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Purpose: To assess longitudinal changes in parafoveal cone density in individuals with congenital achromatopsia
(ACHM).
Design: Retrospective longitudinal study.

Participants: Nineteen individuals (7 women and 12 men) with genetically confirmed ACHM. To be eligible, each
had adaptive optics scanning light ophthalmoscope (AOSLO) images of the photoreceptor mosaic from >2 time points.

Methods: For each individual, follow-up AOSLO montages were aligned to their baseline montage. Notably, 100 x
100 um regions of interest (ROIs) were extracted from the split-detection modality at locations 1°, 5°, and 10° temporal
(T) from the peak cone density in each montage. All ROIs from follow-up visits were then manually aligned to their
respective baseline ROI for that location. Cones were identified in each ROI by one observer, reviewed by a second
observer, and confirmed together in a masked fashion. Cone density was calculated, and a linear mixed model was used
to assess changes in density over time. A Wald test was performed to determine if the cone density changes were
statistically significant.

Main Outcome Measures: Parafoveal cone spacing (at 1°, 5°, and 10° T) as a function of time.

Results: The mean (+ standard deviation [SD]) age at baseline was 21.6 4 10.7 years and the mean (£SD) follow-up
period was 3.83 £ 2.93 years (range, 0.46—8.66 years). At 1° T, we observed a significant decrease of 352 cones/mm?
per year (P = 0.0003). At 5° T, the linear mixed model showed a nonstatistically significant decrease of 58 cones/mm?
per year (P = 0.504). At 10° T, we observed a significant decrease of 139 cones/mm? per year (P = 0.0188). For a 100 x
100 um RO, these density changes correspond to a reduction of between about 0.5 and 4 cones per year, depending on
the location.

Conclusions: Parafoveal cone density estimates in ACHM show a small decrease over time. These observed
changes are within the previously reported longitudinal repeatability values for normal retinas, suggesting the observed
average cone loss may not be clinically meaningful. Further studies with longer follow-up times and more genetically
heterogeneous and age-diverse populations are needed to better understand factors contributing to changes in foveal
and parafoveal cone structure in ACHM over time.

Financial Disclosure(s): Proprietary or commercial disclosures may be found in the Footnotes and Disclosures at
the end of this article. Ophthalmology Science 2025,;5:100765 © 2025 by the American Academy of Ophthalmology. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Supplemental material available at www.ophthalmologyscience.org.
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Congenital achromatopsia (ACHM) is a retinal disorder
associated with substantially reduced or absent cone
function, severely impaired or absent color vision,
nystagmus, photophobia, and reduced visual acuity. Ach-
romatopsia has been linked to mutations in 6 genes
(CNGA3, CNGB3, GNAT2, PDE6C, PDE6H, and ATF6),
with approximately 70% of cases associated with CNGA3
and CNGB3 mutations.' " The success of gene therapy
trials aimed at restoring cone function in patients with
ACHM hinges on the presence of remnant cones in the
retinas of these patients. Imaging with an adaptive optics
scanning light ophthalmoscope (AOSLO) allows for
noninvasive assessment of remnant cone structure in
ACHM.” 7 Marked interindividual variation in foveal
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cone density has been reported in patients with ACHM,”"*
which supports the idea that there may be different
therapeutic potential across individuals. Of additional
interest is using AOSLO to assess cone structure after
administration of gene therapy, which could provide a
sensitive measure of treatment response as well as serve
as a possible safety measure. Having an accurate
assessment of the natural history of disease in these
patients is crucial to interpreting AOSLO data after
therapeutic intervention.

