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PURPOSE. Achromatopsia (ACHM) is an autosomal recessive retinal disease associated with
reduced or absent cone function. There is debate regarding the extent to which cone
structure shows progressive degeneration in patients with ACHM. Here, we used optical
coherence tomography (OCT) images to evaluate outer nuclear layer (ONL) thickness
and ellipsoid zone (EZ) integrity over time in individuals with ACHM.

METHODS. Sixty-three individuals with genetically confirmed ACHM with follow-up rang-
ing from about 6 months to 10 years were imaged using either Bioptigen or Cirrus OCT.
Foveal cone structure was evaluated by assessing EZ integrity and ONL thickness.

RESULTS. A total of 470 OCT images were graded, 243 OD and 227 OS. The baseline
distribution of EZ grades was highly symmetrical between eyes (P = 0.99) and there was
no significant interocular difference in baseline ONL thickness (P = 0.12). The EZ grade
remained unchanged over the follow-up period for 60 of 63 individuals. Foveal ONL
thickness showed a clinically significant change in only 1 of the 61 individuals analyzed,
although detailed adaptive optics imaging revealed no changes in cone density in this
individual.

CONCLUSIONS. ACHM appears to be a generally stable condition, at least over the follow-
up period assessed here. As cones are the cellular targets for emerging gene therapies,
stable EZ and ONL thickness demonstrate therapeutic potential for ACHM, although other
aspects of the visual system need to be considered when determining the best timing for
therapeutic intervention.
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Achromatopsia (ACHM) is an autosomal recessive retinal
disease affecting about 1 in 30,000 individuals.1 ACHM

is caused by genetic mutations linked to six known genes
(CNGA3, CNGB3, GNAT2, PDE6C, PDE6H, and ATF6); all of
which, with the exception of ATF6, encode various compo-
nents of the cone phototransduction cascade.2–9 Specifically,
ATF6 encodes for a transcription factor that has a key role in
regulating cell homeostasis, and mutations can contribute to
foveal hypoplasia,2 whereas CNGA3 and CNGB3 encode for
the α and β subunits, respectively, of the cGMP gated cation
channel and account for 80% of ACHM cases.1,3 Across geno-
types, ACHM generally results in sequelae of reduced visual
acuity, nystagmus, photophobia, and reduced or absent color
discrimination.1

Structurally, patients with ACHM have an unremark-
able fundus appearance, although rarely can exhibit retinal
pigment epithelial (RPE) disturbance and/or atrophy.10,11 In
contrast, the retina shows varying degrees of abnormal struc-
ture when examined with optical coherence tomography
(OCT). Studies have documented variable degrees of foveal
hypoplasia,12 variable disruption of the outer retinal layers,12

and diminished intensity of the second hyper-reflective outer

retinal band.10,11,13 Although this band is interchangeably
referred to as the ellipsoid zone (EZ), inner segment/outer
segment junction (IS/OS) and inner segment ellipsoid (ISe),
it is generally agreed to at least in part originate from the
photoreceptor inner segments (we will herein use EZ). Gene
therapy efforts have recently been translated from animal
models of ACHM to phase I/II studies in humans for the
CNGA3 and CNGB3 genes.14 Early trials have demonstrated
tolerable and safe profiles for humans (Iannaccone A, et
al. IOVS 2022;63:ARVO E-Abstract 2829).15,16 In addition, it
has been reported that some patients show modest func-
tional changes implicating improvement in the structure or
function of cone photoreceptor pathways.17,18 Knowing the
degree to which retinal structure in ACHM is either stable
or degenerative is important as this can aid in interpreting
results from longitudinal therapeutic trials as well as helping
determine the optimum age for intervention.

There have been multiple cross-sectional and longitudinal
studies seeking to establish the stable or progressive nature
of ACHM (see the Table).11,12,19–27 Using similar spectral-
domain OCT (SD-OCT) imaging methods, these studies have
examined numerous measures of photoreceptor structure,
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TABLE. Comparison of Previous Study Demographics in Achromatopsia

Study Type N (% Children)*

Mean
Follow-Up
(Years) Genotype Conclusion

Thiadens et al. (2010)19 Cross-sectional 40 (30%) N/A CNGA3 (2)
CNGB3 (33)
PDE6C (5)

Loss of inner and outer cone segments
were present in 28 (70%) of
patients, the majority of cone loss
appeared during the second decade
of life. Retinal thickness decreased
with increasing age (P = 0.011).

