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Purrosk. To perform deep phenotyping of subjects with PDEGC achromatopsia and examine
disease natural history.

Meraobs. Eight subjects with disease-causing variants in PDEGC were assessed in detail,
including clinical phenotype, best-corrected visual acuity, fundus autofluorescence, and
optical coherence tomography. Six subjects also had confocal and nonconfocal adaptive
optics scanning light ophthalmoscopy, axial length, international standard pattern and full-
field electroretinography (ERG), short-wavelength flash (S-cone) ERGs, and color vision
testing.

Resurts. All subjects presented with early-onset nystagmus, decreased best-corrected visual
acuity, light sensitivity, and severe color vision loss, and five of them had high myopia. We
identified three novel disease-causing variants and provide phenotype data associated with
nine variants for the first time. No subjects had foveal hypoplasia or residual ellipsoid zone
(EZ) at the foveal center; one had an absent EZ, three had a hyporeflective zone, and four had
outer retinal atrophy. The mean width of the central EZ lesion on optical coherence
tomography at baseline was 1923 pm. The mean annual increase in EZ lesion size was 48.3
pm. Fundus autofluorescence revealed a central hypoautofluorescence with a surrounding
ring of increased signal (n = 5). The mean hypoautofluorescent area at baseline was 3.33
mm? and increased in size by a mean of 0.13 mm?/year. Nonconfocal adaptive optics scanning
light ophthalmoscopy revealed residual foveal cones in only one of two cases. Full-field ERGs
were consistent with severe generalized cone system dysfunction but with relative
preservation of S-cone sensitivity.

Concrusions. PDEGC retinopathy is a severe cone dysfunction syndrome often presenting as
typical achromatopsia but without foveal hypoplasia. Myopia and slowly progressive
maculopathy are common features. There are few (f any) residual foveal cones for
intervention in older adults.
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Achromatopsia (ACHM) is an autosomal recessive condition
and clinically presents from birth or early infancy with poor
visual acuity (VA), pendular nystagmus, photophobia, and
reduced or absent color vision loss along all three axes.'?
Disease-causing sequence variants have been reported in
CNGA3 (ACHM2, OMIM600053),3‘4 CNGB3 (ACHM3,
OMIMG05080),” GNAT2 (ACHM4, OMIM139340),°7 ATFG
(ACHM7, OMIM616517),> PDEGH® (ACHMG, OMIMI610024),
and PDEGC'® (ACHM5, OMIM600827). CNGB3 and CNGA3 are
responsible for 70% of the reported cases and are the most well-
studied genotypes, with on-going gene therapy trials (Clinical-
Trials.gov numbers NCT03758404, NCT02935517,
NCT03001310, NCT02599922, and NCT02610582). A recent
study by Weisschuh et al.'! estimated the prevalence of the
PDEGC genotype to be 2.4% in a cohort of 1074 independent
ACHM families. Due to its low prevalence, a limited number of
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studies have focused on PDEGC-ACHM. In this study, subjects
with disease-causing sequence variants in PDEGC underwent
detailed phenotyping.

The PDEGC gene encodes the catalytic alpha subunit of the
cone photoreceptor phosphodiesterase, a key regulatory
component in cone phototransduction. A homologous mouse
model for PDE6C-associated ACHM is the spontaneous mouse
mutant ¢pf1, featuring a lack of cone function and rapid, early
cone photoreceptor degeneration.'® In humans, PDEGC vari-
ants have been reported to cause both complete and
incomplete ACHM, cone dystrophy, and cone-rod dystrophy
(CORD) in cross-sectional studies.'! ™' Few subjects have been
studied longitudinally either as case reports14 or as part of large
genetically heterogeneous cohorts of ACHM/cone dystrophy/
CORD.">"'7 No longitudinal study investigating the natural
history of PDEGC retinopathy has been published to date.
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As cone photoreceptors are the target for gene replacement
therapies in other forms of ACHM, it is important to assess how
the cones are affected by PDEGC sequence variants to thereby
better understand the potential for future functional rescue. A
variety of noninvasive imaging tools are available for examining
retinal structure, and they have been applied extensively to the
more common forms of ACHM.'®2° Optical coherence
tomography (OCT) provides visualization of retinal lamination,
enabling measurements of the integrity of the ellipsoid zone
(EZ) and individual layer thickness. In the cone dysfunction
syndromes, of particular interest are the hyperreflective (EZ
and interdigitation zone) and hyporeflective (outer nuclear
layer [ONL]) bands associated with photoreceptors.”’** In
patients with CNGA3- or CNGB3-ACHM, the EZ band is
disrupted or absent in about 70% of cases.'®?° The thickness
of the ONL is also significantly reduced in CNGA3- and CNGB3-
ACHM, although there is substantial variability between
subjects.?>?® No study to date has longitudinally investigated
OCT structure in a cohort of PDE6C-ACHM.

