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e PURPOSE: To analyze the clinical characteristics, natu-
ral history, and genetics of PDE6B-associated retinal dys-
trophy.

* DESIGN: Retrospective, observational cohort study.

e METHODS: Review of medical records and retinal imag-
ing, including fundus autofluorescence (FAF) imaging
and spectral-domain optical coherence tomography (SD-
OCT) of patients with molecularly confirmed PDE6B-
associated retinal dystrophy in a single tertiary referral
center. Genetic results were reviewed, and the detected
variants were assessed.

* RESULTS: Forty patients (80 eyes) were identified and
evaluated longitudinally. The mean age (£SD, range) was
42.1 years (+ 19.0, 10-86) at baseline, with a mean
follow-up time of 5.2 years. Twenty-nine (72.5%) and 27
(67.5%) patients had no or mild visual acuity impairment
at baseline and last visit, respectively. Best-corrected vi-
sual acuity (BCVA) was 0.56 + 0.72 LogMAR (range
—0.12 to 2.80) at baseline and 0.63 £ 0.73 LogMAR
(range 0.0-2.80) at the last visit. BCVA was symmet-
rical in 87.5% of patients. A hyperautofluorescent ring
was observed on FAF in 48 and 46 eyes at baseline and
follow-up visit, respectively, with a mean area of 7.11 +
4.13 mm? at baseline and mean of 6.13 % 3.62 mm? at
the follow-up visit. Mean horizontal ellipsoid zone width
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at baseline was 1946.1 £+ 917.2 pm, which decreased to
1763.9 + 827.9 pm at follow-up. Forty-four eyes had
cystoid macular edema at baseline (55%), and 41 eyes
(51.3%) at follow-up. There were statistically significant
changes during the follow-up period in terms of BCVA
and the ellipsoid zone width. Genetic analysis identified
43 variants in the PDE6B gene, including 16 novel vari-
ants.

e CONCLUSIONS: This study details the natural history
of PDE6B-retinopathy in the largest cohort to date. Most
patients had mild to no BCVA loss, with slowly pro-
gressive disease, based on FAF and OCT metrics. There
is a high degree of disease symmetry and a wide win-
dow for intervention. (Am ] Ophthalmol 2024;263:
1-10. © 2024 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/))

most common hereditary retinal disease. It is char-
acterized by progressive retinal degeneration that
causes symptoms of early nyctalopia and peripheral field
constriction, eventually affecting the central vision and
leading to legal blindness.! One in 3 to 4000 in the popula-
tion has RP, and it can be inherited as autosomal recessive
in 50% to 60% of cases, 30% to 40% as autosomal dominant
and the remaining ~5% to 15% as X-linked inheritance.”’
Nonsyndromic RP has been associated with more than 80
genes, more than 35 which have been associated with an
autosomal recessive mode of inheritance.*
Phosphodiesterase 6 (PDE6) enzyme is a heterote-
trameric protein that consists of alpha (PDE6A), beta
(PDE6B), and 2 gamma subunits (PDE6G).” Up to 8% of
patients with autosomal recessive RP have variants in the
PDEG6B gene (RP6).° PDE6B is located on chromosome
4p16.3 (OMIM *180072) and has 22 coding exons that en-
codes 854 amino acid residues.’ Disease-causing sequence
variants in the PDE6B homolog (RefSeq accession number,
NM_000283.3) have also been reported to cause rod and
cone degeneration in animal models.” In rod and cone pho-
toreceptors, PDEG is the primary regulator of cytoplasmic
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cGMP concentration which is essential for the phototrans-
duction cascade. Retinal degeneration and photoreceptor
cell death is caused when disruption of the visual signaling
pathway is caused by the continuous imbalance in cGMP
metabolism (either in its synthesis or degradation).®

PDEG6B-associated RP has no cure currently, though dif-
ferent treatments are under investigation. Partial improve-
ments in visual function and pupil reflex were documented
when chemically induced photoreceptor-like cells (CiPCs)
were transplanted into the subretinal space of rd]l mice,
which are a homozygous mutant for PDE6B.” Also, subreti-
nal gene therapy during postnatal development of the retina
showed positive visual effects in PDE6B-deficient mice and
dogs.'”!” Gene therapy treatment in humans is currently
under investigation in patients with biallelic variants in
PDE6B (NCT03328130) and (NCT05748873)."° Despite
the on-going therapeutics efforts, data on the natural his-
tory of the disease are limited.

