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Abstract

PURPOSE: To describe cone structure changes using adaptive optics scanning laser
ophthalmoscopy (AOSLO) in the Rate of Progression of USHZA-related Retinal Degeneration
(RUSH2A) study.

DESIGN: Multicenter, longitudinal natural history study.
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METHODS: AOSLO images were acquired at 4 centers, twice at baseline and annually for 24
months in this natural history study. For each eye, at least 10 regions of interest (ROIls) with =50
contiguous cones were analyzed by masked, independent graders. Cone spacing Z-scores, standard
deviations from the normal mean at the measured location, were compared between graders and
tests at baseline. The association of cone spacing with clinical characteristics was assessed using
linear mixed effects regression models weighted by image quality score. Annual rates of change
were calculated based on differences between visits.

RESULTS: Fourteen eyes of 14 participants were imaged, with 192 ROIs selected at baseline.
There was variability among graders, which was greater in images with lower image quality score
(P<.001). Cone spacing was significantly correlated with eccentricity, quality score, and disease
duration (£ < .02). On average, the cone spacing Z-score increased 0.14 annually (about 9%, P
<.001). We observed no significant differences in rate of change between disease type (Usher
syndrome or retinitis pigmentosa), imaging site, or grader.

CONCLUSIONS: Using current methods, the analysis of quantitative measures of cone structure
showed some challenges, yet showed promise that AOSLO images can be used to characterize
progressive change over 24 months. Additional multicenter studies using AOSLO are needed to
advance cone mosaic metrics as sensitive outcome measures for clinical trials.

INHERITED RETINAL DEGENERATION (IRDS) ARE AMONG the most challenging diseases seen by
ophthalmologists. They are genetically heterogeneous, associated with hundreds of variants
in over 280 genes.! In addition, IRDs are clinically heterogeneous wherein changes in the
same gene can produce a wide range of retinal and systemic phenotypes, even in individuals
with the same pathogenic variants.2-® To date, only gene augmentation involving a single
genetic defect for early onset retinal degeneration associated with variants in RPE65 has
received regulatory approval as gene therapy.’:8

Following the success of developing an approved treatment for RPE65-related retinal
degeneration, =30 clinical trials of gene augmentation are underway for a number

of IRDs (www.clinicaltrials.gov). However, several clinical trials that showed promise

in phase 2 studies paused enrollment after they failed to meet prespecified primary
outcome measures of safety and efficacy, including gene augmentation with timrepigene
emparvovec for choroideremia (NCT03496012), cotoretigene toliparvovec for RPGR-related
X-linked retinitis pigmentosa (NCT03116113), and antisense oligonucleotide therapy with
sepofarsen for ¢.2991+1655A>G, p.Cys998X CEP29C-related LCA10 (NCT03913143).
These challenges have stimulated interest in leveraging natural history studies to identify
patients who retain structure and/or function and may be most likely to benefit from
treatment, and to guide selection of outcome measures that are most likely to demonstrate
safety and efficacy during clinical trials lasting =24 months.

The development of therapies for patients with other IRDs has been challenging because
these diseases progress slowly, and standard outcome measures of safety and efficacy are
insensitive indicators of disease progression for patients with IRDs.%-11 The slow rate of
progression over decades in patients with IRDs is hard to measure quantitatively during

the timeframe of a typical clinical trial lasting 1-3 years.12-14 Measures of photoreceptor
function are variable and affected by features seen in patients with retinal degenerations that
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are not directly related to photoreceptor survival, including cystoid macular edema, cataract,
epiretinal membrane, refractive error, fixation instability, and even patient attention. In
primary rod degenerations such as retinitis pigmentosa (RP) and Usher syndrome, standard
measures of visual function such as visual acuity are preserved until late in the disease
process, and although static and kinetic perimetry thresholds change earlier, these responses
can be variable.12-16 More sensitive measures such as fundus-guided microperimetry may be
complicated by unsteady fixation or inability to perform the test reliably.1” Dark adaptation
is required to measure the earliest changes in rod function with full-field stimulus threshold
testing!® and dark-adapted perimetry.19 Clinically relevant measures of visual function such
as mobility testing are resource-intensive, requiring space and several hours to conduct,20
and most patient-reported outcome questionnaires have not been validated for specific
retinal degenerations.2122 Objective measures of photoreceptor function such as full-field
and multifocal electroretinography may require contact with the cornea, demonstrate
quantifiable change only when large amounts of photoreceptors have been lost, and are
influenced by dilation, fixation, and blink artifact.16:23 For all these reasons, objective,
quantifiable measures of IRD severity and progression are urgently needed to facilitate
clinical trials of new therapies for these conditions.

