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IMPORTANCE A precise phenotypic characterization of retinal dystrophies is needed for
disease modeling as a basis for future therapeutic interventions.

OBJECTIVE To compare genotype, phenotype, and structural changes in patients with
rod-cone dystrophy (RCD) associated with mutations in PDE6A or PDE6B.

DESIGN, SETTING, AND PARTICIPANTS In a retrospective cohort study conducted in Paris,
France, from January 2007 to September 2017, 54 patients from a cohort of 1095 index
patients with RCD underwent clinical examination, including personal and familial history,
best-corrected visual acuity (BCVA), color vision, slitlamp examination, full-field
electroretinography, kinetic visual fields (VFs), retinophotography, optical coherence
tomography, near-infrared fundus autofluorescence, and short-wavelength fundus
autofluorescence imaging. Genotyping was performed using microarray analysis, targeted
next-generation sequencing, and Sanger sequencing validation with familial segregation
when possible. Data were analyzed from September 1, 2017, to February 1, 2018. Clinical
variables were subsequently analyzed in 2018.

MAIN OUTCOMES AND MEASURES Phenotype and genotype comparison of patients carrying
mutations in PDE6A or PDE6B.

RESULTS Of the 54 patients included in the study, 19 patients of 17 families (11 women [58%];
mean [SD] age at diagnosis, 14.83 [10.63] years) carried pathogenic mutations in PDE6A,
and 35 patients of 26 families (17 women [49%]; mean [SD] age at diagnosis, 21.10 [11.56]
years) had mutations in PDE6B, accounting for prevalences of 1.6% and 2.4%, respectively.
Among 49 identified genetic variants, 14 in PDE6A and 15 in PDE6B were novel. Overall,
phenotypic analysis revealed no substantial differences between the 2 groups except for
night blindness as a presenting symptom that was noted to be more prevalent in the PDE6A
than PDE6B group (80% vs 37%, respectively; P = .005). The mean binocular BCVA and VF
decrease over time (measured as mean individual slopes coefficients) was comparable
between patients with PDE6A and PDE6B mutations: 0.04 (0.12) vs 0.02 (0.05) for BCVA
(P = .89) and 14.33 (7.12) vs 13.27 (6.77) for VF (P = .48).

CONCLUSIONS AND RELEVANCE Mutations in PDE6A and PDE6B accounted for 1.6% and 2.4%,
respectively, in a cohort of French patients with RCD. The functional and structural findings
reported may constitute the basis of disease modeling that might be used for better
prognostic estimation and candidate selection for photoreceptor therapeutic rescue.
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R od-cone dystrophy (RCD), also known as retinitis pig-
mentosa (RP) (OMIM #268000), is the most common
inherited retinal degeneration, usually inherited as a

mendelian trait with a prevalence of 1:4500.1-3 Rod-cone dys-
trophy is genetically and clinically heterogeneous, typically
characterized by night blindness, followed by photophobia,
gradual visual field constriction, and eventually legal blind-
ness in most severe cases.4 Ophthalmoscopically, RCD is typi-
cally characterized by narrowed retinal vessels, waxy optic disc
appearance, and peripheral pigment migration resembling
bone spicules. Rod-cone dystrophy can be restricted to the
retina or be part of a syndrome in 20% to 30% of the cases, such
as Usher syndrome combined with deafness, which is the most
common form.5

Genes associated with RCD exhibit various cellular functions
and expression profiles. Among these, PDE6A (OMIM 180071)6

and PDE6B (OMIM 180072)6,7 encoding the rod-specific cyclic
guanosine monophosphate (cGMP) phosphodiesterase α and
β subunits, respectively, have a central role in the phototrans-
duction cascade.8,9 Mutations in these genes account each for
approximately 4% of autosomal-recessive RCD.10-12 PDE6A and
PDE6B form a heterodimer inhibited by a homodimer composed
of 2 γ subunits, encoded by PDE6G. Both PDE6A and PDE6B have
2putative,noncatalyticdomains(GAF1andGAF2[cGMP-specific
phosphodiesterases, adenylyl cyclases, and formate hydrogen-
lyase transcriptional activator]), in the N-terminus, which binds
cGMP and the polycationic region of 2 γ subunits in the inhibi-
tory state of the complex (Figure 1).13 The C-terminal 250-residue
catalytic domain binds guanine nucleotides and magnesium and
undergoes posttranslational processing involving lipidation, pro-
teolysis, and carboxymethylation.14

