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ABSTRACT

Background: To assess the reproducibility and repeat-
ability of cone imaging in healthy human eyes, using
the RTx-1 Adaptive Optics Retinal Camera and its
proprietary cone-counting software.

Design: Single-centre, prospective study.
Participants: Ten healthy adults.

Methods: Macular cones were imaged. Intrasession
repeatability was assessed by comparing 10 consecu-
tive acquisitions obtained by the same operator from
each subject. For the intersession study, each subject
was imaged five consecutive days. Interoperator
reproducibility was also evaluated by comparing the
images obtained from 10 different subjects by two
independent operators. Finally, intergrader agree-
ment was evaluated by comparing the cone counts
measured by two masked graders.

Main Outcome Measures: Mean cone density (cells/
mm?), spacing between cells (um) and percentage of
cones with six neighbours calculated on Voronoi dia-
grams were measured. Correlation coefficients,
intraclass correlation coefficients, and coefficients of
variation were calculated.

Results: Correlation coefficient and intraclass correla-
tion coefficient were respectively 0.81 and 0.96
between operators, and 0.97 and 0.98 between the

two graders. The intrasession and intersession coef-
ficients of variation were under 7%. The percentage
of cells with six neighbours and the spacing between
cones varied in the same proportion (coefficients of
variation ranged from 1.66 to 10.05%).

Conclusions: Overall, the test-retest variability of
RTx-1 and its software was good in normal human
eyes. Further studies in the normal clinical setting
are mandatory.

Key words: cell count, healthy volunteers, optical
imaging, reproducibility of results, retinal cone
photoreceptor cells.

INTRODUCTION

Adaptive optics (AO) retinal imaging, which uses
active optical elements to compensate for aberrations
in the optical path between the retina and the
camera, allows high magnification and real-time
visualization of the macular cones.! This new
imaging modality has being increasingly used in
vision research to study the mosaic and alignment of
cones and the retinal vasculature.'”

Because the AO system has been shown to image
the retina with a level of detail not seen with other
imaging instruments such as optical coherence
tomography and scanning laser ophthalmoscopy,
a growing interest in its potential use in clinical
ophthalmology has been observed. For example,
applications in frequent macular conditions such
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as epimacular membrane,®*® macular hole!*'! and age-

related macular degeneration'>'* have been recently
reported. The development of the first commercially
available compact AO retinal camera device (i.e. the
RTX-1, Imagine Eye, Orsay, France) may accelerate
the transfer of AO from fundamental research to clini-
cal practice. However, data on the reliability and
robustness of the measurements taken with AO are
scarce compared to other retinal imaging techniques
such as optical coherence tomography.'** While the
reliability of AO coupled with a scanning laser
ophthalmoscopy system (AOSLO)*2* has been
studied, data on the reliability of the RTX-1 are rare.®

In this study, we investigated the repeatability
and reproducibility of cone counting using the RTx-1
and its dedicated software in a healthy population,
in order to provide a base point for comparison for
upcoming studies conducted on patients.

METHODS
Subjects

Ten healthy volunteers were recruited in our depart-
ment of ophthalmology. All subjects underwent a
comprehensive eye examination. None had any
history of ocular or systemic disease, and they all
displayed the best corrected visual acuity of 20/20 or
better. Dry eye, retinal or systemic diseases were
exclusion criteria. In accordance with the Helsinki
declaration, written consent was obtained after
explaining the goal and design of the study as well
as the imaging modality and its consequences.

RTX-1 specifications and image
acquisition procedure

Cones were imaged using the RTx-1 AO retinal
camera, from Imagine Eyes (Orsay, France). This
device, approved for research use only in Europe, is
a non-contact en-face imaging device using non-
coherent flood illumination with a wavelength of
850 nm. Aberrations of the ocular wavefront are
analyzed by an integrated aberrometer, with a
Shack-Hartmann wavefront sensor. Aberrations are
corrected by a deformable mirror in real time.
Imaging field of view is 4° x 4°, corresponding to a
1.2 x 1.2 mm square on the retinal surface. Each
acquisition lasts 4 s. Its low-noise charge-coupled
device camera has a pixel resolution of 1.6 um and a
frame rate of 9.5 fps.

