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Purpose: Congenital achromatopsia is an autosomal recessive disease causing
substantial reduction or complete absence of cone function. Although believed to be
a relatively stationary disorder, questions remain regarding the stability of cone structure
over time. In this study, the authors sought to assess the repeatability of and examine
longitudinal changes in measurements of central cone structure in patients with
achromatopsia.

Methods: Forty-one subjects with CNGB3-associated achromatopsia were imaged over
a period of between 6 and 26 months using optical coherence tomography and adaptive
optics scanning light ophthalmoscopy. Outer nuclear layer (ONL) thickness, ellipsoid zone
(EZ) disruption, and peak foveal cone density were assessed.

Results: ONL thickness increased slightly compared with baseline (0.184 mm/month,
P = 0.02). The EZ grade remained unchanged for 34/41 subjects. Peak foveal cone
density did not significantly change over time (mean change 1% per 6 months, P =
0.126).

Conclusion: Foveal cone structure showed little or no change in this group of subjects
with CNGB3-associated achromatopsia. Over the time scales investigated (6–26 months),
achromatopsia seems to be a structurally stable condition, although longer-term follow-up
is needed. These data will be useful in assessing foveal cone structure after therapeutic
intervention.
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Achromatopsia is a congenital retinal disease asso-
ciated with substantially reduced or absent cone

function. With the exception of the recent link to
ATF6,1 achromatopsia is caused by mutations in
genes encoding components of the cone phototrans-
duction cascade (CNGA3, CNGB3, GNAT2, PDE6C,
and PDE6H).2–6 Despite this functional deficit,
imaging studies using optical coherence tomography
(OCT) demonstrate a well-defined outer nuclear
layer (ONL) at the fovea in the majority of
cases.7–10 Moreover, the appearance of the ellipsoid
zone (EZ), which is also called the inner and outer
segment junction (IS/OS), and the interdigitation

zone (IZ) can be nearly normal (contiguous) in
appearance, although some level of disruption is
more typical.7,9–11 Additionally, studies using
reflectance-based adaptive optics (AO) imaging
have demonstrated nonreflective regions at the fovea
and variable numbers of non-waveguiding cones in
the parafovea,12,13 and there is some evidence for
genotype-dependent differences in the appearance
of the cone mosaic.14 More recently, split-
detection AO scanning light ophthalmoscopy
(AOSLO) has provided direct evidence for remnant
cone inner segments at the fovea of patients
with CNGB3-associated achromatopsia, with peak
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density ranging from about 7,000 to about 53,000
cones/mm2—though these values are all well below
normal peak cone density of around 85,000 to
324,000 cones/mm2.15–18 Considering emerging

gene therapy trials, this variability in remnant cone
structure could serve as an important predictor of
therapeutic potential across patients. Also essential
to the success of these trials will be defining the
expected rate of central cone loss in achromatopsia.
Achromatopsia is generally believed to be a rela-

tively stationary condition—symptoms including
reduced visual acuity, photoaversion, and impaired
color discrimination are all stable throughout life,
although nystagmus tends to decrease with age.19,20

In contrast, there are conflicting reports regarding the
stability of retinal structure over the lifespan of indi-
vidual subjects. Thomas et al10 reported that there was
progression over a follow-up period of 11 months to
25 months with greater disruption of the EZ (IS/OS)
band on OCT, and thinning of the retina in younger
patients; ONL thickness was stable in older patients.
Aboshiha et al8 found no qualitative change in the EZ
(IS/OS) band in 35 of 37 subjects, and no statistically
significant change in ONL thickness in the 34 subjects
in which the ONL could be measured, over a mean
follow-up of 19.5 months. Cross-sectional studies
have also reported conflicting results. Within a popula-
tion of 40 genetically confirmed subjects examined
with OCT imaging, Sundaram et al7 found no age
dependence for the degree of photoreceptor layer dis-
ruption or ONL thinning. In contrast, Langlo et al16

