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Purrose. The purpose of this study was to determine the natural history of the
photoreceptor disease in a large group of pediatric patients with RHD12-associated Leber
congenital amaurosis (RDH12-LCA), to estimate the changes expected over the duration
of a clinical trial, and to define the relationship between the photoreceptor loss and visual
dysfunction.

MerHoDs. Forty-six patients representing 36 families were included. The great majority
of patients were under the age of 18 years. Patients underwent complete ophthalmic
examinations and imaging with various modalities including adaptive optics scanning
laser ophthalmoscopy. Visual function was assessed with static and kinetic perimetry,
and full-field stimulus test (FST) under dark- and light-adapted conditions.

Resurts. Patients had a severe and early onset retinal degeneration (EORD). Visual acuity
losses showed a progression rate of 0.04 logMAR per year. A small foveal island could
be retained but showed degeneration over time. Foveal cone sensitivity losses were
predictable by the loss of photoreceptors. Peripapillary retina could be retained with
no significant progression detectable. Peripapillary rod sensitivity was substantially less
than expected from photoreceptor structure pointing to a large improvement potential.
FST sensitivities were reliably recordable in pediatric patients and showed a small but
significant improvement with age. Locally and globally, loss of rod sensitivity tended to
be larger than loss of cone sensitivity.

Concrusions. Foveal cones of RDH12-LCA should be targeted with treatments aimed to
slow progression, whereas peripapillary rod photoreceptors should be targeted with
treatments aimed to improve night vision. Pediatric FST testing may be complicated by
age-related maturation of decision making regarding threshold criteria.

Keywords: cone photoreceptors, early-onset retinal degeneration (EORD), leber
congenital amaurosis (LCA), parapapillary preservation, peripapillary preservation, rod
photoreceptors

eber congenital amaurosis (LCA) and early onset retinal

degeneration (EORD) refer to a genetically heterogenous
group of retinal diseases that cause severe vision loss in early
childhood.!> One genetic form of LCA has an approved
gene therapy treatment,® and investigational clinical trials
are ongoing in several other genetic forms.>® Among the
remaining genetic forms without treatment is an autosomal
recessive LCA/EORD caused by biallelic pathogenic vari-
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ants in RDH12 (referred to as RDHI12-LCA hereafter),” 1°
a gene that encodes a photoreceptor enzyme in the short-
chain dehydrogenases/reductases superfamily. The exact
molecular mechanisms of pathogenesis and progression
in RDHI12-LCA remains unclear. RDHI12 knockout mice
show no retinal degeneration under normal cyclic light
but a greater predilection to light damage.'!"!? It has been
hypothesized that RDH12 protects cellular macromolecules
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within the inner segments of photoreceptors against oxida-
tive modification.’>'* More recent research points at the
involvement of RDHI2 in the oxidation of 11-cis retinol
in the cone-specific retinal visual cycle.'>"7 It is plausi-
ble that the role of RDH12 may be different in rods and
cones.

Preclinical studies with adeno-associated virus (AAV)-
vectored gene augmentation therapy have shown proof-
of-concept with AAVS and AAV8'' laying the ground-
work toward translation to clinical trials. Treatment aims for
RDH12-LCA would depend on whether retinas are expected
to have retained photoreceptors at the time of the inter-
vention. For retinas with retained photoreceptors, treatment
aims could be vision improvement (where there is evidence
of dysfunction®®) or slowing of further photoreceptor losses,
or both. Important considerations include the retinal loca-
tion and cell type of retained photoreceptors. For retinas
with no retained photoreceptors, treatment aims are regen-
eration or substitution.?!

Most studies on the autosomal recessive form of
RDH12-associated inherited retinal degeneration (IRD) have
described a severe early onset disease that fits within
the classic LCA/EORD classification. However, the reported
phenotypic spectrum ranges from a mild macula-only
IRD, to intermediate severities that overlap with diagnos-
tic criteria of retinitis pigmentosa and cone-rod dystro-
phy.”~10-22-3% Common to all these clinical descriptions is
a predominant macular involvement, often with relative
foveal sparing at earlier stages, and central atrophic lesions,
including pseudo-colobomas, at later stages. Consistent
with these observations, longitudinal and cross-sectional
studies suggest a natural history with early loss of
visual acuity and a progressive course within the first 2
decades.!0:20,29,34

To increase our understanding of the retinal struc-
tural changes and associated visual dysfunction, we stud-
ied a large group of patients with RDHI12-LCA cross-
sectionally and longitudinally using imaging and percep-
tual tests to localize treatable photoreceptors and their func-
tional status. These results help refine the natural history of
disease and define a treatment strategy for different severity
stages.

METHODS
Patients

Forty-six patients, at ages of 2 to 42 years, representing
36 families with RDH12-LCA were included in this study
(Table 1). Thirty-seven patients (86%) were under the age
of 18 years at their first visit providing a rare insight into
a severe retinal disease in a young cohort with specialized
perceptual testing. Thirty-three patients (77%) had multi-
ple visits from 1 to 26 years providing longitudinal natural
history; not all measures were available at all visits and/or
in all patients. Sample sizes are explicitly specified for all
parameters quantified (Table 2). Some of the findings from
25 patients were previously published”!? but current work
includes novel results and novel analyses. Informed consent
and assent were obtained after explanation of the nature
of the study; our procedures complied with the Declaration
of Helsinki and were approved by the institutional review
board. All patients underwent a comprehensive eye exami-
nation including age-appropriate measures of best-corrected
visual acuity (BCVA).
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Clinical Imaging

En face imaging was performed with a scanning laser
ophthalmoscope (Heidelberg Engineering GmbH, Heidel-
berg, Germany) using near infrared reflectance (NIR-REF),
near infrared autofluorescence (NIR-AF), and short wave-
length autofluorescence (SW-AF) modalities with 30 degrees
or 55 degrees field of view.3>3® Ultra-wide field imaging was
performed (Optos, Inc., Marlborough, MA, USA) to record
pseudo-color fundus photographs and SW-AF.

Cross-sectional imaging was performed with spectral
domain optical coherence tomography (SD-OCT) with one
of two instruments (Spectralis; Heidelberg Engineering
GmbH, Heidelberg, Germany or the RTVue-100; Optovue
Inc., Fremont, CA, USA). The majority of the scans subtended
30 degrees along the horizontal meridian centered on the
fovea or starting at the fovea and extending into the midpe-
ripheral retina. Some scans subtended 20 degrees along
the horizontal meridian. The corresponding arc lengths
on the retina can be estimated using the nominal retinal
magnification factor of 300 pm/degree. Individual biome-
try was not available. Quantitative analyses were performed
as previously described.”'%37:3 In brief, raw OCT data
were processed using custom programs (MATLAB 2023a;
MathWorks, Natick, MA, USA) by first digitally joining
segments to have as wide a coverage as possible. Outer
nuclear layer (ONL) thickness was estimated using longi-
tudinal reflectivity profiles (LRPs) at the fovea and in the
peripapillary region. The hyposcattering ONL was defined
between the hyperscattering layer attributed to outer plex-
iform layer (OPL) and the hyperscattering outer limiting
membrane (OLM). In the parafoveal retina, signals from
Henle fiber layer (HFL) would be expected between the
OPL and the OLM,” but, in the fovea and peripapil-
lary regions, we expect the HFL component to be mini-
mal® In the peripapillary region, outer segment (OS)
length was estimated between the OLM and the RPE. The
ONL and OS thicknesses were divided by the local mean
normal values and reported as a fraction, or a logarithm of
the fraction.