Thomas et al. (2011)11 Cross-sectional 13 (53.8%) N/A N/A The presence of an HRZ and
significance of ONL thinning was
correlated to age, P = 0.001 and
P = 0.002, respectively.

Thomas et al. (2012)20 Longitudinal 8 (62.5%) 1.3 CNGA3 (5)
CNGB3 (2)

Unknown (1)

Five (62.5%) patients had worsening
morphologic changes at the EZ and
a decrease in ONL thickness with
follow up. However, these five
patients were <10 y.

Sundaram et al. (2014)12 Cross-sectional 40 (40%) N/A CNGA3 (18)
CNGB3 (15)
GNAT2 (4)
PDE6C (1)

Unknown (2)

No correlation between age and
structure or function was observed.

Aboshiha et al. (2014)21 Longitudinal 38 (39.5%) 1.6 CNGA3 (18)
CNGB3 (13)
GNAT2 (4)
PDE6C (1)

Unknown (2)

Two (5%) patients progressed to a
worse OCT grade during follow-up,
though FTRT, ONL thickness, HRZ
diameter, visual acuity, contrast
sensitivity, mean retinal sensitivity,
and fixation stability showed no
significant change during follow-up.

Zobor et al. (2017)22 Cross-sectional 36 (19.4%) N/A CNGA3 (36) No correlation between age and visual
function or retinal structure was
observed.

Langlo et al. (2017)23 Longitudinal 41 (56.1%) 1.07 CNGB3 (41) Seven (17%) patients progressed to
worse OCT grade during follow-up.
A small but statistically significant
increase in ONL thickness was
observed. However, peak cone
density remained unchanged with
follow-up.

Hirji et al. (2018)24 Longitudinal 50 (42.0%) 5.1 ATF6 (4)
CNGA3 (20)
CNGB3 (23)
GNAT2 (2)
PDE6C (1)

Six (12%) patients progressed to a
worse OCT grade, however, FTRT
and HRZ diameter remained stable
during follow-up. A small but
statistically significant increase in
ONL thickness was observed.

Brunetti-Pierri et al. (2021)25 Longitudinal 21 (71.4%) 5.4 CNGA3 (7)
CNGB3 (5)
GNAT2 (3)
PDE6C (1)

Unknown (5)

Two (12.5%) patients progressed to a
worse OCT grade during follow-up,
although central retinal thickness
did not change significantly during
follow-up.

Tekavčič Pompe et al. (2022)26 Longitudinal 11 (81.8%) 7.7
(4.7 for OCT)

CNGA3 (6)
CNGB3 (5)

Only three patients progressed on
OCT grade.

Triantafylla et al. (2022)27 Longitudinal 17 (29.4%) 5.7 CNGA3 (11)
CNGB3 (6)

Fifteen (88%) patients progressed to a
worse OCT grade during follow-up,
though ONL thickness showed no
significant change during follow-up.

This study Longitudinal 63 (54%) 3.1 ATF6 (1)
CNGA3 (8)
CNGB3 (54)

Three (5%) individuals progressed to
worse OCT grade and only one (2%)
had a significant decrease in ONL
thickness.

* Children defined as individuals under 20 years of age.
ACHM – achromatopsia, EZ – ellipsoid zone, FA – fundus autofluorescence, FTRT – foveal total retinal thickness, HRZ – hyporeflective

zone, OCT – optical coherence tomography, ONL – outer nuclear layer.
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including the relative disruption of the EZ band, width of the
hyporeflective zone (HRZ), central macular thickness, foveal
total retinal thickness (FTRT), and outer nuclear layer (ONL)
thickness. Despite relatively large sample sizes in many of
these studies and follow-up periods of up 5 years in some
studies, there remains a lack of consensus regarding the
stability of photoreceptor structure in patients with ACHM.
Here, we sought to test the hypothesis that ONL thickness
and EZ integrity remain stable over time in congenital ACHM.

