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PURPOSE. To describe a standardized flood-illuminated adaptive optics (AO) imaging protocol
suitable for the clinical setting and to assess sampling methods for measuring cone density.

METHODS. Cone density was calculated following three measurement protocols: 50 3 50-lm
sampling window values every 0.58 along the horizontal and vertical meridians (fixed-interval
method), the mean density of expanding 0.58-wide arcuate areas in the nasal, temporal,
superior, and inferior quadrants (arcuate mean method), and the peak cone density of a 50 3
50-lm sampling window within expanding arcuate areas near the meridian (peak density
method). Repeated imaging was performed in nine subjects to determine intersession
repeatability of cone density.

RESULTS. Cone density montages could be created for 67 of the 74 subjects. Image quality was
determined to be adequate for automated cone counting for 35 (52%) of the 67 subjects. We
found that cone density varied with different sampling methods and regions tested. In the
nasal and temporal quadrants, peak density most closely resembled histological data, whereas
the arcuate mean and fixed-interval methods tended to underestimate the density compared
with histological data. However, in the inferior and superior quadrants, arcuate mean and
fixed-interval methods most closely matched histological data, whereas the peak density
method overestimated cone density compared with histological data. Intersession repeat-
ability testing showed that repeatability was greatest when sampling by arcuate mean and
lowest when sampling by fixed interval.

CONCLUSIONS. We show that different methods of sampling can significantly affect cone density
measurements. Therefore, care must be taken when interpreting cone density results, even in
a normal population.
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Adaptive optics (AO) has been increasingly used to study
retinal disease.1–26 Until recently, the application of AO

technology in ophthalmic imaging has been restricted to
custom-built systems that require extensive technical infra-
structure, which limits their use in a typical clinical setting.
Now with commercially available AO imaging systems, such as
the flood-illuminated rtx1 from Imagine Eyes (Orsay, France),
the Compact AO retinal imager from Physical Sciences, Inc.
(Andover, MA, USA), and an AO scanning laser ophthalmoscope
from Canon, Inc. (Tokyo, Japan), AO-aided imaging is becoming
a more clinically viable tool for assessing retinal disease.27–30

We used the rtx1 flood-illuminated AO camera from Imagine
Eyes to develop a protocol for imaging and sampling cone
density from a large macular area in healthy subjects. Previous
studies have used the rtx1 to examine retinal diseas-
es,12,21,22,31–36 study the healthy eye,37–40 and optimize AO
imaging parameters.41,42 However, the practicality and limita-
tions of using the rtx1 and other commercial systems have not
been well established. Most studies have sampled density in
small, manually selected areas of high image quality, even
though a major advantage of flood-illuminated AO imaging is to
allow for large areas of the retina to be imaged quickly. The

density analysis methods typically used are also prohibitively
labor intensive when analyzing large datasets with extensive
retinal areas. Therefore, the clinical and research utility of
adaptive optics remains limited by a lack of automated cone
sampling and density representation methods. Additionally,
although some studies have explored the effect of different-
sized sampling windows on measurements of cone density,43 it
is still unclear how to best represent or sample cone density
most accurately and consistently.

We describe our process for image acquisition, processing,
and cone density analysis using the rtx1. We evaluated three
methods of automatically sampling cone density, assessed the
repeatability of our measurements, and compared our cone
density values to histological studies,44,45 adding our data to
previous studies that have used AO imaging systems to
characterize the normal photoreceptor mosaic.37,38,46–52

METHODS

This research adhered to the tenets of the Declaration of
Helsinki and was approved by the Oregon Health & Science
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University Institutional Review Board. We tested the dominant
eye of 74 healthy subjects ranging in age from 14 to 69 years.
Seven subjects were excluded due to an inability to adequately
montage the images. Subject characteristics are shown in Table
1.