Although high magnification can improve image resolution, most standard clinical

images of retinal structure such as optical coherence tomography (OCT) lack sufficient
lateral resolution to distinguish rod from cone photoreceptors.24:25 Adaptive optics

(AO) is a strategy to improve retinal image resolution by compensating for wavefront
aberrations.16:23.26.27 commercially available flood-illuminated systems incorporate AO
correction into a fundus camera, but have limited resolution within 2 degrees of the

foveal center.28:29 AQ correction of scanning laser ophthalmoscope (AOSLO) images

with confocal and split modalities permits visualization of individual photoreceptors in

the macula and disambiguation of cone from rod photoreceptors,16:30 including in USH2A-
related retinal degeneration.3! Several measures of AOSLO cone images have been reported
at regions of interest (ROIs) where unambiguous cones are identified, including cone
spacing or average nearest neighbor distance.32 The distance between cones can indicate
cone loss with retinal degeneration; cone spacing is a robust and conservative measure

that may be insensitive to detecting small changes over time. However, where image

quality is imperfect, it is less variable than cone density, which requires unambiguous
identification of every cone in the mosaic.32 Cone spacing varies predictably with distance
from the fovea,33:34 with lowest cone spacing (greatest cone density) at the fovea, increasing
exponentially within 5 degrees of the foveal center; cone densities are greater along the
horizontal compared with the vertical meridian.3®> Measures of cone structure integrity
include cone spacing Z-scores (number of standard deviations from the normal mean at

the measured location), cone packing regularity, and number of ROIs separated at regular
intervals where cones can be unambiguously identified.3238 AOSLO images have been used
to monitor changes in average cone spacing longitudinally over 2-3 years in small numbers
of patients with rod-cone degenerations,36:37 and can reveal changes that are not detectable
using OCT or other imaging modalities.38-40 However, to date AOSLO has not been used

to measure photoreceptor degeneration in multicenter, longitudinal natural history or clinical
treatment trials of IRD patients.

Am J Ophthalmol. Author manuscript; available in PMC 2024 August 01.
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Variants in USHZ2A are the most common genetic cause of Usher syndrome type 2

(USH2) and nonsyndromic autosomal recessive RP (ARRP).*} USHZ2A exceeds the carrying
capacity of adeno-associated viral vectors, spanning 800 kb,*2 but clinical trials are planned
or underway to develop antisense oligonucleotide (NCT05158296) and other gene editing
or augmentation treatments for this common cause of rod-cone degeneration. The Rate of
Progression of USHZA-Related Retinal Degeneration (RUSH2A; NCT03146078) study is
a multicenter, international, longitudinal natural history study® designed to identify and
validate outcome measures of disease progression in patients with USHZ2A-related retinal
degeneration. The RUSH2A study is collecting clinical data at 16 sites in 4 countries on

the rate of photoreceptor degeneration in patients with 2 pathogenic or likely pathogenic
variants in USHZ2A.2 However, the standard clinical tests included in the protocol do not
have the resolution necessary to study cone photoreceptor structure on a cellular level. No
published studies to date have characterized the longitudinal change in cone structure over
time in eyes with USH2A-related retinal degeneration3! or correlated that information with
standard clinical measures of retinal structure or function. The present study used AOSLO
imaging to test the hypothesis that cone topography (ie, cone spacing and density) will
show significant change from baseline to 2 years in patients with USHZ2A-related retinal
degeneration. In the RUSH2A study, patients with USH2 showed more severe disease
progression compared with nonsyndromic ARRP5:18 at baseline, adjusting for age at
enrollment and duration of disease; truncating alleles in USH2A were more likely associated
with hearing loss in USH2, while a group of missense alleles were associated with milder
vision loss in ARRP.2 The present study will test the hypothesis that measures of cone
spacing and density will show differences in rates of change over 2 years between patients
with USH2 and ARRP caused by variants in USHZA.

METHODS

SUBJECTS:

Candidates for the present longitudinal, observational AOSLO study were a subset of
participants enrolled in the RUSH2A study (NCT03146078) at 16 clinical sites in Europe
and North America. Only participants enrolled at the 4 sites with AOSLO systems were
eligible for the current study. The ethics boards at each site approved the AOSLO and
RUSH2A study protocols, and the study adhered to the tenets of the Declaration of
Helsinki. The overall RUSH2A study design and inclusion and exclusion criteria were
reported previously.1® Briefly, all participants had rod-cone degeneration with biallelic
disease-causing variants in USHZA. Candidates for the current study were recruited from
the participants in cohort 1 of the RUSH2A study, with best-corrected visual acuity (BCVA)
of =54 letters using the Early Treatment of Diabetic Retinopathy Study protocol 4344 >10
degree diameter kinetic visual field to the I114e isopter (Octopus 900 Pro, Haag Streit), and
stable fixation in the eye with better visual acuity, which was chosen as the study eye for
longitudinal follow up annually over 4 years.1® Disease duration was based on age of onset
of visual symptoms reported by participants.

Am J Ophthalmol. Author manuscript; available in PMC 2024 August 01.
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AOSLO ELIGIBILITY CRITERIA:

Clinical staff at study sites with AOSLO capability (Medical College of Wisconsin,
University of California San Francisco, Moorfields Eye Hospital, and the Quinze Vingts
National Ophthalmology Hospital) reviewed the RUSH2A AOSLO manual of procedures
for obtaining AOSLO montages and AOSLO imaging and were certified by the RUSH2A
Coordinating Center. Participants in the RUSH2A study without corneal or lens opacity,
nystagmus, unsteady fixation, or dry eye in the study eyel® were invited to provide written
informed consent for the RUSH2A AOSLO ancillary study.

