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PURPOSE. The purpose of this study was to report GNAT2-associated achromatopsia
(GNAT2-ACHM) natural history, characterize photoreceptor mosaic, and determine a ther-
apeutic window for potential intervention.

METHODS. Patients with GNAT2-ACHM were recruited from a single tertiary referral eye
center (Moorfields Eye Hospital, London, UK). We performed longitudinal clinical eval-
uation and ophthalmic examination, and multimodal retinal imaging, including adaptive
optics scanning light ophthalmoscopy, quantitative analysis of the cone mosaic, and outer
nuclear layer (ONL) thickness, including cone densities evaluation in selected regions of
interest and comparison with reported healthy controls.

RESULTS. All nine subjects (3 women) presented with nystagmus, decreased visual acuity
(VA), light sensitivity, and highly variable color vision loss. One patient had normal color
vision and better VA. Mean VA was 1.01 (±0.10) logarithms of the minimal angle of reso-
lution (LogMAR) at baseline, and 1.04 (±0.10) LogMAR after a mean follow-up (range)
of 7.6 years (1.7−12.8 years). Optical coherence tomography showed preservation of
the foveal ellipsoid zone (EZ; n = 8; 88.9%), and EZ disruption (n = 1; 11.1%). Mean
ONL thickness (range, ± SD) was 84.72 μm (28.57−113.33, ± 25.46 μm) and 86.47 μm
(28.57−113.33, ± 24.65 μm) for right and left eyes, respectively. Mean cone densities
(±SD) at 190 μm, 350 μm, and 500 μm from the foveal center, were 48.4 (±24.6), 37.8
(±14.7), and 30.7 (±9.9), ×103 cones/mm2, respectively. Mean cone densities were lower
than these of unaffected individuals, but with an overlap.

CONCLUSIONS. The cone mosaic in GNAT2-ACHM is relatively well preserved, potentially
allowing for a wide therapeutic window for cone-directed interventions.

Keywords: adaptive optics, retinal phenotyping, inherited retinal diseases, genetics,
GNAT2, achromatopsia

GNAT2 (ACHM4, OMIM139340) autosomal recessive
variants can cause both complete achromatopsia

(cACHM),1,2 and incomplete achromatopsia (iACHM).3,4

Patients with GNAT2-related achromatopsia (GNAT2-ACHM)
exhibit nystagmus beginning at birth / early infancy, photo-
phobia, abnormal color vision, and poor visual acuity (VA).5

Color vision testing is usually abnormal, with no color
discrimination observed in most patients6–9; although some
patients may retain some color vision.3,7 A study suggested
that the retention of color vision may be related to variants
that result in some functional protein product.3

Fundoscopy usually reveals a normal retinal appear-
ance, although some patients exhibit an abnormal foveal
reflex or atrophy.7 Full-field ERG testing typically reveals
absent/markedly reduced cone function, albeit variable
between patients, along with preserved rod function. The
rod-specific ERG components are typically normal, although
the scotopic strong flash ERG a-waves may be mildly subnor-

mal,7 reflecting loss of dark adapted cone system contri-
bution. Spectral domain optical coherence tomography
(SD-OCT) usually reveals relatively well-maintained foveal
architecture without hypoplasia, but may exhibit a hypore-
flective zone at the fovea.10,11 Longitudinal optical coherence
tomography (OCT) assessment of GNAT2-ACHM has been
reported in only four subjects, from a single pedigree, over
a period of 2 years.11

Adaptive optics provides the opportunity of
advanced retinal imaging for in-depth phenotyping in
inherited retinal diseases, with cellular resolution of the
photoreceptor mosaic.12 Adaptive optics corrects for the
eye’s monochromatic aberrations.13,14 A confocal detector
enables visualization of cones based on their waveguiding
ability.15,16 The waveguiding ability is thought to require
intact outer segments.17 Early investigations with confocal
adaptive optics scanning light ophthalmoscopy (AOSLO)
identified increased cone spacing and decreased cone
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density in patients with ACHM, although these cones
appeared as “dark spaces.”18–21 Marked variability in the
cone mosaic has been observed across patients; among the
two most common genotypes, CNGA3 and CNGB3.10,19,22