In this study, we aim to provide a detailed report of
the clinical and molecular genetic findings, investigate
genotype-phenotype correlations and describe the disease
natural history by analyzing a large cohort with PDE6B-
associated retinopathy. This will enhance counseling, prog-
nostication, and trial design.

METHODS

The study adhered to the tenets of the Declaration of
Helsinki and was approved by the local ethics committee.

o PATIENTS: Patients with molecularly confirmed PDE6B-
associated retinopathy were identified by reviewing the
clinical records and genetics database of Moorfields Eye
Hospital (London, UK). All patients harbor 2 or more
PDEGB variants, and were seen by retina genetics special-
ists (MM, OM, ARW). Patients with other pathologies or

questionable diagnosis were excluded from further analysis.

e CLINICAL DATA: Review of clinical records, including
medical and ocular histories, slit-lamp biomicroscopy, and
a dilated funduscopic examination was performed. Age of
onset was defined as the age of the first reported symp-
toms. The best-corrected visual acuity (BCVA) was mea-
sured using Snellen charts and converted into logarithm of
the minimum angle of resolution (LogMAR) units. Log-
MAR BCVA was employed as a surrogate for central vi-
sion function. BCVA was used to categorize eyes into 1 of
4 groups based on the World Health Organization visual
impairment criteria: (1) no or mild impairment, as visual
acuity <0.48 LogMAR; (2) moderate impairment, as 0.48
to 1 LogMAR; (3) severe impairment 1 to 1.3 LogMAR;
and (4) blindness, as greater than 1.3 LogMAR.'*!"” Inte-
rocular symmetry was defined as a difference <0.3 LogMAR
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(equivalent to 15 Early Treatment of Diabetic Retinopathy
Study (ETDRS) letters) between eyes.

Refraction was undertaken by an optometrist for both
adults and children, and spherical equivalent was calcu-
lated for refractive error. Visual field testing, if available,
was performed with either confrontational visual field test-
ing, kinetic perimetry using Goldmann perimeter and static
perimetry using 2 devices (Humphrey 750i Visual Field An-
alyzer, Humphrey Instruments; Octopus 900, Haag Streit).
Each patient’s clinical assessment was reviewed and ana-
lyzed at 2 points in time with an interval period from base-
line that ranged between 3 months and 12 years.

e RETINAL IMAGING: Color fundus photography (Optos
ultra widefield camera, Optos; or Topcon), infrared re-
flectance (IR), spectral domain optical coherence tomog-
raphy (SD-OCT, Spectralis OCT, Heidelberg Engineering)
and short-wavelength (488-nm) fundus autofluorescence
(FAF) imaging were performed longitudinally for most pa-
tients. Analysis was performed using all available data.

The area of the hyperautofluorescent ring at the macula
was quantified by the manufacturer software (Heyex version
1.9.14.0; Heidelberg Engineering) or adjusted manually as
needed by a trained ophthalmologist (SH). Foveal central
macular volume scans in SD-OCT images were performed
in a 6 x 6 mm square that included the standard 1-, 3-,
and 6-mm grid template from the ETDRS grid. Inner lim-
iting membrane and Bruch membrane were automatically
segmented and the width of preserved photoreceptor ellip-
soid zone (EZW) line at the macula was measured by the
manufacturer software (Heyex version 1.9.14.0; Heidelberg
Engineering) or adjusted manually as needed by a trained
ophthalmologist (SH). Each patient’s clinical images were
reviewed and analyzed at two points of time; presentation
(baseline) and last follow-up.

