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Purpose: To investigate the distribution of cone density and spacing as well as the

preferred packing arrangement of the cone mosaic as a function of retinal eccen-
tricity.
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Methods: An adaptive optics retinal camera (rtxI, www.imagine-eyes.com) was
used to obtain images of the parafoveal cone mosaic in nineteen healthy volun-
teers. Cone density and spacing were estimated for each subject (both eyes) using
a sampling window of 80 x 80 pixels, at 250-, 450-, 650- and 1100-um eccentrici-
ties from the fovea along the nasal and temporal retina of both eyes. The inter-
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subject and intra-subject variation of cone density and spacing were calculated via
Coefficient of Variation (CoV). Cone packing arrangement was assessed using
Voronoi analysis; calculations were done over 1024 x 128 pixels image sections
of the cone mosaic across the horizontal meridian from 200- to 1050-pm eccen-
tricities.

Results: The inter-subject variation of parafoveal cone density ranged between
10% and 15% (p < 0.001) and the intra-subject variation of cone density was
lower than 8% in all subjects, except for two. The cone spacing values showed a
moderate inter-subject (CoV<7%; p < 0.001) and a low intra-subject variation
(CoV<4% in all subjects, except for two cases). In the parafoveal region, 40-50%
of cones were hexagonally arranged; the percentage of non-hexagonal Voronoi
tiles increased at greater eccentricities.

Conclusion: The use of multiple and complementary metric descriptors allows
for a more detailed description of packing distribution and preferred arrangement
of cone photoreceptors across the parafoveal retina.

needed to be analysed before AO retinal imaging could be

Introduction . . . o .
considered to be a practical tool in a clinical setting.

Even though adaptive optics (AO) retinal imaging is an
established research tool, work is still needed to achieve a
widespread clinical use."” A current limit of AO imaging is
the time required to obtain, process and analyse the retinal
images: the continuous advances in the development of
automated and reliable methods to evaluate the retinal
micro-structures, which include the photoreceptors, vessels
and nerve fibre bundles,” ” are going to resolve this matter.
Accurate automated routines and reliable metric descrip-
tors are indeed mandatory when large quantities of data are
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Among previous studies that evaluated the cone mosaic
structure, the most frequently adopted approach involved
counting the number of cones.® "> Cone density was in
general calculated by dividing the number of cones
recorded by the sampling retinal area. Since cones show a
higher intensity than other parts of the retinal image (i.e.,
the cone behaves as a waveguide and its centre is normally
brightest), one can identify them based on this characteris-
tic: the method is therefore effective for images where cones
present themselves as local intensity maxima. Images may
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still display variations in brightness and contrast due to an-
isotropies in underlying and overlying tissue layers despite
the fact that the photoreceptor mosaic is well pre-
served."*'® It often occurs that some of the cones cannot
be adequately labelled, leading to wundersampling errors.
Estimation errors of automated cone labelling were found
to range between 0% and 9% in the parafoveal retina.'”'®
However, manual checking of the algorithm performance
has been shown to minimise the error of estimates.'”

Recent studies are demonstrating that the estimation of
cone density alone appears not to represent an adequate
method to evaluate the health and integrity of the cone
mosaic and more importantly assess pathologic cone losses
at an early stage of retinal diseases.'”?® There are several
known limits of cone density measurements,'®!'"!>172122
which include: (1) the lack of a standardised method, (2)
missing a cone leading to cone density undersampling
dependent on window area and eccentricity, (3) instabilities
in fixation and changes in cone density, primarily toward
the fovea, limiting the ability to compare cone density even
in the same eye longitudinally over time and (4) inter-sub-
ject variations of cone density as cone density has been
shown to vary between 12% and 20% within 2 mm eccen-
tricity in healthy adults.

The use of only the cone density method to describe the
cone mosaic structure could potentially miss the opportu-
nity for applying AO imaging to the detection of a progres-
sive retinal disease in advance. An additional approach
useful for describing the cone photoreceptor mosaic con-
sists of examining the spatial distribution of cones.”*>°
Assessment of the spacing and the packing arrangement of
the cones in combination with cone density could provide
a more comprehensive picture of the cone mosaic integrity
than estimating cone density alone. This approach could
also potentially minimise the error estimates when compar-
ing values between eyes with presumptive retinal diseases
and controls in clinical studies.

