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Abstract
Purpose: To determine interocular symmetry of foveal cone topography in achromatopsia

(ACHM) using non-confocal split-detection adaptive optics scanning light ophthalmoscopy

(AOSLO).

Methods: Split-detector AOSLO images of the foveal cone mosaic were acquired from.both
eyes of 26 subjects (mean age 24.3 years; range 8 — 44 years, 14 females) with genetically
confirmed CNGAS3- or CNGB3-associated ACHM. Cones were identified within-a manually
delineated rod-free zone. Peak cone density (PCD) was determined using an:80'x 80 um
sampling window within the rod-free zone. The mean and standard deviation (SD) of intercell
distance (ICD) were calculated to derive the coefficient of variation (CV). Cone density

difference maps were generated to compare cone topography between eyes.

Results: PCD (mean + SD) was 17,530 + 9,614 cones/mm? and 17,638 + 9,753 cones/mm? for
right and left eyes, respectively (p = 0.677, Wilcoxon test). The mean (+ SD) for ICD was 9.05 +
2.55 ym and 9.24 + 2.55 um for right and left eyes, respectively (p = 0.410, paired t test). The
mean (+ SD) for CV of ICD was 0.16 = 0:03 uym and 0.16 + 0.04 um for right and left eyes,
respectively (p = 0.562, paired.t test). Cone density maps demonstrated that cone topography of

the ACHM fovea is non-uniform with local variations in cone density between eyes.

Conclusions: These results demonstrate interocular symmetry of the foveal cone mosaic (both
density and-packing) in ACHM. As cone topography can differ between eyes of a subject, PCD
does not completely describe the foveal cone mosaic in ACHM. Nonetheless, these findings are
of value in longitudinal monitoring of patients during treatment trials and further suggest that
both eyes of a given subject may have similar therapeutic potential and non-study eye can be

used as a control.

Keywords: achromatopsia, interocular symmetry, fovea, retinal imaging, cone photoreceptors



Introduction

Congenital achromatopsia (ACHM) is a retinal disease associated with substantially reduced or
absent cone function, severely impaired or absent color vision, nystagmus, photoaversion, and
reduced visual acuity.” While ACHM has been linked to disease-causing sequence variants in
CNGA3, CNGB3, GNAT2, PDE6C, PDE6H, and ATF6 genes,z'6 approximately 70% of ACHM
cases are associated with variants in the subunits of the cyclic nucleotide-gated ion channel
(CNGA3 and CNGB3).” Despite severely impaired cone function, recent studies utilizing
adaptive optics scanning light ophthalmoscopy (AOSLO) and optical coherence tomography
(OCT) have demonstrated the presence of remnant foveal cone structure in' most patients with
ACHM.®"" These remnant cones serve as the cellular target for gene therapy trials for ACHM,

and thus there is great interest in understanding the variability in cone structure across patients.

Besides inter-subject variation, there is interest in characterizing differences in foveal structure
within a subject. For example, assessing the interocular symmetry of foveal cone structure may
be important for selection of patients and monitoring outcomes in clinical trials, where the
contralateral eye could be used as.a control. Interocular symmetry of foveal outer nuclear layer
(ONL) thickness'" and the-integrity. of the ellipsoid zone®'? have been recently demonstrated in
patients with ACHM. However, as the appearance of the ellipsoid zone and the ONL thickness
do not necessarily correlate with the degree of remnant cone structure on AOSLO,? it cannot be
assumed that this symmetry extends to the foveal cone mosaic. Therefore, the purpose of this
study.is to assess interocular cellular symmetry through detailed examination of the topography

of the foveal cone mosaic in ACHM using non-confocal split-detector AOSLO.

Methods

Subjects

This research followed the tenets of the Declaration of Helsinki and was approved by the



Institutional Review Boards at the Medical College of Wisconsin (PRO00030741) and
Moorfields Eye Hospital. Written informed consent was obtained from all participants and their
information stored in a database (Lattice Version 1.0, Translational Imaging Innovations, Inc.,
Hickory, NC). Images from 26 patients (mean age 24.3 years; range 8 — 44 years; 14 females)
with genetically confirmed CNGAS3- or CNGB3-associated ACHM (2 and 24 subjects,
respectively) were used for this study. Twenty-one subjects were recruited as part of other
studies and have appeared in previous publications (Table 1).%"" Best corrected visual acuity
(BCVA) was measured for each eye using either the Early Treatment Diabetic Retinopathy

Study chart or the Electronic Visual Acuity protocol.

