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Purpose: Microperimetry measures differential light sensitivity (DLS) at specific retinal
locations. The aim of this study is to examine the variation in DLS across the macula and
the contribution to this variation of cone distribution metrics and retinal eccentricity.

Methods: Forty healthy eyes of 40 subjects were examined by microperimetry (MAIA)
and adaptive optics imaging (rtx1). Retinal DLS was measured using the grid patterns:
foveal (2°-3°), macular (3°-7°), and meridional (2°-8° on horizontal and vertical meridi-
ans). Cone density (CD), distribution regularity, and intercone distance (ICD) were calcu-
lated at the respective test loci coordinates. Linear mixed-effects regression was used
to examine the association between cone distribution metrics and loci eccentricity, and
retinal DLS.

Results: An eccentricity-dependent reduction in DLS was observed on all MAIA grids,
which was greatest at the foveal-parafoveal junction (2°-3°) (—0.58 dB per degree, 95%
confidence interval [Cl]; —0.91 to —0.24 dB, P < 0.01). Retinal DLS across the meridional
grid changed significantly with each 1000 cells/deg? change in CD (0.85 dB, 95% Cl; 0.10
to 1.61 dB, P = 0.03), but not with each arcmin change in ICD (1.36 dB, 95% Cl; —2.93 to
0.20 dB, P = 0.09).

Conclusions: We demonstrate significant variation in DLS across the macula.
Topographical change in cone separation is an important determinant of the variation
in DLS at the foveal-parafoveal junction. We caution the extrapolation of changes in DLS
measurements to cone distribution because the relationship between these variables
is complex.

Translational Relevance: Cone density is an independent determinant of DLS in the
foveal-parafoveal junction in healthy eyes.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC_NO
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Introduction

Differential light sensitivity (DLS) perimetry has
been widely used for investigating retinal diseases
at the levels of the retinal ganglion cells and the
postganglionic cells of the central visual pathways.' ©
Standard automated perimetry is the current preferred
method for measurement of retinal DLS for evalua-
tion and follow-up of glaucomatous optic neuropathy.’
However, it is impossible to know precisely to where
in the retina the test stimulus is projected during the
perimetry examination if the patient has unstable or
eccentric fixation. In recent years, fundus-controlled
perimetry (microperimetry) has gained widespread
acceptance, in both routine clinical care and clinical
trials, for assessing macular diseases that predomi-
nantly affect preganglionic cell pathways, mainly at the
level of the photoreceptor cells and retinal pigment
epithelium.®? In contrast to conventional perimetry,
microperimetry devices can track the retina using
fundus landmarks and rapidly realign the target of
the test stimulus to the intended test locus so that
the intended retinal loci are measured and they are
marked on a fundus image at completion. Hence,
microperimetry provides pointwise DLS values, which
can be correlated with structural and morphologi-
cal features in images from other modalities. Despite
its availability for over ten years, the comprehensive
adjusted normal datasets and probability analyses that
are routinely provided for standard automated perime-
try are still lacking in current microperimetry instru-
ments.!” Although previous studies have shown that
the normal “hill of vision” (as measured by DLS)
has a sharp peak close to the foveal center within
the macula,'’"'?> microperimetry outcomes are still
reported under the assumption that normal macular
DLS varies around the same mean across all test
loci.!? Although one study has examined the relation-
ship between cone photoreceptor density and DLS
measurements in the central macula, it has some
methodological limitations that require further refine-
ment.'4

Supriya et al.'* used microperimetry and adaptive
optics (AO) flood illumination retinal imaging to inves-
tigate the relationship between retinal DLS and cone
photoreceptor arrangement in emmetropic eyes of
young healthy volunteers aged 20 to 40 years. They
showed a nonlinear relationship between the cone
density (CD) measures and retinal DLS at eight retinal
loci at the foveal-perifoveal junction (approximately
2° to 3° of visual angle eccentricity from the fixation
point) with each locus showing a unique profile. This
finding requires further investigation because DLS
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is believed to be related to the number of midget
retinal ganglion cell receptive fields in the illumi-
nated area rather than to CD.!° Furthermore, loci
beyond 3° of eccentricity, with the greater conver-
gence of photoreceptor-to-ganglion cell input, were
not examined. In addition, CD may have been under-
estimated in that study given that the authors did not
consider examination of averaging of overlapping AO
images. In our experience, this is an important step to
enhance the quality of the final AO image and improve
cone segmentation. Because macular DLS has become
a surrogate marker for photoreceptor cell loss, the
relationship between DLS and CD and other metrics of
cone arrangement in healthy maculae warrant further
characterization.

We conducted a retrospective study to measure
macular DLS and quantify cone mosaic architec-
ture using various metrics at 147 coregistered retinal
locations per individual from 2° to 9° of eccentric-
ity in a healthy population. The association of age,
axial length, spherical equivalent, cone separation, and
locus eccentricity, with retinal DLS measures was also
examined.

Study Design

All research procedures described in this work were
conducted according to the tenets of the Declara-
tion of Helsinki. The research protocol was approved
by The University of Western Australia Human
Research Committee for two prospective studies
enrolling healthy subjects (RA/4/1/7226, RA/4/1/7457).
The circle Hough transform cone segmentation
software was developed under a separate protocol
(RA/4/1/7662).

