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Purpose: To compare the ability of conventional luminance-modulating perimet-
ric stimuli and an area-modulation stimulus (AMS) designed to measure changes in
complete spatial summation to identify physiological retinal ganglion cell density
(RGCD) gradients in healthy observers.

Methods: Contrast thresholds were measured for Goldmann llI (Glll; 0.43°, 200 ms) and
V (GV; 1.72°, 200 ms) stimuli at 3° and 10° eccentricity in 100 healthy observers (median
age, 43 years, range, 18-85 years), with mean spherical equivalent refractive errors
ranging from —10.38 to +4.63 DS. Area thresholds were measured at the same locations
using a fixed luminance stimulus (AL: 4.4 cd/m?, 200 ms). Colocalized RGCD estimates
were determined using (i) optical coherence tomography (OCT) RGC layer thickness
measures, and (ii) achromatic peripheral grating resolution acuity (PGRA) thresholds.
Ratios of the difference in log energy threshold (AE) and log RGCD (ARGCD) between
eccentricities were calculated (AE/|ARGCD]), with a value of 1 assumed to be the optimal
relationship between functional thresholds and RGCD.

Results: AE/|ARGCD|) values (median and interquartile range [IQR]) were largest for
AMS (OCT, 0.54 [IQR, 0.37-0.78]; PGRA, 0.71 [IQR, 0.46-1.19]), followed by GllI (OCT, 0.29
[IQR, 0.08-0.44]; PGRA, 0.33 [IQR, 0.07-0.54]; and GV (OCT, 0.16 [IQR, 0.02-0.29]; and
PGRA, 0.19 [IQR, 0.02-0.44]). Interstimulus differences between all stimulus pairs were
statistically significant (AMS vs GlIl, both P < 0.001; AMS vs GV, both P < 0.001; Glll vs GV,
both P < 0.05).

Conclusions: AE/|ARGCD]| values were closest to 1 for AMS, suggesting this stimulus
relates best to underlying physiological variations in RGCD.

Translational Relevance: Thresholds measured with area modulation stimuli vary more
proportionally with physiological changes in retinal ganglion cell density relative to
conventional perimetric stimuli.

work has shown that SAP sensitivity has a shallow and

Introduction

Standard automated perimetry (SAP) is the refer-
ence standard test for the detection and monitoring
of visual function loss associated with the death of
retinal ganglion cells (RGCs) in glaucoma.! Although
the test is widely adopted for this purpose, previous
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variable relationship with RGC density (RGCD) that
varies with visual field eccentricity,” * glaucoma disease
stage,> and stimulus area.® Much of this variation in
the relationship between RGCD and SAP thresholds
can be attributed to differences in the extent of spatial

summation that determines threshold for the fixed
area Goldmann stimuli (GI-GV, 0.11°-1.72° diame-
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ter) used. Specifically, the commonly used GIII stimu-
lus has been shown to be larger than the upper limit
of complete spatial summation (Ricco’s area [RA])
in healthy observers at many test locations within
the central 24° of the visual field, which may be
responsible for a shallow relationship between RGCD
and SAP thresholds.” ' At more peripheral locations,
the relationship between RGCD and SAP thresholds
approximates 1:1.3-° In this region, the fixed area GIII
stimulus is smaller than RA and thresholds are deter-
mined by complete spatial summation. Thus, spatial
summation is likely to play an important role in the
relationship between perimetric sensitivity and under-
lying retinal structure.

Given that RA enlarges as a function of physi-
ological (e.g., with visual field/retinal eccentricity,'!
axial myopia'?), and pathological (e.g., glaucoma’--1%)
alterations in RGCD, it is hypothesized that, with a
stimulus that thresholds by self-scaling to the local-
ized RA, a more uniform 1:1 relationship between
perimetric thresholds and RGCD would be observed.
Our group has previously described the use of an
area modulating stimulus (AMS) that scales to the
localized RA in glaucoma. '3 This stimulus displayed
a greater glaucoma disease signal, more uniform
response variability with depth of defect, and a higher
ratio of disease signal to measurement variability
(noise) when compared with conventional SAP stimuli
modulating in Iuminance.!*> To date, no study has
examined the structure—function relationship between
AMS thresholds and underlying RGCD in regions of
healthy eyes where high interindividual variations in
RGCD are known to occur.'* Examining this relation-
ship in a cohort of healthy observers will permit
the true underlying nature of this relationship to be
examined in the absence of confounding effects that
can occur in disease (e.g., increased measurement
variability for structural and functional measures, RGC
dysfunction). Because AMS holds promise for greater
utility in the detection and monitoring of glaucoma, it
is essential to understand how physiological variances
in underlying RGCD relate to AMS functional thresh-
olds. In addition to forming a baseline understand-
ing of structure—function relationships in healthy eyes,
such information would also have importance for
disentangling physiological variations in RGCD (and
thus spatial summation), as can occur in axially myopic
eyes'? from pathological changes in glaucoma.

