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Purpose: We examine the interocular symmetry of foveal outer nuclear layer (ONL)
thickness measurements in subjects with achromatopsia (ACHM).

Methods: Images from 76 subjects with CNGA3- or CNGB3-associated ACHM and 42
control subjects were included in the study. Line or volume scans through the fovea
of each eye were acquired using optical coherence tomography (OCT). Image quality
was assessed for each image included in the analysis using a previously-described
maximum tissue contrast index (mTCI) metric. Three foveal ONL thickness
measurements were made by a single observer and interocular symmetry was
assessed using the average of the three measurements for each eye.

Results: Mean (6 standard deviation) foveal ONL thickness for subjects with ACHM
was 79.7 6 18.3 lm (right eye) and 79.2 6 18.7 lm (left eye) compared to 112.9 6
15.2 (right eye) and 112.1 6 13.9 lm (left eye) for controls. Foveal ONL thickness did
not differ between eyes for ACHM (P ¼ 0.636) or control subjects (P ¼ 0.434). No
significant relationship between mTCI and observer repeatability was observed for
either control (P ¼ 0.140) or ACHM (P ¼ 0.351) images.

Conclusions: While foveal ONL thickness is reduced in ACHM compared to controls,
the high interocular symmetry indicates that contralateral ONL measurements could
be used as a negative control in early-phase monocular treatment trials.

Translational Relevance: Foveal ONL thickness can be measured using OCT images
over a wide range of image quality. The interocular symmetry of foveal ONL thickness
in ACHM and control populations supports the use of the non-study eye as a control
for clinical trial purposes.

Introduction

Achromatopsia (ACHM) is an autosomal recessive
inherited cone dysfunction syndrome, affecting ap-
proximately 1 in 30,000 people worldwide.1 It is
characterized by increased light sensitivity, reduced
visual acuity, nystagmus, and reduced or absent color
vision. To date, mutations in six genes have been
associated with ACHM: CNGA3, CNGB3, GNAT2,
PDE6C, PDE6H, and ATF62–5— with CNGA3 and
CNGB3 mutations accounting for nearly 70% of all

ACHM cases.6 While ACHM generally is thought to
be stable, there are conflicting reports regarding the
progressive nature of ACHM.7–11 The recent success
of gene therapy in the mouse, canine, and sheep
models of ACHM12–14 has made ACHM a well-suited
disease for exploring gene therapy options in humans.
Indeed, a number of gene therapy trials are underway
seeking to restore cone function in patients with
ACHM.15,16 However a prerequisite for therapeutic
success is that the individual retina being treated
contains residual cone photoreceptors.
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A variety of imaging approaches have been used to
examine remnant cone structure in patients with
ACHM. While confocal adaptive optics scanning
light ophthalmoscopy (AOSLO) imaging reveals an
absence of normal waveguiding cones in patients with
CNGA3- and CNGB3-associated ACHM,17–19 non-
confocal split-detector AOSLO imaging has been
used to show extensive, yet variable, residual cone
inner segment structure in these patients.19–21 How-
ever, even nonconfocal split-detector AOSLO-based
estimates of remnant cone structure may underesti-
mate the therapeutic potential of a given retina. This
is evidenced in a variety of diseases where outer
segment shortening and inner segment swelling
precede the final loss of the cone nucleus.22–25

Therefore, assessing the thickness of the foveal outer
nuclear layer (ONL), comprised primarily of cone
nuclei, may provide important auxiliary information
regarding remnant cone structure in patients with
ACHM.

Optical coherence tomography (OCT) has been
used for analysis of many features within the macular
region of patients with ACHM, including ellipsoid
zone integrity, foveal hypoplasia, and foveal ONL
thickness.26,27 Patients with CNGA3- and CNGB3-
associated ACHM show significant thinning of the
ONL compared to controls.19,26–28 A recent study
found no interocular difference in foveal ONL
thickness in seven subjects with CNGA3-associated
ACHM,21 though interocular symmetry has not been
assessed across a larger group of subjects. As the
progressive nature of cone degeneration in ACHM
remains unsettled (and may vary on a patient-by-
patient basis), determining the degree of ONL
symmetry is important for any trials where one eye
is treated and the other is used for comparison. Here,
we used OCT to examine the interocular symmetry of
the ONL at the fovea in subjects with CNGA3- and