In contrast, in ATF6-ACHM and PDE6C-ACHM, few if any
residual foveal cones were identified.23,24 The GNAT2-ACHM
genotype is associated with the relatively least disrupted
photoreceptor mosaic.6,20 Simultaneous confocal and split-
detection AOSLO has allowed the identification of cone
inner segment structure in the previously described “dark
spaces.”25–28 GNAT2-ACHM was only investigated with
confocal AOSLO imaging in two pedigrees to date.6,20

CNGB3 and CNGA3 are responsible for 70% of
the reported ACHM cases and are the most well
studied genotypes, with on-going gene therapy trials
(ClinicalTrials.gov numbers: NCT03758404, NCT02935517
NCT03001310, NCT02599922, and NCT02610582). Three
homologous mouse models of GNAT2-ACHM have been
described to date.29–31 In the Gnat2cpfl3 mouse model, gene
supplementation was observed to improve cone-mediated
ERGs and restoring visual acuity (optomotor behavior).32

A recent study from Felden et al. estimated the preva-
lence of GNAT2-ACHM to be 1.7%, in a cohort of 1116
independent ACHM families.8 Due to its low prevalence,
a limited number of studies have focused on phenotyping
GNAT2-ACHM, despite the advancements in the field of gene
therapy.

As cone photoreceptors are the target for gene replace-
ment therapies in ACHM, it is important to assess how the
cones are affected by GNAT2 sequence variants, to thereby
better understand the potential for future functional rescue.
In this study, subjects with disease-causing sequence vari-
ants in GNAT2 underwent detailed longitudinal phenotyp-
ing.

METHODS AND MATERIALS

This study was approved by the Ethics Committee of Moor-
fields Eye Hospital. Written informed consent was obtained
from all subjects attending research appointments after
explanation of the nature and possible consequences of the
study. The research followed the tenets of the Declaration of
Helsinki.

Subjects

Nine subjects (3 women; 33%) from four pedigrees, with
likely disease-causing sequence variants in GNAT2, were
identified in the genetics database of Moorfields Eye Hospi-
tal, London, UK. All subjects were invited for a research
appointment, including AOSLO imaging. Six subjects were
recruited and attended a detailed research visit, and all
available data of all nine subjects were used for evaluating
disease natural history. Five of the patients were previously
published (Supplementary Table S1).

Genetics

All patients harbored previously reported GNAT2 vari-
ants.1,8,34 Two pedigrees harbor nonsense mutations, lead-
ing to premature termination of translation, one pedigree
harbored a missense mutation, and one pedigree a 4-bp
insertion leading to a frameshift. Demographics and genetics
are summarized in Supplementary Table S1.

Ocular Examination

All patients are under the care of a medical retina and ocular
genetics consultant (M.M. and A.R.W.) in a single tertiary
referral center (Moorfields, Eye Hospital, London, UK). All
available notes and clinical data are reviewed.

Spectral-Domain OCT

SD-OCT imaging was performed in both eyes, following
cycloplegia and pupillary dilation with tropicamide 1% and
phenylephrine 2.5% eye drops. Horizontal line and volume
scans were acquired with the Spectralis device (Heidel-
berg Engineering, Heidelberg, Germany), using the same
protocol as that used by Aboshiha et al.11 To address chal-
lenges due to nystagmus, the device was used in follow-
up mode, so that the same scanning location was imaged
at follow-up and baseline, and if this was not possible,
the method described by Tee et al. was used, to ensure
serial analysis of the same subject-specific retinal location.35

The outer nuclear layer (ONL) thickness was calculated
as the distance between the internal limiting membrane
and the external limiting membrane, using the longitudi-
nal reflectivity profiles on ImageJ, as previously described
by Langlo et al.28 Qualitative assessment of foveal struc-
ture was performed by grading SD-OCT images into one
of five categories, as previously reported by Sundaram
et al.: (1) continuous ellipsoid zone (EZ), (2) EZ disrup-
tion, (3) EZ absence, (4) presence of a hyporeflective
zone, or (5) outer retinal atrophy.10 For each subject, both
right and left eyes were graded at baseline and follow-up
visits. The presence/absence of foveal hypoplasia was also
noted, 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.

AOSLO Imaging of the Photoreceptor Mosaic

High-resolution imaging was attempted in six subjects using
a previously described custom-built AOSLO,36 at Moorfields
Eye Hospital/UCL Institute of Ophthalmology, London, UK.
Imaging with confocal and split-detection (non-confocal)
was performed.