For each subject, a series of 25 48 3 48 images were acquired
with a 50% overlap between adjacent images to cover a 128 3
128 field of the central macula (Figs. 1A, 1B). At each fixation
point, 40 raw AO images were automatically registered and
combined to improve the signal-to-noise ratio using vendor-
provided software (ck_v0_1b; Imagine Eyes). An example 48 3
48 image is shown in Figure 1C. Images were montaged with
i2k Retina using affine transformation parameters (DualAlign,
LLC, Clifton Park, NY, USA).

On each resulting image, cone photoreceptors were
identified with a custom algorithm developed in MATLAB
(MathWorks, Natick, MA, USA). The algorithm first estimated
and then removed image backgrounds with an 11 3 11
moving average filter46 and then detected cones by thresh-
olding the intensity values of the local maxima53 (Fig. 1D).
The threshold was determined empirically by determining an
intensity at which differences between manually and auto-
matically identified cones were minimized. Binary cone
detection maps were generated for each image, and cone
density maps were created by inverting the Voronoi cell areas
corresponding to each detected cone (Figs. 1D–F). Retinal
magnification factors for each eye were calculated with the
model of the eye developed by Bennett et al.54 from the axial
length as measured by an IOLMaster 500 (Carl Zeiss Meditec
AG, Jena, Germany).

During image registration and montaging, alignment
errors can occur and linear blending46 of the overlap regions
of binary detection maps can cause the same cone to appear
two or more times in the montage, resulting in an
overestimation of cone density. To mitigate this problem,
we montaged the Voronoi cone density maps rather than the
binary cone detection maps, using the linearly blended
Voronoi map densities in overlap regions. Thus, small
alignment errors caused slight smoothing in the montaged
density map, instead of drastic changes in local cone density.
Density map montages, as in Figure 2A, were created with
the same i2k affine transformations used to make the AO
image montage.

Determination of Adequate Image Quality for Valid
Automated Cone Identification

For each subject, two 50 3 50-lm samples were selected from
48 3 48 AO images acquired from fixation points 28 and 48
temporal to the preferred retinal locus. These samples were
manually selected to avoid areas of retinal vessels or changes
in background intensity due to choroidal vasculature. To
quickly screen for adequate quality for cone counting, only
two samples in two locations were selected. Cones were
automatically identified in each sample using our cone

detection software and three observers independently added
and removed cones from the automated cone detection map.
When there was disagreement among the observers such that
coefficient of variation (CoV) in number of cones identified
was greater than 15%, cone identification of the sample
images was discussed as a group until there was agreement.
When the average number of cones identified by observers
differed from number of cones identified by the automated
cone detection software by more than 15%, the sample was
determined to be of inadequate image quality for accurate
automatic cone identification and all of the subject’s images
and cone density measurements were excluded from our
study averages. Although some of these images could likely be
manually counted and further processed, our primary goal
was to determine feasibility of an automated process. Two
additional subjects were excluded from cone density averages
due to loss of follow-up before obtaining axial length
measurements.

Regional Analysis

The preferred retinal locus was marked at the center of fixation
when the fixation target was located at [08, 08]. Cones at the
fovea could not be resolved due to the resolution limits of the
system. A foveal exclusion zone (FEZ) was estimated for each
subject by defining a circle within which many cones could not
be accurately identified, centered at the foveal center. This
circle was defined by a radius one-fifth the distance between
the radius at which the gradient of density was greatest (inside
dotted line) and the radius of peak density (middle dotted line)
as shown in Figures 2A and 2B. Although some cones can be
resolved within the FEZ, the gradient of cone density suggests
that automatic detection could not consistently identify cones
accurately.