AO imaging sessions, were conducted on
undilated subjects at a fixed time (9 a.m.) by trained
operators. The head was positioned on the chinrest at
a working distance of 50 mm while the subject fixed
his or her gaze on a target (a yellow cross) located
inside the device. The area of the retina to be imaged

was chosen by adjusting the position of the fixation
target horizontally, the imaging depth was chosen
within the range of 0 to —80 um; in this range, the
live images of the retina appeared to be the sharpest
(—-800 um and +800 um correspond to the anterior
and posterior retina, respectively). During the acqui-
sition, a numerical value in the device’s control panel
informed the operator on the level of OA correction
in real time: the lower this value was the better the
correction and thus the better the acquisition quality.
During the acquisition, 40 live high-resolution
images of the retina were automatically averaged by
the device in a single session.

Image processing and analysis

Each series of 40 images acquired by the AO camera
was processed using software programs provided by
the system manufacturer (CK v0.1 and AOdetect
v0.1, Imagine Eyes). These images were registered
using a cross-correlation method**?” and averaged to
produce a final image with improved signal-to-noise
ratio. The raw images that showed artefacts due to
eye blinking and saccades were automatically elimi-
nated before averaging. For display and printing
purposes, the background of the resulting image was
subtracted using a Gaussian filter, and the histogram
was stretched over a 16-bit range of gray levels. The
positions of photoreceptors were computed by auto-
matically detecting the central coordinates of small
circular spots whose brightness was higher than the
surrounding background level.

First, the averaged image, as obtained before
background removal and histogram stretching, was
further processed using adaptive?® and multiple-
scale?” digital filters. Then, the local maxima of the
resulting filtered image were deleted and their pixel
coordinates were recorded.

The spatial distribution of these point coordinates
was finally analyzed in terms of inter-cell spacing
(um), local cell density (cells/mm?) and number of
nearest neighbours corresponding of the percentage
of cells with six neighbours (P6) using Delauney
triangulation® and calculated on Voronoi diagrams’
(Fig. 1). It is important to note that all the processing
and detection steps were fully automatized. The only
significant intervention of the grader was the place-
ment of the square, which determines the measure-
ment area. Because of the resolution limits of the
camera (250 line pairs per millimetre), it was not
possible to differentiate cones inside a circle of 1° of
radius where cells are too tightly packed,®' with a
risk of underestimating the cone density in the
very centre of the fovea. (Fig. 1) For this reason, the
area of analysis chosen in this study corresponded
to a 90-um square (0.3° x 0.3°), placed 1.5° nasally
from the fovea by the grader, on the horizontal axis
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Figure 1. Preprocessed and
postprocessed adaptive optics
(AO) images. (a) Preprocessed AO
image of a right eye centred on 0°
(4° x 4°). Cones in the very centre
appear blurred because of resolu-
tion limitation of the AO camera.
Analysis provided by AOdetect 0.1
software: (b) color map represent-
ing spacing between cones;
(c) cone density map; (d) Voronoi
diagram representing the distribu-
tion of neighbouring cones. Color
scales are presented at the
bottom.
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crossing the fovea. The square was manually moved
along the horizontal axis following a 10-um step
until reaching the highest density detected along this
axis (Fig. 2).

In order to adjust the scale of the retinal images,
axial length was obtained using the IOL Master
(Carl Zeiss Meditec, Dublin, CA, USA).

Study design

All eyes studied were right eyes. Sessions were con-
ducted in the same low-lighting conditions, using
the same retinal camera.

Intrasession repeatability was measured by comparing
10 consecutive images acquired by the same operator
from three different subjects. Cone counts were per-
formed by the same grader, using AOdetect vO. 1.

Intersession reproducibility was assessed by compar-
ing the images obtained from three subjects, on five
consecutive days, by the same operator and the same
grader.
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Interoperator  reproducibility was measured by
imaging 10 subjects by two operators in a blinded
manner, in the same conditions (same device, same
examination time, same lighting).

Intergrader reproducibility was assessed by compar-
ing the results of cone counts obtained from 60 dif-
ferent images measured by two masked graders.

Statistical analysis

The averaged cone densities, spacings and P6, the
standard deviations and the confidence intervals (CI)
were calculated for each part of the study. Descriptive
statistics and the Wilcoxon matched-pairs signed-
ranks test were used for statistical comparisons
between groups, with the two-tail P value <0.05
considered significant.