AOSLO IMAGE ACQUISITION AND ROI SELECTION:

Initial baseline AOSLO images were acquired twice within 60 days of the RUSH2A
12-month study visit. Each AOSLO montage spanned a region that was at least 5 x

5 degrees, centered on the fovea, and extended superiorly and inferotemporally along

the regions imaged with horizontal and vertical OCT B-scans until a large vessel was
imaged, to facilitate alignment with infrared fundus images acquired simultaneously with
OCT and microperimetry, and color fundus photographs (Figure 1, A). Confocal and

split detector AOSLO images were acquired simultaneously at each location with pixel
sampling density no less than 400 pixels/degree. Montages were assembled using shared
custom software,*® superimposed on color fundus photos and aligned with horizontal and
vertical OCT B-scans through the fovea (Adobe Illustrator, Adobe, San Jose, California,
USA) (Figure 1), and submitted to a server that was General Data Protection Regulation—
and Health Insurance Portability and Accountability Act—compliant for review by the
AQOSLO coprincipal investigator (J.C.) who was masked to clinical information about the
participants. Participants were required to have =10 ROIs separated by roughly 1-degree
intervals across the montage, each containing contiguous patches of =50 unambiguous cones
arranged in mosaics on both baseline visits to be included in the AOSLO RUSH2A study.
Ten ROIs were required at baseline with the goal of retaining measurable cones at >5 of
the original ROIs after 36 months. AOSLO imaging was repeated once annually within
60 days of the RUSH2A 24- and 36-month visits to provide AOSLO follow-up at 12 and
24 months. Baseline ROIs were at locations where the ellipsoid zone band was visible on
OCT B-scans, avoiding regions with cystoid spaces or inner retinal opacification that could
obscure visualization of cones, within 10 degrees of the foveal center. ROI size ranged
from 0.35 x 0.35 degrees to 0.5 x 0.5 degrees, increasing with eccentricity to include

50 unambiguous cones in the mosaic; the maximum number of ROIs that included 50
unambiguous cones per eye were included. For each participant, ROIs were selected from
their follow-up AOSLO montages at the same retinal locations as were used at baseline
(using the ROI pattern exported from Mosaic Analytics depicted in Figure 1).

ASSESSING CONE STRUCTURE:

At least 2 trained and masked independent graders identified cone locations at the ROIs
using custom software (Mosaic Analytics, Translational Imaging Innovations, Inc., Hickory,
North Carolina, USA) to calculate cone spacing (average nearest neighbor distance in
microns) based on the density recovery profile method,*¢ and cone density, or total number
of cones with bound Voronoi domains divided by the sum of the Voronoi domain area in

Am J Ophthalmol. Author manuscript; available in PMC 2024 August 01.
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mm?2, which was measured at ROIs where every cone in the mosaic was unambiguously
identified. Raw coordinates were in pixel space. Conversions to microns or arcminutes
were based on the calibrated scale of the AOSLO system used to acquire the image in
pixels/degree and the assumption of 291 ym/degree for a 24-mm eye, scaled by each
subject’s axial length. Each grader provided an image quality score ranging from 0-5,
representing ungradable (0) to high confidence (5) in cone identification, that represented the
confidence the grader had in marking the cone locations. Any ROI where the cone spacing
measures from either grader had a confidence level of 0 was flagged for adjudication. If

the independent adjudicator (J.L.D.) agreed that the image was ungradable (containing <50
unambiguous cones), the data for that grader were not used for that ROI. If the adjudicator
disagreed with the level of 0, the adjudicator completed the grading according to the same
procedures for graders to determine cone metrics as described above, and the adjudicator’s
assessment super-seded the original grading for the specific ROI. Images from all visits
were measured in random order to minimize the impact of learning effects. Retinal vascular
landmarks were used to align montages with baseline images so the ROIs identified at
baseline could be identified and cones counted at each follow-up image. Graders were
allowed to adjust the contrast of the image to improve cone visualization.

STATISTICAL ANALYSIS:

To account for the relationship between cone spacing and eccentricity (distance from the
foveal center),33 cone spacing measures were converted to Z-scores, or standard deviations
from the mean cone spacing measured at that same location in 40 normal eyes, ranging in
age from 18-82 years (mean 33.6 years; standard deviation [SD] 13.7 years). Data of 28
eyes was taken from Wang et. al., for higher resolution images of foveal cones.5® Z-scores
were calculated from curves fit to the normal cone spacing data at each eccentricity from the
foveal center.

To calculate approximate Z-scores from cone spacing measurements, we modeled the mean
spacing uas a function of location using a model. For horizontal and vertical directions i
= 1,2, we calculated g, according to the double exponential y, = be™ %" + f.e™8% where y, is

the horizontal or vertical coordinate of the ROI. We then assumed an elliptical dependence
Hik

\/(/41 cos 9)2 + (4 sin 0)2
the ray subtended between the foveal center and the ROI). In addition, we modeled the
standard deviation about this non-linear regression line according to ¢ = ¢% * %H, In practice,
we assumed g, = g,, giving a total of 9 parameters to fit. We used the Nelder-Mead downhill
simplex algorithm?/ for fitting, choosing 12 different randomly chosen initial values. For

our data, we found evidence that @, # 0, implying a standard deviation that varies with the
mean value . As a sensitivity analysis, however, we calculated alternative Z-scores under
the assumption that a, = 0 as well (thus assuming a constant conditional standard deviation at
each location, results not shown).