Subjects were eligible if they had a normal ocular
examination, a best-corrected visual acuity of 80 letters
or more on the Early Treatment Diabetic Retinopa-
thy Study chart (equivalent to Snellen acuity 20/25
or better) and were able to give informed consent.
Subjects with a history of any ocular disease or surgery,
use of medications that may potentially affect retinal
photoreceptors (e.g., tamoxifen, hydroxychloroquine,
and antipsychotics), media opacity, or refractive errors
of greater than —6.0 diopters (D) of myopia, +4.0
D of hyperopia, or magnitude of greater than 4.0 D
of astigmatism, were excluded. Multimodal imaging
with spectral-domain optical coherence tomography,
widefield retinal photography and fundus autofluores-
cence imaging were also applied to exclude any subjects
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with retinal, macular or optic nerve disease (as assessed
by the lead investigator, retinal specialist, F.K.C.).

Clinical Examination

All participants underwent complete ophthalmic
examination, including: ocular biometry (IOL Master;
Carl Zeiss Meditec, Inc., Dublin, CA, USA), autore-
fraction (Arkl, Auto Ref/ Keratometer; Nidek,
Gamagori, Japan), widefield retinal photography
(Optos, Inc, Marlborough, MA, USA), spectral-
domain optical coherence tomography, near-infrared
reflectance (NIR), and fundus autofluorescence
imaging (Spectralis; Heidelberg Engineering, Heidel-
berg, Germany) of the macular region (30° x 30°),
microperimetry (Macular Integrity Assessment,
MAIA; Centervue, Padova, Italy) and AO flood illumi-
nation ophthalmoscopy (AO-FIO, rtx1; Imagine Eyes,
Orsay, France) in the healthy eye (if both eyes were
healthy, one was chosen at random). All measurements
were performed by trained operators.

Microperimetry

Microperimetry is a fundus-controlled form of
perimetry that combines fundus imaging, real-time
tracking, and retinal DLS mapping. The retinal
fundus image is captured by an infrared scanning
laser ophthalmoscope. Retinal DLS is defined as the
minimum light intensity that a patient can perceive
when the test stimulus is projected onto the retina. The
test grid arrangement can be customized by varying the
number of, and separation between, stimuli within the
central 20° of visual field. In both prospective studies
(RA/4/1/7226, RA/4/1/7457), two types of grid patterns
(A & B) were used. A third grid pattern (C) was also
used in one of these two studies (RA/4/1/7226). Grids
A and B are standard protocols that are used routinely
in clinical practice. Grid C was designed to test the
meridional locations (which are not tested by Grid B)
and cover extended locations with greater sampling
density compared to Grid B (7 loci 6° vs. 3 loci 4°).
Grids A, B, and C cover foveal (2°-3° eccentricity),
macular (3°-7° eccentricity), and meridional (2°-8° on
horizontal and vertical meridians) regions, respectively
(Figs. 1D-1F).

For analysis, test loci in Grid A and B are grouped
into five nested rings, with Grid A providing DLS
measurements in the foveal-perifoveal junction (ring
numbers 1 and 2) and Grid B, the parafoveal region
(rings numbers 3 to 5). Grid C data were used for analy-
sis of parameters along horizontal and vertical merid-
ians. The specific retinal locations (MAIA test loci)
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grouped to form each ring are shown in Figures 1G and
1H (for more details, see Supplementary Fig. S1).

In the MAIA device, the light stimuli are created
by a white light-emitting diode and projected directly
onto the retinal surface, whilst fundus landmarks
are tracked at 25 Hz. The stimuli size is Goldmann
IT1, background luminance is 4 apostilbs (asb), and
maximum luminance is 1000 asb, with a 36 dB dynamic
range. The decibel scale used in MAIA is inverted
relative to the conventional decibel definition, so that
dB = 10 log (reference intensity/measured intensity),
where the reference intensity is set to the maximum
value, corresponding to 0 dB. As the intensity is
reduced, the dB value increases; thus, 20 dB stimu-
lus is 100 times smaller than the maximum 0 dB. It
is then color-coded according to the MAIA norma-
tive studies: where green represents normal values (25
dB or above), yellow suspect (13-24 dB), red abnormal
(0-12 dB), and black (below 0 dB) dense scotoma. To
measure the minimum retinal DLS at each location, the
Goldmann III stimulus (0.43° size) is projected onto
the same spot repeatedly using a 4-2 staircase thresh-
olding strategy. Patients are seated in a dark room
for 10 minutes before commencing the test. They are
given an opportunity to practice using the response
trigger, and light scatter from the side was minimized
by covering the computer screen with a red Perspex
cover and patching of the contralateral eye. The room is
completely darkened during the entire microperimetry
testing session (MAIA manual).

Adaptive Optics Flood lllumination
Ophthalmoscopy

The photoreceptor outer segment mosaic images
were collected using AO-FIO under dim light condi-
tions without dark adaptation as described in detail
elsewhere.'® Each AO image represents a 4° x 4° (750
x 750 pixels, which is further converted to 1500 x
1500 pixels) region in the retina. In linear dimen-
sions, this equates to approximately 1.2 x 1.2 mm.
The resolution of the system is 250 line-pairs per mm.
This limits the ability to distinguish the very densely
packed cones in close proximity to the fovea. Essen-
tially, images obtained at retinal eccentricities within 2°
from the foveal center are not reliable for performing
cone metrics.!’