AOSLO imaging

Prior to imaging, subjects had their pupils dilated with'one drop each of 1% tropicamide and
2.5% phenylephrine or one drop of Cyclomydril only. Both eyes of each subject were imaged
using a custom-built AOSLO, housed at either Medical College of Wisconsin or Moorfields Eye
Hospital, as previously described.'® In brief, a 790 nm light source was used for imaging and
an 850 nm light source was used for wavefront sensing. The power of these light sources
measured at the cornea was 70:and 17 uW, respectively.' The head of each subject was
stabilized by a dental.impression on a bite bar. Simultaneous confocal and non-confocal split-
detector AOSLO.images focused on the foveal cone mosaic were acquired in absolute spatial
and temporal co-registration, as previously described.® The imaging protocol included a 5°
square grid.centered on the fovea, sampled at 1° intervals using 1° to 1.75° square fields of
view. Image sequences consisting of 150 to 200 frames with an acquisition rate of 16.6

frames/second were recorded at different locations using a fixation target.

The raw frames from each image sequence were corrected for sinusoidal distortions and strip-

registered to a reference frame, as previously described.?*?' For each eye, the confocal and



split-detector AOSLO images were montaged simultaneously either manually or semi-
automatically using a multi-modal montaging algorithm? and Adobe Photoshop CS6 (Adobe
Systems, Inc., San Jose, CA, USA). The linear scale of the AOSLO images for a given subject

(S,Q(x); units: um/pixel) was estimated by using the following equation:

o T (180>RMF<ZA>
R flTs n lA,O

Where T represents the periodicity of a Ronchi ruling (um/cycles), f; represents the focal length
of the model eye in our system (um), T, represents the sampling period between lines in the
Ronchi ruling (pixels/cycle), RMF represents the assumed retinal magnification factor (291
pm/degree) of an eye with a 24.0 mm axial length (represented by lA_o),23 and [, represents the
actual axial length of the subject’s eye in mm (measured-with-an IOL Master, Carl Zeiss

Meditec, Inc., Dublin, CA).

Analysis of cone metrics

Using a previously published method,® the approximate extent of the rod-free zone at the fovea
was defined for each eye. The area of the rod-free zone was measured by outlining the region
with the polygon tool and using the scale of the AOSLO montage in ImageJ.?* All cones within
the delineated rod-free zone'were manually and semi-automatically® identified and represented
by their coordinate location within the split-detector image. For this study, an 80 x 80 ym sample
window was then-used to determine density in cones per square millimeter at each pixel within
the coordinate array using custom Matlab software (Mathworks Inc., Natick, MA USA). All cone
coordinates within the sample window were included in the measurement. Cone density maps
were generated using the cone coordinates across the rod-free zone, and the location of

maximum cone density (i.e., peak cone density, PCD) was used to anchor subsequent



analyses. As there were often multiple pixel locations with the same cone density value, the

cone density at the location centered between these locations was used as the PCD.

Cone packing metrics (inter cell distance [ICD] and coefficient of variation [CV] of ICD) were
determined using all identified cone coordinates within an 80 x 80 um region centered on the
location of PCD for each fovea. ICD was calculated as the average distance between a cell and
all of its immediate neighbors for all cells within a region of interest, and CV of ICD was

calculated as the standard deviation of ICD divided by the mean ICD.®

To compare overall cone topography between eyes of a subject, a difference map was
generated by calculating the absolute value of the difference.in cone density at each
overlapping pixel within the rod-free zones of each eye. Density maps for left eyes were flipped
to be in the same nasal-temporal orientation as right eyes. The density maps were then aligned
using their respective PCD location. Before subtracting the density maps, the map with the
larger scale (um/pixel) was resampled using nearest-neighbor interpolation to match the scale
of the map from the other eye. Because the size and shape of the rod-free zone as well as the
location of the PCD within.the rod-free zone differed between the two eyes of a give subject, the
size of the resultant density map was always smaller than the density map for either individual

eye for that subject.