Cone density was sampled in three different methods. The
first method of fixed-interval sampling along the meridians
placed automated 50 3 50-lm sampling windows every 0.58 on
the horizontal and vertical meridians of the Voronoi density
montage (Fig. 2C). The second method (arcuate mean density)
measured the mean density within expanding concentric arcs
of 0.58 thickness in the superior, inferior, temporal, and nasal
quadrants of a 908 arcuate area (Fig. 2D). With the arcuate
mean density, Voronoi cells representing cone density lower
than 500 cones/mm2 were excluded from averages to avoid
sampling in vessels and in other areas in which cones were not
detected. The third method measured the peak cone density in
each arcuate area. This was determined by finding the
maximum cone density with a 50 3 50-lm sampling window
across 0.58 thickness arcuate area for each 48 3 48 image along
the horizontal and vertical meridian (Fig. 2E). Maximum
displacement of these sampling windows was 28 from the
meridian and 0.258 from the eccentricity. In the overlapping
regions of 48 3 48 images, the higher peak density for the same
arcuate area was recorded to represent maximum density
measured in that region.

TABLE 1. Subject Characteristics by Age

<20 y 20–29 y 30–39 y 40–49 y >50 y All

n 5 20 15 12 15 67

(1M/4F) (9M/11F) (8M/7F) (5M/7F) (5M/10F) (28M/39F)

OD/OS 1/4 1/6 12/3 7/5 10/5 44/23

Axial length 23.96 6 1.22 24.12 6 1.27 24.12 6 1.26 24.81 6 1.36 23.68 6 0.78 24.13 6 1.20

(range) (22.38–25.58) (21.07–26.14) (20.99–26.46) (22.67–26.59) (22.52–24.97) (21.07–26.59)

SphEq (6SD) �0.68 (1.72) �0.89 (2.01) �1.15 (2.86) �1.97 (2.36) �0.89 (2.54) �1.14 (2.30)

F, female; M, male.
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Intersession Repeatability

Nine subjects between ages 19 and 59 were imaged on three
separate occasions within 3 months. Cone density of the
previously described sampled regions (Figs. 2A–C) was
compared over the three imaging sessions by observing the
CoV for each subject. Additionally, intersession repeatability of
the three sampling methods was assessed by calculating the
repeatability coefficient with a method previously used by
Garrioch et al.52 This coefficient is defined such that
approximately 95% of subjects will have differences between
two independently obtained measurements no larger in
magnitude than the repeatability coefficient.55

RESULTS

Image Quality and Automated Cone Identification

Of the 74 subjects imaged, 67 produced images that were
automatically montaged without difficulty using i2K Retina.
Figure 3 demonstrates examples of resulting cone density maps
of the macula, organized by age. Images from the excluded
seven subjects resulted in inadequate macular coverage due to
poor fixation or low image quality, causing difficulty registering
adjacent images to construct a montage. These subjects tended
to be older, averaging 50.9 years. However, two of these
subjects were young (<30 years) without any apparent

FIGURE 1. (A) Color fundus photo. Blue box indicates the area covered by a complete 25 image AO montage. (B) The 128 3 128 montage created
using 25 individual images. (C) Single 48 3 48 image created by the registration of 40 raw images using vendor-provided processing software. The
orange dashed box on (B) indicates the position of (C) in the montage. (D) Magnified raw AO image, image with cones labeled by MATLAB cone-
counting algorithm, labeled cones overlaid on the Voronoi plot, and the resulting Voronoi plot. The green box on (C) indicates the magnified area

shown in (D).
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ophthalmological issues. No attempts were made to manually
create montages.

Using comparisons between manual and automatic cone
identification of selected 50 3 50-lm samples, only 35 (52%) of
the 67 subjects were determined to have adequate image
quality for automated cone identification. Two of these
subjects were excluded due to loss of follow-up before
obtaining axial length measurements, so 33 subjects were
included in analysis of mean cone density. Subject character-
istics with images of adequate and inadequate quality for
automatic cone identification are shown in Table 2. Supple-
mentary Figure S1 illustrates the variability in image quality
among both younger and older subjects.