There is conflicting evidence regarding stability of foveal
cone structure in ACHM. Using OCT to assess foveal outer
nuclear layer (ONL) thickness, Thiadens et al” showed that
retinal thickness correlated with age, whereas Thomas
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et al'’ reported that ONL thickness decreased in younger
patients but remained unchanged in other patients.
However, other cross-sectional studies have found no as-
sociation between ONL  thickness and age.”™''
Longitudinal studies of ONL thickness showed similar
disagreement. Aboshiha et al'” and Grissim et al'® both
reported no significant change in ONL thickness at the
fovea over an average 1.6 and 3.1 year follow-up, respec-
tively. In contrast, 2 other studies'*"> showed a slight
increase in ONL thickness over an average 1.07 and 5.1
years follow-up, respectively. OCT has also been used to
examine the integrity of the ellipsoid zone (EZ), with most
cross-sectional studies reporting more severe EZ Phenotypes
with increasing age,”'" although Sundaram et al'' found no
significant association between EZ grade and age.
Longitudinal studies are emerging, and, although EZ
structure has been shown to be remarkably stable in most
patients (with up to 5 years follow-up in some patients),
there are some patients with clear changes in EZ structure
over time (between 5% and 17% of patients in various
studies).'zf”’ In contrast, Triantafylla et al'” showed
changes in EZ structure at the fovea in 15 of 17 patients
(88%) but showed no significant change in ONL thickness
over an average of 5.7 years follow-up. Using AOSLO
images to examine remnant inner segment structure at the
fovea, Georgiou et al® showed a weak negative association
between age and peak cone density in a cohort with only
CNGA3-associated ACHM, whereas studies in a CNGB3-
associated ACHM cohort showed no association between
age and peak foveal cone density.”'* Longitudinal
AOSLO studies have reported relatively stable foveal cone
structure in both CNGA3-associated'® and CNGB3-
associated ACHM. '

Beyond the conflicting conclusions from the above
studies, another limitation is that studies to date have
focused almost exclusively on foveal cone structure.
Although this is thought to be the area with the greatest
potential to restore visual function in patients with ACHM,
it makes up a relatively small area overall, especially with
respect to the blebs typically used to deliver viral vector.'’
Thus, it is important to have similar natural history data
on parafoveal cone structure. Additionally, there is
considerable variation in rod:cone ratios throughout the
retina,”’ and therefore it is possible that the remnant
foveal and parafoveal cones might have different fates in
patients with ACHM. Therefore, the purpose of this study
was to longitudinally examine the parafoveal cone mosaic
in patients with ACHM.

Methods

Participants

The research study was approved by the Institutional Review
Board at the Medical College of Wisconsin (PRO00027165) and
followed the tenets of the Declaration of Helsinki. Written
informed consent was obtained from all individuals and their in-
formation stored in a database (Lattice Version 1.0, Translational
Imaging Innovations, Inc). Nineteen individuals with genetically
confirmed ACHM and >1 follow-up visit where an AOSLO
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montage was generated were included in this study. Most of these
individuals were previously enrolled in a natural history study
(NCT1846052), as summarized in Table S1 (available at
www.ophthalmologyscience.org).

AOSLO Imaging and Analysis

The eye with the best image quality for each individual was imaged
at multiple time points using a custom built AOSLO at the Medical
College of Wisconsin as previously described.”*'** Before
imaging, individuals had their pupil dilated and cycloplegia was
induced with 1 drop each of 1% tropicamide and 2.5%
phenylephrine or 1 drop of Cyclomydril only. In brief, a 775 or
790 nm light source was used for imaging and an 850 nm light
source was used for wavefront sensing. A dental impression on a
bite bar was used to stabilize the head during imaging. Confocal
and nonconfocal split-detector AOSLO images focused on the
cone mosaic were acquired simultaneously (i.e., with spatial and
temporal coregistration) as previously described.” Image sequences
consisting of 150 to 200 frames with an acquisition rate of 16.6
frames/s were recorded at different retinal locations using a
fixation target. The imaging protocol included a 5° x 5° square
grid centered on the fovea and a 12° x 1.75° strip of images
collected temporally (T) from the fovea, sampled at 1° intervals
using 1° to 1.75° square fields of view. In addition to this
standardized imaging protocol, the baseline montage was
overlayed on a fundus image and made available to the imaging
team during acquisition to help ensure the same retinal images
were captured (although the fundus image was not consistently
used).