to calculate y = (where @is the angle between the positive x-axis and

The distribution of AOSLO cone spacing (arcminutes and Z-scores) and cone density
measures at each visit was summarized using means, SDs, medians, interquartile ranges
(IQRs), and ranges. Linear mixed effects regression models with weighting based on image

Am J Ophthalmol. Author manuscript; available in PMC 2024 August 01.
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quality score were used to estimate the annual rates of change and evaluate the association
between baseline participant characteristics with cone spacing Z-score at each ROI. Weights
based on image quality score were calculated using the reciprocal of the root mean square
between graders. We accounted for the similarity of ROIs within each eye using a random
effect, and we included an additional crossed random effect for each ROI to account for
the longitudinal follow-up in each ROI, clustering effect by individual, multiple ROIs. The
grader was adjusted for in all the analysis models as a fixed variable. Mixed effects models
were fit using maximum likelihood estimation (using the Ime4 package in R); statistical
assessment of regression coefficients was conducted using the Wald test.® Time in years
was calculated as the number of days from the baseline AOSLO (RUSH2A 12-month)
visit divided by 365.25 for the longitudinal analysis. The methods of Bland and Altman
for assessing agreement between measurements were used to assess variability of baseline
repeated test measures and intergrader agreement.4? Intergrader disagreement was also
evaluated using a mixed effects model with grader as a predictor of the Z-score.

Associations between cone spacing Z-score and other clinical measures of disease severity
(BCVA measured as letters read using a standardized eye chart and protocol),*3:44 dark-
adapted full-field stimulus threshold to blue, red, and white stimuli (Espion €3, Diagnosys
LLC, Lowell, Massachusetts, USA) measured as described previously,18 and fundus-guided
mesopic microperimetry, tested using a Macular integrity Assessment (MAIA-2) system
(Center-Vue, Padova, Italy; microperimetry mean sensitivity was averaged over responses
from a circular grid of 89 points centered on the fovea and extending to the temporal
arcades, as described previously). Ellipsoid zone (EZ) area was measured at baseline from
121 spectral-domain OCT B-scans within a 30- by 25-degree retinal area centered on the
fovea with automatic real-time tracking of 9 (Spectralis HRA+OCT, Heidelberg Engineering
GmbH, Heidelberg, Germany), as follows. The Duke Optical Coherence Tomography
Retinal Analysis Program was used to manually annotate A-scans with intact EZ on each B-
scan from OCT macular volumes, and to calculate the intact EZ area. Readers first annotated
the foveal B-scan, where the intact EZ is easier to identify, then annotated the neighboring
B-scans. In borderline cases in which the presence or absence of the EZ was not clear, the
reader assumed EZ continuity from the fovea. A second senior reader reviewed all B-scan
gradings of the first reader and corrected the gradings when needed. To correlate with other
clinical measures, cone spacing Z-scores were averaged among all ROIs within each study
eye. Correlation between average cone spacing Z-scores and the clinical measures from
baseline to 2 years was assessed with Spearman correlation coefficients. Bonferroni-Holm
adjustment was used for the Spearman coefficients.?? All analyses were conducted using R
(version 3.5.1) and SAS software (version 9.4, SAS Institute, Cary, North Carolina, USA).
All reported Pvalues and 95% confidence intervals (CIs) were 2-sided.

Using Z-score as an outcome, we assessed several predictors. At the patient level, we
included project site, sex, and disease duration other redictors were grader, test number,
eccentricity, the number of ROIs at each visit, and quality score. Random effects were
included for each ROI and patient, as described above. Duration of disease was computed
based on age of onset and date of enroliment. No adjustments for multiplicity were made.

Am J Ophthalmol. Author manuscript; available in PMC 2024 August 01.
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STUDY POPULATION:

From the 105 participants enrolled in the RUSH2A primary cohort, 34 were enrolled at
sites with AOSLO systems and 32 of 34 consented to AOSLO imaging (Figure 2). Eight
consenting participants did not have 2 baseline AOSLO images obtained, due to cataract

(n = 2), corneal opacity or lack of optical clarity (n = 1), fatigue with refusal to undergo
second AOSLO baseline imaging session (n = 3), being <18 years of age at the time of
AOSLO imaging (n = 1), or AOSLO system malfunction (n = 1). Among the 24 participants
that completed initial AOSLO testing, 10 were discontinued due to not meeting the study
inclusion criteria (=10 ROIs each with =50 cones and separated by approximately 1-degree
intervals in the central retina) upon review by an independent, experienced AOSLO expert
(J.C.). Fourteen participants completed both baseline visits, 12 completed the 1-year visit,
and 14 completed the 2-year visit. Two participants missed the 12-month (RUSH2A 24-
month visit) visit, 1 due to equipment malfunction, the other during 2020 when nonessential
clinical research visits were prohibited during the COVID-19 pandemic.

Three graders measured cone spacing from all baseline visits. Because 1 grader relocated
and was no longer available to grade the remaining images, all cone spacing measures from
the 24-month visits were measured by the remaining 2 graders. A total of 30 ROIs from

4 participants were judged to be ungradable with image quality score = 0; all 30 were
reviewed, confirmed to be ungradable by the adjudicator, and were not included in the
analysis.