Adaptive Optics Imaging

To image the photoreceptor mosaic and estimate the density
of cone photoreceptors, we used a custom-built, multimodal
adaptive optics scanning laser ophthalmoscope (AOSLO)
system, which was previously described.*"*> Three photo-
multiplier tubes (Hamamatsu Corporation) were config-
ured to record confocal and nonconfocal split-detection
near-infrared reflectance image sequences at 18 Hertz (Hz)
simultaneously. AOSLO image sequences were acquired in
the peripapillary retina and from the anatomical fovea
along the nasal meridian if possible. The AOSLO image
sequences from each retinal location were desinusoided,
registered,”® and semi-automatically montaged.* To quan-
tify foveal densities, cones at the anatomic fovea were iden-
tified manually in the split-detection montage and a slid-
ing square window 55 pm per side was then used to
calculate the peak cone density. For peripapillary cone
densities, a square region of interest 100 um per side
located 2.8 mm nasal from the anatomic fovea was selected,
cones within the region of interest were manually identi-
fied in the split-detection image and bound cone density
was calculated.
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TasLe 1. Demographic and Molecular Characteristics of the Patients
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RDH12 Variants

Allele 1 Allele 2
Patient ID Family ID Age'/Sex Nucleotide Change Effect Nucleotide Change Effect
P1# F1 2/F ¢.806_810del p.(Ala269Glyfs*2) ¢.697G>C p-(Val233Leu)
p28 F2 3/F c.582C>G p-(Tyr194*) c.617C>A p-(Ala206Asp)
P3* F3 4/F ¢.806_810del p.(Ala269Glyfs*2) c.883C>T p-(Arg295%)
P4 F4 4/F c.295C>A p-(Leu99lle) c.295C>A p-(Leu99lle)
P5 F5 5/M ¢.446T>C p-(Leul149Pro) ¢.800A>C p-(His267Pro)
PGS F6 5/F c.164C>T p-(Thr55Met) c.883C>T p-(Arg295%)
P7 F7 5/M c.210dup p-(Arg71GInfs*12) c.302A>G p-(Asp101Gly)
P88 F2 5/F €.582C>G p.(Tyr194%) c.617C>A p.(Ala206Asp)
PO¥ F3 6/M ¢.806_810del p-(Ala269Glyfs*2) ¢.883C>T p-(Arg295%)
P10t F8 6/M ¢.806_810del p.(Ala269Glyfs*2) C.377C>A p.(Ala126Glu)
P118 F9 6/F c.139G>A p-(Ala47Thr) c.295C>A p-(Leu99lle)
p12¢ F10 7/F C.184C>T p.(Arg62%) €.295C>A p.(Leu99lle)
P13* F1 7/F ¢.806_810del p-(Ala269Glyfs*2) c.697G>C p-(Val233Leu)
P14 F11 7/F ¢.164C>T p-(Thr55Met) ¢.806_810del p-(Ala269Glyfs*2)
P15 F12 7/M c.883C>T p-(Arg295%) ¢.806_810del p-(Ala269Glyfs*2)
P16 F13 7/M c.485T>C p-(Leul62Pro) c.485T>C p-(Leul62Pro)
P17+ Fl14 8/M €.226G>C p.(Gly76Arg) c.377C>T p.(Ala126Val)
P18t F15 8/M c.883C>T p.(Arg295%) c.302A>G p.(Asp101Gly)
P19t F16 9/M c.697G>C p-(Val233Leu) c.400T>C p-(Ser134Pro)
P20* F17 9/F ¢.57_60del p-(Ile22Glyfs*19) c.641T>C p-(Leu214Pro)
P21* F18 10/F ¢.806_810del p-(Ala269Glyfs*2) ¢.806_810del p-(Ala269Glyfs*2)
p22¢ F19 10/F c.883C>T p.(Arg295%) c.883C>T p.(Arg295%)
P23 F20 10/F c.295C>A p-(Leu99lle) c.295C>A p-(Leu99lle)
P24+ F21 11/F ¢.806_810del p-(Ala269Glyfs*2) ¢.146C>T p-(Thr49Met)
P25 F15 11/F c.883C>T p-(Arg295%) c.302A>G p-(Asp101Gly)
P26t F8 11/M ¢.806_810del p.(Ala269Glyfs*2) C.377C>A p.(Ala126Glu)
p27% F22 11/F ¢.806_810del p-(Ala269Glyfs*2) c.883C>T p-(Arg295%)
P28t F1 11/F ¢.806_810del p-(Ala269Glyfs*2) c.697G>C p-(Val233Leu)
P29 F23 12/M c.63_66del p-(le22Glyfs*19) c.184C>T p-(Arg62%)
P30* F24 13/F ¢.806_810del p-(Ala269Glyfs*2) c.133A>G p-(Thr45Ala)
P31 F22 13/M ¢.806_810del p-(Ala269Glyfs*2) c.883C>T p-(Arg295%)
P32¢ F1 13/F ¢.806_810del p-(Ala269Glyfs*2) ¢c.697G>C p-(Val233Leu)
P33 F25 14/M c.619A>G p-(Asn207Asp) c.697G>A p-(Val2331le)
P34 F26 14/F c.194G>A p-(Arg65GIn) ¢.506G>A p-(Arg169Gln)
P35 F27 14/M c.446T>C p-(Leul49Pro) c.446T>C p-(Leul49Pro)
P36t F28 17/F c.712dup p.(Val238Glyfs*35) c¢.712dup p.(Val238Glyfs*35)
P37 F29 17/F c.609C>A p-(Ser203Arg) c.609C>A p-(Ser203Arg)
P38 F30 17/M ¢.692G>A p.(Gly231Asp) c.823G>T p.(Glu275%
P39 F27 17/M c.446T>C p-(Leul49Pro) C.446T>C p-(Leul49Pro)
P40 F31 17/M ¢.63_066del p-(Ile22Glyfs*19) ¢.806_810del p-(Ala269Glyfs*2)
P41 F32 21/F c.63_66del p-(le22Glyfs*19) c.63_66del p-(le22Glyfs*19)
P42 F33 30/F €.295C>A p-(Leu99lle) €.295C>A p.(Leu99lle)
P43 F34 35/F ¢.806_810del p-(Ala269Glyfs*2) c.883C>T p-(Arg295%)
P44 F35 36/M ¢.184C>T p-(Arg62*) ¢.63_66del p-Ule22Glyfs*19)
P45 F36 40/M C.429_432delinsGGT p-(His143GlInfs*20) c.429_432delinsGGT p-(His143GInfs*20)
P46 F34 42/F ¢.806_810del p.(Ala269Glyfs*2) c.883C>T p-(Arg295%)

T Age at first study visit in years.
¥ Aleman et al., 2018.