showed greater photoreceptor layer disruption in older
subjects, but found no relationship between ONL thick-
ness and age within a population of 51 subjects with
CNGB3-associated achromatopsia. Thiadens et al9 also
reported a strong age association with loss of the EZ
(IS/OS) band on OCT examination of 40 subjects, and
Thomas et al10 showed EZ (IS/OS) disruption primarily
in older subjects and a linear correlation between age
and ONL thickness in 13 subjects. Indeed, Yang et al21

reported that in early childhood, the spectrum of foveal
pathology on OCT examination in 9 subjects, between
1 and 8 years of age, was generally milder than that of
previously published studies on older subjects, but that
neither age alone nor genotype alone predicts the degree
of photoreceptor loss or preservation. Among the chal-
lenges in comparing these studies were the different
periods over which measurements were made and the
variable genetic makeup of the study populations.
An additional limitation of these OCT studies is that

conventional OCT systems lack the transverse resolu-
tion to observe individual cone cells; thus there may be
changes that are not detectable with OCT. In contrast,
AOSLO provides greater lateral resolution, revealing
the photoreceptor mosaic,22,23 and has been shown in
many cases to detect photoreceptor disruption that was
not visible on OCT.24,25 Moreover, AOSLO has been
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used to monitor cone structure over time with high
sensitivity as demonstrated in individuals with retinitis
pigmentosa.26 In addition, in patients with cone mosaic
disturbances, locations previously devoid of reflective
cone structure were shown to regenerate a reflective
confocal signal.27,28 Here we present the first longitu-
dinal study of foveal cone density in patients with
CNGB3-associated achromatopsia.

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,
Oregon Health & Science University (OHSU), Univer-
sity of Florida, University of Miami, and Western
Institutional Review Board. Forty-one subjects with
genetically confirmed biallelic mutations in CNGB3
were recruited through one of four sites (Bascom Palmer
Eye Institute, Miami, FL; OHSU Casey Eye Institute,
Portland, OR; The Chicago Lighthouse, Chicago,
IL; and Vitreo Retinal Associates, Gainesville, FL)
as part of a natural history study (clinicaltrials.gov
identifier NCT02599922) in which a clinical examina-
tion and visual acuity assessment were performed.
Genetic characterization of these subjects was previ-
ously reported.16 High-resolution ophthalmic imaging
was performed at the Medical College of Wisconsin
for both eyes, and the eye with the better image quality
was chosen for subsequent analysis. Subjects returned
for 2 to 4 follow-up visits between November 2013
and September 2015, with intervisit spacing between 4
and 12 months (mean = 6.6).

Optical Coherence Tomography

Dilation was induced with one drop of tropicamide
(1%) and one drop of phenylephrine hydrochloride
(2.5%) in each eye before imaging. All subjects
underwent examination with Bioptigen SD-OCT (Bio-
ptigen, Morrisville, NC). Vertical and horizontal line
scans centered on the fovea (7 mm nominal scan
length, 1,000 A-scans/B-scan, 120 B-scans) and
vertical and horizontal macular volume scans (7 ·
7 mm nominal scan length, 750 A-scans/B-scan, 250
B-scans) were obtained for each eye at each visit.
Volume scans were used to identify the center of the
foveal pit and ensure that line scans were obtained
through this location. The foveal line scans were
graded for each visit using the scheme defined by
Sundaram et al, which describes the degree of disrup-
tion in the EZ (IS/OS) band.7 Briefly, Grade I corre-

sponds to an intact band, Grade II corresponds to focal
disruption of the band, Grade III corresponds to an
absence of the band, Grade IV describes a hyporeflec-
tive region below the external limiting membrane
(ELM), and Grade V corresponds to outer retinal atro-
phy. Measurements of ONL thickness were then taken
by measuring a 5-pixel wide longitudinal intensity
profile at the foveola, as previously reported.16