Clinical characterization of participants is shown in Table 1. Among the 14 participants, the
clinical diagnosis was USH2 for 6 (43%) participants and ARRP for 8 (57%) participants.
The mean age was 38 years (range 19-59 years), 11 (79%) were white, and 10 (71%)

were male. The age of onset of disease reported by the participant was younger in the

USH2 group than in the ARRP group (median 14 vs 39 years). The USH2 participants

had relatively longer duration of disease than ARRP participants (median 14 vs 6 years).
One grader measured cone spacing from all baseline visits, all 12-month visits, and 53% of
the 24-month visits before leaving the project. Since the dataset from this grader was only
complete at baseline, the only values that were used for this grader were from baseline in the
analysis of intervisit variability at baseline (grader 2, Table 2).

INTERTEST COMPARISONS:

Bland-Altman plots (Figure 3) showed no significant difference in mean cone spacing
(microns) between test 1 and test 2 at baseline (95% limits of agreement included 0). The
average Z-score for test 1 and test 2 equaled 1.37 and 1.36, respectively (SDs 2.48 and 2.61,
P=.93). Image quality scores at the second baseline visit (mean [SD], 2.58 [1.03]) were
significantly lower than the first baseline visit (mean [SD], 2.67 [1.00], 2= .007).

INTERGRADER COMPARISONS:

At baseline, grader 2 generated consistently lower scores than graders 1 and 3 (Table 2
Supplemental Figure 1, < .001). Intergrader variation as measured by Z-score difference

Am J Ophthalmol. Author manuscript; available in PMC 2024 August 01.
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was greater at ROIs with image quality scores of 1 and 2 vs high-quality images with
scores from 3-5 (median 1.50 vs 1.18 vs 0.69, respectively; £<.001). At all visits, the
mean difference between grader 1 and 3 centered around 0 and showed high concordance
(Supplemental Figure 2).

CONE SPACING (Z-SCORE):

The cone density and cone spacing values from, baseline to 24 months are summarized

in Table 3. Cone spacing had a significant negative correlation with cone density (-0.74
[95% CI -0.76 to —0.71]). The mean (SD) Z-score for cone spacing increased from

1.57 (2.61) to 1.80 (2.78) from baseline to 24 months. Cone spacing (not converted to
Z-score) did not change over time (mean 1.38, 1.39, and 1.37, respectively). Greater average
cone spacing (not converted to Z-score) was associated with greater eccentricity (P<

.001, Figure 4). At baseline, cone spacing Z-scores were greater in patients with USH2
(mean [SD], 2.14 [3.05]) than ARRP (mean [SD], 1.20 [2.19]), but the difference was not
statistically significant (Table 3). Participants with fewer regions that had gradable cones
had significantly lower quality scores than those with more regions at baseline (Table 4).
Cone spacing Z-score decreased significantly with eccentricity and image quality score but
increased with disease duration (Table 5). In the weighted model, no significant difference
was observed in baseline cone spacing Z-score based on clinical diagnosis, gender, test
number, number of ROIs, or imaging site.

Although participants with <10 ROIs at baseline were not eligible to participate, the number
of ROIs in each subject ranged from 10 to >15 at baseline and declined at 12- and 24-month
visits; by 24 months of follow-up, 4 of 14 (31%) montages had <10 ROIs remaining (Table
4). Although 6 of 14 (46%) montages imaged at 24 months had all the ROIs that were
present at baseline, 4 of 14 (31%) had lost between 4-7 of the original ROIs by the 24-month
visit (Table 4). The average image quality score was lower in montages with 10 ROIs than
montages with >20 ROIs at baseline (Table 4). The mean number of ROIs decreased from
13.7 to 11.6 from baseline to the 24-month visit (P=.01), and the mean quality score
decreased from 2.48 to 2.15 from baseline to 24 months (P =.01). However, there was no
correlation between decrease in quality score overtime with baseline number of ROIs (P=
.09).

Cone spacing Z-score increased during longitudinal follow-up (Table 3 and Figures 5 and

6). The estimated average annual change in cone spacing Z-score, weighted by quality score
and disease duration, increased by 0.14 (95% CI1 0.07-0.21, £< .001) (Table 6). A significant
association was found between the number of ROIs and Z-score over time: patients with
fewer ROIs had greater annual increase in Z-score (Table 6). Examples of change at ROls
which showed an increase in cone spacing (Figure 7, A), no change in cone spacing (Figure
7, B) and a decrease in cone spacing (Figure 7, C) are shown in Figure 7.

Mean cone spacing Z-score in each montage was not significantly correlated with BCVA,
full-field stimulus threshold, microperimetry mean sensitivity, or OCT EZ area, at baseline
and across all time points, adjusted for multiple comparisons (Table 7).
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Results were not substantially changed using an alternative Z-score based on the model with
constant standard deviation, described in the Methods section.