The raw frames from each image sequence underwent static
sinusoidal distortion correction and were strip-registered to an
automatically selected reference frame, as previously described.”
Confocal and split-detector AOSLO images were montaged
simultaneously either manually or semiautomatically using a multi-
modal montaging algorithm®* and Adobe Photoshop CS6 (Adobe
Systems, Inc). The linear scale of the AOSLO images for a
given individual (S}, ) units: pm/pixel) was estimated at each
time point using the following equation:
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where T represents the periodicity of a Ronchi ruling (Wm/cy-
cles), f; represents the focal length of the model eye in our system
(um), T represents the sampling period of the lines in the model
eye image of 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 4 ), and 4 represents the
actual axial length of the individual’s eye in mm (measured with an
IOL Master, Carl Zeiss Meditec, Inc.).2]

Imaging, image processing, and image montaging were per-
formed at each study visit. For each individual’s baseline montage,
the location of peak cone density within the rod-free zone was
estimated as previously described.””' Using the individual’s
baseline image scale as described above, all follow-up montages
were scaled to the baseline AOSLO montage and manually aligned
to the baseline montage using blood vessel features in the confocal
modality (Adobe Photoshop CS6, Adobe Systems, Inc). The
manual alignment of the montages was further refined by cone-to-
cone alignment between the split-detector AOSLO montages.
Next, split-detector images within each parafoveal locations (1°,
5°, and 10° T to the location of peak cone density) were manually
selected based on subjectively good image quality (defined as
sufficient to assess remnant cone structure), absence of blood
vessels, and degree of overlap between the baseline and all the
follow-up visits (assessed by author N.C.). All selected image


http://www.ophthalmologyscience.org

Chen et al -«

layers were repaired for eye motion (https://github.com/OCVL/
Eye-Motion-Repair).”>  Next, to account for apparent
misalignments in cone locations due to differences in image
distortion between imaging sessions, the selected follow-up im-
ages were aligned to the baseline image using an affine trans-
formation of the “Adaptive Optics Align” mode in i2k Retina
(DualAlign). To accurately align the selected follow-up images to
baseline, cones in the baselines image were manually identified and
selected as a reference point, then corresponding cones were
manually identified and selected at each follow-up image in i2k
Retina. The aligned and transformed output images from i2k
Retina were then manually realigned to the baseline montage and a
100 pm x 100 pm region of interest (ROI) was manually extracted
using Adobe Photoshop CS6 at each location of interest and time
point for analysis.

The ROIs were masked for individual, retinal location, and
time. Cones were then semiautomatically identified using Mosaic
Analytics (Translational Imaging Innovations) in each ROI by one
observer (J.C.). The cones identified by observer 1 were reviewed
by a second observer (N.C.). All ROIs were then rereviewed
together with both reviewers until consensus of cone identification
was reached. Bound cone density was calculated for each ROI,
except in ROIs having fewer than 18 unbound cells, where un-
bound cone density was calculated instead.

Statistical Analysis

Overtime trends in cone density were evaluated using random
intercept models separately for each patient group (1°, 5°, and 10°
T). Random intercept modeling assumes that image-to-image
dependence is explained by subject’s average level, whereas over
time linear trends are the same across all subjects. For example, for
subjects with high density values at earlier images, we anticipate
higher density values at follow-up imaging. Thus, longitudinal
subject-level linear trends only differ by intercepts but share the
same slope. Because there was a suspicion that distribution of cone
density was visually skewed to the right for some groups, we also
performed statistical modeling on natural logarithmic scale. This
logarithmic transformation made our variance less dependent of the
outcome values. Cross-validation was used to calculate robust
standard errors in each of these random effect models. Wald tests
with these standard errors were used to evaluate statistical signif-
icance of overtime linear trends on original and log-transformed
scales in the fitted random intercept models. R version 4.3.2
(Foundation for Statistical Computing) was used for fitting random
intercept models.