Light-induced activation of the PDE6 complex involves a
G-protein(transducin)–mediateddisplacementofγsubunitslead-
ing to cGMP hydrolysis, closure of a transmembrane cGMP-gated
cationic channel, and rod photoreceptor hyperpolarization.8 Mu-
tations in PDE6A or PDE6B produce an increase in intracellular
cGMP triggering cell death most likely through a calcium/sodium
imbalance.15 The activation of a cGMP-dependent protein kinase
G may also contribute to cGMP-induced photoreceptor death.16

Several animal models harboring mutations in PDE6A17-19 and
PDE6B, including the widely used retinal degeneration 1 mice,20

retinal degeneration 10 mice,20-26 and PDE6A-mutated Cardigan
Welshcorgidogs27 areinstrumentaltoelucidatepathophysiologic
mechanisms and for preclinical therapeutic interventions.23,28-33

In this study, we identified patients with RCD carrying mu-
tations in PDE6A or PDE6B from a large cohort of 1095 French
patients with inherited retinal degeneration. Our aim was to
document phenotypic characteristics, monitor retinal struc-
tural changes over time, and extract information for disease
modeling relevant for prognosis and future therapies.

Methods
Clinical Investigation
Patients were clinically investigated at the National Refer-
ence Center for Rare Diseases of Quinze-Vingts Hospital, Paris,
France. Ophthalmic examination was performed as previ-

ously described.34 All participants signed an informed con-
sent form following explanation of the study and its potential
outcome; there was no financial compensation. The study pro-
tocol adhered to the tenets of the Declaration of Helsinki35 and
was approved by the ethical Comité de Protection des Per-
sonnes Ile de France V.

Mutations Analysis
DNA samples were collected from affected and unaffected fam-
ily members when possible.36 Microarray analysis (autosomal-
recessive RP; Asper Ophthalmics) covering 490 known vari-
ants in 17 known genes was initially applied in 2007 with
targeted Sanger sequencing in candidate genes (eg, EYS and
exon 13 of USH2A).37 Targeted next-generation sequencing in
123 to 215 genes mutated in inherited retinal degeneration was
subsequently performed.38,39 Variants' pathogenicity and con-
servation were evaluated as described in the eAppendix in the
Supplement.

Clinical Data Collection
Clinicaldatawereretrospectivelycollectedfrommedicalrecords.
These included sex, age at time of diagnosis and examination,
personal and familial history, symptoms, logMAR best-corrected
visual acuity (BCVA), refractive error, slitlamp biomicroscopy,
Lanthony desaturated D-15 panel, Goldmann kinetic visual fields
(VFs), full-field electroretinography, spectral-domain optical
coherence tomography (SD-OCT), retinophotography, near-
infraredfundusautofluorescence(NIRAF),andshort-wavelength
fundus autofluorescence (SWAF) imaging. Structural changes,
including horizontal and vertical diameters through the fovea
of the ellipsoid zone (EZ) on SD-OCT and hyperautofluorescent
ring on SWAF and NIRAF, were measured using Heidelberg Eye
Explorer, version 1.9.10.0 (Heidelberg Engineering) (eFigure 5 in
the Supplement).

Statistical Analysis
Because no substantial difference in BCVA and VF was found
between both eyes for both genotypic groups (eTable 7 in the
Supplement), all variables were averaged between eyes, in-
cluding BCVA and VF (BCVAou and VFou, respectively) and
used for further analysis. Differences between both geno-
typic groups were analyzed using the Mann-Whitney test.

Key Points
Question What are the functional and structural changes over
time of patients with rod-cone dystrophy harboring mutations in
PDE6A and PDE6B?

Findings In this cohort, longitudinal, follow-up study of 54
patients with rod-cone dystrophy and mutations in PDE6A or
PDE6B, progressive photoreceptor degeneration was
documented. The findings reveal a similar disease course between
both genetic groups with preservation of functional visual abilities
at older ages.

Meaning The results of this study suggest that these functional
and structural findings may enable a better prognostic estimation
and candidate selection for photoreceptor therapeutic rescue.
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Given the heterogeneity in the number of observations and
follow-up visits for each patient, we estimated the rate of de-
cline for both BCVAou and VFou using the slope of the regres-
sion line obtained plotting age against BCVA (logMAR) or VF
(degrees) for each patient. The regression slopes were then
compared between both genetic groups using the Mann-
Whitney test. The same approach was used to estimate the rate
of change for imaging variables (preserved EZ on SD-OCT and
SWAF and NIRAF rings). For the comparison between hori-
zontal and vertical diameters within each group, a Wilcoxon
signed ranked test was performed.