The scope of the present work was to use multiple cone
metrics for the statistical description of the parafoveal cone
mosaic: the cone density and spacing distribution as well
as the preferred cone packing arrangement were evaluated
as a function of retinal eccentricity in a healthy adult
population.

Materials and methods

Healthy adult subjects were recruited. The inclusion criteria
were as follows: Optimal visual acuity better than 1.0
logMAR (Snellen 6/6 or 20/20), no history or any sign of
systemic or eye diseases, no previous eye surgery and astig-
matism less than 2.50 dioptres. The protocol was approved
by the local Ethical Committee and the study adhered to
the tenets of Declaration of Helsinki. All the subjects gave
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written informed consent after a full explanation of the
procedure.

Each subject received a complete eye examination, which
included a subjective refraction, non-contact ocular biome-
try via partial coherence interferometry (IOL Master, www.
iolmaster-online.zeiss.com/) and retinal imaging using a
Spectralis  (SLO/SD-OCT,  www.heidelbergengineering.
com). A flood-illuminated AO retinal camera (rtxl, www.
imagine-eyes.com)®'® was used to evaluate the parafoveal
cone mosaic. The apparatus’ core components include a
wavefront sensor (HASO 32-eye, www.imagine-eyes.com),
a correcting element (Mirao 52-e, www.imagine-eyes.com)
and a CCD camera (www.roperscientific.com). One of the
devices’” source (low-coherence SLD, centred at 750 nm) is
used by the AO instrument to measure and correct optical
aberrations and, at the same time, to control the focus at
retinal layers. The second source (a light emitting diode,
with wavelength centred at 850 nm) provides uniform illu-
mination across the retinal area to be imaged subtending 4
degrees of visual angle. The theoretical lateral optical reso-
lution of the instrument is 2 pm. The pixel to retina ratio
of the raw single image frame is 1:1.6 pm.

AO retinal imaging

The AO imaging sessions were conducted after dilating the
pupils with one drop of 1% tropicamide. During AO imag-
ing, fixation was maintained having the patient fixate the
internal target of the instrument moved by the investigator
at fixed retinal locations. In this study, each subject was
instructed to fixate at 0°, 1°, 2°, 4° and 6° eccentricity along
the nasal and temporal retina; a video camera monitored
the subjects’ pupil and eye movements. At each eccentricity,
a sequence of 40 frames (9.5 frames per second) was
acquired in both eyes of each subject.

A proprietary programme provided by the manufacturer
has been used to correct for distortions within frames of
the raw image sequence and to correlate and frame-average
in order to produce a final image with enhanced signal-to-
noise ratio. Furthermore, processing of the final image
included cubic interpolation in order to increase the pixel
to retina ratio to 1:0.8 pm (here used for retinal distance
calculation). Frames exhibiting large motion artefacts due
to eye movement or blinking were manually removed
before processing. For each eye, more than 30 frames were
used at each eccentricity location.

Before analysis, each image was converted from degrees
of visual angle to micrometres on the retina: for this
purpose, we used the nonlinear formula of Drasdo and
Fowler'>?"** and the Gullstrand schematic model eye
parameterised by the biometry measurements from each
eye obtained with the IOL Master. The spectacle corrected
magnification factor (RMF,,,) was calculated in order to
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correct for the differences in optical magnification and thus
retinal image size between eyes. The RMF,,,, was estimated
for each eye by consideration of the axial length and
the trial lens added to the system to compensate for
defocus.'™? The spectacle vertex distance was set at
14 mm for all eyes.

AO retinal image analysis

The Image cone labelling process was performed using an
algorithm implemented with the image processing toolbox
in Matlab (www.mathworks.com), as previously described
by Li and Roorda® with enhancements that have accumu-
lated over time. Filtering and morphological image process-
ing were applied to isolate the higher intensity signals
corresponding to presumably cone photoreceptors. Filter-
ing parameters were manually selected based on the esti-
mated minimum diameter of two adjacent cones in order
to avoid potential mistakes by eliminating locations that
were too close together to be cones. An empirically deter-
mined intensity threshold (0.18) was applied on the set of
identified local maxima to further reduce false positive.
A different value of the filtering parameter, from 10 to 20
pixels, was used at each eccentricity location.