Results

For the 19 individuals with ACHM (1 CNGA3 and 18
CNGB3), the mean (£ standard deviation) age at baseline
was 21.6 £+ 10.7 years (median, 17 years; range, 8—44
years). The mean (& standard deviation) follow-up time was
3.83 £+ 2.93 years (median, 3.89 years; range, 0.46—8.66
years; Table S2, available at
www.ophthalmologyscience.org). The number of visits,
including the baseline visit, for each individual with
usable data ranged from 2 to 8 visits. Six out of the 19
(31.58%) individuals (JC_10224, JC_10198, JC_10191,
10069, JC_10310, and JC_10151) had a follow-up visit
>5 years. Four out of the 19 (21.05%) individuals
(JC_10191, JC_10069, JC_10310, and JC_10151) had a
follow-up visit >7 years.

Longitudinal Parafoveal Cone Mosaic in ACHM

Variable Changes in Cone Density Over Time

We were able to acquire and process analyzable parafoveal
cone images using split-detector AOSLO for 187 of the 264
possible ROIs (70.8%). Table S2 details which ROIs were
not included for each subject and each eccentricity, along
with the reason for not including a given ROI (insufficient
image quality or the same ROI location was not acquired).
Of the 77 ROIs not included, 36 (46.8%) were due to the
ROI having insufficient image quality to assess remnant
cone structure, whereas 41 (53.2%) were due to that ROI
location not having been acquired. A similar number of
ROIs were excluded because of insufficient image quality
at 1°T(n=11),5 T (n = 15), and 10° T (n = 10). In
contrast, lack of acquisition was more common at 10° T
(n = 30) that either 1° T (n = 0) or 5° T (n = 11). This
is likely because rotational misalignments compound with
increasing eccentricity.

From the 187 ROIs that were used in our analysis, 77
ROIs were from 19 individuals at 1° T, 62 ROIs were from
18 individuals at 5° T, and 48 ROIs were from 14 in-
dividuals at 10° T. At 1° T, the mean cone density across the
total follow-up period was 11 100 cones/mm’ (range,
4250—40 000 cones/mm?). At 5° T, the mean cone density
across the total follow-up perlod was 4520 cones/mm”
(range, 1100—12 000 cones/mm?). At 10° T, the mean cone
density across the total follow-up Eenod was 3400 cones/
mm? (range, 200—7100 cones/mm?). In comparison, these
values are well below the previously reported normative
histological values of 57 700, 19 700, 11 700, and 9120
cones/mm? at 1°, 3°, 7°, and 10° T, respectively.”’

The linear mlxed model at 1° T showed a significant
decrease of 352 cones/mm?> per year (P = 0.0003) (Fig 1A),
which suggests cone loss throughout the follow-up period.
The range of cone density change between baseline and the
final follow-up visit at 1° T was —4520 to 2740 cones/mm”.
The linear mixed model at 5° T showed a decrease of 58
cones/mm? per year, although this was not significant (P =
0.504) (Fig 1B), which suggests that these cones were stable
throughout the follow-up period (Fig 2). The range of cone
density change between baseline and the ﬁnal follow-up
visit at 5° T was —2590 to 1560 cones/mm”. The linear
mixed model at 10° T showed a significant decrease of 139
cones/mm? per year (P = 0.0188) (Fig 1C), which suggests
cone loss throughout the follow-up period (Fig 3). The range
of cone density change between baseline and the ﬁnal follow-
up visit at 10° T was —1670 to 371 cones/mm?. For the
100 x 100 pm ROIs used in this study, these changes in
density correspond to an average decrease of between 0.5 and
4 cones per year, depending on the location.