In this study, we investigated whether sensitivity
measures with an achromatic AMS designed to scale
to the local RA at threshold have a greater association
with physiological gradients in RGCD calculated using
RGC estimates derived from structural [optical coher-
ence tomography (OCT)] and functional [peripheral
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grating resolution acuity (PGRA)] data that occur with
eccentricity in healthy observers relative to conven-
tional perimetric stimuli (GIII and GV) modulating in
luminance. We also describe a novel method to evalu-
ate the relationship between functional psychophysical
thresholds collected using these stimuli (AMS, GIII,
and GV) and physiological gradients in RGCD that
occur with eccentricity'* and/or axial elongation'?-13-17
in healthy observers.

Participants

One hundred healthy observers, including 49
myopes (median age, 35 years; range, 18-85 years)
and 51 age-similar (Mann—Whitney U test, P = 0.71)
nonmyopic controls (median age, 51 years; range,
18-76 years) participated in this study. All participants
had a best corrected monocular distance visual acuity
of 0.20 logarithm of the minimum angle of resolu-
tion (logMAR) (6/9, 20/30) or better (median, —0.10
logMAR; range, —0.20 to 0.12 logMAR) and a full
visual field in the test eye (median, 0.23; interquartile
range [IQR], —0.40 to 0.85), as measured with the
24-2 SITA Standard threshold test (Humphrey Visual
Field Analyzer, Carl Zeiss Meditec, Dublin, CA). All
participants had intraocular pressures between 11
and 21 mm Hg measured with Goldmann applanation
tonometry and no significant media opacities or ocular
disease as determined by a UK-qualified optometrist
using slit-lamp assessment of the anterior eye and
biomicroscopic posterior segment examination. For
all participants, peripapillary retinal nerve fiber layer
and macular OCT scans (30° x 25° cube; 61 B-scans;
automatic real-time tracking, 9; tilted to account for
fovea—optic nerve axis) revealed no abnormalities
(Spectralis OCT, Heidelberg Engineering, Heidel-
berg, Germany). No participant was diagnosed with a
systemic condition or took medication that could have
influenced vision. All participants were recruited and
tested at the Centre for Optometry and Vision Science
at Ulster University.

Refractive error was measured objectively using
a binocular open-field autorefractor (Shin Nippon
NVision-K 5001, Shin-Nippon, Tokyo, Japan), this
being subjectively refined to determine a final refractive
error. For all participants, astigmatism was less than
3.50 DC in the test eye. Refractive error was expressed
as mean spherical equivalent, with myopia defined as
a mean spherical equivalent of —0.50 DS or less.'8
Refractive error ranged from —0.50 DS to —10.38 DS
in the myopic group and from —0.25 DS to +4.63 DS
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Table 1. Summary Characteristics of the Myopic and Nonmyopic Groups
Myopic Group (n = 49) Nonmyopic Group (n = 51)
Age (years) Median, 35 Median, 51

(Range:18 to 85)
(IQR:23t0 57)
Median, —2.75

(Range: —0.50 to —10.38)
(IQR: —1.59 to —5.62)
Median, —0.75
(Range: 0.00 to —3.25)
(IQR: —0.25 to —1.25)
Median, 24.55
(Range: 22.89 t0 27.96)
(IQR: 23.68 to 26.03)

Refractive error MSE (DS)

Astigmatism (DC)

AL (mm)

(Range: 18 to 76)
(IQR: 20 to 64)
Median, +-0.25

(Range: —0.25 to +4.63)
(IQR: +0.13 to +1.28)
Median, —0.50
(Range: 0.00 to —2.50)
(IQR: —0.25 to —0.75)
Median, 23.34
(Range: 21.38 to 25.42)
(IQR:22.90 t0 23.62)

MSE, mean spherical equivalent.

in the nonmyopic control group. Based on the Inter-
national Myopia Institute (IMI, 2019) definitions,'8 11
participants (22.4%) in the myopic group were defined
as high myopes (<—6.00 DS), with the remainder (n
= 38 [77.6%)]) having myopia in the range —0.50 to
—5.75 DS (low to moderate myopes). Axial length (AL)
was recorded as the average of five measures with
the IOLMaster 700 (Carl Zeiss Meditec). Participant
characteristics for each group are displayed in Table 1.

Ethical approval for this study was granted by
the Ulster University Biomedical Sciences Research
Ethics Filter Committee. Informed, written consent
was obtained from all participants before data collec-
tion, and this research adhered to the tenets of the
Declaration of Helsinki.

Apparatus and Stimuli

Stimuli were generated using MATLAB (2021b, The
MathWorks, Natick, MA) with Psychtoolbox (v3.0)
and a Bits# (Cambridge Research Systems, Rochester,
UK) and presented on a gamma-corrected cathode
ray tube display (SONY 420GS, Tokyo, Japan; pixel
resolution of 1280 x 1024; refresh rate of 60 Hz) after
a minimum warm-up period of 1 hour. An annulus
fixation target (white 0.45° diameter spot with a central
zero-contrast 0.23° diameter spot) was used for all tests.
Participant responses were collected with a Cedrus RB-
540 response pad (Cedrus Corporation, Los Angeles,
CA). Stimuli were presented at two test locations, one
at 3° and one at 10° eccentricity, both along the 45°
meridian in the inferonasal quadrant of the visual field,
with stimuli also being presented at four distractor
locations spread across other meridians and eccentric-
ities (3°-15°) to minimize attentional bias. A viewing
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distance of 62 cm was used for all tests. Participants
were optically corrected for this specific test distance
using full aperture trial lenses placed at the anterior
focal point of the eye (vertex distance of 15.2 mm).
This vertex distance was selected to satisfy Knapp’s
law, such that the retinal image size remained constant
with varying axial ametropia.'>!” Astigmatism was
corrected if greater than 1.00 DC; otherwise, the mean
spherical equivalent was used. Participants placed their
head on a purpose-built forehead and chinrest, with
their nontested eye occluded with an opaque eye patch.