Adaptive Optics Scanning Light Ophthalmoscopy

Confocal and split-detector AOSLO imaging were
performed simultaneously using a previously
described instrument.29,30 An 850-nm superlumines-
cent diode was used for wavefront sensing, and
a 790-nm superluminescent diode was used for image
acquisition. Images were captured as AVI videos with
both 1 · 1° and 1.75 · 1.75° fields of view, with the
subject tracking an external fixation target to control
the retinal area being imaged. Imaging was performed
in a 5 x 5° grid centered at the foveola, and out to 12°
radially both temporally and superiorly from the fo-
veola, all sampled at 1° intervals.
Sinusoidal distortion is present in all images due to

the scanning nature of the instrument. These distortions
were mitigated during the image registration process as
previously described.16,31 The confocal and split-
detector images were captured and registered simulta-
neously thus ensuring a perfect alignment between
these two image modalities. Registered images were
montaged either manually or automatically using i2k
Retina (DualAlign, Clifton Park, NY). Manual montag-
ing entailed importing the registered images to Adobe
Photoshop using custom software in MATLAB (Math-
Works, Natick, MA) that allows the user to sort through
the multiple images produced from each AVI and select
those of the best quality (high signal to noise and min-
imal intraframe distortion). Images were then manually
aligned with the position of confocal and split-detector
images kept linked to one another, to eventually pro-
duce a two-layered montage with each layer consisting
of one imaging modality. Scaling was determined by
measuring the pixels per degree of the image using
a ruling of known spacing and using the small angle
approximation. The pixels per degree value was scaled
linearly by the subject’s axial length, based on a refer-
ence axial length of 24 mm, then multiplied by the
retinal magnification factor of 291 mm/degree to obtain
a final mm/pixel image scale value.

Measuring Cone Density

Images acquired at baseline were previously used
to calculate the value and location of the peak
cone density in the rod-free region of the fovea, using
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Table 1. OCT Grade and ONL Thickness Across the Follow-up Period

Subject

Baseline Follow-up 1 Follow-up 2 Follow-up 3

Age,
Years

OCT
Grade

ONL
Thickness, mm Months

OCT
Grade

ONL
Thickness, mm Months

OCT
Grade

ONL
Thickness, mm Months

OCT
Grade

ONL
Thickness, mm

BPE-003 16 4 87.36 8 4 82.37 15 4 86.11 NV
BPE-010 13 4 84.86 6 4 93.60 12 4 92.35 NV
BPE-012 6 1 82.37 6 1 91.10 12 1 86.11 NV
BPE-018 8 1 79.87 7 1 97.34 13 1 88.61 NV
BPE-019 23 4 59.90 7 4 71.13 NV NV
BPE-022 31 4 67.39 6 4 61.15 NV NV
CEI-001 18 2 61.15 7 2 74.88 12 2 71.14 NV
CEI-002 33 2 47.24 6 4 72.38 12 4 66.14 NV
CEI-003 9 1 73.63 6 1 81.12 12 1 86.11 NV
CEI-004 11 2 122.30 6 2 126.05 12 2 128.54 NV
CEI-005 13 1 74.88 5 2 79.87 12 2 77.38 NV
CEI-006 31 1 68.64 6 1 76.13 12 1 78.62 NV
CEI-008 16 1 81.12 6 2 89.86 11 2 79.87 NV
CEI-009 30 4 73.38 7 2 74.88 NV NV
CEI-010 16 1 73.63 5 1 82.37 12 1 77.37 NV
CEI-011 22 1 96.10 6 1 92.35 NV NV
PCI-001 27 1 99.84 11 1 104.83 18 1 107.33 NV
PCI-002 18 1 84.86 11 1 86.11 18 1 82.37 NV
PCI-004 13 2 66.14 9 2 68.64 16 2 67.39 26 2 64.9
PCI-005 11 2 54.91 9 1 46.18 16 1 52.42 26 2 52.42
PCI-006 10 4 68.64 7 4 74.88 11 4 69.89 NV
PCI-007 17 2 84.86 10 4 77.38 15 4 81.12 26 4 77.38
PCI-008 40 4 NQ 9 4 51.17 16 4 57.41 25 4 52.42
PCI-009 16 2 58.66 6 NQ NQ 12 2 64.90 NV
PCI-011 44 2 79.87 6 2 81.12 12 2 74.88 NV
PCI-012 8 4 62.40 12 NQ NQ NV NV
PCI-013 17 4 61.15 6 4 66.14 11 4 63.65 NV
PCI-017 35 2 61.15 6 2 47.42 11 2 59.90 NV
PCI-020 27 2 68.64 6 2 67.39 NV NV
PCI-021 37 2 73.63 7 2 74.88 12 2 76.13 NV
PCI-024 42 1 73.63 7 1 81.12 13 1 76.13 NV
PCI-031 32 4 76.13 4 4 82.37 10 4 81.12 NV
UFC-001 24 4 56.16 6 4 56.16 12 4 63.65 NV
UFC-002 33 4 52.42 6 4 52.42 12 4 51.17 NV
UFC-003 43 2 68.64 5 2 83.62 12 2 77.38 NV
UFC-004 8 1 64.90 7 1 69.89 12 1 78.62 NV
UFC-005 14 1 89.86 5 1 93.60 11 1 102.34 NV
UFC-006 8 3 54.91 6 3 54.91 12 3 57.41 NV
UFC-007 22 4 93.60 5 4 79.87 11 4 82.37 NV
UFC-008 17 1 94.85 6 1 93.60 11 1 91.10 NV
UFC-009 15 1 93.60 6 2 92.35 11 2 92.35 NV