Kaplan-Meier survival curves were plotted for BCVAou
greater than 0.22 logMAR (0.60 Snellen equivalent) and greater
than 0.52 logMAR (0.30 Snellen equivalent) and VFou greater
than 20°. The difference between the curves from each geno-
typic group was determined using a log-rank test.

Pearson χ2 test was used to analyze the difference be-
tween PDE6A and PDE6B genotypic groups for all categorical
variables. Clinical variables were analyzed using SPSS Statis-
tics software, version 21.0 (IBM Inc), with P ≤ .05 considered

statistically significant. Two-tailed, paired testing was per-
formed for the Wilcoxon signed ranked test; 2-tailed, un-
paired testing was performed for the statistical measures.

Results
Identification of Patients Harboring Mutations
in PDE6A and PDE6B
Overall, the genetic screening of 1095 index cases with
autosomal-recessive RCD identified 19 patients (17 families) and
35 patients (26 families) with biallelic mutations in PDE6A and
PDE6B, respectively (eTables 1 and 2, 5 and 6 in the Supplement).
This finding would therefore indicate a prevalence of 1.6% and
2.4% for mutations in PDE6A and PDE6B, respectively.

For PDE6A, a total of 21 mutations were identified of which
14 are novel spanning the entire protein except GAF1 domain
(Figure 1), including 5 missense, 3 nonsense, 3 splice-site mu-
tations, and 3 small deletions (eTables 1 and 3 in the Supple-
ment). A total of 28 mutations were identified in PDE6B with

Figure 1. All Novel Mutations in PDE6A and PDE6B Identified in This Study
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The genomic sequence of PDE6A (A) and PDE6B (B) is presented above with
protein domains below. Catalytic domains cyclic guanosine monophosphate–
specific phosphodiesterases, adenylyl cyclases, and formate hydrogenlyase
transcriptional activator FhlA; GAF1 and GAF2 are indicated. Nucleotide

numbering is based on complementary DNA sequence of PDE6A refseq
NM_000440.2 and NM_000283.3 for PDE6B where A of the ATG initiation
codon is 1.
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15 novel mutations spanning the entire protein (Figure 1), in-
cluding 8 missense, 2 nonsense, 2 splice, 1 insertion, 1 insertion-
deletion, and 1 change affecting the stop codon (eTables 2 and
4 in the Supplement).

Novel mutated amino acid residues in PDE6A and PDE6B
were highly conserved among primates (eFigure 1 in the
Supplement) and moderately to highly conserved among 100
species (eTables 3 and 4 in the Supplement, respectively). In
the absence of functional analysis, the significance of mis-
sense mutations is uncertain.

Age at Time of Diagnosis and Presenting Symptoms
The clinical data for all patients with PDE6A and 34 of 35 pa-
tients with PDE6B mutations are summarized in eTables 5 and
6 in the Supplement, respectively. No statistically significant
difference was found between the groups for sex (58% of the

women [11 of 19] with PDE6A and 49% of the women [17 of 35]
with PDE6B mutations ; P = .51) (Table 1) and age at diagnosis
(mean [SD], 14.83 [10.63]; range, 5-42 years for PDE6A and 21.10
[11.56]; range, 3-45 years for PDE6B; P = .08). The mean age
at the first visit with data available was 38 (15.13) years (range,
7-60 years) for PDE6A and 41.56 (12.73) years (range, 12-63
years) for PDE6B (P = .48). Night blindness was the most preva-
lent symptom for both groups at presentation, although it was
more common in patients with PDE6A than PDE6B muta-
tions (12 of 15 [80%] vs 13 of 35 [37%]; P = .005) (Table 1).