Of samples that met criteria for adequate image quality, the
number of automatically identified cones in each sample was
on average 0.43% greater (0.07 cones) than manually identified
cones (median: 0.34%, 0.17 cones). The performance of
automatic cone counting of adequate images ranged from
overcounting by 14% (seven cones) to undercounting by 11%
(eight cones) compared with average number of cones
manually identified in the 50 3 50-lm sample. Our exclusion
criteria was defined by subjects whose images resulted in
disagreement between automated cone counting and manual
cone counting by more than 15%. In most of these excluded
subjects, the automated cone counting algorithm identified
additional bright spots as cones when observers determined

these spots could have been caused by noise, rods, or cell

debris.

Cone Density Measurements and the Effect of

Sampling

On average, the FEZ was 1.98 (range, 1.28–2.48) from the

preferred retinal locus, so measurements of average density

were recorded only for regions greater than 28 from the

preferred retinal locus.

Measurement of cone density was influenced by the

method of sampling (see Figs. 2A–C for sampling methods).

Table 3 compares average measurement of cone density at

expanding retinal eccentricities using the three sampling

methods. Figure 4 compares our mean cone density values

with cone densities at expanding retinal eccentricities report-

ed in Curcio et al.44 Peak density measurements in arcuate

regions are highest and most closely matched to the

measurements of Curcio et al.44 along the nasal and temporal

regions. However, peak density measurements were greater

than the measurements of Curcio et al.44 in the superior and

inferior regions. In the superior and inferior regions, sampling

by the fixed-interval and by arcuate mean methods more

closely resembled the measurements of Curcio et al.,44

particularly in the perifovea.

FIGURE 2. (A) Foveal exclusion zone of Voronoi montage, illustrating the FEZ with the white line. The inner black line indicates the radius of peak
density gradient, and the outer black line represents the radius of peak cone density. The radius of the FEZ is shown with the white line,
determined from one-fifth of the distance between the black lines representing peak cone density and peak gradient of cone density. (B)
Representation of FEZ from the Voronoi montage graphed in polar coordinates. (C) Fixed-interval sampling with 50 3 50-lm windows every 0.58
along the vertical and horizontal meridians. (D) Arcuate mean sampling with arcuate quadrants at 0.58 eccentric from the foveal center. (E)
Automated peak cone density sampling with 50 3 50-lm windows of highest peak density in each arcuate area.
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Intersession Repeatability

Figure 5 shows representative Voronoi density montages from
of four of the nine subjects who underwent imaging on three
repeated occasions. Overall density patterns were consistent
even for subjects whose images were determined to be of
inadequate quality for accurate cone identification. For
example, there is a very low density of cones identified in
the inferior parafovea for subject 7 due to poor image quality,
and this region of low density remains consistent across all
three sessions. It is unclear whether this region of low density

was due to actual loss of photoreceptors or caused by other

factors affecting image quality involving the cornea, lens, or

vitreous. The CoV in cone density measured using each of the

three described sampling methods for each subject is shown in

Supplementary Table S1. The CoV averaged 9.5% using

meridian sampling windows, 3.5% using arcuate windows,

and 4.5% using peak density windows in regions 2.08 to 2.58

from the foveal center. The repeatability coefficient of cone

density (RCCD) is shown in Supplementary Table S2. The

RCCD of measurements using fixed-interval meridian sampling

FIGURE 3. Representative Voronoi density maps from six different age groups showing general trends of decreasing cone density with age. All
magnified raw AO images show areas of high cone density from the inferior parafoveal region of the corresponding 128 3 128 montage, as indicated
by the black square on the first subject’s Voronoi density plot.
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averaged 4119 cones/mm2 and 24% of the average cone density

in that region. The RCCD of measurements using arcuate
means averaged 1129 cones and 6.7%, and the RCCD of

measurements using peak cone density windows averaged
2424 cones and 11%.

DISCUSSION

Imaging a 1283128 region of the macula with flood-illuminated
AO in a clinical setting using automated methods is feasible.