Images of adjacent areas of the retina along the horizon-
tal meridian were assembled together after processing
to create a montage that covered up to 6° eccentricity
from the foveal centre reference point. Cone density
(cones/mm?) was measured at 250-, 450-, 650- and
1100-pm eccentricities from the foveal centre reference
point along the nasal and temporal retina. Eccentricity was
computed as the distance between the centre of each win-
dow and the foveal centre reference point (identified as the
point with fixation coordinates: x = 0°, y = 0°).*"> Sam-
pling windows were intentionally taken in areas devoid of
large blood vessels. The cone density for a given retinal
eccentricity was composed by the data values (repeated
twice) among a 80 x 80 pixels window. The cone density
was verified by three investigators (ML, SS and GL) in
order to minimise the possible error in cone identification
of the automated software. Errors included oversampling
(e.g., rods, cones that were misidentified) and/or under-
sampling (e.g., cones not identified).

The x-y coordinates of the labelled cones were stored and
the centre-to-centre cone distances (ICD, ‘cone spacing’,
micrometres) were calculated from them under assumption
that they were hexagonally arranged.” Under this assump-
tion, the cone spacing is determined from density counts

1/2
by the following: ICD = 1000 [\/%} , where D is the num-

ber of cones per square millimetre. Cone packing arrange-
ment was analysed graphically using Voronoi diagrams.**
The Voronoi tessellation was implemented by the voronoin
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Matlab function from the bidimensional coordinates of
labelled cones. Each Voronoi cell was coded by a differ-
ent colour corresponding to the number of their neigh-
bouring grey = tetragonal (4n) arrangement,
yellow = pentagonal (5n) arrangement, green = hexagonal
(6n) arrangement; blue = heptagonal (7n) arrangement
and white = octagonal (8n) arrangement. Since packing
structure tends to vary as a function of retinal eccentricity,
Voronoi analysis was done in sections 1024 x 128 pixels
wide (820 x 102 pm) along the horizontal meridian. The
Voronoi regions containing pixels that extended beyond
the bounds of each section were excluded from further
analysis, thus creating a buffer zone to minimise the bound-
ary effect.”® Figure 1 illustrates the main steps in the image
analysis process.

cones:

Statistics

Retinal data were expressed as mean + standard deviation.
Statistics were performed using the spss software (version
17.0; http://www.ibm.com/software/analytics/spss/). Statis-
tical significant differences were set at p < 0.05 for all the
tests performed.

(a) (b)

(d)

| I S i, b

Figure 1. Main steps in the automated procedure used to describe the
parafoveal cone mosaic structure. (a) Cone density was estimated in a
80 x 80 pixels window area. (b) The cone photoreceptors labelled with
the automated algorithm; cones whose centre was outside the bound-
ary were not labelled. (c) The centre-to-centre cone spacing was calcu-
lated under the assumption that the cones were hexagonally arranged.
(d) The colour-coded Voronoi domains associated with just the cone
photoreceptors in the window area of panel B.
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An analysis of variance was performed on cone density
and spacing. The Coefficient of Variation (CoV) was used
to analyse the variation of cone metrics calculated at the
same retinal eccentricity along the nasal and temporal ret-
ina of fellow eyes in each subject (intra-subject variation)
and in both eyes of the population study (inter-subject
variation). The intraclass correlation coefficient (ICC;
two-way random effects model) was calculated in order to
estimate the absolute agreement between the average
cone density and spacing values calculated at the vari-
ous retinal eccentricities in both eyes of the population
study.

The error estimates of cone density measurements, per-
formed within two 80 x 80 pixels sampling areas at the
same eccentricity location by the automated algorithm, was
calculated based on the intra-subject standard deviation
(o), that is the common standard deviation of repeated
measurements. To get the common ©, we averaged the
variances, i.e. the squares of the standard deviations, of the
two repeated measures for each subject. The intra-subject
standard deviation was chosen as an index of measurement
error, as discussed by Bland and Altman.’**> The repeat-
ability was defined as 2.77c,, and reported as percentage of
the mean.