Confocal and nonconfocal adaptive optics scanning light
ophthalmoscopy (AOSLO) have been used for in-depth
phenotyping in inherited retinal diseases.* AOSLO allows for
noninvasive, cellular-resolution imaging of the rod and cone
photoreceptor mosaic.?>?7 In patients with CNGA3 or
CNGB3-ACHM, there is an absence of normally waveguiding
cone photoreceptors in confocal AOSLO (presenting as “dark
spaces”),'®%° although the rod photoreceptor mosaic appears
normal (Patterson E, et al. JOVS 2018;59:ARVO E-Abstract 652).
Using a nonconfocal AOSLO technique, a remnant inner
segment structure has been observed in these patients that
spatially coincides with the nonwaveguiding cones seen in the
confocal image.°*®* Nonconfocal AOSLO has thereby allowed
the identification of a cone inner segment structure in these
spaces.””*® This identification of cellular targets has under-
pinned the design and participant selection for planned and
on-going gene therapy trials of CNGA3 and CNGB3-ACHM.
Despite the characterization of CNGA3-, CNGB3-, and the rare
ATFG6- and GNAT2-ACHM, there are no reports of AOSLO data
from patients with PDE6C-ACHM. The current study aims to
examine the foveal cone mosaic, possible perifoveal rod
involvement, and variation between patients using AOSLO.

In addition to the limited structural characterization of
PDEGC-ACHM, investigations of the functional phenotype have
also been limited. Comprehensive data are lacking on
electroretinography (ERG), color vision, and natural history.
This study details these phenotypic characteristics and
examines the potential for functional rescue compared with
other forms of ACHM.

METHODS AND MATERIALS

The study was approved by the ethics committee of Moorfields
Eye Hospital. Written informed consent was obtained from all
subjects attending the research appointment after explanation
of the nature and possible consequences of the study. The
research followed the tenets of the Declaration of Helsinki.

Subjects

Eight subjects from eight independent pedigrees with likely
disease-causing sequence variants in PDEGC were identified in
the genetics database of Moorfields Eye Hospital, London, UK.
All subjects were invited for a research appointment including
AOSLO imaging. One subject could not attend due to unrelated
healthcare problems and another was based abroad. Six of the
subjects were recruited and attended a detailed research visit,
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and the available data of all eight subjects were used for
evaluating the natural history of the condition.

Genetics

All eight patients were screened for 176 genes associated with
retinal dystrophy by next-generation sequencing; PDEGC
variants were confirmed by Sanger sequencing
(OMIM*600827) in the Manchester Centre for Genomic
Medicine, Manchester, United Kingdom.

Spectral-Domain OCT (SD-OCT)

SD-OCT imaging was performed on both eyes, following
cycloplegia and pupillary dilation with 1% tropicamide and
2.5% phenylephrine eye drops. Horizontal line and volume
scans were acquired with the Spectralis device (Heidelberg
Engineering, Heidelberg, Germany) by using the same protocol
as that used by Aboshiha et al.'® In addition, the device was
used in follow-up mode so that the same scanning location was
imaged at follow-up and baseline. To address difficulties caused
by nystagmus, the methods described by Tee et al.>! were used
to ensure serial analysis of the same subject-specific retinal
location. The foveal center is identified on the baseline
transfoveal OCT image, and the corresponding point is marked
on the accompanying baseline near infrared reflectance (NIR-
R) fundus image. The baseline NIR-R overlay was copied and
pasted on the final NIR-R fundus image as per vendor software
after aligning them. The vertical OCT marker position on the
final image is then adjusted to correspond to that shown on the
final NIR-R image so the line scan over the exact same location
is identified.

The extent of the central EZ disruption was measured after
marking the nasal and temporal boundaries of the EZ lesion by
using digital callipers (Heidelberg Eye Explorer; Heidelberg
Engineering) and a 1-um:1-um display with maximum magni-
fication. All OCT measurements were performed by the same
examiner (MG). The transverse scale of each image was
calculated using the axial length of the corresponding eye
when available. This was measured using the Zeiss IOL Master
(Carl Zeiss Meditec, Dublin, CA, USA) for the six subjects who
attended a research appointment. The same axial length
measured on the last follow-up was used also to correct the
baseline scans (all subjects were adults at baseline imaging, and
axial length was therefore assumed to be constant). The ONL
thickness was calculated as the distance between the internal
limiting membrane and the external limiting membrane also by
using the digital callipers.