The images were collected retrospectively from
two prospective studies each with different acquisi-
tion protocols. In the first study (RA/4/1/7226), the
image acquisition protocol specified collection of 20
single AO images with an overlap of 2° field of
view. In the second study (RA/4/1/7457), 29 single
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Figure 1.

Fundus images showing the three MAIA testing grids used in this study (A-C). AO-FIO images were aligned and merged into

a mosaic that can be overlaid (seen as darker region) on the MAIA fundus images using vascular landmarks for image registration. Note
that the preferred retinal locus (red dot) is located temporal to the anatomical fovea in all grids (D-F). At each region of interest (green dots,
corresponding to MAIA test loci), five sampling windows (TL, top left; TR, top right; BL, bottom left; BR, bottom right; Mid, middle) from the
AO mosaic are extracted for quality assessment and cone counting. Test loci are grouped into five rings: ring numbers 1 and 2 are from Grid A,
marked in yellow and pink (G), whereas ring numbers 3, 4, and 5 are from Grid B, marked in purple, blue, and gray, respectively (H). Horizontal
and vertical loci 2° to 8° away from the fovea were also analyzed (1). Loci in black color are not used for analysis of cone distribution metrics.
Ring 1 (2°), ring 2 (3°), ring 3 (3.2° & 4.2°), ring 4 (5.1° & 5.8°), and ring 5 (7.1° & 7.6°). Scale bar: 1.5 mm as shown in top row.

AO images with an overlap of 1° field of view were
collected. These single AO images were used to create
a widefield montage, as demonstrated in Figures 1D
to 1F. Overlapping single AO images were stitched
together using the Mosaicl plugin for ImageJ (Labora-
tory for Optical and Computational Instrumenta-
tion, Madison, WI, USA). Macular volumetric scans
(61 horizontal B-scans each separated by approxi-

mately 130 pm) were used to determine and mark
the center of the foveal dip aligned to the fovea
externa on the accompanying high-resolution NIR
image. The location of the foveal center in the widefield
AO montage was determined through alignment with
the NIR image with center marked using Adobe
Photoshop CS6 (Adobe Systems, Inc., San Jose, CA,
USA). To convert metric units to angular units and
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Table 1. Demographic, Axial Length, Spherical Equivalent, and Fixation Data of Participants

Grid A Grid B Grid C
ID Age (Year) Sex Eye AXL (mm) SE (D) D1 D2 D1 D2 D1 D2
1 67 F LE 24.53 —1.00 2.6 1.7 5.0 6.7 3.8 3.1
2 29 M RE 23.40 —0.50 1.3 1.2 14 1.1 1.6 14
3 68 F RE 23.12 1.75 24 2.1 9.1 5.8 6.1 37
4 65 M LE 24.68 0.25 1.3 0.9 1.7 1.5 1.3 1.0
5 57 M LE 23.99 0.25 1.3 1.3 1.6 1.2 1.6 1.2
6 32 M LE 24.87 —3.50 1.7 1.3 1.9 1.5 2.6 2.1
7 58 M RE 23.63 0.88 1.2 0.8 14 1.1 1.5 1.1
8 69 M RE 25.59 —1.75 1.5 1.2 1.4 1.1 1.2 1.1
9 70 M LE 22.69 2.75 1.0 0.7 0.8 0.8 1.1 1.0
10 70 F RE 23.89 2.25 13 1.0 4.0 3.5 1.2 1.0
11 69 M LE 24.25 —0.13 1.9 1.7 7.3 4.1 1.3 0.9
12 65 F RE 23.09 2.00 1.6 1.1 1.5 1.4 1.0 0.8
13 75 M RE 24.65 0.75 4.9 34 5.4 44 4.0 3.5
14 65 F LE 23.24 1.88 1.5 14 4.6 2.6 1.5 1.3
15 22 M RE 23.75 0.00 0.6 0.5 0.7 0.6 0.6 0.5
16 21 M RE 25.40 —4.75 1.0 0.8 1.3 0.9 1.1 0.8
17 54 F RE 24.80 0.50 1.7 13 24 2.1 1.8 1.2
18 68 M LE 24.64 —0.25 1.5 1.0 13 1.0 1.6 14
19 49 M LE 24.15 —0.25 1.4 1.0 7.3 1.8 1.7 0.5
20 52 M RE 23.99 —0.13 3.0 2.2 7.6 4.2 35 1.6
21 54 F RE 2445 0.00 1.3 1.3 238 23 1.9 1.7
22 58 M RE 23.99 —3.25 1.2 0.9 1.3 1.1 1.2 0.7
23 64 F RE 23.08 —0.25 4.0 3.1 4.6 24 3.2 2.6
24 69 F LE 22.65 0.50 1.9 14 27 23 25 2.2
25 44 M RE 25.01 0.13 1.7 14 24 1.2 33 2.0
26 70 F RE 22.56 1.00 1.6 1.6 3.2 2.1 2.2 1.7
27 62 F RE 23.83 —1.38 14 1.1 37 27 2.2 14
28 62 F RE 23.16 0.75 1.1 0.8 1.2 0.9 0.8 0.8
29 59 M LE 23.69 —0.50 1.1 0.9 1.1 0.6 1.3 0.6
30 53 F RE 23.95 1.25 1.1 1.0 2.2 1.7 1.3 1.2
31 25 F RE 24.88 —3.25 2.1 1.6 4.1 3.1 1.9 1.8
32 57 F RE 23.94 —0.50 NA NA 4.7 26 NA NA
33 68 M LE 23.95 —0.63 NA NA 5.1 29 NA NA
34 53 M RE 26.10 —4.50 NA NA 23 1.7 NA NA
35 44 M LE 23.93 —0.50 NA NA 1.8 1.4 NA NA
36 64 M RE 25.18 —-3.75 NA NA 1.8 1.3 NA NA
37 45 F RE 25.00 —5.00 NA NA 1.6 13 NA NA
38 64 M LE 24.69 —3.63 NA NA 1.8 1.7 NA NA
39 55 F LE 23.12 1.13 NA NA 1.1 0.8 NA NA
40 64 M LE 24.03 —0.25 NA NA 3.2 2.0 NA NA