METHODS

Sixty-three individuals with genetically confirmed (8 CNGA3,
54 CNGB3, and 1 ATF6) ACHM were included in this study.
Refer to Supplementary Table S1 for information regard-
ing prior reporting of results from these individuals. This
research followed the tenets of the Declaration of Helsinki
and was approved by the Institutional Review Board (IRB)
at the Medical College of Wisconsin (PRO00030741). Written
informed consent was obtained from all individuals prior to
data collection and their images and data stored in an IRB-
approved data bank.

Optical Coherence Tomography

Images used in this study were acquired using either the
Bioptigen Spectral Domain OCT (Leica Microsystems, Deer-
field, IL, USA) or Cirrus high-definition OCT (HD-OCT; Carl
Zeiss Meditec, Dublin, CA, USA). For the Bioptigen OCT,
the images consisted of horizontal and vertical line scans
bisecting the fovea (nominal scan lengths were between 6–
12 mm, with 1000 A-scans per B-scan and 80–120 B scans)
and volume scans (nominal scan dimension of 3 × 3 mm,
with 400 A-scans per B-scan and 400 B-scans per volume
or nominal scan dimension of 7 × 7 mm, with 750 A-scans
per B-scan and 250 B-scans per volume). If there was not a
Bioptigen line or volume scan for an individual, then Cirrus
HD line scans (nominal scan length of 6 mm) and Macu-
lar Cubes (512 A-scans, 128 B-scans; nominal scan size of
6 × 6 mm) were included. For our EZ analysis 470 images
were utilized, OD: 243 and OS: 227. Of those 470, 410 were
Bioptigen (line scans = 386 and volume scans = 24) and 60
were Cirrus (macular cube = 49 and HD line scans = 11).
For our ONL analysis 445 of the 470 images were utilized,
OD = 228 and OS = 217. Not all images were used as those
images belonged to individuals with an OCT with extensive
retinal and RPE atrophy and thus an ONL thickness of 0 mm.
Of the 445 images used for ONL analysis, 386 were Biopti-
gen (line scans = 362 and volume scans = 24) and 59 were
Cirrus (macular cubes = 48 and HD line scans = 11). In all
cases, we endeavored to use the highest quality scan that
was available to make the assessment (ONL thickness or EZ
grade).

OCT Processing

The raw Bioptigen line scans were processed using ImageJ.28

Each OCT line scan was manually inspected to identify the
highest quality scan that transected the location of the incip-
ient fovea. Once this B-scan was identified, it was then used
as the reference frame which we aligned the remaining B-
scans to via the TurboReg plugin.29 This was repeated for
all OCT line scans. After the alignment, B-scans that were of
poor quality or did not align well were discarded. With the

remaining B-scans the Z-project function was used to get an
average B-scan image (average number of B-scans used =
23.4 with a range of 2-120) which provided higher signal-
to-noise ratio. For instances where a Bioptigen volume scan
was used, the foveal B-scan was extracted along with imme-
diately adjacent B-scans, which were then aligned and aver-
aged using the same process as for the line scans. For the
Cirrus scans, HD line scan images used were processed and
averaged automatically by the onboard software, whereas
for the macular cube volumes a single B-scan was manu-
ally chosen based on being the foveal-most scan in the
volume (determined qualitatively by inspecting the extru-
sion of inner retinal layers, ONL thickening, and foveal
reflex).

FIGURE 1. Illustrating the five different EZ grades on OCT. Scans
were assigned one of five different grades: I - intact and continuous
inner segment ellipsoid zone (EZ), II - disruption in the EZ, III -
absence of the EZ, IV - hyporeflective zone (HRZ) present, or V -
outer retinal atrophy and RPE. All five individuals in this figure had
CNGB3-associated achromatopsia and the age listed is at the time
of OCT scan acquisition. Scale bars = 200 μm.
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OCT Analysis

Using a previously established grading scale, the EZ band
at the foveal region of each OCT image was first graded on
a scale of I to V.12 Grade I is an intact and continuous EZ,
grade II is a disruption in the EZ, grade III is an absence of
the EZ, grade IV represents that HRZ is present, and grade V
is the outer retinal atrophy and RPE loss. These grades may
not represent the sequential disease sequence of ACHM,26

but do serve as a reliable way to qualitatively categorize
individual scans. See Figure 1 for visual examples of the
different OCT grades. Initial grading was performed twice
in a masked fashion by a single observer (author G.G.). For
images with conflicting foveal grades (n = 10), they were
presented to a second grader in a masked fashion to deter-
mine final grade (author J.C.).