The degree of agreement between the two opera-
tors and between the two readers was assessed
using the Bland-Altman method.*”** The standard
deviation of repeated measurements enables to
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Figure 2. lllustration of the cone-
counting method on the nasal area
along a horizontal line passing
through the foveola (right eye).
(a) Cone density map obtained by
AOdetect software. A 0.3°x0.3°
(90 um x 90 um) square is moved
manually along the horizontal line
starting at the center with a step of
10 um until reaching the highest
cone density detected. When the
cone density starts to decrease
(red square), the square is moved
backward to the previous area. The
corresponding density, spacing
and percentage of cells with six
neighbours are then reported.
(b) Image cone labelling process in
the 0.3°x0.3° square, with the
automated algorithm provided
by AOdetect 0.1 software. Red
crosses represent cones identified
by the algorithm.

30 282
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measure the size of the measurement error. The
common standard deviation of repeated measure-
ments is known as the within-subject standard devia-
tion, Sw, as described by Bland and Altman in 1996.*
To estimate Sw, the variances (the squares of the
standard deviations) are averaged. The difference
between a subject’s measurement and the true value
would be expected to be less than 1.96 Sw, for 95% of
observations. Repeatability is another way to present
measurement error. It is defined as 2.77 Sw. The
difference between two measurements for the same
subject is expected to be less than 2.77 Sw, for 95% of
pairs of observations.>*>* The 95 % CI for repeatability
is 1.96 Sw/\(2n(m-1)) where n is the number of sub-
jects and m is the number of observations for each
subject.

For test-retest analysis, coefficients of variation,
correlation coefficients (CCs) and intraclass CCs were

calculated. Coefficients of variation are a measure of
dispersion of a distribution, ratio of the standard
deviation to the mean. CCs describe the correlation
between two variables, but they may be difficult to
interpret because this correlation depends on the vari-
ability between subjects. So intraclass CCs were also
reported. Intraclass CCs estimate the average correla-
tion between all possible pairs of observation.**

Statistics were calculated using the commercially
available software program GraphPad InStat
(GraphPad Instat, Inc., San Diego, CA, USA). Linear
regression graphs were obtained using Graph Prism
5 (GraphPad Instat, Inc.).

RESULTS

The characteristics of the 10 volunteers studied are
reported in Table 1.
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Intra- and intersession studies

Intrasession and intersession test results are summa-
rized in Tables 2 and 3.

Intrasession repeatability was good for the overall
parameters studied. Cone spacing appeared to be the

Table 1. Characteristics of the studied volunteers

Demographic characteristics
Age (years) Mean (95%Cl) SD
Spherical equivalent (diopters)

Mean (95%Cl) SD
Sex ratio 1

30.80 (25.99,35.61) 6.73
—1.05 (-2.62,0.52) 0.69

Cl, confidence interval; SD, standard deviation.

most reproducible parameter. There was a decreasing
trend in cone detection over the duration of the
session. However, it did not reach a level of statistical
significance (data not shown). Intersession repro-
ducibility was also good for cone density and cone
spacing measurements and to a lesser degree for Pé6.

Interoperator study

The results of the interoperator study are summa-
rized in Table 4. Interoperator agreement was con-
sistent for cone density and cone spacing, but not for
P6. The Bland-Altman analysis showed a mean dif-
ference among operators of 772.4 cells/mm? (Fig. 3),
0.086 um for spacing and 0.34% for Pé.

Table 2. Intrasession repeatability
Subjects Density Spacing P6
Mean cells/mm? (95%Cl) SD Cov Mean um (95%Cl) SD Cov Mean % (95%Cl) SD Cov
(Range) % (Range) % (Range) %

Subject 1 23914 (22 839, 24 989) 1503 6.29 7.19 (7.04, 7.34) 0.20 2.92 39.38 (37.42, 41.34) 2.73 6.94
(21 174 to 26 016) (6.90 to 7.56) (34.40 to 43.90)

Subject 2 29 058 (27 846, 30 270) 1695 5.83 6.49 (6.31, 6.66) 0.24 3.71 46.31 (42.98, 49.64) 4.65 10.05
(24 432 to 30 644) (6.27 to 7.13) (39.10 to 56.8)

Subject 3 23 962 (23 045, 24 879) 1282 5.35 7.16 (7.04,7.28)0.16 2.37 42.81 (40.39, 45.23) 3.38 7.90
(22 716 to 26 350) (6.89 to 7.36) (37.80to 49.10)