Statistical analysis

Statistical analyses were completed using Prism 8 (GraphPad, La Jolla, CA, USA). Raw values
and interocular differences for each metric were tested for normality using the Shapiro-Wilk test
(with p < 0.05 as criterion) to guide use of statistical methods as appropriate. Linear regressions
were plotted to determine correlations between eyes. Raw PCD values and BCVA between

eyes did not pass normality testing; therefore, the Wilcoxon signed-rank test was used to test for



significant differences between eyes. For cone packing metrics (ICD and CV of ICD), raw values
and interocular differences passed normality testing and a paired t test was used to test for
differences between eyes. Bland-Altman analysis for each metric was used to examine the

limits of interocular agreement.?®%

Results
For BCVA, the mean = standard deviation (SD) was 0.87 £ 0.20 logMAR for right eyes and 0.87
+ 0.21 logMAR for left eyes. The BCVA was not significantly different between eyes (Wilcoxon

signed rank test, p = 0.714). BCVA for each subject is listed in Table 1.

Cone metrics were analyzed within the rod-free zone, which had an area (mean + SD) of 0.16 +
0.09 mm? and 0.17 + 0.11 mm? for right and left eéyes, respectively. For PCD, the mean + SD
was 17,530 + 9,614 cones/mm? for right eyes:and 17,638 + 9,753 cones/mm? for left eyes.
Across subjects, the PCD was not significantly different between eyes (Wilcoxon signed rank
test, p = 0.677). Linear regression analysis showed a strong correlation between eyes (Figure
1A). Bland-Altman analysis,of the PCD showed good agreement between eyes, with a mean
bias (OD — OS) of -108 cones/mm? (Cl -1093 cones/mm? to 877 cones/mm?), and 95% of the
differences falling between -5132 cones/mm?and 4916 cones/mm? (Figure 1D). An example of
a subject with good symmetry by PCD (determined by a small percent difference, 6%) is shown
in Figure 2A-B. An example of a subject with the worst symmetry by PCD (determined by the

largest percent difference, 56%) is shown in Figure 2C-D.

For ICD, the mean + SD was 9.05 + 2.55 ym and 9.24 + 2.55 ym for right and left eyes,
respectively. The ICD was not significantly different between eyes (paired t test, p = 0.410, t =
0.8384, df = 25). Linear regression analysis showed a strong correlation between eyes (Figure

1B). Bland-Altman analysis showed good agreement between eyes, with a mean bias (OD —



0OS) for ICD of -0.19 ym (CI -0.63 pm to 0.25 uym), and 95% of the differences falling between -
2.45 ym and 2.07 ym (Figure 1E). An example of a subject with good symmetry by ICD (6.5%
difference) is shown in Figure 3A-B. An example of a subject with the worst symmetry by ICD

(30% difference) is shown in Figure 3C-D.

For CV of ICD, the mean + SD was 0.16 £ 0.03 um and 0.16 £ 0.04 pm for right and left eyes,
respectively. Although the CV of ICD was not significantly different between eyes (paired t test,
p = 0.562, t = 0.5880, df = 25), linear regression showed a weak correlation (Figure 1C). Bland-
Altman analysis showed good agreement between eyes with a mean bias (OD — OS) for CV of
ICD of 0.003 (CI -0.01 to 0.02), and 95% of the differences falling between -0.06 and 0.07
(Figure 1F). The subject in Figure 3C-D had the best symmetry by CV of ICD (1% difference).
An example of a subject with good symmetry byCV of ICD (CV of ICD interocular difference of -
0.01) is shown in Figure 4A-B. An example of a subject with the second-worst symmetry by CV

of ICD (46% difference) is shown in Figure 4C-D.

As PCD gives information about the maximum density at only one location in a given fovea, we
also examined the topography of cone density across the rod-free zone in ACHM (Figure 5).
Cone density across.the ACHM fovea is non-uniform. A subject with good interocular symmetry
by PCD (JC_10216) also demonstrates similar interocular cone topography with local areas of
divergent. cone density. In contrast, the subject with the worst interocular symmetry by PCD
(JC..10232) demonstrates dissimilar interocular cone topography. In addition, some eyes
contained multiple areas of high density, as in JC_0047, with local variation in cone density

surrounding the PCD location and secondary areas of high density.

Discussion



Here we demonstrate interocular symmetry of the remnant foveal cone mosaic in patients with
ACHM. In addition to this symmetry, the remaining cone density is significantly lower than that
seen in individuals with normal vision.?®* The Bland-Altman analysis indicates that interocular
differences for PCD are expected to be less than 4928 cones/mm? (28%) for 95% of subjects
with ACHM. While other metrics of cone packing (ICD and CV of ICD) also showed no
significant differences between eyes, there was more variability in these metrics. There was
also a high degree of variability in the qualitative topography of the cone mosaic within the rod-
free zone, suggesting that PCD should not necessarily be used as a single descriptor to
represent the degree of remnant cone structure in patients with ACHM. Nonetheless, our data

]
.10

are in agreement with recent work from Georgiou et al.,”” who observed no significant difference

in PCD, ICD, or CV of ICD in seven subjects with CNGA3-associated ACHM.