NQ, images were not quantifiable at this time point; NV, no visit for this time point.
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a 55 · 55-mm sampling window.16 Montages from
subsequent time points were then resampled to have
the same pixel scale as the baseline image. The re-
sampled follow-up montages were manually aligned
to the baseline montage, and a 100 · 100-mm region
of interest was cropped from the same retinal area of
both images, centered on the location of peak density.
Because of differences in image distortion between
imaging sessions, these two regions of interest are

not in perfect register after scaling and manual align-
ment. To account for these differences in distortion,
the images were imported into Fiji32 and the follow-up
image was warped to the baseline image using the
plugin bUnwarpJ.33 The center 55 · 55-mm area was
then cropped from this warped image, and each cone
within this area was manually identified by a single
observer (C.S.L.), then the density was calculated in
cones/mm2. This process was repeated for each

Fig. 1. Four representative examples of subjects (one of each OCT grade) whose degree of EZ (IS/OS) disruption remained unchanged across 12
months of follow-up. A. In subject BPE-018, there was no disruption in the EZ (IS/OS) observed across all time points. B. There was a small but
constant amount of disruption in the retina of subject PCI-021 over 12 months. C. The dropout of the EZ (IS/OS) in Grade III subject UFC-006 did not
seem to get wider, nor were there changes in the ELM. D. The hyporeflective zone in subject UFC-002 remained unchanged across the follow-up
period. Scale bars = 200 mm, layers labeled as follows: 1, ONL; 2, ELM; 3, EZ (IS/OS); 4, RPE.
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follow-up time point (by the same observer) and com-
pared with the baseline value.

Statistical Analysis

Repeatability of measurements was determined by
calculating the intraclass correlation of triplicate
measurements made by a single reviewer of the
baseline ONL thickness and AOSLO cone density
measurements. A random intercept linear model for
the effect of time on ONL thickness was used, which
accounts for each subject having their own slope and
intercept. A similar random intercept linear model was
used for the effect of time on cone density; cone
density values were taken as the average of the three
values counted by a single observer for each image.
Statistical analysis was performed using SAS version
9.2 (SAS, Cary, NC).

Results

Subjects

The 41 subjects in this study were part of a larger
cohort reported previously.16 The age range in these
41 subjects at baseline was from 6 years to 44 years
(mean = 21.3 years). Subjects returned for follow-up
imaging at intervals between 4 and 12 months (mean =
6.6 months), for a total follow-up time ranging from 6
months to 26 months (mean = 12.8 months). Including
baseline imaging, the follow-up period consisted of 2
visits for 6 subjects, 3 visits for 31 subjects, and 4

visits for 3 subjects. For one subject, imaging at
follow-up could not be obtained because of poor
image quality.