However, high-quality, well-focused images could not always be
obtained for accurate cone identification, even for several

young, healthy subjects with no identifiable ocular pathology.
It is uncertain whether cones could not be identified due to

true properties of the retina (i.e., disruption of the photore-
ceptor layer or cellular debris overlying the retina) or due to
other optical properties that prevented the camera from
adequately focusing on the photoreceptor layer. We expect a
similar phenomenon outside of our study population such that
approximately half of all healthy subjects’ rtx1 images will not
be of adequate quality for accurate automated cone identifica-
tion using our algorithm, particularly if the patients are older.
This is disappointing; however, our goal was to assess what
number of patients would have successful imaging in a
clinically practical manner, and additional measures could be
taken to improve this rate. For instance, we did not attempt to
use artificial tears to improve tear film quality or dilate unless
pupil diameter measured less than 4 mm. When we measured
cone density in three eyes that were both dilated and undilated
(with pupils greater than 4 mm), the differences were within
the normal variation in our cone repeatability studies.
Although we do not think dilation would result in changes to
cone density, dilation might improve the number of patients
with acceptable images as defined by our quality metric.
Manual cone identification in manually selected regions of
interest could also potentially increase the percentage of
subjects whose images could be studied, but this would be
unrealistically time-consuming for the large datasets we
acquired for each subject. Additionally, it would be useful to
identify characteristics of excluded images to enable automatic
exclusion of images that cannot be counted.

For images determined to be of adequate quality, automatic
measurements of cone density reliably matched manual cone
identification for manually sampled areas, with cone counts
differing on average by less than 0.5%. However, the accuracy
of automatic cone identification may still be limited in

TABLE 2. Subject Characteristics by Image Quality for Automatic Cone
Identification

Adequate

Image Quality

Inadequate

Image Quality

Number (%) 35 (52) 32 (48)

Age Mean 6 SEM 33.4 6 2.2 42.7 6 2.6

Median 29.6 42.3

Range 14.9–59.1 16.7–69.0

Axial length Mean 6 SEM 23.7 6 0.2 24.5 6 0.2

Median 23.6 24.4

Range 22.0–26.5 22.4–27.5

Male/Female 13/22 15/17

OD/OS 24/11 20/12

TABLE 3. Mean Cone Density (n¼ 33) With SEM Measured in Temporal, Nasal, Inferior, and Superior Regions Using Fixed-Interval Sampling With a
50-lm Window, Arcuate Mean Density, and Peak Density in Arcuate Area With 50-lm Window