D1 and D2 are Bivariate Contour Ellipse Area 95% (BCEA 95%) long and short diameters in degrees.
AXL, axial length; D, diopters; LE, left eye; NA, not available; RE, right eye; SE, spherical equivalent.

align the AO montage with other image modalities, 1.82), where ¢ is the magnification factor for that eye.
all AO images were corrected for magnification error Refer to Chew et al. ' for more details.

related to axial length variation using the modified Retinal regions of interest (ROI) were chosen
Littmann’s method described by Bennett et al.,'® asper to coincide with microperimetry test loci from the
the equation: ¢ = 0.013063 x (axial length in mm — three testing grids. Each ROI was divided into five
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Table 2. Number and Proportion of Analyzed AO Samples and Available AO and MAIA Data in Each
Grid/Ring/Eccentricity
Distance Total AO Data AO and MAIA CcD
Grid Ring (Degrees) Samples Available (%) Data Available (%) DLS(dB) (Cell/Deg?) ICD(Arcmin)
A 1 2.0 480 466 (97%) 359 (75%) 29.7 (24) 2209(155) 1.5(0.1)
2 3.0 480 463 (96%) 358 (75%) 29.0(2.2) 1857(161) 1.6(0.1)
Total 960 929 (97%) 717 (75%) 29.4(2.3) 2034(236) 1.5(0.1)
B 3 3.2&4.2 480 413 (86%) 413 (86%) 28.0(2.2) 1809(151) 1.6(0.1)
4 51&5.8 640 309 (48%) 281 (44%) 27.9(2.2) 1731(143) 1.6(0.1)
5 71&7.6 800 111 (14%) 111 (14%) 27.6(2.1) 1534 (134) 1.8 (0.1)
Total 1920 833 (43%) 805 (42%) 279(2.2) 1743(171) 1.6(0.1)
C 2 2.0 160 153 (96%) 117 (73%) 29.3(2.,5) 2211 (167) 1.5(0.1)
3 3.0 160 150 (94%) 87 (54%) 29.0(2.3) 1895(173) 1.6(0.1)
4 4.0 160 144 (90%) 113 (71%) 28.4(2.0) 1765 (145) 1.6 (0.1)
5 5.0 160 131 (82%) 103 (64%) 28.3(2.2) 1720(146) 1.6(0.1)
6 6.0 160 1 04 (65%) 80 (50%) 28.4(2.2) 1536(137) 1.8 (0.1)
7 7.0 160 85 (53%) 67 (42%) 27.3(24) 1523(135) 1.8 (0.1)
8 8.0 160 1 (32%) 40 (25%) 26.8 (2.7) 1561 (170) 1.7 (0.1)
Total 1120 81 8 (73%) 607 (54%) 28.4(2.4) 1798 (281) 1.6 (0.1)
Total — 4000 2580 (64%) 2129 (53%) 28.6 (2.4) 1865 (266) 1.6 (0.1)

overlapping sampling windows measuring 50 x 50 um.
These ROIs were extracted using automated custom
software for the analysis of cone metrics. Further
image-processing, namely, cone segmentation using a
Hough transform and image quality assessment, were
undertaken for each sampling window. The sampling
window with the best image quality and highest
number of cones was selected for further analysis. Loci
with poor image quality (for example, truncated or with
no visible cones) across all five overlapping sampling
windows were excluded from further analysis.

Descriptive Metrics for Quantitative
Assessment of Cone Photoreceptor Cell
Architecture

A variety of metrics have been introduced to
describe cone photoreceptor cell mosaics.”’ We used
different cone regularity metrics, in addition to CD and
ICD, to evaluate the correlation between retinal DLS
and each parameter of the cone mosaic.’! 2> These
include intercone distance (a measurement of cell-to-
cell spacing using photoreceptor coordinates)® 2% and
regularity metrics, which assay the expected number
of Voronoi sides for photoreceptor locations within a
mosaic.?-3!

Each cone distribution metric used in this study
is expressed in either retinal linear units (e.g., linear
distance in pm; area density in cells/mm?) or visual

angle units (e.g., angular distance in arc minutes;
angular density in cells/deg?).

For each sampling window, cone reflexes were first
identified using the circle Hough transform segmen-
tation method,'® and their x and y coordinates were
stored. Area and angular CD was then determined
by dividing the total number of cells counted by the
retinal area sampled in linear units (1000 cells/'mm?) or
in angular units (1000 cells/deg?).