Results

Nineteen subjects (six males and 13 females) were included
in the study. The mean age was 33.6 & 7.4 years (range
24-51 years). The spherical equivalent refractive error
(SEr) ranged between +0.25 and —5.50 D (mean:
—1.63 =+ 2.13 D) with astigmatism less than —1.25 D when
referenced to the spectacle plane. The axial length (AxL)
ranged between 22.34 and 26.46 mm (23.99 + 1.13 mm).
The RMF,,,, ranged between 0.267 and 0.306 mm/deg
(0.280 £ 0.009 mm/deg). There were no significant differ-
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ences between the biometry and refractive data of the right
and left eyes.

The average cone density and spacing values as a func-
tion of retinal eccentricity along the nasal and temporal ret-
ina of fellow eyes are shown in Figure 2. The inter-subject
variation (CoV) of cone density ranged between 10% and
15% from 250- to 1100-pum eccentricity in both eyes
(F-test: p < 0.001). The intra-subject CoV of cone density
was lower than 4% in 13 of 19 subjects (68%), 16 of 19 sub-
jects (84%) and 17 of 19 (89%) at 250-, 450- and 650-pum
eccentricity respectively. It was < 8% in all subjects at 250-,
450- and 650-um eccentricity respectively. At 1100 pm
eccentricity, the intra-subject CoV was <49% in 13 of 19
subjects (68%) and <8% 17 of 19 (89%). In two cases, a
45 years old male and a 42 years old female, the intra-sub-
ject CoV of cone density was 10% and 11% respectively.

The inter-subject variation (CoV) of ICD was 5% at
250-, 450- and 650-pm eccentricities, increasing to 7% at
1100 pm eccentricity in both eyes (F-test: p < 0.001). The
intra-subject variation of ICD was <2% in 16 of 19 sub-
jects (84%) at 250- and 450-pm eccentricity; in 18 of 19
(95%) at 650 um eccentricity and in 12 of 19 (63%) at
1100 pm eccentricity. The intra-subject variation of ICD
was < 4% in all subjects at all eccentricities, except for two
cases (the same 45 years old male and 42 years old female,
as expected) at 1100 pm eccentricity.

The highest absolute agreement (ICC > 0.828;
p < 0.001) was found between values taken at equivalent
eccentricity locations of the nasal and temporal retina in
the same eye. A high absolute agreement (ICC > 0.706;
p < 0.001) was also found between the same (i.e. nasal with
nasal) and corresponding (i.e. nasal with temporal) eccen-
tricity locations of fellow eyes. The average differences
between the cone density and the ICD values of the same
and corresponding eccentricity locations of fellow eyes were
lower than 4% and 2%, respectively. A summary of the
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Figure 2. (a) The average cone density (cones/mm?) and (b) the centre-to-centre cone distance (micrometres) values, along the nasal and temporal
retina of the right (black dots) and left (grey squares) eyes, are shown. The numbers show the average values at each retinal eccentricity. The vertical

bars represent one S.D. from the mean.
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average ICC values between the cone density and spacing
values across the horizontal meridian has been uploaded as
supplementary material (Table S1 and S2).

The percentage of hexagonal Voronoi regions decreased
from an average 46.1 £ 2.6% to 37.9 £ 2.7% from 200- to
1050-pm eccentricity. The percentage of pentagonal Voro-
noi regions slightly increased from an average 25.7 + 1.2%
to 28.0 = 1.0%, while the percentage of heptagonal Voro-
noi cells was almost stable (from 20.9 £ 0.6% to
20.6 £ 1.0%) across eccentricities. The percentage of
Voronoi regions with 8n arrangement ranged between
4.5 + 1.0% and 7.2 £ 1.4% and the percentage of Voro-
nois with 4n ranged between 3.0 £ 0.8% and 6.1 + 1.3%
from 200- to 1050-pum eccentricity, respectively. At equiva-
lent eccentricities, the average difference of the percentage
of hexagonal Voronois between the nasal and temporal
regions of the same eye was <3%; it was lower than 7%
between the same and the corresponding retinal eccentric-
ity sections of fellow eyes in all subjects (Figure 3).