DISCUSSION

In the present study, we observed a significant increase in cone spacing Z-score over 24
months (+0.14 [95% ClI, 0.07 to 0.21], < 0.001) and observed a significant reduction

of gradable ROIs with remaining cones (-0.18 ROls/year [95% CI, —0.23 to —0.12], P<
0.001). The change of +0.14 in Z-score is small in magnitude but statistically significant
over 24 months. Although structural measures such as EZ width have shown significant
change in patients with X-linked RP, because the repeat variability of ellipsoid zone width
was lower than the annual rate of change,®! most studies have not demonstrated a significant
change in functional measures of disease progression such as Kinetic or static perimetry or
microperimetry over 24 months. We did not find a significant difference between USH2 and
ARRP participants at baseline, or in the rate of change, perhaps because the sample size was
small, resulting in low power to detect differences in rates of change between the 2 groups
over 24 months.

The present study is the first to investigate AOSLO cone spacing measures as an outcome
measure of disease progression in a multicenter natural history study of USHZA-related
IRD. Despite challenges associated with image acquisition at different sites using different
AOSLO systems, we observed no significant difference between the cone spacing in images
acquired at different locations (Table 4). To investigate intervisit variability, we obtained
AOSLO images at 2 sessions separated by <60 days at baseline. Image quality scores at

the second baseline visit (mean [SD], 2.58 [1.03]) were significantly lower than the first
baseline visit (mean [SD], 2.67 [1.00], A= .007). The requirement to obtain 2 baseline
images was intended to increase the likelihood that selected ROIs would be of sufficient
image quality to remain useful at follow-up visits. However, our results suggest that there

is no added benefit to collecting a second AOSLO image at baseline. The requirement for

2 montages with =10 gradable ROIs at baseline resulted in exclusion of 10 of 24 screened
subjects and required, in some cases, an extra day of testing. The inclusion requirement

that each eligible montage at baseline had =10 gradable ROIs was intended to increase

the likelihood that =5 gradable ROIs would remain at 36 months after baseline AOSLO
imaging. Screen failures with <10 ROIs during both baseline imaging sessions resulted
from media opacity, unsteady fixation, tear film abnormalities, patient fatigue or refusal

to return for a second imaging session, cystoid macular edema, and high refractive error,

all of which may be associated with more severe photoreceptor degeneration. Figure 7, C
shows examples in which the cone spacing decreased at 24 months compared with baseline,
likely because the image quality improved at the later visit. The requirement of 2 baseline
imaging sessions with 10 gradable ROIs at baseline likely biased the results presented to
include patients with earlier stages of degeneration and better cone structure at the beginning
of the study. Future studies should not require >1 baseline image, as additional imaging
sessions yielded lower image-quality scores, may increase fatigue, and could compromise
test performance of other studies. In this small study, we weighted cone spacing values by
image quality score to give less value to images where graders had lower confidence in their
cone identifications. This permitted inclusion of as much data as possible.
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Cone spacing in the current study was measured by trained, independent graders who were
masked to clinical diagnosis and measures of disease severity. We observed significant
differences between graders, which has also been reported in quantitative studies of AOSLO
in patients with achromatopsia.>2 For this reason, our analysis of longitudinal change in
cone spacing at each ROI was clustered by grader to compensate for bias between graders.
Variation between graders was greatest for ROIs with lower image quality scores where
graders had lower confidence in their cone identifications. We plan to analyze internal
consistency within each grader at the end of the RUSH2A study by requiring each grader to
regrade 10% of all ROIs in random order.

In eyes with retinal degeneration, the expectation is that cones may be lost due to disease
progression over the course of a longitudinal study. We did not attempt to identify and
track individual cones over time for this reason. Small misalignments of the ROIs between
timepoints could contribute to errors in estimating the amount of change at a specific

cone mosaic locus. ROI alignment issues may be avoided by moving away from ROI-
based analyses and using more continuous measures across a mosaic, though additional
computational tools would be needed to help make that a reality.

Larger cone spacing was associated with greater eccentricity, which is consistent with
histologic studies.33 In the present study, eccentricity was significantly associated with
Z-score, but the most abnormal cone spacing was observed closest to the fovea rather

than at the greatest eccentricities imaged. The Z-score measure depends on cone spacing

in arcminutes at the ROI, and the mean cone spacing in arcminutes from normal subjects
imaged at the same distance from the fovea. The size, accuracy, and comparability of the
reference data is as important as the fidelity of the measure from the ROI being assessed

in deriving the Z-score for each ROI. Greater Z-scores near the fovea in participants with
USHZA-related retinal degeneration observed in the current study may reflect more severe
cone loss near the fovea or may result from a small range of cone spacing values observed
in normal participants within 0.5 degrees of the foveal center. This possibility led us to
investigate 2 different methods to estimate Z-scores, one which incorporated the variance

in normal data at each location studied, and an alternate method in which the variation

was fixed at all locations; we observed the same result using both approaches with greater
evidence of cone loss near the fovea and better cone preservation farther from the fovea.
The observed result may reflect preservation of ROIs at greater eccentricities in participants
who had earlier disease (with lower Z-scores), while patients with more advanced disease
retained ROIs only near the foveal center. To test this hypothesis, we compared the number
of ROIs at baseline with the change in Z-score over time and found no significant correlation
(Table 4), however. Alternatively, the larger differences in Z-score close to the fovea may
reflect slight inaccuracies in precise alignment of the montages from each time point. Small
misalignments in ROIs between timepoints would result in a greater “change” in density
near the fovea due to the high density of foveal cones and rapid decline in cone density
with eccentricity. The “anchor” against which ROI location was derived may need to be
re-evaluated in future trials and efforts to align the montages should be explored.53:54