¢ LONGITUDINAL ASSESSMENT OF VISUAL ACUITY AND
IMAGING PARAMETERS: The following clinical parameters
were longitudinally assessed: BCVA, the presence of the
hyperautofluorescent ring, the area of the hyperautofluo-
rescent ring, macular thickness, macular volume, the pres-
ence of preserved EZ line, the EZW, and the presence of
cystoid macular edema (CMO). Comparison analyses be-
tween baseline and follow-up visit were performed for the
aforementioned clinical parameters.

e MOLECULAR GENETICS: A combination of Sanger di-
rect sequencing and next-generation sequencing, includ-
ing panel testing of retinal dystrophy genes, whole exome
sequencing, and whole genome sequencing, was used to
identify variants in the PDE6B gene. All recruited patients
were reassessed for their detected PDE6B variants. All de-
tected PDEGB variants were analyzed comprehensively. Se-
quence variant nomenclature was obtained according to the
guidelines of the Human Genome Variation Society by us-

ing Mutalyzer 2.0. (Refseq Reference: NM_000283.3; En-
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semble transcript 1D: ENST00000496514.6; UniProtKB:
P35913).!° Pathogenicity assessment of all detected vari-
ants was performed based on the guidelines of the American
College of Medical Genetics and Genomics.!”!'® In silico
molecular modeling is described in Supplementary Meth-

ods.

o GENOTYPE-PHENOTYPE ANALYSES: Patients were clas-
sified into 3 genotype groups based on the presence of
null variants: genotype A (multiple null variants), geno-
type B (one null and one non-null variants), and geno-
type C (multiple non-null variants). Clinical parameters
were compared between each of the genotype groups cross-
sectionally.

e STATISTICAL ANALYSIS: Data were analyzed using IBM
SPSS software package version 20.0. (IBM Corp). Cat-
egorical data were represented as numbers and percent-
ages. The marginal homogeneity test was used for categor-
ical variables to analyze the significance between 2 visits.
For continuous numerical data, normality was tested using
the Kolmogorov-Smirnov test. Quantitative data were ex-
pressed as range (minimum and maximum), mean, stan-
dard deviation, median, and interquartile range for nor-
mally distributed quantitative variables. F-test (ANOVA)
was applied for normally distributed quantitative variables
to compare between more than 2 groups, and the post
hoc test (Tukey) for pairwise comparisons. The paired t-
test was employed for normally distributed quantitative
variables, to compare between baseline and follow-up.
The Mann-Whitney test was utilized for non-normally
distributed quantitative variables, to compare 2 studied
groups, while Kruskal-Wallis test was used for non-normally
distributed quantitative variables, to compare between
more than 2 studied groups, and post hoc (Dunn’s mul-
tiple comparisons test) for pairwise comparisons. Non-
normally distributed quantitative variables were evaluated
with Wilcoxon signed ranks test between 2 visits. Signif-
icance of the obtained results was determined at the 5%
level.

RESULTS

e CLINICAL PRESENTATION: Eighty eyes of 40 patients
with a clinical diagnosis of RP were included in the study.
The cohort consisted of 13 males and 27 females. The mean
age at baseline was 42.1 years (£19.0, range 10-86 years),
with an average follow-up time of 5.2 years (+3.4, range
0.25-12 years). The mean age of diagnosis was 17.9 years
(£11.9,n =30, range 4.0-55.0 years), while the mean age of
symptom onset was 6.9 years (£3.2, n = 25, range 2.0-14.0
years). Thirty-eight patients experienced their first symp-
toms in childhood, with 18 presenting in the first decade of
life, 7 in the second decade, and 13 in childhood without
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TABLE 1. Demographics and Presenting Symptoms

Age (years) (n = 40)

Min.-Max. 10.0-86.0

Mean + SD. 421 +19.0

Median (IQR) 42.0 (27.0-57.0)
Gender (n = 40)

Male 13 (32.5%)

Female 27 (67.5%)
Follow up interval, years (n = 38)

Min.-Max. 0.25-12.0

Mean + SD. 5.22 + 3.47

Median (IQR) 4.0 (2.0-7.0)
Age of onset (n = 25)

Min.-Max. 2.0-14.0

Mean + SD. 6.96 + 3.28

Median (IQR) 6.0 (5.0-10.0)
Age at diagnosis (n = 30)

Min.-Max. 4.0-55.0

Mean =+ SD. 179 + 11.91

Median (IQR) 14.0 (10.0-22.0)

Presenting symptoms (n = 40)

No symptoms 1(2.5%)
Nyctalopia 27 (67.5%)
Nyctalopia and VF constriction 11 (27.5%)
VA reduction 1(2.5%)

n = patients; VA = visual acuity; VF = visual field.

specific age documentation. Two patients had no recorded
age of onset.