The o, of cone density was <1800 cones/mm?> at
250 pm eccentricity; <1500 cones/mm?2 at 450- and
650-um eccentricity; <1000 cones/mm” at 1100 pm
eccentricity. This means that the difference between two
measurements (repeatability of method) was lower than
6% at each eccentricity. In the case that the sampling win-
dow occurred in a retinal area with large blood vessel, the
automated algorithm tended to locally misidentify cones
with oversampling error (Figure 4). We discharged from
analysis data acquired from windows covered >50% of
their sampling area by large vessel. This occurred only in

Multiple cone metrics

four cases at the greatest eccentricity location (5% of all
sampling windows at this eccentricity) in our series.

Discussion

In recent years, important advances have been made to
make AO retinal imaging technology a valid research tool
in ophthalmology."” The real advantage of AO retinal
imaging is to provide the clinician with micrometric lateral
resolution of the retinal tissue in vivo, potentially allowing
for earlier detection of the pathological changes of photore-
ceptors and other retinal structures (i.e. capillaries and
nerve fibre bundles).

In a continuing effort to validate the use of AO retinal
imaging for the description of the cone mosaic, research
groups are showing various statistical methods, such as the
estimation of cone density and cone spatial distribu-
tion.¥ "% It remains under scrutiny whether or not a
single metric can reliably describe the cone mosaic integrity
and, most of all, the pathologic disruption of the cone
mosaic. In this study, we aimed to estimate and statistically
describe the distribution of density, spacing and the pre-
ferred packing arrangement of the cone photoreceptors as a
function of retinal eccentricity across the parafovea in a
healthy population. The use of multiple and complemen-
tary metrics could be more advantageous than a single met-
ricc a first advantage can be to provide a more
comprehensive picture of the cone mosaic through the (1)
definition of a threshold in the normative data for each
metric, (2) definition of both the inter-subject and the
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Figure 3. Average percentages ( + S.D.) of Voronoi regions plotted over eccentricity in the right and left eye of the population study. The percent-
age of hexagonal Voronois (black diamond) decreases at increasing eccentricity, while the percentage of pentagonal Voronois (grey triangle) slightly
increases. The percentage of Voronois domains with 4n and 8n (black cross) arrangements also increases at greater eccentricities.
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MNasal retina
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Figure 4. Cone mosaic and corresponding colour Voronoi diagrams of the preferred cone arrangement over parafoveal retinal sections
(820 x 205 pm) at increasing eccentricity from the foveal reference point along the horizontal meridian of a 42-years old female right eye. Scale bar
represents 50 um. A prevalence of the hexagonal pattern (green Voronoi tiles) is shown across eccentricities, though the percentage of pentagonal
(yellow tiles) and heptagonal (blue tiles) Voronois increases with increasing eccentricity. In this case, a higher percentage of heptagonal tiles and a
lower percentage of hexagonal tiles occur along the nasal (5.0% and 41.9% respectively) than the temporal retina (3.2% and 47.5%) at 1050 pm
eccentricity. Variations in intensity and contrast in the image of the cone mosaic, due to large vessels (asterisks) or vessels that run vertically through
the retina (triangle), rods intrusion and artefacts from image processing, may locally (black circles) reduce the accuracy of Voronoi maps to depict the

preferred packing arrangements of cones.

intra-subject variation of each metric, (3) development of
models of the cone mosaic to define a template to which
compare presumptive abnormal cases at different retinal
locations. A second advantage would be to minimise error
estimates when comparing healthy and diseased eyes. In
this study, we aimed to address issues 1 and 2 above and
further to understand whether current models based on the
preferred hexagonal arrangement of cones could be consid-
ered suitable for clinical purpose.

In this study on healthy adults subjects, cone density
declined from an average 57 000- to 17 500- cones/mm?®
from 250- to 1100-pum eccentricity. The inter-subject varia-
tion of cone density ranged between 10% and 15% across
eccentricities and the intra-subject variation was lower than
8% at all eccentricity locations in 17 of 19 subjects. The
average cone spacing increased from 4.50- to 8.20-pum, with
an inter-subject variation of 5-7% from 250- to 1100-pum
eccentricity. Intra-subject variation of ICD was lower than