Distance From Fovea

2.08 2.58 3.08 3.58 4.08 4.58 5.08 5.58

A. Temporal

Fixed interval Mean 21,214 20,821 19,869 18,583 17,659 17,328 16,782 15,648

SEM 833 758 628 594 511 455 543 362

Arcuate mean Mean 22,696 21,762 19,888 18,245 17,071 16,271 15,820 15,521

SEM 595 449 357 300 289 290 284 297

Peak density Mean 27,850 26,803 25,339 23,509 21,735 20,088 19,638 19,518

SEM 598 507 455 423 435 394 424 429

B. Nasal

Fixed interval Mean 22,580 22,558 21,144 19,739 18,846 17,420 16,523 16,206

SEM 760 563 473 418 385 395 413 418

Arcuate mean Mean 21,523 20,564 19,127 17,713 16,735 16,178 15,746 15,510

SEM 637 537 461 393 343 301 295 295

Peak density Mean 27,002 25,558 24,120 22,610 21,463 20,413 20,000 19,762

SEM 683 572 460 448 389 359 337 359

C. Inferior

Fixed interval Mean 22,025 19,202 16,329 15,769 15,164 14,234 14,101 13,739

SEM 798 629 523 388 404 385 409 504

Arcuate mean Mean 21,779 19,365 17,163 15,910 15,218 14,859 14,614 14,327

SEM 670 518 388 312 293 288 291 279

Peak density Mean 27,540 24,206 21,474 19,851 19,453 18,712 18,551 18,443

SEM 733 590 416 348 384 381 402 415

D. Superior

Fixed interval Mean 23,137 19,676 17,641 16,704 15,903 15,240 14,718 14,049

SEM 605 498 424 378 474 449 386 372

Arcuate mean Mean 18,988 17,623 16,248 15,363 14,952 14,464 14,125 13,745

SEM 518 403 315 286 281 285 274 260

Peak density Mean 27,211 24,328 21,995 20,607 19,993 19,462 19,244 18,871

SEM 599 409 413 385 403 390 387 367
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accurately identifying cones within an entire 48 3 48 image.
Within a single image, there may be certain regions in which
cones still cannot be accurately identified, such as in areas in
which there are background changes in intensity due to
choroidal vasculature. Figure 6 illustrates the differences in
cone visibility in two regions of the same image. Additionally,
image quality can vary for each of 25 images taken from one
subject. Sometimes the same region of the macula was imaged
poorly in repeated imaging sessions, indicating a consistent
property of the subject’s eye. For example, the inferior
parafovea of subject 7 in Figure 5 consistently demonstrates
low density of identifiable cones across three imaging
sessions. However, it is uncertain whether such consistent
areas of low density constitute normal anatomic variants or
undiagnosed pathologic conditions. In other instances, a
single poor-quality image is the result of transient issues, such
as technician error (i.e., poor focusing of the camera) or

fixation loss during imaging. Previous studies have avoided
these issues of varying image quality by manually selecting
sampling windows and verifying automated cone identifica-
tion manually. This is ideal for the accuracy of measurements,
but may be impractical when studying a large region of
interest.

Because the image quality varies across individual images
as well as across different images of the same subject, our
cone density maps of the entire macular region are not an
entirely accurate representation of density. Instead, these
cone density montages give a qualitative estimate of global
patterns in cone density in each individual. Because cones
could not accurately be identified in image samples of nearly
half of healthy subjects using automated techniques, a
density montage showing relatively low cone density may
not indicate definite pathology. Further studies are neces-
sary to identify why it is so difficult to obtain adequate-

FIGURE 4. Average cone density using three sampling methods, compared with Curcio average (n¼33) in (A) nasal and temporal quadrants and (B)
superior and inferior quadrants.
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quality images in so many apparently normal eyes. In our

study, we attempted to reduce the inaccuracies of cone

identification algorithms by excluding from our analysis a

large percentage of subjects whose sample images were

determined inadequate for cone counting. Although inac-

curacies may still exist in small sections of our included

cone density montages due to errors in cone identification,

we believe that the montages still provide a reasonable

estimate and representation of cone density of the imaged

region.

Voronoi Density Maps and Edge Effects

In our study, we used Voronoi density maps rather than the
conventional approach that applies sampling windows to the
binary cone detection map when sampling cone density.
Although there is no significant difference between density
measurements between the two methods, there can be slight
differences in edge effects. When applying sampling windows
to the Voronoi density map montages, the results from one
window are dependent on the cone patterns in the neighbor-
ing windows. This is because the size of the Voronoi cells near

FIGURE 5. Voronoi plots of four subjects, each imaged in three separate sessions. The black box overlaid on the ‘‘Session 1’’ Voronoi plots indicates
the area of the corresponding magnified raw AO image. There are slight differences in cone density in each session, but the overall pattern of cone
distribution remains consistent throughout the three sessions.
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the window edge is dependent on the cone behavior just
beyond the edge. This edge effect will be more pronounced
with lower or irregular cone density and smaller windows, as
larger windows will tend to average out the edge effects.
Although the conventional approach would not have these
edge effects, montaging binary cone detection maps creates
other sources of error from image alignment and blending
inaccuracies. Thus, the Voronoi approach may have sampling
window edge effects and the conventional approach may have
image edge effects in the overlap regions of the montage. The
latter primarily depends on image quality, which we have
relatively little control over. In comparison, the Voronoi
method allows the choice of sampling window size to help
mitigate edge effects.

Measuring Cone Density and the Effect of
Sampling

The goal of our protocol was to develop a fast technique that
could process entire patient montages soon after imaging a
subject, so we used automated regional analysis rather than
manually selected areas. We present three automated sampling
methods for measuring density.