CNGB3-associated ACHM using custom software
(OCT Reflectivity Analytics; ORA).29

Materials and Methods

Subjects

This research followed the tenets of the Declara-
tion of Helsinki and was approved by the institutional
review boards at Moorfields Eye Hospital (MEH) and
Medical College of Wisconsin (MCW; PRO0017439
and PRO00030741). Images from 76 subjects (17 from
MEH and 59 from MCW) genetically confirmed to
have CNGA3- or CNGB3-associated ACHM were
used for this study and 42 subjects (all from MCW)
with normal vision were used as controls. The
demographics of the subject populations are shown
in Table 1. If a patient had multiple visits during
which both eyes were imaged, the date used for
analysis chosen as the one with the best image quality
(assessed subjectively by a single observer, RRM),
with priority given to the most recent date. Subjects
with ACHM who had macular atrophy (i.e., grade 5
ellipsoid zone disruption27) were excluded from the
study as it is not possible to measure the ONL in these
retinas. The controls were not recruited in any specific
or systematic manner, rather selected from prior
studies in which the subject agreed to have their OCT
images used for future unspecified research (i.e.,
banked) and for whom good quality (again assessed
subjectively by a single observer, RRM) line scans
were available. Axial length was measured for each
subject using an IOL Master (Carl Zeiss Meditec,
Dublin, CA).

OCT Imaging and Processing

Before imaging, all subjects with ACHM were
dilated using either a single drop of cyclomydril
(cyclopentolate hydrochloride [0.2%] and phenyleph-

Table 1. Subject Characteristics

Parameter Control ACHM P Value*

Sex 19M, 23F 38M, 38F 0.702
Gene affected NA 14 CNGA3, 62 CNGB3 NA
Age, yrs (mean 6 SD) 26.7 6 9.7 24.1 6 13.5 0.064
Axial length, mm (mean 6 SD)

Right eye 24.1 6 1.25 23.9 6 1.87 0.166
Left eye 24.1 6 1.27 23.8 6 1.89 0.088

M, male; F, female; NA, not applicable.
* See text for specific statistical tests used.
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rine hydrochloride [1%]) or a combination of tropic-
amide (1%) and phenylephrine hydrochloride (2.5%)
for cycloplegia and pupillary dilation. Control sub-
jects were imaged without dilation, as a previous
study evaluated layer thickness measurements before
and after dilation and found no change.30 The
Bioptigen spectral domain OCT (Leica Microsystems,
Wetzlar, Germany) was used to acquire transfoveal
line and/or volume scans in both eyes of each subject.
For the 42 control subjects, horizontal line scans
(1000 A-scans per B-scan, 80–100 repeated B-scans)
were acquired with a nominal scan length of 7 mm.
Multiple B-scans (n ¼ 2–20) were registered and
averaged in ImageJ31 to create a single .tif image, or
processed line scan, with improved contrast for
analysis, as previously reported.32,33 For the 76
subjects with ACHM, the image acquisition was more
variable, owing to the multiple sites and longer
timeframe over which the images were collected.
Horizontal line scans (1000 A-scans per B-scan, 80–
100 repeated B-scans) were acquired with a nominal
scan length of 6 (9 eyes), 7 (107 eyes), or 8 (3 eyes)
mm. For 31 eyes, no line scans were acquired;
therefore, volume scans subtending nominal scan
dimensions of 731 (30 eyes) or 732 mm (1 eye) were
used for analysis instead. For the remaining two eyes,
the line scan was not positioned at the fovea;
therefore, a single B-scan was extracted from a
volume scan (6 3 6 or 7 3 7 mm) and used for
analysis. For all except these two eyes, multiple B-
scans (n ¼ 2–21) were registered and averaged to
create a single .tif image for analysis, as described
above.

OCT Analysis

To assess the OCT signal quality of the 236 images
used for our symmetry analyses, the maximum tissue
contrast index (mTCI) was computed for each image.
The mTCI is a ratio between the signal intensity of the
background and foreground pixels of an OCT
image.34 The background was defined as those pixels
in the vitreous anterior to the inner limiting mem-
brane (ILM) and the foreground was defined as those
pixels in the retina and choroid posterior to the ILM.
To implement the mTCI algorithm on our images, we
obtained images of the noise profile of the Bioptigen
OCT devices used for collecting the images in this
study. Before computing the mTCI, the OCT images
were cropped to position the center of the foveal pit at
the center of the image in the axial dimension (i.e.,
there was an equal number of background and
foreground pixels at the fovea).