4% in all subjects, except for two cases. Overall, the inter-
subject variation of both cone density and spacing values
was slightly higher at 1100 pm eccentricity. This was prob-
ably related to the variable number of rods intruding
between the cones at greater eccentricities. The two subjects
showing the lowest intra-subject CoV of density and spac-
ing estimates were older than 40 years old. In our popula-
tion only three subjects were older than 40 and images of
the cone mosaic showed intensity and contrast comparable
to those obtained in younger cases. Other factors, likely
ageing,'® could have contributed to influence the intra-sub-
ject variation of density and spacing in these subjects.
Along the horizontal meridian, the cone density and ICD
values showed a high agreement between the nasal and
temporal retinal locations of the same eye and, with a less
extent, between the same and corresponding retinal
locations of fellow eyes. The understanding of the distribu-
tion of cone density and spacing as a function of retinal
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eccentricity in the same eye and between fellow eyes of the
same subject could be of great clinical utility when moni-
toring a subject longitudinally over time or when compar-
ing controls with presumptive pathologic cases.

Our results are in agreement with previous stud-
ies.'%1%33% In general, authors showed an average decline
from ~59000 cones/mm” at 0.27 mm to ~45000 cones/
mm” at 0.30-mm, ~35000 cones/mm? at 0.5 mm, ~20000
cones/mm? at 1.0 mm and ~12000 cones/mm” at 1.5 mm
eccentricity from the fovea.'”'? In an histology study, Cur-
cio et al.”® showed an average increase of cone spacing
from 3.30 pm at 150 pm eccentricity to 4.50 um at
400 pm from the foveal centre. Using an AO-SLO, Merino
et al.”” showed values of cone spacing across retinal eccen-
tricities (from an average 4- to 8-pm between 1 and 4
degree) highly comparable with those of the present study.
Duncan et al.*® showed an average increase of cone spacing
from 0.75 arc min at 0.5 degree eccentricity to 1.8 arc min
at 3 degree eccentricity in eight healthy eyes. Hirsch and
Miller”" showed, in primate eyes, an average increase of
cone spacing (measured as distance between nearest-neigh-
bour cones) from 2.7 um at 0.1 degree eccentricity to
8.0 um at 5.6 degree eccentricity. The slight discrepancies
in the estimates of cone density and spacing between the
AO studies could depend on various factors, such as the
inclusion of subjects with different ages and/or eyes with
different axial lengths and refractive corrections, the loca-
tion of the foveal reference point,”'>*° the model eye used
to estimate the retinal image size, the sampling window size
and the approach used to calculate cone spacing.*"** Cur-
rently, different model eyes’"** have been used to compute
the corrected retinal magnification factor (RMF.,,),
including the method developed by Bennett et al*', the
Gullstrand model eye'"'** and the Indiana model eye.'’
No direct evidence shows which model eye would be the
most accurate one.”” Another consideration when scaling
the estimated cone densities is that the axial length of the
eye is not identical across the retina. In our study, cone
densities have been estimated between 250- and 1100-pum
eccentricities: we used a single RMF,,, value to correct for
the retinal image size of the AO images of the parafoveal
cone mosaic, since the axial length measured at 0.6 degree
is on average less than 0.4% different from the axial length
measured at 6 degrees, as previously shown.>' The variation
of cone density and spacing values was taken relative to fix-
ation which was assumed to be our foveal centre reference
point; however, no measurement of the steady fixation was
done to confirm this assumption since we were not able to
resolve the smallest cones at the foveola in most subjects.
Previous authors'"** found that the centre of fixation devi-
ates on average 18 & 11 pm from the foveal centre. In pre-
vious work, we provided an estimation of the potential
error arising from taking the centre of fixation instead of

Ophthalmic & Physiological Optics © 2013 The College of Optometrists
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the foveal centre as reference point for distance calcula-
tion.” By laterally displacing the centre of a 50 x 50 um
sampling window by 18 um along the horizontal meridian,
the potential error in our eccentricity-dependent cone den-
sity measurements has been estimated to be <1000 cones/
mm? and <500 cones/mm? at 250- and 1300-pm eccentric-
ity respectively. The potential error was lower than the
measurement error of the automated cone counting
method.

Cone spacing showed a lower inter-subject and intra-
subject variation than cone density. In this study, ICD was
calculated from cone density under the assumption of a
perfect hexagonal lattice. It then became less sensitive to
errors in cone labelling than cone density. Such insensitiv-
ity could however be interpreted as either an advantage or
a disadvantage, as previously discussed.'” Though cone
spacing has been claimed to be a more robust and conser-
vative measurement than cone density for comparison
among eyes,”® if taken separately from each other, cone
density and ICD can underestimate and overestimate the
global health of the cone mosaic, respectively.