Qualitative assessment of the foveal structure was per-
formed by grading SD-OCT images into one of five categories as
previously reported by Sundaram et al."'*: (1) continuous EZ,
(2) EZ disruption, (3) EZ absence, (4) presence of a
hyporeflective zone, or (5) outer retinal atrophy. For each
subject, both right and left eyes were graded at baseline and
follow-up. Consensus grading was established by three
independent observers (NH, MG, and MM). The presence/
absence of foveal hypoplasia was also noted and defined as the
persistence of one or more inner retinal layers (outer plexiform
layer, inner nuclear layer, inner plexiform layer, or ganglion cell
layer) through the fovea.?? The prevalence of foveal hypoplasia
was compared with the reported prevalence in the literature.

Fundus Autofluorescence (FAF)

The earliest and the latest available FAF imaging for each eye
were used as baseline and follow-up, respectively. FAF imaging
was performed using the FAF mode on the Spectralis device
(Heidelberg Engineering), following pupillary dilation and after
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SD-OCT image acquisition. All FAF images were examined for
the pattern of autofluorescence and the presence of a
hyperautofluorescent ring. In subjects displaying a well-
demarcated region of reduced autofluorescence, the area was
measured by tracing the circumference of the hypoautofluo-
rescent central region with a mouse-driven cursor and
recording the area within, as calculated by image analysis
software (Heidelberg Eye Explorer; Heidelberg Engineering).
The ring area of the increased signal was calculated by
subtracting from the area delineated by the outer border of the
hyperautofluorescent ring the aforementioned central area of
reduced autofluorescence. All FAF measurements were made
by a single observer (MG).

Electroretinography

Six patients (age range, 20-42 years) had undergone interna-
tional standard full-field ERG and pattern ERG testing}"q”"l’4 and
five had additional short-wavelength flash (S-cone) ERG testing
(stimulus duration 5 ms)>®> at Moorfields Eye Hospital. All
available ERG data were reviewed by a consultant electrophys-
iologist (AGR).

Color Vision Tests

Patients underwent testing with Hardy-Rand-Rittler pseudoiso-
chromatic plates (AO-HRR, 4th edition; Richmond Products,
Inc., Albuquerque, NM, USA). AO-HRR plates were presented
under a Daylight Illuminator (Richmond Products, Inc.) and
scored using the accompanying worksheet.

A commercially available low-vision version of the Cam-
bridge Colour Test (lvvCCT) trivector version was performed
using the Metropsis system (Cambridge Research Systems Ltd.,
Rochester, Kent, UK). The test stimuli were presented on a
calibrated 32-inch monitor, with a refresh rate of 120 Hz, 1920
X 1080-pixel spatial resolution, and up to 16-bit (per channel)
color resolution. The stimuli consisted of four homogeneous
discs presented simultaneously on a 2-cd/m? neutral back-
ground in a diamond-shaped array. Each disc subtended 4
degrees and was separated by 2.5 degrees from the adjacent
discs. The viewing distance was 150 cm. On each presentation,
one of the discs differed in chromaticity from the remaining
three, which remained of neutral hue. The patient was
instructed to report which of the four discs was different in
color® by pressing the corresponding key on a five-key RB-540
Cedrus response box (Cedrus, San Pedro, CA, USA). Color
discrimination was probed along the protan, deutan, and tritan
confusion axes. For each axis, the corresponding saturation of
the color disc would decrease or increase according to
whether the patient answered correctly or incorrectly to the
previous trial, respectively. More information on the adaptive
procedure used by the lvvCCT is described in Simunovic et
al.’® On completion of the test, the IvwCCT returned the
saturation threshold along each confusion axis, which repre-
sents the minimum saturation required to discriminate the
color disc from the achromatic discs. Both color vision tests
were performed monocularly.

AOSLO Imaging of the Photoreceptor Mosaic

High-resolution imaging was attempted in six subjects by using
a previously described custom-built AOSLO®” at Moorfields Eye
Hospital/UCL Institute of Ophthalmology, London, UK. Imag-
ing with confocal, split detection (nonconfocal), and dark field
was performed.

Pupil dilation and cycloplegia were achieved as described
for OCT. Images were obtained over the central retina and in
strips extending from the fovea to 10 degrees in the temporal
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and superior directions. Image sequences were recorded as AVI
files of 150 frames, either at a 1° and/or 1.5° square field of
view. A desinusoiding algorithm was applied to each image
sequence, and individual frames were selected,®® registered,?’9
and averaged to increase the signal-to-noise ratio for subse-
quent analysis. The final images were combined into a single
montage (Adobe Photoshop; Adobe Systems, Inc., San Jose,
CA, USA) in layers for the different detection schemes by using
a custom-built automated software.”® The scale was deter-
mined first in degrees per pixel in an image of a Ronchi ruling
of known spacing, after each imaging session. Then, the value
was linearly scaled by using the subject’s axial length. Peak
cone density was used for quantitative assessment of AOSLO
imaging as previously described,?® and the mosaics were also
qualitatively characterized.