The most common initial symptom was nyctalopia, ob-
served in 27 out of 40 patients (67.5%), while 11 out
of 40 (27.5%) presented with both nyctalopia and visual
field constriction. Reduced visual acuity was the presenting
symptom for 1 patient, and 1 patient was asymptomatic at
diagnosis, identified through the diagnosis of a symptomatic
sibling. Demographic and presenting symptoms are summa-
rized in Table 1, and symptoms and their age of manifesta-
tion are listed in Table 2.

e VISUAL ACUITY: Table 3 summarizes the longitudinal
assessment of BCVA. At baseline, the mean BCVA was
0.56 £ 0.72 LogMAR (range: —0.12 to 2.80 LogMAR),
while at follow-up, it was 0.63 £ 0.73 LogMAR (range:
0.0-2.80 LogMAR). The mean age (£SD) at baseline was
17.0 £ 11.6 years, with an annual rate of loss of 0.05 Log-
MAR per year. Follow-up periods ranged from 0.25 to 12
years, with a mean of 5.2 & 3.4 years. Figure 1, A presents
the BCVA against age at baseline for the cohort.

At baseline, 14 out of 80 eyes (17.5%) had no visual
acuity impairment. Visual impairment was mild in 56.2%
(45/80) of eyes, moderate in 10% (8/80), and severe in 5%
(4/80). Nine eyes (11.2%) were blind. At the last follow-up,
9 out of 80 eyes (11.2%) had no visual acuity impairment,
45 (56.2%) were mild, 7 (8.7%) were moderate, 6 (7.5%)
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TABLE 2. Symptoms and Presenting Age

Reduced VA (n = 40)

No 20 (50%)

Yes 20 (50%)
At age (y) (n = 20)

Min.-Max. 3.0-50.0

Mean + SD. 17.05 + 11.67

Median (IQR) 13.0 (8.0-22.5)
Nystagmus (n = 40)

No 40 (100%)

Yes 0 (0%)
Nyctalopia (n = 40)

No 3 (7.5%)

Yes 37 (92.5%)
At age (y) (n =21)

Min.-Max. 2.0-14.0

Mean + SD. 6.76 + 3.37

Median (IQR) 6.0 (5.0-10.0)
Photophobia (n = 40)

No 37 (92.5%)

Yes 3 (7.5%)
Atage (y) (n = 3)

Min.-Max. 4.0-40.0

Mean 18.33

Median (IQR) 11.0 (7.5-25.5)
VF constriction (n = 40)

No 27 (67.5%)

Yes 13 (32.5%)
At age (y) (n = 13)

Min.-Max. 3.0-32.0

Mean + SD. 10.77 £ 7.89

Median (IQR) 8.0 (6.0-14.0)

IQR = interquartile range; VA = visual acuity; VF = visual field;
y = years. The percentages in bold describes the distribution
of the sample in terms of demographics and symptoms, this is
further described in the discussion part.

were severe, 9 (11.2%) were blind, and 4 eyes had no fur-
ther recorded visual acuity due to no further visits following
baseline evaluation. Longitudinal changes in BCVA were
statistically significant (P = .021; Table 3).

o FAF ANALYSIS: FAF images were available for 92% of
eyes. A common finding, a parafoveal hyperautofluorescent
ring, was observed. However, in 9/80 (11.3%) at baseline
and 10/80 (12.5%) at last follow-up visit, the ring could not
be documented due to image quality, lack of recorded im-
ages, or no further visits. A hyperautofluorescent ring was
identified in 48 out of 71 eyes (67.6%) at baseline and in 46
out of 70 eyes (65.7%) at follow-up. The area within this
ring reduced in all eyes. At baseline, the ring area ranged
from 1.59 to 21.14 mm?, while at follow-up, it ranged from
1.38 to 16.55 mm?. The mean annual rate of reduction was
0.31 mm?, ranging between 0.01 and 1.14 mm?.
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FIGURE 1. Scatter plots. (A) Scatter plot of the best corrected
visual acuity (BCVA) in LogMAR units against age at baseline
evaluation for the cohort, with slow deterioration over decades.
(B) Scatter plot of the foveal central macular volume against
age, with stability over time.

FIGURE 2. Fundus autofluorescence imaging of a patient with
PDEG6B-associated retinitis pigmentosa (RP). At baseline visit
(right), a hyperautofluorescent ring commonly observed in RP
patients is identified and measured. At follow-up, 2 years later,
constriction of the hyperautofluorescent ring was observed.