Visual Acuity Pattern of Change
Data on BCVA were available for at least 1 visit for all patients
with PDE6A mutations and were missing for 1 patient with
PDE6B mutations (eTables 1 and 2 in the Supplement). In the
PDE6A group, mean BCVAou at the first examination was 0.36

Table 1. Clinical Characteristics of Patients Harboring Mutations in PDE6A and PDE6B Genes

Characteristic PDE6A PDE6B
Mean Difference
(95% CI)

P Value, PDE6A
vs PDE6B

Female, No./total No. (%) 11/19 (58) 17/35 (49) NA .51a

Age at diagnosis, mean (SD) [range], y n = 18
14.83 (10.63)
[5-42]

n = 28
21.10 (11.56)
[3-45]

−6.27
(−13 to 0.50)

.08b

Age at first visit with available data, mean (SD) [range], y n = 19
38 (15.13)
[7-60]

n = 33
41.56 (12.73)
[12-63]

−3.56
(−11.60 to 4.52)

.48b

Follow-up for BCVA, No. n = 19
Range, 0-42 y

n = 34
Range, 0-28 y

NA

0 y 1 10 NA NA

1-5 y 10 7 NA NA

6-10 y 2 7 NA NA

11-15 y 2 8 NA NA

>15 y 4 2 NA NA

First visit available
BCVAou, logMAR (SD)
[Snellen equivalent]

n = 19
0.36 (0.52)
[20/40]

n = 34
0.40 (0.38)
[20/50]

−0.04
(−0.30 to 0.22)

.28b

Estimation of BCVAou decline,
mean regression slope (SD)

n = 17
0.04 (0.12)

n = 22
0.02 (0.05)

0.014
(−0.04 to 0.07)

.88b

Follow-up for VF, No. n = 15
Range, 0-35 y

n = 22
Range, 0-25 y

NA NA

0 y 5 10 NA NA

1-5 y 7 6 NA NA

6-10 y 2 3 NA NA

11-15 y 0 0 NA NA

>15 y 1 3 NA NA

First visit with available data,
VFou, mean (SD), degrees

n = 15
14.33 (7.12)

n = 22
13.27 (6.77)

1.06
(−3.66 to 5.78)

.67b

Estimation of VFou decline,
mean regression slope (SD)

n = 10 − 1.18
(1.55)

n = 11
− 0.736 (0.873)

−0.44
(−1.59 to 0.71)

.48b

Night blindness as presenting symptom, No./total No. (%) 12/15 (80) 13/35 (37) NA .005a

Binocular normal color vision, No./total No. (%) 8/18 (44) 11/29 (38) NA .66a

Cataract and/or previous cataract surgery in at least 1 eye, No./total No. (%) 12/19 (63) 23/29 (79) NA .22a

Bilateral undetectable ffERG, No./total No. (%) 15/18 (83) 30/34 (88) NA .62a

Preserved EZ and ONL, No./total No. (%) 17/18 (94) 25/32 (78) NA .13a

Monolateral or bilateral SD-OCT evidence-based CME, No./total No. (%) 6/19 (32) 9/32 (28) NA .79a

Monolateral or bilateral ERM, No./total No. (%) 6/19 (32) 10/32 (31) NA .98a

Abbreviations: BCVA, best-corrected visual acuity; BCVAou, mean BCVA
between right and left eye; CME, cystoid macular edema; ERM, epiretinal
membrane,; EZ, ellipsoid zone; ffERG, full-field electroretinography; NA, not
applicable; ONL, outer nuclear layer; SD-OCT, spectral-domain optical coherence

tomography; VF, visual field; VFou, mean VF between right and left eye.
a Pearson χ2 test.
b Mann-Whitney test.
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(0.52) logMAR (Snellen equivalent: range, 0.01-1.00; median,
0.60). A total of 86 BCVA serial measurements were collected
during the follow-up period (number of observations per pa-
tient: minimum 1, maximum 15).

In the PDE6B group, mean BCVAou at first examination was
0.40 (0.38) (Snellen equivalent: range, 0.01-1.25; median, 0.50).
A total of 121 serial measurements were collected during the
follow-up period (number of observations per patient: mini-
mum, 1; maximum, 12).

All BCVA measurements were plotted with age as presented
in Figure 2A. The estimation of the rate of BCVAou decline using
individual regression slopes revealed no statistically signifi-
cant differences between both genotypic groups (P = .88)
(Table 1).