Data were collected within four psychophysical
tests (see Psychophysical Procedure), with the order
of tests being randomized for each participant but
referred to below as tests 1 through 4 for ease of
explanation. Rest periods were provided at regular
intervals after each test and upon the participant’s
request. In test 1, area thresholds were measured using
an achromatic circular area-modulating stimulus of
fixed duration (Bridgeman®® duration of 184.5 ms,
12 frames) and luminance (Al, 4.4 cd/m?; log AL/L,
—0.30), based on the expected contrast threshold for
a RA-scaled luminance-modulated stimulus under the
same conditions in healthy observers.”-!!13:21 In tests
2 and 3, contrast thresholds were measured for GIII
(0.14 deg?) and GV (2.32 deg?) equivalent stimuli
(Bridgeman?? duration of 184.5 ms; reference standard
SAP stimuli), respectively. For tests 1, 2, and 3, a
uniform gray background of mean luminance 9.60
cd/m? was used, with chromaticity coordinates of the
background and stimuli measured as x = 0.284 and y
=0.290 using a colorimeter (ColorCAL-II, Cambridge
Research Systems, Rochester, UK). In test 4, PGRA
was measured for an achromatic Gabor stimulus (sine-
phase, SD*spatial frequency = 4; Michelson contrast
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99%; mean and background luminance 30 cd/m?’
[within Weber’s region”’]; Bridgeman?> duration of
484.5 ms [30 frames]) scaled to maintain a constant
number of effective (full contrast) cycles within the
window.?*

Psychophysical Procedure

Thresholds for area and luminance-modulated
achromatic spot stimuli were measured with a 1/1
staircase randomly interleaved by location and yes/no
response paradigm terminating after six reversals, with
the threshold taken as the mean of the final four rever-
sals. For AMS, area changed by 20% up to the first
reversal in the staircase, then by 10% up to the second
reversal, and 5% thereafter. For luminance modulated
stimuli, contrast changed by 0.5 log units (5 dB) up to
the first reversal, 0.25log units (2.5 dB) up to the second
reversal, 0.1 log units (1 dB) up to the third reversal,
and 0.05 log units (0.5 dB) thereafter. For both area
and luminance-modulated stimuli, a listening window
of 2 seconds was permitted after stimulus offset in
all trials, with the stimulus assumed to be unseen if
no response was collected within this period. False-
positive responses were tested for with zero contrast
presentations (~20% of total presentations), with data
for a given test excluded and repeated if the false-
positive rate exceeded 20%.

PGRA thresholds were measured with a two-
alternative forced choice procedure and randomly
interleaved by location three-up/one-down staircase
terminating after four reversals, with the threshold
taken as the mean of all reversals. Participants were
required to press one of two buttons to indicate
whether the gratings presented were orientated verti-
cally (90°) or horizontally (180°). Vertical and horizon-
tal grating orientations (90° and 180°) were selected
given that test locations were along oblique meridians,
to ensure both orientations were equally resolvable and
prevent bias owing to orientation cues.’>* Stimulus
spatial frequency changed by 20% until the first rever-
sal, 10% until the second reversal, and 5% thereafter.

Before  experiments  with  area-modulated,
luminance-modulated, and PGRA stimuli, a practice
run was provided to each observer, with study measure-
ments commencing only when it was clear that the
participant fully understood the test.

Energy Thresholds

Area and contrast thresholds were converted to
common energy units (E, cd/m”.s.deg?) as the product
of increment luminance (cd/m?), presentation duration
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(s) and stimulus area (deg?®) at threshold. If stimu-
lus area in the area modulation test exceeded 50.27
deg’ (diameter of 6°) or the luminance at threshold for
luminance-modulation tests exceeded the maximum
luminance output of the display monitor (121.1 cd/m?),
data from that location were excluded from further
analysis. Each observer’s difference in energy thresh-
old (log AE [log cd/m?”.s.deg?]) between test locations
(3°-10° eccentricity) was calculated for each stimulus
(AMS, GIII, and GV).

Colocalized RGCD Estimates

Colocalized RGCD estimates (cellsymm?) were
calculated using two independent methods using OCT
measures (structural method) and PGRA measures
(functional method).