Pupil dilation and cycloplegia was achieved similarly to
OCT imaging. Images were obtained over the central retina,
and in strips extending from the fovea to 10 degrees in the
temporal meridian, when time allowed. Image sequences
were recorded as AVI files, of 150 frames, either at 1° or/and
1.5° square field of view. A desinusoiding algorithm was
applied to each image sequence and individual frames were
selected,37 registered,38 and averaged, to increase signal-to-
noise ratio, for subsequent analysis. The final images were
combined into a single montage (Adobe Photoshop, Adobe
Systems Inc., San Jose, CA, USA) in layers for the differ-
ent detection schemes using a custom-built automated soft-
ware.39 The scale was determined 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 using
the subject’s axial length. Axial length was measured using
the Zeiss IOL Master (IOL Master; Carl Zeiss Meditec, Dublin,
CA, USA).

Cone densities were used for quantitative assessment
of AOSLO imaging, as previously described.40 The foveal
center was too dense in all subjects to be analyzed, with
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the location of the foveal center defined as the center of
the nonanalyzable area (crossing point of maximum height
and width). Eighty-five microns square regions of inter-
est (ROIs) were marked in the cone mosaic at regular
intervals from the foveal center in the temporal merid-
ian. The distances measured from the center of the ROIs
to the foveal center were: 190 μm (R1), 350 μm (R2),
500 μm (R3), 900 μm (R4), 1500 μm (R5), 2000 μm (R6),
and 2500 μm (R7). ROIs R4 to R7 were available only
for one subject. The R1 ROIs were cropped and imported
into a semi-automated custom software for cone count-
ing by a single experienced grader (M.G.). Automated
cone identification was achieved by the software, finding
local maxima in image brightness, based on previously
described algorithms for R1 to R3 confocal images.41,42

The grader was able to automatically remove identified
cones or manually add cones, and could adjust the bright-
ness and contrast of the confocal image on both linear
and log scale. For R4 to R7, split-detection imaging was
used for manual cone counting with the software due
to the ambiguity between rod and cone photoreceptors
present in confocal imaging. Bound cone density was
then calculated by dividing the total number of bound
Voronoi cells in an ROI by the total bound Voronoi area
within the ROI, as previously described.40,43 The afore-
mentioned approach, with the exception of use of split-
detection, is similar to the recently reported study in
the literature by Jackson et al.,40 in order to compare
with their normative data acquired with a similar AOSLO
system.

Color Vision Testing

Hardy-Rand-Rittler pseudoisochromatic plates (AO-HRR, 4th
edition; Richmond Products, Inc., Albuquerque, NM, USA)
were presented under a Daylight Illuminator (Richmond
Products, Inc.) and scored using the accompanying work-
sheet.

A commercially available low vision version of the
Cambridge 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 × 1080 pixels spatial resolution, and up to
16-bit (per channel) color resolution. The stimuli consisted
of four homogeneous discs presented simultaneously on a
2-cd/m2 neutral background 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,44 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 confu-
sion 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. On completion of the test, the
lvvCCT returned the saturation threshold along each confu-
sion axis, which represents the minimum saturation required
to discriminate the color disc from the achromatic discs. Both
color vision tests were performed monocularly.

Statistical Methods

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

RESULTS

Clinical Presentation

All subjects presented with nystagmus, decreased VA, light
sensitivity, and highly variable color vision loss. The fundus
appearance was unchanged over time with abnormal foveal
reflex, but without any evidence of frank atrophy or pigmen-
tation. Only in one patient (P6), subtle foveal changes were
observed, without evidence of progression. Fundoscopy
findings were documented in six patients with color fundus
photography (Supplementary Fig. S1).

Color vision testing was reported in detail by Michaelides
et al. for subjects P6 to P9, with evidence of some resid-
ual color discrimination in three of the four patients (P6,
P8, and P9).7 Patients P1, P2, and P3 showed no residual
color discrimination on testing with HRR pseudoisochro-
matic plates. Interestingly, patient P4 was able to name
colors and correctly identified all the pseudoisochromatic
plates. On further testing with lvvCCT trivector version,44,45

color discrimination was probed along the Protan, Deutan,
and Tritan confusion axes, with nearly normal saturation
thresholds, thereby suggesting no color deficit.