§ Jacobson et al., 2007.

F, female; M, male.

Perceptual Assessments of Visual Function

Kinetic perimetry was performed and the extent of visual
field was quantified by using a computer-based algorithm
and presented as a percent of the mean normal visual field
extent.”® In patients with foveal fixation, static perimetry was
performed with a modified automated perimeter (Humphrey
Field Analyzer 750i; Carl Zeiss Meditec, Dublin, CA, USA),
as previously described.?®%%47 In brief, white stimuli were

used under light-adapted conditions, and blue (500 nm) and
red (650 nm) stimuli were used under dark-adapted condi-
tions. Test patterns sampled the retina at 2-degree inter-
vals across the horizontal meridian. Photoreceptor media-
tion under dark-adapted conditions was determined by the
sensitivity difference between the two stimuli.

Full-field stimulus test (FST) was developed to evaluate
the retinal sensitivity in patients independent of fixation
ability.”’>* Dark-adapted FST was performed in 36 patients
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TaBLE 2. RDH12-LCA Natural History
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Parameter Dataset N Slope, Log10/Yr Slope, %/Yr P value' Tendency
BCVA XS & L 262/82/41 0.044 10.6% 2.3E-21 Deterioration
L only 262/82/41 0.039 9.4% 6.3E-11 Deterioration
Foveal ONL thickness XS &L 29/16/16 -0.021 —-4.7% 1.7E-04 Deterioration
L only 26/13/13 -0.025 -5.6% 1.4E-05 Deterioration
Peripapillary ONL thickness XS & L 32/17/17 n.s. n.s. 0.70 No change
L only 30/15/15 n.s. n.s. 0.060 No change
Peripapillary OS thickness XS & L 31/17/17 -0.058 -12.5% 0.012 Deterioration
L only 28/14/14 -0.078 -16.4% 9.0E-04 Deterioration
Peripapillary ONL extent XS & L 32/17/17 -0.029 -6.4% 0.025 Deterioration
L only 30/15/15 -0.062 -13.3% 0.013 Deterioration
Kinetic field extent XS & L 68/36/19 -0.036 -8.0% 6.8E-09 Deterioration
L only 37/8/4 -0.031 -6.7% 1.8E-08 Deterioration
FST rod sensitivity loss XS & L 671/69/36 n.s. n.s. 0.35 No change
L only 514/61/36 -0.034 -7.3% 0.0038 Improvement

BCVA, best-corrected visual acuity; FST, full-field stimulus test; L, longitudinal; n.s., not significant; ONL, outer nuclear layer; OS, outer

segment; XS, cross-sectional.
* Numbers of observations/eyes/patients.
 Linear mixed-effects models.

with RDH12-LCA using 2 colors (blue = peak 467 nm and
red = peak 637 nm) in a ganzfeld stimulator (ColorDome,
Diagnosys LLC, Lowell, MA, USA); dilated eyes were tested
sequentially with the contralateral eye patched. The stimu-
lator was driven with one of two commercial consoles (E2
or E3; Diagnosys LLC, Lowell, MA, USA). In 4 of 36 patients,
custom written FST2 software®® was used (E2 Console) to
obtain single-button responses, whereas in the remaining
32 patients, the manufacturer’s proprietary and undisclosed
DiagnosysFST (referred to as D-FST hereafter) software’!
was used (E3 Console) to obtain 2-button responses. Consid-
ering the young age of many of the subjects (range = 5-—
40 years and median = 10.4 years) and the limited literature
on the use of the D-FST software in pediatric environments,
raw data were evaluated in detail. The same D-FST protocol
was used in adult and pediatric subjects.

In a typical setup, D-FST uses a yes/no forced choice
psychophysical test (2-button responses) where variable-
duration short (<4 ms) stimuli of different integrated lumi-
nances are presented and the subject responds based on
visual detection. The aim is to estimate the threshold which
is the stimulus luminance that the subject sees 50% of the
time on average. The order of the presentations in D-FST are
determined by a proprietary and undisclosed algorithm and
they appear to include an approach to estimate a preliminary
threshold (“auto-locate”) followed by recording of responses
to stimuli presented around the preliminary threshold with
an approach resembling the method of constant stimuli.
Yes/no responses from each run are fit with a sigmoidal
function and a final threshold estimated. D-FST also provides
a proprietary and undisclosed quality (Q) factor (an inte-
ger between 0 and 3) for each threshold estimate. Q of 0 is
thought to represent unusable data, Q of 2 and 3 are thought
to represent reliable results; usability of data with a Q of 1
is left to the specific protocol with some studies accepting
them and some discarding them.

We qualitatively evaluated 1061 sets of D-FST recordings
obtained from 62 eyes performed on 85 different visits. D-
FST assigned to Q of 2 or 3 (412/1061 = 39%) appeared
physiologically plausible and were repeatable. However, D-
FST recordings assigned to Q of 0 or 1 (649/1061 = 61%)
appeared to be substantially more variable. Five representa-

tive D-FST recordings assigned a Q value of 1 demonstrate
the range of such results (Supplementary Fig. 1A). Patient
(P)14 at age 10 years and P12 at age 11 years showed yes/no
responses with a clear and steep transition plausibly repre-
senting a physiological threshold; in each case, there is a
single yes response that appears to be erroneous. P26 at age
13 years and P17 at age 9 years showed a collection of yes/no
responses that are not likely to be physiologically plausible.
P17 at age 12 years showed a plausible yes/no transition
with 2 likely erroneous responses. There were similar ranges
of results with a Q value of 0.

We re-analyzed the raw D-FST data in search of an alter-
native quality score that better represents an acceptability
classification for each recording as follows: a Weibull func-
tion® (y = 1 — exp( — (x/a)?)) was fit to the propor-
tions of yes/no responses (y) at each tested intensity (x)
in phot-cd.s.m™2 units (obtained by inverse-log converting
from instrument log phot-cd.s.m™? output), and a thresh-
old was obtained as the intensity for 50% ordinate of the
function. The 95% confidence interval from a preliminary fit
where both « and 8 were free to vary, was used to define the
acceptable range for a. Parameter 8 was then fixed to 3.0
and « left to vary within the acceptable range. We defined
a score E as the maximum of the two mean-squared-errors
calculated considering responses above and below thresh-
old, respectively. We labeled the recording as acceptable
based on the following empirical criteria: (1) the thresh-
old was within the range of the equipment, (2) the data set
included at least three responses above and at least three
responses below the threshold, and (3) score E was lower
than 0.3. This criterion classifies as acceptable 54 of 222,
283 of 427, 147 of 159, and 244 of 253 recordings with Q
values of 0, 1, 2, and 3, respectively (Supplementary Fig.
S$1C). Mean normal dark-adapted values provided by the
manufacturer (-4.59 and -7.19 log phot-cd.s.m™? for red
and blue stimuli, respectively) were used to determine rod
sensitivity losses.