Structural OCT Method

This method used individual OCT RGC layer
(RGCL) thickness values, extracted over a 24° x 24°
area from a 30° x 25° macular cube scan centered
on the fovea (Spectralis OCT, Heidelberg Engineer-
ing). Mean corneal curvature values (Shin Nippon
NVision-K 5001 binocular open-field autorefractor,
Shin-Nippon) were input for each participant before
scan capture to minimize the effects of interindividual
variations in ocular magnification.”> Each individual
B-scan was also examined by a trained observer, with
any automated segmentation errors being manually
corrected as necessary. An 8§ x 8 grid, with each
square measuring 3° x 3°, was centered over the
fovea. The mean RGCL thickness was extracted from
the grid squares corresponding with the visual field
test locations, after correcting for RGC displace-
ment from underlying photoreceptors.”®?” RGCD was
subsequently calculated using the methodology origi-
nally described by Raza and Hood?® and the model
of Drasdo et al.,”® incorporating the adjustments of
Montesano et al.?” For all calculations, the abbreviated
AL method of Bennett et al.”’ was used to produce
a conversion factor (qp) to translate degrees in visual
space to mm on the retina. Briefly, this required the
conversion factor (q) to be calculated for the fovea
(q0 = 0.01306*[AL — 1.82]), with an alteration being
made for the eccentricity (U, in degrees) at which
the functional measures were performed (qp = q0-
0.000014U?). The theoretical basis of this model is
an average three-surface (Bennett—Rabbetts) schematic
eye that assumes the distance between the anterior
corneal surface to the first principal point to be 1.82
mm, with the only free parameter being AL (in millime-
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ters). Using qp, the eccentricity and stimulus diame-
ter were converted to millimeters on the retina. In
the current study, where Knapp’s law was invoked
and interobserver retinal image size was constant in
millimeters on the retina, an AL value equal to that
expected in an emmetropic eye (23.3 mm) was used for
the calculation of qp.

RGCD values at each test location were extracted
in a two-step process. The first step involved calculat-
ing the number of RGC receptive fields underlying a
GIII stimulus (0.14 deg?) for each participant using the
normative, histological RGC counts for an age-similar
cohort'* and scaling to simulate a simple global expan-
sion (balloon) model of myopia. To do this, norma-
tive histological RGC counts (RGC/mm?) from four
primary meridians reported by Curcio and Allen'#3°
were linearly interpolated along polar coordinates. This
generated estimates of RGC/mm? at 10,000 locations
across the central retina, with the fovea and optic
nerve aligned with the horizontal (0°) meridian. This
interpolated RGC/mm? map was then rotated to align
with each individual’s OCT-measured fovea—disc angle
and scaled according to the degree to which each
observer’s AL varied from the mean of the histo-
logical samples used'**" (scaling factor = 23.84/AL).
This calculation assumes a global expansion model
of myopia in which RGC number remains constant
as RGCD uniformly and proportionally changes with
axial elongation.'>?”-3' The RGCD under the area
of a GIII stimulus was established at the retinal
position corresponding to visual field test locations.
The retinal position (in millimeters) and area (in square
millimeters) of the stimulus were determined using
the conversion factor qp and adjusted for the lateral
RGC displacement from underlying photoreceptors
and individual AL.?*?’ To minimize error in this step,
both the location of the stimulus centre and circumfer-
ence were adjusted for the displacement from under-
lying photoreceptors and individual AL.?’-*> Although
this correction was important to minimize error at both
locations considered in this study, the magnitude of this
correction was greatest for the 3° location.?’

In the second step, pointwise RGC/mm? data
(from step 1) were converted to volumetric density
(RGC/mm?) by dividing by the average RGCL thick-
ness (millimeters) in the corresponding OCT grid
square (3° x 3°) measured for the full cohort, using
a leave-one-out technique.?® Volumetric density values
were subsequently convolved with colocalized RGCL
thickness (millimeters) measures for each individual to
produce localized RGCD (cells/mm?) measures. This
analysis was repeated for each visual field location
with the retinal position (in millimeters) of the stimu-
lus (and thus corresponding OCT grid square) deter-
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mined using the conversion factor qp and adjusted
for the lateral displacement of RGCs from underlying
photoreceptors and individual AL.%6-?

Functional PGRA Method

This method determined functional RGCD
estimates from PGRA measures. Here PGRA thresh-
olds were converted to minimum angle of resolution
values and subsequently RGCD using the equation?”
minimum angle of resolution = 0.93/+/D, where D =
RGC/deg?. Similar to the OCT method, a conversion
factor for individual test locations (qp) was used to
translate visual angle to retinal eccentricity (mm).

For both structural (OCT-derived RGCD
[RGCDoct]) and functional (PGRA-derived RCGD
[RGCDpgra]) methods, the absolute difference in
RGCD measures (log |ARGCD| [log cells/mm?])
between test locations (3°-10° eccentricity) was then
calculated for each observer.

Structure-Function and Function-Function
Ratios

Ratios of AE/|ARGCD| were calculated for each
participant as the quotient of their respective log AE
and log [RGCD)| gradient values. Eccentricity differ-
ences in AMS, GIII, and GV thresholds were each
taken as measures of AE. Eccentricity differences in
RCGD, separately for RGCDgctr and RGCDpgra
methods were taken as measures of the ARGCD. An
important assumption in this study is that a ratio
of 1 would indicate the structural and functional
measures with the greatest concordance (i.e., a 1:1
relationship). In other words, this ratio would indicate
that eccentricity-related changes in threshold with the
stimulus in question varied directly proportionally with
eccentricity-related changes in RGCD. This method-
ology was designed to relate physiological changes in
functional thresholds and in vivo RGCD estimates on
a colocalized and individualized basis, to minimize the
impact of interindividual differences in both structure
and function. !>

Statistical Analysis

Friedman tests with post hoc Wilcoxon signed
rank tests (where indicated) were used to test for
statistically significant differences in energy thresh-
old gradients (log AE) and AE/|ARGCD| ratio values
between stimuli, as well as statistically significant differ-
ences in RGCD (log cells/mm?) between eccentrici-
ties and estimation methods. Mann—Whitney U tests
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were used to test for statistically significant differences
in energy thresholds, RGCD, and AE/|ARGCD)] ratio
values between the myopic and nonmyopic subgroups.
Statistical analyses were carried out in MATLAB
(2023b, The MathWorks, Natick, MA), where alpha
= 0.05 was considered statistically significant. P
values were adjusted using Holm—Bonferroni correc-
tion where multiple tests of the same hypothesis were
undertaken.