Outer nuclear layer (ONL) thickness was measured by a
single observer (author G.G.) using the measurement tool
in ImageJ to extract an average of three measurements.
ONL thickness was defined as the distance (in μm) between
the external limiting membrane (ELM) and either the inter-
nal limiting membrane (ILM), in eyes with normal foveal
morphology, or the posterior boundary of the outer plex-
iform layer (OPL) in eyes with foveal hypoplasia. Paired
t tests were used to examine OD and OS ONL thickness
values (GraphPad Prism version 8; GraphPad Software, La
Jolla, CA, USA). The ONL thickness difference (OD-OS) at
baseline was further compared using a Bland-Altman plot.30

Finally, a linear regression examining the rate of change
for ONL thickness (as a function of time) was calculated
in Microsoft Excel (Microsoft, Redmond, WA, USA). Linear
regressions were calculated for each individual and then
normalized to the average ONL thickness at baseline.

RESULTS

Demographics and Genetics

Our study consisted of 63 individuals, 34 males (54%) and
29 females (46%), who were all genetically confirmed to
have ACHM (CNGA3 = 8, CNGB3 = 54, and ATF6 = 1).
Specific genotype information for all individuals is provided
in Supplementary Table S2. The average age at the baseline
visit was 23.03 years (range = 6.8–64.1 years). The number
of imaging visits ranged from 2 to 9, with follow-up rang-
ing from 0.44 years and 10.02 years (average age was 26.29
years at the last visit). Of our 63 individuals, 34 (54%) were
in their first 2 decades of life (0–20 years). Of those 34 indi-
viduals, 11 were 0 to 10 years and 23 were 10 to 20 years
(at the initial visit). For individuals in their first 2 decades
of life, the mean (± SD) age was 12.66 ± 3.67 years, with
a mean (± SD) follow-up of 2.75 ± 2.60 years for OD and
2.67 ± 2.49 years for OS.

Baseline Assessment

At baseline, the distribution of EZ grades across all 63 indi-
viduals was symmetrical between eyes (P = 0.99, Chi-square
test): OD: I = 8 (13%), II = 33 (52%), III = 2 (3%), IV = 17
(27%), V = 3 (5%); OS: I = 8 (13%), II = 32 (52%), III =
2 (3%), IV = 17 (28%), V = 2 (3%). Our baseline distribu-
tion of EZ grades was similar to that reported in previous
studies.21,24,25,27,31 For ONL analysis, not all eyes from our
studied cohort were included, with 60 (OD) and 61 (OS)
eyes included in the analyses. This is because eyes with an

FIGURE 2. Foveal ONL thickness at baseline in ACHM. Shown is a
box and whisker plot (A) and a Bland-Altman plot (B) for base-
line ONL thickness between OD and OS. For the box and whisker
plot the minimum and maximum values are represented, along
with the 25th, 50th, and 75th percentiles. For the Bland-Altman
plot, the dashed lines represent the 95% limits of agreement, the
solid line represents the average bias between eyes, and the gray
shaded regions represent the 95% confidence intervals for the bias
and limits of agreement. The triangle represents the individual
that showed a significant decrease in ONL thickness over time
(see Fig. 5). In a previous study, mean ± SD ONL thickness in 42
individuals with normal vision was 112.9 ± 15.2 μm (OD) and 112.1
± 13.9 μm (OS).32