In a subset of patients, light-adapted D-FST was used to
be able to directly compare rod- and cone-mediated sensi-
tivities. The light-adaptation background used (white = 100
phot-cd.m™2) was higher than the standard (white = 10 phot-
cd.m™2) background used in perimetry for two main reasons.
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First, in patients with cone diseases, the standard back-
ground does not fully desensitize the rod system,>*>>* which
is consistent with murine work showing rods can signal
over this range.”>>® Second, the standard background can
be produced by two different luminance ranges (depend-
ing on the age of the instrument and version of software),
which introduces an unknown regarding the minimum lumi-
nance increment above the background available. Mean
normal values provided by the manufacturer (-1.92 and
-2.29 log phot-cd.s.m 2 for red and blue stimuli, respec-
tively) were used to determine sensitivity losses. Photore-
ceptor mediation for dark-adapted and light-adapted condi-
tions was defined by the difference of thresholds between
blue and red: between 0.4 and 2.1 log, mixed-mediated,
greater than 2.1 log, rod-mediated, and less than 0.4 log
cone-mediated.

Statistics

Linear mixed-effects models®” accounting for the data corre-
lation structure were used to assess progression associ-
ated with BCVA, rod sensitivity loss (RSL), ONL thickness,
and kinetic visual field extent. Separate regressions were
performed for each variable versus age and time from the
first visit. Reference values obtained from adults were used
for all structural and functional results.

RESULTS
Molecular Characteristics

There were 32 RDH12 variants across the 36 families (see
Table 1). Overall, 9 variants occurred in multiple unre-
lated families whereas 23 variants occurred in individual
families. The most frequent variants were ¢.806_810del (11
families), ¢.883C>T (7 families), and ¢.295C>A (5 families).
Among all 32 variants, 27 were classified as pathogenic or
likely pathogenic by American College of Medical Genet-
ics and Genomics (ACMG) criteria,”® and 5 were classified
as variant of unknown significance (VUS). Variants clas-
sified as VUS included ¢.194G>A, c.302A>G, c.400T>C,
and c.641T>C, which were each in trans with a known
pathogenic variant demonstrating familial co-segregation,
and were associated with a disease phenotype consistent
with RDH12-LCA. In each case, historical molecular reports
preceding ACMG criteria suggested positive or likely posi-
tive results. One VUS, c.800A>C, has an extremely low allele
frequency, and is in a region of exon 8 with 7 other reported
pathogenic variants. This variant was found in a patient
where no familial co-segregation information was avail-
able; however, the disease phenotype was consistent with
RDH12-LCA.

Localization of Retained Photoreceptors

The literature on RDHI12-LCA shows a wide spectrum
of disease severity across ages and ethnicities.” 108,30
Commonly observed across many severity stages are
retained photoreceptors in three retinal regions (Fig. 1):
(a) foveal region where there is either direct evidence of
retained ONL, or indirect evidence of retained visual func-
tion, (b) peripapillary retina, and (c) mid/far-peripheral
retina as detected by retained autofluorescence (AF) on wide
angle images. Next, we considered the natural history of reti-
nal structure and function at these three regions.
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_ Midperiphery
Fovea Peripapillary
Region
Ficure 1. Schematic of retinal regions reported to be relatively

preserved (green) in RDHI12-LCA: foveal region, parapapillary
region, and peripheral region.

Foveal Structure and Function

BCVA reflects the function of the fovea when fixation is at
the fovea. When fixation is extrafoveal, foveal spatial resolu-
tion is understood to be equal or worse than the measured
BCVA. In the current cohort, BCVA ranged from 0.20 logMAR
to light perception (LP; Fig. 2A). Of note, across the whole
cohort, the best BCVA of 0.20 logMAR was recorded at age
12 years in 3 eyes of 3 patients (P6-OD, P12-OS, and P25-OS).
This was counterintuitive considering the large number of
patients evaluated at younger ages, and hinted at the possi-
bility of better testing performance with maturation.> %
Eight eyes of five patients had the worst recorded BCVA of
LP (P36-OD, P38-OD, P43-OU, P44-OU, and P46-OU) at ages
17 to 42 years. The median BCVA across the cohort was 0.90
logMAR. Refractive error ranged from -5.25 diopters (D) to
+8.50 D (spherical equivalent) and tended to be hyperopic
(median = +3.25 D). Cross-sectionally, the natural history of
BCVA with age showed a cohort slope of 0.044 logMAR/year
(P = 2.3E-21, mixed-effects model; see Table 2). There was
generally interocular symmetry with a median BCVA differ-
ence of 0.18 logMAR between eyes; however, there were also
examples of substantial asymmetry where one eye could be
up to 3.4 logMAR worse than the contralateral eye (Fig. 2B).
In a subset of 31 patients, serial data were obtained over
observation durations ranging from 1 to 26 years (median
= 4.7 years). Longitudinally, BCVA tended to change slowly
(Fig. 20C); slopes from linear regressions obtained individ-
ually for each eye ranged from -0.2 to 0.4 logMAR/year
(median = 0.013 logMAR/year), and the cohort slope was
0.039 logMAR/year (P = 6.3E-11, mixed-effects model; see
Table 2).

Foveal structure by OCT was quantified for a subset of
16 patients selected for having an eye with relatively spared
BCVA at 0.6 logMAR or better.%! All had detectable but abnor-
mal ONL at the fovea (Fig. 2D). Cross-sectionally, the natural
history of ONL thickness with age showed a cohort slope
of -0.021 log/year (P = 1.7E-4, mixed-effects model; see
Table 2). In 13 patients, there were serial data allowing
evaluation of longitudinal natural history (Fig. 2E) where
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Ficure 2. Best corrected visual acuity (BCVA) and foveal structure and function. (A) BCVA across all subjects, eyes, and visits. Connected
symbols represent serial visits. (B) Interocular asymmetry of BCVA. The diagonal gray line represents equal acuity in both eyes. (C) Change
of BCVA over time in the subset of eyes with serial visits. (D) Foveal ONL thickness in the subset of eyes with retained visual acuity.
(E) Change of foveal ONL thickness over time in the subset of eyes with serial visits. The dashed red lines in panels A, C, D, and E represent
mixed-model regression results that produced a statistically significant slope. (F) Relationship between foveal ONL thickness and foveal cone
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sensitivity loss (CSL). Symbols are the patients with RDH12-LCA. Normal variability is described by ellipses encircling the 95% confidence
interval of a bivariate Gaussian distribution. Dashed lines indicate the idealized model of the relationship between structure and function in
pure photoreceptor degenerations and the region of uncertainty that results by translating the normal variability along the idealized model.
(G, H) Split detection AO images montaged at the foveal region of two patients with retained BCVA. Peak cone densities (based on a sliding
55 pm x 55 um box) are 28,200, and 23,500 cones.mm™? for P25 and P34, respectively. Below AO images are foveal OCTs. Horizontal lines
demarcate the region corresponding to the AO, the brackets are the regions corresponding to RPE melanization, and the double arrows

correspond to the ONL thickness.