Function: Energy Thresholds

Statistically significant differences in energy thresh-
olds between 3° and 10° (log AE) were observed for
the three stimulus forms examined, Friedman test:
x> (2) = 67.22, P < 0.001. These energy differences
were largest for AMS (median, 0.30; IQR, 0.20-0.46),
followed by GIII (median, 0.16; IQR, 0.04-0.23) and
smallest for GV (median, 0.08; IQR, 0.01-0.16). Post
hoc tests also revealed statistically significant differ-
ences between each individual stimulus pair (AMS vs
GIII and GV, both P < 0.001; GIII vs GV, P < 0.01)
(Fig. 1). For all stimuli and test locations, no statis-
tically significant differences in energy thresholds (log
E) were found between myopes (all myopes or high
myopes only) and nonmyopes (Table 2).
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Structure: Colocalized RGCD Estimates

RGCD (log cells/mm?) was statistically significantly
higher at 3° compared with 10° for measures derived
from both structural (OCT) and functional (PGRA)
methods (3°, OCT median, 4.36 [IQR, 4.31-4.42];
PGRA median, 3.30 [IQR, 3.14-3.52]; 10°, OCT
median, 3.83 [IQR, 3.75-3.87]; PGRA median, 2.89
[IQR, 2.77-3.01]) (Wilcoxon signed-rank test, both P
< 0.001) (Fig. 2). RGCD estimates and log |]ARGCD|
gradients were statistically significantly greater with
the OCT method compared with the PGRA method
(Wilcoxon signed-rank test, all P < 0.001). Further-
more, RGCD measures were statistically significantly
lower in the myopic group compared with the nonmy-
opic control group at both locations examined when
using OCT-derived RGCD measures (Mann—Whitney
U test, both P < 0.001); however, these differences
failed to reach statistical significance for PGRA-
derived RGCD estimates (3°, P = 0.37; 10°, P = (0.14).

Structure-Function and Function-Function
Ratios

AFE/|ARGCDgcr| ratio values were 0.54 (IQR,
0.37-0.78) for AMS, 0.29 (IQR, 0.08-0.44) for GIII,
and 0.16 (IQR, 0.02-0.29) for GV (Fig. 3a). Follow-
ing the same trend, the AE/|ARGCDpgra| ratio values
were 0.71 (IQR, 0.46-1.19) for AMS, 0.33 (IQR,

* = P<0.01, *** = P<0.001

A = Myope O = Control
T

*k !

o
\

Energy (log cd/mz.s.degz)
o R

1
w

BAMS 3° DAMS 10° mGlll 3° OGIII 10° @GV 3° OGV 10°
| |

AMS

Figure 1.

Glli GV

Energy thresholds for AMS, GlII, and GV stimuli at 3° and 10° eccentricity. Individual data points are included as triangle markers

(myopic observers) and spot markers (nonmyopic observers), with median (bold line) and 25th and 75th percentiles (fine lines) also included
for reference. The median log difference in energy thresholds between 3° and 10° eccentricity for each stimulus (AE) across all participants

is displayed in the corresponding gray box.
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Table 2. Energy Thresholds (log cd/m?.s.deg?) at 3° and 10° Eccentricity

Myopes PValue
Nonmyopes (A) (n =51) All Myopes (B) (n = 49) High Myopes (C) (n =11) Avs.B Avs.C
AMS
3° —1.80 —-1.78 —1.59 0.73 0.06
[—1.55t0 —1.94] [—1.56t0 —1.93] [—1.40to —1.79]
10° —1.42 —1.49 —1.40 0.73 0.81
[—1.24 to —1.60] [—1.33t0 —1.62] [—1.34to —1.55]
GllI
3° —1.69 —-1.70 —1.62 0.67 1.32
[—1.53to —1.86] [—1.59t0 —1.81] [—1.60to —1.71]
10° —1.57 —1.61 —1.58 0.88 1.32
[—1.42to —1.66] [—1.45t0 —1.68] [—1.50to —1.65]
GV
3° —0.89 —0.92 —0.92 0.33 0.60
[—0.69 to —1.01] [—0.82 to —1.06] [—0.90 to —0.98]
10° —0.83 —0.88 —0.87 0.33 0.60
[—0.67 to —0.94] [—0.67 to —0.96] [—0.69 to —0.93]

A = Myope O = Control

ok
o

High myopes are defined as having a mean spherical equivalent of <—6.00 D. Values are median [IQR]. P values were calcu-
lated using the Mann-Whitney U test and have been adjusted for multiple comparisons using Holm-Bonferroni correction.