Repeatability of Adaptive Optics Scanning Light
Ophthalmoscopy and Outer Nuclear
Layer Measurements

Although the repeatability of AOSLO-based meas-
ures of parafoveal cone density has been reported for
normal subjects,34,35 the reduced image quality and
disrupted photoreceptor structure in patients with ach-
romatopsia necessitates a separate evaluation of
repeatability. To assess the repeatability of the single
reviewer in this study, the set of baseline AOSLO
images was manually counted three times. The ONL
thickness values from baseline OCT images were also
measured three times. The intraclass correlation value
for the cone density measurements was 0.97 (95%
confidence limits 0.82–0.99) and for ONL thickness
was 0.91 (95% confidence limits 0.86–0.95), indicat-
ing that these measurements were highly repeatable.

Optical Coherence Tomography Shows Slight
Outer Nuclear Layer Thickening

Optical coherence tomography images were suc-
cessfully acquired at each time point for 38 subjects
(Table 1). In two subjects, there was one time point at
which poor image quality prevented assessment of
OCT images, and in one subject images were analyzed
only at baseline because of poor image quality at the
follow-up time point. The outer retinal grade was as-
sessed at each time point. For seven subjects, a grade
change was observed—these changes were from
Grade I to II for three subjects, from Grade II to IV
for two subjects, from Grade II to I for one subject,
and from Grade IV to II for one subject. Although the
degree of outer retinal disruption is increased for five
subjects, there is a seeming decrease for two others.
For the majority of subjects, there was little to no
qualitative change observed in the EZ (IS/OS) band
for subjects in this cohort (Figure 1). The ONL thick-
ness varied by a mean of 2.7% between visits. The
measured ONL thickness changes ranged between
a 13.7-mm loss to a 25-mm gain (mean = +1.53 mm,
Figure 2). Our linear model indicated that there was
overall a small increase in ONL thickness of 0.184
mm/month (P = 0.02).

Adaptive Optics Scanning Light Ophthalmoscopy
Measures of Cone Density Indicate Stability

Adaptive optics scanning light ophthalmoscopy
imaging was not always successful due primarily to

Fig. 2. ONL thickness for each subject measured throughout this study.
Each line represents the ONL values for a given subject. Although there
is variability in magnitude and direction of individual changes, there is
an overall positive slope to these values indicating a significant increase
in ONL thickness at a rate of 0.184 mm per month (P = 0.02).
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nystagmus in these patients, resulting in images that
could not be analyzed.16 Images for which photore-
ceptors could be reliably quantified were obtained in
18 of 41 subjects,16 and of those 18, all had quantifi-
able data from at least 1 follow-up visit and 7 of these
had quantifiable data from 2 follow-up visits (Table
2). In one subject (CEI-001), “baseline” data were
those acquired during the second visit because of
difficulty capturing quantifiable data at the first imag-
ing session. In one subject (PCI-005), there were no
quantifiable data obtained until the fourth overall
visit, 26 months after the first imaging session (data
not shown). For information regarding which visits
yielded countable images for all subjects, see Table 1.
Cone density measurements revealed 2 groups of

distinct cone density—one of higher density (greater
than 25,000 cones/mm2, 4 subjects) and a larger
group (14 subjects) with lower density (Figure 3).
Because of the large difference between the values
in these groups, the lower density group was analyzed
separately from the higher density group, which was
too small for independent analysis. Linear modeling
of the cone density values with a random subject
intercept in the lower density group revealed no sig-
nificant slope (P = 0.126), which indicated that these
cone populations were stable throughout the follow-
up period (Figure 4). The mean ± SD percent change
in cone density from baseline was 1 ± 13% (range
222 to +23%) at the first (6-month) follow-up visit
(n = 14) and 1 ± 15% (range 215 to +21%) at the
second (12-month) follow-up visit (n = 6). Qualita-
tive assessment of these retinas over time indicates

that there is often no change in the cone mosaic (Fig-
ure 5).
For the 4 subjects with higher baseline cone density,

their values at the first follow-up visit at which cone
density could be measured changed by 222% (BPE-
018), 216% (CEI-006), +3% (PCI-021), and 0%
(UFC-004). These visits occurred at 7, 12, 7, and 7
months, respectively. Subject PCI-021 had a second

Table 2. Peak Cone Density Across the Follow-up Period

Subject ID

Baseline Follow-up 1 Follow-up 2

Age, Years Density, Cones/mm2 Months Density, Cones/mm2 Months Density, Cones/mm2