the cohort slope was —0.025 log/year (P = 1.4E-5, mixed-
effects model; see Table 2). In seven patients (P6, P11, P21,
P22, P31, P33, and P34), co-localized foveal sensitivities
and foveal ONL thicknesses were measured and their rela-
tionship was evaluated quantitatively with a model of the
structure-function.®®> Foveal sensitivity losses were consis-
tent with foveal cone photoreceptor losses (Fig. 2F), with no
evidence of intrinsic foveal cone photoreceptor dysfunction,
similar to previous observations.’

In two patients (P25 and P34) with retained BCVA
and foveal fixation, and OCT evidence of retained ONL,
corresponding to a small locus of detectable inner and
outer segment signals and retinal pigment epithelium
(RPE) melanization, AOSLO imaging showed retained cones
at the foveal region with substantially reduced density
(Figs. 2G, 2H). Estimates of peak cone densities for P25 and
P34 were 28,200 and 23,500 cones.mm™2, respectively.

Peripapillary Structure and Function

Some patients with RDH12-LCA show a distinct peripapillary
area of relative preservation as demonstrated with P18 at age
8 years. The preservation of this retinal region is apparent on
imaging with NIR-AF (Fig. 3A) as well as on cross-sectional
imaging with OCT (Fig. 3B). Preservation implies a slower
time-course of underlying disease progression in the peri-
papillary region compared to neighboring retinal regions as
exemplified over 5 years in P18 (see Figs. 3A, 3B). To better
understand the natural history and structure-function rela-
tionship in this retinal region, we searched for evidence of
external limiting membrane (ELM), inner segment (IS) or
OS layers immediately temporal to the optic nerve head in
the OCT images of 37 patients. Qualitatively, 20 patients
(54%) had no evidence of ELM, IS, or OS. In the remain-
ing 17 patients with qualitative evidence, ONL thickness, OS
layer thickness, and ONL extent were quantified and plot-
ted as a function of age (Fig. 3C). Maximal ONL thickness
ranged from 21 to 52 pm, and maximal OS thickness ranged
from 3 to 28 pm at first visit. The region of ONL retention
often had an abrupt ending which extended 3 degrees to 6
degrees temporal to the optic nerve head. Cross-sectionally,
the slope of the peripapillary ONL thickness with age was
not statistically significant (P = 0.7, mixed-effects model; see
Table 2), but peripapillary OS thickness showed a cohort
slope of -0.058 log/year (P = 0.012, mixed-effects model;
see Table 2). Similarly, peripapillary ONL extent showed a
tendency to shrink with a cohort slope of —-0.029 log/year
(P = 0.025, mixed-effects model; see Table 2). In a subset
of 15 patients, there were serial data allowing evaluation of
longitudinal natural history (Fig. 3D). The slope of the peri-
papillary ONL thickness was not statistically significant (P =
0.060, mixed-effects model; see Table 2), but peripapillary
OS thickness showed a cohort slope of —0.078 log/year (P =
9.0E-4, mixed-effects model; see Table 2). Peripapillary ONL
extent showed a tendency to shrink with a cohort slope of —
0.062 log/year (P = 0.013, mixed-effects model; see Table 2).

At the eccentricity of the peripapillary region, more than
80% of the normal ONL thickness is expected to be rod
cell nuclei.®® Therefore, we used a model of simple retinal
degeneration®? to compare losses of sensitivity mediated by
rods (based on chromatic sensitivity differences) available
in a subset of 14 patients to co-localized ONL thicknesses
(Fig. 3E). At nearly all sampled locations, rod sensitivity loss
far exceeded that predicted from the ONL thickness. The
extent of structure-function dissociation, and thus treatment
potential, ranged from 0.5 log to nearly 4 log units for rod
photoreceptors (see Fig. 3E). Unlike the structural-functional
relationship at the fovea, the relationship in the peripapillary
retina is consistent with intrinsically insensitive rod photore-
ceptors that are structurally spared.

Cone nuclei at the eccentricity of the peripapillary retina
are expected to contribute a small fraction to the thickness
of the ONL as determined by OCT. To better understand the
extent of cone photoreceptor sparing within the peripap-
illary retina, we performed AOSLO imaging in 4 patients
at ages 10 to 17 years (Fig. 4A). Peripapillary cone densi-
ties were 7770, 7950, 6430, and 4260 cones.mm™> for P18,
P23, P25, and P34, respectively. Cone densities were either
normal or borderline normal, with one exception being
likely abnormally reduced (normal density®*% = 8780 +
1280 cones/mm? at 2.8 mm or 9.3 degrees). For three of
the patients with AOSLO (P18, P25, and P34), co-localized
peripapillary rod and cone sensitivity loss estimates were
obtained either on the same visit or within 8 months.
Cone sensitivity losses ranged from 0.1 to 0.6 log, whereas
rod sensitivity losses were greater and ranged from 0.9 to
1.2 log. In total, 21 patients had measurable cone sensi-
tivity losses in the peripapillary region, and they ranged
from near normal to major losses (Fig. 4B). Colocalized
measures in the peripapillary region showed rod sensitiv-
ity losses to be always greater than cone sensitivity losses
(Fig. 4C).

Macular Degeneration

Common to nearly all RDH12-LCA is a predilection for macu-
lar involvement often with foveal and peripapillary spar-
ing. This feature is usually observed clinically and with
autofluorescence imaging as RPE depigmentation or atro-
phy. However, the macular degeneration we observed on
cross-sectional imaging with OCT had both expected and
unexpected features. Comparison is made to a case of a
common maculopathy due to ABCA4-associated Stargardt
disease (STGD) to demonstrate features. ABCA4-STGD can
show complete absence of sublamina corresponding to
photoreceptors (outer plexiform layer or OPL, ONL, ELM, IS,
and OS) and RPE neighboring an area of peripapillary spar-
ing (Fig. 5A, middle). A widened inner nuclear layer (INL) is
thought to represent the remodeling of the retina following
photoreceptor degeneration.*

RDH12-LCA retinas also showed the INL thickening in
macular regions temporal to the peripapillary sparing (see
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Ficure 3. Peripapillary structure and rod function. (A, B) Preserved peripapillary region on autofluorescence imaging (A) and on OCT
(B) in a representative patient P18 at ages 8 and 13 years. Quantified measures of ONL thickness, OS thickness, and ONL extent are shown
(B, upper). (C) Peripapillary ONL thickness, OS thickness, and ONL extent as a function of age. ONL and OS thicknesses presented as
logarithm of fraction of mean normal values. Connected symbols represent serial visits. Horizontal gray dashed lines represent the normal
range. (D) Change in ONL thickness, OS thickness, and ONL extent as a function of time from first visit. Dashed red lines in panels C and
D represent mixed-model regression results that produced a statistically significant non-zero slope. (E) Relationship between peripapillary
ONL thickness and rod sensitivity loss (RSL). Symbols are from 52 locations with measurable ONL in 14 patients with RDH12-LCA. Normal
variability is described by ellipses encircling the 95% confidence interval of a bivariate Gaussian distribution. Dasbed lines indicate the
idealized model of the relationship between structure and function in pure photoreceptor degenerations and the region of uncertainty that

results by translating the normal variability along the idealized model.