The foveal ONL thickness was measured in the
logarithmically-transformed image using a five-pixel
wide longitudinal reflectivity profile (LRP) with
custom software (OCT Reflectivity Analytics
[ORA]).29 The LRP measurements were made or-
thogonal to the retinal pigment epithelium layer at the
center of the foveal depression, though six of the 236
images were tilted during acquisition and needed to be
rotated before analysis since ORA only allows
placement of vertically-oriented LRPs. In scans with
complete foveal excavation, the boundaries of the
ONL were selected from the peaks of the LRP
corresponding to the ILM and the external limiting
membrane (ELM; Fig. 1A). In scans with foveal
hypoplasia, the posterior boundary of the outer

Figure 1. Demonstration of measuring ONL thickness in cases without hypoplasia and with hypoplasia. When hypoplasia is not present
(A), the ONL is defined as the distance between the ELM and the ILM. When hypoplasia is present (B), the ONL then is defined as the
distance between the ELM and the next boundary, which is the OPL.27,43 Images are displayed and were measured using a logarithmic
scale.
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plexiform layer (OPL) was used as the anterior
boundary of the ONL instead of the ILM (Fig.
1B).9,19,27 The distance between the two peaks,
representing ONL thickness, was calculated and
output by the software.29 Three independent LRP
estimates of foveal ONL thickness were obtained,
with the single grader (RRM) masked to their prior
measurements to assess repeatability. The mean of
their three measurements was used for further
analyses.

Statistical Analyses

Descriptive and comparative statistics were calcu-
lated using GraphPad Prism (v8, GraphPad Software,
La Jolla, CA), with intraclass correlation coefficient
(ICC) being estimated using R statistical software (R
Statistical Software, Vienna, Austria). The repeatabil-
ity was computed from the within-subject standard
deviation (Sw) as described by Bland and Altman.35

Data were tested for normality using the Shapiro-
Wilk test to guide use of parametric or nonparametric
statistical tests as appropriate.

Results

Subjects

As shown in Table 1, no statistical sex difference
was observed between subjects with ACHM and
controls (P ¼ 0.702, Fisher’s exact test). Although
controls were older, on average, than subjects with
ACHM (mean difference, 2.5 years), this was not a
significant difference (P ¼ 0.064, Mann-Whitney U
test). Axial length for subjects with ACHM compared
to controls also was not statistically different for
either eye (right eye, P ¼ 0.166; left eye, P ¼ 0.088;
Mann-Whitney U test). Furthermore, no significant
interocular difference in axial length was observed for
either the subjects with ACHM (P¼ 0.084, Wilcoxon

matched-pairs test) or controls (P ¼ 0.827, Wilcoxon
matched-pairs test).

Foveal ONL Thickness Shows Excellent
Repeatability

The high prevalence of hypoplasia and variable
ellipsoid zone disruption can complicate the delinea-
tion of the ONL boundaries in patients with ACHM,
possibly affecting the repeatability of such measures.
Thus, it was important to establish the repeatability of
our observer before progressing to studies of symme-
try of our cohort. Our observer (RRM) showed
excellent intraobserver repeatability, with ICC values
for ACHM and control subjects shown in Table 2.
Importantly, the 95% confidence intervals (CIs) for
both eyes of the control subjects did not overlap with
the CIs for the subjects with ACHM. This indicated
that while both groups show excellent repeatability,
measurements on the ACHM scans were slightly less
repeatable than in controls. This also was seen in
assessing the repeatability using the within subject
standard deviation (Sw).

35 Repeatability was estimat-
ed as 2.7 times Sw, and the difference between any two
measurements for the same subject is expected to be
less than this value for 95% of pairs of observations.35

As seen in Table 2, the repeatability was better in the
control subjects (right eye ¼ 6.62 lm, left eye ¼ 5.27
lm) compared to the subjects with ACHM (right eye
¼ 14.2 lm, left eye ¼ 13.6 lm). These data may be
useful for efforts to establish the degree of ONL
change that should be considered significant when
examining subjects with ACHM over time, as well as
assessing the performance of different observers.