BPE-003 16 9,917 8 9,256 15 8,925
BPE-018 8 36,033 7 28,099 13 NQ
BPE-019 23 8,595 7 10,578 NV
CEI-001 18 NQ 5 10,578 12 12,561
CEI-002 33 18,512 6 21,487 12 NQ
CEI-006 31 39,338 6 NQ 12 33,057
CEI-008 16 18,512 6 15,867 11 NQ
PCI-004 13 14,876 9 13,553 16 13,553
PCI-007 17 12,231 10 13,884 15 10,578
PCI-008 40 6,611 9 6,942 16 5,619
PCI-009 16 19,173 6 16,198 12 NQ
PCI-013 17 13,884 6 14,545 11 NQ
PCI-017 35 15,537 6 15,537 11 18,512
PCI-021 37 41,652 7 42,975 12 43,636
UFC-001 24 12,561 6 14,545 12 15,206
UFC-002 33 13,553 6 13,884 12 13,223
UFC-004 8 35,041 7 35,041 12 NQ
UFC-006 8 13,553 6 14,545 12 NQ

NQ, images were not quantifiable at this time point; NV, no visit for this time point.

Fig. 3. Peak cone density values for 18 subjects for whom cone density
was measured over the follow-up period. Note the 2 clusters of subjects,
one group of 4 subjects with peak density greater than 25,000
cones/mm2, and the remaining 14 subjects below that threshold. Sub-
jects with densities lower than 25,000 cones/mm2 showed no significant
change in their peak cone density value (P = 0.126). The group of
higher density subjects was too small for statistical analysis.

1962 RETINA, THE JOURNAL OF RETINAL AND VITREOUS DISEASES � 2017 � VOLUME 37 � NUMBER 10



follow-up visit, in which we observed a change in cone
density of +5% compared with baseline. Table 2 pro-
vides cone density values from all visits.

Discussion

As with the previously reported baseline imaging,16

there was variability in the ability to quantify measure-
ments of cone structure in these subjects with achroma-
topsia across the full follow-up period. Difficulty in
obtaining images was most often due to nystagmus,
which tends to decrease with age in achromatopsia.4,20

The reduced nystagmus with age resulted in improved
image quality in subsequent visits for some younger
subjects, notably subject PCI-005 whose images were
not quantifiable at baseline (age = 11 years) but nystag-

mus was decreased sufficiently by 26 months after
baseline (age = 13 years) to quantify foveal cone struc-
ture. Other reasons for image quality differences
include eye dryness and subject fatigue, which often
exacerbates nystagmus. These and similar factors pre-
vented quantification of foveal cone structure in some
subjects despite quantifiable images at a previous visit.
This variability in image quality is an important,
although not insurmountable, limiting factor in using
AOSLO imaging to monitor cone structure over time.
Strategies to mitigate the effects of eye movement on
AOSLO imaging, such as high-speed eye tracking,
should be developed to assist with imaging in this
and similar patient populations to improve reliability
of obtaining quantifiable images in longitudinal studies.
Foveal cone density seemed to be generally stable,

although all of the subjects analyzed had relatively

Fig. 4. Regions of interest that were counted at three time points in three subjects. Individual cone cells can be tracked across all three time points in
these images. Although differences in image quality and distortion did cause some changes in the ability to identify cells, the same cones were present in
all three images for each of these subjects. Shown in the right column are the cone locations coded by the number of time points the cell at that location
was counted: white, 1 time point; gray, 2 time points; black, 3 time points. A. Subject BPE-003 had follow-up visits at 8 and 15 months from baseline.
B. Subject PCI-017 had follow-up visits at 6 and 11 months from baseline. C. Subject PCI-021 had follow-up visits at 7 and 12 months from baseline.
Scale = 25 mm.
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low baseline cone density values. Of the four
subjects with markedly higher cone density (not
included in the density modeling), two showed steep
decreases in density whereas the other two had
stable cone density. One possibility is that there is
greater potential for cellular change in retinas with

a higher cone density; however, more subjects with
relatively high cone density need to be followed
longitudinally. It is important to note that our cone
density measurements relied on manual identifica-
tion of cone photoreceptors in the split-detector
images. Subjective interpretation of structural