Fig. 5A, lower). However, there was an additional hyposcat-
tering ONL-like layer that could have substantial thick-
ness that spanned across large regions of the macula. This
unexpected finding was unlike a thin layer of remnant
photoreceptors sometimes observed in the immediate vicin-
ity of geographic atrophy margins.®”% Careful examina-
tion of the ONL-like layer in RDH12-LCA showed a lack
of ELM, IS, OS, or RPE layers that would be expected
if the layer was indeed a relatively spared ONL. Further-
more, the continuity of the OPL layer from the spared peri-

papillary retina appeared to split near the junction of the
ONL-like layer and true ONL (see Fig. 5A, yellow arrow,
inset). In six eyes where AOSLO montages were available,
a photoreceptor mosaic was not apparent in the region
with ONL-like layer. To better understand features of this
ONL-like layer, we evaluated its thickness serially in a
subset of patients. As exemplified by P19, some patients
showed thickening of the ONL-like layer over time, whereas
others exemplified by P34, showed thinning over time
(Fig. 5B).
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FiGure 4. Peripapillary cones and function. (A) Split detection AO images montaged at the peripapillary region of four patients in comparison
with normal. Cone densities were 7770, 7950, 6430, and 4260 cones.mm™2 for P18, P23, P25, and P34, respectively. For P23, peripapillary
montage and the chosen region of interest are shown. (B) Peripapillary cone sensitivity loss measured with a white stimulus under light
adapted (LA) condition in all available subjects, eyes, and visits. (C) Quantitative comparison of LA cone sensitivity loss with dark-adapted
(DA) rod sensitivity loss co-localized in the peripapillary retina. The gray line is the equal rod and cone sensitivity loss.
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Ficure 5. ONL-like hyposcattering layer on OCT in the macula. (A) OCT scans from fovea toward the nasal retina along the horizontal
meridian in normal, ABCA4-STGD, and RDH12-LCA eyes. Inner nuclear layer (INL) and outer nuclear layer (ONL) are highlighted with purple
and blue, respectively. RDH12-LCA retina has an additional hyposcattering ONL-like layer that is highlighted with light blue. Insets show
the magnified regions of transition between macular degeneration and peripapillary sparing. BrM, Bruch membrane; OPL, outer plexiform
layer. (B) Longitudinal changes observed over 3 years in 2 patients demonstrating thickening (P19) and thinning (P34) of the ONL-like layer.
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Ficure 6. Peripheral function. (A) Ultra-wide-angle autofluorescence imaging showing mid- and far-peripheral retention of retina (upper
row) and retained peripheral vision on kinetic perimetry (Jower row) in 2 representative patients P34 and P12. T, I, and N, represent
temporal, inferior, and nasal retina, and N, I, and T¢ represent nasal, inferior, and temporal visual fields, respectively. (B) The extent of the
kinetic field across all subjects, eyes, and visits. Connected symbols represent serial visits. (C) Interocular asymmetry of kinetic field extent.
The diagonal line represents equal extents in both eyes. (D) Logarithm of change of kinetic field extent over time in the subset of eyes
with serial visits. The dashed red lines in panels B and D represent mixed-model regression results that produced a statistically significant

non-zero slope.

Peripheral Retinal Structure and Function

In many patients with RDH12-LCA, there was evidence on
ultra-wide-angle imaging of partially retained mid- and/or
far-peripheral retinal regions. This is exemplified by ultra-
wide angle AF images in 2 patients, P34 at age 17 years
and P12 at age 14 years, demonstrating retained RPE in
the peripheral retina (Fig. 6A, upper row). Consistent with
the retained retinal structure, there was retained periph-
eral visual function as apparent by the extent of kinetic
visual fields obtained with a large and bright V4e target (see
Fig. 6A, lower row). Cross-sectionally, the natural history

of kinetic visual field extent with age (Fig. 6B) showed a
cohort slope of -0.036 log/year (P = 6.8E-9, mixed-effects
model; see Table 2). There was generally interocular symme-
try (Fig. 6C). In a subset of 4 patients followed longitudi-
nally (see Fig. 6D), serial data had a cohort slope was —0.031
log/year (P = 1.8E-8, mixed-effects model; see Table 2).

Retina-Wide Visual Function

To better understand maximum retinal sensitivity across the
largest range of ages and severities of patients, we used
dark-adapted two-color FST, which is a short test that can
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Ficure 7. Dark-adapted chromatic FST. (A, B) Raw FST data recorded serially at 3 ages in 2 representative pediatric patients P32
(A) and P10 (B). Red and blue colors denote respective stimuli used. Mean proportion seen (white squares) are fit with a modified Weibull
function (smooth curves). Threshold is estimated at 50% seen (colored arrow). For each color, laterally paired panels show repeated tests.
All yes/no responses are plotted jittered above and below the 100% and 0% lines, respectively (gray filled symbols). (C) Rod sensitivity loss
(RSL) estimated from FST across all subjects, eyes, and visits. Greater RSL implies worse vision. Connected symbols represent serial visits.
(D) Interocular asymmetry of RSL. The gray line represents equal results in both eyes. (E) Change of RSL over time in the subset of eyes
with serial visits. Positive change represents worsening vision. The dashed red line represents mixed-model regression results that produced

a statistically significant non-zero slope.
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be performed independent of fixation ability and disease
stage. Most FST measurements to date have been in adult
subjects; there is little information in pediatric subjects.’
Because the great majority of the current patients were
under the age of 18 years, there was an opportunity to eval-
uate FST in pediatric subjects. Two representative patients
provide examples of FST results with replicates to demon-
strate quality and repeatability of this type of visual function
data (Figs. 7A, 7B). P32 at age 14 years showed steep yes/no
transitions for red and blue FSTs with excellent replication
(see Fig. 7A, first row). On follow-up at ages 16 and 18 years,
red and blue FSTs did not appear to change appreciably (see
Fig. 7A, second and third rows). Average red thresholds were
-2.92 log cd.s.m™?, and average blue thresholds were -5.20
log cd.s.m~2, with a 2.28 log difference supporting rod medi-
ation. P10 at age 7 years also showed remarkably good qual-
ity of red and blue FST responses that were repeatable on
replication (see Fig. 7B, first row). On follow-up at ages 10
and 13 years, red and blue FSTs retained their good quality
and repeatability (see Fig. 7B, second and third rows). Coun-
terintuitively, both red thresholds at -2.66, -3.10, and -2.83
log cd.s.m™?, and blue thresholds at -5.11, -5.68, and -5.92
log cd.s.m™% at ages 7, 10, and 13 years, respectively, showed
a tendency to improve with age. Blue minus red differences
of 2.45, 2.58, and 3.09 log suggested mediation by rods at
all visits.