Lastly, some ROIs that were included based on both baseline montages were not seen
at subsequent visits. There are several reasons that ROIs may be lost during follow-
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up, including loss of cone structure as a consequence of disease progression; reduced
image quality at follow-up visits due to cataract, tear film abnormality, posterior capsular
opacification, or cystoid macular edema; and failure to capture images of sufficient quality
to count cones at every ROI on subsequent visits. Future studies using AOSLO should train
AQOSLO imaging personnel to review ROIs selected in baseline montages during image
acquisition to ensure that retinal landmarks surrounding each ROI are imaged, and work to
acquire the highest possible quality images at each subsequent visit.

A limitation of using AOSLO images to monitor disease progression is common to all
outcome measures in that they can only be measured where visible structure remains.
Therefore, AOSLO measures the best-preserved cones and is a conservative measure

of disease progression, because cones that have degenerated are not visible, and cones
undergoing degeneration may yield images that are ambiguous. In the present study, cone
spacing increased, ROIs were lost, and image quality score decreased over 24 months.

Since more advanced disease likely causes greater disruption of the cone mosaic with
reduced confidence of cone markings, this may limit the utility of AOSLO images as a
marker of disease progression in clinical trials of treatments for patients with more advanced
disease, where other clinical measures such as perimetry or visual acuity could show change.
However, multiple recent clinical trials of potential treatments for patients with IRD have
been halted for failing to demonstrate significant decreases in the rate of disease progression
based on standard clinical measures (NCT03496012, NCT03116113, and NCT03913143).
Perhaps these recent failures occurred because the main outcome measures of the studies
were not sufficiently sensitive to detect changes in the rate of progression in patients with
earlier stages of disease during the 24-month trial duration. The current study demonstrated
small, but statistically significant changes in cone spacing and in the number of remaining
regions with measurable cones over 24 months.

This study demonstrated additional limitations in the use of AOSLO to measure progression
in a clinical population. Ten of 24 screened patients did not have the required number of
ROIs on both baseline imaging sessions, there was significant intergrader variability, and
image quality score was worse in eyes with more severe disease progression. To use AOSLO
measures of cone spacing in future clinical trials, it will be necessary to mitigate these
factors in the following ways: (1) certifying >2 graders at the start of the study and analyzing
data from all visits in random order contemporaneously at study completion with the same
group of trained graders; (2) only using 1 baseline image; (3) ensuring that all ROIls imaged
at baseline are captured at subsequent visits using retinal vascular landmarks to guide image
acquisition; and (4) more precise ROl/montage alignment over time points. However, despite
these limitations, the current study represents the first longitudinal, multicenter study using
AQOSLO images to monitor disease progression in patients with USHZA-related retinal
degeneration. Over 24 months, cone spacing increased, indicating fewer cones remained
compared with baseline at the measurable ROIs, and the number of ROIs with gradable
cones decreased over 24 months. This finding suggests that cone spacing Z-score may be a
sensitive measure of disease progression. The current results suggest AOSLO cone measures
can detect, and may demonstrate, disease progression over 24 months, so may play an
important role in phase 3 trials of that duration investigating safety and efficacy of novel
compounds.
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FIGURE 1.
A. Color fundus photograph with adaptive optics scanning laser ophthalmoscopy montage

aligned using retinal vascular landmarks. Horizontal and vertical spectral-domain optical
coherence tomography B-scans were acquired through the fovea at locations shown by green
lines. B. Magnified adaptive optics scanning laser ophthalmoscopy montage with regions of
interest (ROIs) shown in red boxes. The green box shows the ROI magnified in panels C
through F. C. Cone mosaic at the ROI boxed in green in part B with cone profiles of varying
reflectivity. D-F. Cones marked by 3 independent graders with cone spacing (CS, average
nearest neighbor in arcminutes) values and quality score (QS) assessments by each grader
shown. Scale bar = 0.1 degree.
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Primary Cohort (N=105)

Number at Non-
1 Death (012-0013) participating Sites (N=70)

Participants at 4 Sites with AOSLO capability
(Candidates for testing) (N=34)

Not Consented (N= 2) Completed 12M Visit and
Consented to AOSLO (N=32)

™™

Underwent initial AOSLO testing (N = 24) Not Screened for AOSLO (N=8)*

Continue (N=14) Discontinue (N=10)

(Have at least 10 ROIs each with at least 50 (Did not have at least 10 ROIs each with at least 50
cones and separated by approximately 1- cones and separated by approximately 1-degree
degree intervals in central retina) intervals in central retina)

1-year visit completed (N=12) 1-year visit missed (N= 2)
1 for equipment malfunction
1 due to COVID19

2-year visit completed (N=14)

FIGURE 2.
Flow chart of Rate of Progression of USHZ2A-related Retinal Degeneration (RUSH2A)

participant enrollment in adaptive optics scanning laser ophthalmoscopy (AOSLO) ancillary
study. Eight of 34 participants screened at RUSH2A sites with AOSLO systems did not
complete 2 baseline AOSLO montages as described in the text. Of 14 participants with =10
regions where =50 unambiguous cones were visible in contiguous mosaics separated by