To examine cone photoreceptor cell regularity, a
Voronoi domain analysis was performed using the
Matlab function, VoronoiLimit. The Voronoi cell
boundaries were determined by finding the midpoints
and vertices between neighboring cells in x and y
coordinates, and from these boundaries the number
of Voronoi neighbors and the sizes of each Voronoi
cell were calculated. To diminish boundary effects,
only cones with bound Voronoi regions were included
when calculating each metric. The number of neigh-
bors regularity is the ratio of the mean to standard
deviation (SD) of the number of sides of all bound
Voronoi cells in an ROL? Linear and angular inter-
cone distance (ICD) [um and arcmin] was defined for
each cone photoreceptor cell as the average distance
between the cone and all of its neighbors; the value
reported for each image is the average ICD for all cones
with bound Voronoi cells in that image. Linear and
angular farthest neighbor distance and nearest neigh-
bor distance (NND) [um and arcmin] were defined as
the distance from a given cone photoreceptor cell to its
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farthest and closest neighbor, respectively, where the
neighbors comprised all cones with adjacent Voronoi
cells. The values reported for each image are the average
farthest neighbor distance and NND for all of the
cones with bound Voronoi cells in that image.”’ NND
was compared with the expected spacing of cell centers
in a triangularly packed mosaic with the same cell
density. The expected triangular spacing is calculated
as s = (ﬁ)‘/ 2, where s (um or arcmin) is the spacing
between the centers of triangularly packed cells and
D (cells/um? or cells/arcmin?) is the cell density.’> The
nearest neighbor regularity index was calculated by
dividing the mean nearest-neighbor distance by the
standard deviation.*’

Statistical Analysis

The Shapiro-Wilk test was used to test whether
variables are normally distributed. Retinal DLS, ICD,
and CD are represented with smoothed (kernel) density
estimates (probability density function curves based
on the histogram) and box plots. Linear mixed-
effects models of retinal DLS by CD were built
with the “nlme” package (Pinheiro, José, Douglas
Bates, and R-core. 2018. Nlme: Linear and Nonlin-
ear Mixed Effects Models. https://CRAN.R-project.
org/package=nlme), with the patient ID as the random
effect after adjusting for age and distance from the
fovea. A Gaussian spatial correlation structure was
employed. Patient sex, axial length and spherical equiv-
alents were examined as covariates in the retinal DLS
modeling.

Missing data were excluded from the analysis, and
a P value = 0.05 was used as a threshold to guide the
interpretation of observed associations. Basic analyses
were performed in the Statistical Package for Social
Sciences (SPSS, software version 24, IBM Corpo-
ration, Armonk, NY, USA), complex modeling of
the relationship between CD and retinal DLS using
linear mixed-effects regression analysis was performed
in R v3.5.2 (R Core Team. 2018. R: A Language
and Environment for Statistical Computing. Vienna,
Austria: R Foundation for Statistical Computing.
https://www.R-project.org/).

Study Subjects

Forty eyes from 40 healthy subjects (31 from
RA/4/1/7226 and nine from RA/4/1/7457) were
enrolled for this study (17 female and 23 male).
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The mean (range) age of the participants was 56
(21-75) years (Table 1). The mean (SD; range) spher-
ical equivalent refraction was —0.54 (1.98; —5.00
to 2.75) D. The mean (SD; range) axial length
was 24.10 (0.84; 22.56 to 26.10) mm. The number
and proportion of analyzed AO samples in each
grid/ring/eccentricity is shown in Table 2. Figure 2
presents representative examples of both analyzed
and excluded AO images at different rings. Individual
data are presented as an Excel file in Supplementary
Material S1.

Retinal Differential Light Sensitivity and
Cone Distribution Metrics Across the Macula

The distribution of DLS at each eccentricity across
the macula is shown in Figure 3. The smoothed density
estimate graph shows an approximate normal distri-
bution for each ring centered on 30 dB. However,
there appears to be a relationship between increas-
ing ring number (i.e., eccentricity) and decreasing
DLS. Ring number 1, from Grid A, had the great-
est mean DLS. The DLS declined as the ring diame-
ter increased, i.e., as distance from the foveal center
increased. This behavior is confirmed by the box plots
in Figure 3 that show a decreasing median DLS
over ring numbers 1 through 3 and an approximately
stable median for ring numbers 4 and 5. The mixed-
effects model shows no significant correlation between
age or spherical equivalent and DLS (Supplementary
Table S1).

Cone separation profile, reported as mean ICD
(arcmin), taken at different diameter rings from Grids
A and B, is illustrated in Figure 4. Ring number 1 has
the lowest mean ICD, which increases with increas-
ing diameter. The precision of these measurements
also changes with diameter; the inner rings have a
narrower distribution bandwidth; whereas, the density
distributions of ring numbers 4 and 5 are broader.
An inverse relationship between angular CD and ring
number was observed, as illustrated in Figure 5, where
ring number 1 has the highest density and as the ring
number increases, the CD decreases. The mixed-effects
model showed a statistically significant increase in CD
(B estimate = 2 cells/deg’/year, 95% confidence inter-
val (CI); 0 to 3 cells/deg?, P = 0.02) and decline in
ICD (B8 estimate = < —0.01 arcmin/year, 95% CI;
> —0.01 to < 0.01 arcmin, P = 0.02) with increas-
ing age, which was clinically negligible. In addition,
there were no significant correlations between the
spherical equivalent and CD or ICD (Supplementary
Table S1).


https://CRAN.R-project.org/package=nlme
https://www.R-project.org/
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Ring 3

Ring 5

Representative examples of cone mosaic images included (upper and middle row) and excluded (bottom row) from the analysis.