For chromatic dark-adapted FST measures recorded
across all eyes and visits, 17 patients (47%) had rod media-
tion, 7 patients (19%) had mixed mediation, and no patients
had pure cone mediation. In 12 patients (33%), FSTs were
rod mediated at some instances and mixed mediated at
others. Rod sensitivity losses (RSLs) calculated from blue
FST ranged from 0.5 to 4.2 log with a median of 2.40
log (Fig. 7C). Cross-sectionally, the slope of the RSL with
age was not statistically significant (P = 0.35, mixed-effects
model; see Table 2) for the cohort as a whole. FST generally
showed interocular symmetry with a median difference of
0.24 log and a maximum difference of 1.22 log (Fig. 7D). In
a subset of 19 patients, there were serial FST data recorded
over follow-up periods ranging from 1 to 6 years (Fig. 7E).
Notably nearly all the serial data were recorded in pedi-
atric patients (age range = 6 to 19 years, and median =
12 years). Slopes from linear regressions obtained individu-
ally for each eye ranged from -0.85 to 1.01 log/year (median
= —0.046), and the cohort slope was -0.034 log/year (P =
0.0038, mixed-effects model; see Table 2) supporting a coun-
terintuitive improvement of FST thresholds with age.

In a subset of 14 patients, both dark-adapted and light-
adapted D-FST measures were performed with red and
blue stimuli at the same visit and same eye allowing
direct comparison of rod and cone function. Typically, dark-
adapted thresholds showed approximately 2.5 log differ-
ence between the 2 colors expected from mediation by rods
whereas light-adapted thresholds were comparable between
the colors as demonstrated by 2 representative patients
(Supplementary Figs. S2A, S2B). Across the cohort, loss of
dark-adapted rod FST sensitivity tended to be greater than
the loss of light-adapted cone FST sensitivity when measured
with blue (Supplementary Fig. S2C) or red (Supplementary
Fig. S2D) stimuli.

DiscussioN

Biallelic mutations in RDH12 are among the top 25 most
commonly implicated genes causing autosomal recessive
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forms of inherited retinal disease,®7' and one of the

more common genetic causes of LCA and EORD."'7?> Over
the 2 decades since its discovery, the phenotypic spec-
trum has expanded to range from LCA to milder forms
of the disease, such as cone-rod dystrophy and isolated
macular disease with normal full-field electroretinograms
(ffERGs).7~1022-26,28-34 Eyen in the LCA phenotype, there are
some retinal regions with relative preservation of photore-
ceptors and vision at least at some stages of disease.
Treatment aims for these retained photoreceptors include
improvement of vision, which requires better understand-
ing of structure-function relationships, or arrest of the
progressive degeneration, which requires better understand-
ing of progressive natural history. Therefore, we evalu-
ated pediatric and adult patients RDH12-LCA to estimate
the natural history of retinal structure and visual func-
tion, and their quantitative relationship, when possible.
The strengths of this study included a large number of
molecularly clarified pediatric patients evaluated quantita-
tively with measures of retinal structure and visual function
recorded longitudinally. Limitations of the study included
non-uniform availability of all visual function measures
across the whole cohort and the resulting potential for
selection bias.

Foveal Cones

Sparing of foveal structure and function as compared to the
surrounding macular region was observed in a subset of
the current patients with RDH12-LCA confirming previous
literature across a range of disease severities.”0:24:29,33,34
Although not specifically quantified, the extent of foveal
sparing tended to be a small region of pigmented RPE
within a larger pericentral region of RPE demelanization
and atrophy. We found cone-mediated light sensitivity within
the spared foveal island to be predictably related to the
photoreceptor cell loss estimated from the thickness of
the ONL layer, confirming previous findings.” AOSLO-based
cone density estimates at the fovea were consistent with
ONL layer thinning. Thus, all the evidence in the current
work taken together with previous literature suggests that
foveal cones of RDHI2-LCA do not hold a large vision
improvement potential, unlike foveas of LCA associated
with RPEG5, CEP290, NPHP5, or LCA5 mutations.”%2,73-78
For the spared foveas of patients with RDH12-LCA, treat-
ments should aim to arrest the progressive degeneration.
Our work provides a preliminary estimate of the natural
history of ONL thinning at the fovea with an exponential
progression rate of 0.02 log per year. This progression rate
could be an underestimate as it does not consider age-
related changes in the outer retina. However, all of the
foveal data originated from patients at 6 years of age or
older where developmental changes are thought to be mini-
mal.”®-8! Based on a simple model previously proposed,®
light sensitivity loss would be predicted to progress at 0.04
log per year. In the current work, there was not suffi-
cient data to estimate rate of loss of foveal light sensitiv-
ity, but BCVA showed a similar overall progression rate
of 0.04 log/year. We should note, however, that BCVAs
were obtained across all severity stages thus presumably
including both foveal and extrafoveal sources of spatial
vision. The findings are consistent with previous estimates
of BCVA decline (0.02 to 0.03 log/year) in patients with
RDH12-LCA>
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Peripapillary Rods and Cones

An usual preservation of parapapillary retinal structure and
function was first described in ABCA4-STGD 2 decades
ago.82:%3 Since that time, diverse genetic retinal diseases have
also been found to have para- or peri-papillary preserva-
tion (terms used interchangeably) of the retina®-%°, includ-
ing RDH12-LCA.'%-2%:29:34 The function and structure of both
rods and cones in the peripapillary retina of RDH12-LCA
eyes were evaluated in the current work for the first time to
determine whether there was vision improvement potential.
Assuming a substantial portion of the ONL thickness orig-
inates from rod photoreceptor nuclei, there was evidence
of major dissociation of rod function from retinal struc-
ture implying a successful gene therapy in the peripapillary
region could show immediate large improvements, such as
observed in RPEG5- and GUCY2D-LCA.**°! Cone sensitivity
loss, on the other hand, was smaller in magnitude implying
less of an improvement potential.