Longitudinal VA data were available for all patients (mean
age at baseline [range], 26.3 [6.4−48.9] years old, and mean
follow-up [range],: 7.6 years [1.7−12.8 years]). Patient P4,
with normal color discrimination, also had the best VA in
the cohort; 0.60 LogMAR at baseline and stable at 0.61
LogMAR after 8 years of follow-up. Mean VA (±SD) for
both eyes at baseline was 1.01 LogMAR (±0.05), ranging
from 0.90 LogMAR to 1.10 LogMAR, and at follow-up it was
1.04 LogMAR (±0.10), ranging from 0.90 LogMAR to 1.36
LogMAR for the rest of the subjects. Patient P5 had all assess-
ments and analyses done monocularly due to congenital
cataract and amblyopia in the right eye, complicated later in
life with subretinal exudates similar to Coats’ disease, lead-
ing to exudative retinal detachment, and hand movement
vision. For the rest of the cohort, best-corrected VA was simi-
lar between eyes both at baseline (P = 0.921;, t = 0.103, and
df = 7) and follow-up (P=0.608, t = 0.537, and df = 7). VA
was stable over time (P = 0.399, t = 0.899, and df = 7), over
a mean follow-up of 7.5 years (range, 1.7−12.8). All patients
reported stable vision, with no new visual complaints over
time. The spherical equivalent varies greatly among subjects
from -10.0 D to +5.75 D.

Retinal Morphology: SD-OCT

Mean age ± SD at baseline OCT was 28.6 ± 15.4 years,
mean follow-up time (range) was 4.9 years (1.7−10.5 years).
Eight patients had a continuous EZ (grade 1; Fig. 1) and
one patient (P6) had a hyporeflective zone at the fovea
(grade 4; Fig. 3). Mean ONL thickness (range, ± SD)
was 84.72 μm (28.57−113.33, ± 25.46 μm) and 86.47 μm
(28.57−113.33, ± 24.65 μm) for the right and left eyes,
respectively. The ONL thickness was similar between eyes
(P= 0.903, t= 0.126, and df= 8; Fig. 2A). The mean baseline
ONL thickness for right eyes did not correlate with subject
age (P = 0.744, r = -0.127, Pearson correlation; Fig. 2B).
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FIGURE 1. Spectral domain optical coherence tomography (SD-OCT) in cases with continuous ellipsoid zone (EZ). Longitudinal transfoveal
OCT line scans for both eyes are presented for patients P1, P2, P3, P4, P7, and P9. Patient P5 had imaging data only for the left eye. For the
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young siblings, patients P2 and P3, vertical scans are presented; because horizontal transfoveal scans could not be obtained due to strong
nystagmus. For the rest of the patients, scans are horizontally orientated to the fovea. No evidence of progression was present in any of
the patients. EZ appears continuous and thickened with increased reflectivity. A transfoveal OCT scan of a healthy subject is provided for
comparison. R, right eye; L, left eye; yo, years old; y, years.

FIGURE 2. Quantitative imaging analysis graphs. (A) High interocular agreement was observed between the outer nuclear layer (ONL)
thicknesses between eyes. (B) The ONL thickness is not correlated with age. ONL thicknesses for the left eyes are presented, because the
left eye was only available for patient P5. The blue score on A and B represents patient P6; the only patient in the cohort with disrupted
foveal ellipsoid zone. Previously reported mean (± SD) foveal ONL thickness for subjects with CNGB3- and CNGA3-ACHM was 79.2 ±
18.7 μm and 112.1 ± 13.9 μm for healthy controls.47 (C) Mean (± SD) cone densities per eccentricity for patients with GNAT2 of our cohort
and healthy controls reported by Jackson et al.40 Cone densities were lower, on average, for subjects with GNAT2 compared to healthy
controls in all three parafoveal eccentricities (190 μm, 350 μm, and 500 μm), but a small overlap was observed. (D) Cone densities per
eccentricity of all individuals and mean of healthy controls. Patient P4, with the best visual acuity and normal color vision, had the lowest
cone densities at all eccentricities. Patient P2, the youngest patient in the cohort, had cone densities similar to the average cone densities
for healthy controls. Patients P7 and P9, the oldest in the cohort, showed lower cone densities.