As mentioned above, the images used for analysis
were comprised of 1 to 21 B scans; as such, the image
quality was highly variable. This variability is
representative of imaging a patient population with
nystagmus. Therefore, we quantitatively characterized
the image signal quality to assess whether our

Table 2. ONL Statistics and Repeatability for ACHM and Control Subjects

Control ACHM

Right Eye Left Eye Right Eye Left Eye

Mean ONL thickness, lm 6 SD 112.9 6 15.2 112.1 6 13.9 79.7 6 18.3 79.2 6 18.7
Median ONL thickness, lm 112.7 114.5 77.6 75.8
Interquartile range, lm 20.0 21.2 20.4 23.7
ICC 0.976 0.982 0.925 0.935
95% CI 0.963–0.988 0.972–0.991 0.898–0.953 0.910–0.959
Repeatability (lm)a 6.62 5.27 14.2 13.6

a Defined as 2.77 3 Sw.
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observer’s repeatability was affected by the image
signal quality. mTCI ranged from 3.31 to 27.5 for the
controls and 1.02 to 20.0 for the subjects with
ACHM. While the mTCI was lower on average for
the ACHM images than those from controls (P ,

0.0001, Mann Whitney U test), there was no
significant relationship between mTCI for a given
image and the intraobserver repeatability for that
image (Fig. 2). Thus, at least in this group of subjects,
the variable image quality did not appear to influence
the observer performance.

Foveal ONL Thickness Shows High
Interocular Symmetry

Consistent with previous reports,19,26,27 subjects
with ACHM had a thinner foveal ONL on average
than control subjects (P , 0.0001, t11 ¼ 9.96; right
eye, unpaired t-test, Table 2, Fig. 3), though there was
considerable overlap between the groups (Fig. 3).
ONL thickness at the fovea did not differ between
eyes in subjects with ACHM (P ¼ 0.636, t75 ¼ 0.475,
paired t-test) or control subjects (P ¼ 0.434, t41 ¼

Figure 3. Foveal ONL thickness for both eyes of control and
ACHM subjects. On average, subjects with ACHM have a thinner
foveal ONL than controls (P , 0.0001, t11¼9.97; right eye unpaired
t-test), though there is substantial overlap between groups. Shown
is the median for each group (middle horizontal line), while the
25th and 75th quartiles are represented by the lower and upper
rectangle boundaries, respectively. Error bars: Extend to the
minimum and maximum values within each group. Foveal ONL
thickness did not differ between eyes in subjects with ACHM (P¼
0.636, t75¼ 0.475, paired t-test) or control subjects (P¼ 0.434, t41¼
0.796, paired t-test).

Figure 2. Relationship between image signal quality and
repeatability of foveal ONL measurements. Plotted are mTCI
values for each image against the standard deviation of the three
repeated measurements of foveal ONL thickness for that same
image for controls (A) and subjects with ACHM (B). Images from
both eyes are included in each plot for a total of 84 and 152
images, respectively. The mean mTCI (vertical dashed lines) was
higher in the images from control subjects compared to images
from subjects with ACHM. However, no significant relationship
between mTCI and observer repeatability was observed in either
the images from controls (Spearman r¼�0.162, 95% CI¼�0.370–
0.060, P¼ 0.140) or the subjects with ACHM (Spearman r¼�0.076,
95% CI ¼�0.237–0.089, P¼ 0.351).
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0.796, paired t-test). In addition, the values from the
right and left eyes were highly correlated for both the
subjects with ACHM (Pearson r ¼ 0.899, 95% CI ¼
0.845–0.935) and the control subjects (Pearson r ¼
0.911, 95% CI ¼ 0.839–0.951). Taken together, these
data indicate high interocular symmetry in both
populations (Fig. 3). The Bland-Altman plots (Fig.
4) show that 95% of the interocular differences (right–
left eyes) in our subjects fall between �11.5 and 13.1
lm for controls and �15.9 and 16.8 lm for the
subjects with ACHM.