1 degree, 12 completed the 24-month RUSH2A visit (12 months after baseline AOSLO
imaging), while 14 completed the 36-month RUSH2A visit (24 months after baseline
AOSLO imaging). ROI = region of interest.
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FIGURE 3.
Bland-Altman plots of cone spacing between baseline tests (Rate of Progression of USHZA-

related Retinal Degeneration [RUSH2A] 12-month visit) by grader. Cone spacing Z-score
measures at each region of interest at baseline were measured twice; the difference between
the second measure (test 2) and the first (test 1) are shown on the Y-axis and plotted against
the mean Z-score at each region of interest on the X-axis for each of 3 independent graders
at baseline. Grader 1, top left panel; Grader 2, top right panel; Grader 3, bottom row. Image
quality score for each ROI assessed by each grader is color coded as follows: 1 =red, 2 =
green, and 3-5 = blue.
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FIGURE 4.
Cone spacing compared with eccentricity from the fovea. Cone spacing (arcminutes, not

converted to Z-score) increased with increasing distance from the fovea at each visit,

and increased longitudinally over time. Cone spacing values for participants with Usher
syndrome type 2 (USH2) are shown in blue, while values from participants with autosomal
recessive retinitis pigmentosa (ARRP) are shown in orange. 12M = 12 months after baseline;
24M = 24 months after baseline.
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Visit = Baseline

Visit=12M
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Visit=24 M
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Eccentricity (degrees from fovea)
Clinical Diagnosis e USH2 - ARRP

FIGURE 5.
Cone spacing (Z-score) compared with eccentricity from the fovea. Cone spacing (Z-score)

decreased with increasing distance from the fovea at each visit, and increased longitudinally
over time. Cone spacing values for participants with Usher syndrome type 2 (USHZ2) are
shown in blue, while values from participants with autosomal recessive retinitis pigmentosa
(ARRP) are shown in orange. 12M = 12 months after baseline; 24M = 24 months after
baseline.
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FIGURE 6.
Cone spacing Z-score compared with eccentricity over time, compared by grader and

diagnosis. Cone spacing (Z-score) increased over time in both participants with Usher
syndrome type 2 (USH2, shown in blue), and participants with autosomal recessive retinitis
pigmentosa (ARRP, shown in orange). Mean values are shown as open circles connected by
lines; median values are shown with lines, and interquartile range boundaries are shown with
rectangles. 12M = 12 months after baseline; 24M = 24 months after baseline.
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017-0001-OD 017-0012-OS 017-0016-OD
0.5 deg

2.6 deg 2.9deg

Cone Density  -16.9% +1.7% +26.5%

Cone Spacing  4+9.5% +0.3% -13.2%
FIGURE 7.

Cone density change over 24 months. Shown are 3 regions of interest (ROIs) from 3
different participants representing examples of ROIs with an apparent decrease in cone
density (left), minimal change in cone density (middle column), and an apparent increase

in cone density (right) at the 24-month time point relative to baseline. In the example of an
apparent increase in cone density, the lower image quality at baseline likely contributes to
the paradoxical result, though small misalignments of the ROIs between timepoints can also
contribute to errors in estimating the amount of change at a specific cone mosaic locus. The
retinal eccentricity of each ROI is provided in degrees. The average quality score is on lower
right of each image.
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Baseline Participant Characteristics.

TABLE 1.

Characteristic Overall Clinical Diagnosis
N=14 USH2,n=6 ARRP,n=8
Sex, n (%)
Female 4 (29) 2(33) 2(25)
Male 10 (71) 4(67) 6 (75)
Race/ethnicity, n (%)
White 11 (79) 4 (67) 7(88)
Hispanic 1(7) 1(17) 0
Asian 2 (14) 1(17) 1(13)
Enrollment area, n (%)
United States/Canada 8 (57) 1(17) 7 (88)
Europe/UK 6 (43) 5(83) 1(13)
Age at enrollment (y)
Median (IQR) 38 (27-48) 31 (21-40) 46 (33-49)
[Min, Max] [19, 59] [19, 40] [27,59]
<35, n (%) 6 (43) 4 (67) 2(25)
35-45, n (%) 4(29) 2(33) 2 (25)
245, n (%) 4(29) 0 4 (50)
Age of onset (y)
Median (IQR) 21 (14-42) 14 (13-20) 39 (21-45)
[Min, Max] [8, 52] [8, 21] [14,52]
<16, n (%) 6 (43) 4 (67) 2(25)
16-25, n (%) 2 (14) 2(33) 0
225, n (%) 6 (43) 0 6 (75)
Duration of disease (y)
Median (IQR) 12 (6-16) 14 (11-19) 6 (4-14)
[Min, Max] [1, 27] [8, 27] [1,17]
<10, n (%) 6 (43) 1(17) 5 (63)
10-19, n (%) 7 (50) 4(67) 3(38)
220, n (%) 1(7) 1(17) 0

ARRP = autosomal recessive retinitis pigmentosa; IQR = interquartile ratio; USH2 = Usher syndrome type 2.
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