A statistically significant longitudinal change in the area
within the hyperautofluorescent ring was observed (P <
.001). The analysis of FAF parameters is summarized in
Table 3. A representative case is presented in Figure 2.

e OCT ANALYSIS: Table 3 summarizes the longitudinal as-
sessment of OCT parameters. Central macular thickness
(CMT) ranged between 151 and 726 um at baseline, with
amean of 286.9 + 101.8 um. At follow-up, the mean CMT
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FIGURE 3. Optical coherence tomography (OCT) of a 43-
year-old patient with PDE6B-associated retinitis pigmentosa.
The reduction of the horizontal ellipsoid zone width (EZW)
over 2 years is shown. The white arrows mark the border of the
EZW at baseline (A) and at follow-up (B). The patient had per-
sistent cystoid macular edema (CMO) which was treated with
topical dorzolamide 2% eye drops 3 times daily, with fluctuation
over time but minimal treatment response.

was 289.7 &+ 128.7 pm (range 149-1013 pm). The higher
CMT values were associated with patients who had CMO.
Macular volume ranged from 5.15 to 10.77 mm’ at base-
line and from 5.15 to 15.05 mm’ at last follow-up. The
mean macular volume was 7.54 + 1.04 mm’ at baseline
and 7.57 £ 1.55 mm’ at follow-up. No significant differ-
ences were observed between the 2 visits for central mac-
ular thickness (P = .286) and macular volume (P = .875).
The baseline macular volume data are plotted against age
in Figure 1, B.

Horizontal EZW was evaluated in 65% of eyes, with a
mean width of 1946.1 &+ 917.2 pm (range 466-4016 um)
at baseline, and in 58.8% of eyes at follow-up, with a mean
EZW of 1763.9 £ 827.9 um (range 410-3435 pm). The re-
duction in EZW was statistically significant (P < .001), in-
dicating progressive degeneration over time.

Forty-four eyes were diagnosed with CMO at baseline
(55%), and 41 eyes had CMO at follow-up (51.3%). All
eyes with CMO were treated empirically with topical car-
bonic anhydrase inhibitors (dorzolamide and/or brinzo-
lamide) for at least 1 month, and up to 1 year. One patient
received an intravitreal dexamethasone implant. Eighteen
eyes out of 44 experienced variable reduction of CMO with
treatment, and 14 had improvement in vision that ranged
from 0.12 to 0.52 LogMAR. Representative OCT images
are presented in Figure 3.

¢ MOLECULAR GENETICS: In total, 43 variants were iden-
tified in PDE6B, including 23 missense, 7 nonsense, 7 splice
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FIGURE 4. A schematic diagram of the genetic and protein
structures of PDE6B. The positions of detected PDE6B vari-
ants, excluding splice site alterations (outside of coding region)
and frameshift variants which yield truncations, are illustrated
(PDE6B: ID P35913; Uniprot; accessed January 2023). GAF
domain = ¢cGMP-specific phosphodiesterase; PDEAse = phos-
phodiesterase.

site alterations, 5 frameshift, and 1 initiator codon variant
(Supplemental Table 1). Twenty-seven variants were previ-
ously reported, and 16 variants were novel. The identified
variants are presented in Figure 4. The evolutionary con-
servation is presented in Supplemental Figure 1.

There were 21 pathogenic, 7 likely pathogenic, and 15
variants with uncertain significance (VUS). Sixteen pa-
tients were homozygous for the identified variants. Only
3 patients had 2 VUS (Patient 29, 35, and 37), 8 pa-
tients had a VUS and a second likely pathogenic or
pathogenic variants. The most prevalent variants were
c.2193+1G>A (8/80 alleles), c.1107+3A>G (5/80 alle-
les), ¢.1923_1969delinsTCTGGG, p.(Asn643AspfsTer29)
(3/80 alleles), c.1860del, p.(His620GInfsTer23) (3/80
alleles), c.1485dup, p.(Pro496AlafsTer5) (3/80 alleles),
c.1580T>C, p.(Leu527Pro) (3/80 alleles), c.304C>A,
p.-Argl02Ser (3/80 alleles), and ¢.769C>T, p.Arg257Ter
(3/80 alleles).