At follow-up visits, mean ONL thickness (range, ± SD)
was 85.99 μm (28.57−113.33, ± 25.46 μm) and 86.67 μm
(28.57−123.08, ± 26.15 μm) for the right and left eyes,
respectively. No change was observed throughout follow-up,
without any evidence of progression in any of the patients
(Figs. 1, 3). ONL thickness (mean ± SD) of 105 ± 12.2 μm
(mean age ± SD; 29 ± 8 years) has previously been reported
in unaffected controls (n = 93).46 There is overlap between
this normative data and our cohort, both at baseline and

follow-up. For CNGA3- and CNGB3-ACHM ONL thickness
(mean ±SD) of 79.2 ± 18.7 μm (mean age ± SD; 24 ± 14
years) has previously been reported.47 Of note, patient P6
has significant ONL thinning compared to the rest of the
cohort (Figs. 2A,B, Fig. 3), and outside of the limits of the
normative data. No foveal hypoplasia was observed in any of
the patients (Figs. 1, 3). OCT and additional FAF findings are
summarized in Supplementary Table S2 and Supplementary
Figure S2.
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FIGURE 3. Spectral domain optical coherence tomography (SD-OCT) and fundus autofluorescence (FAF) Imaging in the patient with foveal
photoreceptor disruption. FAF and corresponding transfoveal horizontal OCT scans of both eyes at baseline (A) and 2 years follow-up (B).
Focal foveal mottling with increased/decreased autofluorescence signal is observed without evidence of progression. White arrow heads
mark the border of the OCT line scan presented below each corresponding FAF image; with prominent foveal thinning and foveal disruption
of the ellipsoid zone (EZ) in both eyes. Beyond the foveal center, the EZ was thickened and hyper-reflective, in keeping with the rest of the
cohort, and without any progression between visits. yo, years old.

Photoreceptor Mosaic Assessed with AOSLO
Imaging

Six subjects underwent AOSLO imaging (patients P2−P5,
P7, and P9). Axial length was measured for those subjects
and was used to scale the final photoreceptor mosaic. Mean
axial length for right and left eyes (range, ± SD) was 24.18
(±2.54, 21.64−29.23) mm and 24.15 (±2.55, 21.70−29.27)
mm, respectively. Mean age (range, ± SD) for the GNAT2
subjects with analyzable AOSLO images was 35 (±17, 8−59)
years and for the previously reported healthy controls was
28 (±11, 18−54) years.40 Patient P4 (normal color vision)
and patients P5, P7, and P9 were successfully imaged, and
the photoreceptor mosaic was available for quantitative anal-

ysis (Fig. 4). Siblings P2 to P3 were the most challeng-
ing to image due to their young age (8.1 and 10.5 years
old), and strong nystagmus, not only for AOSLO, but also
for OCT, albeit to a lesser extent for the latter. Analyzable
high quality images were achieved only from sibling P2;
however, the exact location of those images was difficult
to identify because the final montage was not centered on
the fovea, and due to a lack of major anatomic landmarks
(e.g., blood vessels) that could allow alignment with other
imaging modalities.We tried to analyze ROIs maintaining the
same distances as the rest of the cohort measuring from the
center of the denser area of the mosaic. Cone densities at the
ROIs for patient P2 were the highest in the cohort and match
those from unaffected individuals for a given eccentricity
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FIGURE 4. Adaptive optics scanning light ophthalmoscopy (AOSLO) imaging in GNAT2-ACHM. The white cross marks the foveal center and
the orange line the temporal meridian. The regions of interest (ROIs) are marked with semi-transparent orange 85 μm squares. (A) Patient
P4 has extensive imaging data up to 2500 μm (R7) temporally to the foveal center. First row: Confocal AOSLO image with marked ROIs
shown in the third row in greater magnification. Second row: Co-localized split-detection image, with marked ROIs shown on the fourth
row. For R1 to R3, cone counting was done using confocal detection. For R4 to R7, split-detection was more informative of the cone mosaic
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due to interference of rods on confocal imaging. (B) Foveal photoreceptor mosaic of the left eye of patient P5. Top: Confocal AOSLO image
with ROIs presented in higher magnification on the third row. Second row: Split-detection image with ROIs presented on the fourth row.
The mosaic was regularly organized and cone densities were at the lower limit of the normal range. (C) ROIs for patients P2, P7, and P9 (R1:
190 μm, R2: 350 μm, and R3: 500 μm). (C-I) Patient P2 is the youngest patient of the cohort and had cone densities similar to the average
cone densities in unaffected individuals. Due to the high density, split-detection imaging was not informative at those locations, hence is
not shown. (C-II, III) Patients P7 and P9 are the oldest in the cohort and have a sparser mosaic. Scale bars = 50 μm.