Statistical Methods

Statistical analysis was performed with IBM SPSS Statistics for
Windows (version 22.0; IBM Corp., Armonk, NY, USA).

RESULTS

Demographics and Genetics

Eight subjects were ascertained, of which seven were female.
All subjects were unrelated and represent independent
pedigrees. Five of the subjects had homozygous variants and
were from consanguineous pedigrees. Ten different variants
were identified, with only one splicing defect (¢.864+1G>A)
being identified in two pedigrees (homozygous and compound
heterozygous). Of the 10 variants, 2 were nonsense, 6
missense, and 2 insertions leading to splicing defects. The
Combined Annotation Dependent Depletion score is above 20
for all variants, indicative of pathogenicity (Supplementary
Material).“ Three variants, namely, p.(Glu109Val), p.(Leu298-
His), and p.(Gly835Ter), are novel, not found in gnomAD
exomes/genomes despite good coverage, and not reported in
Clinvar. To the best of our knowledge, only one of the variants
has been previously subject to a published phenotype study
[p,(Arg102Trp)].“’19 No other homozygous or heterozygous
variants likely to modify or influence the retinal phenotype
were identified, and none were found in any other genes
associated with ACHM. The age of baseline examination was
not the same for all tests, and follow-up periods varied
(baseline data were obtained retrospectively). For each test,
the mean age, age range, and follow-up time are reported
individually. Demographics and genetics are summarized in the
Table.

Clinical Presentation

All subjects presented with early-onset fine nystagmus,
decreased VA, light sensitivity, and severe color vision loss.
None of the patients could recall any color discrimination. A
common feature for all subjects was refractive error, with high
myopia (>6 diopters) in five patients (62.5%), mild hyperopia
in two patients (25%), and myopic astigmatism in one patient
(12.5%). Axial length was available for the subjects who
underwent AOSLO imaging (7 = 6). The four subjects with
high myopia had a mean axial length of 27.29 mm (range,
26.85-27.67 mm) and the remaining two had mild hyperopia
with a mean axial length of 22.72 mm (range, 22.53-22.91
mm).

Mean baseline age (£SD, range) was 30 years (+=10.7, 10-
45) and mean follow-up (range) was 10 years (1.7-15.9 years).
Longitudinal VA data were available for all patients. Mean VA
(£SD) for both eyes at baseline was 0.92 LogMAR (*0.11),
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P2: 22yo at Baseline and Follow-up time of 8.1

BT e e 2 e S A,
: 45y0 at Baseline and Follow-up time of 1.7y

BTSSRIy ———
P6: 36yo at Baseline and Follow-up time of 4.1

Ficure 1.

Spectral-domain optical coherence tomography (SD-OCT)
in cases with minimal change over time. For all patients, both baseline
and follow-up horizontal transfoveal scans are presented at the same
scale. The central area marked with a dashed wbhite rectangle is
magnified (X3), below each scan. All three subjects had a grade 4 EZ
(presence of hyporeflective zone) both at baseline and follow-up,
confined to the fovea, with minimal increase in the EZ lesion size of
3.54/8.87, 2.01/0.68, and 1.65/2.76 pm/year for right/left eyes of P2,
P4, and PO, respectively. BL-R, baseline right eye; BL-L, baseline left eye;
FU-R, follow-up right eye; FU-L, follow-up left eye; vy, years; yo, years
old.

ranging from 0.72 LogMAR to 1.0 LogMAR and at follow-up was
0.89 LogMAR (*0.14), ranging from 0.72 LogMAR to 1.0
LogMAR. Best-corrected VA was stable over time (P =0.399, t=
0.899, df = 7). Six patients (P1-P6) reported stable vision with
no new visual complaints. Two patients (P7 and P8) reported
worsening of their central vision in their mid-40s. Patient P6
also reported a reduction in central vision in her late 20s, with
worsening photoaversion and a preference for darker tinted
spectacles.
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P3: 29yo at Baseline and Follow-up time of 7.3y

2053pm 1866pm

2865um

Ficure 2. Spectral-domain optical coherence tomography (SD-OCT)
in cases with progression over time. The nasal and temporal border of
the EZ lesion are marked with blue arrows and in the extent of the
lesion reported in orange numbers. The size of the EZ lesion increased
in P3 and P7 at rates (right eye/left eye) of 102.02/106.71 pm/year and
42.52/53.67 pm/year, respectively. Scale bars = 200 microns, with all
scans at the same scale.