« GENOTYPE-PHENOTYPE ANALYSES: Eighteen patients
were classified into genotype A (multiple null variants), 7
in genotype B (1 null and 1 non-null variants), and 15 in
genotype C (multiple non-null variants). Statistically sig-
nificant differences were identified in terms of the reduc-
tion of hyperautofluorescent ring area and the reduction of
EZW.

Group A and C comparison showed a statistically signif-
icant difference for macular thickness and hyperautofluo-
rescent ring area, with group C having more advanced dis-
ease. There was a statistically significant difference between
group A and C and between group B and C in terms of EZW
reduction, with Group C having more advanced disease.
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TABLE 3. Longitudinal Assessment of Visual Acuity and Imaging Parameters

Baseline Follow-Up Test of Sig. P
Macular thickness (um) (n=79) (n =75)
Min.-Max. 151-726 149-1013 Z=1.067 .286
Mean + SD. 286.9 + 101.8 289.7 + 128.7
Median (IQR) 263 (256-368) 256 (234.5-357.5)
Macular Volume (mm?) (n = 76) (n=171)
Min.-Max. 5.15-10.77 5.15-15.05 t=0.158 .875
Mean + SD. 754 +£1.04 757 £ 155
Median (IQR) 7.37 (6.92-7.94) 741 (6.82-7.78)
Hyperautofluorescent ring (n =80) (n =80)
Area (mm?)
Not available 9 (11.3%) 10 (12.5%) MH = 0.500 0.467
No 23 (28.8%) 24 (30%)
Yes 48 (60%) 46 (57.5%)
(n=34) (n=29)
Min.-Max. 1.59-21.14 1.38-16.55 Z =4.373° <.0012
Mean + SD. 711 £4.13 6.13 £ 3.62
Median (IQR) 6.38 (4.76-8.15) 6.01 (3.59-7.1)
CMO (n =80) (n =80)
NA 1 (1.3%) 3 (3.8%) MH = 2.500 .096
No 35 (43.8%) 36 (45%)
Yes 44 (55%) 41 (51.3%)
EZW Quatification (n = 80) (n = 80)
NA 17 (21.3%) 18 (22.5%) MH = 2.000 109
No 11 (13.8%) 15 (18.8%)
Yes 52 (65.0%) 47 (58.8%)
EZW (um) (n =52) (n=47)
Min.-Max. 466-4016 410-3435 Z = 5.539° <.0012
Mean + SD. 1946.1 +£ 9172 1763.9 + 8279
Median (IQR) 1921 (1264.5-2732) 1832 (1050.5-2405.5)
BCVA (LogMAR) (n = 80) (n =76)
Min.-Max. —0.12-2.80 0.0-2.80 Z =2.303° .0212
Mean + SD. 0.56 + 0.72 0.63 +0.73
Median (IQR) 0.30 (0.18-0.44) 0.30 (0.18-0.48)

BCVA = best corrected visual acuity; CMO = cystoid macular edema; EZW = ellipsoid zone width; IQR = interquartile range; n = eyes.
t: Paired t-test, Z: Wilcoxon signed ranks test, MH: marginal homogeneity test.

P: P value for comparing between baseline and Follow-up.
aStatistically significant at P < .05; Sig. = significance.

Patients in group C had a mean age of 11 years greater than
patients in Group A. Parameters and age for each group are
presented in Table 4.

DISCUSSION

This study presents a comprehensive analysis of the clini-
cal and genetic characteristics of 80 eyes of 40 patients with
molecularly confirmed PDE6B-related retinopathy, encom-
passing cross-sectional and longitudinal aspects. This rep-
resents one of the largest cohorts to date, allowing for in-
depth investigation through multimodal retinal imaging

6 AMERICAN JOURNAL OF OPHTHALMOLOGY

and genotype-phenotype assessment. The results offer in-
sights into the retinal phenotype and natural history across
a wide age range and identify 16 novel sequence variants.
All participants had a confirmed diagnosis of RP caused
by sequence variants in PDE6B. The average age of diag-
nosis was 17.9 years, with an average age of symptom on-
set at 6.9 years, indicating that the disease often manifests
during childhood. Nyctalopia was the primary presenting
symptom, observed alone in 67.5% of patients at onset,
with the remaining cohort presenting with peripheral vi-
sual field constriction. One patient was asymptomatic at di-
agnosis but was identified through the diagnosis of a symp-
tomatic sibling. Visual acuity was assessed at baseline and
follow-up. At baseline, 17.5% of eyes exhibited no visual