Reasons for exclusion are (from left to right): low image resolution, low image resolution, partial truncation, co-incidence with large vessel,

and complete truncation.

Cone Distribution Metrics as Covariates for
Differential Light Sensitivity at
Foveal-Parafoveal Junction

Each of the cone distribution metrics was individ-
ually examined as a predictor for retinal DLS using a
linear mixed-effects model after adjusting for patient
age and angular distance from the fovea: retinal DLS;
= B1 X cone metric; + B> x age; + B3 x distance; +
&;, where cone metric represents each of the metrics of
cone distribution discussed earlier, in turn, and ¢; is the
model’s remaining random error; this was repeated for
each of the three grid patterns and the results of the
density estimators and 95% Cls are reported.

Cone density across Grid C was the only param-
eter with significant contribution to the retinal sensi-
tivity (Table 3). Sensitivity changed by 0.85 dB for
each 1000 cells/deg® change in CD across the Grid
C (95% CI; 0.10 to 1.61 dB, P = 0.03) (Table 4).
None of the other cone distribution parameters had
a statistically significant effect on sensitivity on any
of the grids. However, ICD showed a moderate to
marked, but not significant correlation, with sensitiv-
ity across Grid A (8 estimate = —0.74 dB, 95% CI;

—2.42 to 0.95 dB, P = 0.39) and Grid C (8 estimate
= —1.36 dB, 95% CI; —2.93 to 0.20 dB, P = 0.09)
(Table 5).

Angular Distance From Fovea as Covariate in
Predicting Differential Light Sensitivity in
Perifovea

When adjusting for the covariates age and angular
CD, the angular distance from the fovea was found
to have a negative association with DLS (Table 4);
i.e, as the distance increased by 1°, the DLS
decreased by 0.58 dB in Grid A (95% CI; —0.91
to —024 dB, P < 0.01); 0.12 dB in Grid B
(95% CI; —0.22 to —0.02 dB, P = 0.02); and
0.23 dB in Grid C (95% CI; —0.35 to —0.11 dB, P <
0.01).

We found a significant reduction in retinal DLS
and CD, whilst ICD increased as the sampling locus
moved further away from the foveal center. DLS had a
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Figure 3.

3 4 5
Ring

(Top) Five overlapping kernel density estimates (smoothed histogram) illustrate the shape of mean retinal DLS (dB) distribu-

tion in five groups of retinal loci from Grids A (ring numbers 1 and 2) and B (ring numbers 2, 3 and 4). (Bottom) A violin plot showing
the mild trend for the mean retinal DLS to decrease as the ring number (diameter) increases (8 estimate = —0.48 dB per ring number,
95% Cl; —0.57 to —0.40 dB, P < 0.01). Ring 1 (2°), ring 2 (3°), ring 3 (3.2° and 4.2°), ring 4 (5.1° & 5.8°), and ring 5 (7.1° and 7.6°).

significant inverse correlation with cone density in the
meridional test grid, but not in the parafoveal (2°-3°)
and perifoveal (5°-7°) regions, where retinal eccentric-
ity, but not cone packing, was correlated with DLS.
Topography of the retinal DLS in healthy people
is likened to a “hill of vision” based on perime-
try findings; however, the shape of this “hill” varies
depending on factors such as stimulus size and
duration.** Previous studies showed a slight decrease
of DLS in the macular region with increasing retinal
eccentricity in both microperimetry and Humphrey
field tests, which is in agreement with our findings.** %’

According to the MAIA pointwise sensitivity data, in
60 cases aged 19 to 50 years (mean 24 years, median
23 years) provided by Astle and colleagues,'> mean
DLS at 3°, 5°, 7°, and 9° were 30.1, 29.9, 29.4, and
29.0 dB, respectively. These sensitivity values are 2 to
3 dB higher than our observation at the same eccen-
tricities, possibly because of the participants being
older in our cohort (range 21-75, mean 56 years).
In another study on a Japanese population (mean
age 43 years), mean MAIA threshold at 3° and 5°
locations were 28.7 and 27.8 dB, respectively, which are
closer to our values.>> The relatively shallow slope of
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(Top) Five overlapping kernel density estimates (smoothed histogram) illustrate the shape of mean angular ICD (arcmin) distri-

bution in five groups of retinal loci from Grids A (ring numbers 1 and 2) and B (ring numbers 2, 3, and 4). (Bottom) A violin plot showing the
trend for the mean angular ICD to increase as the ring number (diameter) increases (8 estimate = 0.08 arcmin per ring number, 95% Cl; 0.07
t0 0.08 arcmin, P < 0.01). Ring 1 (2°), ring 2 (3°), ring 3 (3.2° and 4.2°), ring 4 (5.1° and 5.8°), and ring 5 (7.1° and 7.6°).

sensitivity reduction observed in these studies can be
attributed to the use of a Goldmann size III stimu-
lus, which is larger than the critical area within the
central 15°, contributing to partial summation in this
region.** Unlike previous reports, we did not find a
significant decrease in DLS with increasing age (B
estimate = —0.02 dB/year, 95% CI; —0.06 to 0.01 dB,
P = 0.23), but this could be due to our small sample
size.35:37-39