Automated sampling windows placed at consistent intervals
(fixed-interval method) avoid time-consuming manual window
selection, but this method does not exclude blood vessels or
areas of poor image quality. Window placement can have a
significant effect on cone density measurements, and automat-
ic placement of windows could potentially sample density in a
small area of poor cone resolution. With such small sampling
windows, minor changes in alignment can lead to major
changes in cone density, leading to poor repeatability of
measurements.

Measuring density across an arcuate area provides more
global evaluation of photoreceptor distribution, but it also
compromises some accuracy and precision because it averages
out cone density over a large area; there may be differences in
cone density across the sampled area and small regions of
poorer quality in which cones cannot be accurately counted.
However, the repeatability of measurements using this
sampling method was highest, which is consistent with a
previous study that demonstrated larger sampling windows
lead to more repeatable measurements.52

Automated peak cone density measurements mimic manu-
ally selected sampling windows. By detecting the maximum
cone density from a 50 3 50-lm sliding window in a 0.58 thick
arcuate area, the resulting sample window was presumably of

high image quality with exclusion of blood vessels. This
method most closely approximated histological cone density
measurements in the parafovea, where there are densely
packed cones and areas of high image quality. However, the
peak density of an area is not always representative of an entire
region; this method finds small pockets of high cone density
even if most of the surrounding area has significantly lower
density, such as in the perifovea. Inaccuracies of this method
also result from the overidentification of cones by automated
software in regions of poor image quality. This sampling
method results in better repeatability than fixed-interval
sampling using the same window size, but measurements are
not as repeatable as sampling from larger arcuate areas. Also,
this method does not sample the same macular location each
time; peak density can be in a different location for the same
subject at different imaging sessions.

Our measured cone density values are similar to anatomic
and scanning laser ophthalmoscope measurements from
previous studies,37,44,47–50,56–58 however the differences in
image acquisition, cone identification, and sampling make
direct comparisons difficult. Peak cone density measurements
were intended to mimic manually selected windows of highest
quality, so we anticipated the measurements from this
sampling method would most closely resemble histological
data. However, while peak density most closely matched
histological data within approximately 48 eccentricity in the
nasal and temporal quadrants, it overestimated cone density in
the superior and inferior quadrants and in all quadrants at
eccentricities greater than 48. This suggests automated cone
counting in these regions may overestimate the true number of
cones by identifying white spots that represent rods, debris, or
other noise as cones. However, our peak density is not directly
comparable to histological studies, as we allowed peak density
to be found anywhere across the circular arcuate region of
interest. Displacement of our peak density window from the
fixed-interval location can be up to 28 from the meridian and
0.258 from the eccentricity. The topography of density also
follows a more oblique pattern in the inferior and superior
quadrants than the circular arcuate pattern of our region of
interest, and this could partially account for the overidentifi-
cation of cones along the vertical meridian. The significance of
the differences of our methods compared to histological
studies is difficult to interpret. However it should be noted
that different sampling methods can produce widely different
results. One region of interest can produce a range of cone
density measurements depending on the size and placement of
the sampling window.

FIGURE 6. Variability in cone clarity in a single image. (A) Original 4 3 4 image of a subject with yellow and blue squares shown in (B) and (C). (B)
Area in which cones are easily identifiable. (C) Area in which cones are less easily identifiable, despite being taken from the same original image.
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The variability of cone density with sampling should also be

a consideration in manual placement of sampling windows.