Kaplan-Meier survival curves showing the survival distribu-
tion of BCVAou greater than 0.22 logMAR (0.60 Snellen equiva-

lent)andBCVAougreaterthan0.52logMAR(0.30Snellenequiva-
lent) were not statistically significantly different between both
genotypicgroups(P = .19andP = .40respectively)(Figure2Cand
eFigure 3 in the Supplement). More than 50% of the patients with
PDE6A mutations (n=10) preserved a BCVAou greater than 0.22
logMAR and more than 70% (n=14) preserved a BCVAou greater
than 0.52 logMAR 20 years after the initial RCD diagnosis. In the
PDE6B group, more than 30% of the patients (n=11) preserved
a BCVAou greater than 0.22 logMAR and 60% (n=21) preserved
a BCVAou greater than 0.52 logMAR 10 years after the initial di-
agnosis (Figure 2C and eFigure 3 in the Supplement).

Abnormal Color Vision
Data on Lanthony desaturated D-15 panel color vision testing
were available for 18 of 19 patients (95%) with PDE6A muta-
tions and 27 of 35 patients (77%) with PDE6B mutations. Color

Figure 2. Best-Corrected Visual Acuity (BCVA) and Visual Field (VF) Measures
in Patients With PDE6A and PDE6B Mutations
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vision was within the reference range in both eyes in 44% and
in 38% of patients with PDE6A and PDE6B mutations (P = .66),
respectively (eTables 5 and 6 in the Supplement), with the tritan
defect being the most common alteration. No clear correla-
tion was found between BCVA and color vision defect at pre-
sentation for both groups.

VF Pattern of Change
AllpatientscarryingPDE6Amutationsand29of35patients(83%)
carrying PDE6B mutations had at least 1 VF examination per-
formed for both eyes (eTables 1 and 2 in the Supplement). At the
first available visit, VFou values were 14.33° (7.12°) and 13.27°
(6.77°) for PDE6A and PDE6B, respectively (P = .67) (Table 1).

Using all observations available (number of observations per
PDE6A patients: minimum 1, maximum 6; number of observa-
tions per PDE6B patients: minimum 1, maximum 8), VFou was
plotted and correlated with age in both genotypic groups using
the scatterplots displayed in Figure 2B. The estimation of the rate
of VFou decline using individual regression slopes revealed no
statistically significant differences between the PDE6A and
PDE6B genotypic groups (−1.18 [1.55] vs −0.74 [0.87]; P = .48)
(Table 1).

Kaplan-Meier survival curves show the survival distribu-
tion of VFou greater than 20 central degrees in more than 80%
of the patients before 5 years from disease presentation in both
genotypic groups (P = .92) (Figure 2D).

Electroretinography Responses
Full-field electroretinography data were available for 18 of 19
patients (95%) with PDE6A mutations and 34 of 35 patients
(97%) with PDE6B mutations. Responses were undetectable
for both scotopic and photopic conditions in 15 (83%) and 30
(88%) patients carrying mutations in PDE6A and PDE6B
(P = .62), respectively (Table 1).

Ocular Findings
Slitlamp examination was unremarkable other than cata-
racts. Posterior subcapsular cataract or previous cataract sur-
gery at presentation were present in 12 (63%) and 23 (79%) pa-
tients with PDE6A and PDE6B mutations, respectively (P = .22)
(Table 1 and eTables 5 and 6 in the Supplement). Fundoscopy
for both groups revealed typical changes in keeping with RCD
and relative foveal sparing (eFigure 2 in the Supplement). The
severity of these alterations correlated with age. Three pa-
tients with PDE6B mutations presented with peripheral pig-
mentary clumps, but none had bone spicules inside the vas-
cular arcades. Narrowed retinal vessels and waxy disc pallor
were noticed in 14 of 18 patients (78%) with PDE6A muta-
tions and 16 of 34 patients (47%) with PDE6B mutations
(eFigure 2 and eTables 5 and 6 in the Supplement).

SWAF, NIRAF, and SD-OCT Alterations
SWAF revealed a ring of increased autofluorescence surround-
ing the fovea in 13 of 19 patients (68%) with PDE6A mutations
and 24 of 32 patients (75%) with PDE6B mutations. This ring
corresponded to the leading border of the progressive periph-
eral outer retinal thinning surrounding an area of preserved
hyperreflective outer retinal bands centrally on SD-OCT