Various methods®!'!'?*12%28:314347 have been used for
cone spacing estimation, which included the density-count
method, the fast Fourier transform (FFT)-based method
and the distribution-of-distances method. The density
count method, as used in this study, is derived from the
number of cones per unit area: it provides a single-point
estimate without a measure of variation and further
depends upon the mode of packing and assumes an
ordered lattice. When ICD is calculated from identified
cone centre making an assumption about the preferred
hexagonal cone arrangement within the sampling area, care
should be taken to avoid regions of missing data (e.g. large
blood vessels, image border etc.) or defects in the
image.'>'” The FFT-based method is not derived by cone
density but it also assumes an ordered lattice.">'* The last
method is assumption free and provides estimates of both
central tendency and variation; there is still no work show-
ing the reliability of this latter method in human subjects.

In our study, Voronoi analysis was performed in
1024 x 128 pixels (820 x 102 pm) image sections in
order to analyse the eccentricity dependent change of cone
packing arrangement. We chose to represent the preferred
cone packing arrangement within narrow image sections to
minimise the potential negative effect of large vessels on
Voronoi tessellation locally. We found that, in the parafo-
veal region, the human cone photoreceptors were mostly
arranged hexagonally (40-50%) with the degree of regular-
ity decreasing as the retinal eccentricity increases: the per-
centage of hexagonal cone arrangement diminishes, while
the percentage of 4n, 51 and 8n patterns increases. Non-
hexagonal Voronois contributed less than 43% of the
mosaic region up to 280 pum eccentricity from the fovea,
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but this percentage increased to more than 60% at greater
eccentricities. A low variance of the preferred cone arrange-
ment in the population was found and the cone locations
showed comparable arrangements between equivalent
eccentricities of the nasal and temporal regions of the same
eye and between fellow eyes. These results agree with previ-
ous data reported by Dees et al.*® using an AOSLO where
the authors analysed the cone mosaic regularity between 1°
and 3° eccentricity in a population of ten young adults
(20-30 years) showing that 34—64% of the cones were hex-
agonally packed. However, the standard variation from the
mean percentage of cones with 671 arrangement was higher
than that found in the present study. Technical factors can
potentially generate differences between the Voronoi maps
created using images of the photoreceptor mosaic acquired
via AO flood-illumination and AOSLO instruments. These
factors can include variations in brightness and contrast of
the cone mosaic,'* '® different resolution of rods, masking
effect by large retinal vessels, the image processing method
used to produce the final image of the cone mosaic and the
filtering algorithms used to identify cones.

Previous studies®***®*° of the foveal and parafoveal cone
mosaic topography showed the prevalence of hexagonal
order but also demonstrated a considerable proportion of
non-hexagonal elements. Cones with 5n or 7n characterisa-
tion occurred in similar proportions across eccentricities:
each from 10-20% in the rod-free area to 20-30% at
increasing eccentricities. Pum et al.”® showed the domi-
nance (70-80%) of a crystalline hexagonal topography
within the normal foveal mosaic; Li and Roorda® showed
that the percentage of hexagonal Voronois tended to
decrease between 0.25 and 5 degrees from the fovea; a study
on a post-mortem human retina showed that the cones
were more hexagonally arranged near the edge of the fovea
(between 0.20 and 0.25 degrees eccentricity) than in the
foveal center.**?’

According to the current study and previous work from
others,” > a model of the parafoveal mosaic by a lattice
with continuous hexagonal regularity cannot be considered
completely adequate to describe the cone mosaic arrange-
ment in a healthy eye. Though Voronoi analysis of the par-
afoveal mosaic confirmed the prevalence of a crystalline
hexagonal topography within the normal retinas, without
definition of consistent rules it is difficult to classify a ‘nor-
mative pattern’. Age-related or pathologic receptor death
may deteriorate lattice quality.'®****>® A study®® on an
enucleated eye with previous diagnosis of advanced glau-
coma showed a high proportion of non-hexagonal cone
positions in the fovea (40% vs 20%, as said above) and a
lower cone peak density as compared to healthy eyes. It is
probably that receptor losses allow a repositioning of
neighbouring cones. This phenomenon could also result in
a higher variance of cone spacing and make the calculation
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of ICD with assumption of ordered lattice not adequate for
clinical purpose.