Spectral-Domain OCT

No subject had a residual EZ at the foveal center; one subject
had an absent EZ (grade 3), three had a hyporeflective zone
(grade 4), and four had outer retinal atrophy. The width of the
EZ lesion at baseline was 1923 um (range, *= SD; 503-4087
pm, £1359 pum). Mean age * SD at baseline OCT was 36 *= 8
years. One patient (P1) attended only once with only the OCT
from the right eye included for quantification; nystagmus
precluded accurate scanning of the left eye through the foveal
center. Foveal hypoplasia was absent in all PDEGC subjects. In
contrast, in previous ACHM cohorts, foveal hypoplasia was a
common finding. Ninety-seven of 146 previously reported
subjects with CNGA3- and CNGB3-ACHM!>'%72%42 and all 21
reported subjects with ATF6-ACHM had foveal hypoplasia
(Fisher’s exact test, P = 0.0003).8’32’43

Seven patients had a mean follow-up of 5.6 years for OCT
(range, 1.7-8.3 years). The mean (range, = SD) annual rate of
increase in EZ lesion size was 48.3 pm (1.7-178, £61.7), with
all subjects progressing at highly variable rates. Patients P2, P4,
and P6 showed minimal if any change (Fig. 1; Table). In
contrast patients P3, P5, P7, and P8 progressed, however, at
different rates, with the two younger subjects (P3 and P5; Fig.
2, P3) progressing faster than the two older subjects (P7 and
P8; Fig. 2, P7). The rate of progression was similar between
eyes (P = 0.123, t = —1.794, df = 6). Reduced foveal ONL
thickness was observed in all four subjects without atrophy
(mean ONL thickness * SD; 51.75 * 6.98 pm for the right eye
of patients P1, P2, P4, and PG at last follow-up; Fig. 1). No
further thinning was observed over time (Fig. 1, P2, P4, and
P6). The Table summarizes OCT-related measurements.
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1 Baseline - 25y0

Baseline - 44yo

L
Follow-up - 1.7y

Baseline - 41yo

L
Follow-up - 9.0y
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Ficure 3. Fundus autofluorescence (FAF) images at baseline and follow-up for both eyes of six patients. P2, P3, P5, P7, and P8 have a central area of
hypoautofluorescence with a surrounding ring of increased signal. Both the area of atrophy and the ring of increased signal are expanding at
comparable rates from the foveal center to the periphery. The rate, however, was variable among subjects, with patients P2 and P7 progressing
minimally, if at all. P4 has a normal-appearing FAF at baseline and follow-up, with subtle foveal changes. All images are at the same scale. R, right eye;

L, left eye

Fundus Autofluorescence

Previously, Aboshiha et al.'® reported three patterns of FAF in
ACHM: (1) reduced central signal, (2) normal, and (3)
increased central signal. In this cohort, FAF was available for
all patients and none of the patients had increased signal
centrally. Three patients had normal FAF (P1, P4, and P6).
Patients P4 and PG, as mentioned previously, also had relatively
stable OCT findings; and P1 was the only patient with a grade 3
EZ on OCT.

A central well-defined area of hypoautofluorescence with a
surrounding ring of increased signal was present in five
subjects (P2, P3, P5, P7, and P8; mean age * SD, 34 = 7.8
years) who had a mean follow-up of 6.5 years (Fig. 3). The
mean hypoautofluorescent area at baseline was 3.33 mm? and

3.78 mm? for right and left eye, respectively, and increased in
size by a mean of 0.13 mm?/year and 0.15 mm?/year,
respectively. Both the baseline area of hypoautofluorescence
P = 0.135, t = —1.869, df = 4) and the annual rate of
progression (P = 0.977, t = —0.031, df = 4) were similar
between eyes. The mean area of the hyperautofluorescent ring
at baseline was 2.03 mm? and 2.21 mm? for right and left eye,
respectively, and increased centrifugally at a similar rate (P =
1.66, t =—1.692, df = 4) of 0.14 mm~/year and 0.10 mm?*/year,
respectively. Both the area of atrophy and the ring of increased
AF expanded at comparable rates from the foveal center to the
periphery. The rate, however, was variable between subjects,
with patients P2 and P7 progressing minimally if at all. For P7,
one of the oldest patients in the cohort, the rate of OCT
progression was also minimal. The other patient that had
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minimal change in OCT was P8; however, there was evidence
of progression on FAE which may be due to the area of
decreased signal and the edge of the hyperautofluorescent ring
not being well defined on FAF images (Fig. 3, P8). The Table
summarizes the FAF measurements.