OCT grade of V (n = 3) have an ONL thickness of 0 μm,
which may introduce a floor effect and skew the assessment
of symmetry of ONL thickness. The reason for the difference
in the number of OD and OS eyes is because one individ-
ual had differing OCT grades between OD and OS (OD =
V and OS = II). Of the original 470 OCT images, 445 (95%)
images were analyzed for ONL thickness. All 25 images not
graded belonged to those individuals with an OCT grade V.
Mean ONL thickness at the first imaging date was 66.40 μm
(range = 27.06 to 113.19 μm) and 67.37 μm (range = 34.58
to 111.62 μm) for OD and OS, respectively (Fig. 2A). These
values are comparable to previous studies in other ACHM
cohorts,11,23,24,27 and below previously reported normative
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FIGURE 3. OCT images from three of the five eyes that showed a change in EZ grade (OD: n = 3 and OS: n = 2). These eyes belonged to
three individuals and the images shown are vertical scans from their right eyes. The three individuals shown all represent a change of OCT
grade from a two to a four. A grade II is represented by a disturbance or disrupted EZ and a grade IV is the denoted by the presence of the
HRZ. Age on the scans in the left column represent the age at the time of OCT scan acquisition, with the follow-up time provided on the
right column of scans. Scale bars = 200 μm.

values.32 The baseline mean ONL thickness values for OD
and OS were not statistically different in our cohort (P =
0.115, paired t-test). The interocular symmetry for individual
eyes can be visualized in the Bland-Altman plot in Figure 2B.
Differences (OD-OS) ranged from 10.20 μm to −16.66 μm.
The mean bias (OD-OS/2) was −1.16 μm, with a 95% confi-
dence interval (CI) of 0.29 μm to −2.61 μm. The upper and
lower limits of agreement were 9.81 μm and −12.13 μm,
respectively.

Longitudinal Assessment

For our EZ analysis, the mean follow-up period was 3.26 and
2.95 years for OD and OS, respectively. Over this period, a
total of five eyes showed a change in grade (OD: n = 3
and OS: n = 2). These five eyes belonged to three indi-
viduals (two of the individuals had bilateral changes in
OCT grade, whereas the third individual had a unilateral
change; see Fig. 3). The changes observed in these individ-
uals went from a grade II (EZ disruption) to a grade IV
(HRZ) over 72, 34, and 13 months. Note that these time
frames are not the total follow-up period for these indi-
viduals, rather it represents the difference from baseline to
the first visit at which the OCT grade had changed. In all
five eyes, the OCT grade remained stable after that point.
For the remaining 60 individuals (95.2%), their initial OCT
grade remained unchanged throughout the entire follow-up
period.

For our ONL analysis, the mean follow-up period was 3.17
and 2.82 years for OD and OS, respectively. Using our initial
and final timepoints there was no significant difference in
ONL thickness (paired t-test: t(59) = 0.99, P = 0.33 and t(60)
= 0.09, P = 0.93 for OD and OS, respectively). The mean
(95% CI) difference in ONL thickness between the first and
last timepoints was −0.91 μm, 95% CI = −2.77 to 0.94 μm
for OD and −0.07 μm, 95% CI = −1.81 to 1.66 μm for OS.
To further evaluate our rate of change over time, the ONL

thickness was plotted as a linear regression Figure 4. We
used previously established repeatability values for this ONL
thickness method (14 μm)32 to determine which individuals
showed a clinically meaningful change in ONL thickness.
Our linear regression model revealed one individual to have
a significant change in ONL thickness over time (in both OD
and OS), while the remaining OD = 59 (98%) and OS = 60
(98%) showed no significant change over time. There was no
significant relationship between the regression slopes and
age at baseline for either OD (r = 0.0066, P = 0.96) or OS
(r = −0.029, P = 0.83).

The individual that showed a significant change in ONL
thickness was one of the individuals observed to have a
change in OCT grade (see Fig. 3; ID: JC_10069). To see
if this significant change in ONL thickness was due to a
degradation in cone structure, images of the photorecep-
tor mosaic obtained with adaptive optics scanning light
ophthalmoscopy (AOSLO) were examined (see Supplemen-
tary Methods). These images were acquired from multiple
prior studies,33–35 and not prospectively for this OCT study.
We examined parafoveal (7.5 degrees and 2.5 degrees eccen-
tricity) photoreceptor structure using the confocal AOSLO
images, whereas foveal images were compared using the
split-detection AOSLO images (due to the non-waveguiding
nature of ACHM cones).31 We did not observe any loss in
cone structure that accompanied the emergence of the HRZ,
with cone structure remaining stable over the 9-year follow-
up (Fig. 5). Foveal cone density was 18,541 cones/mm2 at
baseline and 16,831 cones/mm2 at the follow-up visit (9.2%
decrease), cone density at 2.5 degrees was 9515 cones/mm2