(eFigure 2 and eTables 5 and 6 in the Supplement). Peripheral
autofluorescence results were abnormal in all patients
following various patterns (ie, patches, dots, blots, or mixed)
(eFigure 2 and eTables 5 and 6 in the Supplement). NIRAF
showed a normal, well-defined area of preserved autofluores-
cence centrally in both eyes surrounded by reduced autofluo-
rescence corresponding to the outer retinal thinning on
SD-OCT in 13 of 17 patients (76%) with PDE6A mutations and
in 20 of 26 patients (77%) with PDE6B mutations (eFigure 2
and eTables 5 and 6 in the Supplement). Horizontal cross sec-
tions of SD-OCT showed preservations of the outer retinal hy-
perreflective bands, including the EZ and interdigitation zones,
as well as the outer nuclear layer in 17 of 18 patients (94%) with
PDE6A mutations and 25 of 32 patients (78%) with PDE6B mu-
tations (P = .13) surrounded by an area with altered hyperre-
flective bands compatible with outer retinal atrophy.

Longitudinal Multimodal Imaging Changes
Ten of 20 patients (50%) with PDE6A mutations and 16 of 35
patients (46%) with PDE6B mutations had at least 1 complete
set of SD-OCT, SWAF, and NIRAF data for both eyes. For the 3
imaging modalities, longitudinal measurements determined
at different ages of the participants consistently showed a larger
horizontal than vertical diameter for both the PDE6A and
PDE6B groups following an ellipsoid shape (Table 2 and
eFigure 2 in the Supplement). This preserved area tends to
adopt a circular shape for smaller-diameter measurements: less
than 2000 μm for PDE6A and less than 1500 μm for PDE6B
(Figure 3A, upper raw panels and eFigures 2-4 in the Supple-
ment). This finding suggests that the preserved retinal area pro-
gresses from ellipsoid to circular shape in advanced stages of
the disease. Both horizontal and vertical diameters of the
preserved EZ, SWAF, and NIRAF were correlated with age
for both genotypic groups (scatterplots in Figure 2B and
eFigure 6A and B in the Supplement).

The rate of change in horizontal and vertical diameters of
the EZ preservation area, as well as SWAF and NIRAF rings,
were estimated using the individual regression slopes of each
participant with at least 2 available SD-OCTs. Eight (42%) and
11 (31%) patients were available for this analysis for PDE6A and
PDE6B, respectively. A statistically significant difference was
found between the rate of change of horizontal against verti-
cal diameters of the preserved EZ (−81.49 [53.08] and −46.15
[33.23], respectively, P < .01) and SWAF (73.40 [37.23] and
−47.98 [28.60] respectively, P = .01) in the PDE6B group, pos-
sibly confirming the hypothesis of a gradual circularization of
the shape of the preserved area.

Discussion
Our study analyzed genotype and phenotype correlation in
autosomal-recessive RCD associated with mutations in PDE6A
or PDE6B from a cohort of 1095 inherited retinal degenera-
tion index cases. We established a prevalence of 1.6% for PDE6A
mutations in keeping with previous reports of 1.15% (2 of 173
families)6 and 3.65% (6 of 164 families).10 PDE6B mutations
accounted for 2.4% of RCD in our study; 3.0% to 4.5% (92 com-
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prehensively and 50 partially screened families)11 and 16%
(3 of 19 families) were reported in North American patients with
RP.12 This variability may be attributed to variable cohort sizes
and distinct founder mutations. In comparison, mutations in
USH2A account for the most common cause of autosomal-
recessive RCD (7%-13.5%),40,41 followed by EYS (4.7%-12%)37,42

in Europe and America, whereas both gene defects account for
9% (11 of 121) and 29% (35 of 121) in Japan, respectively.43

We identified a total of 49 variants including 14 novel vari-
ants in PDE6A and 15 novel variants in PDE6B spanning the dif-
ferent functional domains of the proteins expanding their mu-
tations spectrum (Figure 1 and eTables 1-4 in the Supplement).
Several changes were recurrent in unrelated families, includ-
ing c.1705C>A, c.304C>A in PDE6A and c.1010A>G and
c.1107+3A>G in PDE6B, that may represent founder muta-
tions. Novel mutations are expected to affect protein func-
tion either modifying the GAF domains; residues involved with
interacting partners, such as Pγ,44 lead to a truncated protein
lacking the cGMP binding sites and/or alter its subcellular
localization or an absence of proteins through nonsense-
mediated decay and loss of function.45,46