MonNTH 2024



TABLE 4. Comparison Between the 3 Groups According to Different Parameters at Baseline (Mean + SD)

Parameter Group A Group B Group C Statistical Significance
Macular thickness (um) 313.7 £ 120.3 291.8 + 63.58 255.7 + 83.31 Py = .883, P, =.018%, P; = .064
Macular volume (mm?3) 779 + 1.16 717 +£0.92 7.38 +0.93 Py =.062, P, =.014%, P; = .996
Ring Area (mm2) 8.42 + 4.25 5.59 + 2.42 3.95 + 145 Py =.218, P, = .002%, P; = .185
Ellipsoid Zone Width (um) 1920.4 £+ 891.6 2073.9 + 591.8 1326.4 £ 604.7 Py = .473, P, = .018%, P; = .013?
Age (year) 38.44 + 17.86 34.17 £ 13.35 49.38 + 20.72 P=.134

P1: P value for comparing between Groups A and B.
P2: P value for comparing between Groups A and C.
P3: P value for comparing between Groups B and C.
aStatistically significant at P < .05.

impairment, while the remaining eyes showed varying de-
grees of visual acuity impairment, ranging from mild to se-
vere. The majority (56.2%) had mild visual impairment.
The follow-up period ranged from 0.25 to 12 years, and
while there were variations in visual acuity over time, there
was no statistically significant overall change. The BCVA
mean at baseline was 0.56 + 0.72 LogMAR, while at follow-
up, it was 0.63 £ 0.73. This value is worse than the mean
BCVA documented in Kuehlewein et al'” (24 patients) and
Khateb et al’’ (35 patients) studies (0.3 LogMAR and 0.4
LogMAR, respectively). The mean age of our subjects was
42.1 £ 19.0 years, compared to a mean age of 32.1 and 41.6
years in the other 2 studies, respectively. CMO was present
in more than 50% of our cohort (compared to 30% in both
other cohorts).

FAF analysis was available for most eyes and revealed
a parafoveal hyperautofluorescent ring, a common finding
in RP?! The inner border of the ring delineates the limits
of a relatively intact ellipsoid zone on OCT.”*»*’ The ring
was present in the majority of eyes at both visits, its area
decreased over time, coinciding with observed EZ loss on
OCT. Vitor et al** also described a reduction of this hyper-
autofluorescent ring in their study of seven patients with
PDE6A or PDE6B-related RP, with a rate of reduction of
0.32 4 0.18 mm? per year. This ring is an important finding
in patients with RP as it correlates with visual function.”!
Retinal sensitivity has been found to be relatively well pre-
served within the ring and conversely low or absent in reti-
nal locations outside the ring.”**>*7

We report a slow reduction in the EZW over time,
which reflects the slowly progressive degenerative process
in PDE6B-related RP. In the Khateb et al’® study, the ret-
rospective data of 35 PDE6B-associated RP patients of 26
families were reviewed, while in Kuehlewein et al'?, 48
eyes were reviewed of which 44 eyes had OCT data avail-
able. The mean baseline EZW was comparable in all 3 stud-
ies. Longitudinal analysis of EZW was reported by Khateb
et al’’, and a statistically significant difference was found
between the rate of change of horizontal against vertical
diameters of the preserved EZ. The annual loss of horizon-
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tal EZW was —81.49 pm and was similar to our cohort, —
99.81 um. OCT analysis provided further insights into mac-
ular characteristics. Despite the presence of CMO in a sig-
nificant number of eyes, there was no significant change
in CMT or macular volume over time, suggesting relative
stability in these parameters. It is possible that progressive
thinning due to degeneration is masked by macular thick-
ening due to CMO.