Electroretinography

Pattern ERGs were undetectable in five of five cases (age range,
20-42 years old) and technically unsatisfactory in one due to
severe nystagmus. The dark-adapted (DA) strong flash (DA10)
ERG a-waves were normal or mildly subnormal, with one older
case (P8) with the greatest axial length showing the greatest
(50%) reduction (Figs. 4 and 5A); the mean a-wave amplitude
was 33% lower than the mean for a control group of 130
unaffected individuals. The DA10 ERG a- and b-wave peak
times were within normal limits (Fig. 5B). Light-adapted (LA)
30-Hz flicker ERGs were undetectable (V= 5) or residual (N =
1). Single flash cone (LA3) ERG b-waves were detectable but
delayed, and the mean amplitude was reduced by 90%
compared with that for the control group. The LA3 ERG
waveforms resembled those for S-cone ERGs (Figs. 4 and 5C).
The S-cone ERGs had a slightly simplified or monophasic
waveform shape but fell within the normal amplitude range,
in all but one individual (P6) with a borderline response (Fig.
4).

Color Vision Tests

All patients underwent AO-HRR plate testing, and they were
able to correctly identify only the test plates. Five patients
underwent the low vision version of the Cambridge Colour
Test at the last follow-up, including three with detectable S-
cone ERGs. All of them scored the maximum or near-maximum
saturation allowed by the test. No color discrimination was
detected along any of the confusion axes in any patient.

AOSLO Imaging of the Photoreceptor Mosaic

Two of the six subjects that underwent AOSLO imaging had
montages that were analyzable and of an adequate image
quality. The confounding factors for successful image acquisi-
tion were nystagmus, high refractive error (P6, grade 4 EZ on
OCT), and a large area of atrophy in which no structure could
be identified (P3, P7, and P8; all with grade 5 EZ on OCT).
AOSLO was analyzable in patients P2 and P4. Both patients had
relatively stable disease and grade 4 EZ on OCT, with P2 having
a small hyperautofluorescent ring (Fig. 3, P2) and patient P4 a
normal FAF (Fig. 3, P4).

Patient P2 Mosaic. A central dark atrophic region was
imaged with a lack of waveguiding properties by using
confocal AOSLO, and ambiguous cellular structures (remnant
inner segments) were identified on nonconfocal split-detection
(Fig. 6). This is in direct contrast to other forms of ACHM
where inner segments are visible on split-detection over the
foveal center. Outside the foveal center, black spaces in the
confocal images corresponded to inner segments evident in
the split detection mode, as in CNGA3- and CNGB3-ACHM.
Cells along the edge of the lesion had preserved waveguiding
properties and corresponding inner segments on split-detec-
tion (Figs. 6B, 6C).

Patient P4 Mosaic. The central imaged area, including the
foveal center, was hyperreflective over most of its area, with a
small hyporeflective region temporally on confocal AOSLO
(Fig. 7A). The hyperreflective area was consistent with
atrophic changes, as previously reported for ATFG-ACHM,>?
with no visible inner segments on split-detection. In contrast,
in the hyporeflective island, inner segments were identified on
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split-detection, similar in appearance to CNGA3- and CNGB3-
ACHM (Fig. 7B). The peak cone density was calculated as
11,895 cone/mm?. Previous studies reported a mean peak
cone density (range) of 19,844 (6,574-54,785) cones/mm?,
21,373 (7,273-53,554) cones/mm?, and 130,508 (84,733-
165,080) cones/mm® for CNGA3-ACHM,*> CNGB3-ACHM,*’
and healthy controls, > respectively. In the periphery, as in
patient P2, black spaces were identified on confocal imaging,
corresponding to observed inner segments on split-detection.
The signal-to-noise ratio on confocal imaging was low, but
there was evidence of some cones showing waveguiding
properties (Fig. 7).

DIScUsSION

This study details the deep phenotyping of a series of patients
with the rare form of PDEGC-associated ACHM, including
cross-sectional and longitudinal analyses of structural and
functional features. The clinical presentation, OCT, FAE ERG,
color vision, and, uniquely for this disorder, AOSLO imaging
with confocal and split-detection were examined. The findings
indicate that PDEGC retinopathy has a distinct natural history
and features that differ from other forms of ACHM, which is of
relevance to clinical management and the potential for future
therapeutic intervention.