WithPDE6AandPDE6Bbeinginteractingproteinswithinthe
PDE6 complex,47 conceivably, mutations in both proteins cause
similar phenotypes. We demonstrated that both genetic groups
lead to classic RCD with night blindness and progressive visual
field constriction, but with relatively preserved central vision at
older ages. The findings suggest that more than 50% of patients
with PDE6A mutations and 30% of patients with PDE6B muta-
tions preserve a BCVA of 0.60 or more 20 years after the initial
diagnosis. This level is better than in patients with CRB1 muta-
tions, among whom 50% have a BCVA of 0.30 or lower at age 18
years and 0.10 or lower at age 35 years,48 or heterogeneous ge-
netic groups shown to progress from 0.50 to 0.10 within 6 years
from diagnosis.49 Estimated mean rate of BCVA decline, based
on the regression slope of each patient, was comparable (0.037
[0.12] and 0.023 [0.046] for PDE6A and PDE6B mutations, re-
spectively). Previous studies report annual decline rates of 1%,50

2%,51 and 8.6%52 for RCD overall, and 1.8% for ADRCD (autoso-
mal dominant RCD) caused by RHO mutations.53

Our VF decline rate did not differ significantly between pa-
tients with PDE6A and PDE6B mutations (target III1e), with
both groups maintaining a central VF of 5° to 10° up to age 60
years. Previous reports document an annual decline of 4.6%
(target V4e),50 9.1% (target II4e),54 and 12% (V4e target)51 for
RCD overall, and 2.6% (target V4e) for ADRCD caused by RHO
mutations.53 Furthermore, for this factor, the methodologic
heterogeneity among studies makes a direct comparison of the
results impossible.

Structural changes shown using SWAF, NIRAF, and
SD-OCT were in keeping with RCD and relative central spar-
ing. A correlation was found between the horizontal and ver-
tical diameters of preserved EZ, SWAF inner-ring diameter, and
NIRAF outer-ring diameter in both genetic groups.55 The ver-
tical diameter was consistently smaller than the horizontal di-
ameter in the 3 imaging modalities,56-58 which may be ex-
plained by anatomic, histologic, or physiologic differences,
such as variation in cone density59 and spacing.60 Neverthe-
less, our data suggest a faster constriction of the horizontal thanTa
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the vertical diameter, which may account for the circulariza-
tion of the spared ring shape in the late phases of the disease.

In contrast to previous reports,55 a qualitative analysis of the
scatterplots of age vs SWAF or NIRAF rings (Figure 3B and
eFigure 6A and B in the Supplement) may suggest a correlation
between the ring diameters and age. This discrepancy may be de-
rived from 2 factors: the clinical and genetic heterogeneity of pre-
vious reports and the inclusion of serial repeated measurements
in our analysis. The prevalence of intraretinal cysts and epireti-
nal membrane was similar to that in previous reports.61,62

Limitations and Strengths
Our study has several limitations, including its retrospective
design (with potential selection bias) and the relatively small
sample size (primarily for the longitudinal analysis), which
could have affected the statistics. The correlations between
BCVA and VF with age was performed using only scatter-
plots, not providing statistical value, because the results could

have been affected by the inclusion of all serial repeated mea-
surements. Prospective longitudinal studies including larger
cohorts would be needed to confirm our findings.

However, our study has strengths. Even if the number of
patients included was too small to ensure a strong statistical
analysis, it is a large cohort considering the prevalence of the
disease and, above all, of the PDE6A and PDE6B mutations in
the population.

Conclusions
Our study appears to expand the mutations spectrum in PDE6A
and PDE6B and outlines the classic autosomal-recessive RCD
phenotype with preservation of macular cones over the course
of the disorder. These findings may provide a basis for disease
modeling used in the design of clinical trials aiming to promote
cone survival.

Figure 3. Longitudinal Structural Changes of Spectral-Domain Optical Coherence Tomography (SD-OCT), Short-Wavelength Fundus Autofluorescence
(SWAF), and Near-Infrared Fundus Autofluorescence (NIRAF) Images of Patients With PDE6A and PDE6B Mutations
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Horizontal and vertical diameters measured for ellipsoid zone (EZ), inner SWAF,
and outer hyperautofluorescent parafoveal rings in patients with PDE6A (A) and
PDE6B (B) mutations showing that the vertical diameter is smaller than the
horizontal diameter and becoming equal with degeneration progression.

All SD-OCT, SWARF, and NIRAF horizontal (C) and vertical (D) measurements of
both groups plotted on the same chart show measurements within comparable
ranges and clustering into parallel trend lines.
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