Overall patients 25 644 (24 580, 26 709) 2851 5.82 6.95 (6.81, 7.10) 0.39 3 42.83 (41.13, 44.54) 4.57 8.30
(21 174 to 30 644) (6.27 to 7.56) (34.40 to 56.80)

Cl, confidence interval; COV, coefficient of variation; P6, percentage of cells with six neighbours; SD, standard deviation.
Table 3. Intersession reproducibility
Subjects Density Spacing P6
Mean cells/mm? (95%Cl) SD Ccov Mean pum (95%Cl) SD Ccov Mean % (95%Cl) SD Ccov
(Range) % (Range) % (Range) %

Subject 1 22 807 (20 270, 25 344) 2043 8.96 7.37 (6.99, 7.75) 0.30 412 40.44 (37.10, 43.78) 2.69 6.66
(20 659 to 25 378) (7.02 to 7.78) (37.20 to 44.40)

Subject 2 28 690 (27 860, 30 060) 910 3.17 6.58 (6.44, 6.71) 0.11 1.66 43.92 (38.79, 49.05) 4.13 9.40
(27 398 to 29 443) (6.47 to 6.71) (39.80 to 50.20)

Subject 3 24 204 (22 767, 25 640) 1157 478 7.12 (6.85-7.40) 0.22 3.09 40.68 (38.74, 42.62) 1.56 3.85
(22 572 to 25 839) (6.86 to 7.46) (39.00 to 42.90)

Overall Patients 25 233 (23 613, 26 854) 2925 5.63 7.02 (6.80, 7.25) 0.40 2.96 41.68 (39.90, 43.46) 3.22 6.64
(20 659 to 29 443) (6.47 t0 7.78) (37.20 to 50.20)

Cl, confidence interval, COV, coefficient of variation; P6, percentage of cells with six neighbours; SD, standard deviation.

Table 4. Results of the interoperator study

Correlation coefficients Density Spacing P6

Intraclass CC 0.96 (0.83, 0.99) 0.96 (0.85, 0.99) 0.20 (-2.19, 0.80)

% (95%Cl)

Correlation coefficient 0.81 0.94 0.12

%

CC, correlation coefficient; Cl, confidence interval; P6, percentage of cells with six neighbours.
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Table 5. Results of the intergrader study

Correlation coefficients Density

Spacing P6

Intraclass CC 0.98 (0.976, 0.0.991)
% (95%Cl)
Correlation coefficient 0.97

%

0.96 (0.943, 0.980) 0.78 (0.634, 0.869)

0.95 0.61

CC, correlation coefficient; Cl, confidence interval; P6, percentage of cells with six neighbours.
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Figure 3. Bland-Altman graph representing interoperator
reproducibility of cone density. Gray lines correspond to the 95%
confident interval of the difference between the two operators.
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Figure 4. Bland-Altman graph representing the intergrader
agreement in cone counts. Gray lines correspond to the 95%
confident interval of the difference between the two readers.

Intergrader agreement

Intergrader reproducibility was high for cone den-
sity and cone spacing but was again limited for P6
(Table 5). The Bland-Altman analysis for intergrader
agreement showed a mean difference among graders
of 169.4 cells/mm?* (Fig. 4), 0.003 um for spacing and
0.24% for P6. As for the linear regression between
the cone density measured by the two blinded
graders, R* was 0.95 (Fig. 5).

DiscussiON

This study provides an estimate of the reproducibil-
ity of RTX-1-derived cone counts in the ideal setting
for imaging cones. Overall, there was a good repro-
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Figure 5. Relation between the cone density measured in 60
images by two blinded graders (linear regression, R? = 0.95).