Discussion

In this study, we observed a statlstlcally significant decrease
of 352 and 139 cones/mm” per year at 1° and 10° T

respectlvely, with a nonsignificant decrease of 58 cones/
mm? per year at 5° T. Although our results show a decrease
in parafoveal cone density, it is important to put these results
in context with known repeatability of cone density
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Figure 1. Longitudinal cone density over time for (A) the 19 individuals at 1° temporal, (B) the 18 individuals at 5° temporal, and (C) the 14 individuals at 10°
temporal. Each line represents cone density values for a given individual. Colored lines represent individuals presented in Figures 2 and 3. Dotted line represents the
linear mixed model showing the average change in cone density among all the individuals at that location. At 1° temporal there is an overall statistically significant
decrease of 352 cones/mm? per year (P = 0.0003). At 5° temporal there a decrease of 58 cones/mm? per year that was not significantly significant (P = 0.504). At
10° temporal there is an overall statistically significant decrease of 139 cones/mm? per year (P = 0.0188). Raw data are available in Table S2

measures. In fact, the decrease in cone density are within the ~ density in normal retinas over time, which showed a 2-
repeatability values Jackson et al*® previously presented for year mean (£ standard deviation) cone density change of
normal retinas. Their longitudinal study measured cone 100 £ 1800 cones/mm? at 350 pm (1.20°) and 1000 4 2400
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Figure 2. Examples of regions of interest (ROls) showing no reduction in cone density over time. Shown below each ROI are the cones identified for each
visit: gray fill = identified at baseline (and the respective follow-up visit); open circle = cone identified at baseline but not at the respective follow-up visit;
and black fill = cone identified only at the respective follow-up visit. Images from JC_10028 at 1° temporal, JC_10196 at 5° temporal, and JC_10310 at 10°
temporal. Despite differences in image quality and distortion, most cones are present throughout the follow-up period. Number in lower left of each image
indicates number of months since baseline. ROIs are each 100 x 100 pm.

cones/mm® at 1500 pm (5.15°) in normal individuals.”® found a repeatability of 2.7% or 1967 cones/mm?. In other
Additionally, a previous study by Garrioch et al’’ words, for 95% of pairs of observation, the difference
examined repeatability of cone density measurements in between 2 measurements for the same individual would be
normal individuals over a single imaging session. They <1967 cones/mm” at 190 pm (0.65°).”” Taking these
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Figure 3. Examples of regions of interest (ROls) showing reduction in cone density over time. Shown below each ROI are the cones identified for each visit:
gray fill = identified at baseline (and the respective follow-up visit); open circle = cone identified at baseline but not at the respective follow-up visit; and
black fill = cone identified only at the respective follow-up visit. Images from JC_10224 at 1° temporal show clear cone changes. Cones that are present at
baseline disappear by 12 months and are still absent at 32 and 66 months (square insets). Images from JC_10191 at 5° temporal show variable cone loss
across the follow-up period (square insets). Certain cones at baseline are present at 12 months, whereas some have begun to disappear. By 67 months, more
of the outlined cones have disappeared. By the last follow-up period, almost all the cones have disappeared. Images from JC_10069 at 10° temporal shows
various cones that are present at baseline and 12 months but begin to disappear by 87 months and some are still absent at 102 months (individual squares).
The number in lower left of each image is the number of months since baseline. ROIs are each 100 x 100 pm.
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findings from normal retinas into consideration, the decrease
in cone density reported here may not be clinically
meaningful. Of course, it is worth noting some
methodological differences between the above studies.
Garrioch et al”’ used confocal AOSLO images at a 55 x
55 wm ROI, whereas our study looked at ACHM
individuals, with cone densities known to be lower than
normal individuals, in the split imaging modality at a
100 x 100 pm ROL In a study by Tanna et al** looking
at individuals with Stargardt’s, they found that there was
no difference in cone density between the confocal and
split-detector imaging modalities in 3 of the 4 graders.
Additionally, they concluded that split-detection AOSLO
provided a statistically significant higher reliability and
repeatability of cone density measurements when compared
with the confocal modality.”® Although the size of the ROI
is known to influence cone density, the study by Zaleska-
Zmijewska et al”’ found that there was not a statistical
difference in cone density between 50 x 50 pum and
100 x 100 pm ROIs. An additional point is that we
analyzed the ROIs in a randomized masked fashion to
mirror what might be done in a clinical trial. Unmasked
side-by-side examination of images from different time
points might aide in the interpretation of cone structure at a
given time point, which might provide a more accurate
picture of biological changes in ACHM. That said, because
the focus of our study was to provide data that could ulti-
mately be used for comparison in individuals receiving gene
replacement therapy, we believed it best to adopt an
analytical approach similar to what would be used in a trial.