The full-field ERGs showed evidence of severe generalized
cone system dysfunction but with a relative preservation of
short-wavelength sensitivity, as seen previously in one other
rare form of ACHM (GNAT2),46 and resembling the findings in
blue cone monochromacy.47 The similarity of waveform shape
between the markedly reduced LA3 ERG and relatively
preserved S-cone ERG suggests a possible common origin.
The DA10 strong flash ERG abnormalities (Figs. 4, 5A) may
largely be explained by a loss of the DA cone system
contribution and high myopia, but an additional loss of rod
photoreceptor function may occur in some older individuals
(patient P8, with ERG at 38 years of age). Pattern ERG P50 was
undetectable, consistent with macular dysfunction, although it
is possible that attenuation was partly attributable to the
effects of nystagmus. In confocal AOSLO imaging, some
waveguiding cones were identified. However, the presence
of those cells and the residual S-cone ERG recordings did not
translate to residual color discrimination in any of the patients,
either with color vision testing or reported by the patients, a
finding also in common with a previously reported patient
with GNAT2-ACHM. % A contributing factor for the color vision
findings in the PDEGC patients may be the presence of
maculopathy evident on OCT and FAE Fullfield ERGs have
minimal contribution from the central macula and reflect
generalized (peripheral) retinal function (full-field ERGs
typically remain normal if dysfunction is confined to the
macula). The lack of correlation may also relate to fundamen-
tally different test paradigms; conventional color vision tests
assess central rather than peripheral color vision and measure
color thresholds or color discrimination thresholds at the
macula, rather than suprathreshold responses from the
periphery (as for ERG). Another explanation might be that
the color vision test lacked the required sensitivity. More
detailed color vision testing will be of value to further establish
any residual color discrimination.

The FAF findings in older patients revealed areas of macular
atrophy. The atrophy extended bezond the rod-free region (Fig.
3, P5, P7, and P8). Stearns et al.*® reported a blind zebrafish
mutant with rapid degeneration of cone photoreceptors
caused by a disease-causing variant in PDEGC and a limited
amount of rod degeneration, primarily in areas with a low
density of rods. They proposed that rod photoreceptors in
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Ficure 4. International-standard full-field ERGs and S-cone ERGs recorded from five subjects and one representative control subject for comparison
(N). Data are shown for one eye but all had symmetrical responses. Broken lines replace blink/eye movement artefacts related to nystagmus, for
clarity. Note increased amplitude scaling of LA 30 Hz and LA3 ERGs in the patients compared with the control. The DA10 ERG a-waves were normal
or mildly subnormal, with a tendency to be smaller in older subjects (P7 and P8). The mean a-wave amplitude was decreased. Single flash cone
(LA3) ERG b-waves were detectable but delayed, simplified, and reduced. The LA3 ERG and S-cone ERG waveforms were similar (see text for
details).
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Ficure 5. ERG graphs. (A) The mean a-wave amplitude was 33% lower
than the mean for a control group of 130 unaffected individuals. Light-
adapted (LA) 30-Hz flicker ERGs were undetectable or residual (P7). (B)
and (C) show data from right eyes. B) The DA10 ERG a- and b-wave
peak times were within normal limits. (C) The LA3 ERG and S-cone ERG
amplitudes were similar. The lower limit of normal amplitude for the LA3
ERG is 101 pV and that for the S-cone ERG is 10 pV. o

areas of the retina with a high density of rods are protected
from degeneration, concluding that cell density plays a role in
determining whether rod photoreceptors degenerate as a
secondary consequence to cone degeneration. In contrast, the
homologous mutant ¢pfl1 mouse model for PDE6C-ACHM is
characterized by only a lack of cone function, with rapid, early
cone photoreceptor degeneration.'® Variants in PDEGC have
also now been associated with CORD in one patient in a recent
genotyping study in a large ACHM cohort.'* The reported
patient was among the oldest in that ACHM cohort (33 years
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Ficure 6.  Adaptive optics scanning light ophthalmoscopy (AOSLO) of
P2. (A) Confocal AOSLO photoreceptor mosaic scaled and superim-
posed on an FAF image. A central dark atrophic region was imaged,
revealing a lack of waveguiding properties. The white square marks
the 200-um square in greater magnification in (B). (B) Confocal
imaging and (C) split-detection image over the same location. The top
right corner lacks waveguiding properties on (B) and ambiguous
cellular structures (blue arrow hbeads, remnant inner segments) are
seen on split-detection (C). A few cones at the edge of the lesion have
greater preserved reflectivity, and inner segments on split-detection
and are marked with yellow arrowbeads. Scale bar for (A), 1000 pum;
and for (B, C), 100 pm

old), and the diagnosis was reclassified from ACHM to CORD.
In our cohort, all patients meet the clinical criteria of ACHM,
including decreased VA, photoaversion, no color discrimina-
tion, and nystagmus from birth/early infancy. A distinct
additional feature was refractive error observed in all patients,
with high myopia in the majority. Blue cone monochromacy
(BCM) presents similarly to ACHM, with severely reduced color
discrimination and visual acuity, photophobia, and nystagmus
in affected males (X-linked disease).” High myopia and
relatively preserved S-cone ERGs (common features of both
PDEGC-ACHM and BCM) may mislead into the diagnosis of
BCM in male PDEGC patients. A distinguishing factor between
ACHM and BCM is that subjects with BCM have residual tritan
color discrimination.® Molecular genetic testing will help to
confirm the correct diagnosis. Based on the findings of the
study herein, three patients can be classified as having
stationary disease (P1, P4, and P6), but cases P3, P5, P7, and
P8 showed evidence of progressive macular atrophy, with
possible peripheral rod system involvement in case P8.
Interestingly, none of our patients reported rod-related
problems (e.g., nyctalopia), all preferred mesopic conditions,
and all were photoaverse. Any rod involvement appears to be
minimal and late in the disease course.