ducibility across results for parafoveal cone density
and for the inter-cone spacing measurements, and to
a lesser degree for the percentage of cones with six
neighbours. Garrioch et al. reported in 2012, results
of cone counts with their self-built AO device,
coupled with a SLO.” They found a high variability
in cone counts with automated estimates with a
coefficient of repeatability of 17.1%. However, opti-
mization of the identification software combined
with complementary manual identification of cones
missed by the automated algorithm improved the
results considerably, to up to 2.7%. The current
study, which focused on the first commercially avail-
able device, differs in several points from the latter:
the wavelength of the super-luminescent diode used
for retinal imaging was 850 nm for the RTX-1 versus
775 nm for the AOSLO device. The subtending field
of view of the RTX-1 was four times wider. The
software provided by the manufacturer was based on
specific algorithms designed to detect cones and pro-
tected by several patents. In consequence, it was not
possible to modify the automatic count by adding or
subtracting elements involved in the cell count. In
addition, the cone-counting protocol implemented
in the current study was original. While the Wiscon-
sin team imaged the cones at 0.65° from the centre of
fixation, we studied the area located at 1.5° for the
technical reason indicated earlier. Despite a different
approach, we found good repeatability and repro-
ducibility of both the optical system and its software
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with test-retest coefficients of variation under 7%.
The variability observed between the measurements
may have several origins. The capacity of the subject
to stay focused on the fixation target was important
because each acquisition lasted 4 s. Interestingly,
during the intrasession study, there was a downward
trend in cone density values as the session pro-
gressed, although the difference did not reach statis-
tical significance. Most likely, the decrease in image
resolution, which was responsible for a loss of cell
detection, was caused by progressive impairment of
the tear film resulting in increased optical aberra-
tions. Another factor of variation was the nature of
the cone-counting procedure. The process was not
fully automated because the area of analysis for cone
count was selected manually, which contributed
greatly to the overall amount of variation, as demon-
strated in the intergrader study. A software upgrade
to automatically detect the parafoveal cone peak in a
preselected area would certainly improve the accu-
racy of the cone counts. Interoperator agreement was
also good because both operators were well trained
and followed the same acquisition protocol.
However, results with less experienced operators
may display a higher variability.

This study has limitations. The major one is that it
was voluntarily conducted on normal eyes selected
to minimize potential optical defects that could influ-
ence AO image quality. In a normal clinical setting,
impaired tear film, cataract and fixation difficulties,
among other factors, may accentuate the differences
observed between measurements in normal eyes.
However, their impact on the measurements is diffi-
cult to quantify precisely and it would have been
very difficult to distinguish between what is due to
the imaging system and what is related to the disease
by itself. Another point is that the cone count is
entirely based on the identification of cones by the
algorithm of the software. The recognition elements
included shape, size and reflectivity. In absence of
comparison with the gold standard, which would
have been histological sampling, it is not possible to
confirm the accuracy of the results obtained by the
software. Nevertheless, the cone-count protocol we
implemented focused on a small nasal area where
cones make up, by far, the majority of cells*’ mini-
mizing the risk of confusion between different cell
types. The RTX-1 provides images with a lateral
resolution of approximately 3 um and accurately
measures macular cone density and mosaic in the
eight central degrees but not in the very centre of the
fovea (< 1 central degree) where the cones cannot be
discriminated due to their small size and their high
density in this area (up to 200 000 cells/mm?).*! In
our opinion, detecting the parafoveal cone peak
instead of counting cones at a fixed distance from the
fovea is more relevant for clinical applications, in

order to draw comparison between patients because
the spatial distribution of macular cones can differ
between individuals. In fact, Curcio etal*"*
described several patterns of cone distribution in
histological observations, from circular to oval
shapes that makes it more difficult to compare indi-
viduals at a fixed distance from the fovea.

Another notable difference between AO studies
resides in the sampling window size. With AOSLO, a
decrease in the repeatability and an increase in the
measurement error of cone density were observed as
the square size decreased.”” The same effect was
reported in the Lombardo et al. study, which assessed
the agreement between sampling windows of differ-
entsizes (320 X 160 um, 160 x 80 um and 80 x 40 um)
acquired in 10 subjects, at 1.20° nasally and 1.70°
temporally from the centre of fixation, using a RTX-1
device.’>® Besides, the closer to the fovea the area of
measurement is, the higher the intersubject variabil-
ity is.*?*?! The results of the current study are compa-
rable with those already reported in the literature,
with an average coefficient of repeatability of the same
order of magnitude as the one reported by Lombardo
et al., which was close to 10%.*

Finally, it appears that, at the current stage, RTX-1
does not detect a narrow difference in cone counts
(<10%) with a sufficient degree of confidence. These
results underline the need for exercising caution
when interpreting the results of future studies con-
cluding on very slight differences in cone density,
especially when the lower limit of cone counts
possibly expressing a clinical symptom remains
unknown to date. We are currently assessing the
device reliability in specific group of patients in
order to contribute to define the best clinical appli-
cation of this promising imaging modality.

In conclusion, cone counts using RTX-1 appeared
reliable over time, in healthy volunteers, to a certain
limit. Further studies in various retinal conditions
are mandatory in order to implement their use in
routine ophthalmology.
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