** =P<0.01, *** = P<0.001

T

*k*k

*kk

- ' | BRGCD,, =055 |

é#
+

.

N

RGC density (log cells/mmz)
w
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Figure 2. Boxplots of RGCD estimates for OCT and PGRA methods

is displayed in the corresponding gray box.

0.07-0.54) for GIII, and 0.19 (IQR, 0.02-0.44) for
GV (Fig. 3b). For both RGCD estimation methods,
interstimulus differences in ratio values were statis-
tically significant, RGCDqct, Friedman test, x? (2)
= 67.22, P < 0.001; RCGDpgra, x> (2) = 67.22,
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PGRA

at 3° and 10° eccentricity. Triangle markers represent data from myopic

observers and spot markers represent data from nonmyopic observers. Median and 25th and 75th percentiles are included as bold and fine
lines, respectively for each dataset. The median log change in RGCD between 3° and 10° eccentricity for each method across all participants

P < 0.001, with post hoc Wilcoxon signed-rank tests
revealing statistically significant differences between
all stimulus pairs (AMS vs GIII, both P < 0.001;
AMS vs GV, both P < 0.001; GIII vs GV, P < 0.01
for RGCDgcr and P = 0.03 for RCGDpgra). The
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* = P<0.05, ** = P<0.01, *** = P<0.001
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AE/|ARGCD)| values for each stimulus using (a) OCT-informed and (b) PGRA-informed RGCD estimates. Triangle markers represent

data from myopic observers and spot markers represent data from nonmyopic observers. Median and IQR (bold and fine lines, respectively)
ratio values for each stimulus within the myopic and nonmyopic subgroups are displayed by the black lines on top of the corresponding
data points. The solid gray line represents a 1:1 relationship between functional and structural gradients over the eccentricities tested (i.e.,
AE/|ARGCD| = 1). Extreme outlier data points in (b) are displayed at the top of the plot above a y axis break with their corresponding ratio

value.

same trends were observed when analyzing the myopic
(AE/|ARGCDoct|, AMS 0.50 [IQR, 0.31-0.74]; GIII
0.24 [IQR, 0.01-0.43]; GV 0.11 [IQR, 0.00-0.31];
AE/|ARGCDpgral, AMS 0.66 [IQR, 0.38-1.12]; GIII
0.28 [IQR, 0.01-0.51]; GV 0.18 [IQR, 0.00-0.34]) and
nonmyopic (AE/|/ARGCDgocr|, AMS 0.66 [IQR, 0.40—
0.89]; GIIT 0.33 [IQR, 0.11-0.49]; GV 0.17 [IQR,
0.06-0.28]; AE/|ARGCDpgral, AMS 0.76 [IQR, 0.47—
1.22]; GIIT 0.34 [IQR, 0.15-0.66]; GV 0.20 [IQR, 0.08—
0.46] subgroups separately, with statistically signifi-
cant differences between all stimulus pairs remaining
in both subgroups (AMS vs GIII, both P < 0.001;
AMS vs GV, both P < 0.001; GIII vs GV, P < 0.05
for RGCDgcr) with the exception of GIII vs GV
for RCGDpgra in myopes (P = 0.41). No statisti-
cally significant differences in the AE/|ARGCD| ratio
values were found for any stimuli when comparing
the myopic and nonmyopic groups, (Mann—Whitney
U test, RGCDgcr, all P > 0.27; RGCDpggra, all P
> 0.64). For all stimuli, ratio values calculated using
RCGDpgra estimates were higher than those that used
RCGDocrt estimates, Friedman test, x> (5) =134.91,
P < 0.001. Post hoc tests only found statistically
significant differences in ratio values between RCGD
estimation methods for AMS and GV stimuli (Mann—
Whitney U test, AMS, P < 0.001; GIII, P = 0.22; GV,
P=0.01).
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In this study, we found greater eccentricity-related
differences in threshold in healthy observers with
an AMS designed to measure alterations in spatial
summation, than with conventional, fixed-area SAP
stimuli (GIII and GV) modulating in luminance.
Furthermore, those eccentricity-related threshold
differences with AMS showed a more directly propor-
tional relationship with physiological variations in
RGCD across the same area of the retina than did
thresholds measured with conventional, luminance-
modulated stimuli.

Ability to Detect RGCD Gradients

In agreement with previous work that found a
small glaucoma disease signal (log difference in energy
thresholds [log AE] between glaucoma participants
and healthy controls) using the GIII stimulus,’-10-13
we found the sensitivity to physiological gradients in
RGCD with eccentricity to be small for SAP stimuli
(Fig. 1). In line with our stated hypothesis, we found
that AMS thresholds, designed to measure changes
in RA, better related to physiological gradients in
RGCD, supporting previous studies displaying their
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improved sensitivity to pathological deficits in RGCD
in glaucoma.6:7:9:1013,35-37