Because age-related changes can confound the interpre-
tation of our results, it is also imperative to discern the
difference between disease progression and normal age-
related changes. In a cross-sectional AOSLO imaging
study conducted by Park et al,”” they found a negative
correlation between cone density and age, although the
correlation was not statistically significant. A different
cross-sectional AOSLO imaging study conducted by Song
et al’' showed that cone density is statistically lower within
0.45 mm of the fovea in older (50—65 years old) compared
with younger (22—35 years old) individuals. More recently,
Reumueller et al’” used adaptive optics OCT to show a
statistically significant decrease in cone density of 10
cones/mm® per year. Although our study showed a
statistically significant decrease in cone density, it is
difficult to discern if our changes in cone density changes
are attributable to disease progression rather than natural
aging. Histologically, Curcio et al™® found that cone
density is stable during adulthood, but rod density
decreases by 30% by the ninth decade of life, with an
average loss of 684 rods/mm® per year. Alternatively,
histological studies conducted by Panda-Jonas et al,”
found that, although rods were affected more than cones,
both cones and rods declined with age with a large
decline in parafoveal regions as early as 2 to 5 mm away
from the fovea, but most prominent decline 5 to 8 mm
away from the fovea. They predicted a steady loss of 236
rods/mm?” per year and a 5.90 cones/mm” per year or a
37% decline in rods and a 18% decline in cones in a 100-
year lifespan.” Similarly, Gao and Hollyfield” also

concluded rods are more vulnerable to cones with
increasing age and photoreceptor loss accompanying age
was less pronounced in the fovea when compared with the
periphery. Because ACHM is a congenital condition
affecting proteins expressed in cone photoreceptors, the
remaining visual functions in patients with ACHM is
primarily mediated by the normally functioning rod
photoreceptors. Therefore, any natural/normal loss of rod
photoreceptors could contribute to perceived progression
of ACHM. Further AOSLO imaging studies in normal
individuals may be necessary to help interpret age-related
changes in the overall photoreceptor mosaic (i.e., deter-
mine whether any observed changes are due to normal aging
or are a part of the ACHM disease sequence).