TABLE. Cone Density Measurements

Cone Density (× 103 cones/mm2)

R1‡ R2 R3 R4 R5 R6 R7
Patient* (190 µm) (350 µm) (500 µm) (900 µm) (1500 µm) (2000 µm) (2500 µm)

P2 88.4 60.3 44.0 NA NA NA NA
P4 19.6 17.8 14.8 13.2 11.1 10.4 6.5
P5 61.1 42.4 31.7 NA NA NA NA
P7 27.6 26.2 26.2 NA NA NA NA
P9 45.2 42.1 36.8 NA NA NA NA
Mean for the cohort (± SD) 48.4 (±24.6) 37.8 (±14.7) 30.7 (±9.9) NA NA NA NA
Normative Data† (± SD) 87.3 (±17.6) 62.2 (±11.2) 45.5 (±6.0) 28.7 (±6.0) 18.2 (±4.2) NA NA

Additional information (sex, age, spherical equivalent, visual acuity) are presented In Supplementary Table S3.
* All patients have normal fundus autofluorescence appearance and intact ellipsoid zone on OCT.
‡ Regions of interest (R1 to R7; distance from foveal center).
† From Reference 40.

(Fig. 2D, Figs. 4C−I). Analyzable ROIs for 190 μm (R1),
350 μm (R2), and 500 μm (R3) away from the fovea were
available for all 5 patients (Fig. 4). For subject P4, data out
to 2500 μm temporal to the foveal center were available
(Fig. 4A). Cone densities for all ROIs and mean cone densi-
ties per eccentricity are presented in the Table and plotted
in Figures 2C,D.

DISCUSSION

In this study, we assessed photoreceptor structure in a series
of patients with the ultra-rare form of GNAT2-associated
ACHM, including cross-sectional and longitudinal analyses
of structural and functional features. The findings indicate
that GNAT2-retinopathy has distinct features that differ
from other forms of ACHM, with a dissociation between
the observed photoreceptor mosaic and function, rele-
vant to potential future therapeutic gene supplementation
interventions.

Foveal hypoplasia is a common feature in ACHM cohorts:
all reported subjects with ATF6-ACHM,23 and two thirds
of the reported CNGA3- and CNGB3-ACHM subjects, have
foveal hypoplasia.10,22,28 In our cohort of GNAT2-ACHM, no
case of foveal hypoplasia was observed, a finding simi-
lar to PDE6C-ACHM.24 GNAT2 encodes guanine nucleotide-
binding protein G(t) subunit alpha-2, which is part of the
transducin complex, a G-protein participating in the visual
cycle.48,49 The α-subunit is released from βγ subunits after
the interaction with light activated photopigment in cone
cells and the exchange of GDP for GTP. The released α-
subunit activates the cGMP phosphodiesterase (PDE6C),
which lowers the cGMP and hyperpolarizes photorecep-
tors.50 Interestingly, despite both molecules being involved
in a sequential path in the phototransduction cascade and
both causing ACHM, PDE6C-ACHM presents with far more
severe structural defects than GNAT2-ACHM.24 Structural
integrity of the EZ on OCT was evident in all GNAT2 subjects

(Fig. 1), with the exception of subject P6 (Fig. 3) - repre-
senting an example of the structural intrafamilial variabil-
ity commonplace in inherited retinal diseases.49 The other
four affected individuals from the same pedigree showed
a continuous EZ, with three of the subjects being older.
Functional intrafamilial variability has also been reported in
the same pedigree.7 Similar structural intrafamilial variability
has also been reported in pedigrees of CNGA3-ACHM.22 Due
to the recessive inheritance and the rarity of ACHM, data for
intrafamilial variability are limited. The above finding of loss
of foveal EZ in patient P6, combined with the stable imag-
ing findings over follow-up (Fig. 3), supports the notion that
major EZ loss is an event during early childhood,51 rather
than a progressive phenomenon later in life.52 In the on-
going debate about the stationary or progressive nature of
ACHM, different genotypes should be studied individually.
PDE6C-ACHM was recently reported as a slowly progressive
maculopathy.24 ACHM studies with different proportions of
patients with GNAT2 and PDE6C have shown conflicting
results.52,53 Thiadens et al., in a cohort with five patients
with PDE6C (20%) and no GNAT2, concluded that ACHM
was often a progressive disease.53 Hirji et al., in a cohort with
one subject with PDE6C (2%) and two subjects with GNAT2
(4%), concluded that ACHM was predominantly station-
ary.52