Although such trends were in line with the previ-
ous literature, our finding of no statistically signif-
icant difference in AMS thresholds between myopic
and nonmyopic subgroups was not in agreement with
previous work.!> Specifically, RA has been shown
by Stapley et al.!> (2020) to enlarge in spectacle-
corrected axial myopes relative to nonmyopes in the
absence of disease where Knapp’s law was satisfied (to
maintain a constant retinal image size in millimeters).
We hypothesized that similar trends would be uncov-
ered using AMS in this study where refractive error
was corrected in an identical manner. One explanation
for this discrepancy may relate to differences in partic-
ipant characteristics, in particular the relatively small
sample (n = 11) of high myopes in our current cohort.
This subgroup had larger AMS thresholds relative to
control and low/moderate myopic groups, although
this difference failed to attain statistical significance
(Table 2). There may also be differences in the propor-
tion of axially myopic to nonaxially myopic partici-
pants between studies, as well as interindividual varia-
tions in the degree of retinal stretching, proposed to
cause functional and/or structural differences between
myopes and nonmyopes.’! Methodological differences
should also be considered. Stapley et al.!> identi-
fied alterations in RA in axial myopia by measuring
contrast thresholds for a range of stimuli of different
area, which were then fitted with a statistical model
to generate RA estimates. In this study, we measured
AMS thresholds with a fixed luminance, selected based
on the expected contrast threshold for a RA-scaled
stimulus in observers aged 20 to 77 years, with refrac-
tive errors of less than £6.00 DS.7-'!-3> Future work is
necessary to investigate the impact of age and AL on
contrast thresholds at RA (these being factors shown
to potentially alter the luminance expected at thresh-
old for a RA-scaled stimulus'>2!), and how this may
influence the accuracy of AMS estimates of RA. Such
information would be valuable to identify whether
a constant stimulus luminance based on population
averages may be applied for AMS, or whether this
should be varied according to individual characteris-
tics.

RGCD Estimates Based on Structural and
Functional Measures

In the absence of ground-truth RGC counts within
our cohort, we estimated RGCD using two differ-
ent methods, one using OCT RGCL thickness and
the other using high-contrast PGRA thresholds. In
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line with the previous literature, our PGRA-derived
RGCD estimates were markedly lower than OCT-
derived estimates.!” It is hypothesized that the PGRA
method samples only functionally active ON-midget
RGCs,!3:38:3 whereas OCT measures include all neural
and non-neural components of the RGCL (including
all RGC subtypes, displaced amacrine cells, and other
non-neural tissues). These differences may account for
the higher AE/|ARGCD)] ratios using PGRA compared
with OCT estimates of RGCD, where the same log
AE for each stimulus was divided by a smaller log
|[ARGCD], leading to a higher ratio value. Another
explanation might be that comparing a functional
measure (log AE) to a structural metric derived from
functional (PGRA) measures could result in a more
proportional relationship (compared with the use of a
true structural metric in the OCT method).

Although both methods have limitations, discussed
in detail by Stapley et al.,'*> they possess important
advantages. Compared with a more generalized empir-
ical approach,?®-40-4! both methods enabled the gener-
ation of personalized RGCD estimates for each partic-
ipant by incorporating colocalized structural (OCT
RGCL thickness) or functional (PGRA thresholds)
data. The PGRA method in particular does not neces-
sitate the use of normative histological RGC counts,
these being available for only a small number of
cadaver eyes with large intereye variations in RGCD
(~2x at ~10°'%30) Furthermore, this method does
not require assumptions around the nature of axial
stretch in myopic observers or the colocalization of
structural and functional (AMS and SAP) measures
to be made.!> Conversely, the OCT model is more
objective, avoiding reliance on participant attention
and responses, minimizing measurement error and
variability,**® which could confound psychophysical
estimates.'> A strength of our study is that structure—
function relationships calculated using both RGCD
estimation methods display the same result, adding
weight to the conclusion that AMS displays a more
directly proportional relationship with RGCD in our
cohort.

In line with previous reports of reduced RGCD in
myopia,'®!7-3! we found a lower RGCD in the myopic
group when using OCT-derived RGCD estimates.
However, this finding did not hold true for PGRA-
derived estimates, in contrast with a recent study
applying the same method in a myopic cohort.!> A
potential explanation is that, particularly at the more
central 3° test location, resolution may have been
optically limited in some individuals, particularly in
observers with a greater AL, for whom (according to
Knapp’s law!”) the stimulus may fall at an angular
(degrees) eccentricity closer to the fovea (constant
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across all observers in millimeters). This could impact
upon the relative accuracy of PGRA-derived RGCD
measures at this location, a fundamental assumption
of which is that resolution acuity is neurally (and not
optically) limited.!7-33:3%-42.43 Although previous work
by Green** and Chui et al.!” suggests resolution to
be neurally limited at 3°, participant characteristics
may not directly correspond between studies; hence,
it remains important to consider optical effects as a
potential confounder.