In the on-going debate about the stationary or progressive
nature of ACHM, PDEGC patients should be studied individu-
ally. ACHM studies with different proportions of PDEGC
patients have shown conflicting results.'>'” Thiadens et al.,'>
in a cohort with five PDEGC patients (20%), concluded that
ACHM was often a progressive disease. Hitji et al.,'” in a cohort
with one PDEGC subject (2%), concluded that ACHM was
predominantly stationary. In the latter study, the single patient
with PDEGC also showed a change in the area of reduced FAE
which was greater than the total change of the other 17
patients with decreased autofluorescence and different ACHM
genotypes (CNGA3, CNGB3, and ATF6)."” The presence of a
hyperautofluorescent ring (Fig. 3) in five patients is a feature
not previously described in PDEGC-ACHM or other ACHM
genotypes. Robson et al.>* demonstrated that increased FAF in
CORD was associated with reduced rod and cone sensitivity,
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Figure 7. Adaptive optics scanning light ophthalmoscopy (AOSLO) of
P4. (A) Confocal image over the fovea with lack of normal waveguiding
properties. Few bright spots, which may be waveguiding cones, are
marked with yellow arrowbeads. (B) Split-detection AOSLO over the
exact same location reveals an island of residual inner segments. The
yellow arrowbeads mark the same location as in (A) and the bright
spots on confocal appear to have corresponding inner segments. The
blue cross marks the location of the calculated peak cone density
(11,895 cones/mmz). Scale bar: 100 um

with scotopic sensitivity reductions being milder than phot-
opic losses. Another notable difference between PDEGC and
other genotypes of ACHM is the normal inner retinal
lamination. Previous studies have found foveal hypoplasia in
all patients with ATFG6-ACHM®>*%3 and in most of the patients
with CNGA3 and CNGB3-ACHM.'7?*?* The other form of
ACHM without foveal hypoplasia is GNAT2-ACHM. “® However,
GNAT2-ACHM most commonly presents with a continuous
EZ,I(’ in direct contrast to PDE6C-ACHM, in which all the
patients have grade 3 to 5 EZ changes.''"!3

AOSLO revealed residual structure in only one of the two
patients successfully imaged with a grade 4 EZ on OCT. In
subjects with foveal atrophy (grade 5 EZ), there are unlikely to
be any residual cones in the foveal center. Interestingly, a
naturally occurring nonhuman primate with ACHM caused by a
homozygous missense variant in PDEGC p.(R565Q) showed
better preserved EZ in four macaques imaged with OCT (age
range, 2-11 years old).51 Given the loss of foveal EZ in all of our
subjects (and all the previously reported subjects in the
literature), there is likely to be a more limited therapeutic
window for intervention than in other forms of ACHM, in
which EZ can be relatively preserved in around 40% to 50% of
the cases.’>?® This highlights the need for deep phenotyping
of affected children with PDEGC-associated disease and
potentially milder cases that may be more amenable to
functional rescue. In contrast, cones in patients with BCM
can survive in reduced numbers with limited outer segment
material and without waveguiding properties, suggesting the
potential value of gene therapy for BCM.>2>4

In our study, 88% of the participants were female and males
were underrepresented, without, however, any expected sex-
specific differences. The disorder is rare, with an estimated
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prevalence of 1 in 1.25 million, and international multicenter
collaborative studies may be needed to corroborate our
findings and to further investigate the natural history and
phenotype.

This is the first in-depth analysis, with AOSLO, international-
standard full-field ERGs and S-cone ERG, and detailed clinical
information, and longitudinal study including FAF and OCT of a
cohort with PDEGC-associated ACHM. The data presented
herein extend the phenotypic spectrum of ACHM, detailing
some distinct features and other characteristics that are less
common in CNGA3-, CNGB3-, GNAT2-, and ATFG6- associated
disease. Patients present with typical symptoms of ACHM but
associated with slowly progressive maculopathy and with little
evidence of residual macular cones in adulthood. The study
suggests a limited window of therapeutic opportunity com-
pared with cases of CNGA3- and CNGB3-ACHM.
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