Collectively, these data are similar to observations'made in patients with ACHM using other
imaging modalities. For example, Sundaram et al.'? and Langlo et al.® reported symmetry in the
grade of the ellipsoid zone disruption'on OCT (using this fact to support a study design in which
they conducted more detailed analyses in just one eye of each subject). In addition, Matet et
al.*' found no interocular difference in the size of ellipsoid zone defect on OCT. Mastey et al."’
also demonstrated no.significant difference in foveal ONL thickness in 76 subjects with ACHM
(though the ONL: thickness was generally reduced compared to control subjects). In addition,
Matet et al:*' showed no difference between eyes in the extent of the hyperautofluorescent
perifoveal ring' observed using short-wavelength autofluorescence or the extent of the central

1" also

hypoautofluorescence observed using near-infrared autofluorescence. Aboshiha et a
reported no difference in fundus autofluorescence between eyes in a cohort of 38 patients with
ACHM. The lack of interocular differences in patients with ACHM, and the fact that symmetry is
also observed in subjects with normal vision for both PCD* and foveal ONL thickness'" is

consistent with a symmetrical disease process in ACHM.

10



In addition to structural symmetry, there is functional symmetry (e.g., visual acuity, contrast
sensitivity, and microperimetry) in patients with ACHM. Consistent with our result in a population
of mostly patients with CNGB3-associated ACHM, no significant interocular difference in BCVA
in patients with CNGA3-associated ACHM has been reported.'** Matet et al.>' also showed a
strong correlation between visual acuity from right and left eyes in patients with ACHM
(r0=00.82, pr1=110.001). In addition, Zobor et al.** demonstrated a lack of significant interocular
difference in functional results, including contrast sensitivity and microperimetry in patients with
ACHM and Aboshiha et al.** found no significant interocular differencerin dark adaptation
thresholds in patients with ACHM. Together with our findings of structural symmetry in AOSLO,

these data suggest that both eyes of a given subject may have similar therapeutic potential.

Our study has a number of limitations. First, we only assessed the foveal cone mosaic. As the
foveal cone mosaic drives the majority of our normal visual function, a logical focus has been on
using the degree of remnant foveal cane structure to estimate the therapeutic potential for
improving vision in ACHM.2 However, it is not clear to what extent restoring parafoveal cone
function would improve the-non-acuity-related symptoms of ACHM (e.g., nystagmus,
photoaversion). There has been minimal assessment of parafoveal cone structure in ACHM,®
and thus the intraocular topography and interocular symmetry of parafoveal cone structure is
not known:"Second, the foveal cone analyses relied on cone identification by a single observer.
Itthas been.shown that cone identification in AOSLO images from patients with ACHM can show
differences across observers of varying expertise.” While we do not think this affects the
conclusion of interocular symmetry using a single experienced observer, deriving accurate
estimates of remnant cone structure in ACHM may benefit from the use of multiple observers or
automated cone identification algorithms.?>***" Additionally, as we only included subjects with

quantifiable AOSLO images in both eyes, it is possible that this may have introduced some bias.

11



Finally, as the “rod-free zone” was subjectively identified and is not a clear boundary, we cannot
exclude the presence of rod structure within this area. The area of this rod-free zone in the
ACHM fovea was smaller than that previously reported by histology in the normal fovea, which
is estimated to be about 0.3 mm? (horizontal diameter = 0.35 mm:; axial ratio = 1.29) with rods
appearing 100 to 200 um from the center of the fovea.*® We did not assess the rod mosaic, but
the degree to which rod structure encroaches on the foveal center may influence the topography
of the cone mosaic and could also underlie downstream visual disruptions in the visual system,
such as the rod-driven activity reported in the foveal representation of the primary visual
cortex.*® Fully classifying therapeutic potential in patients with ACHM will require additional

comprehensive analyses of the photoreceptor mosaic in future studies.
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Figure Captions

Figure 1. Foveal cone metrics demonstrate interocular symmetry in ACHM. Shown are linear
regression (A-C) and Bland-Altman plots (D-F) for peak cone density, inter cell distance (ICD),
and coefficient of variation (CV) of ICD, respectively. For the linear regression analysis, each
open circle represents data from the right and left eyes of a given subject, the solid line
represents linear regression for right and left eye data, and the dashed lines represent the 95%
confidence interval for each regression. For the Bland-Altman plots, the solid line represents
average bias between the eyes, dashed lines represent limits of agreement, and gray shading

represents confidence intervals for the bias and limits of agreement.