Figure 7A illustrates the difference in cone densities between

automated and manually positioned 50 3 50-lm sampling

windows in one subject. Figure 7B shows the cone densities

calculated at every possible 50 3 50-lm window location

within the arcuate region shown between 2.08 and 2.58,

graphed in relative frequency. When manually selecting

window placement, a user would find a most representative

region of high image quality and tightly packed cones. This

FIGURE 7. Illustration of changes in cone density due to sampling window adjustments. (A) A 48 3 48 tile centered at 2.08 nasal to the fovea (yellow

asterisk). The green lines demarcate concentric rings every 0.58 eccentric from the fovea. The orange squares represent the position of the
sampling windows taken every 0.58 along the horizontal meridian. The blue squares represent the position of automated peak cone density 50350-
lm sampling windows along each eccentricity. The yellow squares represent manually placed 50 3 50-lm sampling windows, in which an observer
manually selected an area of high image quality and high cone density along the same eccentricities. (B) Histogram of cone density distribution
along the arcuate area of 0.58 thickness centered at 2.08. Sampling via arcuate means is effectively an average of widely distributed cone density
values within this large arcuate window. Fixed-interval sampling is effectively selecting a random window with a value anywhere in the range of
cone density values shown in the x-axis. Automated peak cone density entails recording only the largest (right-most on the x-axis) value in cone
density.
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would be a subjective judgment leading to measurement
anywhere along the x-axis in Figure 7B. Sampling via arcuate
means is effectively an average of widely distributed cone
density values within a large arcuate window. Fixed-interval
sampling is effectively selecting a random window with a value
anywhere in the range of cone density values shown in the x-
axis. Automated peak cone density entails recording only the
largest (right-most on the x-axis) value in cone density.

Ultimately, manual sampling is the gold standard because it
ensures accurate cone counting of a carefully selected region
of interest, and it is absolutely necessary when observing a
single region of interest in repeated imaging sessions.
However, the assumption that manually sampled areas of
highest quality are also the most accurate representation of
cone density for that region ignores the variability in cone
density measurements in a region. Some regional variability
from sampling could be an artifact of image quality and
automated cone detection, particularly when the choroidal and
retinal vasculature causes uneven background darkening.
However, even in the highest-quality images, the varied
placement of sampling windows can produce a range of
measured density values and subtle changes in sampling can
cause significant changes in density measurements. This makes
it difficult to compare cone density measurements across
studies using different sampling methods. We expect that with
improved cone identification algorithms, filtering of regions of
poor quality, and ultimately improved image quality from
commercial systems, we can eventually create automated cone
identification and density sampling methods that more
consistently and accurately represent cone density without
requiring the subjective and time-consuming processes cur-
rently used.

Limitations, Improvements, and Future Studies

The most significant limitation to using the rtx1 camera in our
study was that accurate cone counting could not be
performed on almost half of our healthy subjects. Additionally,
even among subjects for which we could accurately
automatically identify cones, there were some regions of
their images for which cone identification was not accurate.
These issues are due to limitations in both the image quality
and our cone identification software. Further study is
necessary to identify sources of poor image quality and to
determine methods to improve the rate of successful imaging.
We also excluded cones within 1.98 (0.5 mm) of the foveal
center on average; this is an area of significant change in cone
density and of considerable variation in density between
individuals.44,45

The repeatability of measurements from these sampling
methods is reasonable, but still indicates that there can be
significant variability between cone density measurements in
the same individual across imaging sessions. There needs to be
large change in cone density to conclusively prove progression
of disease. Further repeatability studies are necessary to better
define limitations in repeatability and the utility of different
sampling methods for longitudinal studies.

CONCLUSIONS

The rtx1 allows for imaging of a large area of the macula within
20 to 30 minutes. For many subjects, cone density and
distribution can be reasonably assessed using cone density
Voronoi montages and automated sampling of cone density.
These methods produce consistent and clinically useful
Voronoi montages that qualitatively demonstrate general
patterns in an individual’s cone density distribution of an

entire 128 3 128 region. Our automated sampling methods also
reasonably estimate regional cone density and allow for faster
quantification of cone density in a large area. However,
interpretation of cone density from these images is limited by
image quality and the accuracy of automated cone identifica-
tion. Further improvements to image acquisition and process-
ing methods will increase the success rate of obtaining images
for which we can accurately identify cones, particularly in
older patients and in patients with retinal disease.
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