Fig. 5. A larger field image of
the foveal cone mosaic of sub-
jects PCI-021 and UFC-002. As
seen in Figure 4, there is little to
no change in the cone mosaic
over a 12-month follow-up
period for these subjects.
Although there are slight dif-
ferences in distortion and blur-
ring throughout the images,
there is no large-scale remodel-
ing observed in the cone struc-
ture at the foveae of these
subjects. Scale = 50 mm.
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features in the image, as well as observer experience
can impact the ability to consistently identify
cellular features. This is an effect that we attempted
to minimize using a single, experienced observer for
all measurements—the result was highly repeatable
measurements in our data. Not all observers may
perform equally well, indeed previous work has
shown poor interobserver reliability in estimates of
cone density derived from manual analysis of split-
detector images of the peripheral retina in achroma-
topsia.36 As such, efforts should be made to ensure
observers are well trained, and to automate37 and
standardize split-detector AOSLO cell detection in
future studies.
Our OCT assessment showed a stable qualitative

grading assessment for 34/41 subjects in this study;
the number of subjects who showed an increased
degree of disruption over time (5/41) was compara-
ble to that previously observed (2/37) for a different
group of subjects with achromatopsia.8 Another
study observed qualitative outer retinal changes in
five young subjects, but not the three older subjects
studied.10 The changes that we observed primarily
occurred in younger subjects (ages 11, 13, 15, 16,
17, 30, and 33). These results are in line with the
observations of Thomas et al,10 who reported that
the majority of changes were observed in the youn-
ger retinas. Additionally, Lee et al38 reported that
young children followed over a period of 5 months
to 35 months exhibited increases and decreases in
disruption, in some cases in the same eye, over the
follow-up period. Not all of the younger subjects
showed a change in our study, and the youngest
subjects in fact had stable outer retinal appearance.
Optical coherence tomography images in two sub-
jects (CEI-009 and PCI-005) seemed to have less
disrupted EZ (IS/OS) bands on follow-up. This find-
ing is likely due to slight changes in the scan loca-
tion at the fovea. Small degrees of disruption may be
missed (or captured) depending on the exact scan
location; displacement by only a few microns may
affect the assessed grade of the EZ (IS/OS) band.
This highlights the importance of scanning the iden-
tical retinal location over time, which often requires
obtaining multiple images when dealing with pa-
tients with nystagmus.
Foveal ONL thickness increased very slightly in our

subjects during the follow-up period. This result is not
unprecedented, as ONL thickening has been pre-
viously observed with aging,39 although it does con-
tradict other similar measurements made in the
achromatopsia retina that indicate either a stable or
thinning ONL.8–10,40 The statistically significant
change (P = 0.02) might not be generalizable to other

populations of subjects with achromatopsia. Further-
more, the measured change was very slight; with axial
resolution of our OCT images of roughly 2.5 mm/
pixel, and at thickness rate of change of 0.184 mm/
month, a single-pixel thickness change would take
over a year to be appreciable.
This study spanned a relatively short time frame—

less than 2 years for most subjects. Thus, the stabil-
ity observed may simply be due to a very slowly
progressing nature in this condition, and perhaps
additional follow-up in this cohort will reveal
decreasing cone populations over a longer time
course. Significantly, although achromatopsia is
a very slowly progressing condition, our results hold
promise for the development of gene therapy as
there remains a cellular target present in these reti-
nas for a very long period—supported by the
presence of foveal cones in retinas over a wide age
range. Indeed, only subjects with an atrophic foveal
lesion lacked foveal cones, and no relationship
between cone structure and age was observed in
a previously reported cross-sectional analysis of this
cohort.16 Having detectable cone structure may not
be the only factor influencing a potential therapeutic
window, but it is clearly a prerequisite for any gene
therapeutic attempts.41 Taken together, our results
suggest that OCT and AOSLO may be useful in
monitoring structural changes after treatment.26

Key words: achromatopsia, gene therapy, cone
photoreceptor, color vision, imaging, adaptive optics,
retinal degeneration.
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