In the current study we extend the phenotypic spec-
trum of GNAT2-retinopathy. Patient P4 had color vision, the
best acuity among this cohort (albeit decreased) and the
thickest foveal ONL, despite low parafoveal cone densities.
The milder phenotype can be attributed to the homozygous
missense variant, which may translate into a protein prod-
uct with residual function, in contrast to the rest of the
cohort harboring null variants (Supplementary Table S1).
Felden et al. in their genotyping study, reported a patient
(CHRO768-II:1) with the same homozygous variant, without,
however, any color vision or ERG data available.8 Interest-
ingly, this patient had undetectable standard light-adapted
(LA30Hz; LA3) ERGs, when tested with International-
standard full-field ERGs,54 and undetectable pattern ERG.55
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The recording to short wavelength flashes on an amber back-
ground (S-cone ERG; stimulus duration 5 ms)56 was simpli-
fied and subnormal bilaterally (Supplementary Fig. S3). The
observed color vision in our patient was better than previ-
ously reported residual color vision in GNAT2,3,6,8 includ-
ing the previously reported pedigree included in our study.7

Despite the milder phenotype observed in patient P4, cone
densities at all ROIs were the lowest in the cohort (Fig. 2D),
that might suggest a different disease mechanism than the
rest of the subjects, with cones with residual function but
decreased in number.

There was an overlap between the range of cone densi-
ties in our cohort and healthy controls, in all three locations
near the fovea (R1−R3),40 with greater variability observed
in subjects with GNAT2 (Fig. 2C, Table). The youngest patient
of the cohort had the best-preserved mosaic and the high-
est densities (Figs. 4,C−I). However, with increasing age,
there was a trend for lower densities. In all subjects, EZ
was continuous on OCT (Fig. 1). The focal disruptions or
increased spacing of the mosaic, leading to lower cone densi-
ties, were easier to identify with AOSLO compared to OCT
(Fig. 1). Peak cone density could not be estimated in any of
the subjects with GNAT2 due to the unresolvable, densely
packed mosaic at the foveal center. In contrast, in CNGA3-
and CNGB3-ACHM, peak cone density is severely reduced,
with mean densities lower than the reported values for R1
(190 μm away from the fovea) in our cohort.22,28 Scotoma
on mesopic microperimetry was reported in all examined
patients with GNAT2 (4/4), whereas only in 1 of 33 subjects
examined with CNGA3- and CNGB3-ACHM.10 In addition,
BCVA, contrast sensitivity, reading acuity, and mean sensi-
tivity were lower in the GNAT2 compared with the CNGA3
or CNGB3 groups.10 The structure and reflectivity of the
photoreceptor mosaic is better preserved in patients with
GNAT2-ACHM compared to other ACHM genotypes.20 In
contrast to this disconnect, recent studies have shown cone
spacing evaluated with AOSLO may correlate with functional
assessments in patients with other inherited retinal degen-
erations, albeit with functioning photoreceptors.57,58 This
emphasizes the potential efficacy of gene replacement ther-
apeutic intervention in subjects with GNAT2.

Limitations

AOSLO insights into disease progression are of great value,
including identification of the optimal therapeutic window
and participant stratification. In the current study, GNAT2
subjects had cross-sectional AOSLO assessment. Longitudi-
nal studies will be in a better position to evaluate evidence
of progression. In addition, the functional and anatomic
dissociation may be further investigated with scotopic test-
ing using chromatic ERG full-field stimulus threshold, cone
and rod specific microperimetry assessment protocols, and
the evolving AOSLO-guided retinal sensitivity assessments
(“nanoperimetry”).59–61

CONCLUSIONS

This is the first in-depth analysis and longitudinal study
of photoreceptor structure in GNAT2-associated ACHM. The
data presented herein describe a potentially greater ther-
apeutic window, compared to all other forms of ACHM
reported to date (CNGA3, CNGB3, PDE6C, and ATF6).
AOSLO imaging allows for a more sensitive assessment

of the photoreceptor mosaic than OCT, despite the lower
successful acquisition rate. Any age-dependent changes
are subtle, with relative preservation of the cone mosaic
observed until late adulthood.
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