The photoreceptor mosaic is characterized by a poorly
understood process of ‘self-organisation’ resulting in a lat-
tice with various, non-random, deviations from a continu-
ous crystalline pattern.**>2¢?%%58 In an AQ retinal
image of the photoreceptor mosaic, deviations from hexag-
onal order can be attributed to some phenomena, such as
point defects and linear cracks. ‘Point defects’ of the cone
lattice occur within otherwise intact mosaic areas and may
be likely represented by smaller cones (S cones), cones with
no wave guiding properties or isolated rods (it is plausible
that rods cannot be always distinguished by point defects)
and vessels that run vertically through the retinal layers.
‘Linear cracks’ appear as irregular lines of cones of variable
extension demarcating polygonal subdivisions of the hexag-
onal lattice areas””: most non-hexagonal cone positions are
not dispersed diffusely but appear arranged in linear series.
This results in cracks demarcating polygonal subdivisions
of the hexagonal lattice areas. In the parafovea, the 51 and
7n locations tended to be aligned in curved lines sur-
rounding patches of hexagonal mosaic of variable extension
(Figure 5). Previous authors>**?” have also shown that the
mosaic does not form a single crystalline array but a vari-
able number of ordered hexagonal domains: the domains
differed in orientation and were separated by irregular lines
of cones (i.e. the linear cracks) with 4, 51, 7n or 8n charac-
terisation. In general, cones appear not to be randomly
aligned, but tightly clustered with the preferred arrange-
ment that varies as a function of retinal eccentricity. The
type and quality of the cone lattice is supposed to be of
high importance for the inter-receptoral network and cell
signalling.”® Other phenomena that can contribute to
change the hexagonal order are represented by local
variance of the cone shape and the compression along the
vertical meridian as a consequence of the expansion
along the horizontal meridian of the photoreceptor
mosaic.'>*»*#?72%5% Further work is needed to understand
the biological, functional and mechanical factors involved
in the parafoveal cone mosaic organization.”

When reporting normative data, it is currently recom-
mended to show the repeatability statistics of the method
used to identify cones. This approach could be helpful to
quantify and compare the measurement error for each of
the automated method used. Our results were in agreement
with those previously shown.'”'®* The error in cone den-
sity estimates can be attributed to cone selection, magnifi-
cation error, distortion in cone images, selection of the
region of interest and sampling area, misleading identifica-
tion of rods as cones.

The knowledge of cone spacing and packing arrangement
could be useful to understand the normal range of cone
positions and to monitor pathological changes of the cone

Ophthalmic & Physiological Optics © 2013 The College of Optometrists
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Figure 5. (a) Adaptive optics image of the parafoveal photoreceptor
mosaic centred at 2.5° temporally from the foveal centre (scale bar
50 pm). The white arrow indicates a ‘point defect’ in the image. Such
point defects of the cone lattice occur within otherwise intact mosaic
areas. These defects may be due to cones with rod-like appearance,
cones with no wave guiding properties, rods, to a blood vessel running
vertically through the entire retina. The blue window encloses the cone
mosaic area for subsequent Voronoi analysis. (b) The point defect (yel-
low asterisk) is not labelled by the automated procedure. (c) Voronoi
tiles showing that point defects can induce an irregular pattern distribu-
tion of cones (red circle): the nearest neighbours in the image section
are not the nearest neighbours in the real population of photoreceptors
(undersampling effect). In a Voronoi tiles, the cone mosaic consists of a
lattice with various, probably non-random, deviations from a continu-
ous hexagonal pattern: Voronois with 7n and 5n arrangements (blue
and yellows tiles) usually are lined up surrounding clusters of hexagonal
Voronois (green tiles). Scale bars represent 50 pm.

Ophthalmic & Physiological Optics © 2013 The College of Optometrists
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mosaic over time when cone density falls within the normal
range. The exploitation of AO retinal imaging to follow up
changes of cone spacing and packing, other than cone den-
sity, longitudinally over time could be of great clinical util-
ity; deviations in the expected cone organisation could be
described with more sensitivity using complementary
methods.
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