There are some limitations to our study. First, only in-
dividuals with a successful record of AOSLO imaging were
followed (because of resource limitations). Previous esti-
mates suggest a success rate of around 50% in this popu-
lation, and this issue of selection bias may misrepresent the
degree of remnant cone structure in ACHM.*® This may also
impact longitudinal measures, so our observations may not
necessarily extend to other ACHM populations. Second,
we relied on the presence of individual cones at locations
with decent quality images for alignment of AOSLO
montages. Nystagmus, poor fixation, fatigue, and other
factors for a portion of individuals at follow-up time
points resulted in the same area on follow-up not always
being imaged or, if it was imaged, it was not always of
sufficient quality for analysis. The focus offset between rods
in the confocal channel and cones in the split-detection
channel contributes to this issue of “quality,” as the fully
processed split-detection image was not visible to the
operator in real-time. Regardless of the reason, there were
fewer ROIs at follow-up despite quantifiable ROIs at earlier
time points for some individuals (see Table S2). Thus, real
changes in cone structure at locations excluded on follow-up
could have been missed. Our experience was similar to
previous studies that had challenges acquiring consistent
and analyzable image quality over time.”'* Future
opportunities to implement eye-tracking tools on AOSLO
devices might aid in imaging challenging patient pop-
ulations, and use of OCT to prescreen patients could
potentially increase overall yield.”’ Third, many individuals
had a short follow-up time as the mean follow-up time was
3.83 years (median, 3.89 years), which might not be long
enough if ACHM is a slowly progressive condition. Previ-
ous longitudinal OCT studies had follow-up times ranging
from 1.07 to 5.7 years,'”'*"'" although only 3 of these
studies had a longer mean follow-up time than that of our
study.”” 7 Additionally, 6 of our 19 (31.58%) individuals
were followed for >5 years, and 4 of our 19 (21.05%) in-
dividuals had follow-up visits >7 years. Lastly, most in-
dividuals in our study had CNGB3-associated ACHM, with
only one individual with CNGA3-associated ACHM. The
progression and phenotypic changes for other genotypes
causing ACHM, might be different. We already know that
GNAT2- and ATF6-associated ACHM have a different
phenotype compared with CNGA3- and CNGB3-associated
ACHM."***° Our cohort did not include many children for
which we could get analyzable images over time. As
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nystagmus is shown to decrease with age in some in-
dividuals,” it is possible that AOSLO image quality could
improve. As such, continued evaluation of these patients
is worthwhile even when initial imaging is unsuccessful.
With respect to future longitudinal studies involving
AOSLO imaging, our study offers some important insights.
First, given the small field of view used in most AOSLO
systems, real-time alignment to a baseline montage is crit-
ical to ensure the same retinal locations are imaged over
time. This will ensure the inclusion of the greatest number
of possible ROIs in a longitudinal study. Second, it is
important to develop uniform training for individuals per-
forming image acquisition as laboratory and clinic personnel
can change over the course of a long study. We were not
able to use the same operator over time for each individual,
with 29 unique individuals being involved in image acqui-
sition (see Table S2). In our experience, operator expertise
can result in variability in image quality and success rate,
especially in challenging patient populations such as
ACHM. We have a fairly robust internal training program,
which aligns with the observation that there was no
obvious trend of ROI exclusion due to image quality
issues being associated with specific imagers (see
Table S2). Regardless, future studies should include a
form of imager certification to ensure consistency within
the study/trial. Finally, identification of cones and cone
density measurements relied on a semiautomatic process.
Nonautomated, manual identification of photoreceptors
relies heavily on observer experience and subjective
interpretation of structural features in split-detector
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images.”' Both factors can impact consistency of cone

identification. This variability was attempted to be
minimized in our study 2 ways. First, by having a single,
experienced observer for all initial measurements. Second,
cone density was reviewed by a second observer and then
rereviewed with both observers together. Indeed, previous
studies have shown good intraobserver repeatability of
manual cone density measurements for both individuals
with normal vision and individuals with ACHM.'**

Whereas, interobserver studies of cone density
measurements in  ACHM  have shown  poor
reproducibility.”’  Although previous studies showed

intraobserver cone density measurements were repeatable,
the exact cones identified can vary. In our study, this can
be seen as specific cones identified differed across the
study period, yet the cone density remained stable (see Fig
2). Future longitudinal studies may benefit from further
advances in automation of cell detection in split-detector
AOSLO images, which would help standardize cone iden-
tification and cone density measurements.****

In conclusion, we observed small reductions in paraf-
oveal cone density in ACHM, although we propose that
these changes are not clinically meaningful in the context
of previous longitudinal and repeatability studies in
normal individuals. Our results are consistent with ACHM
being a stable or a very slowly progressing condition (at
least with respect to cone structure), which aligns with
numerous prior results. Such data will be useful in inter-
preting results from prior and ongoing gene therapy
studies in ACHM. "
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