that were lower in the unflanked condi-
tion relative to the ETDRS. The difference is likely due
to the “linear” presentation of the ETDRS charts, includ-
ing some crowding effects from adjacent letters during test-
ing (14 lines and 5 letters per line),33 which is further
consistent with the agreement between ETDRS values and
thresholds in the VacMan flanked condition. The major
advantage in the VacMan tests is the clear separation of
acuity (measured using isolated elements) and crowding
(measured with flanked elements), suggesting that it could
be a valuable tool for assessing both acuity and crowding in
these patients, particularly in younger populations.

In the course of typical development, elevations in crowd-
ing have been shown to persist as late as the age of 12
years old in typical vision,23,46 unlike acuity which matures
to adult levels at around the age of 5 to 6 years old.47,48

The prolonged development of crowding may explain why
elevations in crowding are so common in developmen-
tal disorders, such as amblyopia24,25 and nystagmus27,28,49;
which have their onset within this period of development.
In order to know whether the elevations in crowding with
CRB1 retinopathy varied depending on the age of onset,
we divided our patients with CRB1 into 2 groups based
on disease onset: before and after the age of 10 years. Our
results in fact showed a trend toward higher thresholds in
those with a later age of onset, although individual compar-
isons were nonsignificant (due to the higher variability and
reduced sample sizes for this subgroup analysis). Higher
thresholds in the late-onset subgroup may be attributed to
the larger proportion of patients with MD/CORD included
in this subgroup, conditions that typically involve macular
degeneration and thus affecting foveal crowding. In contrast,
the early-onset subgroup had a higher number of patients
with LCA/EOSRD and, whereas these patients generally
experience more severe retinal degeneration, many retain
islands of central vision, which could explain their better
crowding outcomes. Although there is scant literature of
crowding levels in other IRDs, the findings of this study
suggest that other IRDs that primarily impact the macu-
lar region, such as Stargardt’s disease, may also experience
higher levels of foveal crowding, similar to those included in
this study with MD/CORD. Conversely, IRDs that predomi-
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nantly spare the macula, such as RP, might not show the
same extent of crowding deficits. Future studies comparing
crowding effects in diverse IRD phenotypes would be valu-
able to confirm the broader applicability of these results and
to delineate the influence of macular versus peripheral reti-
nal dysfunction on crowding phenomena.

Understanding visual deficits in patients with pre-existing
visual impairment is of paramount importance, particularly
in conditions like CRB1 retinopathies where visual impair-
ments are substantial.1,4,50 Crowding has been known to
occur at a cortical level,18 potentially operating at multi-
ple levels in the visual hierarchy, modulating activity across
cortical regions from V1 to V4.51–54 Cortical changes in
amblyopia55,56 could similarly drive the elevations in crowd-
ing observed in those individuals. Although cortical changes
in CRB1 individuals are unclear, elevated crowding has
been reported in patients with glaucoma, who exhibited
pronounced visual crowding effects even with mild visual
field loss on standard perimetry.29 Ogata et al. suggested
that although crowding is primarily a cortical phenomenon,
the loss of retinal ganglion cells in glaucoma may lead to
changes and reorganization of cortical receptive fields,29 a
link that was further consolidated by Kwon et al.57 In the
case of patients with CRB1 gene mutations, the primary
loss occurs on the outer retinal layers. This raises important
questions about whether elevated crowding in patients with
CRB1 retinopathy is a direct sign of visual impairment or a
consequence of retinal degeneration which could potentially
be similar to glaucoma, secondary to reorganization of corti-
cal receptive fields. Complicating this picture, visual crowd-
ing elevations in our study did not differ significantly across
different CRB1 phenotypes, even though the level of reti-
nal degeneration was heterogenous – the LCA/EOSRD group
elicited a widespread retinal degeneration more affected on
the periphery, whereas the MD/CORD group had mainly
central vision affected and a preserved periphery. Nonethe-
less, the link between retinal degeneration and cortical
changes in these conditions is a topic warranting further
research.

In the real world, crowding elevations can compromise
reading ability,58 object recognition59 visual search,60 and
driving,61 impacting daily tasks and mobility. The eleva-
tions in flanked thresholds found for individuals with CRB1
retinopathies would similarly be likely to hinder these abil-
ities. Strategies such as increasing spacing between objects
or using assistive devices may help mitigate the effects of
visual crowding in individuals with macular disease forced to
rely on their peripheral vision.62 One such approach is Word
Mode, a peripheral reading protocol that reduces crowding
by presenting each word in isolation but in a position that
mimics its natural position in the line of text being read,
with each new word elicited using a self-paced button press
proposing that the level of reading efficiency may return
reading as a viable activity to many individuals with macu-
lar disease.63 Other approaches, such as enhanced text spac-
ing and interline spacing,62,64 could be further advised in
patients who still have good vision but struggle with daily
tasks. Nonetheless, there is still a need to understand visual
deficits and subsequently, vision-related quality of life in
patients with IRDs to provide further support. Interestingly,
Karuntu et al., in their 4-year longitudinal study, observed
a decline in vision-related quality of life questionnaires in
patients with CRB1 retinopathy using National Eye Insti-
tute Visual Function Questionnaire 25 (NEI-VFQ-25). This
decline was particularly pronounced in the “near activities”
domain, raising the question of whether increased visual

crowding contributes to this impairment. Additionally, the
“socio-emotional” domain was substantially affected, with
changes correlating to a decline in macular sensitivity as
measured by microperimetry.65 Future research should focus
on longitudinal studies to evaluate how visual function and
crowding in patients with CRB1 evolve over time. A prospec-
tive 2-year deep phenotyping study of patients with CRB1
retinopathies at Moorfields Eye Hospital is now underway
and baseline measurements, including the VacMan test, have
been completed with patient-reported outcome measures
(PROMs) now incorporated. This prospective study will
explore whether the VacMan test can more accurately
detect changes in vision over time compared to the ETDRS
chart, and whether visual crowding changes with disease
progression. Additional investigation into the applicability
of the VacMan test across other inherited retinal diseases
could provide valuable insights into its broader utility and
potentially integrating into clinical trials as a child-friendly
outcome metric.