To examine the cellular basis for the DLS gradient
across the macular region, we used the AO-FIO device
to measure the photoreceptor cell packing arrange-

ment. Reference values of CD provided by Curcio
and colleagues™ histological study on eight whole
retinal flat mounts showed a very sharp decline in CD
in the central 1.25° followed by a less rapid decline
from 1.25° to 20° whereupon it asymptoted to a
plateau region extending from 20° to 60°. In large
scale studies using both AO-FIO and adaptive optics
scanning laser ophthalmoscopy (AO-SLO) imaging
devices, cone density values obtained were compa-
rable to our findings, across a range of eccentric-
ities.#' 4 In addition to CD, AO provides cone
separation and regularity metrics that are important
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(Top) Five overlapping kernel density estimates (smoothed histogram) illustrate the shape of mean angular CD (cells/deg?) distri-

bution in five groups of retinal loci from Grids A (ring numbers 1 and 2) and B (ring numbers 2, 3, and 4). (Bottom) A violin plot showing the
trend for the mean angular CD to decrease as the ring number (diameter) increases (8 estimate = —0.18 x 1000 cell/deg? per ring number,
95% Cl; —0.19to —0.17 x 1000 cell/deg?, P < 0.01). Ring 1 (2°), ring 2 (3°), ring 3 (3.2° and 4.2°), ring 4 (5.1° and 5.8°), and ring 5 (7.1° and 7.6°).

parameters of the cone mosaic. We found a significant
decrease in CD and an increase in ICD with increas-
ing eccentricity, which is in agreement with previous
reports,!4:23-40-42,:44-46 The CD and spacing values at
each retinal eccentricity are within the reference ranges.
It is well recognized that the ability to resolve grating
stimulus relates to cone photoreceptor separation in
the foveal center. However, MAIA perimetry measures
DLS, which is in terms of visual contrast rather than
resolution. Therefore it cannot be assumed that there
is a similar relationship between DLS and photore-
ceptor distribution metrics in foveal, parafoveal, and
perifoveal regions of the macula.

It is now well accepted that the spacing and recep-
tive field sizes of the midget retinal ganglion cells
(mRGCs), rather than cones, contribute to the thresh-
old of visual contrast (DLS) and visual resolution,
independent of retinal location.!>#7-3° Hirooka and
colleagues®! found a significant correlation between
RGC layer thickness and retinal sensitivity. The 1:1
signal processing from a single cone to a single mRGC
in the central fovea may explain the matching visual
resolution predicted from Nyquist frequency of cones
and mRGCs.*-32-33 Conversely, eccentricity-dependent
decrease in RGC density and increase in its spacing in
the human retina>*>> might contribute to diminished
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Table3. Mixed-Effects Model of Sensitivity Versus Cone Parameters Adjusted for Age and Distance From the Fovea

With 95% Cl

Grid A B Estimate

Grid B 8 Estimate Grid C 8 Estimate

Cone Distribution Metrics (95% ClI) (95% ClI) (95% ClI)
Angular CD [1000 cells/deg?] 0.25 (—0.50, 1.00) —0.05 (—0.86,0.77) 0.85"(0.10, 1.61)
Area CD [1000 cells/mm?] 0.03 (—0.03,0.09) 0.00 (—0.07,0.07) 0.06" (0.00, 0.13)
Mean angular FND [arcmin] —0.41(—-1.27,0.44) —0.23 (—1.01,0.55) —0.74 (-1.62,0.15)
Mean linear FND [um] —0.10(—0.28, 0.07) —0.05(—0.21,0.11) —0.14 (—0.33,0.04)
Mean angular ICD [arcmin] —0.74 (—2.42,0.95) —0.06 (—1.56, 1.44) —1.36(—2.93,0.20)
Mean linear ICD [um] —0.19 (—0.54,0.15) —0.03 (—0.33,0.28) —0.26 (—0.58, 0.06)
Mean angular NND [arcmin] —0.17 (-1.74,1.39) 0.36 (—1.00, 1.71) —0.11(—=1.51,1.29)
Mean linear NND [pm] —0.06 (—0.38, 0.26) 0.06 (—0.21,0.34) —0.01 (—0.30, 0.27)
Mean linear NND from density [um] —0.20(—0.61,0.22) 0.00 (—0.37,0.37) —0.35(—0.72,0.02)
NoNR 0.06 (—0.06, 0.19) —0.01(—0.13,0.12) —0.00 (—0.15, 0.14)
Proportion 6-sided cells [%] —0.00 (—0.02, 0.01) —0.00 (—0.02, 0.01) —0.01 (—0.02, 0.01)
Ratio mean ICD/NND from density —1.30(—5.90, 3.30) —0.58 (—4.65, 3.48) 0.63 (—4.28,5.54)
Ratio mean NND/NND from density 0.51(—2.76,3.78) 0.96 (—2.10, 4.02) 2.73 (—0.80, 6.27)
Regularity ICD 0.07 (—0.03, 0.18) 0.02 (—0.08,0.12) —0.01(-0.13,0.11)
Regularity NND 0.02 (—0.05, 0.09) 0.05 (—0.03,0.14) 0.04 (—0.06, 0.14)

FND, farthest neighbor distance; NoNR, number of neighbors regularity.