Structure-Function and Function-Function
Relationships

Our finding of a shallow and variable structure—
function relationship for fixed area stimuli (GIII*#+64
and GV#) is in line with previous studies in both
glaucomatous®4” and healthy?>-® eyes. Such findings
have been attributed, at least in part, to the fact that
these fixed-area stimuli do not directly account for
differences in spatial summation that occur with both
physiological (e.g., with retinal/visual field eccentric-
ity'!) and pathological (e.g., in glaucoma’) changes in
RGCD. Swanson et al.® reported that, in a healthy
observer, the relationship between GIII thresholds
(in decibels) and log RGC counts underlying these
stimuli (derived from histological counts'*) could be
well-described by a two-line model in which a slope
of 1 (i.e., 1:1 relationship) described the relationship
for visual field locations of more than approximately
15°, this slope flattening for more central locations.
Similar relationships have been reported in other work
in both primate* and human observers,>* proposed
to relate to the enlargement of RA with eccentric-
ity!' to maintain input from a constant number of
RGCs to cortical receptive fields.”** Redmond et al.”
also found a reduction in PGRA-derived RGCD to
accompany an increase in RA in participants with and
without glaucoma, this being the first prospective study
to suggest that RA encompasses input from a constant
number of RGCs in glaucoma. Later, Yoshioka et
al.’ found the relationship between contrast thresh-
olds and colocalized OCT-derived RGC number to
approach 1:1 for a GI stimulus within the central
10°, this relationship becoming shallower (i.e., a >1
log-unit change in structure was needed to yield a
1 log-unit change in threshold) for larger stimuli in
both control and glaucoma observers. Our finding
of structure—function and function—function relation-
ships that approach 1:1 for AMS, specifically designed
to self-scale to the localized RA at threshold, supports
the hypothesis that such stimuli directly target a
parent functional biomarker (changes in RA), whereas
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luminance-modulated stimuli only indirectly target it
by measuring the secondary consequences of an altered
RA.

Although the structure—function and function—
function relationships for AMS found in this study
approached 1:1, they did not reach exact reciprocity
(1:1 ratio) as hypothesized. There are a number of
factors that may explain this. The first may relate to
variability of both functional and structural measures,
which may also account for the range of ratio
values found for all stimuli, particularly when using
functional PGRA-derived RCGD estimates (Fig. 3b).
Although possible, recent research by Rountree et al.!?
found response variability to be more uniform with
depth of defect with AMS than with GIII, suggest-
ing that a structure—function relationship approach-
ing 1:1 should be more consistently observed with
AMS."? Other potential explanatory factors are differ-
ences in the population of RGCs responding to the
psychophysical stimuli compared with that sampled
by the RGCD estimation methods used, and how
their distribution alters with eccentricity. Specifically,
previous work suggests magnocellular (parasol) RGCs
are most responsive to short duration achromatic
perimetric stimuli (e.g., GIII*’), whereas parvocellular
(midget) RGCs are hypothesized to moderate resolu-
tion acuity tasks for high contrast gratings,'>3*-%> and
all (neural and non-neural) components of the RGCL
are included in the OCT model. Further, the ratios of
midget-to-parasol and ON-to-OFF RGCs vary with
increasing retinal eccentricity, whereby the propor-
tion of midget cells decline, and both parasol cells
and OFF-cell subtypes increase.®® Across eccentrici-
ties examined in this study (3°-10°), these shifts are
expected to be small, and in the absence of consen-
sus on which RGC subtypes primarily mediate perimet-
ric responses, the implications of these changes on
measured ratios are difficult to anticipate, but impor-
tant to consider.’® Another important consideration is
that the hypothesized 1:1 structure—function relation-
ship with stimuli that undergo complete spatial summa-
tion at threshold is based on the assumption that a
constant number of RGCs underlie RA (and there-
fore AMS thresholds).”*" However, previous work
by Kwon and Lui* and Montesano et al.”* both
appear to find a departure from a constant number of
RGCs underlying RA between the central and periph-
eral visual field (4.0°-8.5°* and 1.4°-9.9°%Y), where a
greater number of RGCs are found to underliec RA
at smaller eccentricities. Montesano et al.”’ proposed
this to relate to changes in cone-RGC convergence
with retinal eccentricity. Accordingly, if RGC number
underlying RA does indeed vary between test locations
in this study (3°-10°), this may have contributed to our
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finding of a structure—function and function—function
ratio of less than 1:1 for AMS.

Previous studies have indicated that RGCL thick-
ness, RGCD, and perimetric sensitivity vary with
age’!>1-33 and axial myopia.’* ® These are potential
confounders when examining the structure—function
relationship in healthy and diseased cohorts. An advan-
tage of our methodology using ratios of the log change
in energy thresholds and RGCD with eccentricity on
a per-participant basis is that these differences are
accounted for within each individual. To date, this
methodology has not been applied in participants with
glaucoma, in whom variations in RGCD are patholog-
ical rather than physiological. However, on the basis
of previous work?3-%7 it could be hypothesized that a
ratio approximating 1:1 would also be observed where
a stimulus undergoing complete spatial summation at
threshold is used (AMS).

Translational Relevance of This Work

We found AMS to display a more directly propor-
tional structure—function and function—function
relationship with underlying RGCD in healthy
observers (i.e., AE//ARGCD]| ratio value closest
to 1), compared with conventional SAP stimuli of
fixed area (GIII and GV), modulating in luminance.
This finding was present in both nonmyopic and
myopic observers, in whom RGCD and RA alter
in the absence of glaucoma.!> This work supports
the notion that accounting for physiological changes
to spatial summation with eccentricity!' strengthens
the structure—function relationship in both myopic
and nonmyopic eyes.>*® Given that changes in RA in
glaucoma are similar to those observed with retinal
eccentricity in healthy eyes,” our findings, like previous
work,7-34.6.9,10.13,35.61.62 qygoest AMS holds promise
to improve the detection and monitoring of functional
loss associated with RGCD changes in glaucoma with
perimetry.
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