at baseline and 9470 cones/mm2 at the follow-up visit
(0.47% decrease), and cone density at 7.5 degrees was 8955
cones/mm2 at baseline and 8707 cones/mm2 at the follow-
up visit (2.76% decrease). These changes are comparable to
previous repeatability measures in normal retina,36,37 and
are thus not indicative of any significant change in cone
structure.
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FIGURE 4. Foveal ONL thickness over time in ACHM. Shown are
linear regression fits to the ONL thickness data for each individual
for both the right eye (top) and left eye (bottom). The solid black
line represents the average ONL thickness at baseline, 66.14 μm and
67.56 μm for OD and OS, respectively. The shaded region denotes
expected repeatability (14 μm), based on previously published
data.32 The dashed line represents the individual with the largest
change in ONL thickness. Regression lines are color coded, as indi-
cated based on the age at baseline imaging.

DISCUSSION

Our OCT assessment showed that three (4.8%) individuals
had a change in EZ integrity (assessed with OCT) across the
follow-up period studied here. The mean follow-up for these
individuals who demonstrated change was 4.83 years and
the mean age at baseline and end follow-up was 26.6 and
31.5 years, respectively. However, the majority (95.2%) of our
individuals showed stability of their EZ grades over time.
These results are consistent with a stable course for ACHM.
Except for one individual, foveal ONL thickness also showed
no significant change over the follow-up period studied here.
Interestingly, the one individual found to have a significant
change in ONL thickness showed no change in cone struc-
ture as assessed with AOSLO imaging. This suggests that

the apparent decrease in ONL thickness is not due to loss
of cone structure, but rather compression of the ONL or
displacement of cone nuclei by the emerging HRZ. This is
important, as it indicates that ONL thickness may not be
a reliable surrogate for cone density in ACHM and suggests
using caution to describe ONL thinning as evidence of “cone
degeneration.” Our data raise an important question as to
why there remains discrepancy in the literature regarding
progression in ACHM. We discuss below four main factors
that we think could explain this.

Genotypic Differences

ACHM has multiple genetic causes. Thus, an obvious possi-
ble explanation for differences between studies could be
the genetic composition of their respective cohorts. One
notable difference between our study and most of the stud-
ies outlined in the Table is that a large majority (86%) of our
cohort had CNGB3-associated ACHM (see Supplementary
Table S2). Additionally, some of the other studies included
individuals with ATF6-, GNAT2-, and/or PDE6C-associated
ACHM. There are reported differences in residual visual
function across some ACHM genotypes,38–40 so it is impor-
tant to consider underlying genotype when comparing stud-
ies and drawing conclusions that treat ACHM as a singular
condition.

Disambiguating Developmental Changes in
Retinal Structure From Progression

Many previous studies (including ours) include a significant
percent of children in their study population (ranging from
19.4–81.8%). With the advent of handheld OCT, examination
of foveal structure is possible in neonates and young infants,
even in ACHM.41 There are rapid foveal changes occurring
during the postnatal period that can dramatically affect the
appearance of the foveal region on OCT images.42–46 Rele-
vant to grading of EZ disruption in ACHM is the obser-
vation that the outer hyper-reflective bands emerge rather
late in retinal development.43,47 Diagnostic confounds are
not limited to newborns, as although the retina may appear
structurally similar to an adult by 17 months, it may not be
fully developed until the second decade of life.42 For exam-
ple, foveal cone density can increase as much as 10-fold over
the first 10 years of development.42 Presumably, these same
developmental mechanisms are present in ACHM, albeit
acting on a smaller number of cone cells than in normal
retinas. Thus, it is challenging to definitively assign reti-
nal changes in ACHM retinas as being caused by disease
progression (and not simply a reflection of normal anatomic
development).