Figure 2. Examples of interocular symmetry in ACHM by peak cone density (PCD). Shown are
split-detector AOSLO images of the fovea in twoisubjects with ACHM. JC_10216 had good
interocular symmetry by PCD (6% difference), with 12,031 cones/mm? in the right eye (A) and
12,813 cones/mm? in the left eye (B). dC_10232 had the worst interocular symmetry by PCD
(56% difference), with 9,688 cones/mm? in the right eye (C) and 5,469 cones/mm? in the left eye

(D). White cross, location of PCD. Scale bar, 100 um.

Figure 3. Examples.of interocular symmetry in ACHM by inter cell distance (ICD). Shown are
split-detector AOSLO images of the fovea in two subjects with ACHM. JC_ 10024 had good
interocularsymmetry by ICD (6.5% difference) with 5.87 um in the right eye (A) and 6.27 pm in
theleft eye (B). JC_0047 had the worst interocular symmetry by ICD (30% difference) with 8.63
pm'in the right eye (C) and 11.62 um in the left eye (D). Images were minimally adjusted for
brightness and contract for display only. White cross, location of peak cone density. Scale bair,

100 pm.
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Figure 4. Examples of interocular symmetry in ACHM by coefficient of variation of inter cell
distance (CV of ICD). Shown are split-detector AOSLO images of the fovea in two subjects with
ACHM. JC_10999 had good interocular symmetry by CV of ICD (12% difference), with 0.11 in
the right eye (A) and 0.13 in the left eye (B). JC_10195 had the second-worst interocular
symmetry by CV of ICD (46% difference), with 0.22 in the right eye (C) and 0.14 in the left eye
(D). Images were minimally adjusted for brightness and contract for display only."White cross,

location of peak cone density. Scale bar, 100 pm.

Figure 5. Foveal cone photoreceptor topography in ACHM. Density. maps showing cone density
at every pixel within the rod-free zone in the right and left eyes of three subjects (OD and OS,
first and second columns respectively). Data from the left eye is flipped to match the same
nasal-temporal orientation as the right eye. Difference maps (third column) show absolute
difference between right and left eyes of a subject. JC_ 10216 is an example of good interocular
symmetry by peak cone density (PCD).and JC_10232 had the worst interocular symmetry by
PCD as shown in figure 2. JC_0047 shows an example of multiple areas of relatively high cone

density within the rod-free zone.! White cross, location of PCD. Scale bar, 100 pym.
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Table 1. Subject characteristics.

_ Age _at Gene BCVA, BCVA,
Subject ID Sex Imaging Affected LogMAR LogMAR
(years) oD OS
JC _0047* M 17 CNGB3 0.78 0.90
JC_10024* M 27 CNGB3 0.92 0.88
JC_10069* M 22 CNGAS3 0.82 0.80
JC_10089* F 40 CNGB3 1.06 0.86
JC 10151~ F 10 CNGB3 0.98 0.90
JC 10167* F 16 CNGB3 1.54 1.54
JC _10191* M 35 CNGB3 0.70 0.68
JC_10195* M 8 CNGB3 0.82 0.78
JC_10196* F 33 CNGB3 0.86 0.74
JC_10197* F 8 CNGB3 0.94 1.02
JC_10198* F 44 CNGB3 0.96 1.02
JC 10216* M 17 CNGB3 0.82 0.80
JC _10224* M 37 CNGB3 0.68 0.72
JC _10232* M 19 CNGB3 0.76 0.80
JC_10247* M 24 CNGB3 1.42 1.46
JC_10248* F 16 CNGB3 0.82 0.82
JC_10310* M 33 CNGB3 0.78 0.88
JC_10853* F 28 CNGB3 0.78 0.82
JC_10854* M 32 CNGB3 0.66 0.76
JC_10999 F 9 CNGB3 0.78 0.64
JC 11062 F 41 CNGA3 0.88 0.88
JC_1208* M 17 CNGB3 0.86 0.90
MM_0162* F 17 CNGB3 0.72 0.76
MM_0328 F 23 CNGB3 0.78 0.70
MM_0345 F 32 CNGB3 0.80 0.82
MM_0361 F 26 CNGB3 0.80 0.82

*Subjects previously reported.®"’
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