Nearly half of the RDH12-LCA eyes that had peripapil-
lary preservation at the time of their first evaluation at an
average age of 8.8 years and retained this spared area over
an average of 3.3 years of follow-up. In contrast, the other
half of the patients did not have evidence of peripapillary
preservation at the time of their first evaluation. It remains
unknown whether this feature is imprinted congenitally in
a subset of patients or driven by interindividual variations
in spatiotemporal progression rate. However, an anecdotal
result from one case provides some cause for speculation.
P1 at age 2 years had clear evidence of peripapillary preser-
vation, which had completely degenerated by age 7 years,
suggesting that unknown genetic or environmental causes
acting in the first decade of life. Remaining eyes showed
no statistically significant thinning of the ONL, which is
unlikely to be affected by minimal developmental changes
at the peripapillary retinal for the ages studied.®’ Our results
taken together suggest that once the peripapillary retina
survives the onslaught of early degeneration occurring else-
where, it is much more likely to be spared during ensuing
decades.

Previously, several hypotheses have been proposed that
could act alone or in concert to explain peripapillary spar-
ing.%? A localized reduction in the photoreceptor to RPE
ratio could relieve the load of disc membranes that need
to be ingested daily. Shadowing of short wavelength light
onto photoreceptors due to localized thickening of the reti-
nal nerve fiber layer could provide protection. A localized
increase in retinal capillary vascularity, or melanin concen-
tration could guard RPE cells from light-induced apoptosis.
Last, higher expression of neurotrophic factors at the edges
of the retina could provide enhanced survival of peripapil-
lary photoreceptors and RPE.

RPE Atrophy in Non-Foveal Macula

IRDs show a sequence of outer retinal changes involv-
ing progressive OS shortening, photoreceptor degeneration,
demelanization, and atrophy of the RPE.”*% Once the local
retinal degeneration has reached the stage of RPE atro-
phy, there usually are no photoreceptors remaining.”* There-
fore, it was surprising to observe a relatively thick ONL-like
hyposcattering layer on OCT across wide expanses of non-
foveal macula of patients with RDHI12-LCA that appeared
to colocalize with RPE atrophy. Histological source of this
layer is currently unknown but there are two main possibil-
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ities: (a) survival of photoreceptors without RPE support; or
(b) formation of a new hyposcattering layer upon degen-
eration of photoreceptors. Remnant photoreceptors are
sometimes observed near geographic atrophy margins.®”%
Observations of apparent thickening of this ONL-like layer
over time in some patients, taken together with the lack
of colocalized IS and OS, provides greater support for
non-photoreceptor-nuclei origin such as the result of glial
activation that occurs secondary to neuronal damage.”’
Retinal remodeling occurring in the inner and/or outer
retina could complicate future treatment attempts at these
locations.

Molecular Defect and Human Phenotype

RDH12 is expressed in photoreceptor inner segments and
belongs to a family of retinol dehydrogenases that can
metabolize all-trans- as well as cis-retinols and have the
biochemical potential to complement each other.”® Discov-
ery of RDH12 mutations causing an early onset and severe
retinal degeneration’® made it clear that RDHI2 has a
key role in human retinas that cannot be substituted with
another retinol dehydrogenase. It was initially hypothe-
sized that RDH12 is a key enzyme necessary for the reduc-
tion of all-trans retinal released from photopigments in
the recovery phase of the visual cycle following absorp-
tion of a photon; loss-of-function mutations would result in
deficits in the production of chromophore.”” But the human
phenotype of RDH12-LCA is very different than the pheno-
type resulting from the classic chromophore production
deficit disease lending no support to this hypothesis.” Work
performed in mouse rods led to the hypothesis that RDH12
protects cellular macromolecules against oxidative modifi-
cation.'>'* Research performed in zebrafish cones pointed
at the involvement of RDHI12 in the oxidation of 11-cis
retinol in the cone-specific retinal visual cycle!” supporting
an earlier speculation.”® What remains unknown, but likely,
is whether RDH12 has substantially distinct roles in rod
versus cone IS. In addition, it remains unexplored whether
the role of RDH12 changes across the human retinal topog-
raphy.

Does the human RDH12-LCA phenotype contribute to the
understanding of the pathobiology? In most cases, across
large swaths of retina, there was severe and early loss of
both rod and cone function and retinal degeneration, thus
supporting a key role of RDH12 within both photorecep-
tor classes across most of the human retina. However, there
were topographical exceptions such as the relative sparing
of the fovea where there is a high concentration of cone
photoreceptors. The cone visual cycle is thought to include
Muller glial cells'® but there is some recent evidence of
possible diversity of Muller glia at the fovea.”® Specifically,
there appear to be inner glia that extend only from INL
to the OPL as opposed to canonical outer glia that extend
from the INL to the ELM. If RDH12 is indeed involved in
the cone visual cycle, topographic changes in glial diver-
sity could contribute to observed sparing of foveal and
peripapillary regions. In addition, existence of detectable,
and sometimes near-normal, cone function at these loca-
tions suggests that RDH12 could not be the sole source of
chromophore.

When evaluated locally in the peripapillary retina,
perceptual loss of rod sensitivity tended to be greater
than loss of cone sensitivity. This finding was not consis-
tent with relatively greater reduction of cone compared
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to rod ERGs reported in rare late-onset cases previ-
ously.?”-3> However, it is important to note that the great
majority of the early-onset cases do not have record-
able ERGs and late-onset cases in the literature were
not evaluated perceptually. The preferential involvement
of the cone-rich central retina in milder cases could also
disproportionally impact full-field cone ERG signals and
misrepresent the retina-wide relationship between rod and
cone photoreceptor dysfunction. Differences in structure-
function dissociation in rods and cones caused by the
RDH12 mutations documented in our work may support
distinct roles for this enzyme in the two photoreceptor

types.

Measure of Rod and Cone Function With FST in
Pediatric Patients

Within specific retinal regions in subsets of patients, subspe-
cialized tests of retinal function and structure such as
perimetry or OCT or AOSLO were able to be performed
to better understand the local consequences of the disease.
But many patients with RDH12-LCA have unstable eyes that
preclude co-localization of structure and function. Practi-
cally, in all these severely affected patients, FST is the only
perceptual test that can provide a quantitative estimate of
rod and cone function.#’->° The great majority of the FST
results in the literature have been performed with custom
software running on a commercial ganzfeld.>?75:91,99-105
There has been a paucity of detail about the performance of
the commercial software D-FST in adults as well as pediatric
subjects. In the current work, we used an extensive serial
data set collected with D-FST to provide greater insight. The
quality of the responses as judged with the resulting psycho-
metric function was high and repeatable on replication inde-
pendent of age. However, there was a slight but statisti-
cally significant improvement of FST thresholds with age
as opposed to the progression expected from an IRD. The
reason for the counterintuitive improvement is not known
but highly unlikely to be physiological since most patients
were well beyond the age of ocular development. Consistent
with the FSTs were BCVA where best values were obtained
near age 12 years and not younger. Thus, it is parsimonious
to consider potential maturation of decision-making as rele-
vant to perceptual tests in serial studies involving pediatric
patients.
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