This confound can be demonstrated by reviewing images
in a recent study from Triantafylla et al., where 15 (88%) of
their 17 patients had an OCT grade change (interpreted as
a worsening of retinal structure).27 However 10 of those 15
patients had baseline imaging before the age of 10 (aver-
age age = 5.7 years). In addition, their youngest subject
(ID 12, 3 months of age at baseline), was documented to
have a worsening grade change. However, inspection of the
OCT scans appears to show an improvement in EZ integrity
over time – the baseline image has an absent EZ, whereas
42 months later, the EZ is present with a focal disruption.
Although there is technically a change in grade, we do not
believe it is due to a degradation in cone structure. The
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FIGURE 5. Assessing cone structure in an individual showing a change in OCT grade and ONL thickness. This individual ( JC_10069) had
an OCT grade change from grade II to grade IV, with a concomitant decrease in ONL thickness from 66.0 μm to 39.5 μm over the nearly
9-year follow-up period. Corresponding confocal AOSLO images (A, B) reveal stable parafoveal cone structure. Although the HRZ results in
lower image quality of the foveal split-detection AOSLO image (C2), a contiguous mosaic of cone inner segments remains visible (despite
the pronounced change in ONL appearance). The measured cone density values are significantly below values reported in normal retina
(see Supplementary Fig. S1),59 but did not show significant change between the imaging sessions (see text). Scale bar on AOSLO images =
50 μm (applies to all 6 panels). Scale bars on OCT images = 200 μm.

emergence of the EZ would represent an improvement in
cone photoreceptor structure, and this can be explained via
previous studies concluding the presence of cone elonga-
tion and drastic increases in cone density during the ages
of 0 to 10.42–44 It is also noteworthy to mention that only
11 (17%) patients from our cohort were in their first decade
of life at their initial visit. It may be worth a comprehensive
re-analysis of data from all these prior studies that excludes
individuals over 20 years of age to eliminate the confound
of retinal developmental changes.

Disambiguating Age-Related Changes in Retinal
Structure From Progression

Just as retinal development can confound interpretation of
longitudinal and even cross-sectional OCT data in ACHM,
so can normal age-related changes. As there are age-related
change in all ocular structures,48 it is important to consider
how these changes may impact the appearance of the ACHM
retina (which is abnormal to begin with). There is no consen-
sus for the photoreceptor layers, with reports of thinning of
the parafoveal photoreceptor layers with age,49 thickening
of the ONL with increasing age,50 and even no significant
change with age.51 Histological data have identified changes
in both rods and cones with age,52–54 so further in vivo imag-
ing studies may be warranted to clarify what “normal” age-
related changes exist (if any). This is important for future
analyses of cone structure in ACHM, which should control
for expected/normal age-related changes.

One example of where this confound could be affect-
ing interpretation is the cross-sectional study of 40 patients
by Thiadens et al.,19 who concluded that there is progres-
sive cone loss in ACHM. This manifested as altered appear-
ance of the photoreceptor layers (EZ or IS/OS) on SD-OCT
and was suggested to begin primarily in the second decade
of life. They also observed higher rates of RPE atrophy in
their older patients and used this as evidence of progres-
sion. However, any group of individuals over 50 years of
age would be expected to have a higher rate of RPE atrophy

compared to a group of teenagers (due simply to the pres-
ence of age-related macular degeneration [AMD] in some of
the older individuals). There is no reason to think that AMD
would be less prevalent in patients with ACHM, so interpre-
tation of longitudinal age-related changes cannot be conclu-
sively attributed to the primary ACHM disease process.

Acquisition Errors

A final contributing factor has to do with the challenges in
imaging individuals with nystagmus – OCT images from indi-
viduals with ACHM can often have a number of artifacts.34

It is important to understand how these artifacts might alter
our interpretation of what is really happening to specific
retinal layers. This is especially relevant to measures of the
HRZ width, as horizontal eye motion during B-scan acquisi-
tion can result in an apparent narrowing or widening of the
HRZ. One might not expect this to cause systematic misin-
terpretation, but in cross-sectional studies of only one scan
per individual or follow-up studies with only two timepoints,
any such artifacts would obscure the truth. Additionally, as
fixational stability has been reported to improve with age in
ACHM,55 the frequency of these artifacts may be higher in
younger cohorts.