Forty-three PDEG6B variants, including 16 novel variants
were detected in the current large cohort study. The pro-
portion of missense variants (23/43, 53.5%), splice site al-
terations (7/43, 16.3%), and truncating or initiator codon
variants (13/43, 30.2%) observed in this cohort was com-
patible to those of the other large cohort study previously
reported by Khateb et al’® (missense 15/28, 53.6.4%; splice
site alteration 4/28, 14.3%; truncating 9/28, 32.1%). These
findings imply various types of variants spanning the entire
protein cause disease in PDE6B-related retinopathy. Six-
teen novel variants were identified, namely 7 missense vari-
ants (7/16, 43.8%), 5 splice site alterations (5/16, 31.3%), 3
stop variants (3/16, 18.8%), and 1 frameshift (1/16, 6.3%).
Nine of these were classified into pathogenic (9/16, 56.3%)
and all 7 missense variants were classified as VUS. Fur-
ther data including segregation, as well as experimental in-
vestigations, could help clarify the pathogenicity of newly
discovered missense variants. We identified a genotype-
phenotype association, which may have been influenced by
the age difference between the different genotypic groups.
Statistically significant results were identified in both the
reduction of hyperautofluorescent ring area and the reduc-
tion of EZW. Group A and C comparison showed a statisti-
cally significant difference for macular thickness and hyper-
autofluorescent ring area, which reflects that group C had
more advanced disease. There was a statistically significant
difference between Groups A and C and between Groups
B and C in terms of EZW reduction, with Group C having
more advanced disease, contrary to what would generally be
expected. Patients in Group C had a mean age of 11 years
greater than patients in Group A. The distribution of age
in our cohort was as follows; most of both Groups A and B
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patients were younger than 45 years, while in Group C, the
majority were older than 45 years. In Group A (n = 18),
we had 3 children, 3 teens, 8 patients between 24 and 45
years, and 5 patients above 45 years of age. Group B (n = 6)
were all younger than 45 years except 1 patient. In Group
C (n = 16), all patients were older than 45 except 5 pa-
tients. This age distribution and variable interval time be-
tween baseline and follow-up for each patient may have af-
fected our findings. Furthermore, genotype-phenotype cor-
relations may be difficult to be established; and in some
cases not relevant for the disease course. A larger sample
size would be necessary for further extrapolation of these
findings.

The mean age of onset of nyctalopia, which was the pre-
senting symptom in all groups, was 5.2 + 2.6 for Group A,
9.4 + 2.3 for Group B, and 6.8 % 3.9 for Group C. Although
the onset of nyctalopia was during early years of age in all
groups, the onset of reduced BCVA was earlier in Group
A and most delayed in Group B. The mean age of reduced
BCVA in Group A was 12.0 £ 7.5 years, and Group B was
10.3 = 2.0 years, while Group C was the last to show vi-
sual acuity decline and the mean age was 21.8 & 14.0 years.
The small number of each group has made the distribution
of age an important factor influencing results.

o LIMITATIONS: Limitations of the study include its ret-
rospective design, varying follow-up intervals and devices
used, and the presence of CMO in over half of the cohort
could also affect EZW measurements. While this study in-
cluded the largest population with genetic results, larger
samples are necessary to fully correlate structural and func-
tional measures and assess progression rates. In the current
study, patients with variants of uncertain significance were
included based on the uniform presentation and the lack of
other candidate genes.

e FUTURE DIRECTIONS: The promising findings of ret-
rospective studies that highlight a wide therapeutic win-
dow, along with advances in molecular testing and high-
resolution imaging, pave the way for prospective natural
history studies and investigational clinical trials.”® These
studies are essential for investigating retinal function and
structure,””>’Y prognosis, and phenotype-genotype correla-
tions. Standardized protocols for timely assessments preced-

ing interventional trials are crucial. Currently, a clinical
trial on the safety and efficacy of gene therapy in human pa-
tients with RP caused by biallelic mutations in the PDE6B
gene is ongoing (NCT03328130)"

e CONCLUSIONS: In summary, this study offers detailed
insights into the clinical presentation of patients with
PDEG6B-related RP, encompassing age at onset, symptoma-
tology, and functional and structural parameters such as vi-
sual acuity, hyperautofluorescent ring, macular thickness,
volume, and EZW. The findings indicate relative stability
in macular parameters despite the presence of CMQO, with
slow disease progression evidenced by a reduction in EZW,
an essential anatomical endpoint. Most patients displayed
no to mild visual impairment. These findings are expected
to influence the design of future prospective natural history
studies and interventional trials for PDE6B-related RP, as
well as guide patient prognosis.
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