Though ONL symmetry was observed overall,
there were subjects who had moderate differences in
ONL thickness between eyes. Close inspection of the
images from these subjects illustrates some potential

confounds in extracting accurate ONL measurements
from some images. Two examples are shown in Figure
5. The left eye of subject JC_0794 had a foveal ONL
thickness that was 24.9 lm less than that measured in
the right eye. While this may represent true asymme-
try, the sharpness of the anterior ONL boundary is
qualitatively worse in the left eye. Subject JC_10089
had the second greatest interocular difference (22.7
lm). Interestingly, the left eye of this subject had the
ninth worse repeatability of the 152 ACHM images
measured. The OPL is more evident in the right eye
relative to the left eye, which may underlie the
apparent asymmetry and poor repeatability of the
left eye. Even though the overall trend supports
symmetrical foveal ONL thickness across subjects,
one must be aware of isolated cases of asymmetry.

Discussion

In this study, we identified that the ONL at the
fovea was thinner in subjects with ACHM, consistent
with previous studies.19,21,26–28 The overlap between
subjects with ACHM and controls highlights the
significant variability that is present in ACHM.
Additionally, the high repeatability of our ONL
measurements suggests that the presence of foveal
hypoplasia and variable image quality does not
obviate robust assessment (at least by the observer
used here) of foveal ONL thickness in this patient
population, which often can be highly challenging to
image with OCT and other modalities.

One limitation of our study is that the controls
were slightly older than the ACHM population by an
average of 2.6 years (though this was not statistically
significant). Previous literature has conflicting reports
of the effect of age on ONL measurements, with some
reporting no significant changes,36,37 some reporting
thinning,38 and some reporting thickening.39,40 If
ONL thickness decreases with age, then accounting
for this within our study would only have further
increased the significance of ONL thickness difference
between the two groups. On the contrary, if ONL
thickness increases with age, as suggested by Chui et
al.,39 this would amount to an increase in ONL
thickness of less than 0.5 lm, given the 2.6-year age
difference. As controls have a thicker ONL than
subjects with ACHM by approximately 30 lm, the
difference observed is most likely due to ACHM
rather than any potential age changes. Another
limitation was the retrospective nature of our study.
In this regard, we essentially used whatever scans were
available (which leaves a number of variables

Figure 4. Interocular symmetry of foveal ONL thickness. Shown
are Bland-Altman plots using data from controls (A) and subjects
with ACHM (B). No significant bias was observed in either group.
Dashed line represents average bias between the eyes, solid lines
represent limits of agreement (LOA), gray shading represents CIs
for the bias and LOAs.
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uncontrolled). However the reasons for some scans
not being available in some subjects often is due to
nystagmus, so excluding them may induce a selection
bias in the overall analysis of the ONL.

Understanding the disease sequence for degener-
ating cone photoreceptors also is important. This has
been observed previously using the progression of
degenerating photoreceptors in retinitis pigmentosa.
Reports exist of shortening outer segments and
enlargement of inner segments occur before the final
swelling of cone nuclei, directly preceding cone
photoreceptor loss.22–25 Moreover, Jacobson et al.41

suggested there is a staging of cone degeneration in
patients with Leber congenital amaurosis (LCA).
They proposed that within a given disease, cone
photoreceptors can be at varying stages of degener-
ation and often, regardless of intervention, some of
them cannot be saved.41 This hypothesis was sup-
ported by observations in an LCA clinical trial, of
improved vision in treated patients, yet ONL thick-
ness still was seen to decrease (suggestive of continued
cone cell death progression).41,42 Exactly how intact a
cone must be to remain amenable to restoration of
function via gene replacement therapy in ACHM is
unknown. Comprehensive assessment of the integrity
of remnant foveal cones may benefit from combining
ONL thickness data with measurements of cone inner
segment density (assessed directly using nonconfocal
split-detector AOSLO) and outer segment integrity
(as inferred from the relative cone reflectivity or
waveguiding properties seen using confocal AO-
SLO).18,19 Such data may help to paint a more
complete picture of the therapeutic potential of a

given retina, which could be of use in helping frame
(on a personalized basis) patient and physician
expectations regarding gene replacement therapy
outcomes. However, a major obstacle remains: the
fact that AOSLO imaging is only successful in
approximately 55% of patients with ACHM obviates
comparisons between these different measures of
photoreceptor structure in many subjects.

In conclusion, subjects with ACHM have a thinner
foveal ONL on average, though there is substantial
variability between individuals. Our ONL thickness
measurements derived from OCT showed minimal
disparity in foveal ONL thickness between eyes,
suggesting that the non-study eye can be used as a
control in clinical trials.
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