For longitudinal studies, ensuring that scans capture the
same retinal location can be challenging in individuals with
ACHM. This is due to their above-mentioned nystagmus
but also the non-foveal fixation locus that some individuals
adopt. There is an example of scan misalignments between
baseline and follow-up images in Triantafylla et al.,27 as their
subject ID 11 has a prominent foveal reflex in the baseline
image that is absent 6 years later in the follow-up image.
The nerve fiber layer thickness is also different, suggesting
the B-scans do not traverse the exact same retinal location.
We endeavored to minimize these misalignments by utiliz-
ing the Bioptigen OCT where possible. Whereas the off-line
processing required for these scans is not ideal for efficient
workflow, it affords the opportunity to (1) select the “foveal-
most” B-scan, and (2) select the B-scan that best aligns with
images from other timepoints. It may be that moving away
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from a B-scan based analysis and more toward a volumetric
approach could help avoid any errors due to scan misalign-
ment, which may be more feasible as OCT devices increase
their speed of acquisition. Alternatively, computer vision
processing approaches may be helpful in future OCT studies
of ACHM (Hensel J., IOVS 2020;61:ARVO E-Abstract 3248).

Limitations

Possible limitations of our study include the use of the qual-
itative EZ grading scale set by Sundaram et al., as it has
a degree of subjectivity to it.12 This is important to point
out, as all patients with ACHM have nystagmus, which can
contribute to a reduced image quality and may complicate
the assignment of OCT grades. The images included for
assessment across follow-up used a mixed sample of verti-
cal and horizontal line scans. This was done to bisect the
fovea as accurately as possible and to use the highest qual-
ity scan possible. Although this should not affect the foveal
ONL thickness value extracted for a given retina, any asym-
metries in the EZ in the foveal region could result in different
EZ grading (especially between grades II and IV). Further-
more, there was considerable variation in our follow-up peri-
ods, for example, our shortest follow up was 0.44 years
(5 months) and our longest was 10 years (although this
approach is typical for rare conditions like this). An impor-
tant strength, however, is that we interpret the ONL thick-
ness changes in context to our established repeatability of
these measures in this population, allowing us to confidently
ascribe changes as being “clinically significant” or within the
measurement error.

It is important to note that our current analysis does not
inform as to what cone structure will be in the future in
our individuals – just that, in the period followed here, there
was generally stable foveal cone structure. Ultimately, it is
possible that cone structure could display a near-stable natu-
ral history for long periods in most patients with ACHM,
followed by quick progression at some point later in life.
Future monitoring of patients over time will help determine
the frequency of any such progressive events.

CONCLUSIONS

Continued studies and imaging will provide more data in
understanding the progressive nature of ACHM. Research
has illuminated on the initial concerns regarding efficacy
of gene therapy due to cortical remapping and age.56 The
hypothesis was that older individuals would have decreased
cortical plasticity, but recent gene augmentation studies in
individuals with ACHM have shown that this may not be
the case with one study having a greater response in adults
(>18 years old).16,17 A recent study looked at how loss of
cone input affects cortical remapping using eccentricity and
population field mapping (pRF).57 This study concluded that
the absence of cone input may be preferred when it comes to
gene therapy as a lack of cortical remapping supports better
therapeutic outcomes (i.e. sensory conflicts) and a visual
cortex response (i.e. pRF size reduction post gene therapy),
as seen in McKyton et al.17 Furthermore, studies have found
that they were able to recover dormant cone photoreceptor
pathways in the visual cortex in individuals aged 10 to 15
years and that those with ACHM have greater cortical thick-
ness at the fovea when compared to controls.18,58 Other find-
ings from these gene augmentation studies include subjec-

tive improvements in photoaversion and color vision, and an
ability to discern a color from grayscale background, provid-
ing promise for future treatment efforts.17,18 Although there
may be examples of progressive alterations in retinal struc-
ture in some patients with ACHM, it is not definitive that
such changes can be ascribed to the primary ACHM disease
sequence. Whether or not this is the case could impact
therapeutic response, so further elucidation of contributing
factors to ACHM “progression” is imperative.
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