“Significance P < 0.05.
Table 4. Mixed-Effects Model for Cone Density

B Estimate 95% Cl PValue

Grid A

Intercept 28.00 27.10,28.90 <0.01

Age [years] —0.03 —0.07,0.01 0.12

Retinal eccentricity [deg] —0.58 —0.91,-0.24 <0.01

Cone density [1000 cell/deg?] 0.25 —0.50, 1.00 0.51
Grid B

Intercept 27.92 27.41,28.44 <0.01

Age [years] —0.02 —0.06, 0.02 0.30

Retinal eccentricity [deg] —0.12 —0.22,-0.02 0.02

Cone density [1000 cell/deg?] —0.05 —0.86,0.77 0.91
Grid C

Intercept 28.42 27.84, 29.00 <0.01

Age [years] —0.01 —0.05,0.03 0.69

Retinal eccentricity [deg] —-0.23 —0.35, —0.11 <0.01

Cone density [1000 cell/deg?] 0.85 0.10, 1.61 0.03

correlation between cone mosaic metrics and DLS.
Based on calculations, Kwon and Liu*° elucidated that,
despite nonuniform distribution of the RGCs, approxi-
mately 14 RGCs are involved in the process of complete
summation for luminance contrast detection across the
human retina.

A more recent work examined the relationship
between cone photoreceptor spacing and retinal DLS,
given macular perimetry is now also used for inves-

tigating macular photoreceptor cell dysfunction and
loss. Supriya and colleagues'* reported a significant
reduction in both CD and retinal DLS from 2° to
3° in all quadrants in healthy subjects. They found a
significant correlation between area CD in the fovea
and retinal DLS in all quadrants at both eccentric-
ities. Both CD and retinal DLS were significantly
higher at the horizontal meridian compared to the
vertical meridian at 2° and 3° locations.'* We observed
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B Estimate 95% Cl PValue
Grid A
Intercept 28.01 27.15,28.86 <0.01
Age [years] —0.03 —0.07,0.01 0.12
Retinal eccentricity [deg] —0.57 —0.87, —0.27 <0.01
Mean angular ICD [arcmin] —0.74 —2.42,0.95 0.39
Grid B
Intercept 27.93 27.42,28.44 <0.01
Age [years] —0.02 —0.06, 0.02 0.30
Retinal eccentricity [deg] —0.11 —0.21, —-0.01 0.03
Mean angular ICD [arcmin] —0.06 —1.56,1.44 0.94
Grid C
Intercept 2840 27.82,28.98 <0.01
Age [years] —0.01 —0.05,0.03 0.68
Retinal eccentricity [deg] —0.26 —0.37,-0.15 <0.01
Mean angular ICD [arcmin] —1.36 —2.93,0.20 0.09

a significant correlation between cone density and DLS
only across Grid C. Although measures based on both
angular and areal units reached statistical significance,
the correlation was greater for the angular units. Wang
and colleagues®® showed that despite retinal stretch-
ing, angular cone density within and outside the fovea
increases with increasing axial length in myopic eyes.
They concluded that unexplained low best-corrected
visual acuity observed in some of the patients with
myopia may not be attributed to cone density changes
due to retinal stretching.’® Our results further support
the assertion that factors other than cone packing
contribute to DLS across the foveal and parafoveal
regions.

Although this is the first study to examine the
relationship between cone metrics and retinal DLS
across the macular region in which precise alignment
between the two imaging modalities was achieved,
there are several limitations in the study design that
should be considered when interpreting our findings.
Our overall sample size was small (only 40 eyes) and
a large proportion of subjects had poor AO image
quality in the perifoveal regions resulting in a low
number of images considered suitable for calculating
the cone distribution metrics at 7° from the foveal
center. We could not measure CD and ICD closer
than 2° from the foveal center because of the inherent
limitation of AO-FIO in resolving foveal cones. We did
not measure the ganglion cell complex thickness, RGC
density and spacing, or Ricco’s area. Hence, we cannot
confirm whether the decrease in DLS at 5° and 7° is
driven by RGC receptive field size. In addition, we were
unable to measure rod contribution to the measured
DLS, as well as rod mosaic characteristics; both inabil-

ities are inherent limitations of the technologies used in
this study. Rod contribution to mesopic visual percep-
tion is thought to be mediated via rod-cone pathway
interactions either through the rod-cone gap junctions
or through rod bipolar cells and amacrine cells to cone
bipolar cells.’” Given the close interaction between
the rod and cone systems in mesopic vision, previous
work has proposed that rod and cone signals gener-
ated under mesopic conditions are interchangeable in
terms of postreceptoral processing.’® Therefore cone
parameters alone would only contribute to a portion
of mesopic retinal DLS, and further studies are needed
to examine in parallel rod spatial distribution. Finally,
intersession test-retest variability of DLS in normal
individuals is greater than the variability seen across
retinal loci. Although we found a statistically signif-
icant correlation between CD and DLS on Grid C,
the clinical importance of the change in DLS and the
utility of DLS as a proxy measure of CD is question-
able.

The present study shows that the contribution of
cone packing to retinal DLS is limited to Grid C,
most likely because of the extended testing field and
greater sampling density. Investigation of a larger
sample size, along with measurement of RGC distri-
bution, may be necessary to confirm the contribution
of RGC density/spacing to retinal DLS. AO-SLO-
based microperimetry using smaller stimulus sizes may
be more useful to study Ricco’s area changes at the
central macula.’® Furthermore, measurement of retinal
DLS with compensation of higher -degree optical
aberrations might clarify the capacity of retinal DLS
assessment in the detection of cone and RGC dysfunc-
tion in pathology.
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