Limitations

Several limitations to the study are worth highlighting. First,
CRB1 retinopathies represent a rare subset of the IRDs popu-
lation, and although this study is among the largest case
series for this rare group, the sample size remains small, with
limitations in statistical power and sample heterogeneity.
This may impact upon the reliability of the analyses regard-
ing our thresholds, most notably with our subgroup analyses
split by age-of-onset and phenotype, and the reader should,
of course, treat these results with appropriate caution.
Further studies with bigger sample size are recommended
to enhance the statistical power and external validity of the
findings. Test reliability (test-retest repeatability) was not
assessed in this study, although our longitudinal investiga-
tions will provide some insight into this. Finally, our testing
was conducted binocularly, unlike in cases like amblyopia
where monocular testing is the norm. Although IRDs tend
to be symmetrical in disrupting both eyes, there is a certain
level of asymmetry noted. It may be ideal in future work to
perform both tests unilaterally to assess disease progression.

CONCLUSIONS

This study explores the use of the child-friendly VacMan
test and compares it to the reference standard ETDRS chart.
In addition to deficits in acuity, we demonstrate that visual
crowding effects are elevated in individuals with CRB1-
related retinopathies. Assessing visual crowding separately
from acuity, using the VacMan paradigm, provides valuable
insights into the functional visual deficits associated with
CRB1. These measures nonetheless showed strong correla-
tions with the clinical ETDRS test, as well as being broadly
accessible – all patients with CRB1 retinopathies successfully
completed the VacMan test. These findings have significant
implications for understanding the impact of crowding on
daily tasks for patients with CRB1 retinopathies and under-
score the potential of child-friendly computerized visual
tests for IRDs.
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APPENDIX

TABLE A1. Summary of subject demographics, genetic results, and clinical characteristics of the 20 patients with biallelic pathogenic variants
in the CRB1 gene

Variant 1 cDNA Variant 2 cDNAFamily
Number Subject Gender Ethnicity Age Phenotype Zygosity Variant 1 Protein Variant 2 Protein

45590 01 F Black African 29 MD Homozygous c.2506C>A p.Pro836Thr
46120 02 F White 17 EOSRD/LCA Heterozygous c.455G>A c.3014A>T

p.Cys152Tyr p.Asp1005Val
35083 03 M White 39 MD Heterozygous c.498_506del c.4142C>G

p.Ile167_Gly169del p.Pro1381Arg
43560 04 F White 48 MD Heterozygous c.498_506del c.1696G>T

p.Ile167_Gly169del p.Glu556Ter
38236 05 M White 47 MD Heterozygous c.498_506del c.584G>T

p.Ile167_Gly169del p.Cys195Phe
38229 06 M White 24 EOSRD/LCA Heterozygous c.2129A>T c.3988del

p.Glu710Val p.Glu1330Serfs*11
Z889804 07 M Asian 13 CORD Heterozygous c.498_506del c.4005+1G>A

p.Ile167_Gly169del N/A
08 M White 15 MD Heterozygous c.498_506del c.1576C>T

p.Ile167_Gly169del p.Arg525*
42270 09 M White 52 MD Heterozygous c.498_506del c.2401A>T

p.Ile167_Gly169del p.Lys801*
31953 10 F White 16 EOSRD/LCA Heterozygous c.2548G>A c.4006-10A>G

p.Gly850Ser N/A
37161 11 M White 17 MD Heterozygous c.498_506del c.2308G>T

p.Ile167_Gly169del p.Gly770Cys
46830 12 M White 10 EOSRD/LCA Heterozygous c.2843G>A c.1712A>C

p.Cys948Tyr p.Glu571Ala
44092 13 F White 11 MD Heterozygous c.498_506del c.2843G>A

p.Ile167_Gly169del p.Cys948Tyr
35283 14 M White 11 EOSRD/LCA Homozygous c.2843G>A p.Cys948Tyr
35283 15 M White 8 EOSRD/LCA Homozygous c.2843G>A p.Cys948Tyr
32038 16 M White 40 CORD Heterozygous c.498_506del c.1431delG

p.Ile167_Gly169del p.Ser478Profs*24
33707 17 M White 29 MD Heterozygous c.498_506del c.3827_3828del

p.Ile167_Gly169del p.Glu1276Valfs*4
47941 18 M White 18 EOSRD/LCA Homozygous c.2291G>A p.Arg764His
21819 19 M White 33 CORD Homozygous c.470G>C c.2506C>A

p.Cys157Ser p.Pro836Thr
35229 20 F White 34 MD Heterozygous c.498_506del c.2290C>T

p.Ile167_Gly169del p.Arg764Cys

CORD, cone-rod dystrophy; EOSRD, early onset severe retinal dystrophy; LCA, Leber congenital amaurosis; MD, macular dystrophy.
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